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detektoru H1 na urychlovaé¢i HERA. Kinematicka oblast byla

4 < Q% < 100 GeV'? a energie v vp tézistovém systému byla v rozmezi

40 < W < 200 GeV'. Spektrum invariantnich hmot M, se nachézelo v oblasti
1.1 — 3.0 GeV. Kromé toho byly hledany dalsi kinematické tezy, aby se
minimalizoval vliv rezonanci. Bylo méfeno azimutalni rozdéleni tthlu sviraného
leptonovou a pionovou rovinou v yp systému za ticelem srovnani predpoveédi
dvou teoretickych modelu - dvougluonové a pomeronové vymeény. Pro srovnani
bylo pouzito Monte Carlo simulované pro oba procesy.
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Abstract: Production of non resonant di-pion events was studied on the H1
detector at HERA. The kinematical region was 4 < Q% < 100 GeV? and the vp
centre-of-mass energy 40 < W < 200 GeV. The invariant mass spectrum M,
was in the range 1.1 — 3.0 GeV. Other kinematical cuts have been applied to
minimize the influence of resonances. The azimuthal distribution of the pion
and lepton plane in the vyp frame was measured to compare with the theoretical
predictions of the pomeron exchange model and two gluon exchange model. The
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Chapter 1

Theoretical Overview

The main purpose of the HERA accelerator is the study of the structure of the
proton. This chapter gives a review of the physics of the lepton-proton collisions.
The discussion of the diffractive processes is provided.

1.1 Electron-Proton Scattering at HERA

The idea that hadrons have inner structure was invented in order to explain the
wide spectrum of baryons and mesons. The quark model, in which hadrons are
composed of spin—% constituents (quarks) was proposed in 1964 by Gell-Mann [1]
and, independently, by Zweig. This model developed out of the SU(3) symmetry
(the ’eightfold” way) describing the strong interactions of the baryons and mesons
known at the time.

In the Gell-Mann’s 1964 model, there were three varieties (flavours) of
quarks - up, down, and strange. However, the existence of the fourth flavour
- charm - was predicted by Glashow, Iliopoulos and Maiani, and confirmed by
the discovery in 1974 of the ¢) and v’ mesons. The unexpected discovery of the
fifth - bottom - quark led in turn to the expectations of the sixth - the top, the
existence of which was confirmed in 1995 by the CDF and DO collaborations at
the Tevatron pp collider.

Although quarks were at first thought of as “purely mathematical entities”
[1], experiments on inelastic lepton-nucleon scattering from 1968 onwards pro-
vided evidence for the existence of a point-like physical objects within the proton
and neutron. HERA is the descendant of those early experiments and provides a
much more detailed view of the structure of the proton.



1.2 Deep-Inelastic Scattering

The structure of the proton (and neutron) can be investigated using lepton-
nucleon scattering. The leptons are point-like (at least up to the resolution of the
current measurements) and provide a useful probe of the structure of an extended
object such as the proton, the final state being simpler than in a proton-proton
collision, where both participating particles are extended objects.

The electron® interacts with the proton or one of the constituents of the
proton by exchange of an electroweak vector boson - a photon or Z° in the neutral-
current process ep — eX, or a W in the charged-current process ep — vX.
Fig.1.1(a) is a schematic diagram of an ep collision. The inclusive neutral- or
charged-current process can be characterized by following kinematic quantities:

s = (k+p)? (1.1)

Q> = —¢ = —(k—F) (1.2)
Q2

r = 1 (1.3)

W2 = (p+q)? (1.4)

v o= %p (1.5)
A

U (1.6)

These have the following interpretations:

e 5 is the square of the centre-of-mass energy of the ep system

e ()? is the virtuality of the exchanged boson and determines the length scale
A~ \/% at which the proton is probed

e 1 is a dimensionless variable, its interpretation in the quark-parton model
will be mentioned later

W is the centre-of-mass energy of the boson-proton system

v is the energy of the boson in the rest frame of the proton

y is the fraction of the electron’s energy carried by the boson in the rest
frame of the proton

'In this thesis, references to the beam lepton as electrons apply also to positrons, except
where otherwise stated



Figure 1.1: A schematic diagram of a deep-inelastic ep interaction (a) in gen-
eral and (b) in the quark-parton model. The labelled arrows indicate the four-
momenta of the particles

The exchange of a vector boson of mass M introduces a propagator of the
form

1
e
into the scattering amplitude. Thus the cross section for ep scattering is domi-
nated by low-Q? photon exchange. The heavier Z° and W= only make a signifi-
cant contribution when Q? is around Mg, or larger, and charged-current interac-
tions form only a small part of the total cross section.

When the virtuality Q? of the exchanged boson is large compared to mg,
the proton is probed at a small scale, the boson interacts with one of the proton
constituents rather than with the whole proton itself. Such process is called
deep — inelastic scattering (DIS).

Using the single-photon approximation, in which contributions from multi-
ple photon exchange are neglected, the cross section for inclusive neutral-current
DIS process (summed over all final states) may be expressed as

(1.7)

d2 ep—e zm
dedQ2X N 4;294 2y’ Fu(e, Q%) + (1= y) Fo(x, Q)| (1.8)

where F7 and F, are known as the structure functions of the proton. For spin-%
partons, the contribution from the exchange of longitudinally polarised photons
is zero, and F and F3 are connected by the Callan — Gross relation

2LUF1 = Fg, (19)



which is supported fairly well by the data. Because the structure functions de-
scribe the inclusive process, they can be measured even if only the scattered
lepton is detected, and not the hadronic final state. Although structure functions
say nothing about the nature of the final state, they nevertheless provide a lot of
information about the structure of the nucleon.

Experiments using lepton beams to measure the nucleon structure functions
in DIS were first carried out in 1968 at SLAC [2] and DESY [3]. These both
experiments as well as many others used lepton beams and some material with
low proton number Z as fixed targets. A much larger centre-of-mass energy is
made possible by a colliding-beam experiment and HERA has been built with
the purpose to measure the structure function F; over an extended range in x

and Q2.

1.2.1 The Quark-Parton Model

It is found that the structure function F, is fairly insensitive to the scale ?
[4] indicating that the photon is scattering on point-like objects. This scaling
independence is known as Bjorken scaling. The experimental support for the
Callan-Gross relation (1.9) implies that these partons have a spin of % In the
quark — parton model (QPM) [5], proposed by Feynman, they are identified with
the quarks postulated by Gell-Mann and Zweig. When probed by a highly virtual
photon, the quarks behave like free objects, and DIS may be treated as the elastic
scattering off quarks. In fact, quarks are never observed in their free state, but
only as bound compound objects (hadrons) made of quarks and anti-quarks (e.g.
qqq,qq states). However, the hadronization process, whereby the struck quark and
the proton remnant in a DIS event form the observed hadronic final state, takes
place over a longer time and may be considered as independent of the underlying
eq interaction. According to this model, as long as the mass of the quark can
be neglected, the Bjorken x may be interpreted as the fraction of the proton’s
momentum carried by the struck quark in an infinite proton momentum frame.

The quark parton model relates the nucleon structure function F, straight-
forwardly to the momentum distribution of the nucleon’s constituent quarks:

Fy(x)= > eafy(x) (1.10)

where the sum is over the quark flavours, e, is the charge of the quark flavour ¢
and fo(z)dz is the expected number of quarks of flavour ¢ carrying the fraction
of the protons momentum between x + dx. Because the quarks are assumed to
be point-like, eq. (1.10) has no dependence on the scale Q*. Using (1.10) and
the experimental results for the structure functions FY and F3' of the proton



(a) (b) (<)

Figure 1.2: Some processes involved in the evolution of partons to small z in

QCD

and neutron and assuming the quark model of the proton resp. neutron uud,
resp. udd, the average momentum fraction x carried by each quark flavour can
be calculated. It is found that the quarks only account for a total of about half
of the momentum of the proton:

;(:E) _ zq;/ol f,(z)dx = g/ol [FP(2) + F2(2)] dx ~ 0.5, (1.11)

1.2.2 Quantum Chromodynamics

If the parton is to make sense, the rest of the momentum of the proton must
be carried by neutral constituents, which do not couple to the photon and are
therefore invisible to DIS. This puzzle was solved in 1970s by the introduction of
quantum chromodynamics(QCD), the theory of the strong interaction between
quarks. The strong force is carried by gluon - neutral vector bosons that carry the
“missing” half of the momentum of the proton. Another problem with the simple
quark-parton model is the fact that the scale-invariance of F5 is only approximate:
at small values of x,F5 increases with 2, while at large x it decreases. This is
explained by QCD, too. As ()? increases, the proton is probed at a smaller scale,
and the radiation of gluons by quarks becomes important as well as the splitting
of gluons into a g7 and gg pairs (see Fig. 1.2). This means that at large Q* a large
population of low-momentum (small-z) partons is seen, while the large-z valence
quarks loose momentum by radiating gluons. This shift towards small x explains
why Fy falls at large and grows at small x. The QCD-based DGLAP equations
[6] provide a successful description of the way F; evolves with increasing Q.

