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Abstract

The topics of this thesis are the analyses of exclusive photoproduction of w- and
fo-mesons at mean yp centre of mass energies of (W) ~ 200 GeV at HERA.

The former process is thought to be induced by photon-Pomeron interactions, and
its cross section is measured to be o(yp — wp) = (1.3 £ 0.2(stat) = 0.2(syst)) ub,
where the decay w — 7% — 37 is used to analyse the events. The diffractive slope
b describing the exponential fall of do/d|t| < exp(—b|t|) is measured by analysing
the acceptance corrected differential distribution d/N/d|¢|. The value found for this
parameter amounts to b = (10.7 & 1.1(stat) & 2.0(syst)) GeV~=2. The corrected
differential cross section do/d|t| is also found to be in accordance with the prediction
of the Stochastic Vacuum Model for p’-photoproduction scaled by a factor of 2/9.
The decay angular distributions dN/d cos ¥* and dN/dy* are found to be compatible
with s-channel helicity conservation.

The predictions of the Stochastic Vacuum Model for Odderon induced fo-
photoproduction of 21 nb cannot be confirmed, but a 95 % confidence level upper
limit on the cross section of o(yp — f2X) < 12.4nb is given. The contributions
of the fo are looked for in the 7%7% mass spectrum, where the f, is thought to
contribute via its decay fo — 7070 — 4.

Zusammenfassung

Thema dieser Arbeit ist die Analyse exklusiver Photoproduktion der Mesonen w und
f2 bei einer mittleren yp-Schwerpunktsenergie von (W) ~ 200 GeV bei HERA.
Von ersterem Prozefl wird angenommen, dafl er durch Photon-Pomeron Wechsel-
wirkung vermittelt wird. Fiir den entsprechenden Wirkungsquerschnitt wird o (yp —
wp) = (1.340.2(stat) +0.2(syst)) ub gemessen, wobei der Zerfall w — 7%y — 3 zur
Analyse der Ereignisse verwendet wird. Die logarithmische Steigung b, die den ex-
ponentiellen Abfall do/d|t| o exp(—b|t|) des differentiellen Wirkungsquerschnitts
charakterisiert, wird durch die Analyse der akzeptanzkorrigierten differentiellen
Verteilung dN/d|t| gemessen. Der Wert, der fiir diesen Parameter gefunden wird,
betrigt b = (10.7 4 1.1(stat) & 2.0(syst)) GeV 2. Fiir den korrigierten differentiellen
Wirkungsquerschnitt do/d|[t| wird auch Ubereinstimmung mit einer Vorhersage des
Modell des Stochastischen Vakuums fiir p°-Photoproduktion gefunden, wobei diese
mit einem Faktor 2/9 versehen wird. Fiir die Zerfallswinkelverteilungen d N/d cos 9*
und dN/de* wird Vertriaglichkeit mit s-Kanal-Helizitatserhaltung gefunden.

Die Vorhersage des Modells des Stochastischen Vakuums von 21 nb fiir Odderon-
induzierte fo-Photoproduktion kann nicht bestatigt werden, sondern es wird auf
einem Konfidenz-Niveau von 95 % eine obere Grenze fiir den Wirkungsquerschnitt
von o(yp — f2X) < 12.4nb angegeben. Die Beitrige des fy’s werden im 7m970-
Massenspektrum gesucht, in dem das f, iiber seinen Zerfall fo — 7079 — 4+ beitra-
gen soll.
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Introduction

The subject of this thesis is the analysis of exclusive photoproduction of the mesons w and
fo at HERA using the H1 detector. Both mesons are analysed in purely photonic final
states, namely w — 7%y — 3y and fo — 770 — 4+, respectively, and thus allow for a good
measurement of the energies of the decay-products in the Hl-backward electromagnetic
calorimeter SpaCal. The former analysis stands in a long tradition of experiments and the
latter is an (interim) completion of searches performed by the Hl-group at the Kirchhoff-
Institut fiir Physik.

The tradition of vector meson photoproduction goes back to end of last century’s sixties.
As the theory of strong interactions was lacking in these times phenomenological prescrip-
tions were used to describe the data. The main ingredients of this phenomenology have
been Regge theory and vector meson dominance. This has not changed since the advent
of QCD as microscopic theory of strong interactions, because QCD is not applicable in
these reactions since the strong coupling constant is in general not small enough for the
perturbation series to converge. Though in some cases perturbation theory can be applied,
when either some hard scale is present, or in the case when heavy mesons are involved
the mass sets the scale. For these cases it has been possible to obtain a prescription of
the processes based on perturbative QCD and allows to some extend to link the concepts
used in Regge theory with the fundamental degrees of freedom of QCD, namely gluons.

Regge theory has been very successful in describing the behaviour of cross sections by
the notion of the exchange of trajectories, which are attributed to specific particles. But
one of these trajectories cannot be associated with any known particle, and this Pomeron
trajectory — as it is called — was introduced to describe the rise of the cross section at large
energies. It is commonly believed that the Pomeron is associated with gluonic degrees of
freedom and thus one anticipates glue-balls to lie on this trajectory. In a similar way, a
further trajectory was introduced with odd C-parity as opposed to the Pomeron which is
even under C-parity, and therefore this trajectory was named Odderon.

In contrast to the Pomeron that rests on solid experimental and to some extend also on
theoretical grounds, the Odderon has not been observed in soft processes so far, though
in perturbative QCD both the Odderon and the Pomeron appear equally, respectively as
the exchange of three and two gluons.

In this context this thesis is settled: The w is thought to be produced by Pomeron induced
~p interaction and the fo by Odderon induced reactions. And the picture sketched in the
previous paragraph is confirmed anew. The Pomeron process is confirmed within the
expectations of Regge theory and vector meson dominance, in contrast to the Odderon
where only a limit on the cross section for exclusive fs photoproduction can be given.

This work is a further piece in the mosaic drawn by the various measurements and phe-
nomenological prescriptions of soft QCD. And the hope is that the sum of all the pieces
somewhen may give a picture, where the whole is more than just the sum of its parts.



9 Introduction

In the first chapter the physics background is sketched and some phenomenological models
are briefly discussed. The second chapter gives a short description of the H1 detector. The
third chapter is concerned with the basic event selection, the strategy of the trigger and
how it is simulated and the reconstruction of the kinematic variables used in the analyses
presented. Before the actual analyses a chapter describing the Monte Carlo models used
to describe the expected signals and background sources is included as chapter four. The
following two chapters present the analyses of the w and the fs meson, where in chapter
five the cross section for exclusive w-photoproduction at a mean photon-proton centre of
mass energy of 200 GeV is measured, the differential cross section do/d|¢| for events in the
w-mass region is fitted to determine the diffractive slope and it is compared to a prediction
of the Stochastic Vacuum Model. This is followed by fitting the decay angular distributions
with the expectations of s-channel helicity conservation. Before summarising this chapter
a discussion of the systematic uncertainties is given. The next chapter is concerned with
the exclusive photoproduction of f-mesons mediated by Odderon exchange. The structure
of this analysis is analogous to the one presented in the previous chapter, but no cross
section can be measured, but a limit on the production is derived instead. This work
closes with a summary of the findings of this thesis and combines them with the results
obtained in [1, 2, 3]. There, also conclusions are drawn and some questions are raised.
Perspectives and possibilities of how to gain more insight in the future are given.



Chapter 1

Physics Background

1.1 Kinematics

At HERA electrons® are scattered off protons having four-momenta of
k = (27.55,0,0,—27.55) GeV ; p=(820,0,0,820) GeV , (1.1)

respectively?, defining the z-direction of H1 coordinate system as the direction of flight of
the incoming proton. Here and in the following units are used where i =c = 1.

For single photon exchange kinematics at HERA can be fully described by the invariants
s,z,y and Q?, defined as

s = (k+p)?
Q= —¢=-(k-k)
2
r = QQTp (1.4)
y = ;’—Z (1.5)

where /s = 301 GeV is the centre of mass energy, x is the Bjorken scaling variable,
giving the longitudinal momentum fraction of the parton in the proton that enters the
interaction with the exchanged vector boson. The other variable introduced by Bjorken
is y, called inelasticity, as in the rest frame of the proton it gives the relative amount of
energy transferred from the electron on the proton. Both x and y are restricted to values
€ [0,1]. If z = 1 the scattering occurs elastically. The virtuality Q? is a measure of the
off-shellness of the exchanged boson and can be interpreted as a measure of the strength
of the interaction. By means of the Heisenberg uncertainty principle Q? is related to the
resolution, i.e. a photon can resolve distances down to d ~ 1/ \/@

Often a further variable is used: the centre of mass energy squared of the system consisting
of the exchanged boson and the proton,

W2 = (q+p). (L.6)

Kinematics gets more complicated, if aside from the boson on the lepton side, a further
boson from the proton side is emitted — be it another photon, a gluon or something else.

n the following the term electron is also used for positron for simplicity.
2In 1998 the proton energy was increased to 920 GeV.



4 Chapter 1. Physics Background

Then, a further variable describing the four-momentum transfer is introduced in analogy
to the virtuality Q?, but referring to the proton vertex:

t = (p-p). (L.7)

In the case where only one boson is exchanged, t = ¢ = —Q?.

The four variables s, z,y and Q? defined in equations (1.2) — (1.5) are not independent of
each other, but obey the relation

Q' = ays, (1.8)
where masses have been neglected.

In the analyses presented in chapters 5 and 6 the variable ¥ will be exploited, which is

defined as

L= pl—pi=>p; =) (E-p.i, (1.9)

(3 13 (3

where the sum runs over all particles ¢ in the final state. The upper indices denote Lorentz-
indices according to the notation used in [4] and the superscript ‘—’ indicates the minus-
component of the respective light-cone vector. Due to energy-momentum conservation its
value is twice the electron beam energy, namely 55 GeV as in the initial state, where the
corresponding sum runs over the electron and proton only.

¥ = %(final state) = ¥ (initial state) = (k° — &%) + (p° — p?) = 55GeV, (1.10)
e S
55 Ge

where in the last step equation (1.1) was inserted.

1.2 Electron Proton Scattering

The lowest order diagram of electron-proton

scattering (ep-scattering for short) is shown in

figure 1.1, where the incoming electron emits

a virtual photon with four-momentum ¢ =

k — k', that subsequently interacts with the

proton, indicated by the blob. The scatter-
X (p) ing may proceed elastically where the pro-
ton remains intact or inelastically where it
emerges into an N particle final state X with
m% = (p+¢)%> = (X0, pn)? = W2, Follow-
ing [4] one can write down the general struc-
ture of the total cross section as:

Ao
= —q4 L, W, (1.11)

Figure 1.1: A schematic diagram of the
scattering of an electron off a proton.

d%o(ep = eX)
dE’ dQ

Lab

with the fine structure constant o = e?/4m, and where L*¥ and W denote the leptonic
and hadronic tensor, respectively.

v 1 : v
L= oD {eli"le) e e) (1.12)

14 1 1 al 14
W = S ST A S ) ()
PN s ln=1 Sn

x(2m)*6(p + q — p') (1.13)



1.2. Electron Proton Scattering 5

The following conventions were used: |e) (|e’)) denotes the incoming (outgoing) electron
with momentum % and spin s (k' and s, respectively). The leptonic current j# is given
by

jM = eﬂ(k',s')’y“u(k,s), (114)

with spinors u, w for incoming and outgoing electron, respectively. The structure of
the hadronic tensor is similar, but more general, namely all possible final states X,, are
summed up. Therefore the sum over the spins is split and done for each of the N particle
final states. In analogy to the leptonic tensor the incoming state is denoted by |p) with
momentum p and spin s, and the final state by |X,,) with momentum p' = 25:1 pp, and
spins s,. The phase space integration is carried out over the Lorentz invariant phase space

3
element Hq]zv:1 dr',, with dI';,, = d—gno. For the hadronic transition current an analogous

(2m)2py

construction as in equation. (1.14) is possible only for the elastic case, i.e. Y | X, ) = [p/, §'),
then J# can be written as

JE = eu(p,s\THu(p,s) with T* = F(¢*)y* + %FQ(QZ)U#VQV, (1.15)
myp
and o = [y* "], and where F} and Fy are the form factors of the proton, related to the
charge and magnetic moment distributions, respectively, via Fourier transformations.

In the case of inelastic scattering, there is no simple analogy, but a more general form of
the hadronic tensor W#¥ has to be constructed out of the independent momenta p and ¢
and the metric tensor g"¥. The most general ansatz that one is led to involves four terms
made up of g*” and products of p and ¢ and scalar functions W;(v, ¢?) with v = pq/ M.
Employing current conservation the number of independent terms can be reduced to two:

gV 1
W = W, (q q —g“”) +Wo—; (p“ - p—gq“> (p” - "—Zq") - (L16)
q mp q q

Combining all, one can write the cross section for the three cases: (1) elastic scattering
off a structureless proton (Dirac proton) (2) elastic scattering of a real proton and (3)
inelastic scattering in a generic form:

d%o(ep — X) 4o B 9 . 9
W Lot = Te (AZ COS 19/2+2BZ Sin 19/2) y (]_]_7)
where an energy conserving ¢ (V — %) has to be multiplied in the case of elastic scat-

tering. The coefficients A; and B; are listed in table 1.1

For the inelastic case it is common to rewrite the cross section (1.17) differential in terms
of the invariants  and Q? instead of E! and Q and to replace the W; by the structure
functions® Fj:

mpWI(V7q2) —>F1(IL',Q2) and VW?(Vaq2) —>F2(IL',Q2). (118)

The cross section (1.17) then becomes

20' e 7TO[2
A = T R @Y+ (1= )P, Q) (1.19)
042
- Zﬂc% [(1+ (1 =9 Fa(2,Q%) - y*Fr(z.Q%)] ,  (1.20)

3not to be confused with the dipole form factors F', which depend on ¢ only, but not on ¢* and x.
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) A; B;

1 1 T

) GZE + TG%V[ TG%\/[
147

3 Wl(Va q2) WQ(Va q2)

with 7 = —¢*/4m?

Table 1.1: The coefficients A; and B; for the three types of ep-
scattering: The three cases of ep-scattering described by equation (1.17) are
given for i = 1 elastic scattering off a Dirac-like proton, i = 2 elastic scattering
off a real proton and for ¢ = 3 deeply inelastic scattering.

where in equation (1.20) the longitudinal structure function Fy,(z,Q?) was introduced. Fr,
is defined as the deviation of the Callan-Gross relation

FL(I7Q2) :FZ(I7Q2) _2$F1($7Q2)' (121)

In the naive quark parton model, where the proton is assumed to consist of three spin
1/2-partons only, the Callan-Gross relation reads

Fy(z,Q%) =22F(2,Q%) = Fr(z,Q%)=0. (1.22)
1.2.1 The Connection between ep- and «p Scattering

Writing down the total cross section for (real) photons scattering off protons, one is led to
a structure that has a striking similarity compared to the electron proton cross section:

2
oot (yp = X) = 47TTCMEZ‘LE,,VV’“’, (1.23)
where WH¥ is the same hadronic tensor as in section 1.2, €” is the polarisation vector of
the incoming photon and K = v = gp/m,, is related to the flux (4m,K) of the photons,
and equals the energy of the photon in the proton rest frame. In general, one has to keep
in mind that the actual photons are not real, but have a finite virtuality. Therefore the
concept of a photon flux has to be adapted to virtual photons. A usual convention is to
choose K in a way, such that

W? = (p+q)° =m)+2m,K (1.24)

holds also for virtual photons. For real photons W?2 is given by equation (1.24) while for
virtual photons equation (1.24) has to be replaced by

W? =m2+2pq + ¢°. (1.25)

Requiring 2m, K £ 2pq + ¢2 leads to
2 2

pq q q
K =2 — 1 1.26
my  2my v 2m,, ( )

In contrast to real photons a virtual photon may also have longitudinal polarisation,
resulting in the fact that there is a cross section for transversely polarised photons o7 and
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one for longitudinally polarised photons o, and the total cross section is given by their
sum:

owot(yp = X) =or+op, (1.27)
with
on = €/ eWy and (1.28)
1
+1/=(0, 1, %4,0) A= +1
€x 2 (1.29)

NG (\/V2 n Q?,o,o,y) A=0

Evaluating equations (1.28) by means of equations (1.29) and the decomposition (1.13) of
the hadronic tensor, one obtains

Ao

or(z, Q%) = W?xFl(x,QQ) and (1.30)
2,2
UL(xa Q2) = 42'2—32 [(1 + %) F?([I’.a QQ) - 2[L'F1($, Q2)] ) (131)

respectively, where the structure functions W; were replaced by the corresponding F; and
were expressed in terms of z and Q? instead of v and ¢%. Remembering the construction
of the longitudinal structure function F, = F» —2xF}, one recognises that the longitudinal
cross section is proportional* to Fy, justifying a posteriori the naming of F7, as longitudinal
structure function.

To express the relation between ep- and yp-scattering, it is common to express the ep cross
section (1.19) differential in y and Q?:

d%o(ep — X) a 1 9
—s— = —— |1+ (1= 2(1 — 1.32
dy dQQ \27.‘. yQ2 [( + ( y) )JO-T + ( y) UL] ( 3 )
T xS e
Y/€e
fleor+ f.0n (1.33)

defining the transverse and longitudinal flux factors f,yT/e and f f/e, respectively, giving the

probability to find a photon “inside” an electron with inelasticity y at a given virtuality Q.
In practice, it was found that the electron mass is not to be neglected when the electron
and hadron tensors are contracted. The transverse flux factor is modified with a term
proportional to the electron mass squared and Q?. The former dependence is expressed
through Q2. = y>m?2/(1 —y) which is the minimal virtuality kinematically allowed:

T a 1 2 ?nin

Ve = Tmyop <1—|—(1—y) —2(1 —y) Q2> (1.34)
1

e = geyge20 =) (1.35)

1.3 Kinematical Regimes

At HERA there are essentially two large kinematic regimes, connected by a transition
region:

4except for 4mzm2/Q2, which is small as z < 1
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1. Photoproduction, where the virtuality is small and

2. the regime of deeply inelastic scattering (DIS), where Q2 is large and perturbative
methods are applicable, since the virtuality sets the scale of the process, and for
Q? > 1 GeV? the coupling constant of the strong interaction becomes sufficiently
small for a perturbative expansion to converge.

3. The transition region in between the above is of great theoretical interest, since there
the interplay between soft and hard physics can be studied and therefore great efforts
are undertaken experimentally to collect data from the transition region.

In the following a brief description of deep inelastic scattering and related physics is
presented, followed by a review on photoproduction.

1.4 Deep Inelastic Scattering

When the virtuality of the exchanged photon is
large enough, the resolution becomes sufficient to
directly probe the proton’s charged constituents.
In this case the momentum transferred to this
parton is too large, such that it can no longer
be bound inside the proton, but is “kicked” out.
This is shown schematically in figure 1.2. Due

to confinement the struck parton cannot exist
freely as it carries colour charge and confine-
ment requires strongly interacting particles to
form colourless objects — hadrons. A process
called hadronisation sets in, providing colour neu-
trality by the creation of quark anti-quark pairs
in between the struck parton and the proton rem-
nant until only colour neutral objects exist.

Figure 1.2: The deeply inelastic
scattering of an electron off a pro-
ton: The electron emits a photon that
subsequently hits a parton that is kicked
out of the proton. Hadronisation is in-
dicated as the creation a of quark anti-
quark pair.

As both the electron and the charged partons
carry electric and weak charges, at virtualities
large enough weak exchange starts to contribute.
Large virtualities means that the propagator P? =
q*/(¢* + M%/W)Z for the weak exchange is no

longer suppressed i.e. \/Q? ~ Mzw ~ 80 GeV. Depending on the charge of the ex-
changed boson one distinguishes between neutral and charged currents:

neutral current: charged current: (1.36)
0 (- ’
ep 5 ' X ep W—>(Ve) x

where depending on the charge of the electron and thus of the exchanged W the final state
lepton is the neutrino or anti-neutrino. For these high virtualities the cross section (1.20)
has to be modified to incorporate the weak exchange. This is done by introducing the
structure function F3(z, @?) and to the cross section (1.20) a term £ (1—(1—y)?)zF3(z, Q?)
is added, where the sign depends on whether positrons (4) or electrons (—) scatter off the
proton.
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In leading order (LO) QCD the structure functions F; read

Fy(z,Q%) = xZA (2,Q%) + q(z, Q)]

(1.37)
tF3(z,Q%) = xZB Q%) — q(z, Q)]

(1.38)
FL($,Q2) = 0, (1.39)

where the sum runs over all quark flavours kinematically accessible (u,d,s,c,b). The
quark density functions ¢(z, Q%) dzdQ? yield the probability to find a quark with mo-
mentum fraction 2’ € [z, + dz] given a resolution Q" € [Q?, Q? + dQ?]. Analogously,
q(r,Q%)dzdQ?) denote the density functions for anti-quarks.

The weight factors A,(Q?) and B,(Q?) are the sum of the charges that the respective
quarks carry and to which the exchange boson of either electromagnetism or weak exchange
couple:

2

A Q%) = eg — 20040, P(Q%) + (v2 + az)(vg + aZ)P2 @0 eg (1.40)
2

Bq(QQ) = —2aeeqaqP(Q2) + 4veaevqaq)P2 Q:>0 0, (1.41)

with the electric charge e,, and the charges of the vector and axial vector currents v, and
aq of the weak interaction, respectively.

1.5 Photoproduction

Photoproduction events lie in that region of phase space where the virtuality is (vanish-
ingly) small, such that the scattering may be interpreted as scattering of quasi real photons
off protons. This occurs if the scattering angle vanishes.

In this limit the differential ep cross section is given by the total yp cross section times

. . Q2%—0 Q%0
the flux of transversely polarised photons since o =~ oot (yp — X) as o, — 0

d%o(ep — X)
dy d@?

When dealing with photoproduction at HERA, one is more interested in the actual vyp
cross section though the measurement yields an ep cross section. By virtue of equation
(1.42) one can convert a measured ep cross section into a yp cross section. This is done
by integrating over Q? and y:

= f:;F/eUtot(’Yp — X). (1.42)

olep — X) /dy /dQ2 /e (P = X)tot = Fyje0tot (Y0 — X) . (1.43)

To describe photoproduction the following model for the photon is used [5]: Quantum
mechanics allows for fermionic fluctuations of the photon: <+ ff, where the fermions
may be leptons £ or quarks q. The latter can interact strongly and therefore turn out to
be responsible for the major part of the total vp cross section. The hadronic spectrum of
fluctuations is split into a part of low virtuality and one of high virtuality®. The former part

’The term “virtuality” here refers to the amount of “off-shellness” that comes in addition to the virtu-
ality ¢° of the photon.
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can be approximated by the sum of the lowest-lying vector mesons, while the latter should
be calculable perturbatively, if the scale kg separating the domains is chosen properly. The
statement that the low-virtuality part can be parametrised by a sum of vector mesons is
the essence of the vector meson dominance (VMD) model. This model was generalised to
incorporate a smooth behaviour between the resonances by means of an integral over a
spectral density: Y — [dmdm/p(m, m’) (cf for example [6]). These kinds of models are
called generalised VMD models (gVMD).

