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Abstract

A new measurement is presented, using the H1 detector, of the differential cross section
M% do/dM% for the process vp — XY, with a large rapidity gap between the sys-
tems X and Y and with Y a proton or a low mass proton excitation, at three centre
of mass energies (W) = 91, 187 and 231 GeV. The slope parameter a.rs(0) obtained
from a single Regge type parameterization with a single effective trajectory is presented
as a function of M%. A combined triple Regge fit is performed over these data together
with leading proton data from the same experiment and lower energy fixed target data.
The pomeron intercept agp(0) is extracted from this fit and was found to be ap(0)=
1.12740.004(stat)£0.025(syst)£0.046(mod). The extracted triple Regge couplings are com-
pared with those obtained from pp-data and found to be in reasonable agreement. Diffrac-
tive data like £, FLIP and FLY were compared in the deep inelastic region with a triple
Regge model, using either the triple Regge couplings extracted from the combined triple
Regge fit or using the triple Regge couplings which were determined from pp data. A
reasonable description of the data at low Q2 and high M is found for both methods.
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data, "ZFEUS leading” proton indicates that the fit is performed over RG,
ZEUS LPS and FT data. The statistical, systematical and model uncertain-
ties are given together with the values obtained from a similar triple Regge

fit performed on RG obtained in 1994 and the same FT data as before. The

. 107

triple Regge couplings are expressed in pb/GeV*. . . . . . . . .. .. ... ..

Obtained wvalues for the triple Regge couplings and the pomeron intercept
ap(0) from a combined triple Regge fit over RG and FT. No leading proton

data were used. The couplings Grrpp and Grr were constrained to be positive.114

Obtained values for the triple Regge couplings, the pomeron intercept ap(0)
and the isospin parameter R from a combined triple Regge fit over RG, FPS
((W)=187 GeV only) and FT. The FPS at (W)= 91 and 231 GeV were not

used. The fit constrained G, to be positive. . . . . . . . . ... ... ...



Chapter 1

Introduction

The data analysed in this thesis has been collected at HERA, which is the world’s first
electron-proton collider situated near to Hamburg, Germany. The large centre of mass
energy (1/s &~ 300 GeV) obtained by colliding electrons of 27.5 GeV on 820 GeV protons,
allows to explore new regions, where particles with masses up to 300 GeV can be produced,
where the structure of the proton can be studied with a resolving power varying over 5
orders of magnitude down to dimensions of 107'® m and where partons with very small
fractional proton momenta (Bjorken-z down to 107%) become experimentally accessible.

The H1 and ZEUS experiments, both consisting of multipurpose detectors, installed
respectively around the northern and southern interaction point of HERA, observed in
1993 a large number of events in which in a large interval in rapidity no final state particles
were observed. These events, nowadays known as rapidity gap events, are interpreted as
diffractive events resulting from the exchange of a colorless object called the pomeron. Since
their observation, rapidity gap events have been extensively studied. In particular, because
the large 2% photons available at HERA allow to investigate the internal structure of the
pomeron.

In the present analysis, rapidity gap events are studied using the process ep — Xp,
where X represents the photon dissociation system. The process will be analysed in the
photoproduction limit where the photon’s momentum transfer > — 0, i.e. the photon
is quasi-real. In particular the differential cross section M% do/dM?% is measured and
subjected to a triple Regge analysis in which also data from fixed target experiments and
leading proton data are considered. The results of this analysis are then also extrapolated
to the deep inelastic region to investigate where the transition between the soft and hard
processes takes place.

The structure of the thesis is as follows: Chapter 2 introduces the main feature of
lepton-nucleon scattering going over the deep inelastic diffractive scattering, towards the
topic of this thesis, diffractive scattering in photoproduction. Here the triple Regge theory
is introduced and a summary of existing analysis in this domain is reviewed stressing those
measurements which will be used in either the triple Regge analysis or in comparisons made
in chapter 6. Chapter 3 reviews the main layout of the HERA accelerator and introduces



the pilot bunch concept. Also the main H1 detector components are briefly described, with
emphasis on those which are of particular importance in this analysis. Chapter 4 treats the
subject of background identification, data selection and mass reconstruction. Chapter 5
describes the extraction of the differential cross section, M% do(yp — XY)/dM?%. In chap-
ter 6, the results obtained in chapter 5 together with earlier diffractive data are subjected
to a triple Regge analysis. These results are then extrapolated to the deep inelastic regime.




Chapter 2

Theoretical introduction

The HERA physics program to date has primarily focused on testing our understanding of
the strong force. Measurements have been performed in kinematic regions where pertur-
bative QCD calculations are accurate, as well as in regions where no hard scale is present
and non-perturbative processes dominate. In the following section, the structure of the
proton and the measurement of the proton structure function will be briefly reviewed. Sub-
sequently the concept of structure functions in deep inelastic diffractive scattering will be
schematically outlined. Then the framework in which soft diffractive processes are consid-
ered, i.e. the triple Regge formalism, constituting the theoretical framework in the analysis
of this thesis, will be treated in detail. As the roots of this theory date back to the late
sixties, the triple Regge formalism has been applied to several diffractive final states in yp-
and pp-experiments in the past. These results will be reviewed at the end of this section
with emphasis on those obtained at the HERA experiment.

2.1 Lepton-nucleon scattering

In the most general case the lepton-nucleon interaction proceeds via the exchange of a
virtual vector boson as depicted in figure 2.1. Since the lepton number has to be conserved,
we expect the presence of a scattered lepton in the final state, while the nucleon fragments
into a hadronic final state X. The interaction is called inelastic when a quark is knocked
out of the proton, and the proton is broken up. It is called deep when the proton is probed
with a gauge boson which resolves small distance scales.

The following four Lorentz invariant variables are most commonly used to describe the
lepton nucleon scattering:

s = (k+P)?
Q= —¢*=—-(k—Fk),
2
r = ¢ ,
2P.q
_ ¢r
vy = %pr



Figure 2.1: Schematic diagram describing inelastic lepton-nucleon scattering. The four-
vectors of the particles, or system of particles, are given in parentheses.

where the four-vectors of the initial and final lepton, of the incoming nucleon, and of the
outgoing hadronic system, are represented by k, k', P and P’ respectively. The variable s
is the centre of mass energy squared with /s =~ 300 GeV at HERA!. Because of the large
value of s at HERA, photons with a virtuality Q% ~ 10* GeV? can be produced, resolving
sizes as small as ~ 107!8 m. In the proton rest frame the expression for y reduces to

El’
E’

y=1— (2.1)
where E,, E; are the energies of the scattered lepton and incoming lepton, respectively.
In this frame the dimensionless variable y is a measure of the fraction of the incident
electron energy which enters the interaction. In the parton model the Bjorken variable x
can be interpreted as the fraction of the proton momentum carried by the massless struck
quark. At fixed centre of mass energy +/s, only two of these four variables (z,y, s, @?) are
independent due to energy momentum conservation. When the electron and proton are
assumed to be massless the relation between them is:

Q* = 2ys. (2.2)

In addition W is defined as the centre of mass energy of the exchanged boson and the
incoming proton

W?=(q+P) ~ ys—Q
1
~ (5 - 1) (2.3)

' This is for 27.5 GeV incident electrons or protons and 820 GeV protons.




2.2 Proton structure function

Most generally, the cross section of unpolarized ep-scattering is written as a tensor product
made up of a leptonic and a hadronic part, o ~ L, W#”, where W#" represents the hadronic
tensor, which parameterizes the interaction occurring between the exchanged boson and the
proton. Consideration of the requirements of Lorentz invariance and current conservation
lead to the following expression for the deep inelastic neutral current cross section for not
too high Q? [1, 2]

d’o(ep — eX dmoy E Vr Q
%Zm;)::é%?hhﬂ+%)mwﬁ_%Lm’% (24)
Ama? §
- %%?{“_y+%>”| (25)

where a,, is the electromagnetic coupling constant and Fy(z, @?*) and Fy(z, Q?) are struc-
ture functions which provides information on the quark and gluon content of the proton
and o, = F; — ﬁFL. In order to describe fully the neutral current DIS at high Q?, a
third structure function, F3(z, Q?) is required, which in addition to the photon also takes
into account the parity violating Z° exchange. In the region of low Q? (Q* < MZ,) only
photon exchange contributes. The Z° exchange and the interference between the Z° and
the photon exchange can be neglected safely since the gauge boson masses enter the matrix
element of the cross section by the propagator terms 1/Q? and 1/(Q*+ M%) for the photon
and Z° respectively.

The two structure functions Fy(z, @) and Fy(z, @*) can also be expressed as a function
of two independent contributions, o and o;, of the photo-absorption cross section [3]:

QZ

F2($,Q2) - 471_204 [UT(Z':Q?) +0—L(‘T7Q2)] 9 (26)
and
Q° 2
File, @) = a—ou(n, Q%) 27)

The quantity R(z,@*) can be defined as the ratio of longitudinally to transversely polarized
photon cross sections and is given by,

2\ OL(‘%QQ) o FL(:E7Q2)
R(z,Q%) = 0. B I (2.8)

It can be seen from equation (2.8) that the condition that the transverse and longitudinal
photon induced cross sections must be positive, leads to

0< F, <Fy. (2.9)

From equation (2.9) and the fact that the Fj, term appears with a proportionality factor
y? in equation (2.5), it can be seen that the F, term is dominant in regions of low y, with



the Fj, contribution increasing at high y. From the difference between the measured o, and
the (from low y) extrapolated Fy, Fy(z,Q?) is determined as described in [4], [5].

Another way of looking at the total cross section, o,y = or + oy, is by describing it
as a convolution of a flux of quasi-real or virtual gauge bosons from the electron with the
absorption cross section of that boson by the proton as depicted in figure 2.2. At small
enough @2, the Z° and W¥ exchange can be neglected and the boson can be interpreted
as a virtual photon. This massive spin 1 particle acquires three polarization vectors corre-
sponding to the three helicity states of the photon, A = +1,0. The absorption cross section
may than depend on the helicity. We will thus have two independent cross sections, one
for absorbing a transversely polarized photon o (A = +1) and one for a longitudinally
polarized photon o, (A = 0). The differential cross section can then be written in the form:

d*o (ep)

m = f,y/e(O'%p + GO'ZP) (210)
where W represents the yp centre of mass energy, f,/. the flux factor of virtual photons
and € = 11((];11;))2 the ratio of the flux for longitudinal to transverse photons.

Tz
,.?OZ-E
p

Figure 2.2: At small Q?, ep-scattering can be thought of as a radiation of a virtual photon
~v* from the electron, followed by y*p-scattering.

2.2.1 The Quark Parton Model (QPM) and the scaling violation

The first DIS experiments at SLAC [9, 10] in the early sixties showed that the structure
function Fy(z,Q?) exhibited a scaling behavior in the limit Q? — oo predicted by Bjorken
[6]:

Fy(z, Q%) — Fy(x). (2.11)

In the quark parton model (QPM) [6, 7, 8], in which the proton is considered to be made
of point-like charged quarks, the structure function F is expected to be independent of Q?
and is related to the parton momentum distributions f;(x) of flavor ¢ by

Fy(z,Q%) = Ze? xfi(x) (2.12)



where ¢; is the electric charge of parton 7. In the QPM, for spin-1/2 partons, R = 0 [3],
implying that o (x) = Fp(x) = 0. The parton distributions f;(z) are constrained by the

sum-rule:
Z/xfi(@dx —1, (2.13)

where the summation runs over all species of charged partons. However measurements
showed that this sum-rule is not fulfilled and that quarks and anti-quarks account for only
half of the proton’s momentum [15],[16]. Observation at fixed target experiments [11, 12, 13]
later verified by HERA [14], showed that the scaling behavior is applicable for values of
x =~ 0.13, but outside this z-region a weak logarithmic dependence on @Q? is observed,
implying a violation of the scaling hypothesis. The QPM is only a zero' order description
for the deep inelastic scattering process. The partons in the proton or more generally in the
hadron, are not free objects and they interact with each other via a color field mediated by

gluons. The theory that describes the interactions of quarks and gluons is called Quantum
ChromoDynamics (QCD).

The scaling violations, observed in figure 2.4, which is an Fj-compilation of the most
up to date measurements [17, 18, 5, 19, 20, 12, 21, 11], can be explained by considering
processes of the type depicted in figure 2.3. The result of this is that for instance the quark
distribution becomes scale dependent and satisfies the integro differential equation

d 2 (@) ' d
) = D [ i (2) a1

which is one of the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli and Parisi) [22] evolution
equations. The splitting function P,,(x/y) represents the probability for a quark to emit
another quark with momentum fraction z and can be expanded as a power series in o:

Pyl /y) = 3 o p™(a/y). (2.15)

X 9 X q X g
Y .
y y-X 9 y-X
yX y y
q Y g

Figure 2.3: The three different splitting functions Pij(x/y) of first order in a5 are shown.