The fact, that gluons themselves carry colour (the charge associated with
the strong force) and can thus exchange further gluons with an other, leads to run-
ning of the strong coupling parameter oy in the opposite direction to that of the
electromagnetic coupling a,,. At large momentum transfers (short distances),

8



as is strong and the interaction is relatively weak. This has the consequence that
quarks probed with a high-Q? photon behave as if they were not influenced by the
other partons in the proton. This behaviour, asymptotic freedom, is responsible
for the success of the simple quark-parton model. At small momentum transfers
(long distances), the ay is large. In fact it is so large that the energy required to
separate a quark from the proton remnant is larger than that required to produce
a new quark-anti-quark pair. Thus the space between the struck quark and the
proton remnant is populated with hadrons, but an individual, free quark is never
produced. This confinement is the reason that only colourless states are ever
observed.

Where the relevant momentum scale is large enough (larger than about
1 GeV?) that ay is much less than unity, perturbation theory may be used to
predict cross sections from QCD. When no such “hard scale” is present, pertur-
bation theory is not applicable and there is no way of making precise predictions.
Instead, various phenomenological methods are used.

(a) (b)
q
e < M
p P
q
. (<) a
P
p @

Figure 1.3: Higher-order QCD contributions to ep scattering: (a) BGF, (b) and
(c) QCDC

The simple quark-parton model diagram in Fig. 1.1 is supplemented in
QCD by high-order processes such as boson-gluon fusion (BGF) and QCD
Compton radiation (QCDC), as illustrated in Fig 1.3. In these processes, the
system produced by the proton-parton interaction cannot be treated as massless
and the Bjorken variable x is no longer simply the momentum fraction carried
by the struck quark.



1.3 Diffractive Scattering and the Pomeron

Events with a large rapidity gap - a region free of hadrons between the proton
remnant and the current region - have been observed both in photoproduction [7]
and in DIS [8] at HERA. Such events are being explained as due to the exchange
of a colourless object, so there is no string of Colo field connecting the two parts of
the hadronic final state and filling the gap by hadronization. Similar “diffractive”
events have been observed for decades in hadron-hadron collisions, but there is no
agreed mechanism for them in terms of QCD. They are, however, well described
by the Regge theory the phenomenological model of colourless exchanges between
hadrons, which predates QCD. DIS at HERA offers a new way of probing the
partonic structure of the diffractive exchange and thus distinguishing between
the various models that have been proposed.

This section begins with a discussion of hadron-hadron interactions and
their description in terms of Regge theory. Then the connection with lepton-
hadron interactions is explored, along with the ways in which diffractive interac-
tions are investigated at HERA, and some of the models are described.

1.3.1 Hadron-Hadron Interactions

Cross sections for hadron-hadron scattering contain a large contribution from
elastic processes with a small four-momentum transfer. These are soft interac-
tions, the relevant value of the coupling «y is too large for perturbative QCD to
be used. The best description of such processes is still provided by pre-QCD phe-
nomenological models based on general considerations such as crossing symmetry
and the analycity of scattering amplitudes.

At high energies, scattering amplitudes are dominated by exchange terms,
which vary smoothly with energy, free of the resonance structure which domi-
nates at lower energies. The objects exchanged in elastic interactions (and in all
long-range interactions, due to colour confinement) are colour singlets. Crossing
symmetry is used to relate the exchange of these states in the t-channel reaction
to the formation of the same state as a resonance in the corresponding s-channel
reaction (see Fig. 1.4.). The scattering amplitude for the ¢-channel process is ob-
tained by analytically continuing the amplitude for the s-channel into a different
region of s and .

The simplest approach is to consider only the exchange of the lightest
meson consistent with conservation of relevant quantum numbers. This is the
one — particle exchange (OPE) model. The exchange brings a propagator of the

form
1

m2 —t

(1.12)

10



B D B D

Figure 1.4: An illustration of the relationship between (a) the t-channel reaction
AB — CD and (b) the corresponding s-channel reaction AC' — BD.

into the scattering amplitude, where m is the on-shell mass of the exchanged par-
ticle and t is the square of the four momentum transfer. Since ¢ is negative, the
largest contribution comes from the lightest possible exchanged particle. Thus
the OPE model provides a reasonable description in cases where exchange of one
particle dominates. In 1935 Yukawa used this model, in conjunction with mea-
surements of the range of the force between nucleons, to predict the existence of
the m° meson. However, for a more accurate and general description of cross sec-
tions for hadronic scattering, it is necessary to take into account all contributing
exchanges.

Experiments on the scattering of pion beams by hydrogen targets revealed
patterns in the resonances produced. When the spin of each resonance (or bound
state) is plotted against the square of its mass, resonances with identical quantum
numbers (other than spin) are found to lie approximately on straight lines, called
Regge trajectories (see Fig. 1.5). This behaviour can be rationalised for mesons
using a simple QCD-inspired model in which a meson consists of a quark and an
anti-quark connected by a string of gluons with energy proportional to its length.
In such a system, the angular momentum of the meson is proportional to the
square of the total energy.

Regge theory [9] is used to add up the contributions from all mesons on
a trajectory. The straight line a(m?) relating the spin a of each particle to its
mass m is relabelled

a(t) = a(0) + o't (1.13)

where ¢, the four-momentum squared, is equal to the mass of a meson where
t is positive and « is an integer, and to the squared four-momentum transfer
in an exchange where ¢ is negative. The contributions are added up using a
method in which angular momentum is treated as a complex quantity, resulting
in a scattering amplitude

11



t = m?*( GeV?)

Figure 1.5: Chew-Frautschi plot: Spin J versus m? for different mesons

S a(t)
Alst) ~ 1) () (1.14)
0
and a differential cross section for the two-body process AB — C'D
do s\ 20(t)—2
— =F(t) | — . 1.15
dt ( ) (80) ( )

The total cross section for AB interactions is related by the optical theorem to
the imaginary part of the forward (t = 0) amplitude for elastic AB scattering.
Using the Regge scattering amplitude, it is found to be

s\ a(0)-1
O1o1(AB) ~ <—) (1.16)
S0

The exchange of such set of trajectories is called the Reggeon exchange
and the diagram is schematically shown on Fig. 1.6.

All trajectories have intercepts «(0) less than 0.6. If these mesons were
the only exchanged objects responsible for the behaviour of hadronic scattering,
the elastic and total energy would decrease with increasing centre-of-mass energy
V/s. This is indeed the case at low energy (y/s < 10 GeV'), but at high energy a
slow increase is seen as on Fig. 1.7. This corresponds to exchange of a trajectory
with an intercept «(0) greater than one, matching none of the known mesons,
and in the Regge picture is identified with the exchange of objects carrying even

12



R G

R = 'J=0 + 'J=1 + !'J=2 +
Figure 1.6: The Reggeon trajectory is equivalent to sum of many particles with
different spins

spin and the quantum numbers of vacuum. This is the vacuum or Pomeranchuk
trajectory, also known as the pomeron(IP). Scattering processes involving the
exchange of the quantum numbers are termed dif fractive, because the shape of
the differential cross section plotted against ¢ resembles the diffraction pattern
seen when a coherent beam of light is obstructed by a small obstacle. Diffractive
processes include not only elastic scattering, but also processes in which one or
both of the of the incoming hadrons are excited into a higher-mass state and
break up. This is dif fractive dissociation.

The positive slope of the o’ of the Regge trajectories means that the de-
pendence of the elastic cross section on ¢t becomes steeper as the centre-of-mass
energy of the reaction is increased. In other words, the forward diffractive peak
becomes narrower. This phenomenon is called shrinkage and has been observed
in hadron-hadron interactions.

As the pomeron has the quantum numbers of the vacuum, it is expected
to couple equally to any particle and to its antiparticle. Thus the ratio of the
elastic pp and pp cross section should be equal to unity at high enough energies,
where pomeron exchange dominates, and a similar result holds for the total cross
sections. This result is given by the Pomeranchuk theorem [10] and is borne out
by the data.

Donnachie and Landshoff [11] have fitted total cross section for a variety of
hadronic interactions using the Reggeon contribution (dominates at low energy),
and the Pomeron contribution (dominates at high energy), assuming an universal
pomeron:

Oror = XsoPO~1 Ly gom(0-1 (1.17)

They found a good agreement with the experimental results and obtained a
value of a(0) = 1.0808 for the pomeron intercept and a(0) = 0.5 for the reggeon
intercept. They also note that the cross sections for 7p and pp scattering are in
a ratio about 2:3, hinting that the pomeron may obey an additive quark rule,

13
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Figure 1.7: The increase of the oy, with the /s

coupling to individual valence quarks rather than to the hadron as a whole.