With the above classification the photon can be written as

M =clw)+ Y. wlV)+ Y e+ D clete), (1.44)

V=pOw,p,J /¢ q=u,d,s,c,b l=e,u,T

6

where the coefficients ¢; in general depend on the scale 4 = k| with which the photon is
probed:

(4
ks i=V kL <k
\%4 k2
a
2e, In —L> 1=q ; ki >k
2={ 2r * (kS ’ (1.45)
@2 (K iy
27r3n mz '
kl—Zc%/—ch—Zc% 1 =0

The coefficient for the bare photon, labelled with ¢ = 0 is given by unitarity.

The |qq) part of equation (1.44) can be further subdivided into two parts depending on
the relative transverse momentum k; of the ¢q splitting relative to the photon and the
transverse momentum p; of the parton coming from the proton. For p; > k| the events
are characterised as anomalous, while for p, < k| they are called direct. This division
holds down to the above mentioned scale k; > kg separating the high virtuality domain
from the low virtuality domain. Figure 1.3 shows the definition of the scales kg, k| and
p1 together with the separation of the phase space into the above domains.

1. The VMD processes, where the photon fluctuates into a vector meson before the
interaction, and thus all processes allowed in hadronic physics shown in figure 1.5
may occur. This includes elastic and dissociative scattering as well as low p; and
high p; non-diffractive events.

By construction the VMD model allows to express this part of the cross section
oRip as a sum of total vector meson proton cross sections times their respective
couplings:
dra Vv
O-;y/:ll)\/[D = Z 2 O-tolt)v (1'46)
1% v

where for the total vector meson proton cross section a phenomenological parametri-
sation inspired by Regge theory can be used.

2. The direct processes, where the photon interacts directly with a parton from the
proton.

In leading order these processes consist of the QCD Compton effect y¢ — qg and
the boson-gluon fusion vg — ¢qg. As both processes diverge as k; — 0 the lower
cut-off kg is introduced.

5The small contribution of the Y is neglected.
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% 4 I ki=pi
——<——q | anomalous,,"
K,y |
‘ q .7 direct
PL VD! -
q v’
P @ ______________ kl >k,
0

Figure 1.3: The scales k; and p, in photoproduction: The left part
shows an illustration of the scales k| and py in a schematic graph of a hard
vp interaction. The right part shows the classification of yp interactions in the

(k1,p1)-phase space.

3. The so called anomalous processes, where the photon splits into a high k| ¢q pair,
and one of these subsequently interacts with a parton from the proton.

This part can be expressed in terms of some sort of gVMD cross section:

dkj_ qu V(qq
O-gr:ll)omalous = 27‘(‘ Z /k2 k‘2 k‘2 o (qq)p, (1-47)

where Ky (4q) 1s a model parameter that is associated with the typical & inside the
vector meson formed by the gq pair.

Based on this classification the total photon-proton cross section can be written as the
sum of the respective cross sections:

P

o = oVup + Oab e + 0L (1.48)

anomalous

1.6 Diffraction

“Diffractive scattering” is often used synonymously for “scattering with vacuum exchange”,
where vacuum exchange means that only momentum and angular momentum may be
exchanged but no internal quantum numbers such as isospin, baryon number, etc. The
term diffractive stems from the observation of a striking similarity of the angular spectrum
do/ dJt| in hadron hadron interactions with the pattern of diffraction observed in optics as
can be seen in figure 1.4. In wave optics the observed pattern can be related to properties
like the shape or opacity of the target. The shape of the target can be described by a
profile function, and the angular spectrum observed is related to this profile function by
a Fourier transformation. And it is thus possible to deduce the shape of the target by
the inverse transformation of the angular spectrum. This technique can also be used to
deduce the profile function or shape of a hadron in a high energy collision.
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Hadronic interactions are generically classified into diffractive and non-diffractive events,
where for the diffractive class is further subdivided as shown in figure 1.5: If both incident
particles stay intact one speaks of elastic scattering, while, if one is excited and dissociates
one speaks of single dissociative diffraction. If both particles break up, double dissocia-
tive diffraction occurred. The rest, when internal quantum numbers are exchanged, is
collectively called non-diffractive.

This classification suggests a further definition
of diffraction often used to distinguish diffrac-
tive from non-diffractive interactions. It is the
fact that in diffractive interactions the outgoing
particles are strongly collimated along the direc-
tion of flight of the incoming particles. This

do/dt Imb/GeV
3,
b d
/

means that there is hardly any activity in the et S
central region, because no quantum numbers are 10: K ! T, ‘os
exchanged especially no gluons carrying colour :257 L e Gv .t
that through hadronisation fill the longitudinal 1912“ "'/"' e,
phase space. This fact can be nicely expressed 12—11: Ky J?mv mo.".'*ﬁ
in a variable named rapidity defined as 12:1? ) "'MW Tty
1 E gy O S RS N S
Y =3 (Efiﬁ (1.49) A

or the pseudo-rapidity Figure 1.4: Angular spectrum

n=—Intand/2, (1.50) in nucleon nucleon scattering:

do/d|t| as seen in pp scattering at cen-
which contains the polar angle of the scattering 4., of mass energies of \/s = 23.5, 30.7,

and is thus more intuitive. Rapidity and pseudo-  44.7 and 62.5 GeV measured at the ISR

rapidity are approximately equal and for mass- [7]. The respective cross sections were
less particles they become identical. For massive .04 by factors of 1076,10~* and 102

particles Y and n may be used interchangeably for better visibility.
only for rapidities not too large, or angles not too near to either 0° or 180°, since for the
latter, the logarithm goes to 00, while the fraction of the former is still finite.

If an elastic interaction like in figure 1.5a) occurred with an angle of ¥ = 1 mrad for
example the respective pseudo-rapidities of the scattered particles are nc/p ~ £7.6, and
there is a gap of 15 units in rapidity of no activity in between the scattered particles. This
gave rise to the name of rapidity-gap events. This picture holds also if one or even both
particles dissociate diffractively. The spike a single particle has in a rapidity distribution
is smeared out, but the width of this effect is small compared to the width of the gap in
between the two final states. This is shown schematically in figure 1.5 below the diagrams
depicting the respective processes.

In general diffractive interactions are soft (small scattering angle) so that there is no
hard scale available which can be used to perform any perturbative calculations with
the result that (perturbative) QCD is not applicable and one therefore has to rely on
phenomenological models such as Regge theory or others.

1.6.1 Regge Theory

Regge theory is founded on the basis of (1) unitarity, (2) crossing symmetry and (3)
analyticity.

1. Unitarity is the assertion of conservation of probability, or in other words the prob-
ability that something happens is one, or more explicitely, if S is the operator that
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a)
A+/C
B ~D
] ] Y
b) C)
—p—— —>—/
1 1
_|—LL|_>Y _LL|—|_>Y
d) e)
> |< —
—>—< ——

A ey ALy y

Figure 1.5: Event classes in hadronic interactions: a) elastic, b)+c)
single dissociative, d) double dissociative and e) non-diffractive or minimum
bias events. Below the respective diagrams the rapidity population of the final
state is indicated.

transforms an initial state |7) into some final state | f) by | f) = S|¢), unitarity requires
St =1

The optical theorem,

Otot = %Im[A(s,t =0)] (1.51)

connecting the imaginary part of the forward scattering amplitude with the total
cross section, is a consequence of unitarity, as well as the Froissart bound limiting
the rise of the total cross section.

. Crossing symmetry is a property in relativistic field theory but a postulate in S ma-
trix theory. Using the Mandelstam variables s, ¢ and wu, defined for elastic scattering
as

s = (pa+pp)’=(pc+pp)?® A C
(b4 — p)* = (o1 — p)? >.< (152)
v = (pa—pp)*=(B—-pc)® B D

crossing allows for the identification of the process AB — C'D with the process
AC — DB or AD — DC', where the barred particles are the respective antiparticles
with opposite momentum. Calculating the new variables labelled with a prime for

~
I



14

Chapter 1.

Physics Background

the former and two primes for the latter processes,

s’ = (pa+tpe)? A B s =t
¢ = (pa—pp)? >.< = ¢t = 4 (1.53)
u' = (pa—-pp)® ¢ D w — o
s" = (pa+pp) A C s — u
t" = (pa—pc)® >.< = t = t (1.54)
u” (pa—p8)° D B u — 5"

one can readily make the identifications for the so called ¢-channel reaction in equa-

tion (1.53) and the u-channel in equation (1.54).

. Analyticity claims that the amplitude describing a specific process is an analytic

function. Knowing the analytic properties of the amplitude allows for the calculation
of the amplitude of the crossed reaction by continuing the amplitude appropriately.

o0

A(s, ) =) (20 + Dag(s, t) Py(2),

14

Regge theory starts with the scattering amplitude A(s,t) as a partial wave expansion:

(1.55)

where z = cos is used for brevity, the partial waves amplitudes are denoted by a, and
P, are the Legendre polynomials. Regge was interested in the behaviour of the scattering
amplitude for the process AC — BD in the unphysical limit of z — —oo that corresponds

via crossing — as Mandelstam realized — to the s-channel reaction AB — CD for s — o0, so
to say justifying a posteriori the dubious considerations z = cos ¥ — —oo. The expansion

\ at infinity

76 5 4 3 2

Figure 1.6:

,,,,,,,,,,,,,,,,,,,,,,,

The complex £ plane and the integration contours Ci and Co.

(1.55) diverges for |z| > 1, so the trick was to drop the requirement for £ to be an integer,
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but to allow for complex values. The generalisation of equation (1.55) for complex ¢ reads

Als, 1) :—%/C At (20 + 1)a(e, 1) L)

(1.56)

sin 7/’

7

where the path of integration encloses the positive real f-axis’ as shown in figure 1.6.

If the integration contour C is enlarged such that Im¢ — oo the contour Cs is obtained,

so called Regge poles may appear. Assuming for simplicity a single pole only at £ = «(t)

with the approximate behaviour of a(¢,t) = B(t)/(¢ — «(t)), equation (1.56) becomes
Pyp(z) 1 Py(2)

Als,1) = m(2a(t) + D) 0o 5/0 dee+ Dalt, ) 7y

(1.57)

where the first term not yet present in equation (1.56) corresponds to the Regge pole with
residue (t) which is unknown a priori. The second term is called background term and
behaves like s 1/2 in the s-channel reaction and thus vanishes for s — co.

By virtue of crossing these poles in the t-channel

correspond to physical resonances in the s-channel:
The partial wave amplitude a® (¢, t) of the Regge o) i
pole can be written approximately as a Breit- :
Wigner resonance function 25 b

. 5 B(tr) /g (tr)
a(6,t) = tr —t —iar(ty)/dly(tr)
kL,

= — 1.58 052
m%—t—iI‘,«’ ( ) i

1020) b,(1235)

if a(t) is decomposed into its real and imaginary g *** Aﬂm)
parts a(t) = agr(t)+iar(t) and then expanded in i t<——> ]
a Taylor-series about the point ¢, where ap(t)|s, R R 31 e
=0 ap(t) = 0+ y(t)(t—t,) + -+ and ay(t) = t=mi( Ge¥)
ar(t) + af(t)(t — t,) + ---. The resonance mass
is to be identified with m, = /¢, and the width
with Ty = ap(t,)/(mrog(t)).

And indeed, if one plots the spin of the vari-
ous mesons versus their masses squared (called
Chew-Frautschi-plot), one observes as in figure
1.7 that they string on straight lines

Figure 1.7: A Chew-Frautschi
plot of the p, w, ¢ and =« tra-
jectories. The spins of mesons
are plotted versus their masses squared.
Also shown is the continuation of the p
trajectory into the t-channel region as
measured in wp — nn [8]

at) = ag+ 't (1.59)
for ¢ in the resonance region (¢ > 0). These lines are called Regge trajectories or Reggeons.

For asymptotic energies the scattering amplitude takes the form

o(t)
Aty =5 50 (5) (1.60)
50
where for the Legendre polynomials the asymptotic form P, — e (! was used. So

far, only the case of a single pole or resonance was assumed, but in the physical region

t > 0 there are more resonances which have in principle to be taken into account, thus

for the above limit the scattering amplitude is given by the sum of all resonances with
2

m*~ < S.

"The original expansion can be recovered using Cauchy’s theorem.
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The total cross section for particles A and B, using the optical theorem (1.51), thus reads

s a(0)—1
oler = ZIBAk )BB1(0 )< 0> : (1.61)

and the differential cross section

dU(ﬁB B |A s, t |2 Z IBAIC ’BB]C i 2(a(t)—1) (1 62)
dt  1672s2 167 S0 '
s Q(a(t)—l)
~ F(t) (-) : (1.63)
S0

In the last step the dominance of the highest lying trajectory was assumed, so that the
sum reduces to a single term. Then the function F'(t) absorbs all the ¢-dependence; in
the Regge-limit where |t| < s a behaviour of F(t) ~ ¢’ can be assumed. Inserting this,
yields

do4P do b
T_Cexp[Qozo—2+2oztln( s/so) + bot| = dttoet’

(1.64)

with

b= by + 2a' In(s/s0) . (1.65)
From this equation follows that the slope b rises gently with energy and the interactions be-
come more and more concentrated in the forward direction. This is the so called shrinkage
of the diffractive peak, that is known for long.
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Figure 1.8: Slopes for the three light vector mesons: The slopes of
the light vector meson p°, w and ¢ measured in fized target experiments and

HERA are fitted with equation (1.65) for so = 10 GeV?.

Figure 1.8 shows measurements [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26] of values for the slopes for the three light vector meson p°, w and ¢ together with
a fit of equation (1.65) to these data to determine by for fixed sg = 10 GeV2. The results
are listed in the last row of table 1.3
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1.6.2 The Pomeron

The cross section predicted by equation (1.61) falls with energy roughly as s~ inserting
the intercept of the highest lying trajectory with ag ~ 0.5. But empirical fact (see figure
1.9) is that all hadronic cross sections rise slowly for energies /s 2 10 GeV. In order to
accommodate for the rise of the high energy data a further trajectory was introduced with
an intercept greater than unity. This trajectory

ap(t) =1+e+0.25t with e< 1 (1.66)

was named after Pomeranchuk by Gribov who introduced it and is now known as Pomeron.
But the Pomeron has the drawback that it ultimately violates unitarity at energies around
10% GeV.

As there are no particles on the Pomeron trajectory, a simple identification with bound
states as for the other trajectories is not possible. Though glue balls — hypothetical
particles made up of bound gluons — are widely expected to lie on the Pomeron trajectory,
since in a QCD picture Pomeron exchange can be modelled as the exchange of two gluons
(or a gluon ladder, two gluons in between which further gluons are inter-exchanged) [27,
28, 29]. Another approach is to treat the Pomeron as a real particle. This approach is
discussed briefly in the following:

The Pomeron in DIS

The Pomeron does not only appear in soft interactions, but also at high virtualities. What
was observed were events at high )? with a large rapidity gap, which could not be explained
by means of ordinary DIS, since there, the longitudinal phase space is filled with hadronic
activity due to hadronisation between the struck quark and the proton remnant. So these
events were explained by a hard scattering of the photon and the Pomeron. One went one
step further and made measurements of the structure function of the Pomeron in complete
analogy to the measurements in ordinary DIS. To describe these kind of interactions two
further variables have to be introduced: The momentum fraction zp of the proton carried
by the Pomeron and the momentum fraction 8 of the quark inside the Pomeron that is
actually probed by the photon.

opo PO M@ @ Q7
pq W2+Q2 rp  M% + Q2

(1.67)

In contrast to the ordinary F5, the diffractive structure function depends on four variables:
FP = FP(B,Q% zp,t). As the scattered proton is in general not measured, ¢ cannot
be measured and this dependence is integrated over, and the measured quantity is the
threefold differential cross section

d3o _ 27«

dgdQ%dzp BQ2 [1 + (1 - y)2] F2D(3) (B, QQafL'P) (1.68)

A measurement of IPFZD ® i published in [30], where for the intercept of the Pomeron
a value of € = 0.24 + 0.023 was found, which is not small compared to unity. This gives
rise to much stronger energy dependence than the originally introduced Pomeron and is
therefore called hard Pomeron.
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1.6.3 The Odderon

The Odderon is a trajectory that was introduced in analogy to the Pomeron, and the
name is the abbreviation of Odd-under-crossing-Pomeron. The idea was [31], that, if
the amplitude for pp scattering can be decomposed in a part even and a part odd under
crossing as

A=A, +A_, (1.69)

the amplitude for the crossed reaction pp is
Aﬁ — A+ - A, ) (]_70)

leading to a finite difference in the cross sections Ao = o?? — oP? /£ 0 for s — oo. For
asymptotic energies the even amplitude A, is dominated by the Pomeron, and if there
were a finite difference the odd amplitude would be dominated by what is called the
Odderon, such that

A, =% Ap the Pomeron (1.71)
A =3 Ap the Odderon (1.72)

If there is an Odderon, it manifests itself as mentioned above in a finite difference Ao of
the total cross sections for pp and pp scattering, or in a related variable Ap = pg, — ppp,
where pap = ReA4P /TmAAP for elastic scattering at ¢+ = 0, which vanishes only if there
is no odd-under-crossing part in the amplitude. But as can be seen from the data [32] in
figure 1.9 neither Ao nor Ap seem to be finite.

From the construction of the Odderon — as odd under crossing amplitude — follows that
its C- and P-parity are C = P = —1, in contrast to the Pomeron that exchanges only
vacuum quantum numbers C' = P = +1. Nothing is known about the trajectory of the
Odderon except for the intercept, that again by construction is near unity (otherwise it
could not contribute at high energies). The slope is commonly assumed to be similar to
the Pomeron slope.

ap(t) =~ 1+ 0.25¢ (1.73)

The simple analogue to the two gluon model of the Pomeron is a three gluon model for
the Odderon [33].

1.6.4 Cross Sections

In [34] fits to total cross sections and p-parameters for AB and AB reactions were done,
assuming that in the sum in equation (1.61) only the Pomeron and two effective Regge
trajectories contribute:

(=)
o B = XxABsc L yABg e gy ABgTn- (1.74)

where the barred quantities refer to the respective anti-particle®. The first term X 45 g€
corresponds to the Pomeron, while the Y{*#s~"* terms correspond to C-even trajectories
(+) and C-odd trajectories (—), respectively. The even trajectory is assumed to be a
superposition of the a- and the f- trajectories, and for the odd one a superposition of
the p- and w-trajectories. The result of the fit is summarised in table 1.2 and shown in
figure 1.9. In appendix A two further parametrisations of the cross sections are given and

applied to vector meson photoproduction.
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Figure 1.9: Fit to total cross sections and p-parameters: The upper
part shows a fit performed in [34] to total cross sections for ptp, n¥p, ntp,
vp and vy reactions. The lower part shows the fit to the p-parameter for pTp,
7tp and K*p reactions.
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€ un -
0.0933£0.024 0.357£0.015 0.560£0.015

process X [mb] Y, [mb] Y_ [mb]
p 18.79£0.51  63.0+2.3 36.243.2
™ 12.08+0.29 26.2+0.74 7.63+£0.72
Kp 10.76+0.23 14.08+0.57 14.7+1.3

p x 102 5.9840.17  11.6440.88 —
vy x 104 1.5540.14 3.942.0 —

Table 1.2: Fit to total cross sections and p-parameters: Results for
the reactions ptp, mp, ©Fp, yp and vy reactions and for the p-parameter in
pTp, mtp and K*p reactions[34]. The x* per degree of freedom was found to
be 1.02 with N = 382.

Using the above described methods, one can derive cross sections for elastic vector meson
photoproduction [36]: Insertion of |[A]? = (1 + p?)ImA?, where p = ReA/ImA into the
differential cross section do/dt = |A|?/(167s?), together with the optical theorem i.e. for
t =0, yields

doa(yp = Vp)| 14 p%(s,0)

2
. 1.
” i 6n (o101 (yp — V)] (1.75)

Under the assumption that at energies high enough the real-part of the scattering ampli-
tude can be neglected due to Pomeron dominance i.e. p — 0, the elastic cross section is
obtained by integration over ¢:

7 = Vo) = 1o [ = Vo) (1.76)
T
where a t dependence according to equation (1.64) for the whole range with the slope b
given by equation (1.65) is assumed. The total yp — Vp-cross section can be obtained
from vector meson dominance using equation (1.46), where oyvyp (yp) is just the sum over
the respective yp — Vp-cross sections, which themselves are given by the total Vp-cross
sections. Therefore one can write

4o
oot (yp = Vp) = f—QUt‘(/)f. (1.77)
1%

The Vp-cross section can be approximated, using the additive quark model [36], by

0 ]_ + —
P°p o wp 7tp TP
ot X Otot ® (otot + Opot ) and (1.78)
¢p ., _KTp K~ p TP
Ot = Otor T 0tot - — Ot - (1.79)

Thus, finally inserting equations (1.78) and (1.77) into (1.76) yields the approximate cross

8This fit is an extension of a fit performed by Donnachie and Landshoff [35] where only one effective
Regge trajectory was taken into account.
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Figure 1.10: Comparison of the Regge model with data: Prediction
of equation (1.80) as compared with with data for the light vector mesons p°,
w and ¢.

section for elastic vector meson photoproduction?:

drar 1

Vv Vv _12
f‘2/ o [XVp8€+Y+p8n+ -Y pszsﬂ ] , (1_80)

oa(yp = Vp) =

where the values for the respective parameters X7, Yfp and Y."? are summarised in
table 1.3 together with the coupling constants — or transition probabilities f‘2/ /4ma, taken
from [37] and are shown in the last column of table 1.3.

The result of equation (1.80) using equation (1.65) together with the values of table 1.3 is
shown in figure 1.10 for the light vector mesons p°, w and ¢.

%only a single power of 47a/ fi is used — not squared — because this would yield the truly elastic case
y=>V)+p—> (Vo9 +p.
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p’ w ¢
XVP [mb]  12.0820.29 12.08%0.29 9.44 +0.54
Y)Y [mb] 262 4£0.74 26.2 £0.74 1.96 +1.36
Y7 [mb] 0 0 —7.63+0.72
f2/Ama 2,69 £0.27 246 + 38 188 + 1.5
by [GeV™2] 81 + 0.1 6.6 + 02 46 =+ 0.2

Table 1.3: Parameters for the Regge-VMD cross sections: Predictions
of equation (1.78) using the values of table 1.2 to be used with equation (1.80).
The coupling constants fZ /4w for the transition v <> V for the light vector
mesons V = p®, w and ¢ as measured in photoproduction (taken from [37]).
The slopes by fitted for so = 10 GeV? by equation (1.65) are given in the last

row.

1.7 Other Models

In the following two other models that are to describe (inclusive) photoproduction and
exclusive meson-production are discussed. These are the class of the dipole models and

an eikonal model.

1.7.1 Dipole Models
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Figure 1.11: A schematic diagram of
the yp interactions in the color dipole
model.