Not only the quarks but also the gluon distributions evolves, such that the full DGLAP
equation becomes:

) = e U g (D) vawain, (2) e




ZEUS+H1

@16
~ - x=6.3-05 ® ZEUS 96/97
3 i x=0.000102
§ /i/ A H194/97
CA Y — NMC; BCDMS; E665
14 |-
e /%/W 0000253 ~—  ZEUS NLO QCD Fit
. /'A/é/ 00004 (prel. 2001)
/ < e H1 NLO QCD Fit
- . e «=0.0005
2
L - o~ x=0.000852 c()=0.6(i(x)~0.4)
. x=0.0008
- x=0.0013
10 .
| x=0.0021
i / x=0.0032
- x=0.005
8| . e
F x=0.008
;AEK&K‘//‘M,HJ_”?‘;L x=0.013
6 _AKKAM e
_AA*A—&M oo
B «=0.05
7A /&/W
4+ . L x=0.08
i L $ L . x=0.13
Fo--- A ' B BB G B w 2 B x:O.W8
= b LA I %
2+ s etesne g o b g § 025
: Tt behen & R S g} x=0.4
e rsrerrisiass s . . x=0.65
(i* )
\I\\\\I‘ \\II\I\‘ Il II\\\\\‘ Il \\II\H‘ Il II\\I\\‘
0 2 3 4
1 10 10 10 10 10
Q (GeV)

Figure 2.4: Fy is plotted versus Q? for fivred x values for the HERA data, as well as for the
fized target data. Fs shows strong scaling violations particularly at small x.



dfz(i;g) _ ozsgg?) /xl@ (Z q(y, Q*) Pyq (g) +9(y, Q1) Py, (g)) (2.17)

¥ \'q

where y is the momentum of the emitting parton and z is the fractional momentum of the
resulting parton as illustrated in figure 2.3.

In leading order (LO), the DGLAP equation resums all contributions of the type (o, InQ*)"
and the actual gauge corresponds to the emission of a chain of n gluons with strongly trans-
verse ordering:

Q> > ki, > kj, > ..> k> QF, (2.18)

and also weaker ordering of longitudinal momenta,

T < Ty < Tpoy < ... < T4 (2.19)

In the next-to-leading order (NLO) also terms of the type a” (In Q?)™~") are resummed.
In fits to structure function measurements, the parton density functions g¢;(z,@?) and
g(z,@?%), which are inherently non-perturbative, are parameterized at a starting scale Q2.
The equations (2.16) and (2.17) can be used to predict the parton distributions at any
other value of @?. An example of the gluon distribution obtained at NLO is shown for
three different values of % in figure 2.5 [5]. The gluon contribution is dominant at the
lowest, values of z.

The large centre of mass energy at HERA, not only may result in a large 9 but also in
a large 1/z oc ys/@Q%value. This means that not only leading log in * may be important
but also those in a, In(1/x). A resummation of those terms not coupled to large In(Q?)
leads to the BFKL (Balitsky, Fadin, Kuraev, Lipatov) [23] formalism. In contrast to the
DGLAP approximation there is a strong ordering of longitudinal momentum fractions,

T Ty L Typoy L oo L T, (2.20)

and no ordering of k.

To date the DGLAP evolution scheme alone can describe structure function data through-
out the entire HERA phase space. Hence, so far there is no unambiguous evidence for the
need for BFKL contributions. Figure 2.6 shows the kinematical plane in z and @2, illus-
trating the regions of validity for both formalisms.

2.3 Diffractive scattering

One of the surprises that came along with the first results from HERA was the observation
of DIS events with a large rapidity gap in the hadronic final state, located between the
photon and proton fragmentation regions [31, 32]. The observed fraction of events with
large rapidity gaps is of the order of 10%, fairly independent of the yp centre of mass energy,
W, and the photon virtuality squared, @?. In QCD, the fragmentation process driven by
parton radiation leads to an exponential suppression of large rapidity gaps between hadrons
[33]. Large rapidity gap formation, with little dependence on W is typical of diffractive
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Figure 2.5: The gluon distribution from next-to-leading order (NLO) DGLAP fits with
starting scale Q3 = 4.0 GeV>.

scattering and invokes the notion of the pomeron. The fact that the diffractive exchange can
be probed with large virtual photons means that its structure can be studied in much the
same way as the partonic structure of the proton. The large range of the photon virtuality
available at HERA opened the possibility to measure precisely the partonic structure of the
diffractive exchange (see section 2.4).

At HERA, one usually identifies three types of interactions that differ in the charac-
teristics of the final states. In elastic scattering, both initial particles emerge relatively
unscathed and no other particles are produced. A diagram of the reaction yp — Vp where
V' is any vector meson, may be considered in the framework of the VDM model [34], in
which the photon is considered to consist of a two component state (i.e a part interacting
only electro-magnetically and a hadronic part undergoing conventional strong interactions)
to be elastic. Such an elastic (EL) yp reaction is shown in figure 2.7.a. In diffractive scatter-
ing, the energy transfer between the two interacting particles remains small, but one (single
dissociation, i.e. gamma (GD) or proton dissociation (PD)) or both (double dissociation
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Figure 2.6: The kinematic plane in x and Q? showing where the DGLAP and BFKL ap-
proximations are theoretically valid.

(DD)) particles dissociate into multiparticle final states preserving the quantum numbers of
the initial particle. Figures 2.7.b-d show the three distinct classes of dissociative diffraction
that can occur with single pomeron exchange in yp-collisions. The remaining configura-
tions correspond to so called inelastic interactions which in contrast with the elastic and
diffractive scatterings show no large rapidity gaps in the final state.

Characteristic of high energy elastic and diffractive scattering is the exponential behavior
of the cross section as a function of the square of the momentum transfer ¢. As this property
is reminiscent of the diffraction of light by a circular aperture, diffractive scattering in strong
interactions derives its name from the optical analogy [35]. The slope of the t-distribution
will be linked with the radius of the interacting object in the following section.

Defining in an unique way what diffraction is, is very hard. But to get an idea how a
single diffractive scattering can come true, two constraints have to be valid:
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Figure 2.7: Diffractive interactions proceeding by single pomeron exchange, occurring in yp-
collisions. Figure a) represents the EL process, b) the GD process, ¢) the PD process and
d) the DD process. The symbol IP is used to denote the exchange of the leading pomeron
trajectory.

e comnservation of intrinsic quantum numbers of the initial state
The diffractive state preserves the intrinsic quantum numbers of the initial parti-
cles. However spin and parity can be changed since the momentum transfer of the
interaction may change the internal motion of the interacting hadrons.

e coherence constraint
The absorbing hadron should preserve its identity, which limits the invariant mass of
the diffracted state. The minimum momentum transfer squared for a particle of mass
m and momentum p to create a mass Mx via the interaction with a stationary target

1S )
M2 —m?
| tmin |= (—X2p ) : (2.21)

Using the uncertainty principle, the coherence of the absorbing hadron of radius R
will be preserved if

\™]

D

(M2 —m?) < = (2.22)

Hence, when studying diffractive events, the study of low momentum transfer is espe-
cially of great interest [36, 39, 37]. In the pre QCD era these events have been successfully
described in the framework of Regge-theory [38] which is based on the S-matrix formalism,
in which scattering processes are described in terms of the exchange of reggeons. This
Regge framework will be described below.



2.3.1 Diffractive scattering linking with optical diffraction

In figure 2.8 the cross section for elastic proton-proton scattering is plotted for different
centre of mass energies as a function of | ¢ | where ¢ is the squared momentum transfer
between the two hadrons. For low centre of mass energies a falling cross section is observed
where the slope gets steeper towards higher centre of mass energies. In addition a minimum
and a maximum appear. This shape of the cross section down to the first minimum can be
approximated by an exponential function of the form:

% = e a1 — b(ph)? (2.23)

with b ~ 10 GeV 2.

The data can be interpreted in the spirit of the similarity between optical and hadronic
diffraction [39]. In this picture one discusses the scattering of a fast hadron represented by

a plane wave in the field of a hadron at rest. In optical diffraction the following formula

holds for kR < 1: ,
I R
—~ 11— — (k) 2.24
oAt (ko) (2:24)
which describes the fraction of observed intensity with respect to the initial intensity as a
function of the diffraction angle 8, where R is the radius of the disc and k£ denotes the wave
number of the incident light wave. If one relates the scattering angle 8 to the momentum
transfer ¢ in hadron-hadron interactions, the wave number k£ to the momentum of the
hadrons, and the radius of the disc R to the mass of the pion one can deduce a t-slope of

b=12.5 GeV~? resulting in the right order of magnitude as the one measured.

2.3.2 The S-matrix and aspects of Regge theory

In the study of hadron-hadron interactions at low momentum transfer ¢, where no hard scale
is present and perturbative QCD is not applicable, the phenomenological models very often
still give the best descriptions available. A consistent description of such strong interactions
is offered by Regge theory.

Regge theory was introduced in the framework of non-relativistic quantum mechanics
and generalized the ideas of Yukawa explaining particle interactions by the exchange of
virtual particles. Later it was generalized to describe also relativistic particle interactions.

Since Regge theory is based on the S-matrix formalism we will first briefly introduce the
basic assumptions:

e Unitarity of S
The scattering matrix is unitary, which means that the probability that there will be
some final state starting from any given state | i) must be unity and is expressed as:

ST1S=1=881 (2.25)
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squared at various incident proton momenta. As the energy increases, a classical diffraction
pattern as in optical diffraction appears.



e Maximal analyticity
If one considers the reaction A + B — C + D, the Mandelstam variables are real
numbers defined by relations of the form s;; = (£P; + P;)* with i,j € {A, B,C, D}.
Maximal analyticity of first order means that these variables can be extended into
the complex plane which allows the use of complex analysis. The S-matrix can now
be written as a function of these complex numbers. In the limit of real numbers one
gets back the S-matrix for particle reactions in the physical region.

e Crossing symmetry
A consequence of the maximal analyticity assumption is the crossing symmetry which
states that if the reaction A+ B — C + D is described by the variable s = (P4 + Pg)?
and ¢t = (P4 — P¢)? by the S-matrix S(s,t) one can calculate the amplitude for the
reaction A+ C — B+ D by exchange of s and ¢ which leads to the amplitude S(t, s)

SAB%CD(Svﬂ = SA@HED(ta S)' (2'26)

e Generalization of angular momentum in the complex plane

In the s-channel, all the possible resonances which can be produced by the interaction
of A and B and which conserve quantum numbers (parity, charge etc.) are linked by
a linear trajectory in a two-dimensional space defined by mass squared and angular
momentum. In Regge theory, angular momentum is treated as a continuous complex
variable, a(t), with physically observable t-channel resonances occurring only at phys-
ical values of spin, such that Re(a(t)) is an integer or half integer, known as Regge
poles. Stable hadrons have pure real values of «(t), whilst unstable hadrons have an
imaginary component that is related to their decay width. Bound states therefore lie
near to the real axis of «(t). The linear trajectories can be parameterized as:

a(t) = a(0) + o't. (2.27)

As an example, the trajectory for which the p meson is the lowest lying state is shown
in figure 2.9.

Amplitudes in the ¢t-channel may be computed by decomposition into partial waves of
different angular momenta

oc

A(s, ) =D (20 + 1) Ai(t) Pi(cos 6) (2.28)

1=0

where A;(t) is the amplitude of the ['* partial wave, and P,(cos 0) is the Legendre polynomial
for angular momentum [. In continuing the amplitude to describe the s-channel, where
cos # > 1, equation (2.28) may be re-expressed as a sum over poles. When expressed in
terms of contributing Regge trajectories, the pole in the I** partial wave may be written as

[38]
B(t)
All) = ———.
() =7z au(t)
At [ = oy(t) a Regge pole occurs with a residue function described by 5(t).

(2.29)
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Figure 2.9: The p trajectory, a,(t). The data shown with triangles at negative t are measured
in the charge exchange reaction, n~p — 7°n, and are taken from [40]. In the t-channel
physical region the bound states (p, ps3) are shown. A straight line through these states is
continued into the s-channel region. The comparison there with the measured hadron-hadron
data is remarkable.

In the asymptotic limit where s — oo and ¢/s — 0, only the leading trajectory con-
tributes and equation (2.28) becomes:

S

Als, 1) = f(1) (—)a(t) (2.30)

S0

where f(t) includes §(t) and the part of the amplitude not depending on s. s¢ defines the
energy scale on which s must be large, typically taken to be ~ 1 GeV2. Hence, at high
energies the s-dependence of the s-channel scattering amplitude is a simple power behavior.