It is still not clear what the pomeron is in terms of QCD, despite the
success in describing the hadron-hadron scattering. The simplest relevant QCD
process is exchange of a pair of gluons and it has been suggested the Pomeranchuk
trajectory is a line linking glueball states. A resonance with the right quantum
numbers (JF¢ = 27+), showing evidence of a significant gluon content, has been
seen at a mass of 1900 MeV by the WA91 and WA102 collaborations [12, 13].

Ingelman and Schlein [14], treating the pomeron as an object with a par-
tonic structure like a hadron, predicted the occurrence of hard scattering be-
tween a gluon from the pomeron emitted by one hadron and a parton from the
other hadron, resulting in an event with two high-momentum jets. They recom-
mended looking at this process as away of gaining insight into the structure of
the pomeron. The existence of these events was confirmed by UAS [15].

1.3.2 Diffractive processes at HERA

Deep-inelastic events with a rapidity gap (Fig. 1.8.) in the forward direction
have been observed by both ZEUS and H1 (see Fig. 1.9.). These indicate a
colourless-singlet exchange between the virtual photon and the proton, which is

14



Figure 1.8: A schematic diagram of the process leading to formation of a rapidity
gap

scattered elastically or dissociates into a low-mass state and is lost in the beam
pipe.

The scattered proton, which has very small transverse momentum p; =~ v/t
could be detected in the years 1999/2000 with the Forward Proton Spectrometer
(FPS) indeed, but it has not been used in this analysis because of its low accep-
tance. Instead, the presence of a rapidity gap extending up to the beam pipe is
used as a signature of diffractive exchange. This is quantified using the variable
Nuax, defined as the pseudorapidity (for more details, see Sec. 2.2.)

n = —log <tang> (1.18)

of the most forward energy deposit of more than 400 MeV. A small ny4x in-
dicates a large rapidity gap. The number of events with large rapidity gaps
is much greater than predicted by a “standard DIS” Monte Carlo generator,
which produces large rapidity gaps only as a rare statistical fluctuations in the
hadronization process (see Fig. 1.10).

The clear separation of the hadronic final state into two systems X and Y,
as labelled in Fig. 1.8, allows three further kinematic quantities to be defined, in
addition to those used in standard DIS (Sec. 1.2):

t = (p—p) (1.19)

15



RUN 262297 Event 49039

RUN 262297 Event 49039
DSN=/x02/usr/polirlam/h1/diplom/anal/2.8.14/data/list/MyEventListD:
E=-27.6 x 920.0 GeV B=11.6 kG
AST (DMIS)= 100  102000001A  29F
RST (DMIS) = 20000100 110 2000001A  2DF

==y a

T —

Figure 1.9: Example of a diffractive event in the H1 detector. This event comes
from the analysis described in this thesis.

 p=p)g  ME+Q
Irp = ~
p-q w2+
po= Lo_T
ap M2+ Q¥

(1.20)
(1.21)

The Mandelstam variable ¢ is the squared momentum carried by the colourless
exchange object (the pomeron in the Regge picture). The variables 5 and zp
are analogous to x and y. Like the x for the proton, the § is the fraction of the
momentum of the pomeron going into the hard subprocess (interacting with the
virtual photon). In the limit ¢t — 0, xp is the fraction of the momentum of the
proton carried away by the pomeron.

The contribution of diffractive events with an elastically scattered proton
can be quantified by defining a diffractive structure function FQD(A‘), analogous to
the inclusive proton structure function Fs:

2

- Y D(4) 2
(1 v 2[RPW (x, Q2’xﬂ3’t)]> o2, Q% zp, t) (1.22)

d4aepaepx B Ao’

drdQ?dxpdt  xQ*

16



104 he!

Events

10°

10 +++*

Figure 1.10: Distribution of measured ny;4x for DIS events, compared with the
expectation of a “standard DIS” model (LEPTO)[8].

In this analysis, ¢ cannot be measured since the scattered proton is not
detected, so the measured cross section is actually an integral over ¢t up to |t| ~
1 GeV?2. This limit is determined by the requirement that the proton remnant is
not detected.

Some models, such as that of Ingelman and Schlein[14], feature a factoriz-
able diffractive structure function

Y =F(3,Q% - fep(zp) (1.23)

where Fy is the structure function of the pomeron and the fluz factor fp,
describes the pomeron content of the proton. This makes sense in a picture
where the pomeron is a hadronic object that is emitted by the proton and then
probed by the virtual photon in a hard interaction. Although initial results [16]
were consistent with factorisation, a more recent study using higher statistics [17]
shows that factorisation in this simple form does not hold. This may simply be
because there is a contribution at larger xp from meson exchange. The results are
consistent with the sum of two individually factorizable components - one from
a meson trajectory and one from pomeron exchange. However, it may be that
even the purely diffractive (pomeron-exchange) component does not factorise,
due, for example, to multiple pomeron exchange, or to a failure of the picture of
the pomeron as a particle-like object.
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1.3.3 Models of Hard Diffraction

There are several models describing the jet production in the hard diffraction.
The most important for this analysis, the Ingelman-Schlein model and the model
from J. Bartels, will be shortly described in this section.

Model of Ingelman-Schlein

The model of Ingelman-Schlein[14] is based on the idea of factorisation. This
means that the cross section of a hard diffractive process can be written as a
product of non-perturbative (soft) factor describing the emission of a pomeron
by the proton and a perturbative factor for describing the hard interaction of a
parton from the pomeron with a virtual photon. This process can form one jet in
the final state. Two jets can be produced taking into account higher-order QCD
processes: the BGF and QCDC (see Sec. 1.2.2).

Model of J. Bartels

J. Bartels used an other approach to model the hard diffraction [20]. The
perturbative QCD has been used, the exchange of two gluons represented the
required colourless singlet. The main difference is that in this model the pomeron

is not treated as a object emitted from the proton but as a gluon-bound state
(Fig. 1.11).

Figure 1.11: Two gluon exchange schemes

High-order QCD contributions to diffractive exchange are expected to be
dominated by a gluon ladder, illustrated in the Fig. 1.12. This is the diagram
described by the BFKL equation [18] and is known as the BFK L pomeron. In
Regge picture, it corresponds to a fixed singularity [18]:
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Figure 1.12: A gluon ladder, corresponding to a pomeron exchange in the BFKL
treatment.

12c41n 2
a(t) = 1+O‘T“ (1.24)

with «(0) ~ 1.5 and called also hard pomeron.

1.4 Azimuthal distribution

The quantity which is sensitive to the difference of the models from Sec. 1.3.3
is azimuthal distribution ¢ of the two jets in the vIP centre-of-mass system. In
this system, the jets are back-to-back and define a so called jet plane. The ¢
angle is then defined as the angle between the jet and the lepton plane as on the
Fig. 1.13 for the di-pions. Since the ¢ angle is defined in the transverse plane
and assuming the pomeron being collinear with the beam proton, one can use
not vIP but vyp centre-of-mass system.

Having the ¢ angle defined in such a way it is obvious that one can restrict
himself only to the 0° < ¢ < 180° range, because of the symmetry - the angle of
two planes can be anytime taken as the one with smaller value. This symmetry
assumption will finally help to increase statistics and make the wanted effects
more visible.

The theoretical predictions of ¢ distribution differs for the two models.
While the BGF predicts a clear minimum at ¢ = 90°, the two gluon exchange
model, namely the ¢g configuration, predicts a clear maximum at this value (see
Fig. 1.14).

The basic question in this analysis is, whether it is possible to extrapolate
the ¢ behaviour from di-jets to di-pions [19]. The aim of this analysis is to study
the ¢ distribution of nonresonant di-pions. The main question is whether the
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lepton plane

/ pion plane

Figure 1.13: Definition of the azimuthal angle ¢ for nonresonant di-pion produc-
tion.

similarity with di-jets can help to describe the di-pion production either with
model of Ingelman-Schlein or of J. Bartels like it was checked for di-jets [23].

0.7

two Qluon exchange hard

boson gluon fusion SR

0.6r two gluon exchange soft

d o/dg

0.5
0.4
0.3

0
0.1

Figure 1.14: Comparison of the behaviour of the ¢ distribution [21].
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Chapter 2
HERA and the H1 Detector

2.1 The HERA Accelerator

2.1.1 Introduction

The HERA! ring at DESY? is a facility for simultaneous acceleration of elec-
trons/positrons and protons. This fact implies that there exist two independent
storage rings, one for each particle type. This rings are placed in an underground
tunnel of 6.3 km circumference. In the first period of data taking from 1994 to
1997 HERA was operating with 27.5 GeV positrons and 820 GeV protons, since
upgrade in 1998 the proton energy increased to 920 GeV. This corresponds to
the central-mass-energy of the colliding beams to Ecpys = /s ~ 319 GeV.
With such high energies available, HERA provides usage of electrons as probes
for investigating the inner structure of the proton.