[V)had =

Photon-proton interactions can be described by
dipole models due to the fact, that in the pro-
ton rest frame the ¢ splitting can be considered
as occurring sufficiently long before the actual
interaction, so that the cross section can be fac-
torized into a part dealing with the photon-qg
fluctuation and another part modelling the inter-
action. These qg states are called color dipoles.
Figure 1.11 shows the diagram representing pho-
ton-proton interactions in the color dipole model.
The dashed region in between the proton and
the color dipole indicates the interaction to be
described by a model cross section . The pho-
ton wave function 1), is expressed in terms of
the light cone variables z and 7, denoting, re-
spectively, the momentum fraction of the photon
carried by the quark and the transverse separa-
tion of the ¢q pair [38]:

l9@) + laq +g) + -+
= /dzd2r 1~ (2,7)|2,7) + higher Fock states

(1.81)

The wave function is constructed in a way that the values of z and r do not change during
the diffractive scattering, i.e. they are eigenstates of the scattering. The total yp cross
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section can be written as
Tl = X) = [asd?r W, u o) + P o), (182)

where &(s,r, z) is the above mentioned model cross section for the scattering of a dipole
with configuration (z,7r) off a proton. The photon wave functions can be calculated in
QED, but the dipole cross section is subject to QCD with a; large, and thus cannot be
treated perturbatively.

These models can also be employed to describe exclusive vector meson production. Know-
ing the wave function of the meson, the cross section can be written as

-1

= -
\E" - [‘ILE
“~~ -t
I it 18
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b I
- Pl - ®
10° THM
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Figure 1.12: Comparison of the colour dipole model with data: The
result of equation (1.84) is compared with data for the light vector mesons p°,

w and ¢.
d vV 1 ) 2
Who - EATL[/dZdQTWv(z,?“)i/w,x(z,T)U(s,r,z)] (1.83)
1 0 ot X 2
olyp — Vp) = 1675 Z [/dzd iy (2, 7)Yy A (2,7)5 (s, T, z)] , (1.84)
A=T,L

where in the last step the differential cross section was integrated using again a simple
exponential as for equation (1.76), yielding an additional factor of 1/b for the total elastic
cross section.

The details of the calculation of vector meson cross sections utilising the dipole model
presented in [38] are given in appendix B. In Figure 1.12 the comparison of the model
with data is shown. The rise of the vector meson cross sections at small energies is not
reproduced, since any “Reggeon” contribution was neglected.
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1.7.2 The Stochastic Vacuum Model (SVM)

The SVM [39] also provides a means to calculate cross sections for exclusive meson pro-
duction in yp interactions. But in contrast to the above mentioned models, the SVM
provides a QCD inspired formulation for the dipole cross section 6 : The amplitude A
leading to the dipole cross section is written as a convolution of the proton wave functions
in the initial and final states with the kernel of the interaction:

2
ox(z,mt) = ‘/d2’l", X;(r')x(r')JMB(t,r,r') , (1.85)

where y is the wave function of the initial state proton and x) is the wave function of the
nucleonic final state with helicity A, which are described by a single position space vector
r only. Jyp is the meson-baryon profile function and is the quantity that is actually
modelled within the SVM.

The calculations are performed in impact parameter space, such that the amplitude A(r, b)
has to be Fourier-transformed from b space to p, space, with ¢t = —pi, where p | is the
transverse momentum transferred in the scattering:

A(s, 1) = 2is / A2 e Jy 5 (b) | (1.86)

where Jyp(b) is the profile function one obtains after the convolutions over both r and
r’. But from equation (1.86) follows, that the cross sections bear no energy dependence
and any dependence on the energy has to be added to the model ad hoc, since the optical
theorem yields a factor 1/s that cancels the factor s in (1.86).

The hadrons are constructed from quarks and/or antiquarks moving on light-like paths,
that are connected at arbritrary endpoints ¢ = +7T with so called Schwinger strings to
form gauge invariant Wegner Wilson loops. Figure 1.13 shows the space-time picture of
the scattering and tthe construction of the hadrons. The configuration of the three quarks

M B /2
<_____ [

\ 7 ’

T |

a) b) " c)

Figure 1.13: Schematic view of interactions in the SVM: a) Space-time
picture of the actual scattering in the SVM. b) Construction of a meson from
a qq pair moving on the light cone with transverse separation r. ¢) Analogous
construction of a baryon of extension ' from three light-like quarks g;.

forming the baryon can be characterised by a single angle o, drawn in between the planes
of ¢1 and ¢2. A baryon can be turned into a dipole analogue of a meson if « is set to zero.
Then the baryon is said to consist of a quark and a point-like diquark.



1.7. Other Models 25

The profile function Jysp can be written generically as:
JMB(b,T',T'I) = —(M X B>, (1.87)

where the brackets denote functional integration over the gluon-background field and M
and B represent the Wegner-Wilson loops of the meson and baryon, respectively. Both
the integration and the explicite construction of M and B are performed in the SVM.

In [39] the leading contribution of the meson-meson
scattering (Jyrpr) was calculated which was found
to be purely imaginary and even under C-parity.
ILe. the leading term of the scattering amplitude in
the SVM can be attributed to Pomeron exchange.
Calculations for exclusive vector meson production
can be found in [39, 40]. In [41] the next to lead-
ing order contribution for the profile function was
calculated for the part that is odd under C-parity,
which was found to be the leading contribution of Figure 1.14: Ap as function of
the real part of the scattering amplitude, and can the diquark distance at UA4/2 en-
thus — analogously to the leading order — attributed ergies.

to the Odderon.

Ap

If the proton is considered as a quark-diquark system with a = 0, it effectively becomes
a meson which is symmetric under parity operations and the amplitude vanishes. Figure
1.14 shows Ap as function of the diquark distance d ~ «. This behaviour can easily explain
the apparent lack of a odd-under-crossing contribution: if one assumes a diquark distance
of d < 0.3 fm, one obtains |Ap| < 0.02 compatible with Ap = 0.04 + 0.02 as measured
at the ISR at /s = 32 GeV. Turning the argument around, if the Odderon exists and
the SVM gives a reliable description of its contribution to the cross section, then one
can deduce information of the spatial structure of the proton, viz. that the proton is a
quark-diquark system with a diquark distance of d < 0.3 fm.

This suppression due to the geometric configuration of the proton is lifted if the final
state is allowed to consist of parts with C = —1. In a series of publications this case
was presented for the mesons 70 [42, 43] and f»(1270) [44]. Once the amplitude has been
calculated, the differential cross section can be written as

do 1
T = Tena2 > A, (1.88)
M)\'y

~ aexp(bt — ct?) (1.89)
with @ =97nb/GeV? b= 4.8CeV ™2 ¢ =0.52GeV* (1.90)

where the amplitude depends on the three helicities of the excited nucleon (A = +1 by
construction), the meson Ays and the photon \,. For photoproduction the centre of mass
energy /s is to be identified with the photon-proton centre of mass energy W, which is
20 GeV, where the parameters of the model were fixed. The predicted differential cross
sections for fy production is presented in figure 1.15. The integration of the differential
cross sections (1.88) yields

oty S f,{2P}) = 2lunb, (1.91)

where the symbol {2P} above is a shorthand notation for the two degenerate nucleon
states N*(1520) and N*(1535) which are treated as a single state. If the iso-scalar tensor
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Figure 1.15: Differential cross sections for the f, in the SVM: Part
a) shows do/dt and b) do/dpr for fa-mesons. Also shown is the cross sections
for the 7y fusion process as dashed lines for comparison. In b) the inelastic vy
process is shown as dash-dotted line, where the proton is excited into degenerate
states N*(1520) and N*(1535).

meson fo is produced, it is to expect that the iso-vector a3 is produced as well, but with
a cross section nine times larger. The reason for this is thoght to be due to the wave
functions at the origin in analogy to the arguments given in [45] for the p° and the w. The
uncertainty of the cross section given in [44] amounts to a factor of two.

It was found that the dominant contribution from the sum over Ay comes from the helicity
states Ay = £2. The background due to the yy-processes was found to be small: o(yp 2
f2{2P}) ~ 2 nb for the elastic case and if the proton is allowed to break up, the cross
sections is even by a factor of 1000 smaller than the Odderon induced process.

1.7.3 The Eikonal Model of Block et al.

In [46] a model is presented that can simultaneously describe total and elastic cross sec-
tions, the angular spectrum and thus the slopes b and the p-parameters of pp-, pp-, vp-
and vy interactions, once the parameters were fixed, fitting pp and pp data. The model
is based on a QCD-inspired eikonal, that consists of even and odd contributions to the
scattering, ¥ = x+ + x— The even eikonal contains the interaction of quarks with quarks
(qq), quarks with gluons (gg) and gluons with gluons (gg) together with a part that is odd
under crossing!?.

oot(pp = X) =2 /d2b [1 —exp(—xr(b,s))cos(xr(b,s))], (1.92)

0This part odd under crossing, is not to be confused with the Odderon, but accounts for the difference
between pp and pp scattering at small energies
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where the eikonal was split in its real and imaginary part, respectively: x(b, s) = xr(b, s)+
ix1(b,s). The full form of the eikonal reads

X(ba S) = X(I‘I(b’ 3) + qu(ba 3) + ng(ba SZ—FX— (ba 3) (193)
X+(b75)
= > 6i(s)W(bui) withi € {qq,q9,99, —} (1.94)

and d;(s) are model cross sections of the colliding partons, where W (b, 1) is their overlap
function in impact parameter space, parameterised as the Fourier transform of a dipole
form factor. The pu;’s characterise the partons’ sizes in b space.

The model is constructed in a way that unitarity and thus the Froissart bound is satisfied,
such that the cross section does not rise faster than In?s and the hadrons ultimately
evolve into black discs of partons. The step from pp to vp (or 7y) scattering is achieved
using vector meson dominance and the additive quark model, i.e. the photon is assumed
to consist of two quarks in contrast to the proton, which is modelled as a three-parton
object. The parton cross sections &; are dressed with quark counting factors of 2/3 (4/9)
and the parton sizes with \/m (2/3) for vp and ~yy scattering, respectively. Vector meson
dominance is implemented by multiplying the (total) cross section with the transition
probability P ,q for a photon to enter the interaction as a hadron. For the total yp cross
section this probability is, according to the VMD model, given by the sum of the vector
mesons contributing Phaq = >y 4ma/f& and for elastic vector meson photoproduction
only the corresponding 4ra/fZ.

The total yp cross section is thus given by the very same expression as the pp cross section,
but multiplied with a factor P,,q = 240 and the parton cross sections and the pu;’s rescaled

with factors of 2/3 and /2/3, respectively. And the cross section for elastic vector meson
photoproduction is given by

4o .
ral = Vi) = / &b |1 exp (ix™ (b, 5))? | (1.95)
Vv

with its differential cross section in ¢ given by

do?=VP  Ama/fi
dt 4w

/d2b |To(gb) [1 — exp (ix]"(b,5))]|* - (1.96)

The eikonal x has no odd contribution if a photon is involved.

In figure 1.16 the prediction of the model for vp interactions can be seen: part a) shows the
total photon-proton cross section, b) and c¢) the elastic and differential cross section for w
photoproduction, respectively and d) the slopes b as derived from b = d/d¢ [In(do/dt)];=o
for the light vector mesons

1.7.4 Summary

In the previous sections various models to describe exclusive meson production were pre-
sented. In section 1.6.4 a Regge theory based model using vector meson dominance gives
a prediction of 1.5 ub for the w meson in photoproduction at W = 200 GeV. The adapta-
tion of the dipole model of Forshaw et al. presented in section 1.7.1 gives for the same yp
centre of mass energy a cross section of 2.2 ub and the eikonal model of Block et al. [46]
in section 1.7.3 yields 1.7 ub.
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Figure 1.16: Comparison of the eikonal model with yp-data: a) total
photon proton cross section, b) cross section for elastic w photoproduction, c)
differential cross section do/dt for elastic w photoproduction and d) slopes b
for the light vector mesons p°, w and ¢. (Taken from [46])
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The model of the stochastic vacuum, described in 1.7.2 is the only model presented that
makes any prediction about contributions of the Odderon. There are published predic-
tions for the inelastic production of the meson 70 [43] and fy [44] of 294 nb and 21 nb,
respectively evaluated at W = 20 GeV. But as the SVM does not incorporate any energy
dependence the intercept of the Odderon is unity and the cross sections at W = 200 GeV
are the same. Further, the authors of [43] [44] claim that in the same way as the p" cross
section is nine times larger than the one for the w the cross section for a3 should be nine
times larger than the fs one, namely 190 nb.

M oo MX Model equation elastic/inelastic
w 1.5 ub Regge+VMD (1.80) elastic
w 2.2 ub  dipole+wave functions  (1.84) elastic
w 1.7 ub eikonal (1.95) elastic
7 294 nb SVM (1.88) inelastic
f2 21 nb SVM (1.88) inelastic
a; 9 x21nb SVM (1.88) inelastic

Table 1.4: Summary of cross sections for exclusive meson photo-
production as presented in sections 1.6.4, 1.7.1, 1.7.83 and 1.7.2. The w
cross sections were evaluated at W = 200 GeV and the SVM cross sections at
W =20 GeV and an Odderon intercept of unity, i.e. no energy dependence, is
assumed.

1.8 Decay Angular Distributions

When studying decay angular distributions it is customary to measure the angles in a
particular reference frame, the so called helicity system, which is defined as the system
where the meson is at rest and the z-axis points in the opposite direction of the outgoing
nucleonic final state (p’) and the y-axis is chosen perpendicular on the plane given by the
photon momentum q and the direction of the meson M. The z-axis is constructed using
the fact that the coordinate system is to be right handed.

. p' . gqxM . 5

<S>

The decay angular distribution is measured in terms of the azimuthal and polar angles p*
and 9%, respectively, of one of the decay products. The angles are measured with respect
to the coordinate frame (1.97).

In principle the decay angular distribution depends on a further angle 1*, the angle be-
tween the electron scattering plane and the plane given by the meson and photon momen-
tum. The angles and the respective planes are shown in figure 1.17. For photoproduction
where the scattering angle is (vanishingly) small, it is not possible to determine the scat-
tering plane and thus 1* cannot be measured and its dependence has to be averaged
out.

In appendix C a formalism is presented that can be utilised to derive the decay angular
distributions. For the decay of vector meson into a vectorial and a scalar particle the
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hadronic centre of mass

(p*
M
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electron scattering plane production plane

M-direction in the
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of mass system

M rest frame

Figure 1.17: Schematic view of the production and decay of a
meson M: The hadronic centre of mass frame and the angles 9%, ©* and *
are visualised.

decay angular distribution is given by

d’o

k k 3 k : *
W0 x W(9*,¢%) = —[pr141(1 + cos® %) + pog sin® 9*], (1.98)

8

where it was assumed that the meson retains the helicity of the photon — also called s-
channel helicity conservation. The contribution proportional to pgg is expected to vanish
for real photons and to be small for photoproduction, as it is the part that stems from
longitudinal photons.

For tensor mesons produced as predicted in [44] with helicities £2 only, the decay angular
distribution, is given by

&’o ey TP .
drdgr > W9, ¢%) = o gp+as2sin” 07 (1.99)

In both cases — for the decay of a vector and for the decay of a tensor — no dependence on
the azimuthal angle ¢* is expected.
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The Accelerator HERA and the
Experiment H1

The electron proton collider HERA', situated at DESY? in Hamburg, Germany, is the
first and only accelerator to bring leptons and hadrons to collisions. By going from a fixed
target experiment to a collider experiment an increase of the centre of mass energy of
orders of magnitude has been be achieved.

2.1 The Collider HERA

Figure 2.1 shows a sketch of the HERA ring which is about 6.3 km in circumference and the
complex of pre-accelerators. At HERA electrons and protons are accelerated and stored

Hall North

cryogenic magnet

Volkspdrk

Stadion hall test-hall

2
2
El

,,,,,,,,,,

Hall South
ZEUS

Figure 2.1: The layout of HERA and its pre-accelerators.

in two independent rings and can be brought to collision at four interaction regions, where

'Hadron Elektron Ringanlage
2Deutsches Elektron Synchrotron
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only two experiments actually utilise the two beams for interaction, namely the two multi-
purpose experiments H1 and the ZEUS. The two other experiments at HERA, HERMES
and HERA-B, run as fixed target experiments only. HERMES uses the electron beam to
measure the spin structure of the proton by polarising the electrons and using polarised
Hydrogen (and Deuterium) as target. HERA-B uses a wire as target for the proton beam
to create B’-mesons which are studied to look for C'P violation.

In a series of steps the beam particles are created and accelerated before they are actually
injected into the HERA ring where they are accelerated to their final energies. The
beams are packed in bunches of 10'°-10'" particles. Therefore interactions do not occur
continuously, but with a frequency given by the length of the gaps in between the bunches;
at HERA this frequency is ca. 10 MHz.

2.2 The Experiment H1

The detector H1 is located in the north hall of the HERA ring. Figure 2.2 shows a
schematic view of the H1 detector with its components listed in the legend. HI1 is a
detector designed to cover nearly the full solid angle. The major losses are due to the
beam pipe intercepting the detector. A complete description of the H1 detector can be
found in [47]. The design reflects the properties of the interactions occurring usually in ep-
scattering with asymmetric beams, namely azimuthal symmetry and a strong asymmetry
perpendicular to the plane z = 0. The reason for this asymmetry are the different beam
momenta, so that the centre of mass system moves with a velocity of 8 = 0.93 with respect
to the laboratory frame in the proton direction, resulting in a strong boost of the particle
flux. The inner part of the detector and the main calorimeter of H1, are surrounded
by a superconducting coil, creating a uniform magnetic field of 1.15 T along the z-axis
forcing charged particles on bent trajectories. The radius of curvature is a measure for
the momentum of a particle.

The various components are designed for a clear measurement of the scattered electron
and its identification together with a measurement as complete as possible of the hadronic
final state emerging from the proton. In the following, the major components are discussed
briefly.

2.2.1 The Tracking System

The tracking system serves for the detection and identification of charged particles. The
momentum of a particle can be determined from the radius of curvature of its trajectory
that it has to move on in the presence of a magnetic field. From the specific energy loss
dE/dz the velocity of a particle can be determined, and together with its momentum
the identity of the particle can be deduced. The interaction point — or event vertex — is
also determined by means of reconstructed tracks: The region where most of the tracks
intersect each other is likely the region where the interaction occurred.

The strong asymmetry of the beam energies and the resulting strong boost between the
laboratory and the centre of mass frame is also reflected in the arrangement of the tracking
devices, as can be seen in figure 2.3. Table 2.1 summaries parameters such as angular
coverage and resolutions.

The central region is covered by the following components (from the inner to the outer):

e the Central Inner Proportional Chamber (CIP),
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Figure 2.2: A schematic view of the H1 detector.
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Figure 2.3: A side view of the tracking system of the H1 detector

the Central Inner z-Chamber (CIZ),

the Central Jet Chamber 1 (CJC1),

e the Central Outer z-Chamber (COZ),

e the Central Outer Proportional Chamber (COP)
e and the outermost Central Jet Chamber 2 (CJC2)

In the forward region there is the Forwad Tracking Detector (FTD), built up out of
three super modules each consisting of a planar drift chamber, followed by a Multi-
Wire Proportional Chamber (MWPC) and completed by a radial drift chamber.

And in the backward region there is the Backward Drift Chamber (BDC), providing
an additional capability to measure the electron at scattering angles low enough to
escape detection in the central region. The BDC is used to improve the position
measurement of the scattered electron by linking the cluster position to the track
found. It is a means to separate electrons from photons.

In the years 1995 and 1996 two silicon trackers were installed very close to the beam
pipe to further improve the measurement of the interaction point and the polar angle of
the scattered electron in the very backward direction. The former task is fulfilled by the
Central Silicon Tracker (CST) and the latter by the Backward Silicon Tracker (BST).

2.2.2 The Calorimeters

The calorimeters are used to measure the energies and to some extent also the directions
of both charged and neutral particles. A high energetic electromagnetically or strongly
interacting particle interacting with matter is the origin of a cascade of secondary particles
emerging from this interaction. The summed length of all the particles’ trajectories is pro-
portional to the energy of the primary particle and the depth of penetration is proportional
to the logarithm of its energy.
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d [mm] ¢ [°] Orp mm] 0, [mm]
CIP  157-166 8-172 — —
CIZ 174-200  16-169 28 0.26
CJC1 203-451  10-170 0.17 22
COZ 460-485  23-157 58 0.20
COP 501-514  25-155 — —
CJC2 530-844  26-154 0.17 22
FTD — 5-25 0.21 —
BDC — 155-175 ) 0.4
CST 5.7-9.8 17-163 0.12 0.22

BST 5.9-12  162-176 — —

Table 2.1: Summary of parameters of the H1 tracking devices: Given
are the radial distances d, the coverage of the polar angle ¥ and the transverse
and longitudinal resolutions o, and o, respectively.

Due to the fact that electromagnetically and strongly interacting particles develop different
showers, calorimeters are often split into two parts, an electromagnetic and a hadronic
part. The showers of strongly interacting particles have larger transverse and longitudinal
extensions, as in the evolution of a hadronic shower nuclear reactions occur where a hadron
hits a nucleon, resulting in its excitation or break-up, whereby pions with larger transverse
momenta may be produced compared to particles in electromagnetic interactions .

Table 2.2 summaries the parameters of the major calorimeters of H1.

The Liquid Argon (LAr) Calorimeter is the largest calorimeter of the H1 detector
and covers the central and forward regions around the interaction point. The
calorimeter consists of roughly 45000 cells and is divided into an electromagnetic
and a hadronic part. In z-direction it consists of eight so called wheels, each built
up out of eight segments, therefore called octants.

The LAr calorimeter is a sandwich calorimeter where absorber material and active
material follow each other in several layers. The active material is liquid argon, and
for the electromagnetic part lead is used in contrast to stainless steel in the hadronic
part as the passive material.

The electromagnetic calorimeter consists of three layers in the central and seven in
the forward region, while the hadronic section consists of four layers in the central
region and of six in the forward region.

The PLUG Calorimeter closes the gap in between the beam pipe and the LAr calorime-
ter in the forward region to minimise losses of particles created with small transverse
momenta.

As absorber material copper plates are used with silicon detectors as active material.
The Central Muon System (IRON) encloses the superconducting coil creating the
magnetic field. Three layers of so called muon boxes are mounted (from the inner

to the outer) right behind the coil, in chambers carved into the iron yoke and right
behind the yoke.

Muons with energies larger than 1.5 GeV can reach the central muon system.
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¢ [°] Xy A og/E (E in GeV)
LAr (em) 4-153  20-30 12%/VE ® 1%
LAr (had) 4-153 45-7  50%/VE @ 2%
SpaCal (em) 152-177 28 1 7.5%/VE ® 1%
SpaCal (had) 159-178 29 1 56%/E
PLUG 0.7-3.3 45 4.25 ~ 150%/VE
TRON 4-176 4.5 100%/VE

Table 2.2: Summary of H1l-calorimeters: Given is the coverage of the
polar angle ¥, the thickness in units of interaction lengths Xy for electromag-
netic interactions and in units of hadronic radiation lengths X together with the
relative energy resolution o/ E, where E is measured in GeV. []9, 50, 51, 52]

The Backward Calorimeter SpaCal covers the backward region of H1, and is used to

measure the scattered electron at moderate photon-virtualities with high precision.
The SpaCal also consists of an electromagnetic and a hadronic section, the former
being built up out of 1192 cells with cell-sizes of 4.05 x 4.05 cm? and the latter out
of 128 cells sized 12 x 12 cm?.