Using the optical theorem, relating the forward scattering amplitude to the total cross
section

it = éZm(A(s,t _0)) (2.31)

one obtains, combining equations (2.30) and (2.31), the following expression for o;,(s)

1ot (5) o (i)aw)_l. (2.32)

So

The measurement of the energy dependence of the cross section therefore provides access
to the intercept «(0) of the leading trajectory. When measuring also the ¢-dependence (see
section 2.3.3) of cross sections, the determination of the slope o becomes possible.



2.3.3 t-dependence and shrinkage

For a process that is dominated by the exchange of a single trajectory, the expression for
the differential cross section follows from equations (2.27) and (2.30) and is given by,

do 1
— — | A 2 2.
7 1A ] (233
s\ 2a(0)=1) , ¢\ 20/t
x F() (-) (_> . (2.34)
So So

If the dependence of the coupling, F'(¢), is small in ¢, then at large s, the t-dependence must
be dominated by the final factor of equation (2.34). Since t is negative, and o' positive,
do/dt decreases faster as a function of ¢ as s increases. Regge theory thus predicts that

if the centre of mass energy increases the forward peak shrinks as seen experimentally in
figure 2.8.

Since the fast variation of the differential cross section with ¢ at fixed s is found experi-
mentally to be well described at low | £ | by an exponential parameterization, equation (2.34)

may be re-expressed as
do do b
et 2.35

where b, known as the slope parameter, is given by;

b~ by + 2¢/In (i) (2.36)
So

and describes a logarithmic shrinkage of the forward peak with increasing centre of mass

energy s.

It was observed (see figure 2.10) that the total cross section in pp- and pp-interactions
and later in yp-interactions, decreases with energy at low energies which is explained by
Regge trajectories, whereas the rise of the cross section for high energy was not expected.
To account for this rise the pomeron was introduced which is characterized by the quantum
numbers of the vacuum. Donnachie and Landshoff parameterized this energy behavior of
the total cross section by the sum of two reggeon amplitudes (IP and IR):

Oro(8) = Aps®PO~1 4 Apsor(0)-1 (2.37)

with Ap and Ap the normalization parameters and ap(0) and ar(0) the trajectory inter-
cepts also left as free parameters. To account for the rising cross section at high energies the
pomeron intercept in equation (2.37) had to be larger than one. The fit of equation (2.37)
to the pp- and pp-data (see figure 2.10.a) results in,

ap(0) = 1+e=108 (2.38)
ar(0) = 0.55. (2.39)

Assuming IP/IR-universality, the intercepts were fixed to the values obtained from the fit on
the pp- and pp-data, and a new fit was performed on 7~ p-, and 7+ p-data (see figure 2.10.b))



80 o o . 30—
o [ A s | .
(mw) | by [ 7P 13 63570909136 025704
w0 PBARp: 21.70s%%%%%+98 3957049% 28 ntp  13.63s°°%8127.5650 6% _
[ pp 21.70s%0%% 1 58,0854
6o - _
50 M - -
:Jﬁ% ?r-sr--;—ﬁﬂ 1 ]
40 ; f - -
N "“’ﬁ?&ﬁH‘ ] i
L (a) i F (b)
a0 Lo R Ll 2 P ‘ ‘ R
6 10 100 1000 6 10 100
Vs (Gev) (a) Vs (GeV) (b)
(C)zoo— ‘ — T - — T
— ‘ ® H1
< L
— A ZEUS
5 + low-energy data
150 M ]
iy
i A
T
e
100 R | I I 1l
1 10 100

W,, (GeV)

Figure 2.10: Fits performed by Donnachie and Landshoff to the centre of mass enerqy
dependence of the total cross section for a) pp-and pp-scattering [{1], b) 7~ p and wp
scattering [41], and c) ~yp-scattering [42]. The high s points in the pp case are from the
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Landshoff fit with ap(0) = 1.08, the dotted line with ayp(0) = 1.11, whilst the broad dashed
curve represents the ALLM parameterization [43].



and ~yp-data (see figure 2.10.¢)) leaving only the normalizations free in the fit. The reggeon
has the larger coupling to hadrons, and consequently dominates at low centre of mass
energies. However, the reggeon contribution falls approximately as s~'/2, such that at large
centre of mass energies, the pomeron term (o 30'08) dominates, and the cross section starts
to rise slowly with s. At large centre of mass energies, the coupling strength to particle and
anti-particle are observed to become the same leading to similar cross sections for particle-
particle interactions with respect to particle-anti-particle interactions, in accordance with
the Pomerancuk theorem.

Assuming an s-dependence of the slope b as given by equation (2.36) in the pp elastic
scattering data at the Tevatron Collider and the CERN ISR data, yields a value of the
pomeron slope of o/ = 0.26 £ 0.02 GeV~? [44]. The pomeron trajectory takes thus the
form:

ap(t) = 1.08 4+ 0.26 £, (2.40)

2.4 Diffraction in DIS

Where, in the region of inclusive deep inelastic scattering at high 2 a hard scale is present,
suitable to resolve the partonic content of the proton, here in diffractive scatterings, this
hard scale can be used in resolving the partonic content of the pomeron. This analogy leads
to the Ingelmann-Schlein approach [45]; that the diffractive deep inelastic scattering in ~yp-
interactions proceeds in two steps as depicted in figure 2.11: first a pomeron is emitted
from the proton and then the virtual photon is absorbed by a constituent of the pomeron.
In order to describe this process new variables are introduced, in addition to the inclusive

Figure 2.11: Pictorial representation of the common diffractive variables.

DIS variables from section 2.1. Defining the total yp centre of mass energy, the invariant
mass of system X, and momentum transfer to the scattered proton respectively as:

W? = (¢g+P) (2.41)



My = (¢q+P—P) (2.42)
t = (P— P (2.43)

The variable xp which represents the momentum fraction of the proton carried by the
pomeron defined as

Tp = % (2.44)

can be rewritten as
o M@ -t MR+
" W2+Q2—m§_W2+Q2

(2.45)

where P and P’ denote respectively the initial and final four-momenta. of the proton and
where m, stands for the mass of the proton. The last relation on the right-hand side holds
for m2 < Q*, W? and | ¢ |« Q% M3 which is a good approximation in the kinematical
region of high energy diffraction at HERA.

Since the deep inelastic scattering can now be interpreted to take place on the pomeron,
one can define an equivalent variable as Bjorken z but now relative to the pomeron mo-
mentum instead of the proton momentum. This variable called 5, representing the fraction
of the four-momentum of the pomeron carried by the struck quark, is given by,

Q* x Q* Q*

6:2q.(P—P’) :E:Q%LM}(—t:Q?JrM}('

(2.46)

2.4.1 Diffractive structure function

Analogous to the inclusive DIS cross section (see section 2.2), the diffractive DIS cross
section can be written, after integration over ¢, as a three fold differential cross section
depending on zp, 3, and@? [48],

doP(ep — epX)  4mwa? v\
= (] _y4 )P0 2 zp,t). 2.4

In the region, Q? < MY, where contributions from Z° exchange can be neglected, o?®) is
related to the diffractive structure functions FQD ®) and F ,’? ®) by,

2

D3) _ DB) Yy D(3)

-

where I'P is the longitudinal diffractive structure function. Also here the positivity con-
straint on the cross sections for longitudinally and transversely polarized photon scattering
leads to the relation 0 < FP < FP. The contribution of FP to 0P can be sizeable only at
large values of 3, and in most of the kinematic range the relation 0”®) ~ F” holds to good
approximation. In contrast to the inclusive deep inelastic scattering were Fj, is measured
in the range of large y, FP is not yet measured in diffractive scattering interactions.



QCD hard scattering factorization in diffraction

The proof that QCD hard scattering factorization can be applied to diffractive DIS [46]
implies that in the leading log(Q?) approximation, the cross section for the diffractive pro-
cess v*p — XY can be written in terms of convolutions of universal partonic cross sections
o7 with diffractive parton distributions F” [47], representing probability distributions for
a parton 7 in the proton under the constraint that the proton is scattered with particular
values of ¢ and zp. Thus, at leading twist,

d*o(z, Q% zp, t)V*pﬁp'X

d.fL'ﬂD dt

=% [ de 0w, QR ) (6@ wp ) (2.49)

The factorization formula is valid for large enough Q? and fixed zp and ¢. The partonic cross
sections 07" are the same as those for inclusive DIS and the diffractive parton distributions
D which are not known from first principle, should obey the DGLAP evolution equations.

Regge factorization

An additional assumption is often made in the analysis of diffractive cross sections, saying
that the shape of the diffractive parton distribution is independent of zp and ¢ and that their
normalization is controlled by Regge asymptotics [45]. The diffractive parton distributions
can then be factored into a term depending only on zp and ¢ and a second term depending
only on 3 and @Q? (see figure 2.12):

fiD(Z'P:t?ﬁ:Q?) = fP/p($P7t)sz(67Q2) (250)

Under this Regge factorization assumption, often refered to in the literature as the Ingelman-
Schlein or resolved pomeron model, the diffractive exchange can be treated as a quasi-real
object with a partonic structure, given by parton distributions f¥(3,Q?%). The variable /3
then corresponds to the longitudinal momentum fraction of the diffractive exchange carried
by the struck parton in the pomeron. The pomeron flux factor fp/,(xp,t) represents the
probability that a pomeron with particular values of zp and t couples to the proton. Al-
though equation (2.50) has no firm basis in QCD, at the present level of precision it appears
to be supported by data [48, 49, 50].

Figure 2.13 show the zp-dependence of the measured diffractive reduced cross section
oP®)(B,Q? xp) [51] for fixed 5 and Q? respectively, using a parameterization of the form

07{3(3)(@137 B, QQ) = fr(zp)Ap(B, Q2> + fr(zp)AR(S, Q2> (2.51)

where the pomeron and reggeon flux factors are defined as

eB{P,R}t

Jop,my(Tp) = / €70 dt (2.52)

tout l’?g{ﬂg’m}(t)il

where the pomeron and reggeon trajectories are assumed to be linear. The free parameters
in the fit are ap(0), Ap(B8,Q?%) and AR(S,Q%). A striking feature of the data presented



Figure 2.12: Representalion of the Regge factorization assumption.

in [51], is the scaling violations with positive o) /91n Q? throughout most of the phase
space, becoming negative only at the highest measured values of 3. This behavior is different
from that observed for the scaling violation of Fy(z, @?) at fixed z, which is negative for
xz > 0.1. In a QCD interpretation, this means that the measured @Q*-dependences are
strongly suggestive of a large gluonic component of the diffractive exchange.

In order to investigate whether ap(0) has any dependence on @?, the fits were performed
in different Q?-intervals. Those results of the pomeron intercepts are shown in figure 6.7
at @ > 0 GeV? with some values of the pomeron intercept extracted in this thesis at
Q? = 0 GeV2Z

2.5 Diffractive dissociation in photoproduction

Returning back to the low Q?-region of soft physics, where no QCD predictions exist, Regge
theory offers predictions in terms of trajectories for the dynamics of dissociative diffraction,
and of inclusive processes in general. Feynman [53] predicted that high energy inclusive
reactions of the type

A+B—->C+ X

where C is the observed particle and X represents everything else produced, should scale
in analogy to Bjorken scaling in DIS, such that cross sections should be function of the
transverse and longitudinal momenta of the particle C, but not of the centre of mass en-
ergy. An extended version of the optical theorem for such inclusive processes, depicted in
figure 2.14, was proposed by Mueller [54], relating the inclusive reaction AB — C'X to the
theoretically much simpler three-body elastic scattering process, ABC — ABC,

do

=F
/ P

(A+ B — C + X) ~ *Discy A(ABC — ABC) (2.53)
S

where the discontinuity is to be taken only across the M% cut of the elastic amplitude. Here
M?% is defined as (P4 + Pp + P=)%. The importance of Mueller’s optical theorem is that
the behavior of the inclusive reaction can be obtained from that of the theoretically much
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Figure 2.14: Pictorial representation of Mueller’s Optical theorem.

simpler, elastic three-body amplitude. Much of the knowledge gained from Regge type
analyses of two-body scattering was immediately carried over into the inclusive domain.

To calculate the inclusive cross section for A+B — C'+.X we shall assume Regge behavior
for the three-body amplitude. It is necessary to distinguish between three kinematical
regions for particle C, i.e. the beam and target fragmentation region and the central region.
The beam and target fragmentation region corresponds to finite values of ¢ = (p4 — p¢)?
and u = (pp — pc)? respectively. Intuitively C can be regarded as a fragment of A (or B)
if the momentum difference between them remains finite at large s. In the third region,
i.e. the central region, where ¢ and u are both large, C' is not closely associated with either
incoming particle. A general criterion for a Regge expansion of a multi particle amplitude,
such as ABC — ABC, is that the kinematic invariant spanning the Regge exchange should

SVENG!



be large (a typical value > 5 GeV?). In the central region where both ¢ and u are large,
we have the double Regge limit. On the other hand, in the beam fragmentation region
(s = o0, t/s — 0) there are three different Regge limits when different combinations of the
invariants M3% and s/M?% become large.