2.1.2 Basic Characteristics

The beams consist typically of 180 bunches which collide every 96 ns. The
beams are bound by strong magnetic fields generated by the dipole and quadrupole
magnets placed along the beam-pipe. Both, the electrons and protons, have their
unique field settings. The electrons are bend by conventional dipole magnets
with strength of 0.17 T, while for the protons superconducting magnets with
field strength up to 4.5 T are used.

One of the important quantities for estimating the quality of the beam is
luminosity. The goal of every upgrade is to enlarge the amount of luminosity
taken in every running period. Computing of luminosity depends on such beam
characteristics as number of bunches, revolution frequency, numbers of particles in

'Hadron-Elektron-Ring-Anlage
2Deutsches Elektronen Synchrotron
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Figure 2.1: Integrated luminosity produced by HERA (left) and taken by H1
(right) in years 1992 - 2000.

bunch and transverse size of the beam. To estimate, how successful a run period
was, the integrated luminosity is introduced. This is luminosity summarised for

some time interval. For comparison, the Fig. 2.1 shows the integrated luminosity
during the years 1992 to 20003

2.1.3 HERA Experiments

The schematic view of the DESY site is in the Fig.2.2. There are two beam
intersection points at HERA - in the north and in the south hall. There is a big 47
detector at each crossing - the H1 experiment in the Hall North and the ZEUS
experiment in the Hall South. These detectors have different properties, but
because of their coverage of the interaction point region they are quite universal.
Several physical topics are studied with H1 and ZEUS, the main are listed below:

e precision measurements of proton structure functions
e the diffraction phenomena
e heavy flavour production

e structure of the photon

3Data used in this analysis are from years 99/00
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Figure 2.2: The HERA collider (a) and its pre-accelerators (b)

e measurements of o
e physics beyond Standard Model
e search for substructures of quarks and leptons

On the other hand, the two remaining experimental sites are using the setting
of an experiment with fixed target.

HERMES is located in the Hall East and uses only the electron beam for
measuring the spin structure functions of the proton and the neutron. Polarised
probes of hydrogen or helium are inserted into the longitudinally polarised beam.

The HERA-B experiment was located in the Hall West and it stopped data
taking in 2003. This experiment used the halo of the proton beam to investigate
the CP violation in the B-meson physics.

2.2 The H1 Detector

The schematic view of the H1 experiment is in the Fig. 2.3. From the character
of the HERA project it is obvious that the detector must be assymetric along the
beam pipe. The main task of the experiment is to shatter the incoming proton
by the electron, so one expects much more final states in the forward direction
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Figure 2.3: The schematic view
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( = along the direction of the outgoing proton). This results in much higher
granularity in the forward region.

The detector has size of 12m x 10m x 15m and weight of 2800t. The
electrons enter from the left, protons from the right into the interaction region
when looking from the centre of the HERA-ring. The coordinate system is defined
such that the positive z-axis points along the proton beam direction. The nominal
interaction point is at z = 0. The z-axis points towards the centre of the HERA
ring, the y-axis points upwards. A spherical coordinate system is often used
where the polar and azimuthal angles 6 and ¢ are defined in the (y,z) and (z,y)
planes respectively such that 6 = 0° corresponds to the positive z direction and
¢ = 0° points along the z-direction.

A characteristics called rapidity is often used. It is defined as follows:

1 E+p. 1 (E+p.)?
=2 == log—=2 2.1
Ve gy, T2 e 2 21)

For massless case, the pseudorapidity n is used. The derivation from y is
straightforward:

E+p, 0
N =Y., = log ;_tp = —log <tom§> (2.2)

A convenient feature of 7 and y is that they transform linearly under
Lorentz boosts along the z-axis. The consequence is that Ay or An are invariant
under such boosts.

2.2.1 Tracking

The H1 tracking system covers almost whole angular range 5° < 6 < 178° and
the whole azimuthal range. It is subdivided into several parts:
Silicon Trackers

Very close to the interaction point, the central and backward silicon trackers
CST and BST* are installed.
Central Tracking System

The next layer is composed by two large concentric drift chambers (CJC1 and
CJC2)® with a length of 2.2m. The drift cells are inclined by about 30° with
respect to the radial direction. The chambers are made of cells with sense wires,

4Central and Backward Silicon Tracker
5Central Jet Chamber
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strung parallel to the z-axis. The resolution in the radial direction is approxi-
mately 100 times better than in the z-direction. These devices are completed by
some additional MWPCs®.

Forward Tracking

The forward tracking system consists of three identical planar and radial drift
chambers, a proportional chamber and a transition radiator.

Backward Tracking

Tracking information in the backward region is provided by the BDC7, which
was installed in H1 as part of a major detector upgrade in 1995. Its main purpose
is to measure the direction of the scattered electron.

2.2.2 Calorimetry

The H1 detector consists of four calorimeters: The Liquid Argon Calorimeter
(LAr), the backward Spaghetti Calorimeter (SpaCal), the so-called Tail Catcher
(TC) and the PLUG calorimeter, which is placed around the forward beam pipe.

The TC and PLUG are not used in this analysis.

Liquid Argon

The LAr sampling calorimeter has two parts - the inner electromagnetic and
outer hadronic. This setting is because of the evolution of the particle shower
by passing through matter. The main advantages of the LAr are good stability,
homogenity of the response, ease of calibration and fine granularity which can
be achieved. It is segmented along the z-axis into eight wheels. Each wheel is
segmented into eight octants, the total number of readout channels is about 45
000.

The electromagnetic part consists of 2.4mm thick lead absorber plates
with 2.35mm liquid Argon as active material, leading to a thickness of 20 to
30 radiation lengths. The energy resolution for electrons has been determined as
Oem(E)/E ~ 11%/,/E[GeV]®0.01. The hadronic section consists of 19mm stain-
less steel absorber plates with a double gap of 2.4mm LAr, the energy resolution is

Ohaa(E)/E ~ 50%/\/E|GeV] @ 0.02. The LAr calorimeter is non-compensating,
i.e. the response to hadrons is about 30% smaller than that to electrons of the
same energy. This is corrected by the off-line reweighting.

6Multi Wire Proportional Chamber
"Backward Drift Chamber
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Spaghetti Calorimeter

The second calorimeter very important for this analysis is the SpaCal calorime-
ter. It provides information about the energy deposited in the backward re-
gion of the H1 detector and is therefore very important by determinating the
scattered electron energy. The calorimeter has two parts - the electromagnetic
and the hadronic. The cells in the e.m. section have very small size, so the
electron-pion separation and position resolution is very good. The energetic reso-

lutions are 0, (E)/E ~ (7.1+£0.2)%/\/E[GeV] & (1.0 £0.1)% and opaq(E)/E ~

30%/,/E[GeV].

2.2.3 Forward Detectors

In case of diffractive processes, such as searched for in this analysis, the forward
detectors are very important. These detectors can provide a valuable information
about the particles going in the very forward direction, even if they are not capable
of detecting the scattered proton itself.

The Forward Muon Detector (FMD) is situated beyond the return yoke
for the magnetic field. Its design purpose is to trigger on and to measure muons
in the forward region of H1. It consists of six double layers of drift chambers,
four with wires strung tangentially around the beam pipe to measure 6 and two
with wires strung radially to measure ¢. Because of secondary scattering with
the beam pipe, the FMD has an indirect sensitivity to particle production at
pseudorapidity values larger than its direct coverage of n < 3.7. This is employed
for the selection of diffractive events.

The Proton Remnant Tagger (PRT) is located at z = +24m in the for-
ward direction inside the HERA tunnel. It consists of seven scintillators arranged
around and between the proton and electron beam pipes. Signals are only con-
sidered if they are within the time window expected from an ep interaction. The
PRT is sensitive to particles produced in the pseudorapidity range 6 < n < 7.5.

2.2.4 Other Installations

Around the LAr calorimeter there is the superconducting coil of field strength
1.15T which provides a homogeneous field for the central region of the H1 detec-
tor.  The outer region of H1 consists of Muon detector, which is made of iron
and plastic tubes with signal wires. This part of the experiment is not used in
this analysis.
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2.2.5 Trigger System

The bunch crossing rate inside the H1 detector is 10.4 MHz whereas the physics
rate is only about 10 Hz. Since it is technically impossible to readout the whole
detector information for each bunch crossing a three level trigger system was
designed to reduce subsequently the rate of triggered events such that the readout
rate is reasonable small. Only the first and the fourth levels are used in this
analysis.

The first level system (L1) is phase-locked to the HERA accelerator clock
of 10.4 MHz. The system provides a trigger decision for each bunch crossing after
2.3 psec without causing a dead time and works on hardware level. A subset of
the subdetector system is used by most systems to generate fast informations
concerning the general properties of the event. This is encoded in Boolean deci-
sions (Trigger Elements). There are two levels of L1 subtrigger system: raw and
actual.