The SpaCal is a sandwich calorimeter with lead as absorber and scintillating fibres 0.5
mm in diameter as active material. The fibres of each cell are collected and connected
with a photomultiplier. The lead-to-fibre ratio is 2.3 : 1 for the electromagnetic
section and 3.4 : 1 for the hadronic section.

Due to the low noise level of the photomultipliers of 15 MeV per cell, a spatial
resolution in the mm region and an energy resolution better than 10%/vE, the
SpaCal can be used as a tool to perform/make spectroscopy of mesons decaying
radiatively, which has been demonstrated successfully in [48] for 7%- and n-mesons.
The energy and spatial resolutions were found to be

o (7.5+0.2) %

97 _ U ETIR 0 (1.0+0.1 2.1

7 = ® ( ) % (2.1)
A0S mm 64 9.2) mm, (2.2)

Ozly = JE

with the energy measured in GeV. The symbol @ is a shorthand notation for sum-
ming quadratically, i.e. a ® b = va? + b2. The absolute energy is known with an
uncertainty of 4 % in the range of F < 10 GeV and around 1 % for higher energies.

2.2.3 Detectors in the Forward Region

The Forward Muon System supplements the central muon system for polar angles of

4° to 17° and is sensitive to muons with |p| > 5 GeV.

The Proton Remnant Tagger (PRT) is located at z = 25 m to detect particles com-

ing from the fragmentation of the proton rest. Its angular acceptance is in the region
of 0.06° to 0.25°.

The Forward Proton Spectrometer (FPS) consists of two special detectors, so called

roman pots, located at z = 80 m and z = 90 m and is used to tag protons or charged
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fragments produced with very low transverse momenta and thus under very small
angles < 3 mrad.

The Forward Neutron Calorimeter (FNC) is utilised to measure neutrons from the
reactions ep — e¢'n + X. The distance to the nominal interaction point is 110 m.
The angular acceptance is substantial only for ¢ < 1 mrad.

2.2.4 The Luminosity Measuring System

The luminosity L is a property specific for each accelerator, yielding the connection be-
tween a cross section o and the rate of interactions N:

N=Lo. (2.3)

Measuring the rate of a particular process with a

precisely known cross section thus allows for the de- |2 j RS
termination of the luminosity. At HERA the brems-
strahlung — also called Bethe-Heitler — process ep —
e'p’ + 7 is chosen. For the measurement of this
process two detectors in the backward region are
utilised, namely a calorimeter at z = —33 m for
the scattered electron® and a calorimeter for the
emitted photon at z = —103 m under an angle
of 9 = 180°. These detectors are called electron
tagger (ET) and photon tagger (PD), respectively. Figure 2.4: The components of
Through the emission of the bremsstrahlung-photon the H1 luminosity system: The
the electron loses energy and is therefore more strongly components are shown in both trans-
deflected by the magnets that steer the beams. The wverse and longitudinal projections
beam pipe has special exit windows where the elec- with a Bethe-Heitler event where the
tron and photon may pass the beam pipe wall with- sum of the photon and the scat-
out too many losses. tered electron yield an energy of 26.3

Measuring the electron and the photon in coinci- GeV, i.e. roughly the beam energy as
dence allows for the determination of the total rate equired.

Riot- But for the measurement of the luminosity the rate Ry of background (non ep)
events has to be taken into account. This rate can be measured by means of the so called
pilot bunches; these are electron bunches that have no corresponding proton bunch. The
luminosity is calculated by

I Riot — (Itot/IO)RO ’ (2.4)

Ovis

where ;o and Iy are the currents of the nominal and pilot bunches, respectively. The
quantity oyis is the known cross section for Bethe-Heitler processes taking into account
geometric acceptances and trigger efficiencies. The luminosity system of H1 is shown in
figure 2.4 with a Bethe-Heitler event.

2.3 The Trigger System of H1

The HI1 trigger is a system designed to separate physically interesting events from so
called background events, which can be for example the interaction of beam particles with

3There are three further detectors to tag the scattered electron at z = —7 m, —8 m and —44 m,
respectively. But in the following only the detector at —33 m will be used.
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residual gas atoms. This kind of reaction has a rate of more than 100000 events per second
throughout the HERA ring.

A further source of background are muons: There

are the so called halo muons, stemming from pion Drigger-levels . ;
decays induced by proton interaction with rest gas L i Hldetector | mton
or the beam pipe wall, and muons from showers gl ,,,,,,,, components 1]
of cosmic rays hitting the earth’s atmosphere with P o 23us ILOMB(,,
a rate of several hundred events per second in the B2 vanrsope o
central part of the detector. lt*s“h

L2-reject -~ 20 us
The short time of 96 ns between the crossing of the B2 oo [
bunches together with the high currents, resulting I/ \|,~2"°“’
in a luminosity of L = 1.5 - 10* cm™2s~! (design p——— g N
value) and the cross sections for the respective re- \L ~50Rs
actions gives rise to rates of 20-30 Hz for photopro- Lireject g 00m
duction down to a few events per week for events — e e
with W-exchange. To record and store all events is e N @
not possible, since the readout of the detector takes @ . it
several milliseconds. _— Ouept Tape
To filter the interesting events the concept of a multi- @ Data Selection Tapes

level trigger was pursued. Asshown in figure 2.5 the
trigger consists of 5 levels, where the fifth one is not Figure 2.5: The trigger concept
in parallel to the actual data-taking, but off-line. of H1: The figure shows the H1

In order to keep the dead-time — the time in which {rigger concept with its 5 levels and
the detector cannot take data — as short as possi- the respective input rates entering
ble the detector information is written into pipeline the various levels.

caches and the first trigger level starts to work out its decision.

Level 1 (L1): The output of the “fast trigger branches” can be compared to thresholds
and combined logically to up to 128 so called subtriggers. This may not need more
than 2.5 pus. To reduce the amount of beam gas interactions, events are accepted
only if they occurred inside a time window around a nominal bunch crossing. Is one
of the subtriggers set to true — it is said to fire — the pipelines are stopped and the
detector is started to be read out* and simultaneously the second level is started.
For L1 to run without dead-time it has to work with a rate of 10 MHz.

Level 2 (L2): This trigger level consists of two parts, the so called topological trigger
(L2TT) and a neural network (L2NN). In contrast to L1 which concentrates on
detector components, L2 analyses data provided by L1 with more complex algorithms
to further reduce the amount of background and to check the physics relevance of
an event. It takes ca. 20 us for L2 to reject or accept an event.

Level 3 (L3): This level has not been implemented yet.

Level 4 (L4): This part of the trigger consists of 32 processors running in parallel and
asynchronously all having access to the full detector information. Besides a further
reduction of the background, L4 serves also as an instance of monitoring and cali-
bration. The output rate of L4 is roughly 10 Hz, the rate with which the events are
written on tape. From 1997 on L4 was further used to run so called physics finders,

*Unless this particular subtrigger is prescaled, i.e. only every p-th event is actually accepted for a
prescale of p.
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which are routines that require special conditions be fulfilled. Only if an event is
accepted by at least of the finders it is actually written to tape.

Level 5 (L5) is no online trigger anymore, but runs the full event reconstruction together
with the latest set of calibration constants and classifies the events into classes ac-
cording to their physics content (DIS, photoproduction, etc.). Events are accepted
only if they are classified as belonging of one of the above classes.
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Chapter 3

Selection of the Events, Trigger,
Trigger-Efficiencies,
Reconstruction of the Variables

Due to the large amount of data and the great variety of processes, it is common to
analyse a subset of all data only. This set is chosen ideally as small as possible, still being
a superset of the set of events comprising the process to be studied.

The processes w — v and fo — 7°7° to be analysed, lead to three and four photons,
respectively in the final state (not counting the scattered beam particles). As only the
kinematic regime of photoproduction is studied, the electron is deflected only very weakly
and mainly looses energy and obtains hardly any transverse momentum, implying that
the photon also has only small transverse momentum. The interaction with the proton
adds only rather little to this, so the mesons are produced mainly parallel to the electron
direction. This kinematic configuration results in a strong boost of the decay products in
the backward direction with only a small transverse component.

To select this kind of topology one requires energy in the SpaCal (to detect the photons of
the meson decay) and the scattered electron detected in the electron tagger supplemented
by additional conditions to reduce the size of the set. So the basic criterion to select events
was the subtrigger S50 to have fired, where S50 requires some activity in the SpaCal as
well as activity in the electron tagger. The precise definition of S50 is given by

§50 — (SPCLe_IET>1 || SPCLe_IET_Cen_2) && eTAG on Level 1 (3.1)
N SPCL_R20 on Level 2 > 7
where! the symbols ‘| |’ and ‘@& stand for a logical ‘or’ and ‘and’ (V and A mathemati-

cally), respectively.

The L1 condition SPCLe_IET>1||SPCLe_IET_Cen_2 is true, if the Ll-estimator of the
cluster fulfils £ > 2 GeV and eTAG is true, if the energies measured in the electron and
photon detector fulfil Egr > 4 GeV and Epp < 2 GeV, respectively. This L1 setting had
to be supplemented by the L2 (L2TT) condition SPCL_R20, demanding the cluster to have
a transverse distance d larger than 20 cm, because of strong beam activity near the beam
pipe — called “hot spot”. This requirement largely reduces the efficiency of this subtrigger
for both analyses due to the small transverse momenta of the mesons.

!including correct timing validated by the time-of-flight information, to ensure that the event stem from
a nominal bunch crossing and no particles come from behind or from ahead the H1 detector

41
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The kinematics of the events allows for a further condition be fulfilled, namely the whole
final state (except for the proton) be contained in the SpaCal and the electron tagger.
This can be rephrased as Xgpacaltetag € (40,70) GeV, what is just another way to demand
energy momentum conservation.

The decay channels are chosen such that there are only photons in final state, and thus
there are no tracks expected that would give rise to a reconstructed interaction point.
Thus the events selected must not have a vertex either.

To ensure an acceptable quality of the data, only events that were labelled as ‘good’ or
‘medium’ were accepted, i.e. the main components of the H1 detector like the 1Ar, the
SpaCal and the jet chambers, had to be operational. To reduce the amount of beam-
induced background it was further required that the events occurred in phase 2 or later.
The inelasticity y was required to be in a range where the electron tagger had reasonable
acceptance, namely y € [0.3,0.7] and the impact point of the scattered electron had to
lie in a volume where shower leakage is negligible (|zeTag| < 6.5 cm). Since the analyses
presented in the following are concerned only with three- and four-photon final states, the
number of clusters in the SpaCal was not allowed to exceed ten. The selection criteria are
summarised in table 3.1.

ZSpaCal—l—eTa‘t_); € (40, 70) GeV
no reconstructed vertex
y € [0.3,0.7]
|ZeTag| < 6.5 cm
Ne <10
phase > 1
quality € {good, medium}

Table 3.1: Event Selection Summary: A summary of the requirements to
select events is shown.

3.1 Efficiency of the IET-part of the Subtrigger S50

The efficiency of S50 was determined using a different subtrigger, namely S43=eTAG &&
zVtx_sig_1 && DCRPh_Ta relying the electron tagger and on tracks only. To determine
the efficiency €(z) (z = E,d), a sample was chosen with S43 set and a single cluster in
the SpaCal. The efficiency € in a given bin in x was then calculated as the number of
events fulfilling the conditions required by S50 divided by number of events having set S43
€ = Ng50/Nga3. The error was calculated as

Ngy3e(l —€)
Ae= +——r-— = 3.2
Nsa3 (3:2)
if Ng43 # Ngso and as a lower limit for a 67 % confidence level is used instead if Ng43 =
Ngs0:
€ > Ae= (1 —0.67)"/Vs13 (3.3)

Figure 3.1 shows the distributions of the energy (a) and and the distance (b) for events
triggered by S43 as dashed line and if accepted also by S50 as full line. For the energy
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distribution the distance was demanded to be larger than 25 cm in order to have the L2
condition always verified. For the distance distribution the energy had to exceed 3 GeV
to be independent of the IET condition. Parts c¢) and d) of figure 3.1 show the ratios of
the above distributions, i.e. the efficiencies. The efficiencies were fitted with

Po
exp (plp_zE> +1

and €(d) = S — (3.4)

p q2 +

respectively. The results of the fits are given in table 3.2

e(E) e(d)
po  0.9840.02 g  0.9840.01
p1 2.16+0.03 qi  15.2440.29
py  0.14+0.02 ¢ 1.6540.23
x?/Ng = 6.95/26  x*/Ngr = 7.44/26

Table 3.2: Summary of fitted paramters for the trigger efficienies:
The table shows the paramters and their errors when equation (3.4) is fitted
to the data. The parameters p; refer to the efficiency of the energy and the g;
refer to the efficiency of the distance.

Figure 3.2 shows the distributions of events triggered by S43 (a) and accapted addition-
ally by S50 (b) as a function of both the energy and the distance, without any further
restrictions. Part c) of figure 3.2 displays the ratio of the two former distributions, while
part d) visualizes the product of the efficiencies €(F) and €(d) as parametrised by:

€ = vPodo
(E,d) [exp (plp_QE) N 1] [exp (fllq_;d> N 1} . (3.5)

The geometric mean of the pg and ¢g is chosen as parameter to describe the efficiency in

saturation.
This efficiency is applied to the Monte Carlo events as weight, where the weight is given
by the total probability for an event to have set the trigger:

No

WspaCal = 1 — H (1—€(E,d)) . (3.6)
=1

The product runs over all clusters reconstructed in the SpaCal.

3.2 Acceptance of the Electron Tagger

The acceptance of the electron detector (cerag) as function of y is measured during data-
taking and is shown in figure 3.3. This limited acceptance is also taken into account by
applying its value, WeTag = QeTag(y), as weight to the Monte Carlo events in addition to
the efficiency of the SpaCal-part of the trigger:

WS50 = WeTag * WSpaCal (3.7)
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Figure 3.1: IET-efficiencies (I): Parts a) and b) show the energy and dis-
tance distributions, respectively. Events triggered by S43 are shown as dashed
lines and as full lines when they were accepted by S50 additionally. For a) it
was required that d be larger than 25 cm where the L2 condition is expected to
be fully efficient. In b) it was required that E be larger than 3 GeV, where the
IET condition is expected to be fully efficient.

Parts ¢) and d)
equation (3.4)

show the ratios of the above distributions together with fits of
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Figure 3.2: IET-efficiencies (II): Parts a) and b) show the two-dimensional
distributions of events triggered by S48 and additionally accepted by S50, re-
spectively.

Part ¢) shows the ratio of the distributions shown in a) and b). In part d) equa-
tion (8.5) is visualised using the parameters determined with equation (3.4)
fitted to the distributions of figure 3.1 ¢) and d).
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Figure 3.3: eTAG-efficiency: The acceptance of the electron detector of the
luminosity system located at z = —33 m as a function of y.

3.3 Stability of the Trigger S50

The stability of S50 is shown in figure 3.4, where a) shows the accumulated number of
events (N) as a function of the integrated luminosity (£), b) shows the ratio N/L as a
function of the run number and c¢) shows the frequency distribution of N/L.

3.4 Reconstruction of the Kinematic Variables

With the physics and the detector components relevant for the analyses presented in
chapters 5 and 6 it is here where the reconstruction of the variables needed is discussed.

There exist various methods [53] to reconstruct the variables described in section 1.1:

e The electron method, where the kinematics of an event is determined by measuring
the scattered electron only,
e the Jacquet-Blondel (or hadronic) method, using the hadronic final state emerging

from the interaction, except for the proton or its remnant,

e the ¥ method being a mixture of the electron and the Jacquet-Blondel method,

e and the double angle method utilising the polar angle of the electron and the so

called inclusive hadron angle.

Each method has its advantages and weaknesses in the various regions of phase space such
that depending on the analysis performed, the one best suitable has to be chosen. As in
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Figure 3.4: Stability of S50: Part a) shows the number selected events
(N) as function of the accumulated luminosity (L), b) shows the ratio N/L
of events per run as function of the run number and c) shows the frequency
distribution of the ratio N/L.
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this work only small (or vanishing) scattering angles occur, where the electron method is
best, it is the only one described explicitely:

Having measured the scattered electron with energy E. and polar angle 9, the inelasticity
and Q? are given by (neglecting the masses of both the electron and the proton)

El
y = I—EZSmQﬁe/Q, (3.8)
Q®> = 4FE,E!cos®’¥./2 and (3.9)
E.E' cos®>9,/2
o e C0S"Ue/ (3.10)

E, (E. — E.sin?9./2)’

respectively. Since only photoproduction events, where the electron is hardly deflected and
¥ & 180°, are selected, equations (3.8) — (3.10) simplify significantly, in the approximation
¥ = 180°:

El
y & 1-=, (3.11)
e
Q> ~ 0 and (3.12)
r ~ 0, (3.13)

The photon-proton centre of mass energy for Q2 — 0 can be approximated by
W =\/ys. (3.14)

The four momentum transfer squared at the proton vertex, described by the variable ¢ can
not be reconstructed directly as the scattered proton is in general not detected and ¢ is
reconstructed using the momentum of the reconstructed final state. In the case of exclusive
photoproduction of mesons ¢ can be well approximated by the transverse momentum of

the meson:
2

t=—(piu) (3.15)

since in photoproduction the electron carries no transverse momentum and all the trans-
verse momentum of the scattered proton has to be balanced by the meson. The four
momentum of a meson M is calculated by the sum of its decay products, where it is
assumed that M decays into n photons:

n
M = Zpi- (3.16)
i=1

The four momenta, of the photons are calculated by
pi = E;i (1,sin9; cos p;, sin¥; sin p;, cos 9;) (3.17)

where the angles are reconstructed as

\/Ax? + Ayi2

Ay;
¥; = arctan B v ;@ = arctan (A:z:) , (3.18)

with

Ari=wzi—zo 5 Ayi=yi—yo ; ADzi=z—2.
The coordinates with index 7 correspond to the impact points of the photons in the de-
tector. The coordinates bearing the subscript ‘0’ refer to the interaction point, that is
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actually not measured in the analyses presented, but a nominal position is determined
during data taking.

The mass squared of an n-photon final state is calculated by

n 2 n 2 n 2
iy = m2, = (zpz-) _ (ZE) —(zpi) 519)
=1 =1 =1
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Chapter 4

Monte Carlo Models

For a measurement of a cross section the acceptances of the process to be measured
have to be determined, and the amount of expected background has to be known or
estimated. Both tasks are accomplished by computer programmes — so called Monte Carlo
programmes — generating interactions of a certain class, that subsequently are passed to
another programme that simulates the detector and its imperfections. A third programme
is then used to convert the result of the detector simulation into the very same format in
which the experimental data are stored.

For the analyses presented in this thesis mainly three event generators are used, where two
(DIFFVM! and OIP1um?) are used for describing the signal processes and one (PYTHIA)
is used as an estimator for the background.

4.1 Event Generators

4.1.1 The Generator Diff VM

DIrrVM [54] is used to describe diffractive w photoproduction as presented in chapter 5.
The generator was designed to describe diffractive photo- and electroproduction of vector
mesons employing Regge phenomenology and vector meson dominance as described in
sections 1.5 and 1.6.4. The photons entering the interaction are treated as described in
section 1.2.1. And in addition the yp cross sections are dressed with a propagator factor of
(14 Q%*/A?)~" with n = 2.5 for both transverse and longitudinal photons, to account for
the Q? dependence of the flux of virtual photons. The ratio of longitudinal to transverse
vp cross sections R(Q?) is modelled as (with A = my)

Q2
Ufyp 5_2
RQ* =4 =—"V (4.1)
or 1+ xE2
my,

where ¢ is a constant factor and x is purely phenomenological factor to keep R(Q?) finite
for Q — oo, so that the limiting behaviour of R(Q?) is

R(Q?) QS%Q—QZ and R(QY) 2o L (4.2)
ms, X

'for DIFFractive Vector Meson production
2for Odderon Pomeron Induced Unified Meson maker

ol
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For the photon virtualities considered here, @? < 0.01 GeV?, the actual setting of these
parameters are irrelevant.

The masses m of the w-mesons are generated according to a non-relativistic Breit-Wigner

function
do F%ot

dm = (m —my)? +T2,/4"
my,, = 783 MeV [32] being the nominal mass and Iy = 8.44 MeV [32] the total width of
the w.

(4.3)

The differential cross section do/d|t| is modelled as an exponential exp(—bl|t|) according
to equation (1.64) with input parameters by = 10.7 GeV~2 and Wy = 80 GeV as measured
in [11], resulting in an expected slope of b = 10.9 GeV~2 at W = 200 GeV.

As described in section 1.8, the decay angular distributions do/d cosd* and do/de* for
w — 0 are generated, assuming s-channel helicity conservation, according to

d d
dc0(s719* x (1 4 cos?9*) and d—g:* = const . (4.4)

4.1.2 The Generator OIPium

OIP1uM is an extension of DIFFVM to incorporate Odderon processes as well. The gen-
erator is used to describe the signal expected for an fo produced according to the SVM
as described in [44], whereas the excitation of the proton into an N* is not included.
The SVM enters only via the different ¢-distribution that contains an additional quadratic
term in the exponential, exp(—b[t| +c|t|?) (see section 1.7.2), as compared to the Pomeron
case. In addition to that, the fo and its properties have to be included: The masses are
generated following a relativistic Breit-Wigner function for spin-2 particles:

do mf, 2 Ftot(m)
am = 2 22 3 12
m m /(m? —m% )+ m$ I (m)

; (4.5)

where m denotes the mass generated and my, = 1275 MeV [32] the nominal mass of the
f2 meson and the total width is denoted by I'yoy = 185 MeV[32] . The dependence on the
mass is parameterised as in [55] for the vy process according to

2L+1 *
myp, (¢ D (qq7)
r =T i L=2 4.6
tot (m) tot,0 m (q())k > DL (q*’r_) ) ) ( )

where ¢* and ¢ are the pion momenta in the vy centre of mass system, and for m = my,,
respectively. The function Dy, (¢*r) is a decay form factor and for L = J = 2 it is given by

Dy(q*r) = 9+ 3(¢*r)% + (¢*r)*, (4.7)

with the effective interaction radius r assumed to be 1 fm.
For the decay angular distributions a behaviour of

do
d cos 9* X

o
1 —cos?9*)? and = const 4.8
( ) o (49)
is assumed as described in section 1.8. Events for the a9 were generated as well, as it is
assumed that the a is produced in the very same way as the fo but with a cross section
nine times larger due to arguments analogous to the reasoning that yield a ratio of cross
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AW E »
=

Figure 4.1: Photoproduction of the by: A (quasi-) real photon turns
into a virtual p° which in the following interacts with the proton via Pomeron
exchange that mediates one unit of angular momentum. The product of this
interaction is a by decaying into a wn® system.

sections for the p® and w of nine [45]. The mass and width of the a9 were chosen as
Mg, = 1318 MeV and I'io; 0 = 107 MeV [32], respectively.

A further extension included in OIP1UM is the exclusive production of b; mesons as shown
in figure 4.1. As shown in [2] the b; is a strong candidate to produce exclusive five photon
final states via the decay
by — wr’ = (7%)a® = 5y.