2.5.1 The fragmentation region

Typical Regge contributions for the three different limits [38] are shown in figure 2.15.

M? = oo M? finite M? - o0
s/M? finite s/M? — oo s/M? — oc

a) single b) normal 7 c)triple

Figure 2.15: The single, normal and triple Regge limit is depicted in the beam fragmentation
reqgion.

1. The single Regge limit (s 3 — co and zp = M% /sap fixed = M3 — 00).
Since M2 is the total centre of mass energy for the ABC elastic scattering process,
and since large centre of mass energy (here M%) and small | ¢ | suggest a single Regge
pole exchange picture as in figure 2.15.a, this leads to an inclusive cross section of the

form;
Mz M)Q( a;(0)—1
S dM2 Z@( ’ ) <s—0) (2:54)

where 7 runs over all possible reggeons that can be exchanged between particles A
and B. Notice also that the argument of «; is taken at tgp which is for this forward
three-body process always equal to 0, and should not be confused with ¢ = ¢ 4 which
gives the invariant mass of the quasi-particle (AC). Assuming the leading singularity,
the pomeron, has ap(0) = 1 and the leading meson exchanges have ar(0) = 0.5,
the inclusive cross section will scale for M% — oco. At low invariant mass reggeon
contribution will go down as (M)Q(/SO)_l/z. The same behavior was also seen in the
total cross sections as a function of the centre of mass energy s (see figure 2.10).



2. The normal Regge limit (M?% fixed , s/M% — o).
In this case equation (2.53) yields an inclusive cross section:

dQ

ai(t)+a; (1)
S
= Bic(t) B <—> Im Aipojpy (v, tac, tps = 0)
aran SZ acfae®) | 3 (h=I8)

(2.55)

where the sum is over all contributing trajectories. (%, are the reggeon couplings.
A B)(l/, tac) is usually refered to as the forward reggeon-particle scattering am-
plitude with v = M% — ¢t —m? and the mass of the state X constrained to be M as
indicated by the dashed line in the middle diagram of figure 2.15.

3. The triple Regge limit (M3 — oo, s/M% — 00 OF sap > M% = 54,58 > tac)-
This kinematic region is the overlap of the two preceding regions. For large M3 the
Reggeon-particle forward scattering amplitude of equation (2.55), which is related by
Mueller’s optical theorem via an intermediate state with mass M% to the Reggeon-
particle cross section, can be expanded in terms of Regge exchanges in the BB-channel
which leads to the following triple Regge expansion:

M2 a(0)
Im A (iB—jB) MX7t Zgljk BBB (S_X) <256)
0
where g;;1 is the triple reggeon coupling at the centre of the last diagram of figure 2.15.
The overall differential cross section in the triple Regge limit is then given, from
equations (2.55) and (2.56), by

d?c s (£)+a;(t) M2 o (0)
AT ZBAC )Bac(t) B (0)gi (1) (M—%) (—X> (2.57)

z]k S0

2.5.2 The triple pomeron amplitude

In the asymptotic limit in which M% — oo and s/M2% — oo only the IPIPIP term survives
and equation (2.57) reduces to the triple pomeron amplitude given by:

d20 ~ 5%P(t)5BP(O)gPPP<t) 5 ZaP(t) M_)Q( O”P(O) (2 58)
dtdM2 s? M3 So ' '
When rewriting equation (2.58) as
o 2 ap(0)-1 , (1-2ap(t)
Bar(t)Ber(0)grrr(t) (Tps) Tp (2.59)
~ Fpp(ze,t)ops(Tps,t) (2.60)

where zp ~ M% /s (see equation (2.44)), the pomeron flux is separated from the pomeron-
particle cross section. The pomeron flux and the pomeron-particle cross section are respec-
tively equal to:

Frpplep,t) o« Bpt)zy or? (2.61)

opp(zps,t) o« Ber(0)grrr(t) ($1PS)O”P(O)_1 (2.62)



Writing the pomeron trajectory as:

ap(t) =1+e+apt (2.63)

the equation (2.58) becomes:

2 1\ Mrerzalt
c —) (2.64)

~ 220/t
gz = s (M)%

where k(t) contains all the couplings of equation (2.58).

t=-0.75 GeV*
5= 930 GeV’

d*o/didM;, (mb GeV™)
T

10 0
M, (GeV’)

Figure 2.16: The differential cross section for the reaction pp — pX at a centre of mass
energy s = 930 GeV? and momentum transfer t = —0.75 GeV? [56]. The line drawn is
proportional to 1/M%, which fits the data well in the triple Regge region. The dashed line
18 the continuation of the triple Regge region fit.

Figure 2.16 shows a measurement of the differential cross section d?c/dtdM% for diffrac-
tive pp-collisions at the CERN ISR. In the triple Regge region defined by the large dissoci-
ation masses beyond the resonance region, the 1/MZ%-dependence is clearly observed.

2.5.3 Interference terms

Since the pomeron and the f reggeon exchange identical quantum numbers (see table 2.1)
they may interfere [57, 58, 59, 60]. Such a contribution is expressed in terms of the 'non-
diagonal’ amplitudes {IPIR}IP and {/PIR}IR where,

(PR} = IPIRE + RIPk. (2.65)



Restrictions are imposed on the magnitudes of the interference relative to the non-interference
terms through the Schwartz inequality [61]

(;G{M}k(ﬂ(Mi)““O) <4ZGPPk ZGJRM M2y (2.66)

Following [62, 60] two component duality can be assumed in the reggeon-photon scattering
amplitude, such that the diagonal and non-diagonal terms are separately related for k£ =
P and k = IR. When maximal coherence is assumed and through equation (2.66), the
interference couplings at ¢t = 0 GeV? can be parameterized as:

Gupmyp(0) = 2\/| Grrr(0)Grrp |, (2.67)
Gurmr(0) = 2/| Grrr(0)Grrr |- (2.68)

2.5.4 Pion exchange

At high centre of mass energies and low zp (i.e. zp < 0.03) the diffractive cross section
is dominated by pomeron exchange [50] but at z;p > 0.03 reggeon exchange contribution
to the diffractive structure function becomes important [63]. And especially at even higher
zp (i.e. zp > 0.1) pion exchange becomes important [63]. Data taken at HERA where
the scattered proton is measured in the Forward Proton Spectrometers lie in this high zp-
region. Since real pion-hadron scattering data exist, the pion-flux factor F,p, in contrast
with pomeron-hadron data, can be normalized absolutely to:

—l exp (bﬂ'(t — 77?,2))
r2ex () . 2.69
(mZ =7 (2.69)

so that the differential cross section for pion exchange has the following form:

o Gonn®) (s \° ) —t exp (be(t — m2))
- hakKUASVAN A2\ k(0) Ll LAy 2.70
Y dtd k%m s\ M2 (M) (m2 — 1) (270)

Frip X Ty

2.6 Review of diffractive dissociation analysis.

Since all ingredients of the triple Regge model are introduced, we can come to the review
of existing diffractive dissociation analysis. First the results from the reaction pp — Xp
and pp — Xp at respective pp- and pp-collider experiments will be discussed, followed by a
summary of the existing HERA results on this topic.

2.6.1 Fixed target and ISR results

The application of triple Regge phenomenology to inclusive diffractive final states dates
back to the early seventies [64]. These first analyses used data obtained with 24 GeV/c



‘PID isospin signature C parity G parity|

P 0 + + +
f 0 + + +
4 1 - - +
w 0 - - -
a 1 + -+ -
T 1 - + -
Y 071 - - /

Table 2.1: The most relevant quantum numbers of the considered reggeons.

incident protons and concluded that they were still far from having verified the Regge
predictions in these experiments. It is only with the arrival of FNAL fixed target and
ISR data at /s > 20 GeV [65] that quantitative conclusions could be drawn. Two global
Regge fits by Field and Fox [57] and Roy and Roberts [61], have been performed which
have been comprehensively reviewed and re-analysed by Ganguli and Roy in [66]. Various
combinations of the triple Regge couplings, represented in equation (2.72), were considered,
being Gprr, Grrr, Grrr, GRER, Gomp and G, k. The latter two couplings were added
as it was pointed out [67] that the 7 contribution could be sizeable (50% at z; ~ 0.83). In
order to cover a wide M2-range very low masses had to be included. This was achieved by
using the finite mass sum rules (FMSR). The triple Regge couplings resulting from the fits
as a function of ¢ are shown in table 2.2. They will be used to compare the results on the
pp-data with those from vyp-data, see section 2.6.2 and 6.3. The trajectories in these fits
were assumed to be ap(t) =1+ 0.25¢, ar(t) = 0.5 + ¢ and a,(t) = —0.02 + ¢.

-t Grrr(t) Grrr(t) Grrr(t) Grrr() Gore)  Gor(t)
0.05 3.80+£013 073+0.15 44+5 1410 167 259 £ 200
(0.05 4.24+0.24  0.51+0.18 1545 27+18 619+112 21+150)
0.1 274+£011 116+0.12 38+5 0+£9 124 £+ 60 0+ 116
0.15 1.89+£0.08 1.13£0.10 35=£5 15+ 11 104 £ 62 4+ 153
0.2 143+£0.07 092+010 3544 22 £ 11 47 £+ 44 0+ 147
0.25 1.11+£024 0944+0.12 21 +£5 41 + 12 49 £+ 45 0+ 139
0.35 0.80+£0.06 070+ 0.07 23+5 20+ 16 133 £ 98 0+ 88
0.45 054 +£0.03 047 +005 2244 46 + 15 34 £+ 56 0 £ 105

4,959 0.83 47.7el89 24.4 200.0e-3%¢ 30.0

Table 2.2: Triple Regge couplings (in mb/GeV?) for the siz terms considered in the fit from
Ganguli and Roy [66]. A simple exponential fit parameterizes the t-dependence.

A fixed target experiment of importance performed at Fermilab, where incident photons
were scattered on a hydrogen target, measured the diffractive dissociation cross section,



d*c/(dtdM?%), at fixed ¢ and at two centre of mass energies W=12.9 and 15.3 GeV [74]. In
the analysis, Chapin et al., tested the FMSR and the factorization hypothesis by compar-
ing yp-data with 7~ p-data which were obtained in the same experiment. In addition an
exponential behavior in ¢ and a dominant 1/M3%-behavior for M% > 4 GeV? was observed.

Those data will be combined in a triple Regge fit to the main rapidity gap data presented
in this analysis and leading proton data [69] which will be introduced in section 2.6.2. By
doing so the covered range in W is extended by more than one order in magnitude towards
lower centre of mass energies, providing us a much larger lever-arm in W to disentangle the
W-dependence.

2.6.2 HERA results

Both Collaborations at HERA (ZEUS and H1) have used two different methods to select
diffractive dissociative processes. The most straightforward selection consists in tagging
the scattered proton by means of a forward or leading proton spectrometer, called FPS in
the case of the H1 experiment or LPS for the ZEUS experiment. The other method relies
on the presence of a rapidity gap in the forward part of the detector. Both methods have
their advantages and disadvantages. Generally the leading proton spectrometers measure
well the proton momentum without much background resulting from dissociative processes.
However because of their limited acceptance, the accumulated statistics is rather limited.
Almost the reverse is true for the rapidity gap selection where the collected statistics is much
larger, but because the leading proton is not tagged, background resulting from low mass
proton excitation processes can be substantial. They provide complementary information
in that the mass range covered by both methods differ.

Tagged leading proton data

In the case where the leading proton is tagged in the forward proton spectrometers the
photon dissociative mass My can be measured by measuring the centre of mass energy of
the photon-proton system W, by Mx = W+/1 — z. Here z is the energy fraction of the
proton leaving the interaction, z = F,/F,, where £/ and F, represent the energy of the
outgoing and incoming protons respectively. The process yp — Xp is interpreted in the
framework of triple Regge theory depicted in figure 2.17. The similarity between figure 2.15
and 2.17 is seen, but here the picture is presented for yp-scattering. The possibility of
contributions of interference terms was also neglected in figure 2.17, such that the two
reggeon trajectories coupling to the proton are identical. The cross section can than be
expressed as a sum over contributing Regge trajectories such that equation (2.57) becomes:

2 2
, do d°o 50

W2\ 20 2\ )
— - 20 () | —= —= . 2.71
W aang = e 2 2 Caelt) <M§> ( S0 ) (2.71)

ik

Here o; refers to the trajectory exchanged between the photon and the proton and oy
refers to the additional trajectory describing the total cross section between «; and the
photon. The triple Regge coupling G;;(t) may be factored into products of couplings (¢}



Figure 2.17: Representation of the Mueller-Regge approach for the inclusive photon disso-
cialive cross section.

of trajectory ¢ to the proton, of couplings £,,(0) of trajectory & to the photon and of a
triple Regge coupling g;ix(t) as:

The t-dependence of the reggeon-proton and three-reggeon couplings are parameterized
here as

Gli(t)

6pi<t> = 5pi<0>ebpit (2.73)
giin(t) = gi(0)e", (2.74)

With the three trajectories, ap, agr and a,, assuming no interference between the IP and
IR, equation (2.71) leads to a total of six terms with distinct W?- and M%-dependences.
Those terms, all with their individual W2- and M2%-dependences on the differential cross
section M%do/dM% are listed in table 6.1.