Raw means that all incoming signals are taken with no prescales. The prescales
are multipliers set to each subtrigger element separately. If the prescale is set to
N for some element, than this element does not work (N — 1) times and for the
last time it multiplies the event with N. The actual level on the other hand takes
into account the subtrigger prescales and serves to reduce the number of accepted
events mainly.

The second level consists of two subsystems: a topological trigger and a
trigger based on neural networks. Both systems use the combination of signals
from the different detector subsystem. The decision time for this trigger level is
20 ps.

The level three does not exist.

The level four system is not phase-locked to HERA and triggers the events
off-line. Therefore its reaction time can be longer, ca. 100 ms. It works only on
the software level with the Power PC farms. It filters out obvious background
and performs physical event classification.
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Chapter 3

The Event Selection

The data used in this analysis are from the years 1999 and 2000. At this time,
the protons collided with positrons. By that time, HERA operated at energies
27.5 GeV for positrons and 920 GeV for protons.

The analysis is done in the object-oriented environment. It is called H100*
and is based on the programming languages C and C+4. The physics analysis
has been done with the analysis tool ROOT, which is also object-oriented. This
techniques follow the trend of upgrading the analysis procedure in the whole H1
experiment.

This chapter describes the first level cuts, the subtrigger s61 definition and
efficiency, the scattered electron reconstruction, the pion finder and the diffrac-
tion and nonresonant cuts.

3.1 The First Level Cuts

Run Quality

The event selection is based on good run selection. The good run is defined
as the collection of a sequence of events over a time period with relatively stable
beam, detector and trigger conditions. The Run Quality has three levels: good,
medium or poor. The cut used in this analysis was

RunQuality > 2

which means only the good quality.

'H1 Object Oriented Environment
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Kinematical cuts

The DIS kinematic range of the measurement is confined to a region in which
the geometric acceptance and reconstruction efficiency are high. The defined
kinematic range in terms of Q% and y, for all measurements in this thesis, is:

4 GeV? < Q? < 100 GeV?
0.0 <y<0.7

The low Q? range is determined by the geometrical acceptance of the scattered
electron in the SpaCal. In the events with Q% > 100 GeV?2, the electron is
scattered into the liquid argon calorimeter. The triggers used in this analysis
contain conditions for the SpaCal calorimeter and will thus reject all events with
electron in LAr.

The lower limit for the y restriction rejects the beam-gas background and
the upper limit is a result of the cut on the scattered electron energy.

The z-Vertex Position

The design of the beam bunches makes sure that the interaction point in the H1
detector is well defined. The approximative Gaussian distribution of the proton
bunches in the longitudinal direction gives a distribution of the collision points
around the nominal interaction point. In contrast, events coming from the beam
halo and the interactions with the walls are equally distributed along the z-axis.
To avoid such interactions that are not coming from the ep collision, the cut

| Zyviz| < 35 cm

is used.

Rejection of Photoproduction Events

In the HERA frame of reference for DIS events the following relation can be
established between the energies and the longitudinal momenta of the incoming
beams:

E—p,=(E.+E,) — (pre+p2p) =2E. =55 GeV (3.1)

Due to energy and momentum conservation in the diffraction this quantity can
be computed via final state particles - the scattered electron and the particles in
the My system. The particles escaping through the beam-pipe (like the scattered
proton) don’t contribute to this quantity at all. This leads to an other definition
of £ —p,:

E—p.=(E.+ > E)— ..+ Y p:) ~55GeV (3.2)
hads hads
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Figure 3.1: The illustrative comparison of £ — p, for DIS and photoproduction.
The dashed line is the cut which is used in this analysis.

From the Fig.3.1., which shows the E — p, distributions for DIS and photo-
production events, it is clear to see that the cut £ —p, > 40 GeV will reduce the
background from photoproduction significantly.

3.2 The Subtrigger s61

3.2.1 Definition

The subtrigger is a set of several trigger elements combined in one condition.

The subtrigger s61 has been chosen because it is the trigger element which
selects DIS events. For further information see [25]. The definition of the sub-
triggers changes with the time, the definition of s61 for the years 1999/2000 is
following?:

(DCRPhTHig&&zVir_sigqdc(SPCLe IET > 2||SPCLe_ IET _Cen_3))
&&(ISPCLh-AToF _E_1&&)\SPCLh ToF_E_2&&\V ETO inner . BG&&
VETO Outer BG&&V LQToF _BG)&&
((DCRPh_NL_many&& DCRPh_NH _many&& DC RPh_PL_many
x &&DCRPh_PH many))&& (FToF _IA||FIT 1A)||(FToF_BG||FIT_BQG))

2The signs “&&”,”||” and “!”are logical operators in C++
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The s61 can be split in two main parts. The first part selects the events with
good reconstructed momentum tracks (trigger element DCRPh), good z-vertex
position (trigger element zVtx_sig) and a deposited energy in electromagnetic
part of SpaCal above a certain energy threshold, selected with SPCLe_IET. The
second part contains veto conditions reducing the number of background events
which might fake the diffractive nonresonant di-pion DIS events.

3.2.2 The Trigger Element Efficiency

Taking into account the subtrigger efficiency is important mainly when the
cross section should be determined, in our case the only demand is that the
efficiency dependence on various observables studied in this analysis has to be flat.
To get it one has to choose an independent subtrigger element as a monitoring
trigger and then make two event samples. There is no subtrigger element wholly
independent of the s61, for the purposes of this analysis, the s0 was used. For
1999/2000, it is defined as:

(SPCLeIET > 2)
&&(\WETO anner . BG&&V ETO Outer BG&&V LQToF _BQG)
&&((FToF_IA||FIT_IA)||(FToF_BG||FIT_BQG))
&&(PToF_IA||!PToF_1A))

Compared with the s61, the sO uses only the SpaCal energy trigger element
and some veto conditions.

Efficiency and Subtrigger Level Definition

The subtriggers were not simulated in Monte Carlo, therefore the trigger effi-
ciency will be determined only from the data.
The subtrigger levels were described in Sec. 2.2.5.
Having both subtriggers defined one can compute the efficiency with fol-
lowing formula:

Szgnal + SOllact + SO[4U + S61l1raw
Signal -+ SOllaCt + SO[4U

The term “Signal” means that the efficiencies are computed for some basic
variables after the application of all other selection cuts.

In Fig. 3.2. the trigger efficiency dependence on electron energy E.; and his
azimuthal angle ¢.; and polar and azimuthal angels of both pion candidates are
shown. The dependence of efficiency on these variables is computed as a ratio of
events with subtrigger combinations fired as in the nominator and denominator
in the equation (3.3). The efficiencies of electron and pion candidate angles

Ef fic = (3.3)
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are about 60%-70% and can be approximated by a constant. The efficiency of
scattered electron energy increases from 25% to 80%. The reweighting has been
done by a bin-by-bin method. The inverse value of each bin content from the
Fig. 3.2. a) has been taken as a weight and every time the relevant event has
been reweighted.
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Figure 3.2: The S61 efficiency dependence on electron energy FE.; and azimuthal
angle ¢.; and pion candidate angels 6, and ¢,
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3.3 Scattered Electron Selection

This section will focus on the scattered electron measurement. It is very im-
portant to have a good agreement of electron variables in data and Monte Carlo
as well as a good correlation between reconstructed and generated MC levels.
The good precision is required for boosting into the vp centre-of-mass system,
the photon kinematics is estimated from the scattered electron.

The selection of the electron is granted by a set of various cuts applied on
the particles, which interact mostly in electromagnetic part of SpaCal and are
therefore tagged as “electromagnetic particles”.

At first, a list with unfunctional regions of SpaCal and a corresponding list
of runs was created. These lists were integrated to the selection code and every
time the scattered electron hit any of these SpaCal areas, the event has been
rejected.

The events with only one particle in electromagnetic section of calorimeters
has been selected. This one particle has to be tagged as “Scattered Electron”.
This tagging is done automatically in the H1OO. For these events, following cuts
on the scattered electron have been applied:

e The scattered electron energy > 17 GeV

e The energy in Veto layer in Spacal < 1 GeV

e The hadronic part of calorimeter shower < 0.5 GeV'

e The hadronic fraction from the energy of the scattered electron < 0.03 GeV
e The z— position of the cluster in SpaCal > —180 cm

e The SpaCal cluster radius < 4 cm

e The radial cluster position in SpaCal > 9.1 cm

e The distance between SpaCal and BDC extrapolation < 1.5 cm

The fig.3.3. shows the = — y distribution of the scattered electron in SpaCal
for the data which passed through these cuts.

3.4 The Pion Finder

We are interested in the exclusive nonresonant di-pion production, therefore
we will reject all events with any neutral energy deposition in calorimeters above
a noise level.
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Distribution of energy clusters in SpaCal in the x-y plane
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Figure 3.3: The distribution of the scattered electron energy clusters in SpaCal
in the x — y plane for data selected with the cuts above.