The shape of the mass-distributions is described by a relativistic Breit-Wigner function
for spin-1 particles:

d_U ~ mmyp, ot (m)

dm (m2 - mgl)2 + mgl Ft20t (m) ’

(4.9)

with the nominal by mass m;,, = 1230 MeV [32] , the mass generated m and the total
width I'tot(m). The dependence on the mass is parameterised as in [56] according to

q* 2L+1 2
r =T — _ i L=1 4.10
tot (m) tot,0 <q6‘> 1+ q*/q(’)‘ ) ) ( )

with I'ior0 = 142 MeV [32] denoting the nominal width and where ¢* and ¢ are the
momenta of the primary decay products in their centre of mass system, and for m = my,,
respectively. For the differential cross section do/d|¢| also a simple exponential exp(—b|t|)
with b = 5.7 GeV~2 was used.

The considerations on the decay angular distribution of section 1.8 are not valid in the
case of by production, since, as one unit of angular momentum is transferred, the helicity
of the b; is not the same as the incoming photon. Due to lack of information of this process
the most simple assumption was used and the decay angular distributions were assumed
to be flat.

For the decay of the by it is assumed that it decays dominantly into wn® [32]. For this two
subsequent decay channel were considered:

0 0
b1 — WT — { (7T+7T_7T0)7T0 RN 71'+7T_4’)’ 867%

with the branching ratios taken from [32]. The decay into charged pions had to be included
as well, since it contributes largely to the background in the lower photon multiplicities,
because of the large branching ratio for the decay w — 7t 7~ 7% of roughly 88 %.
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4.1.3 The Generator to Describe the Background: Pythia

PYTHIA [57] is a multipurpose event generator with emphasis on multi-particle production.
It is used here to describe the background stemming from high-multiplicity?® photoproduc-
tion events. The physics model employed by the programme to describe photoproduction
is briefly described in section 1.5 and in more detail in [36, 5]. Not all of the events gen-
erated were actually written to disk to save space and time, since the number of events
that give rise to a vertex amounts to roughly 84 % and the processes to be analysed are
expected to have no vertex as these final states consist of photons only and should not
produce any tracks leading to a vertex. A further condition to reduce the amount of
events written out, is to consider only the regions where the calorimeters are located that
are used in the analyses and require energy-momentum conservation for these regions of
the solid angle exclusively, i.e. reject events that deposit a large amount of their energy
neither in the SpaCal nor in the electron tagger. This results in a further reduction down
to about 13 %. In order to apply these requirements to the events generated the following
two variables are introduced:

{1 if Ni>1 with 91 € [0.087,2.915]
Ugen = { 0 otherwisse (4.11)
2g;en = Z (Ez - pi,z) + (E:z - plz,e) ) (4'12)

V;€[2.65,3.12]

where the superscript ‘+’ in equation (4.11) denotes charged (and stable) particles and
the sum in equation (4.12) extends over stable particles only. An event was written out,
only if

Vgen = 0 and  Xgen > 40GeV . (4.13)

In contrast to the above generators PYTHIA allows for dissociative events. A fraction of
these dissociative events, namely the photon-dissociative ones, sometimes do not consider
isospin and C-parity explicitely, since their decay is modelled in a simplified manner.
In the course of these events the photon turns into a vector meson and is subsequently
excited diffractively into a state called Vg (V = p°, w, ¢) as sketched in figure 4.2. Tt is
for m3, < (Ipy,,,| + ™) with /i = 1 GeV that this routine is utilised by PYTHIA. The
effect of these decays is exemplified in figure 4.3, where PYTHIA is compared to data for
70- and 797%final states, in the left and right column, respectively.

Parts a) and b) shows PYTHIA including all of the Vgig-mesons for the 7%y and 70x°

final states, and clearly overestimates the respective cross sections. The second row shows
PyTHIA when events containing decays like pgiﬁ — 7070
analysed. The full list of such events is shown in table 4.1. A different approach as pursued
in [1, 3] is to remove all events were one of these diffractive states is produced. This scenario
is shown in parts e) and f) of figure 4.3. The difference in the two approaches to modify
PyTHIA is for the 7%y-sample only marginal, while it is somewhat more pronounced for
the 7%7%-sample. Due to the fact that the latter approach incorporates the best knowledge
it is pursued as the default choice for PYTHIA.

are removed from the set of events

From the left part of figure 4.3 it is apparent that PYTHIA has severe problems describing
the absolute normalisation, especially in the region of the w-peak. Hence in what follows
the process w — 7wy will be removed from PYTHIA as well, and DIFFVM is used with
much larger statistics and better knowledge to describe this particular process. Therefore
PyTHIA will be referred to as PYTHIA(mod).

3In the following these interactions are also called inclusive, as in these processes not the complete final
state is reconstructed in contrast to the above signal processes which are also called ezclusive henceforth.
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Figure 4.2: Diffractive dissociation as modelled by Pythia: A photon is
turned into a vector meson V according to the VMD and subsequently interacts
with the Pomeron. This interaction excites the vector meson into a state called
Vaig, that decays into two mesons My and Moy if m%/diﬁ <(lpv,;! — m)2.

Pgiff Wdiff
070 (6376) p%70 (2073) | 70n%  (576) wm® (409)
m (752) wn  (1004) | nn o7 o' (2)
ww (174) no'7%  (842) | ww (20) nn0  (424)
pPp%  (44) wp®  (168) | p°° 4) wp®  (22)
n'n’ (1) o'm  (139) | 7t (203) np°  (65)
nm®  (4785) 1w (36) | nn' (12) #'7®  (99)

Table 4.1: Events removed from the Pythia sample: The table shows
the summary of all the events removed from the PYTHIA sample due to isospin-
and C-parity non-conservation.
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Figure 4.3: Comparison of Pythia with data: The left column shows
the w0y sample and the right column the n°%7° sample. The first row, parts a)
and b), compare PYTHIA without any modifications to data and for both the
7%y and the m°7°-sample PYTHIA overestimates the cross section for masses
larger than one GeV, especially in part b). The second row — parts ¢) and d)
compares PYTHIA when the isospin or C-parity violating decays of the Vgg-
state given in table 4.1 are removed. Parts e) and f) show — after the removal
of all Vgig-states — PYTHIA in comparison with data.
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Y (V)

Figure 4.4: Non-resonant photoproduction of wmn®-states: A (quasi-)
real photon turns into a virtual p° which in the following emits a real ©° (or w)
and turns into a virtual w (7°). Then it interacts with the proton via Pomeron
exchange followed by its decay into ©°y for example.

MC Neen o [ub]
DIFFVM  w— 7y 79992 1.5
OPIUM  fy — w070 90000 21-1073
OPiwM  a) —nn° 99995 9 x 21-103
PyTHIA  vp— anything 14560000 165
OIP1uM by — wr® = 5y 39996 0.98
OIP1um b > wr® = 7tn 4y 199980 0.98
PYTHIA  vp— wr’(NR) 17000 0.19

Table 4.2: Summary of the Monte Carlo sets: Given are the number of
events generated for the various processes and the cross sections are listed in
the last column.

The photoproduction of the by meson as described in section 4.1.2 is not the only way to
produce exclusive wn® states, but there is also the non-resonant production as measured
in [58, 59]. The non-resonant production can be described by the diagram shown in figure
4.4. This process may be estimated to some extent by the process

0 0
Paifg —r W,

modelled by PYTHIA.

4.2 Monte Carlo Sets

Table 4.2 summarises the event numbers generated for the different Monte Carlo sets. All
samples were generated with y € [0.25,0.75] and Q? < 0.01 GeV?, except for PYTHIA
which was generated with y € [0.3,0.7] and @? < 0.01 GeV2. The corresponding photon
flux factors introduced in equation (1.43) for the conversion from a yp into an ep cross
section are F,/, = 1.83 - 1072 for the former and 1.36 - 1072 for the latter range in v,
respectively. For the Monte Carlo sets be directly comparable to data the corresponding
distributions are scaled by factors C; = Lgata/Li, where £; is the luminosity for Monte
Carlo 4 calculated using the numbers in table 4.2.
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4.3 Detector Simulation and Event-Reconstruction

The response expected from the detector is simulated by a separate programme called
H1sIM [60] based on the programme GEANT [61]. The events generated are fed into the
simulation and the particles are tracked through the detector simulating their interaction
with the material followed by the simulation of the read-out electronics.

The simulation also contains the density profile of the colliding bunches, so it also generates
a distribution of interaction points. Since the profiles follow simple Gaussian distributions,
but the real distributions exhibit a more complex behaviour, the Monte Carlo events are
reweighted accordingly, to follow the observed behaviour. Figure 4.5 shows the distribution
of interaction points as measured by H1 and it is compared to the Monte Carlo distribution.

o B
O 107k
1 O F
o C
~~ -

o B

S 2

s 0 F
2 -
~~ I
~— I

10-4 —— Data with vertex
------ MC simulated vertex
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I : 1)

II I-I40 -20 0 20 4(I)I
z . [cm]

Figure 4.5: Distribution of interaction points in data and simula-
tion: The full histogram represents the vertex distribution as measured in HI,
which is to be compared to the dashed one, which is the corresponding distri-
bution as implemented in the simulation

The simulated events are reconstructed using HIREC [62], the same programme that is
used to reconstruct the events in real data-taking. Thus, they are stored in the same
format as real data. It is therefore possible to compare physics models implemented in
event generators to measured data with detector effects properly taken into account.
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Exclusive w-Photoproduction at
HERA

5.1 Preparation of the w Sample

In order to select events with only w-mesons in the final state (aside from the scattered
beam particles) further cuts — in addition to those listed in table 3.1 have to be applied.

As the decay w — 7%y is to be analysed, it is obvious to restrict the sample to events with
only three photons in the final state, where two stem from a neutral pion. First, criteria
have be defined to select photon-candidates', since there is background from charged
particles (mostly pions) in the SpaCal which is not removed by the no-vertex requirement
as the angular coverage of the track- and jet-chambers does not extend to angles that
near to the beam pipe. In [63] a study on the separation of electrons and charged pions is
presented. There, two criteria are given that can be used to separate strongly interacting
particles from electromagnetically interacting ones:

e The lateral size of the latter is significantly smaller than for the former. It turned
out that the Monte Carlo has problems describing low-energetic pions and produced
much more clusters which are contained in a single cell than are found in data. So,
events only with finite cluster-radii are accepted.

e The amounts of energy deposited in the electromagnetic and hadronic parts of the
SpaCal differ for electrons an pions.

In [48] a correction in dependence of the energy and the distance was developed. By means
of this recalibration it is possible to shift the peak of inclusive 7%’s to the nominal pion
mass of 135 MeV. This correction is applied here as well for the exclusive final states.

In the following any cluster with an energy E; > 100 MeV in the electromagnetic part of
the SpaCal fulfilling

(had)

E:
R; € (0,3)cm and f"9 = —— < 0.01 (5.1)
[

is considered as a photon. Further, in order to avoid shower leakage at the borders of the
SpaCal, it is required that the photons be safely contained:
d; € [8,75]cm (5.2)

!Since one can never be sure that a given cluster really stems from a photon the term ‘photon’ is used
synonymously for ‘photon-candidate’.

59
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Figure 5.1: Pion-candidates as seen in data and Monte Carlo: The
spectra of photon-photon masses are shown for data in the left and for Monte
Carlo (DIFFVM w — ') in right part of the figure. The curves show fits of
Gaussians together with third order polynomials.

where d; denotes the transverse distance of the photon from the beam pipe. The index 4
labels the clusters and FE; refers to the energy in the electromagnetic SpaCal while E'Z-(had)
refers to the hadronic part. The cut E; > 100 MeV is applied to reject noise (100 MeV
correspond to ~ 3omeise [64]). Le. clusters with F; < 100 MeV are ignored in the following,
and events with one cluster violating (5.1) or (5.2) are rejected, since they are assumed to

be contaminated by charged pions, or have energy leakage.

The basic criterion to select w — 7V events is to require the number of photon-candidates
N, to equal three:

N, =3]. (5.3)

The obvious next requirement to be fulfilled is the event to contain a neutral pion decaying
into two photons. This is checked by looking at the invariant masses of the pairs of photouns.
A pair of photon-candidates is considered as a pion-candidate, if

|Myy — mgo| < 40MeV, (5.4)

where m o = 135 MeV [32] is the nominal mass of the neutral pion. As can be seen in
figure 5.1 the threshold of 40 MeV in equation (5.4) corresponds roughly to two times the
width one finds for neutral pions. The distributions are fitted with a Gaussian G(m..,)
and a polynomial of degree three P3(m.,-). The parameters determined by the fit are
displayed in the figure and the mean values and widths are shown separately in table 5.1.
The mean values fitted to the distributions are (within two standard standard deviations)
in accordance with the nominal value.

Demanding exaclyt one pair fulfilling (5.4) would reject events where a second pair ac-
cidently falls into this mass window. Therfore it is required that the number of pion-
candidates N o be equal or greater than 1

Tz 55
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Data, Monte Carlo
p [MeV] 133.8+£1.0 134.4%+0.5
o [MeV] 15.4+1.4  15.1£0.6
x% /Nyt 2.70/6 3.46/6

Table 5.1: Parameters fitted for pion-candidates: The table shows the

mean value, the width and the x* per degree of freedom found by the fit for
data and Monte Carlo (DIFFVM)

As can be seen in the right part of figure 5.2 the cut on ¥ can be tightened, since the
simulation of w — 7%y events shows that this quantity covers the range from 50 GeV to

60 GeV only.
> 350[~ -~
é | + + ® Data @ 3501 I:IMC: o — 3y
< 300 + Signal MC:0 — 3y S |
S *% + O S 300
~ —— Background MCs | w3
~ 250 s 250
32 32
N N
S 200 S 200
V) V)
150 150
100 100
50 50—
ol L Ly Ly d 0 rilll IR B M B
40 45 50 55 60 65 70 40 45 50 55 60 65 70
¥ [GeV] ¥ [GeV]

Figure 5.2: The variable ¥ for three photons selected: The left part
of the figure shows X as it is seen after selecting three photon-candidates. The
rise towards small values is due to events where only a fraction of the final
state is detected in the SpaCal. The shoulder around 55 GeV (twice the beam
energy) stems from exclusive three photon events, being the decay products of
the w as shown by the grey histogram, which is the expectation of w — 7’y on

top of the assumed background. The right part shows the expected distribution
of %3 as given by DIFFV M.

Therefore it is further required that

%0y eTag € [50,60] GeV|. (5.6)

The last condition imposed, is to select elastic’ events. To reject events with proton

break-up vetoes on components of the Hl-detector in the forward direction are applied,
namely

Eprug <5 GeV NM <2 , Nprr=0]|, (57)

%in the sense, that the proton stays intact and the fluctuation v — w is considered as elastic
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where Eppuq refers to the energy measured in the PLUG calorimeter, IV, is the number
of hits in layers 1,2 and 3 of the forward muon-system, and Npgrr is the number of hits
in Proton Remnant Tagger. These latter conditions cannot guarantee that the events are
really elastic, but it restricts the mass of the outgoing baryonic system to masses below
1.6 GeV [30]. The remaining background can be estimated to (11 +5) % [65].

5.1.1 Beam-Induced Backgrounds

A source of background not covered by the Monte Carlo models are events that do not
belong to nominal ep-interactions. A fraction stems from interactions of the beams with
the beam-pipe wall or with other “dead” material. These events are rejected already by
the trigger due to their bad timing. But there are two further kinds of beam-induced
backgrounds: Interactions of the beams with residual gas atoms (beam-gas) and events
from so-called satellite bunches.

To obtain the number of events stemming from beam-gas interactions, events from so-
called pilot-bunches? entering the sample are counted, N(e — pilot). The sample con-
sidered here consists of events passing the requirements of table 3.1. From this num-
ber the corresponding number of events for all bunches, N(all), is obtained by mul-
tiplying the former number with the ratio of the respective currents of the bunches
R = I.(tot)/I.(pilot) = 13.29[66]. The fraction of beam-gas interactions is thus given
by

f(e-gas) = f(e-pilot) - R = 4.13 %,

where f(e-pilot) = N(e-pilot)/N(all) = 18/5795 = 0.31 % is the fraction of events for
the selected samples. But this fraction of 4.13 % is not necessarily the fraction that
contaminates the sample used to determine the w-cross section, but only a part of it. To
estimate its amount a toy Monte Carlo generator for w — 7wy was employed. For the
production it was assumed that the events are distributed equally along the z-axis within
+5 m around the nominal interaction point. The efficiency for these events was estimated
requiring that all three photons be detected in the SpaCal and one of the vv-pairs be in
the pion-window. The geometrical acceptance of these events is found to be 1.8 %. This
number does not include the trigger efficiency, and since not all beam-gas interactions
lead to exclusive 7'+ final states this 1.8 % is only an upper limit. Thus the amount of
background due to beam gas interactions is estimated to be less than 4.13%-1.8% = 0.2 %
and can be safely neglected.

The same toy Monte Carlo was used to estimate the contribution of the satellite-bunches,
which belong to nominal proton bunches but are separated by 70 cm from the major bunch
due to a mismatch of the position of the proton bunch in the accelerating cavities and
the frequency. This leads to two accompanying smaller bunches containing ~ 4 % of the
protons each at +70 cm, respectively. The bunches at —70 cm have an acceptance of 0.2 %
only, but those at +70 cm are accepted in 5.9 % of the cases, i.e. have more than twice the
acceptance of events occurring at the nominal interaction point. But this background can
also be neglected, since only ~ 1 % of the interactions from satellite bunches are indeed
vp — wp reactions.

3Electron pilot bunches are bunches that have an empty appendant proton bunch, and vice versa.
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5.2 Comparison of Monte Carlo with data

In figure 5.3 the properties of the photon-candidates are shown for both data (dots) and the
Monte Carlos; again the expectation for w — 7+ is shown in grey on top of the background
assumption of PYTHIA(mod) + (by — 57) + (b — 777w~ 4y). These distributions and all
the others shown in the following are obtained after the application of the cuts (5.3), (5.5),
(5.6) and (5.7). The photons are sorted in energy from top to bottom as can be seen in
the leftmost column: F; > Ey5 > Fs3. The middle column shows the distribution of their
transverse distances and the right column shows the radii for these photon-candidates. In
general, a good agreement of data and Monte Carlo can be observed.

In figure 5.4 the distances d,, between two photons are shown. The peak at d,, ~ 8 cm
stems from decaying pions. These photons are nearby each other because of the low
pion mass: Labelling these photons as I and I, respectively, the invariant mass can be
calculated by m%,H = 2ErE1(1—cos ay 1), where the angle between the three-momenta is
denoted by ar ;7. The kinematics of the event and the geometry of the SpaCal restricts this
angle to a visible range of oy ;r € (0.04,0.48) rad = (2.29,27.5)° and hence together with
the distance of the SpaCal from the interaction point results in the distances observed
in the right part of figure 5.5 for the Monte Carlo w — 7%y, where the distribution of
photon-photon distances is shown for m.,, < 185 MeV and m., > 185 MeV, respectively.

Figure 5.6 shows a collection of distributions together with the respective expectations
from Monte Carlo, where the signal process w — w% is plotted in grey on top of the
background. The distributions shown are: the mass of the pion-photon system a), the
photon-photon mass-spectrum b), the energy c), 3 d), the transverse momentum e), the
momentum transfer at the proton vertex |¢| f) and the decay-angular distributions cos 9*
g) and |p*| h). Also here, a general good agreement can be observed, with the exceptions
of the energy distribution ¢) where the data exhibit a slight shift of ca. one GeV towards
higher energies than predicted by Monte Carlo. And the spectrum of the cosine of the
decay angle in the hadronic centre of mass frame is more sharply peaked at zero as the
Monte Carlo, which may be due to a wrong assignment of the analyser used to calculate
cos ¥*.

In figure 5.7 m%y-mass distributions are shown with the four Monte Carlos (DIFFVM:
w — 7%y, PyTHIA(mod), and OIPTUM by — wr® — (709)7® — 5y as well as by —
(ntn 7% 7% — 7t 7 47. As can be seen the largest background stems from PYTHIA(mod)
(68 events) and the by contributes significantly only via its purely photonic decay mode
(18 events), while the decay mode containing charged pions hardly contributes at all (8
events). The above numbers in brackets are to be contrasted with a 134 events expected
for the signal process w — 7’y. The main contributions of PyTHIA(mod) are p°’s (46 %),
w’s via the three pion decay (22 %), pSg's (19 %), ¢'s (6 %), wair’s (4 %) and ¢ain’s (1
%).

5.3 Acceptances

The geometrical acceptance (not yet including the trigger efficiency) is determined by
means of the signal Monte Carlo and it is defined as the number of accepted events per
generated events N, and is found to be

(tgoom = 10.9% £0.1% , (5.8)
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Figure 5.3: Properties of the photons of the decay w — w%v: The
energies (left column), transverse distances (middle column) and cluster radii
(right column) are shown for the three photons of w — my. The photons are
sorted according to their energies from top to bottom.
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Figure 5.5: Photon-photon masses versus photon-photon distances:
The left part shows the scatter plot of m.~ versus d.,. One can easily separate
the pions from the other combinations. The projection on the d.,-axis for
My < 185 MeV as indicated by the dashed line, yields the distribution on
the right, which peaks at d., = 8.5 ¢cm. The corresponding distribution for
My > 185 MeV is shown as dashed line and peaks at d, = 27 cm.

where the error is calculated as Aa = \/aN (1 — «)/N. Including the trigger efficiencies
reduces the acceptance to?

a=22%+0.1%. (5.9)

“The error does not change, since the actual numbers do not change, as the reduction of « is obtained
by including the weights.
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Figure 5.6: Properties of the w0-system: Distributions characterising
the m°y-system are shown for data and compared to Monte Carlo-simulations.
The distributions show the resulting events after application of the cuts (5.3),
(5.5), (5.6) and (5.7)
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Figure 5.7: Contributions of the Monte Carlos: The Monte Carlos
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decaying purely into photons by — wn® — (7%y)7® — 5y and by — wr® —
(rta a7l — ntr—4y.

Figures 5.16 and 5.17 show the acceptance of the w for the decay into 7%y as a function
of various variables: The left-hand panels show the distributions as the respective quanti-
ties were generated (upper most solid line), including the effect of the trigger-simulation
(dashed) and the result after application of the cuts (bottom most line). The right panels
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show the acceptances, i.e. the ratio of the number of events accepted after cuts over the
number of events generated: a(x) = facc()/fgen(x) Where fgen(2) is the distribution as
it was generated and fy.(x) the corresponding one, but for the events that are accepted
by the cuts. Figure 5.16 shows the acceptance as a function of the mass in a)+b), as a
function of the energy in ¢)+d), as a function of the polar angle in e)+f) and as function
of the azimuthal angle in g)+h). Figure 5.17 shows the acceptance as a function of the
more process dependant variables |t| in a)+b), cos¥* in ¢)+d) and |¢*| in e)+f).

The acceptance exhibits only a weak dependence on the mass of the w, namely it increases
slightly with increasing m o, since higher masses may produce higher relative transverse
momenta increasing the acceptance.