In the triple Regge limit in which both W?/M% — oo and M3 — oo only the itk =
IPIPIP term survives and equation (2.71) reduces to

d*c GP]PP(O) 9 2ap(0)—2 1 ap(0) B(W?2. M2
_ L (W2, M2)t
O (w?) i e X (2.75)

where B(Wz, M)Q() = prﬂo + bppp + 204313 ln(Wz/M)Q()

In this kinematical domain where zp = M3 /W? =1 — 2 > 0.12 | the complete mixture
of IP, IR and 7 contributing trajectories are important as explained by Field and Fox in
[57]. But given the complexity of a triple Regge analysis and given the limited kinematical
region to make a complete decomposition, the sum over all possible exchanges was replaced
by single effective trajectories «; and ay. A triple Regge fit of the following form,

d d A _a , , ar (0)—4a;
d—z = W2ﬁ — Esé k(o) (ebtmzn _ ebtmax> W4az(0)_2M§( k(O) 4 1(0)7 (276)
X

was performed on the data, with ¢,,;, the minimum kinematical value of ¢ and #,,4, ~ p% <
0.04 GeV2. The t-dependent terms are assumed to be absorbed into a single exponential e”,



where b = by — 2¢ In(1 — z). The cross section shown in figure 2.18 shows an approximate
independence of do/dz of M% and W which leads to the expectation that 40;(0) — 2 ~ 0
and 2a4(0) — 4a;(0) ~ 0, or ;(0) ~ 0.5 and a(0) ~ 1. From the fit one indeed finds:

a;(0) = 0.33£0.04 (stat) £ 0.04 (syst),
ak(0) = 0.99 £ 0.01 (stat) + 0.05 (syst),
by = (3.6+0.7 (stat) & 1.4 (syst)) GeV " (2.77)

The result of the fit is shown by the full line in figure 2.18. The exchange between the
photon and the proton can be understood as a mixture of trajectories dominated by m and
IR exchange, since the extracted value of ;(0) was found between zero and one, the values
of the intercept for respectively the pion and reggeon trajectory [37]. This result is also
consistent with the previous H1 measurement at higher @2 [70]. In addition since ay(0) was
found to be unit, the total cross section for the scattering between the mixture of Regge
trajectories «; and the photon seemed to be dominated by pomeron exchange, as would
be expected for total cross sections at these energies (M2 € [1010,16915]). The value by
extracted from the fit implied that b = (6.6 4= 0.7 (stat) & 1.5 (syst)) GeV~2 for a mean
value of 2z = 0.78 which was found to be compatible with the direct measured value of
ZEUS [71] for p% < 0.5 GeV2.

A comparison was made with pp — Xp data from Ganguli and Roy [66], assuming
vertex factorization and shown by the dashed curve in figure 2.18.a-e. The prediction at
W = 187 GeV and its decomposition obtained from a triple Regge analysis on pp — Xp
data into the three dominant triple Regge terms are shown in figure 2.18.f. The predicted
photoproduction cross sections lie 25 to 65% above the measured values, which can be
considered as a reasonable agreement given the simplicity of the model, the uncertainties
on the couplings and the basic difference between yp- and pp-data very often described by
the gap survival probability. This agreement contrasts with the discrepancies of an order
of magnitude or more observed when predictions were made for diffractive hard scattering
cross sections at large z in pp collisions at the Tevatron [72] using parton densities extracted

from diffractive DIS at HERA [48, 49].

However very recently the ZEUS collaboration has measured the differential cross section
using leading proton data [73]. Instead of measuring do(yp — Xp)/dz like in the case of
the H1 collaboration [69], the ZEUS collaboration measured 1/, do(yp — Xp)/dz lead-
ing to the advantage that most acceptance correction factors and systematic uncertainties
cancel in the ratio. Figure 2.19 shows the comparison between the H1 and ZEUS measure-
ment,therefore the differential cross section from H1 is divided by the total cross section
Ot = 160 pb [42] at W = 187 GeV. Notice that the ZEUS measurement is performed at
(W) = 200 GeV, while the vp centre of mass energy from the H1 measurement is at (W) =
187 GeV. The mean difference factor between both experiments is of the order of 1.9.

Non tagged proton data

Non tagged vp — XY large rapidity gap data, with Y a proton or a low mass proton
excitation are used in [68] to measure the differential cross section do/dM% at two yp
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Figure 2.18: The differential cross sections do/dz as a function of W for each measured z
value in the leading proton spectrometer. The data are compared with the results of a triple
Regge fit and with the predictions from a triple Regge analysis on pp — Xp data. f) Shows
the measured cross section as a function of z at W =187 GeV compared with the prediction
derived from triple Regge analysis of pp — Xp data together with the decomposition into
the three dominant terms.
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Figure 2.19: The normalized cross section (1/0y) do/dz for photoproduction data in the
region p% < 0.04 GeV? is compared between the H1 and ZEUS experiment. The inner error
bars indicate the statistical uncertainties, and the outer error bars are the statistical and
systematical uncertainties added in quadrature.

centre of mass energies (W)=231 and 187 GeV. Those data were subjected to a triple
Regge fit, taking interference terms into account, of the form:

d’c s w2\ ®Fei®) /5o en)
A 7 2 G0 (M_;) <—X) cos[gi(t) — ¢, (1)), (2.78)

£ s
3.5,k 0

where ¢;(t) represents the phase of reggeon ¢ which is determined by the signature factor.
When no interference between the diffractive and non-diffractive exchanges is considered,
which means ¢ = j, then equation (2.78) is identical to previously mentioned triple Regge
formula given in equation (2.71). The sum in the triple Regge formula is performed over only
six terms given in table 6.1. Here no m-exchange was considered since they give contributions
which are negligible at low My and become comparable to diffractive pomeron exchange



Parameter Value
QR 0.55 | £0.10
Oy 0. +0.
o 0.26 | £0.02 | GeV 2
g 0.90 | £0.10 | GeV 2

o 1. | £0.50 | Gev—?
bp | 2.3 | £0.30 | Gev?
by 1.0 | £1.0 | GeV—2
by 1.0 | £1.0 | Gev~2
bijk 0.0 +1.0 | GeV~?

Table 2.3: The fixed parameters in the triple Regge fit and their assumed values.

only at M% = 0.03WW? [57].

In order to investigate the importance of the six terms a large range in W? and M%
is required. Therefore the fixed target data from [74] with (W)=12.9 and 15.3 GeV and
4 < M% < 18 GeV? are added to these rapidity gap data [68] with (W)=231 and 187 GeV
and 0.16 < M?% < 1860, on which simultaneous fits were performed. The parameters listed
in table 2.3 were fixed to the measured values from [36, 75, 44, 76], ap(0) and the four
couplings, Gppr(0), Grrr(0),Grrr(0) and G rrr(0) were free fit parameters.

Three scenarios were examined in this analysis. Based on the x?/ndf values from each
fit, a preference for either a large interference or a large isovector contribution to the
subleading terms (see section 6.2.1), or else a mixture of both could be concluded. A single
value of the pomeron intercept was obtained by taking the average of the three fits, giving
ap(0) = 1.068 £ 0.016 & 0.022 + 0.041. The result of the fit where interference was taken
into account based on the assumption of maximal coherence (see section 2.5.3) is shown
in figure 2.20. No contribution from isovector exchange is taken into account by the fit.
The fit represents the scenario in which the f is the dominant subleading exchange and
the f and the pomeron couple similarly to the proton. The ZEUS Collaboration has also
measured the photon dissociation process at (W)=200 GeV using rapidity gap data [77].
As they only used their own data in the fit, a less detailed analysis was performed. The
photon dissociation mass spectrum was analysed in the range 3 < My < 24 GeV, assuming
the presence of only IPIPIP and IPIPIR terms in the triple Regge sum. It was shown
that the IPIPIP term could describe the large mass spectrum, 8 < My < 24 GeV with a
value of the pomeron intercept, ap(0) = 1.12 +0.04 + 0.08. They also verified that a two
component contribution of IPIPIP and PIPIR with ap(0) = 1.08 and ar(0)=0.45 gave a
good description of the data over the whole M x-range. The contribution of the IPIPIR term
to the cross section over the full Mx-range was estimated to be fppr = 23+ 5(stat) %. It
should be emphasized that in the ZEUS Collaboration, the diffractive sample is obtained by
subtracting from the rapidity gap sample the non-diffractive component which is modeled
by the Monte Carlos EPSOFT and PYTHIA and which is in contrast with the definition
of diffraction in H1.
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Figure 2.20: A triple Regge fit taking mazimal constructive interference between the diffrac-
tive and non-diffractive exchange into account on the diffractive differential cross sections
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Chapter 3

The H1 experiment at HERA

H1 is one of the two general purpose detectors installed at HERA (Hadron Electron Ring
Anlage) and designed to study electron-proton or positron-proton interactions. The present
chapter, after a brief introduction on HERA, describes the H1 detector components with
emphasis on those which are of primary importance to this analysis. An exhaustive detector
description can be found in [78].

3.1 The HERA collider

The HERA machine [79] is the world’s first lepton-nucleon collider. It is located in Ham-
burg, Germany, and has been providing luminosity to the experiments H1 and Zeus since
the summer of 1992. It is schematically shown in figure 3.1, along with the pre-HERA
accelerator elements.

The HERA collider is composed of two rings one for the electron (positron) and one for
the proton beam storage, having a circumference of 6.3 km. Electrons are accelerated to
27.5 GeV and protons to 820 GeV !. Conventional magnets are used to steer the electron
beam, but fields well in excess of the magnetic saturation of iron are required to constrain
the 820 GeV protons. Therefore a field of 4.6 Tesla is used with a system of superconducting
coils. The beams are steered in a way that they cross at zero angle at two points on the
ring where collisions may take place.

The beams are bunched in small buckets (called bunches) separated 28.8 m (or 96 ns).
Some bunches are left empty so that a filled electron or proton bunch might arrive at the
interaction point without a corresponding colliding partner. These so called pilot bunches
are useful for studying background events due to the collision of an electron or proton with
residual gas in the beam-pipe (beam-gas interactions) or with the beam-pipe-wall (beam-wall
interactions).

Two detectors, H1 located at the north and Zeus located at the south side of HERA,
have been built around the interaction points. Both multi-purpose detectors provide nearly

1Since 1998 the HERA accelerator operates with 920 GeV protons.
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Figure 3.1: The layout of HERA is shown on the right, along with the location of the
different detector halls. The pre-accelerators are shown in the blowup on the left.

full angular coverage and are asymmetric in the beam direction, optimizing the acceptance
for high multiplicity final states in the proton direction.

The electron (positron) beam can be polarized up to 70 %, by making use of the fact that
over a period of time, synchrotron radiation leads to a natural transverse polarized beam.
A third experiment, HERMES [80] located on the east side of HERA, makes use of this
polarized beam by colliding it with a polarized proton gas jet to study the spin structure
of the proton. A fourth experiment, HERA-B [81] located on the west side of HERA, was
approved in February 1995, primarily to search for CP violation in decays of B mesons.

The most important HERA parameters are given in table 3.1, showing those used in
1997, the year in which the data for the present analysis were collected.

3.2 (eneral description of the H1 detector

The H1 detector depicted in figure 3.2 is designed to study many aspects of ep scattering and
therefore consists of a number of subsystems providing complementary information, from
which the properties of the collision processes can be reconstructed. In order to exploit
fully the physics potential, the detector has to fulfil a number of major roles, which are:

e Electron detection: identification and energy measurement of scattered electrons
is vital for the study of neutral current DIS events as well as for photoproduction
events, where the scattered electrons are at very low Q? values.