Within the H1IOO environment there exist a procedure called Light Vector
Meson Finder [24]. This class has been modified for purposes of this analysis and
used for the pion candidates selection.

Track Selection

There exist several classes in the HIOO that gather track candidates from all
the possible tracking systems (See Sec. 2.2.1.). The most suitable method to find
the tracks of interest is the H1PartSelTrack class. This class has several labels
that help distinguish the origin of the track.

This class has been checked and all track candidates has been stored into
an array. The track of the scattered electron has been removed. This case was
rather rare, because the scattered electron in this Q? region is mostly detected in
the SpaCal and avoids hitting any tracker.

The events with only two tracks with opposite charge originating from
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the primary vertex have been selected. Both tracks were required to have p; >
150 MeV in order to ensure a good momentum reconstruction. Both tracks have
to be within the 6, range of 20° < 6, < 160°.

The Neutral Particles Background

The class for all possible particles is called the H1PartCand class and it stores
pointers to all possible existing candidates. An array with neutral candidates has
been created. To recognise a neutral candidate one had to look if there was no
pointer to any track associated, the scattered electron has been excluded.

In a loop through this array we rejected the events where the neutral energy
is larger than 400 MeV in LAr and 100 MeV in SpaCal. It corresponds to the
level of the electronic noise in both calorimeters. This way, the amount of events
with neutral energy has been decreased significantly.

3.5 The Diffractive Event Selection

The nyrax cut widely applied to select diffractive events was used in a following
way: the two tracks has been sorted in the increasing 6, order and ( = 0° is in
the direction of the outgoing proton). The cut on such “forward” track has been
applied:

N forward < 3.2

The selection of diffractive events is based on the absence of activity in
Forward Muon Detector (FMU) and Proton Remnant Tagger (PRT) (see Sec.
2.2.3.) Following cuts have been done:

NFMU[0] + NFMU[1] < 2
NFMU[2] < 2
NPRT[i] = 0,

which means that in the first two layers as well as in the third layer of the Forward
Muon Detector there was only one hit allowed. The first five (i = 0..4) layers of
PRT should be without any signal.

The cut

zp < 0.04

is used to reduce the events where the reggeon exchange dominates.
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3.6 Invariant Mass Distribution

The Fig. 3.4. shows the invariant mass spectrum of two pion candidates for
data events selected by cuts mentioned above. The main contribution to the
invariant mass spectrum comes from the p resonance with mass M, = 775.8 &+

0.5 MeV'[29]. The cut
1.1 GeV < My, < 3.0 GeV

significantly reduces the resonant background from p and also .J/W¥ production.
After all these cuts, 996 events remained from the original sample of data
from the time period 1999/2000.
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Figure 3.4: The invariant mass of the two pion candidates (the M, system). The
red lines show the applied cut.
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Chapter 4

Monte Carlo

This chapter describes the reconstruction methods of Q2 and y variables and
the choice of the most precise one. The next section presents the comparison of
electron and pion candidate characteristics on detector and hadron level. Finally
it describes the attempt to find additional cuts which could help separate the
nonresonant di-pion events from all others.

Two sets of Monte Carlo generated events have been used.

4.1 Pomeron Exchange Monte Carlo Files

The Monte Carlo files based on the Pomeron Exchange Model (PEM) has
been generated with RAPGAP 2.08 [27]. These files were used for analysis of
multiplicities studies in diffractive DIS [28].

Three files have been generated - the first one with the u,d and s quarks
contains about 5 million of events, the second one with the charm production
500,000 and the third one generated via meson exchanges 5 million of events. The
request for exclusive 777~ excludes theoretically the presence of c-quarks. This
fact was confirmed, no event from the c-quark file passed through the selection.
The result of the meson file selection was about one hundred events. From the
first file, finally 71 000 events before the invariant mass cut passed through the
selection. After this cut 24358 events remained and therefore finally only this file
was used for the analysis.

4.2 Two Gluon Exchange Monte Carlo Files

The two files simulating events according to the Two Gluon Exchange model
(TGE) have been generated with the RAPGAP 2.08, too. The first file was gen-
erating the ¢g configuration and the second the ggg one. Both of them contained
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1 million events[23]. After the selection cuts we obtained 3346 events for file with
qq configuration and no event for the ggg configuration. Only the ¢q file was
finally used for comparison with the data.

4.3 Kinematic Reconstruction

There are several methods for determination of the Q? and y variables. The
three most used are described and compared in this section and the best method
is chosen. The first method uses the electron kinematics, the second the hadronic
final state and the third combines both of them.

The Electron Method

In the case of electron method, only the four vector of the scattered electron
is used:

Q? = —(k—k)*=2EF'(1+ cosb) (4.1)
 peg E,E' — E,E'cos0 E
y D-q 2FE, 2F (1-cosh)  (42)

where E is the incoming electron energy, E’ the scattered electron energy, 6,
the scattering angle of the electron and £, is the incoming proton energy. The
four-momenta are defined in Sec. 1.2.

Using Q? and y one can get x:

2
= ¢ (4.3)
AEE)y
The Q? can be also determined by follows:
Q2 _ fa/2 Siﬂ2 0 . p%"e (44)

l—y  1-y
where pp. is the transverse momentum of the scattered electron.

The Hadronic Method

The other possibility of obtaining the %, y and x variables is if one measures
all the outgoing hadrons:

. — : E), —p.
P-Ph=p) _P-Pn _ En—pon (45)
p-k 2FE, 2F
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Figure 4.1: The two angles used in the double angle method

where p;, is the four-momentum of all outgoing hadrons, E}, is their energy and
p.p their p,.
It is obvious that the escaping hadrons have a small py, their contribution
to By —p.p is negligible and thus one gets a good estimate of y using this formula.
The other two variables can be now calculated in the following way:

2 2
) Pan + pyh
= — 4.
Q L2 (1.6
Q2
= 4.7
AEE,y (4.7)

The Double Angle Method

When using a method based on a mixture of the electron and hadron variables,
one can choose different combinations. The one described here is called the double
angle (DA) method and uses measurements of two angles. The first angle is the
scattering angle 6 of the outgoing electron (see Fig.4.1.) and the second angle
is that of an object which has a simple meaning in the naive parton model:
assuming that the struck parton is massless, it would scatter by an angle 7.
In this interpretation, the pr of the proton remnant is zero. Note that these
assumptions are necessary only for the physical interpretation of the angle ~.
The calculation is however exact.

Now the four vector of the scattered electron k" and that of the mathemat-
ical massless object I' is defined as follows:

K = (E, FE'sinf, 0, FE cosf) (4.8)
' = (I, Tsinf, 0, Icosh) (4.9)

Now the variables y and Q? computed with the hadronic and the electron method
can be expressed in terms of & and I'. The final relations are less sensitive to a
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Figure 4.2: The comparison of Q? reconstruction methods: a) and b) the electron
method, ¢) and d) the hadron method and e) and f) the double angle method.

41



y Resolution | ve |
Entries 24358 Entries 24358
3 Mean x 0.1384 z F Mean 0.09662
B Mean y 0.1266 00— RMS 016
3 F RMS x 0.06262 F
s - RMSy 0.06193 E
3 04— .. 500~
I r .. o
o P 200
03 e - mE .- o
: L B =
r . = 300
02— . E| E'. 97 o
b 29 200~
01 : E
o 100[—
. ... e by ey 1y C AP I PR PR P PR T B
% 0.1 0.2 03 04 05 9507 03 02z 01
a) Detector Level b)
h yh h yh
Entries 24358 Entries 24358
3 Mean x 0.1007 z Mean -0.1089
2 05— Mean y 0.1156 F RMS 01312
S F RMSX  0.05313 1000(—
< - RMSy 005401 r
S 04 5
E 800—
03— .- - 600}—
0.2 — - 400f—
= = « = @@ 0 T
T aeoO »
ol 2 ééﬁ'? 200{—
- o = L
=l L
P R P PP BN | AP I P T I T T
0.1 0.2 0.3 0.4 0.5 - - - 0.1 -0 0.1 0.2 0.3 0.4 05
c) Detector Level d)
= 1  [yda IR
Entries 24358 Entries 24358
5 Mean x 0.1124 z 800 Mean -0.03592
2 05 - Mean y 0.117 F RMS 0.1258
S RMSX  0.05415 700E=
5 - RMSy 0.05411 E
g 04| C E
§F . eo0f
E B, 500~
03 A e e aw . E
I e laand : 400~
02~ o : .o 300~
o R E
r e 200~
01f- R E
o 100~
C 1 1 1 1 L E
% 0.1 0.2 03 04 05 95

e) Detector Level

Figure 4.3: The comparison of y reconstruction methods: a) and b) the electron
method, ¢) and d) the hadron method and e) and f) the double angle method.
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scale uncertainty in the energy measurement of the final state particles since the
angle ~ is obtained by the ratios of energies. The )? and z can be obtained as
follows:

siny(1 + cos 0) ] (4.10)

2 _ 4E2
@ [sinv +sinf — sin(6 + )

L) [siny +sinf +sin(f +v) (4.11)
siny + sin 6 — sin(6 + ) '

E

p

The Comparison of Methods

On Fig. 4.2. and 4.3. the correlation plots for events generated by MC
RAPGAP 2.08 (resolved pomeron file) at generated and reconstructed level for
Q? and y determined by all three methods are shown. In the right column, the
resolution defined as Az/x where Az = reconstructed - generated value and z is
the generated value. It is evident that the best method should have the maximum
closest to zero and it should have the smallest width of the resolution distribution.