In contrast to the above, the dependences on the energy E and the polar angle ¢ are much
stronger. The reason for this behaviour is due to the kinematics of the decay: higher
energetic mesons decay more strongly collimated, i.e. the decay products themselves have
smaller transverse momenta. But the smaller the transverse momenta are, the nearer to
the beam pipe they are and the less is the chance to detect and/or accept the photons.

For the azimuthal angle ¢ the acceptance is flat as expected.

Also for the [¢|-distribution the acceptance rises for larger |t| because the transverse mo-
mentum of the w adds to the transverse momentum of the decay products which results
effectively in larger transverse distances such that probability for the trigger to accept an
event rises.

The behaviour of a(cos ¥*) and a(|¢*|) mainly reflects the interplay of geometrical accep-
tance and decay kinematics: A decay with |cos?¥*| near unity means that the analyser
has only little transverse momentum and travels nearly along the z-axis of this particular
reference frame. Since the production occurs predominantly at small transverse momenta
the Lorentz-transformation from the laboratory frame into the meson rest-frame, where
cos ¥* is measured, merely reduces to a boost along the z-axis leaving the transverse com-
ponents essentially unaffected. Thus, if a decay occurs with | cos9*| ~ 1 this means that
also |cos¥| =~ 1. But the Hl-detector has no acceptance for | cos )| near unity, since there
is the beam-pipe. The acceptance for |¢*| is not flat, as naively anticipated. This can be
explained, remembering that the angle ©* measures the angle between the planes stretched
by the incoming proton and meson (in the hadronic centre of mass) and the plane given
by the products of the decay of the meson (see figure 1.17). If the two planes are more or
less parallel i.e. |p*| < 0.75 rad or |¢*| 2 2.5 rad the decay plane intersects the inner ring
of the SpaCal and then it might happen that one of the decay products escapes through
this inner ring reducing the acceptance for this angular range.

5.4 Resolutions

Figures 5.18, 5.19 and 5.20 show the correlations between the generated and reconstructed
quantities on the left and their respective relative resolutions Az /Tgen = (Tgen — Trec)/Tgen
on the right. The resolutions shown are for the mass, the energy and ¥ in figure 5.18, the
polar and azimuthal angle in figure 5.19 and the more process-dependant quantities |¢|,
cos ¥ and |¢*| in figure 5.20. Table 5.2 summarises the relative and absolute resolutions
of the above quantities. In order to improve the resolution of the mass, a mass constrained
fit to the pion-candidates was attempted. This fit varies the components of the pion- four
momentum within the range of their resolutions till the mass fits the nominal pion mass
of 135 MeV. The fit is taken from the analyses package of the ARGUS-collaboration [67].
The procedure failed in the sense that the width of the reconstructed w did not shrink,
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z Az [T gen [Y0] Az

m 7.5 58.9 MeV

E 3.0 0.3GeV

% 3.0 1.7GeV

9 0.1 3.4mrad

% 18.7 0.17rad

It] 32.9 0.03GeV?

cos ¥* 12.19 0.04

lo*| 11.4 0.14rad
relative  absolute

resolution

Table 5.2: Summary of the resolutions for the w: The table lists the
relative and absolute resolutions of the mass, the energy and ¥ as shown in
figure 5.18, the polar and azimuthal angle shown in figure 5.19 and of |t|, cosd*
and |¢*| shown in figure 5.20

although the pion-candidate was successfully constrained to the pion mass. The reason for
this is the ignorance of the true interaction point, which introduces a large uncertainty in
the reconstruction of the four momenta. And although the pion-candidate is constrained,
the third photon-candidate is not affected and its uncertainty stays as large as before. It
was further tried to infer the true interaction point by intersecting the plane stretched
by the three-momentum of the fitted pion-candidate and the vector between the pion-
clusters and the z-axis. If the fitted pion momentum were the true momentum the point
of intersection would be the true interaction point. But the Monte Carlo-distribution of
the difference of the generated and inferred interaction point, Az = Zgen — Zinfer, follows
a Gaussian with a width of ~ 11 ¢cm, which reflects the distribution implemented in the
simulation (see figure 4.5). Thus, this method is not suited to infer the true interaction
point which is needed to improve the resolution of the 7’y-mass significantly. Hence, in
the following the unconstrained pion candidates are used.

5.5 Results

5.5.1 Cross Section

The cross section o(yp — wp) is determined by fits to the 7%y mass spectrum as shown
in figure 5.8.

Two methods are used to get independent approaches for the background:

(¢) A relativistic P-wave Breit-Wigner function is convoluted with the resolution as
shown in figure 5.18 with the height as the only free parameter. The background is
parameterised by a phase-space like ansatz.

The Breit-Wigner function is given by

xmy, Ly ()

=A
S@ = A Ty mari )

(5.10)
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Figure 5.8: Mass distribution of the w%~v-sample: The distribution of
the invariant mass of a neutral pion and a photon is shown with the cuts
(5.3), (5.5), (5.6) and (5.7) applied. The dots represent the data and the
histogram shows the Monte Carlo, where the greyly filled component represents
the contribution of the signal process w — %y — 3 as predicted by DIFFVM
while the open part corresponds to the background which is assumed to be the
sum of PYTHIA (mod) and by with its final states 5y and 7w m~4~, respectively.
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where z is used for brevity for the pion-photon mass® Mo, while m,, = 783 MeV
is the nominal mass taken from [32]. The mass-dependent width I, (z) is described

by
%\ 3
I (z) =T° <q—> S (5.11)
@) 1+ (a*/q)
1

where ¢* = 5(z — mio /z) and ¢ are the momenta of the decay products in the
rest frame of the w and for £ = m,,, respectively. The resolution is described by a
Gaussian G(z,mo,) = exp[5(z — Mo, — g)*/0%], where pup = 11.9 MeV is a shift
in the resolution and op is the width. The signal observed is described by

S(iy(mgoy) = /dx S(2)G(z,mr0y) = (S ® G)(mg0,). (5.12)

To describe the background the function

B(Z) (mﬂ.O,y) = poe_plmﬂ—o'Y m7r0'y — Mo (513)
is used. The fit of the sum of equations (5.12) and (5.13) to the data is shown in the
left part of figure 5.9. For the fit m,, and I'Y, were fixed to their measured values of
783 MeV and 8.4 MeV, respectively.

From the result of the fit a p’-contribution of o(yp — p%) - T(p° — 7%y)/L =
13.6 ub - 6.8 - 107*/L = 12 events (~ 10 %) is subtracted, where the former number
is taken from [12] and the latter from [32].

(#7) A Gaussian function

1 (g0, — p(m0,)?)
S(ZZ) (mﬂov) = Aexp 5 ;(mﬂ07)2 8

(5.14)

is fitted to the signal and the background is subtracted assuming that it is properly
described by the Monte Carlo. This sample, to be subtracted is shown as the open
histogram in figure 5.8 and is given by the following sum:

Bis)(myo,) = PYTHIA(mod) + (b1 — 5y) + (b1 — T 4y). (5.15)

The p°-contribution needs not to be subtracted in this case, since it is included in
PYTHIA(mod).

From the fits one can derive the number of events A as described by the signal assumption
which is turned into a cross section by

(1—-r)N

_GZRN 5.16
a]-—‘w%?)’y‘c v/e ( )

o(yp = wp) =

where a = 2.2 % is the total acceptance including the trigger efficiency and geometry,
Tyosy = 85%-98.8% = 8.41% is the branching ratio for the decay w — 7’y — 37,
L = 5.41 pb~! is the integrated luminosity collected for the year 1996 and the subtrigger
50 and F, ), = 1.36- 1072 is the flux of photons stemming from the electron as given by the
integral over y and Q? of equation (1.34). The factor (1 — k) accounts for the remaining
contamination of 11 % proton-dissociative events.

The parameters found by the fits are listed in table 5.3 together with the x? per degree
of freedom. The last row of the table displays the cross sections determined by means of
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Figure 5.9: Fits to the mass distributions to determine the cross
section: The left part shows a fit of Sy + By to data. The right part shows
the mass distribution with By subtracted and S(;;) fitted to the signal in the
range of myo, € (0.65,0.95) GeV. The parameters and cross-sections obtained
by the fits are given in table 5.3

Fit () Fit (i)
A 83.9+6.6  ub/GeV A 57.2+5.7  ub/GeV
Do 6.6+2.1  pb/GeV  p(mgo,) 80045 MeV
P 0.63+£0.3  GeV™!'  o(mgo,) 67.1+£4.4 MeV
x% /Nyt 28.2/20 X% /Nyt 14.3/3
o(yp — wp) 1.34+£0.11 pb 1.26+0.16 b

Table 5.3: Parameters found by fits (¢) and (2¢):The table lists the
parameters and their errors found by the fits together with their respective x>
per degree of freedom. The last row gives the cross section obtained by equation

(5.16).



5.5. Results 73

equation (5.16) The average of the two values extracted by the fits (¢) and (iz) is taken
as the value for the cross section, since this value is assumed to bear the least uncertainty
concerning the background:

o(yp = wp) = (1.3 £ 0.2(stat)) ub (5.17)

The error was calculated adding the relative errors of the amplitudes of fits (i) and (i7)
and the errors on the Gaussian of fit (i7) in quadrature. The difference will be included
in the systematic error (section 5.6).

5.5.2 Measurement of the Diffractive Slope

From the differential distribution in [¢| one can measure the diffractive slope b by fitting an
exponential o< e, To do this, first w-like events are selected by cutting on the invariant
mass:

m, o, € (0.60,0.95) GeV|. .18
Y

The resulting |¢|-distributions is shown in the left part of figure 5.10.

To extract the true value of b, the |t|-distribution as it is measured has to be corrected
for acceptance (and to some extent for resolution effects): The correction for a measured
distribution f(z) is obtained by means of Monte Carlo events. The true (generated)
distribution ch(x) is divided by the distribution fyrc(z) obtained after applying the cuts
and after the detector-simulation:

O(a) 1= D@

= () (5.19)

hence, the corrected distribution f(z) is obtained by multiplying the measured one, f(z),
by the correction defined in equation (5.19):

f(z) =Cx)- f(z). (5.20)

Applying this correction — shown in the right part of figure 5.10 — and fitting the result
with
f(t) = Ae "1, (5.21)

yields a slope of
b= (10.7+1.1)GeV 2, (5.22)

with a x2/Ngr = 9.6/15. The parameter A = (1655 +273) GeV 2 is directly proportional
to the elastic cross section in the forward direction do(t = 0)/d|t|, the constant of pro-
portionality is essentially the denominator of equation (5.16) but with the acceptance «
replaced by the bin-width d; of the ¢-distribution, since the distribution has already been
corrected and only the finite bin-width has to be taken into account:

do o, A
—_— = 0, = -_—
d|t| =0 0 5trwﬁ3'y£‘7:fy/e
©b
= (12.2 £ 2.1(stat . 5.23
( (stat)) L0 5:23)

5This is the mass that would be measured without any imperfections that lead to finite resolution
effects.
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Figure 5.10: The |t|-distribution of selected w-events and its cor-
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Figure 5.11: A fit to the corrected |t|-distribution of selected w-
events: The acceptance corrected distribution AN/A|t| for events with m 0., €

0
(0.60,0.95) GeV is fitted with an exponential.
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Taking the values of of, and b, one can integrate the differential cross section over |¢| and
obtains another measurement of the elastic cross section o(yp — wp):

I * blt 06
sp > wp) = o [ dfe =
0

= (1.1 £0.2(stat)) ub. (5.24)

The lower limit of integration was set to zero, while the upper limit was set to infinity,
since for the given precision there is no difference, between e%0.5 or e=>°. This value
agrees well with the cross section given in equation (5.17).

In figure 5.12 a comparison of the data with a prediction of the SVM is shown. The
prediction was calculated for p’-photoproduction and is taken from [68]. The values are
scaled by a factor 1/9 which is the only difference the SVM makes between the w and the
p". Since the calculations are carried out at a photon proton centre of mass energy of 20
GeV a further scale factor of 2 is applied to account for the energy dependence present
in Pomeron induced processes. The points are obtained by subtracting the background as
given by the Monte Carlo analogous to fit (i7) in section 5.5.1 followed by the correction
as described above and finally the event numbers per bin are converted into cross sections
by a scale factor of (1 — K)/(Tw—3,LF,/c)-

N ~
% :*_ e Data-Background
3 -
< 10" +
3 = —— SVM (p%) x 1/9 x 2
>~ -
=N B ~]
N - — ]
"g 2 —— \\
10 =5 ———— ——
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Figure 5.12: Comparison of the corrected |t|-distribution with a
SVM prediction: The background reduced and acceptance corrected distri-
bution Ao /Alt| for events with mro, € (0.60,0.95) GeV is compared to a
prediction of the SVM for p°-photoproduction scaled by a factor 2/9.

As can be seen by comparing figures 5.12 and 5.11 both the SVM-prediction and a simple
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exponential shape describe the measured distribution equally well, although the error bars
of the former are larger compared to the latter due to the background subtraction.

5.5.3 Decay Angular Distributions

In principle there are two distributions that can be analysed, but the correction of cos ¥*
as shown in figure 5.13 a) makes it hardly possible to correct the distribution properly, as
the corrections reach O(103) for | cos¥*| — 1, and therefore the two bins at |cos9*| = 1
are not included in the fit. Fitting the expectations for SCHC W (cos 9*) = A(1 + cos? 9*)
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Figure 5.13: Decay angular distributions and their corrections: Parts
a) and c) show the cos¥*- and the |¢*| distributions before the correction is
applied. Parts b) and d) show respectively the Monte Carlo distributions as
they were generated (upper dashed histogram) and how they are reconstructed
after application of the cuts (lower dashed histogram). The full histogram is
the correction to be applied to data.

and W (]¢*|) = const to the respective distributions one obtains

3
A= gpl il = 0.10 £0.01 (5.25)

const = 0.7340.07, (5.26)

which is well compatible with the expectations from SCHC. The fits are shown in figure
5.14, where the respective distributions are normalised to unity.
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Figure 5.14: Fits to the decay angular distributions: The left panel
shows the to fit to the cos¥* distribution and the right panel shows the fit to
the |o*| distribution

5.6 Systematics

The systematic uncertainties for the cross section and the slope are estimated by
AUsys‘c Absyst
(1) Varying the cuts 1% 15%
(2) Varying the energy scales of the SpaCal and the electron 3% 9 %
tagger within the values quoted for absolute calibration

(3) Reweighting of Monte Carlo distributions (¢, cos 9*) 3 % 2 %
(4) Changing the binning (1m0, t) and different fits 4 % 9%
(5) Using different parameterisation for the trigger simulation 3% 03 %
(6) Difference of the fits (¢) and (44) 6% —
(7)  Uncertainty of luminosity measurement [66] 13% —
(1) — (7) added in quadrature 4% 20 %

For each of the classes (1) — (6) the changes were applied equally to the data sample and
the Monte Carlo samples, then the cross section was determined as the average of the
results of fits (i) and (i7). The slope was determined by a fit of Ae *ll to the corrected
|t|-distribution. The values determined for each class have a certain spread giving the
uncertainty. As a measure for this uncertainty the root mean squared of those values is
used.

In (1) the cuts defining the photon- and pion-candidates were varied and the cuts applied
to prepare the w sample were also varied.

For item (2) the energy scale of the SpaCal was varied by £4 % and the for the electron
tagger a variation of £2 % was used.

In (3) the diffractive slope bgen of the w-Monte Carlo was changed by £2 GeV 2 and the
decay angular distribution was reweighted to follow 1 —cos? 9* and to be flat, respectively.
For item (4) as additional test for the stability of the fit to the mass distribution, the sum
S(ii) + Byiy is fitted and the cross section is calculated from the number of w’s as found by
this description of the line-shape. Furthermore the binning was varied for all three fits.
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The stability of the value extracted for the slope was checked also by varying the binning
and also another fit was performed. This fit took into account a contribution of p,q = 11 %
for proton dissociative events with a slope b, restricted to the range between two and five
GeV 2. In addition, the function was constructed such that the integral yields the actual
number of events:

o—blt| e~ bpalt|

dN
+ Ppabpd ;

dle]

e*bmmin — e*bmmax *bpdmmax — e*bpd‘ﬂmin

= N[pelb
~ N [pelbeimt‘ +ppdbpdeibpd|t‘] )

where in the last step |t|min = 0 was inserted and e Ultmax ~ () was assumed. For all the
checks the different fits for b yielded the same values for the slope within a few per cent.

In (5) The uncertainty due to the description of the trigger efficiency was studied by a
different parameterisation of the acceptance of the electron tagger where a fourth order
polynomial was used instead of the tabulated values. For the IET-part checks were done
using

(B,d) = 1 Poqo
’ w2 [arctan (Eﬂ’l) + E] [arctan (dfql) + E}
D2 2 q2 2

Poqgo

fort (2522} 1] [ert (422) +1]

and

>~ =

to describe the efficiency.

The items (6) and (7) affect only the systematic uncertainty of the cross section.

5.7 Summary

In this chapter measurements of elastic w photoproduction at a mean photon-proton centre
of mass energy of 200 GeV have been presented. The quantities measured are the cross
section o(yp — wp) and the diffractive slope b:

o(yp = wp) = (1.3 +0.2(stat) = 0.2(syst)) ub (5.27)
b = (10.7 & 1.1(stat) & 2.0(syst)) GeV 2 (5.28)

The decay angular distributions have been found to be compatible woth SCHC, though
the first and the last bin of the cos ¥*-distribution had to be excluded from the fit to the
SCHC prediction, since in these bins the corrections exceeds values of 1000. The third
angle ¥ has not been accessible at all, since the four momentum of the scattered electron
is not measured but only the energy.

Comparison with other Measurements

The values found for the cross section and the slope fit well into the picture of Regge
theory and its predictions for both of them, as can be seen in figure 5.15 where the above
measurements are compared to other measurements at lower energies and the expectation
from Regge theory.
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The slope measurements in the lower part of the figure can in turn be used to fit the slope
of the Pomeron trajectory anew by means of equation (1.65) with o/p as free parameter.
For sp = 10 GeV? one obtains a value of

o/p = (0.15 4 0.08) GeV 2 (5.29)

with a x? per degree of freedom of 10.16/13 = 0.78, which is within two standard deviations
in accordance to the standard value of 0.25 GeV~2. The corresponding value of by increased
as compared to table 1.3 slightly from (6.6 = 0.1) GeV? to (6.9 4 0.3) GeV 2.

Comparing the cross section obtained in this chapter with measurements of other vector
mesons, one can immediately compare with the p® [12] since this measurement was per-
formed practically at the same photon proton centre of mass energy, and of course with a
measurement of the w at lower W [10].

o(yp = p°p) = (13.6 & 0.8(stat) & 2.4(syst)) ub (W) = 187 GeV (5.30)
o(yp — wp) = (1.2 £ 0.1(stat) £ 0.2(syst)) ub (W) =80GeV (5.31)

For the ratio of the vector-photon couplings f‘Q/ one expects the ratio [45]
fp‘02 DfS7 P =91102 (5.32)

where for this measurement only the first of the above ratios can be calculated, as for
the ¢ there exists only one measurement [69] performed by the ZEUS collaboration at
lower energies (70 GeV). For the p® and the w the ratio of the couplings equals the ratio
of the cross sections assuming validity of the additive quark-model (cf. section 1.6.4 and
equations (1.77) and (1.78)). For the ¢ things would be more complicated, since in this
case Uﬁi # o, but as there is no measurement of the ¢-cross section at W = 200 GeV,
there is no need to go into those details.

The ratio of the couplings in photoproduction at HERA at (W) = 200 GeV is experimen-
tally found to be

[l f52 = ol — o) olyp = wp)
= (10.5 £ 1.72(stat) £ 2.45(syst)) : 1, (5.33)

what is quite good agreement with equation (5.32).

Comparing the measurement at lower energies (W 2 10 GeV) the rise of the cross section
is only marginal and could be as well fitted by a logarithm or a logarithm squared as
proposed in other Pomeron parametrisations (cf. appendix A).



80 Chapter 5. Exclusive w-Photoproduction at HERA
~ C
= i
E i * this analysis
~
% - = fixed target and ZEUS
\b% +
10-3 —
1 1 1 1 1 111 | 1 1 1 111 | 1 1 1 1
10 10
W [GeV]
16
B -
- -
S  14F
&) -
~ 12—
= N
10—
C —A— | ,——"'—/“’
8: % +£ ,,;;:*1 }
6—
al—- % this analysis
C ® ZEUS
ol A Fixed Target
e b,+20’ log(s/s )
o—l 1 1 1 1 1111 | 1 1 1 1111 I 1 1 1 1
1 10 10
W [GeV]
Figure 5.15: Comparison of the o(yp — wp) and b with other

measurements: The upper figure shows the measurement of the elastic w-
photoproduction cross section measured in this analysis at (W) = 200 GeV
together with other measurements at lower energies. The line shows a Regge

theory based prediction (see section 1.6.4).

The lower figure shows the diffractive slope measured in this analysis — again
— together with measurements at lower energies and a Regge-based prediction

(see section 1.6.1)




5.7. Summary

81

events / 0.01 GeV

events / 0.01 rad events / 0.38 GeV

events / 0.16 rad

0.035

0.03

0.025

0.02

0.015

acceptance / 0.01 GeV

0.01

Ty

0.005

1 " 1 " 1
0.85 9 07 0.75 08 0.85

X ) [)
a) mM[GeV] b) mn,,Y[GeV]

o
3
e
j
a
o
o

S,
URRLLL L

acceptance / 0.38 GeV
T

P PR R B RRU BEUR SR B B s PN I PR PRI B BArR W PR B
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

C) E [GeV] d) E [GeV]

0.2[—

acceptance / 0.01 rad

01—

e). 0 [rad] f) 0 [rad]

0.025[—

J

acceptance / 0.16 rad

__________

0.015[—

3
L R

0.005[—

E

1 1 1 1
3 -3 -2 -1 o 1 2 3

0 [rad] h) 0 [rad]

&
o
o
n

o
~
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Chapter 6

Exclusive fo Photoproduction at
HERA

6.1 Preparation of the f; Sample

The analysis of the fo — 7%7% — 4+ proceeds along analogous lines as for the w, especially
the selection of photon- and pion-candidates is identical as described in 5.1, so the cuts
are just repeated briefly, for details the reader is referred to section 5.1.

E;, > 100MeV (6.1)
R; € (0,3)cm (6.2)
e < 0.01 (6.3)
d; € [8,75]cm (6.4)

As in chapter 5 a cluster is neglected if it fails to pass cut (6.1) and events are rejected
if one cluster does not satisfy the criteria (6.2) — (6.4). The correction for low energetic
clusters, developed in [48], is applied here as well. The definition of pion-candidates is also
the same as in chapter 5, namely

|Myy — myo| < 40MeV, (6.5)
with m o = 135 MeV [32], which is justified as can be seen in figure 6.1. The values found

by fitting the two-photon mass spectra of both data and Monte Carlo are listed in table
6.1.

Data, Monte Carlo
p [MeV] 133.8£1.0 133.910.2
o [MeV] 14.7+1.3  15.6£0.2
x% /Nyt 3.81/6 8.19/6

Table 6.1: Parameters fitted for pion-candidates: The table shows the
mean value, the width and the x* per degree of freedom found by the fit for
data and Monte Carlo (OIPTUM).