Parameter Unity 1997

e /p
Circumference m 6336
Interaction points 4
Maz. number of bunch slots 220/220
Number of colliding bunches 174
Number of e-pilot bunches 15
Number of p-pilot bunches 10
Number of empty bunches 21
Nominal energies GeV | 27.55/820
Mean Currents mA 40/100
Package separation ns 96
o, at IP pm 179
oy at IP pm 48
aProvon gt [P mm 200
Linst em~2%s7! | 1.4 x 10%!

Table 3.1: The main HERA parameters.

e Hadron detection: calorimetry with good resolution and fine granularity is needed
for characterizing the hadronic final state in many processes. The calorimeter must be
hermetic in order to measure the transverse energy balance while for charged current
DIS events, the undetected final state neutrino exhibits an imbalance.

e Charged particle tracking: charged particle momentum measurement and identi-
fication is required for the investigation of many processes at HERA. This is provided
by tracking detectors covering a large solid angle. A magnetic field curves the tracks
and allows the momentum to be determined, while energy loss measurements enable
particle identification.

e Muon identification: heavy flavor, rare Standard Model and exotic physics pro-
cesses are detected through the production of muons in the final state.

¢ Luminosity measurement: accurate determination of the luminosity delivered to
the experiment is vital for calculation of cross sections.

e Triggering and readout: on the basis of the fast information coming from the
different detector subsystems, a selection of ep interactions of physics interest has to
be done by the trigger system.

In these aspects the H1 detector does not differ strongly from the detectors at eTe -
colliders, or pp-colliders built in the past. The principal H1 detector parameters are given
in table 3.2. Specific at HERA are however the imbalance in the energy of the two colliding
beams, which requires an asymmetric detector. Different also is the micro-structure of the



H Component | Parameter | Value H

LAr angular coverage 4° < @ < 153°
calorimeter | granularity (EM/Had) 10 - 100 cm? / 50 - 2000 cm?
depth (EM/Had) 20-30 Xo / 4.7 -7 Aje
number of channels (EM/Had) 30784 / 13568
or/E (EM shower) 0.12/4/E(GeV)a® 0.01
EM E scale uncertainty 1-3%
og/E (Had shower) 0.50/+/E(GeV )& 0.02
Had E scale uncertainty 4%
angular resolution 2 mrad for 6 < 30°
angular resolution < 5 mrad for 6 > 30°
SPACAL angular coverage 153° <0 < 177.8°
calorimeter | granularity (EM/Had) 4.05 x 4.05 cm? / 12 x 12 ¢cm?
og/E (EM shower) 0.075/,/E(GeV)® 0.025
EM E scale uncertainty 1-3%
Had E scale uncertainty 7%
spatial resolution 4 mm
time resolution < 1 ns
Central B-field (Tesla) 1.15
Tracking angular coverage 15° < 6 < 165°
o/pr 0.01 x pr(GeV)
Luminosity | normalization uncertainty 1.5 %

Table 3.2: The principal H1 detector parameters (status 1997).

beams, which leads to the high bunch crossing rate at HERA (10.4 MHz), and also to high
backgrounds from beam-gas and beam-wall interactions, therefore the detector must be
able to identify physics processes from background, digitize and read out a large number
of detector channels (> 250,000) while minimizing dead time. A fast pipelined, multi-
level trigger system, in combination with high-speed digitization and readout is therefore
employed.

The main elements of the detector are shown in figure 3.2 as well as the reference frame
adopted in the experiment. The positive z-axis points in the proton beam direction. The
x-axis points to the centre of the HERA ring and the y-axis completes the right-handed
system. In the following we often refer to the electron direction as the backward direction
(negative z-values relative to the centre of the interaction region and # = 7), and the proton
direction as the forward direction (positive z and 6 = 0). Since the centre of mass for ep
collisions at HERA is boosted along the proton direction with a factor yoars=2.82, the H1
detector is considerably more massive and highly segmented in this direction.
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Figure 3.3: A cross-sectional view of the H1 tracking system, showing the central and for-

ward trackers, and the BDC.

3.3 Tracking

The tracking system of H1 shown in figure 3.3 is split into two major components; the
central tracker, covering the region in polar angle 15° < # < 165°, and the forward tracker,
covering the region 7° < 6 < 25°. In addition, the backward region is covered by the
backward drift chamber (BDC) which is mounted on the front of the SPACAL calorimeter
and covers the region 151° < @ < 177.5 °. The central and backward silicon trackers (CST
and BST) provide precision measurements of tracks close to the interaction vertex. Only
the central and forward tracking devices used in this analysis will be described in more
detail below, since the CST and BST where still not fully operational in 1997.

3.3.1 The Forward Tracker (FT)

The forward tracker (FT') shown in figure 3.3, is used in this analysis to reconstruct tracks
in combination with central tracks or to help in the construction of the z-vertex histogram
(see section 3.9.1). The FT is composed of three very similar super-modules. Each super-
module consists, in increasing z, of twelve layers of planar drift chambers, a section of multi-
wire proportional chambers (MWPCs), transition radiators and twelve layers of radial drift
chambers. The MWPCs in the first super-module are used with the CIP and COP in the

z-vertex trigger.
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Figure 3.4: The Central Tracker. A view in the r-¢ plane

3.3.2 The Central Tracker

Two large concentric drift chambers, CJC1 and CJC2, with a length of 2.2 m are the main
components of the central tracking system. CJC1 (CJC2) consists of 30 (60) cells with 24
(32) sense wires parallel to the z axis shown in figure 3.4. The inner radius is 20.3 (53.0) cm
and the outer radius 45.1 (84.4) cm. The drift cells are inclined by about 30° with respect
to the radial direction. The space point resolution in (r,¢) is respectively 170 pm and 2.2
cm in z using a charge division method. The resolution in z is much improved by the usage
of z-chambers (CIZ and COZ) with wires perpendicular to the beam-axis. CIZ is located
inside and COZ outside CJC1 at a radius of 18 cm and 47 cm, respectively. CIZ and COZ
are divided into 15 and 24 drift cells with 4 sense wires per cell. The achieved resolution
in z is 260 pm.

Charged particles are bent by the homogeneous magnetic field of 1.15 T provided by the
superconducting coil around the LAr calorimeter. The combination of CJC1 and CJC2 with
the z-chamber measurements leads to momentum resolution for the track measurement of
o(pr)/pr < 0.01 pr/GeV. In addition to the drift chambers two multi-wire proportional
chambers (CIP and COP) deliver fast signals used for trigger purposes (see section 3.9).

3.4 Calorimetry

Figure 3.5 shows an overview of the various components of the H1 calorimetry. Only the
LAr and SPACAL calorimeters, used in this analysis for the measurement of the produced
hadronic final state, will be described.
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Figure 3.5: r — 2z projection of the HI calorimeters.

3.4.1 The Liquid Argon calorimeter

The LAr calorimeter shown in figure 3.6 provides energy measurement in the range 4° < 6 <
154° with full azimuthal coverage. The LAr, housed in a large cryostat inside the magnet
solenoid, is segmented into 8 wheels each of which is further segmented into eight identical ¢-
octants. The six central wheels are divided into an electromagnetic and a hadronic section,
whereas the most forward wheel consists of two hadronic sections. The most backward
wheel (BBE) consists only of an electromagnetic section. The electromagnetic part of the
LAr calorimeter is made of 2.4 mm thick lead absorber plates which are supplemented with
high voltage and readout plates, alternated with similar size gaps flooded with liquid argon
which serves as the active material. The total thickness varies between 20 and 30 radiation
lengths depending on the polar angle. The hadronic section consists of 19 mm stainless
steel absorber plates with a double gap of 2.4 mm filled with liquid argon. In total this
corresponds to 5 to 8 hadronic interaction lengths. The LAr calorimeter energy resolutions
for electromagnetic and hadronic showers have been measured in test beams [82] and are

% ~ % @ 0.01 and % ~ % @ 0.02 respectively (the energy is expressed in GeV).

The LAr calorimeter is non compensating, i.e. the response to hadrons is about 30%
smaller with respect to electrons with the same energy. This is corrected off-line using a
weighting technique. The main advantages of the liquid argon technique are good stability,
homogeneity of the response, ease of calibration and fine granularity. The total number of
read-out channels is about 45000.
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Figure 3.6: Longitudinal view of LAr calorimeter.
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3.4.2 The SPACAL calorimeter

The Spaghetti calorimeter, SPACAL, [83] shown in figure 3.7 provides energy measurement
in the backward region in the range 154° < 6 < 178° with full azimuthal coverage. It
is a sampling calorimeter with lead as absorber material and scintillating fibers as active
material. The SPACAL is divided into an electromagnetic and a hadronic section with a lead
to fiber ratio of 2.3:1 and 3.4:1, respectively. The electromagnetic section consists of 1192
cells of the size 40.5 x 40.5 x 225 mm. Each cell consists of grooved lead plates interspersed
with 2340 scintillating fibers 0.5 mm in diameter. Incident electrons and photons develop
into an electromagnetic shower in the lead which subsequently causes the fibers to scintillate.
The light is collected and read out by photomultiplier tubes. The cell size is adopted to
the Moliere radius of 25.5 mm. The length of the electromagnetic section corresponds
to 28 radiation lengths which means that energy leakage of the detected electrons can be
neglected. The energy resolution is parametrized [84] in test beam measurements to be
% Db~ % € 0.01. The spatial resolution of the calorimeter in the transverse plane was
measured to be 3.4 mm.

The hadronic (HAD) section is based on a design similar to the electromagnetic (EM)
section with lead scintillating fibers but with a larger diameter of T mm. There are 136
cells of typical dimension 119.3 x 119.3 mm? which reflects the greater lateral dimension of
h?bg)ronic showers. The hadronic resolution of the combined HAD and EM calorimeter is
o 0.3

E ~VE

3.5 The Time of Flight devices

There are a number of relatively simple systems included in H1 which reject backgrounds
on the basis of Time of Flight (ToF). The path length, and therefore the flight time, of
interacting particles arriving at various parts of the detector differs from that of particles
arising from beam-induced background, providing a useful method of discriminating be-
tween the two. The signals, information with a time resolution of ~ 2 ns, are strobed
against predefined ”windows”, corresponding to signal and background time periods. The
ToF systems, constructed from plastic scintillators, are located near the beam-pipe in the
backward endcap of the return yoke (BTol") and near the FMD (see section 3.6) (FToF).
In addition, the ”"Veto Wall”, a double set of scintillators positioned backward of the re-
turn yoke, detects particles from the proton beam-halo, which are mostly muons caused
by inelastic collisions of the protons with the residual gas. The efficiency of the device
for minimally ionizing particles has been measured to be 98+1% from studies of indepen-
dently triggered beam-halo muons arriving nearly parallel to the proton beam. The Time
of Flight information from the SPACAL calorimeter is also used to reject backgrounds and
is described in section 3.9.
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3.6 The Forward and Very Forward Detectors

The detectors grouped under this heading are used to distinguish proton elastic processes
from proton dissociative processes. In proton elastic processes, the protons are scattered
under very small angles and hence remain in the proton beam-pipe and leave the main
detector undetected. Only a small fraction of them is tagged by the forward proton spec-
trometer (see section 3.6.3). Proton dissociative fragments however can sometimes be seen
in the main forward muon detector (FMD). When the fragments are not detected in the
FMD, they still can be detected by the forward proton tagger (PRT).

3.6.1 Forward Muon Detector (FMD)

The FMD situated outside the IRON on the outgoing proton side of the detector (see
figure 3.8) was designed to measure the energy of high energetic muons originating from
heavy quark decays produced in the forward direction. The detector has an angular coverage
of 3° < 6 < 17° and consists of six double layers of drift chambers, four with wires strung
tangentially around the beam-pipe to measure # and two with wires strung radially to give
a ¢ measurement. Three layers are situated on either side of a toroidal magnet (i.e. the
pre- and post-toroid layers), designed to bend the muons to allow momentum measurement
in the range 5 < p < 100 GeV. As shown in figure 3.8c, each layer consists of two planes of
drift chambers, staggered from one another by half a cell. A paired hit in one of the layers
is seen if two adjacent (in z) sense wires measure a signal.

Particles which are scattered under small angles into the forward region can hit colli-
mators which are situated in the beam-pipe to protect the main detector from synchrotron



radiation. These secondary interactions produce a bunch of particles which then leaves
signals in the FMD. The probability for elastically scattered protons to hit the collimators
is very low. The geometrical acceptance of the FMD corresponds to the region 1 < n < 2.5.
Due to the position of the collimators this acceptance is extended to the region 3.2 < n <
5.5. Therefore signals in the FMD are a good signature for events where the proton does
not scatter elastically.

Only three pre-toroid layers from the FMD device are used to select diffractive events,
since the post-toroid layers are suffering from high background rates due to synchrotron
radiation originating from the bending in the electron beam before the interaction point.