From the Fig. 4.2 it is clear that the Q? electron and double angle method
give a good resolution. The double angle method is slightly preferred and will be
therefore used. According to the Fig. 4.3, the best method for describing the y
variable is the double angle method again.

4.4 The Quality of Electron Reconstruction

This section analyses the quality of the scattered electron reconstruction.
Monte Carlo sample of events generated with PEM was obtained after all ap-
plied cuts described above. The Fig. 4.4 shows the electron energy FE.;, 6. and
¢e correlation at detector and hadron level in the left column and the resolution
in the right column.

The resolution is determined as Az/x in the case of the electron energy and
Ax = reconstructed - generated value for the 6, and ¢, distributions. The
resolution of #.; and ¢,; distributions is rather good, the energy resolution is not
perfect, mainly because of the initial and final state radiation. The electron can
radiate a photon, before as well as after the emission of the exchange boson. In
this case the scattered electron is composed of the scattered electron and of the
final state radiated gamma. This gamma can be lost in the beam-pipe or it builds
one cluster in SpaCal together with the scattered electron. This fact makes the
correlation worse.
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Figure 4.4: The comparison of electron energy a)
and electron ¢, ) and f) on hadron and detector
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4.5 Generator Information

There exist a HIOO class “H1PartMC” which is an array with pointers to all
generated particles and provides this way the information about the generated
level. The Table 4.1. shows a RAPGAP output of a typical nonresonant di-pion
event. It is divided to three parts. The first contains the information about the
beam settings and initial conditions. The second part gives an information about
the parton level and it begins with the “PDG 100” line. Then the fragmentation
follows and the third part begins with the line called “string”. It is the frag-
mentation output and it is the source for the particles that finally come to the

detector simulation.

particle type parent Dz Dy Dy energy mass
e+ beam -1 0.0000 0.0000 -27.5000  27.5000 0.0000
proton beam -1 0.0000 0.0000 920.0000 920.0005 0.9479
Z0 doc 0 45032 1.048  -1.8674 1.4538 -4.7700

e+ stable 0 -4.5032 -1.0486 -25.6326  26.0462 -0.0381
PDG 100 doc 1 0.1010 0.2497 4.2971 4.2971 -0.2700
d doc 1 1.3535 0.5095 5.6815 5.8392 -0.5244

d doc 5 0.6959 0.3609 4.7696 4.8336  0.0009

d doc 2 48115 1.2865 2.4328 5.5429  0.0099
proton stable 1 -0.1009 -0.2497 915.7029 915.7034 0.9662
d decayed 7 48115 1.2865 2.4328 5.5429  0.0099

d decayed 1 -0.2073 0.0119  -0.0031 0.2079  0.0099
string decayed 9 4.6042 1.2984 2.4297 5.7508  2.0699
pi+ stable 11 -0.0246 0.3601  -0.0881 0.3969  0.1396

pi- stable 11 4.6288 0.9383 25177 5.3540  0.1396

Table 4.1: The illustration of a generator printout of a typical nonresonant di-pion

event (All quantities are in GeV).

While looking into the generator information, one could determine which
process of the pomeron exchange model is generated. This check showed (Fig.
4.5. and Fig. 4.6) that all di-pion events used in this analysis were produced via

the QPM model (Sec. 1.2.1.).
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Figure 4.5: The numbers of the processes involved in RAPGAP PEM Monte
Carlo. 12 = QPM, 13 = BGF, 15= QCDC before selection.
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Figure 4.6: The number of the process involved in RAPGAP PEM Monte Carlo
after applying all selection cuts.
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4.6 The Quality of Pion Candidates Reconstruc-
tion

The Fig. 4.7. shows the correlations of basic characteristics of pion candidates.
To increase statistics, both pion candidates have been put into one plot. The plots
a), ¢) and e) show the correlation between the generated and reconstructed level
in the laboratory frame. The first, third and fifth plot show the correlation of p;,
n and ¢ of pions, respectively. The plots b), d) and f) show the same variable
correlations in the yp centre-of-mass frame.

The correlation of variables p;, n and ¢ between the generated and recon-
structed levels in MC is rather good in the laboratory frame. This is not the case
after the Lorentz boost to the vp centre-of-mass (see Fig. 4.7. b), d) and f)). The
Fig. 4.8. shows how the uniform distribution of ¢, in vp cms system at hadron
level changes to an U-shaped ¢, distribution at the detector level. The variables
in vp cms at detector level are strongly dependent on the Lorentz boost from lab
system to vp system. If the quality of measuring of the electron is not excellent,
the Lorentz boost can spoil the correlation between the detector-hadron level in
vp cms system. It is also probably the reason for bad correlation on Fig. 4.7.
Note that the Lorentz transformation was checked several times independently
and no bug was found. The reasons of the bad correlations in vp cms system
remain unclear.
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Figure 4.8: The comparison of detector and hadron level of the pion ¢ angle in
the vp cms.
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4.7 Monte Carlo Selection Studies of Nonreso-
nant Di-Pions

Since there is the possibility to look into the hadron level of RAPGAP gener-
ated events, there exists a chance to improve the selection of nonresonant pions
in the data sample.

Two sets of RAPGAP PEM events which satisfied all the cuts described in
previous chapters have been studied. The first was the set with only two nonres-
onant pions and the second was all the rest. The second set is background which
fakes the nonresonant di-pions at detector level (resonance decays, kaons,...).
Then a study of several variables has been made in order to find some additional
cuts to improve the selection. The nonresonant sample is only about 9.2% of
all the selected events, therefore the histograms are normalised to unit area. If
some cut could be found (i.e. some area where nonresonant di-pion events are not
present and the background is), it would help to reduce the background statistics.

In the Fig. 4.9 following plots are displayed: a) the p; of both pions in
lab system, b) the pseudorapidity 1 of both pions in lab system, ¢) the £ — P,
variable defined in Sec. 3.1., d) the coplanarity, e) the p, compensation and f)
the sum of p; of both pion candidates in yp cms. The coplanarity is computed
as a difference of the ¢, angle of the scattered electron and of a vector that is
made as a vector sum of the pion candidates. The p; compensation is a ratio of
transversal momentum of all hadrons summed in the lab frame to the p; of the
scattered electron in the lab frame. The sum of the p; of both pion candidates in
~vp cms should be in an ideal case zero.

The distributions for nonresonant di-pion and background events are sim-
ilar, the only exception is the transversal momentum compensation. The cut

Pz > 0.7

Compensation

marked by the red line in the Fig. 4.9.e) rejects effectively background events.
Under this value there are almost no nonresonant di-pion events. This cut ex-
cluded 148 events from 1144 from the data sample.
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Figure 4.9: The comparison of nonresonant di-pion and background events: a)
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Chapter 5

Comparison of Data and Monte
Carlo

5.1 The Invariant Mass

5.1.1 Pomeron Exchange Model

The Fig. 5.1. shows the comparison of the M, distribution for data and
PEM MC. It is clear that there is a large discrepancy in the shape of data and
RAPGAP MC distributions. The MC distribution has larger tail in the invariant
mass region of 1.0 < M, < 3.0 GeV than observed in the data.

The invariant mass spectrum is usually fitted with the formula [26]:

_(m—p)” —Bm
Naw — + Nge™ 2%+ Npgen(m — My, )%™ (5.1)

where m is the invariant mass M., N; are the normalisation factors for each
function, M, is the p mass, I', is the p decay width, y and o are gaussian parame-
ters, My, = 2M, = 0.270 GeV is the threshold for the invariant mass distribution,
a and [ are free parameters. The first part of the equation (5.1) is the Breit-
Wigner distribution describing the p peak. The second part - the gaussian -
describes the distribution of miss-identified kaons coming from the ¢ resonance.
The third part is the fit of the background.

The Fig. 5.2. presents the data (left) and Monte Carlo (right) invariant
mass distributions fitted by the formula (5.1). To better understand the nonres-
onant tail of the MC invariant mass spectrum, one had to look to the generator
information again. There are several resonances in the invariant mass region
0< M, <3GeV:
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Figure 5.1: The comparison of data and Monte Carlo invariant mass M, distri-
bution.
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Figure 5.2: The fitted invariant mass M, spectrum for data (left) and Monte
Carlo (right).
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Figure 5.3: The invariant mass spectrum with emphasised contributions from
different final states.
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Table 5.1: Decays of resonances in the invariant mass range 0.27 GeV < M, <
3.0 GeV
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\ Background Invariant Mass Spectrum InvMass NonResonant Invariant Mass Spectrum [ InvMass
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Figure 5.4: The fitted invariant mass M, spectrum for the background sample
(left) and for the nonresonant sample (right).