The major differences between the w- and the fs-sample are the number of photon- and

pion-candidates selected:
N, =4 (6.6)

87
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Figure 6.1: Pion-candidates as seen in data and Monte Carlo: The
spectra of photon-photon masses are shown for data in the left and Monte Carlo
@IP1um fy — 7°7°) in the right. The curve shows fits of a Gaussian together
with third order polynomial.

and

LZE)| 67

In addition to this, the requirement for elastic production is dropped, since the SVM ex-
plicitely requires proton excitations into {2P} states (see section 1.7.2). And the remaining
cut to be applied is

3050 seTag € [50,60] GeV |. (6.8)

The right part of figure 6.2 shows the X-distribution for the four-photon sample and in
contrast to the corresponding figure (fig. 5.2) in the three photon final state, here is no
shoulder of exclusive events visible, though the expectation as shown in the right part is
completely analogous to the w case.

If the fo and the as are produced according to the predictions of the SVM, there have to
be neutral pions (and 7’s) to be visible in the yy-mass spectra, especially if one looks at
the spectrum of photon pairs (k,l) when the other pair (4,7) is accepted by the pion cut
(6.5). If ps, denotes the sum of the four momenta of the four photons and p;; = p; +p; the
two photon four momentum, the four momentum of the remaining two photons is given
by pri = pay — pij- This system is said to “recoil against the pair (¢,7)” and in particular,
if |m;j — myo| < 40 MeV it “recoils against a 7°”. Figure 6.3 shows on the left hand side
in panels a) and c) all combinations of the yy-masses, where in a) the signal Monte Carlo
in grey is the fo and the a3 is included in the background shown as the open histogram
below the signal. In c) the roles of fo and aj are interchanged. The panels on the right
show those combinations when a pair is in the pion window indicated by the dashed lines
of the left part. In b) one can see the expectation for the second 7° of the fy decay in
grey on top of the background and in d) it is the expectation of the 5 that is shown in
grey. The dashed lines in parts b) and d) correspond to the pion-window (6.7) and to the
n-window used in [2].

Cut (6.7) is to be understood in the sense, that an event to be accepted as fo-candidate,
has to have at least two photon pairs where one pair also lies in the region given by the
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Figure 6.2: The variable ¥ for four photons selected: The right part of
the figure shows Y having selecting four photon-candidates. The rise towards
small values is due to events where only a fraction of the final state is detected
in the SpaCal. The expectation of fo — w070 is shown on top of the assumed
background. The right part shows the expected distribution of 3 as given by OI
Prum.

dashed lines in the part b) of figure 6.3.

Already from this figure, especially from part d), one can anticipate that the prediction of
the SVM is not likely to be confirmed, as it is obvious that the SVM expectation overshoots
the data (shown as the dots).

6.2 Comparison of Monte Carlo with data

Figure 6.4 compares the energies (leftmost column), the distances from the beam-pipe
(middle) column and the radii of the clusters of data with the expectation given by the
Monte Carlos. As in chapter 5 the photons are sorted such that Fy > Ey > E3 > Ey
from the top to the bottom. Here and in the following the cuts (6.6), (6.7) and (6.8) are
applied.

The agreement of the Monte Carlo description with the data is quite satisfactory, though
the contribution of the fy appears not really to be needed and it seems to be possible to
describe the spectra shown also be means of the background alone. This becomes also
apparent in figure 6.5, where properties of the di-pion system are shown. Also in this
figure the distributions are described quite well by the Monte Carlo simulations. Figure
6.6 gives the single processes as they contribute to the mass spectrum. In part a) the
signal process fo — 7%7% (31 events) is shown in grey and for m_ o0 > 1.2 GeV the fo
alone describes the data well, but the background contributions shown in b) PYTHIA(mod)
(34), ¢) by = wr® — (7%)7® — 5y (15) and d) by = wr® — (7T 77" = 7t 4y
(17) are expected to be present as well. The ay — 7'y — 4y (< 1) shown in e) and the
w — my — 3v (1) shown in f) hardly contribute at all. The numbers in brackets are the
expectations from the respective Monte Carlos. To PYTHIA(mod) pgiﬁ—states contribute
with 50 %, w-mesons with their three pion decay with 25 %, p°’s with 12 %, ¢-mesons
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Figure 6.3: vy-masses in the four photon sample: The left panels shows
all combinations of the photon-photon masses where in a) the fo is shown in
grey and in c) the a3. For those events with a pair in the pion window the
recoil mass is shown on the right hand side for the fo in b) and in d) for the
aS. The dashed lines indicate the window from which the pion-candidates are

selected in the case of this analysis or n-candidates for the a3-search.

still with 8 % via the chanel ¢ — p*7F. Some other states are present with less than five
per cent in total. Summing the data histogram yields 53 events compared to 68 expected
from the background Monte Carlos.

6.3 Acceptances

The geometrical acceptance for fa-mesons is found to be larger than for the w, namely

(lgoom = 28.8% £ 0.1% (6.9)
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Figure 6.4: Properties of the photons of the four photon sample:
The left column shows the energies of the photon candidates in decreasing order
from top to bottom. The middle column shows the transverse distances of these

photons and the right column shows their cluster radii.
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Figure 6.5: Properties of the di-pion system: Spectra of quantities of
the selected four photon sample are shown. Part a) shows the invariant mass,
b) the invariant mass of all vy combinations, ¢) the invariant mass of the
two photons recoiling against a pion, d) the total energy, e) the quantity X, f)
the transverse momentum, g) the momentum transfer squared |t|, and the two
decay angular distributions cos9* h) and |p*| i).
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Figure 6.6: Contributions of the Monte Carlos: The mass distributions
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compared to only 11 %. Including the response of the trigger results in a reduced total
acceptance of
a=66%=+01%. (6.10)

Figures 6.9 and 6.10 show the acceptance of the fo for the decay into two neutral pions
as a function of various variables. The left panels show the distributions fgen(z) as they
were generated as full line, the effect of the trigger is visualised by the dashed line and
the lowest lying curve finally shows the distributions fae.(x) of the events accepted. The
differential acceptance a(z) = facc()/ fgen() is displayed in the right panels.

A rise of the acceptance in figure 6.11a) as a function of the mass is clearly visible and
stronger compared to the w. And the reason for this behaviour is the very same as for the
w, namely larger masses produce larger relative transverse momenta so the decay photons
hit the SpaCal at larger distances evading the distance threshold of the trigger (L2).

This also gives rise to a better acceptance at higher energies, as shown in parts ¢) and d)
where one can see the best acceptance is obtained for energies around 11 GeV and also
the energies accessible, are higher.

The acceptance as a function of the polar angle extends further out into the SpaCal (or
towards smaller angles) compared to the w. This is caused on the one hand, by the fact
that the fo itself is produced with larger |¢|’s and thus with larger transverse momenta and
on the other hand, again, by the fact the f, is more massive than the w. The azimuthal
acceptance is flat as expected.

The acceptance of the momentum transfer squared at the proton vertex is nearly indepen-
dent of |¢| and exhibits only a slight declension with increasing |¢|. Fitting a constant ex-
actly reproduces the acceptance given in equation (6.10) together with the error, and a line-
fit yields an intercept of (6.840.1) % and the slope turns out to be (—=0.8+0.4) %/GeV~2,
i. e. within two standard deviations compatible with zero.

One of the origins of the better overall performance is visible in the acceptance of cos ¥*,
namely there where the acceptance is largest most of the events are produced, namely at
cos9* ~ 0 or 9* ~ 9 ~ m/2.

For |¢*| the acceptance is better around 7 /2 than for |¢*| ~ 0 and 7, though the effect is
not as pronounced as for the w, the reason is the same as described in section 5.3

6.4 Resolutions

Applying the same mass constrained fit to the two pion-candidates as in chapter 5, here
improves indeed the quality of the reconstruction of the mass. This is shown in figure 6.7
for Monte Carlo events, where on the left hand side the mass spectrum for di-pion masses
myor0 1S shown when the pions were not subject to the mass constrained fit, while the
pions used to reconstruct the masses M o0 shown in the right part of the figure, were
fitted. And indeed a (Gaussian) fit to the two distributions yield widths of 166 MeV and
155 MeV, respectively with errors of 2.5 MeV only. I.e. the the distribution of constrained
pion-candidates is significantly narrower than the corresponding distribution where the
pions have not been fitted. This becomes also apparent, comparing parts b) and d) of
figure 6.11, where the relative resolutions of the masses' Am.o;0/Mgen and Afi 0,0/ Mgen
are shown, and the resolution of the former is 29 % broader than the latter. And looking
at the correlations in a) and c) of the figure one sees, that the correlation of M o0 with
the generated mass is also better than the correlation for m o0 in part a).

!The symbol A refers to the difference of generated and reconstructed quantity, here the mass M 0,0.



6.4. Resolutions 95

=1200F Chi2/ndf=119.7/9 - Chi2 / ndf = 155.7/10
Constant = 1026+ 22.06 - Constant = 1092 + 24.09
3 S1200
°1 000'_ Mean = 1.23t 0.002547| S [ Mean =1.236 + 0.002381
~ L Sigma = 0.166+ 0.00251 N’1000- Sigma = 0.1551 + 0.002457
S I C
~ 800- ~ i
w — i} L
S0 = 800
2t 2 f
S 600 S
- 600
4001~ a00
200~ 2001
G'....l I | EP——— L
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25
m_, ,[GeV] m_, ,[GeV]

Figure 6.7: Di-pion mass spectrum without and with kinematic fit:
A comparison of Monte Carlo m o0 spectra is shown where in the left part the
pions were not constrained to the nominal pion mass in contrast to the right
part where both pion-candidates were subject to a kinematic fit.

Figures 6.12 — 6.14 show the respective correlations of the generated quantities zgen versus
reconstructed values z,ec on the left hand side and the relative resolutions Az /zge, on the
right for z = E, X, 9, ¢, |t|, cos 9* and |p*|.

x Az /Tgen (%] Ax
M120.70 7.1 88.3MeV
T/T\Lﬂ.oﬁo 5.46 68.9 MeV
E 2.9  0.3GeV
by 2.9 1.6 GeV
9 0.2 4.1mrad
7 174 0.16rad
It| 30.1 0.05GeV?
cos 9* 14.1 0.13
|| 14.4 0.14rad
relative  absolute
resolution

Table 6.2: Summary of the resolutions for the fa: The table lists the
relative and absolute resolutions of the mass, the energy and ¥ as shown in
figure 6.11, the polar and azimuthal angle shown in figure 6.12 and of |t|, cosd*
and |¢*| shown in figure 6.13

Table 6.2 summarises the relative and absolute resolutions for the above variables. The
resolutions of cos?* and |p*| are actually better than they appear in the table, since,
looking at the correlations in figure 6.13¢) and d) one sees a clear correlation and an anti-
correlation that spoils the values for the resolutions. The reason for this is the assignment
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of the analyser that differs for the quantities generated and reconstructed. For the former
the first generated pion is chosen, irrespective of its energy, while for the latter the first
photon-pair that fulfils the pion-criterion is chosen, but here the energies of the photons
are ordered. This results in the observed picture that in ca. 50 % of the cases the analysers
(generated and reconstructed) really belong to each other and the rest of the cases the
reconstructed analyser corresponds to the second generated pion.

6.5 Result

The mass spectrum shown in figure 6.8 is not suited for the measurement of a cross section,
since no clear signal is observable in the data. The invariant mass has been calculated by
means of the kinematically constrained pion-four-momenta. The dashed lines visualise an
fo window

| fiz070 € (1.0,1.6) GeV

, (6.11)

chosen such that the ratio of signal to background does not become too small and which
is used to define the region where the f2 is expected. Counting the events inside this
window, one obtains

Niata = 23 (6.12)
Nbackground = 19 (6.13)
Ny, = 28, (6.14)

which hardly leaves any space for an exclusive fs-contribution. To quantify this “hardly
any space” a procedure is to be applied yielding the minimum and maximum values
allowed for a given confidence level. One such procedure is presented in [70], where the
construction of confidence belts is described, where for a measured value xy the upper
and lower bounds, pimax and pmin are given, in which the true and unknown value p is
likely to be at a given probability a. ILe. if 2y follows a particular (normalised) probability
distribution f(z|p) the limits pmin and pmax are chosen such that

Mmax
[ sl = a.
I

min

This means that the probability that the true value p is found inside the interval [fimin, ftmax)
is a. This method was implemented into a programme in [71] for Poisson processes with
known background b. In [72] a method is described how to incorporate a systematic un-
certainty ogys; into an upper limit. The new limiting value ,u;, where 7 stands for either
the lower (i =min) or upper (i =max) limit, is given by

A Ul WC
a 2 i +b pi ’

These methods yield for z = Ngata = 23, b = Npackground = 18 and a systematic uncer-
tainty of ogyey = 23.9 % that with o = 95 % the number of exclusive non-background pion
pairs in the f5 region is

Nyozo <17, (6.15)

with a lower limit of zero. The systematic uncertainty is discussed in section 6.6. The effect

of this uncertainty is rather weak: [0,15.0] kit [0,17.0]. Comparing the inequality (6.15)
with the number of events expected from fo-mesons as predicted by the SVM in equation
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Figure 6.8: Mass distribution of the 7°n%-sample: The distribution of
the invariant mass of two neutral pions is shown with the cuts (6.6), (6.7)
and (6.8) applied. The pion-candidates are constrained to the nominal pion
mass by a mass constrained fit. The dots represent the data and the histogram
shows the Monte Carlo, where the greyly filled component represents the con-
tribution of the signal process fo — w070 — 4~ as predicted by OIPTUM while
the open part corresponds to the background which is assumed to be the sum of
PYTHIA (mod), by with its final states 5y and 77~ 47, and hardly contributing
the as and the w in their four- and three photon final states, respectively.
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(6.14), one sees that the result is not compatible with exclusive fs photoproduction by
Odderon exchange.

The limit (6.15) can be converted into a corresponding limit on the cross section by means
of

Nﬂono,max

olyp — foX) < =12.4nb, (6.16)

(0% Ff2*>7'r07r0 ﬁj:'y/e

where a = 6.6 % is the total acceptance, I's,_, 000 = %84.6 % is the ratio for an fy to
decay into two neutral pions, £ = 5.41 pb~! is the integrated luminosity collected by
subtrigger S50 in 1996 and F,,, = 1.36 - 1072 is the integrated photon flux. This limit on
the cross section is to be compared with the value given for the production of fs-mesons
in [44] which is 21 nb.

6.6 Systematics

The systematic uncertainty needed to evaluate the confidence belt in the previous section
is determined similarly as for the w.

The checks for model dependences i.e. reweighting of the ¢- and cos¥* distribution of the
signal Monte Carlo were not done, since for the determination of the limit (6.15) the model
does not enter. But in addition the dependence on the width of the mass window was
examined explicitely As in the corresponding section of the w-chapter the variations were
applied to data and Monte Carlo equally, and from the respective number of events inside
the fo-window the mean value and the root mean squared is given in the rows for the
classes (1) — (4) for data and the background assumed.
Data Bgd-MC
(1) Varying cuts (v, m’-definition, etc.) 22.4+5.0 19.7+5.6
(2) Varying the energy scales of the SpaCal and the electron 22.6+1.0 18.24+1.0
tagger within the values quoted for absolute calibration

(3) Using different parameterisation for the trigger simulation — 17.9£0.8
and the acceptance of the electron tagger.

(4) Varying the bounds of the mass window alone 24.7£6.0 19.9+5.5
mean and RMS of (1) — (4) 22.94+5.0 19.445.1
RMS/mean 21.7 % 26.2 %

23.9%

For item (1) the cuts defining the photon- and pion-candidates were changed, and the
window in ¥ used to select exclusive events was varied.

To estimate the uncertainty of the absolute energy-scales of the SpaCal and the electron
tagger in (2), the energies were varied by +4 % and £2 %, respectively.

Item (3) examines the uncertainty due to the parametrisation of the trigger efficiency and
the electron tagger and thus affects only the Monte Carlo samples. The parametrisations
are the same as in section 5.6.

In (4) explicitely the dependence on the width of the mass window is tested.

Using the ratio of the root mean square and the mean value for all the changes applied,
one obtains a relative systematic uncertainty of

Ooyst = 23.9% , (6.17)



6.7. Summary 99

combining data the background Monte Carlo. As in chapter 5 the background due to
beam-gas interactions is negligible. The arguments follow the same lines with the same
result as in section 5.1.1

6.7 Summary

In this chapter an attempt to find exclusive fo-mesons in photoproduction with a mean
photon-proton centre of mass energy of 200 GeV has been presented. This attempt failed
in the sense that no signal of the expected magnitude has been observed and a limit on
the cross section has been given instead on a 95 % confidence level including systematic
uncertainties. Table 6.3 summarises the number of events for exclusive di-pion systems

N o(yp = f2X) [nb]

data-background 4 2.9
95% limit 17 12.4
SVM 28 20.4

Table 6.3: Summary of event numbers and cross sections for ex-
clusive fa-photoproduction: The first column gives the “method” used to
extract the values given in the second and third column, respectively. The sec-
ond column gives the event-numbers and the third column the cross section
obtained therewith.

with masses in the fs region and cross sections for fo photoproduction assuming that all
pion-pairs stem from fo decays. In the first row directly the difference of events observed
and expected from background Monte Carlo is used, the second row gives the respective
upper limit on the maximum compatible value with a probability of 95 %. The last row
are the values expected from the fo as predicted by OIP1uMrepresenting the expectation
if the SVM.
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Figure 6.9: Acceptances for the fo (I): The panels on the left show dis-
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Figure 6.10: Acceptances for the fo (II): The figure shows the same as
in figure 6.9 but for the momentum transfer squared at the proton vertex |t|
and the decay angular distributions cos 9* and |p*|.



102

Chapter 6. Exclusive fo Photoproduction at HERA

m,,. [GeV]

M, [GeV]

E,,.[GeV]

Zrec [Ge V]

2.2r Mean x = 1.239 jae) F Mean = 0.0242
F Meany = 1.208 < 1400 RMS = 0.07065
2k S F
o RMS x = 0.1755 J o
18-_ RMSy =0.1893 n 1200-
O = -~ -
E § [
1.6 [
E $ 1000
1.4 [
1.2 800:—
1 600
0.8 F
F 400
0.6 o
0.4F 2001
0":"'"""""""""""""""""" | PR i I B A
92 04 06 08 1 12 14 16 18 2 22 05 -04 -03 -02 -01 -0 01 02 03 04 05
b) Am/m,,,
2.2 e 2000[ Mean = 0.01986
21_ g 1800:— RMS = 0.0546
E ~ E
1.8 & 1600
E N o
1.6 S 1400
o S o
1.4 1200~
1.2 1000
1= 800
0.8 600}
0.6 400F
0.4F 200
OB b M T TN T I T
0.2 14 16 18 2 22 05 -04 -03 02 01 -0 01 02 03 04 05
C) m,, [GeV] d) Am/mgm
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show the correlations of reconstructed quantities with their generated values.
The right hand side panels show the relative resolutions. In parts a)+b) one
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Chapter 7

Summary, Conclusions and
Perspectives

In the previous two chapters analyses have been presented in which two aspects of soft
strong interactions have been studied at photon-proton-centre of mass energies around 200
GeV and vanishingly small photon virtualities. The measurements of the cross section and
the slope are the first ones performed for the w-meson at these energies.

The first analysis presented deals with the elastic photoproduction of w-mesons. In this
case the hadronic process is thought to be mediated by the exchange of a Pomeron which
couples to the hadronically interacting photon. The values obtained for the cross section
and the diffractive slope of o(yp — wp) = (1.3 £ 0.2(stat) & 0.2(syst)) ub and b = (10.7 +
1.1(stat) & 2.0(syst)) GeV 2, respectively, are in good agreement with what one expects
from Regge theory as shown in figure 5.15. The differential cross section shown in figure
5.12 is compared to a prediction of the Stochastic Vacuum Model (SVM) for the p’-meson
scaled by a factor 2/9. The agreement is quite satisfactory and demonstrates again that
the SVM is indeed capable to describe soft hadronic interactions. The decay angular
distributions have been found in accordance with s-channel helicity conserving decays of a
vector particle into another vector particle and a scalar. To analyse these distributions a
simple approach for real photons has been pursued, since for Q% < 0.01 GeV? this is still
a very good approximation. This approach predicts a quadratic dependence on cos¥*,
namely do/dcosd* o 1 + cos?9*, and a flat behaviour in ¢*: do/dyp* = const. Both
expectations valid for real photons in the absence of s-channel helicity violating matrix
elements have been confirmed.

This first part has nicely confirmed Regge theory and the notion of the (soft) Pomeron
as tools to describe soft hadronic interactions at high energies. And in addition the hy-
potheses of quark additivity and vector meson dominance that have been used to calculate
the Regge-expectation for meson photoproduction are also supported a posteriori by this
measurement through its success. This analysis has not the lever arm to shed light on the
nature of the Pomeron or to distinguish between models, since to do this both the cross
section and the slope ought to be measured as functions of W and Q2.

Another way to gain some more insight in the Pomeron would be to measure the cross sec-
tion at larger |¢|, since there a deviation from the simple exponential decrease is expected,
but due to lack of statistics at |[t| > 0.5 GeV? this has not been possible.

What came to some surprise in [2] was the observation of a strong wr® exclusive final
state at (W) = 200 GeV, that can be described nicely with a diffractively produced by
together with some non-resonant wm® production. The cross section was found to be
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o(yp = wr®X) = (1.07 £ 0.2(stat) 4 0.02(syst)) ub. Although it has not been possible to
confirm strictly that the signal is due to the presence of a by as due to the limited acceptance
in | cos ¥*| = 1 a spin-parity analysis has not been performed. But measurements at lower
energies [58, 59] reporting a dominant b; contribution in wr’-photoproduction, indicate
that a sizeable b; contribution is also to be expected at HERA. If the dominance of the
b1 can be confirmed this will pose a challenge to some of the Pomeron models, where
the coupling of the Pomeron is assumed to be photon-like; but diffractive production of a
L P -state from 3 is hardly or not all possible.

A further approach to test Pomeron models would be to go to ultra-high energies, since
only at very high energies the various models fitted to low and medium energy data start
to become significantly different. This is exemplified in appendix A, where three models
are compared and fitted to data. In addition a single constant is fitted successfully for
W > 10 GeV, which is compatible with constant cross section for the energies available
so far. But even at energies that may be achieved at THERA! where electrons of energies
of E, = 250, 400 or 800 GeV from the TESLA machine are brought to collision with
protons of £, = 920 GeV from HERA, we are far from “asymtotia”, as the photon proton
centre of mass energies for y = 0.5 are, respectively W = 480, 606 and 860 GeV, and the
gain in lever arm will not be sufficient to favour or disfavour any of the models on the
basis of diffractive vector meson photoproduction. The energy range where this lever arm
may be reached is beyond 10% GeV, which is hardly foreseeable to be realised in a collider
experiment. And the only sources that may serve as a sufficient high energetic beam, are
cosmic rays with maximum energies as high as 10'' GeV/nucleus. Utilising cosmic ray
photons with E, ~ 10'% GeV in a fixed target experiment would give rise to a centre of
mass energy of W ~ 1.5-10° GeV for a proton target. But the “luminosity” expected for
this kind of experiment is really prohibitive.