3.6.2 Proton Remnant Tagger

The proton remnant tagger (PRT) (see figure 3.9) is situated 24 m from the nominal inter-
action point in the forward direction. It consists of seven individual scintillators arranged
around and between the electron and proton beam-pipes, as shown in figure 3.9. Each scin-
tillator comprises 2 parallel sheets of plastic scintillators. The PRT is sensitive to particles
which originate from secondary interactions of hadrons emerging from proton dissociation
events which extends the sensitivity for particles detected up to n=7.5.

3.6.3 Forward Proton Spectrometer

The Forward Proton Spectrometer (FPS) consists of four Roman pot stations. A schematic
view of one station is shown in figure 3.10. In every station there are two fibre detectors
each of which measure a uwv-coordinate of a passing charged particle with a resolution of
0, = 0y = 120 pm. The stations located at 81 and 90 m approach the beam vertically,
those at 64 and 80 m approach the beam horizontally. The vertical and horizontal pots
cover a different kinematic range, but the acceptance for both the horizontal and vertical
pots is small (< 10%). Measurement of the position and angle of the through going particle
and knowledge of the beam-optics allow the momentum vector of the scattered proton to
be reconstructed.

3.7 The luminosity system

Measuring a cross section necessitates a precise determination of the integrated luminosity.
Normally the measurement of a process with a well known cross section is used to satisfy
this demand. At HERA the Bethe-Heitler process ep — evyp (where the electron and
the photon are produced in the same direction as the incoming electron) is used for the
luminosity measurement for which a precise cross section calculation exists in the highly
relativistic limit and small angle approximation [86].

Figure 3.11 shows the luminosity system. It consists of the electron tagger (ET33)
located at z=-33.4 m and the photon detector (PD) at z= -102.9 m which are two electro-
magnetic calorimeters. Both hodoscopes are crystal Cerenkov counters with high radiation
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Figure 3.10: A schematic view of a Roman pot station with 2 horizontal scintillating fiber
detectors.
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Figure 3.11: The layout of the lumi system. On the left top figure the ET33 calorimeter , in
the middle a side view of the photon arm, consisting of a lead filter (F), a water Cerenkov
counter (VC) and the main photon detector (PD), on the right a z-y projection of the photon

detector (PD) is displayed. In the lower part a global overview of the system is shown with
their positions relative to the interaction point.



ET33 | ETY4 | PD
Material TIC1 + T1Br
Size 1n mm 154 x 154 | 44 x 66 | 100 x 100
Granularity 7Tx7 2x3 5x 5
Length of a crystal 20 cm
Interaction length X, 0.93 cm
Moliere-Radius Ry 2.10 cm
or/E 1% + 10% / VE, E in GeV
Acceptance in y (Q* < 0.01 GeV?)| 0.2-0.8 [0.04-0.2 |

Table 3.3: Some parameters of the calorimeters related with the luminosity system.

resistance and good energy, spatial and time resolution. The scattered electrons from the
Bethe-Heitler process are bent by a set of quadrupole magnets before they leave the beam-
pipe at z= -27.3 m through an exit window and hit the electron tagger. The scattered
photons are dominantly scattered under small angles. The photons, scattered at very small
angles, leave the proton beam at z = -92.3 m, where the beam-pipe bends upwards, and
are absorbed in the photon detector (PD). The PD is shielded from synchrotron radiation
by a lead filter (I'), which is followed by a water Cerenkov Veto counter (VC) which rejects
events with photons originating from interactions in the filter. The ET33 and the PD are
mounted on movable platforms which are retracted during injection to protect the system
from radiation damage.

A second electron tagger at z = —44 m (ET44) is built in a similar way, however spatially
smaller than the electron tagger at 33 m. Technical details are given in table 3.3.

Both electron taggers are also used to tag photoproduction events. When the scattered
electron is measured near the boundary of the electron tagger (ET33), there is a high
probability that only part of its total energy is contained in the detector, this leads to a
wrong electron energy. Therefore a cut on the local x coordinate |z, < 6.5 cm in the
electron tagger (ET33), of the centre of gravity of the electron cluster, is applied. This
means that events in which the energy deposit is within 1.5 cm of the edge of the detector
are rejected. Due to the small geometrical size of ET44, the total energy of a scattered
electron is never fully contained in this detector. However due to the small acceptance of
the ET44 (see figure 4.5) a fixed energy value of 24.5 GeV can be assigned to the scattered
electron which was triggered by the tagger. A cut on the position of the center of gravity
is therefore not necessary for this electron tagger.

3.7.1 Luminosity measurement

The luminosity collected by the experiment can be measured by two different methods [87]
based on the radiative process, ep — epy:



e Coincidence method:
The simultaneous measurement of an electron in the ET33 and a photon in the PD
is required.

e Photon method:
The Tuminosity is measured from the rates of detected photons alone.

The advantage and drawbacks of both methods can be found in [88]. For the online lumi-
nosity measurement by the HI monitor system the coincidence method is applied. For the
off-line determination of the final value of the integrated luminosity L, the single photon
method is used. The luminosity integrated over the time interval At is determined using
the formula:

E%I(Ata E’y > Emm)

L=
O'BH(EW > Emm)

(3.1)

where N, (At, E, > E,,;n) denotes the number of selected ep events with an energy E,
larger than a minimal energy E,,;, measured by the photon detector. opy(E, > Epy,) de-
notes the cross section for the production of photons in that kinematic range. N, (At, E., >
E..in) has to be corrected for trigger efficiencies, acceptance of the photon detector which
depends on the run dependent tilt of the beam and the pile up effect where more than
one Beite-Heitler process in a bunch crossing happens. The final systematic uncertainty is
1.5%.

3.8 Triggering and data acquisition

The purpose of the H1 trigger is to select interesting ep events and to reject high rate
background events. At the designed luminosity of 1.5x10%' cm ™25, the rate of DIS events
is ~b Hz and the rate of the dominant physics process (photoproduction) is ~100 Hz. The
interesting physics channels are inundated by a background with a thousand times higher
rate, consisting of three basic types:

e synchrotron radiation from the electron beam,
e proton-gas interactions in the beam-pipe vacuum of about 10~° mbar and

e clectron or proton interactions with the beam-pipe walls and with the surrounding
equipments.

The essence of the difficult trigger challenge is the disparity between the bunch crossing
interval of 96 ns and the different response and read-out times of the detector components,
meaning that the experiment could be ’dead’ to events in the detector for a large fraction
of time if every event were processed in full. The background conditions as well as the
short bunch time interval of 96 ns and the request for low dead time of the read-out system
results in a multilevel centrally clocked trigger system.



3.8.1 Level 1 trigger system (L1)

The level 1 trigger consists of a hardwired trigger logic with 128 subtriggers. These are
built by logical combinations from 128 trigger elements provided by the different detector
subsystems. The L1 trigger is fully pipelined and thus dead time free. Its decision time is
2.3 ps. After a positive trigger decision at level 1 the pipelines are stopped and the trigger
data are submitted to the level 2 trigger systems.

When a "L1-keep” signal is given, the dead time for the experiment begins. This can
be interrupted after 20 us by a rejection from level 2 or after 210 us by level 3, and the
pipelines are re-enabled.

3.8.2 Level 2 trigger system (L2)

The level 2 trigger is divided into two sections, the topological trigger (L2TT) and the
neural network trigger (L2NN). Both systems use the combination of signals from the dif-
ferent detector subsystems. The topological trigger takes a decision on the basis of pattern
recognition which is hardwired in the electronics. The data for the neural network trigger
are preprocessed and subsequently used as input for fast processors on which beforehand
trained neural networks are implemented. The decision time for this trigger level is 20 us
in which the detector is not able to take events. Those level 2 triggers were not used in the
collection of the minimum bias data which were used to perform this analysis.

3.8.3 Level 3 trigger system (L3)

This trigger system being an option to re-enable the pipeline after 210 us was not operational
in 1997.

3.8.4 Level 4 trigger system (L4)

The level 4 trigger consists of a farm of processors on which event reconstruction is per-
formed and subsequently decision algorithms decide whether an event is taken or not. Up
to 40 events are processed asynchronously with a processing time of about 100 ms for each
event. After the acceptance of an event the data are submitted to the DESY computing
centre where they are written to tape at a rate of about 10 Hz and an average size of 130
KBytes per event. Approximately 1% of the events rejected at the level 4 stage are allowed
through the filter, to monitor the effect of cuts. As reconstructed data of the whole detector
merge in L4 for the first time, it is well suited for monitoring and calibrations: numerous
monitor histograms are filled there, which can be inspected online.

3.8.5 Level 5 trigger system (L5)

Although all the data passing L4 is written to tape and permanently stored, further selection
takes place to prepare the data sets for physics analysis and to remove the remaining



background events. A full reconstruction and classification is done off-line and is referred
to as level 5 (L5). This is performed by a dedicated workstation, typically within 24
hours of the time when the data was recorded at L4. On L5 a detailed linking of charged
track segments and energy cluster is performed to complete the overall description of the
event. All the events are classified in at least one of the different physics classes (event
classification), before being written to Production Output Tapes (POTs) and stored. The
output after reprocessing of the data is written to Data Summary Tapes (DSTs) which
contain compressed data that reflects the characteristics of the event in a simple format
useful for analysis, such as tracks and calorimeter clusters, rather than the raw sub-detector
information. The typical size of an event on the DST is reduced to 10 KBytes, thus allowing
the events to be stored on disk, enabling easy and rapid access for analysis.

3.9 Trigger sub-system

The trigger sub-systems, which produce trigger elements used in this analysis are discussed
in this section. The systems are the z-vertex trigger and the SPACAL trigger.

3.9.1 The z-vertex trigger

The z-vertex trigger [89] reconstructs the primary interaction vertex along the z-coordinate
which is very useful in rejection of non-ep induced backgrounds. The z-vertex trigger is
able to provide this information at the level 1 trigger stage. It is used in two of the four
subtriggers in this analysis, and operates on the signal from the double cylindrical MWPC
layers of CIP and COP along with the double layer of the planar MWPC of the first
super-module of the forward tracker.

The basic principles of the z-vertex trigger is illustrated in figure 3.12. For every bunch
crossing, "rays” reconstructed from the pads hit and their intercept with the z-axis are input
to a 16 bin (5.4 cm wide) histogram. Tracks originating from one vertex will produce a peak
in the histogram; background tracks resulting from outside the H1 detector will produce a
flat z-distribution. Similarly ”fake tracks” resulting from accidental pad combination also
produce a flat distribution.

The 16-fold ¢-segmentations of the chambers corresponds to 16 independently built
histograms, one for each segment. The choice of 16 ¢-segments is a compromise between
suppressing random coincidences and accepting low momentum particle traces. The 16
histograms from the different ¢-segments are summed and the combined histogram is used
to define trigger elements to be sent to the first level trigger.

The presence of a good vertex is then signalled by a peak in the z-vertex histogram,
with a predefined signal /background ratio.
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Figure 3.12: Vertex reconstruction, which displays a peak at the true vertex location, show-
ing a single segment in ¢ for a hypothetical event with 3 tracks. Rays made from wrong
combinations form a random pedestal.

3.9.2 The SPACAL trigger

The SPACAL trigger provides two functions in the H1 experiment; a trigger for events
containing electron candidates and a veto for events originating from beam-induced back-
ground. The system therefore consists of the Inclusive Electron Trigger (IET) for the
electromagnetic (EM) section, plus AToF veto and ToF total energies for both the EM and
hadronic (HAD) section. The TET is not used in this analysis and will not be described.

The ToF/AToF trigger is separated into two distinct branches for both EM and HAD
sections; the Anti-ToF (AToF) veto which is designed to reject out-of-time background
events at the level of minimum ionizing particles, and the ToF/AToF energy sums (FEyy)
which generate trigger information from the global energies in SPACAL. Four FEy, bits
(ToF /AToF for EM and HAD) are sent to L1. In order to ensure that physics events with a
small ToF' contribution are not triggered, the Ey,; triggers are validated by comparing the
magnitude of the ToF and AToF energies.

For the EM section, upstream proton induced beam-gas and beam-wall background
interactions and physics interactions are separated by approximately 10 ns.



Chapter 4

Data selection

In this chapter the event selection used to extract the differential diffractive photoproduc-
tion cross section will be presented. First, the kinematical variables describing diffractive
processes at vanishing @2 will be reviewed. Afterwards the different triggers which are
used to collect the minimally biased photoproduction events are introduced as well as two
Monte Carlo models, i.e. PHOJET and PYTHIA which are used to correct the data for
limited detector acceptances, resolutions and smearing effects. Analysis cuts to select clean
photoproduction samples are reviewed, followed by the diffractive cuts used to select proton
elastic events. The method used to reconstruct the invariant mass of the photon dissocia-
tive system is discussed. Control plots to check that the Monte Carlo describes the data
are discussed at the end of the chapter.