The RAPGAP MC file has been divided into samples corresponding to
different generated final states - p,w,n, 7, ¢, nonresonant 77~ and background.
The invariant mass spectrum with respect to such sorting is shown in Fig. 5.3.
From the plot it is obvious that the spectrum behaves unphysically. There is
a sharp edge about the value of 1.0 GeV in the nonresonant spectrum that has
large impact to the whole spectrum.

The nonresonant and the background samples are the most important in
the invariant mass region of interest (1.1 < M., < 3.0 GeV'). Because of this
fact, these samples have been investigated more thoroughly. The figure Fig. 5.4.
shows these invariant mass spectra. To fit this samples, the background function
from eq. (5.1.) has been used. The fitted parameters are following:

Fronres = LAT4-10°(m — My, )**Te=5T0m (5.2)
frack = 5.688- 104(m— Mtr)1.3726—3.863m

where m is the invariant mass M. The red lines in Fig. 5.4 show the fitted
functions. The fit was made in the range 0.27 < M,, < 1.0 GeV and then
extended to whole spectrum up to 3.0 GeV. The parameters above has been
stored and then in the analysis procedure nonresonant or background events were
reweighted by these functions.
The invariant mass spectrum after the reweighting is shown in the Fig.
5.5. and the comparison with the data is in Fig. 5.6. After the reweighting, the
Monte Carlo and the data are in a much better agreement than previously.
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Figure 5.5: The invariant mass spectrum with emphasised contributions from
different final states. The reweighting procedure has been applied.
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Figure 5.6: The comparison of data and Monte Carlo invariant mass M, distri-
bution after the reweighting.
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5.1.2 Two Gluon Exchange Model

The Fig. 5.7. shows the invariant mass distribution of the data compared with
the RAPGAP MC generated with the two gluon exchange. It is obvious that the
MC spectrum does not contain any resonances as in the Sec. 5.1.1. The spectrum
is flat in the whole range. The generator information has been investigated as
well with the result that no resonances from Table 5.1. were found and - what is
more important - no nonresonant di-pions were produced.

This facts were the reason, why the RAPGAP two gluon exchange Monte
Carlo was not used in the further analysis.

| _Invariant Mass of Pion Candidates System |

0 [
S 05— [ ~  Monte Carlo
Py B
© L
= B — Data
o L
50.47
=z B
0.3
B —
0.2?
0-1:_ w
- AL GASAGNSADNGL AP S 1D VS I I LU Wl 0T v T v v vasvar OB IR, L
0 0.5 1 1.5 2 2.5 3 3.5
My [GeV]

Figure 5.7: The comparison of data and RAPGAP TGE invariant mass M,
distribution

5.2 Results

5.2.1 General Comparison

This section provides the comparison of data and RAPGAP PEM. All cuts
and reweightings described in the previous chapters have been applied. In Fig.
5.8. the z-vertex distribution for data and MC is shown. The result of usually
used reweighting procedure to fit the MC to the data by the z-vertex coordinate
is shown on the right plot in Fig. 5.8. All histograms were normalised to unit
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area, the statistics of Monte Carlo is more than 20times higher than for the data
(22,868 MC vs. 996 data events). Therefore the statistical errors for the data are
significantly larger than for the MC.
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Figure 5.8: The z-coordinate of the vertex before (left) and after (right) the MC
z-vertex reweighting

In the Fig. 5.9. the comparison of basic variables and the scattered electron
variables is shown. The Fig. 5.9. a) shows the E — P, variable. On the b)
and c¢) the Q? and y distributions are presented. The xpp distribution in Fig.
d) demonstrates that the cut zp < 0.04 has been redundant. The next four
histograms show the scattered electron comparison: e) the electron energy F,
f) the electron 6., g) the electron ¢ and finally h) RSpaCal - radius of the
scattered electron energy cluster in SpaCal measured from the beam pipe in the
transversal plane x — y plane.

The Fig. 5.10. compares the hadronic variables (a) and b)) and pion
candidates characteristics (c¢)-h)). The Fig. a) shows the total hadronic energy
W, Fig. b), the square of the four momentum transferred at the proton vertex
t, which can be also interpreted as the square of the pomeron momentum four-
vector. The statistics for the pion candidates histograms has been improved by
plotting both pions into one histogram. The pion candidates histograms show
various variables in laboratory and vyp cms system: pion transversal momentum,
pion pseudorapidity and pion azimuthal angle ¢.

Histograms c), e) and g) present the variables in the laboratory frame, d) and
f) show the pion transversal momentum and the pion pseudorapidity in the vp
centre-of-mass system. The histogram 5.10. f) shows the sum of the transversal
momenta of the pions (vector sum) in the yp system.

The Fig. 5.11 shows the p; compensation plot (a)) and the coplanarity

(b))-
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Figure 5.10: The comparison of data and Monte Carlo: a) total hadronic energy
W, b) ¢, the square of the four momentum transferred at the proton vertex, c)
pion transversal momentum in lab, d) pion transversal momentum in cms, €) pion
pseudorapidity 7 in lab, f) pion pseudorapidity 7 in yp cms, g) pion ¢ in lab and
f) sum of the transversal momenta of the pions in yp cms.
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Figure 5.11: The comparison of data and Monte Carlo: a) the p; compensation
in lab, b) the coplanarity in lab.

It is seen that data and RAPGAP PEM agree within errors rather well
for global characteristics of the event with exception of the scattered electron
energy E,; and the E — P, distribution. The description of data by MC for pion
characteristics is much poorer, mainly in the vp cms system.

5.2.2 Azimuthal Distribution

The distributions of the azimuthal angle ¢ for both pion candidates for data
and RAPGAP PEM are presented in Fig. 5.12. The ¢ distribution of the data is
within statistical errors close to uniform, while MC shows the U-like dependence.
Note that this U-shape distribution in MC was found to be the result of the
Lorentz transformation from lab to yp cms system (as discussed in Sec. 4.6. in
Fig. 4.8.) at the detector level. It seems that this effect is not present in the
data.

RAPGAP PEM Monte Carlo is definitely not able to describe the ¢ distri-
bution for di-pion nonresonant events.
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Chapter 6

Conclusion and Summary

The analysis of the data from 1999/2000 has been accomplished. The DIS
subtrigger element s61 efficiency has been checked for the data and the scattered
electron has been selected. Two nonresonant pions have been chosen and diffrac-
tion cuts were applied. The invariant mass spectrum M, has been investigated
and the cut on 1.1 < M, < 3.0 GeV has been used.

The aim of this analysis was to compare the azimuthal ¢ distribution in the
~vp centre-of-mass system in di-pion nonresonant events with two model predic-
tions. These were represented here by two versions of RAPGAP 2.08 - RAPGAP
resolved pomeron exchange and RAPGAP two gluon exchange. It was found that
the RAPGAP TGE does not contain any nonresonant di-pion final states.

The precision of the Q? and y methods as well as the precision of the elec-
tron and pion reconstruction has been determined. The generator information of
the RAPGAP PEM Monte Carlo was used to compare a sample with nonresonant
di-pions with an other sample with the background. This comparison led to the
improvement of the data selection.

The RAPGAP PEM Monte Carlo has been reweighted to obtain better
agreement of spectrum of effective di-pion mass and then compared with the
data. The agreement of MC with data is however rather poor. The azimuthal
distribution ¢ of di-pion events in data is flat, while in MC we obtained an U-like
shape. It is evident that both versions of RAPGAP Monte Carlo are not suited
for this type of analysis.

The results have been compared with theoretical predictions from Sec. 1.4.
According to the theory, the thesis should give information about the nonresonant
di-pion exchange production in diffractive DIS. The theory of di-jet production
assumes different behaviour of the azimuthal ¢ distribution of the pions in the
vp cms. While the TGE theory predicts a clear maximum at ¢ = 90°, the
BGF theory predicts a clear minimum at the same value. This theory studies,
whether the di-pion production can be described similar to the di-jet production.
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As mentioned above, the RAPGAP TGE does not contain any nonresonant di-
pions. The RAPGAP PEM, which originally contained all the three subprocesses
(QPM,BGF, QCDC), contained at the end only the subprocess QPM (See Fig.
4.6 and 4.5). Therefore, the result of this analysis is that the di-pion events
are not generated neither via TGE nor via BGF. The obtained result is that the
productions goes via QPM, but the comparison of data and MC failed (For expla-
nation see Sec. 4.6) and therefore no statement about the process of nonresonant
di-pion production can be made.
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