The second analysis is concerned with the search for the production of fs-mesons in the
same kinematical regime as the w-meson, but here the interaction is assumed to be due
to the exchange of an Odderon, that couples to the quarks “inside” the photon. But
in contrast to the w it has not been possible to measure a cross section, but only an
upper limit of o(yp — f2X) < 12.2 nb at a confidence level of 95 % has been given,
that seems to rule out the prediction of the SVM of 21 nb. But one has to bear in mind
that the cross sections quoted in [43] and [44] have an uncertainty of a factor of two, and
for an expectation of %21 nb the model is no longer ruled out. But this argument does
not hold for other channels that have been analysed, namely the exclusive production
of m-mesons [1, 3] and the iso-vector a3 [2] have also been investigated, and in these
channels the findings are very clear: The mass spectra observed are fully compatible with
the background and the limits derived are given and compared to the predictions of the
SVM in table 7.1 together with the limit derived in this work. Two remarks have to be
made on the 7¥ values: first, the SVM value is the cross section for the t-region accessible
by the experiment and second, in contrast to the publication an intercept of exactly one
has been assumed leading to a constant cross section. And here a factor of two cannot
save the model prediction.

And second, an argument one may object against this model uncertainty of a factor two
is, that in other applications of the SVM the agreement of the model with the data is
remarkably good, as shown in figure 5.12 or for example the p’-electroproduction and
J/1p-photoproduction [73]2. Further examples where the SVM works well are ~(*)~(*)-
reactions [74]: the modified structure function Fy of real photons and the total cross

'acronym for TESLA xHERA
2The mismatch in the case of the ¢ is attributed to wave-function effects.
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channel limits SVM
(all values in nb)

vp — foX 12 21
vp — 7ON* 38 200
vp— a3 X 62 190

Table 7.1: Comparison of limits on Odderon induced contributions
to theory: The results of the analyses on exclusive pion production [3, 1] and
exclusive ag-production [2] are compared to the predictions of the SVM.

section for real photons are both very well described by the model, or in the case of vp
scattering a variant of the model can nicely describe the energy- and Q?-dependence of
elastic vector meson production and the proton structure function F» [75].

Another delicate question concerns the energy dependence of the cross section, although
the model — as it is — has no energy dependence i.e. corresponds to a trajectory with
unit-intercept, in a wide range of applications, e.g. [74, 75, 76, 77, 78] and [43] the model
cross section is modified to rise with W like (W/Wy)?¢, where € = «(0) — 1, since — it is
argued — the size of the dipole rises with W. If that were true, the size of the dipoles
in Odderon induced reactions should increase in the same way as for Pomeron induced
processes or yp interactions in general, and thus also their cross section should rise with
energy.

In turn the limits given in table 7.1 can be used to gain some information of the intercept

0-a(3)

for €, where og is the SVM cross section at sp = (20 GeV)? and o(s) is the limit on the
cross section measured at s = W2. The results for the three channels are given in table
7.2. These limits lend support to the statement given in [79], where it is claimed that the

by solving

f2 T aj

e < —012 —-035 —-0.24

Table 7.2: Limits on the Odderon intercept: Upper limits on e¢p =
ap(0) — 1 derived from the limits on the cross sections for the exclusive pro-
duction of fo- 7°- and a3-mesons.

Odderon intercept should be very small, ap(0) = —1.6 based on calculations in the very
same model dealing with glueball masses that were found to be in gross accordance with
lattice calculations. The reason for the low intercept would be the analogy of a three-gluon
system with a baryon, i.e. gg <+ q¢ and ggg < qqq, having in mind that the meson- and
baryon trajectories are parallel (as are the Pomeron- and the Odderon trajectories) but
with largely differing intercepts.

A completely different argument that has been given [80] to explain the absence of the
pion is due to its Goldstone boson nature. If the pion were the Goldstone boson of chiral
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symmetry, this would imply that the quark model used to construct the pion wave function
would not be applicable and the calculation were based on partially wrong assumptions.

A different model for the Odderon [81] was tested in [82] but as the cross section predicted
for 70-, - and 7’-photoproduction are in the range of 50 — 120 pb, only limits on the
cross section could be given. The limits on the cross sections on a 90 % confidence level
for n- and 1’ are compared in table 7.3 with the expectations given in [81] for different
Odderon couplings ¢p. A vanishing value of ¢p implies no Odderon contribution at all and
corresponds to the pure ~yy-process, while for finite values this parameter expresses the
Odderon coupling in terms of the Pomeron coupling multiplied by a phase-factor. A nice

limit ¢ =0 cp=-0.05 ¢cp=0.05
(all values in pb)
n 171 564 73 55
n 79 83.6 92 80

Table 7.3: Limits on other Odderon induced processes: Limits on the
exclusive production of n and n'-mesons obtained in [82] are compared to model
predictions [81] for three values of the Odderon coupling cg.

feature of this particular model is the fact that the cross section is calculated directly as the
square of the sum of the two contributing yy- and y@-amplitudes and thus automatically
includes the interference that manifests for negative ¢p as a dip in the p | -distribution,
and given a signal of any of the pseudoscalar mesons with enough statistics would allow
for a clear statement.

From the above findings one can draw two conclusions: (1) The Odderon does not couple
(or only weakly) to the the above mesons (or to the proton) at all, or (2) the intercept
is too small to see contributions at high energies with the accuracy of the analyses that
have been carried out so far. In order to settle this point, one would have to increase
statistics which should not be a problem with the advent of HERA II. The magnitude of
the Odderon intercept could be measured if successful measurements were carried out at
lower energies. This option is feasible in the future as well, in two ways. If the electron is
not tagged, one has photon proton centre of mass energies in the range of 40 to 90 GeV;
or if the electron is tagged in the 44-m electron tagger, W will be in the range from 46 to
150 GeV. This latter option is in principle the better one, since the range covered in W
is larger and it is possible to keep the cut on ¥ to select exclusive events easily, but the
acceptance of this detector has been rather poor in the last years, so this detector would
need significant improvement before it may be used for a high statistics analysis.

Again, as for the vector mesons the THERA option of the TESLA accelerator could be
awaited, but if the Odderon intercept really lies below unity, this may turn out as a dead
end. On the other hand for the relativistic heavy ion collider (RHIC) it is discussed to
replace one gold-beam with a proton-beam. And operated in a mode were the particles
do not collide but pass each other at impact parameters of about one nuclear radius, the
gold-nuclei serve as a high intensity source of photons which subsequently may interact
hadronically with a proton, in the same way as it occurs at HERA. Processes of this
kind have already been observed by the STAR-Collaboration [83], namely diffractive p°-
production. Assuming that the photon proton centre of mass energy may be calculate
analogously as in ep-scattering, one has for y = 0.5 centre of mass energies of W = 8 GeV
for nucleon nucleon centre of mass energies of \/syy = 130 GeV. So one would go back to
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fixed target energies with a high intensity “photon-beam”. In this energy range already a
number of experiments have been carried out, so that this option cannot be regarded as a
most promising one to gain new insight concerning the Odderon problem.

One could go even one step further and install a complete new experiment in the HERA
tunnel. This hypothetical experiment would be mounted with an array of detectors to
detect the scattered electron to provide the largest possible coverage in W. And keeping
the strategy of purely photonic final states, one would build the calorimeter to detect the
photons at a rather large distance from the interaction point, minimising the error induced
by the lack of tracks needed to reconstruct the interaction point. And a larger distance
simultaneously increases the angular acceptance that may eventually allow for spin parity
analyses on more solid grounds.

Having gone through the experimental programme suggested above, be it an extended
version of the analysis presented in this thesis or the ones presented in [1] and [2] with
larger statistics and W range, or, be it the proposed experiment, one should finally be
able to confirm or reject one of the above statements, whether the Odderon couples at all
or whether the intercept is small. Any outcome is interesting by itself and will hopefully
trigger further interest and discussion.

Assuming for the moment, it turns out that the Odderon does not couple at all in soft
processes, then the following question arises immediately: Why is there a Pomeron in
both soft and hard processes but the Odderon appears only in hard processes? Since
in perturbative QCD the two-gluon exchange and the three-gluon exchange appear on
equal footing. And the Odderon is needed to reproduce the angular distributions in the
dip-region and at large |¢| [84] in pp and pp scattering. And it turns out that in all®
perturbative calculations the intercept of the Odderon turns out to be close to unity
[85, 86, 87]. Though also the intercept calculated for the so-called BFKL-Pomeron shrinks
from ~ 1.4 down to 1.09 when going from a hard regime to soft scattering, it appears
not particular likely that a shrinkage — if present — should be that strong to push the
intercept of the Odderon below a value out of experimental vicinity. If that were the
case the notion of the Odderon as “leading trajectory with C = —1” would be no longer
appropriate, since for ap(0) < 0.5 the leading trajectory with C' = —1 would be the w.
In this context, further experimental verification of the perturbative Odderon is urgently
needed, and there is a number of publications [88, 89, 90, 91] dealing with the exclusive
production of mesons in a perturbative regime. In most of these publications the hard
scale is provided by the mass of the charm quark in the case of the 7.. But some present
calculations for light mesons in particular for the 7%, n, fo and the a3 but with the hard
scale provided by the momentum transfer, either Q2 or ¢ larger than a few GeV2. The
cross section reported there range from ~ 1 — 100 pb, but hope is uttered that due to
corrections at NLO large corrections are to be applied, giving rise to a factor of 4 — 5,
similar to the NLO-correction in the BFKL-case, though there, the corrections turned out
to be negative.

So, if the Odderon will not be found, or even proven not to exist, QCD owes an explanation.
But on the other hand, if it is finally found, the community will lean back with relief and
say “So, what? We all knew it has to be there.”

3at least to the knowledge of the author
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Appendix A

Cross Sections and the Pomeron:

Simple Pole versus Untitarised
Models

A brief review of the three approaches presented in [34] is given, concentrating on total
cross sections and their application to vector meson-photoproduction.

Total hadron hadron cross section may be equally well parametrised by the following

formula!:
(=)

UtftB = af‘B + Y_[_L‘Bs_rH FYABs™- (A.1)
with
XAB g€ i=0 IP as asimple pole (RRP)
al'B =< NP A+ Bln(s/so)] i=1 (RRL) (A.2)

ABIA+Bln®(s/so)]  i=2 IP fully unitarised (RRL2)

The parameter \*Z in the above equation is a measure of the interaction in terms of
the pp-cross section and quantifies to some extend the quality of the additive quark model
(AQM), that states, that the meson-proton cross section should roughly scale with proton-
proton cross section like the number of quarks involved oy /ot% = 2/3. This assumption
is found to be nicely confirmed in [34].

Applying,
0 1 + -
of P ofh =~ 3 (afotp + Ufotp) and (A.3)
K+ K- -
Uﬁﬁ R Oir |+ 0| Ol (A.4)

one obtains the respective parameters for X"? and Yiv P for the photoproduction case.
These relations for hp — Vp are given in table A.1. In table A.2 one finds the numerical
values for the three models RRP, RRL and RRL2, respectively.

Using equation (1.76) together with the parameters of table 1.3, the models can be fitted
to data: Table A.3 lists the values one obtains when the parameters X"? and Yin are
fitted for W > 5 GeV shown in the left part and for W > 3 GeV in the right. According
to equation A.3 Yfp for both the p° and the w were fixed to zero. If this constraint is
dropped, the fit does not improve significantly but the values found have that large errors

!The respective real parts of the scattering amplitudes are given in [34].
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P’ (w) ¢
X X™ 9oXxKp_ xmp
K
Yy Y[P 2y Py
Y. 0 —Y™

Table A.1: From hp — Vp-scattering: The table list the conversion rules
for hp — Vp-scattering. A may be obtained by the replacement X — .

P’ (w) ¢
RRP
X [mb] 12.08+0.29  9.44+0.54
Y, [mb] 2624074  1.96+1.36

Y_ [mb] 0 —7.63£0.72
RRL

A 0.68 £ 0.01 0.60 £ 0.01

Y, [mb] 61.2+2.4 38.2+54

Y_ [mb] 0 —5.84+0.2
RRL2

A 0.64+0.01 0.51£0.01

Y, [mb] 21.2+0.6 —22+1.6

Y_ [mb] 0 —-7.5+£0.7

using AQM

Table A.2: Summary of model parameters: The parameters are obtained
by applying the additive quark model to parameters fitted in [34] in hadron-
hadron scattering for three parametrisations for the total cross section.



(b)) A2H € < M pup (1fa]) A2H ¢ < M

ypum $31f aof suosouwr 403990 Jybi 294y} oY) Lof FTYY Puv THY ‘dyY S)opout

ayp fo sanjpa Y[

:s19jowresed [opowr pajjy Jo Arewwing €'V O[qel

0

p w ¢ | P’ w ¢

RRP

X [mb] 1293+£051 11.74£2.07 921+0.61 | 1257039 10.67+0.98  8.36+0.24

Y, [mb] 27.9453  27.34+219 0+87.2 | 324+17  41.3+3.6 0+11.1

Y_ [mb] 0 0 ~20.6+14.4 0 0 0.65 £ 2.70
RRL

) 0.71+£0.04 064+0.15 050+£0.18 | 0.70£0.03 0.54+0.09  0.59 = 0.10

Y, [mb] 65.1+1.6  60.6+£44  43.6+139 | 656208  63.8+£21 334435

Y. [mb] 0 0 —52.4+65.4 0 0 ~3.0+13.6
RRL2

) 0.69+0.03 062+011 050+£0.17 | 0.67+0.02 0.56+0.05 0.53+0.07

Y, [mb] 217452  21.6+£22.2 414839 | 266+18  362+39 —28.7+23.3

Y. [mb] 0 0 —20.04+163.4 0 0 ~35.4+32.4

fitted for W > 5 GeV

fitted for W > 3 GeV

€11
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that they are essentially undetermined. This is also visible for the ¢ where there has no
such constraint been imposed. This can partly be cured by lowering the lower limit of the
fit, as has been done successfully by Wy, =5 GeV — 3 GeV.

It has to be noted that the point of the w at W = 200 GeV has not been included in the
fit.

Concluding, one may remark, that the additive quark model works rather fine and the
deviations one obtains by fitting the model parameters does not change them compared
to the simple assumptions in equations (A.3) and (A.4).
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Appendix B

Cross Sections in a Dipole Model

To evaluate cross sections in a dipole model, one needs the wave functions of the initial
and final states. If one is only interested in the total yp cross section the square of the
photon wave function is sufficient, and in leading order it is given by [38]

3a _
|¢Ay7T(2:,7")|2 = 12 eg [(z2 + 22)6?K12(6q7") + mgKg(eqr)] (B.1)
3a _
[y (z,m))* = WZ@Z [4Q°2*Z° K5 (eqr)] (B.2)
q

where the sum runs over the light quark flavours u,d, s with charges e, and masses m,,
the momentum fraction of the anti-quark is Z = 1 —z and Ky(z), K (z) are the McDonald-
Bessel functions. The quantity ¢, = 2z + mg plays the role of an energy.

For vector meson production the corresponding meson wave function in the final state
is needed. In [40] a model for the vector meson wave functions is presented. The z-
dependence is modelled according to a Wirbel-Stech-Bauer ansatz [92], and in r a Gaussian
behaviour for a harmonic oscillator is assumed. The product w;r/q,b% » can be written in the
factorised form

Pl (2 )Py (2,7) = e fun(2)gva (r)hva(z, ) (B.3)

where vy is related to the photon-meson coupling f‘2/ /4m via vy = my / fy and with

2
fualz) = Niavazexp [—1%@ - 1/2)2] (B.4)
Wy )
gva(r) = exp [—%MQMTQ] (B.5)
—2(22)2QKy(er) for \=1L1
halzr) = ML [w%/’/\er(ZQ + 2K (er) + m*Ko(er)] for A =T (B.6)
v

The oscillator frequencies wy,y and the normalisations Ny, are calculated, solving the
following set of coupled equations:

- M d 2 v B.7
o = ot | [aexna ) ) B7)
1 = Ay / dz fya(2)7va(?) (B.8)
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where fy,)(2) is the same as in equation (B.4), defining fv7 A(2) and the auxiliary functions
xva(2), xva(2):

foalz) = Nvafua(z)

2252 for \=1L
= 22 4+ 2w . 4+ m?
xva(2) ( ) ;/,T for A — T
My,
2z for \=1L
xva(z) = (22 + 22)wip + gm?
’ — for \=T
zzMV

The resulting frequencies and normalisations are listed in table B.1.

V(My) ey vw o wyr Nyvp wyr Nyr
[GeV] [MeV] [GeV] [GeV]
p(770) 1/v/2 153 0.33  4.477 0.21 4.865
w(782) 1/3v2 458 0.30 4.546 0.21 4.854
$(1019) 1/3 79.1  0.37 4.587 0.27 5.703

J/1(3097) 2/3 270  0.68 5.127  0.57 2915

Table B.1: Parameters for the vector meson wave functions.

B.1 The Dipole Cross Section of Forshaw et al.

The specific model utilised here is the model of Forshaw et al. [38], where HERA photo-
and electroproduction (Q? > 0) data were fitted to fix the model parameters. The model
itself is given by

&(Sv ’)") = &soft(sa 'r) + &hard(sa 'r) (B'g)

with

. 1 2 \As
Osots(5,7) = ag <1 1 T (a{r+a§r2)2> (r”s)

(B.10)
Orara(s,7) = (afr +abr® +alr®) (1) e
(B.11)

where G401 (s, 7) describes the soft interaction at high energies (i.e. photoproduction) and
Ohard(8,7) the high-energy electroproduction data. Both the soft and hard components
are to be convoluted with photon wave functions to obtain the total yp-cross section. In
addition to this high energy part a Reggeon component is added to accommodate the rise
of the cross section at low energies. The parameters found in [38] are listed in table B.2.

For the evaluation of the vector meson cross sections only equations (B.10) and (B.11)
were used and the Reggeon part was thus neglected. The comparision of the total yp-cross
section and the elastic vector meson cross sections with data is shown in figure 1.12.
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soft hard auxiliary
aj  30.05(fixed) af  0.99+£0.07 B 6.4+2.40
al 0.124£0.01  a? 0.740.1 ¢z 0.20540.004
a3 —0.202+£0.005 af —6.23+0.08 R  6.4640.03
Xs  0.06(fixed) A, 0.386£0.005 m?  0.08(fixed)
v —4.36+0.02

Table B.2: Fit parameters: Given are the paramters fitted to HERA photo
and electroproduction data. (Taken from [38])
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Appendix C

Decay Angular Distributions

When studing decay angular distributions, one usually starts with the incoming photon
expressed in terms of the spin density matrix pyy. The spin density matrix is related with
the lepton tensor L, introduced in equation (1.12) via a change of coordinates: L,, —
o () = ehesr Ly, with the polarisation vectors of equation (1.29). If the interaction
leading to the final state meson (either vector meson (V') or tensor meson (7)) is expressed
by the amplitude A, the corresponding spin density matrix is given by

p(M) o< Ap(v)AT. (C.1)

Let D denote the operator describing the decay, then the decay angular distribution is
given as the expectation value of D:

(AY =W = Tep(M)D. (C.2)

As well as the photon, both the density matrix and the decay operator are naturally
expressed in terms of helicities:

p(M) = pag(M) and D = Dgg, (C.3)

where the helicity indices a and § may take values of —J,—J + 1,...,J where .J is the
spin of a state decaying into two particles with helicities Ay and Ao. As already mentioned
above the results of the measurement are given in terms of! ¢ and ¢, so a transformation
from the helicity base to a base of the observables is needed. This transformation is given
by the Wigner rotation functions [93, 94]:

20 +2 Y a, [Tr (A1, Xo) e i@=Bedl  (9)d], (9)
4 Z,\l,\2 |TJ(>‘13)‘2)|2 ’

with A = A\{ — Ay. The decay matrix and the spin density matrix are both hermitian

Dog — Dag(9, ) = (C.4)

pas = Pla and  Dag = Dj, (C.5)
and obey the following symmetry relations
poa-p=(=1)"Ppag and D_, 5= (-1)*"Djs, (C.6)

reducing the number of independent matrix elements significantly. The functions T'7(A1, A2)
are given in table C.1. For a precise and thorough discussion the reader is referred to [94].
The Wigner functions di A () can be read off the tables given in [32] or [94], respectively.

!The superscripts ‘*’ to indicate the hadronic centre of mass frame are dropped here, as there is danger
of mixing coordinate systems.
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Decay Ty (A1, A2)
0F =500 Gy
1= =00 /1/32Gp
2t 070" /2/15 4Gyp?
3t =070~ /1/70 16G3p®
00 = 1717 dy A gpV/s
1T = 1707 /1/3 \igpV/s
2t 51707 /1/10 A\igp®\/5
1= 535 —e/V32(midan, + /5/2002)

Table C.1: Decay factors: T (), \2) for various decays (taken from [94]).

C.1 The Decay w — w0~

For this decay the sixth row of table C.1 is needed to get T (A1, A2). Identifying particle
1 with the photon and particle 2 with the pion, yields Ay = +1 and A2 = 0. Assuming
VMD the spin density matrix of the w-meson is diagonal p(w) = diag(p+1+1, P00, P+1+1)
and according to s-channel helicity conservation equals the photon spin density matrix.
Therefore only the diagonal elements of the decay matrix D,, are needed. According to
table C.1 T)y(A1\2) is proportional to Ay and thus vanishes for Ay = 0 and further as only
the squares are involved |T7(+1)? = |T1(—1)|>. Thus in equation (C.4) only two terms
contribute, and one finds

3
Daa(¥,9) = o= (do1 (9)* + doy (9)%)
= %diag (1+ cos? ), 2sin? 9, (1 4 cos? 9)) (C.7)
T

where in the last step the explicite expressions for the d-functions were inserted. The
decay angular distribution is thus given by

W (0, p) = %[pﬂﬂ(l + cos? ) 4 poo sin® 9] (C.8)
For photoproduction, where the photons are nearly on-shell one expects longitudinal pho-
tons to contribute only marginally, i.e. ppg — 0 in the limit Q% — 0. From equation (C.8)
follows in particular that there is no dependence on the azimuthal angle to be expected in
the case of s-channel helicity conservation. This may occur if the photon-meson transition
contains off-diagonal elements.

C.2 The Decay f, — 7wn°

According to [44] the fo is produced predominantly with helicities A = £2. This means
for the density matrix p(f2) that all matrix elements vanish except for piai2(f2) and
p—2-2(f2). Thus for the trace only the corresponding decay matrix elements Do, 9 and
D_5_5 are needed.
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For the decay into spinless particles equation (C.4) simplifies to

5 —i(a—
Dap(d, ) = e D0, (9)d, (9)

= Y (9,9)"Y5(9,9) (C.9)

For the decay angular distribution only the case a = 8 = 2 is needed: YZ(9,¢p) =
V/15/327 sin? 9e%%, and thus
75

Dyota(d,9) = D_a—s(d, ) = 1282 sin® o). (C.10)

Consequently, the decay angular distribution is given by

75 .
W (0, ) = o 5p+2+2 sin* 4, (C.11)

where pyo49 = p_2_o was used.
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