4.1 Introduction to the kinematic variables

The invariants describing the different processes (see figure 2.7) involving the diffractive
photoproduction cross section are W2, t, M% and M2 and will be reviewed below, neglecting
the proton and electron masses.

In the photoproduction limit Q? — 0, the square of the centre of mass energy of the
yp-system, can be expressed in terms of the Bjorken variable y and the centre of mass
energy of the ep-system s, as

W?=ys. (4.1)

The Bjorken scaling variable y becomes in the photoproduction limit where the scattered
electron has very small angles with respect to the beam,

E, E.—E

Y= 7

4.2
T 7 (4.2)

here E., denotes the energy of the exchanged photon, being the difference of the incoming
electron energy F. and the scattered electron energy E!. Invoking energy and momentum
conservation, the variable y, may also be obtained from the full hadronic final state, h,
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according to

(Ey — Dop)
= X" 5B 4.3
y 2F, (4.3)

where I}, and p, ) represent the total energy and the momentum allong the z-axis of the
hadronic final state. Substituting formula 4.2 into 4.1 expresses W in terms of the energy

of the scattered electron energy
E.—F!
W = ——=. 4.4
\/S ( E, ) (4.4)

The square of the momentum transfer ¢,

t=(P-Y)? (4.5)

where P and Y denote the initial and final proton four-momenta respectively, can be seen
as the invariant mass of the propagator, here generically referred to as the pomeron. The
invariant mass at the photon vertex is given by,

M5 =(q+(P-Y))? (4.6)
while the invariant mass at the proton vertex is given by,
MZ =(P—(P-Y))> (4.7)

Experimentally the invariant mass M# is reconstructed by summing up all particles detected
in the photon fragmentation region using following expression:

My =Y (E? —p)). (4.8)

7

Another extensively used variable is the pseudo rapidity (n) of a particle, deduced from
the rapidity,
E+p.

E_pz

when the particle mass is small compared to p, and is given by the expression:

1
y=3

In (4.9)

n=—In (tan g) . (4.10)

Here @ is the polar angle of the particle with respect to the proton beam-axis. To illustrate
the particle acceptance of the various H1 detector components which are important in
the present analysis, figure 4.1 shows the detector boundaries for the LAr and SPACAL
calorimeters as well as for the forward detectors FMD and PRT as a function of rapidity
and angle. It should be emphasized that the figure only gives the geometrical acceptance.
In practice the acceptance is increased due to re-interactions of forward going particles
with beam-collimators and/or beam-magnets. To discuss acceptances, event topologies
and rapidities, Monte Carlo generators are needed.
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Figure 4.1: 180 - polar angle versus pseudo rapidity. The geometrical detector acceptances
for the detectors of interest are indicated.

4.2 Monte Carlo models

Detailed Monte Carlo simulations are indispensable for the extraction of physical quanti-
ties. They are used to correct for limited geometrical acceptance of the detectors and to
understand the effects of the measurement resolution on kinematical variables.

They are indicative in developing the data selection cuts to separate signal from back-
ground events. In developing the cuts and determining the acceptance corrections, it is
necessary that the Monte Carlo simulations describe the data well. This means that de-
tailed simulations of the detector apparatus must be performed, including active as well as
inactive materials. To know what the effect is on the acceptance correction factors obtained
from one Monte Carlo model with respect to another model, at least two Monte Carlo mod-
els should be used. The mean of both acceptance correction factors can be used to correct
the data with, and the difference can be assigned as an uncertainty on the derived cross
section coming from the uncertainty on the different models.

The two event generators used in this analysis to simulate photoproduction reactions
are those coded in the PHOJET [90] and the PYTHIA [91] Monte Carlo. Those generators
are designed to describe both direct and resolved photoproduction processes. In both
generators perturbative (QCD calculations are used for hard sub-processes. However, the
bulk of photoproduction processes contain no hard scale, and the minimally biased part of
both models are based on Regge phenomenology. The unified treatment of soft and hard
sub-processes, allowing a continuous transition between them, is based on an unitarization
scheme in both generators. The two Monte Carlos produce all four types of interactions
shown in figure 2.7 as well as non-diffractive events. An overview of how the generators
produce soft diffractive events is given in the following subsections.



4.2.1 PYTHIA generator

The centre of mass energy dependence of the total vp cross section is calculated using the
parameterisation of Donnachie and Landshoff (see equation (2.37)) with ap(0) = 1.081
and ar(0) = 0.453. In this approach the intercepts are expected to be universal, whereas
the normalization parameters Ap and Apr are specific to each initial state. The total cross
section is further subdivided according to

Tiot(8) = 0gL(s) + ogp(s) + opp(s) + opn(s) + onp(s). (4.11)

At not too large momentum transfers squared, ¢ , the elastic cross section is approximated
by the following exponential fall-off:

dO'EL . Ot20t
dt 167

—exp (BgLt) (4.12)

with a slope parameter Bry ~ 11 GeV~2 at HERA energies. The diffractive cross sections
are given by

dogp grrP 5 1 )
B 2z eop (bant) Fap(M 4.13
dt dM% 167 B'HPBMPM)Q( exp (bept) Fop(Mx, s) (4.13)
dopp IPPP ;2 1 ,
dtdMy ~ 16m “PB”IPW exp (bppt) Fpp(My, 5) (4.14)
do
DD QPPPB7P5pP exp (bppt) Fpp(M%, M2, s). (1.15)

dt dM2 dM? M2 M2

Since these Regge formulae for single and double diffractive events are supposed to be valid
in certain asymptotic regions of the total phase space, arbitrary factors Fgp, Fpp and Fpp
are introduced in order to obtain sensible behavior in the full phase space. The expressions
for the factors can be found in [91] and contain free parameters which are extracted from
fits to pp- and pp-data. They suppress production close to the kinematical limit M% — s
and DD configurations where the two diffractive systems overlap in rapidity space. Finally
they contain a term which gives an enhancement of the low-mass region where a resonance
structure is observed in the data. The triple pomeron coupling gppp and the couplings
of the pomeron to the external particles 8,p and 8,p are constrained by low energy data.
The slope parameter of the single dissociation processes is weakly mass dependent, and is
given by

b(s) = 2bo+ 2a'In (%) (4.16)
My

giving a logarithmic shrinkage in s/M%, with o/ = 0.25 GeV~=2. The by term protects
single dissociation from breaking down. The slope parameter for PD, bpp, is taken to be
approximately one unit larger than that for GD at the same final state mass, and both are
typically around half of the value for the elastic process. The slope parameter for double
dissociation has a logarithmic dependence on the square of both dissociation masses, and
is typically around 2 GeV~2,



The kinematic range in ¢ depends on all the masses of the problem. GD events are
generated starting at a threshold of Mx = M, + 0.2 GeV. A light diffractive system, with
a mass less than 1 GeV above the mass of the p meson, is allowed to decay isotropically
into a two-body state. Single-resonance diffractive states, such as the p' are therefore not
generated explicitly but are assumed described in an average, smeared-out sense.

A more massive diffractive system is subsequently treated as a string stretched along
the yp-interaction axis, with quantum numbers of the original hadron. The particles pro-
duced in the string development are distributed in a longitudinal phase space with limited
fransverse momentum.

4.2.2 PHOJET generator

Also in the PHOJET generator the total cross section is modeled as a sum of pomeron and
reggeon contributions. The effective pomeron and reggeon intercepts are determined in fits
to pp- and pp-data.

The elastic cross section is treated in a similar way to the PYTHIA case. The differential
elastic cross section is also given by equation (4.12). The default slope parameters used for
HERA energies are for quasi-elastic p, w and ¢ production b, = 11 GeV™2, b, = 10 GeV~?
and b, = 6 GeV~2. The mass distributions of the vector mesons are calculated from the
relativistic Breit-Wigner resonance formulae. In case of p° photoproduction, the mass is
sampled from the Ross-Stodolsky parameterization.

In single diffractive dissociation, the mass Mp of the diffractively produced particle
system is calculated according to the triple pomeron kinematics. In the case of diffractive
dissociation of particle A with a quasi-elastically deflected particle B the differential cross
section is generated following:

d*o 1 ) s\2eP-2 [ g0 \*F
m = 16_7TgP,A(O>gPIPP(O)gP,B(O> (;) (M_%>
xexp{2bp (M3, M3, M3)t}. (4.17)

This formula is valid in the triple regge limit. The limits for the diffractively produced mass
in a collision with centre of mass energy /s are given by the mass m 4 of the diffractively
dissociating particle itself

Mlz),min = (mA -+ MA)2 (418)

and
Mlz),max = (mﬂ/mB)S' <419)

The t-dependence is sampled from a single exponential distribution with mass dependent
slope
b = 2bp(m?%, m%,m%,m%) (4.20)

_ bAe—c(mA—mA/)2+bB€—c(mB—mB/)2

+20/(0)In (2 A Py sz,)> (4.21)



where m4, mp and my, mp are the masses of the incoming and outgoing particles or the
diffractive excitations respectively. This slope parameterization gives a steady transition
from elastic scattering to single and double diffractive dissociation. For quasi-real photons
the p mass is used instead of the photon virtuality since it acts as hadronic scale of the
photon. The parameters by, bp and ¢ are determined by cross section and slope fits and
are given in [90].

The low mass resonance structure is approximately taken into account by a suppression
factor for low masses, which is compensated afterwards by adding resonances to the mass
distribution according to the finite mass sum rules (FMSR). Those are an extension of the
finite energy sum rules (FESR) which are based on duality. In the dual description of the
total cross sections the low energy region is best described by s-channel resonance produc-
tion while at high energy the behavior is well described by reggeon t-channel exchanges.
FESR states that the two descriptions are equivalent implying that the high energy behav-
ior extrapolated in the low energy region describes well the average cross section behavior.
A similar description applies to the diffractive cross section where the relevant variable is
M?% rather than s, hence the name FMSR.

4.3 Event topology

As shown in equation (2.59), the differential cross section in £ = xjp due to a single Regge
trajectory a(t) is given by:
2a(t)—1

do 1

— x| = (4.22)

dg (f )
where & = My /W. As the pomeron has the largest intercept of all trajectories, the events
with a large rapidity gap are mainly of diffractive origin and favor small values of £. This

explains why in the past diffractive process measurements have been studied in the range
¢ €0.05,0.1].

From the rapidity definition, equation (4.9), one also deduces that In ¢ is the rapidity of
an undecayed state X with mass My in the centre of mass system with energy W:
Mx
Y =Iné =In —. 4.23
Nx 3 W ( )
If the mass My decays isotropically in the centre of mass, the resulting rapidity distribution
has an approximately Gaussian distribution with a half width An with little dependence
on My such that the maximum rapidity is given by:

Mx
n;nax =ln W + A?? (424)
To calculate the 7,,,, in the laboratory system an additional term AY has to be introduced
to account for the Lorentz boost between the frames. The values AY for the different centre
of mass energies W are given in table 4.1
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and log(M?% ).

For larger dissociative masses My, corresponding to the triple Regge region, multi-
peripheral models [92] give a good description of the rapidity distribution which are flat
and have a half width at half max of:

M2
maz O | X, 4.25
s o0 (251 (1.25

Both equations (4.24) and (4.25) describe the data well for An= 0.7 units and p=
1500 MeV as extracted from figure 4.2.

Not only diffractive but also non-diffractive events can exhibit a large rapidity gap.
However the larger gaps are exponentially suppressed in contrast to the diffractive events.
Indeed, from the triple Regge expansion one finds that dN/dM% oc 1/M% which combined
with equation (4.25) shows that:

AN 4N dMZ 1
e = N2 i X Y M5 o constant. (4.26)

4.4 Cross section definition

If we would extract the differential photon dissociative cross section do(yp — Xp)/dM%
from the rapidity gap data by subtracting the others like non-diffractive and double disso-
ciative events as background, it is clear that the result will depend strongly on the modeling
of the processes in the given Monte Carlo. In order to minimize uncertainties resulting from
Monte Carlo background subtractions, a cross section definition will be introduced which
is experimentally well defined.

To this end, each event, diffractive or not, will be interpreted in terms of the generic
process yp — XY, where X and Y represent two systems separated by the largest rapidity
gap in the event. Y is defined as the system closest to the proton direction.



In order to reject the proton dissociative, double dissociative events and non-diffractive
events from the event sample, the forward detectors and the forward part of the LAr are
used. Although the mass of the Y-system can not be measured, it can be shown that
dissociative masses with My > 1.6 GeV and | ¢ |[< 1 GeV? can be detected in the forward
detectors. Only 3% of the proton dissociative events (i.e. PD and DD) where no signal in
the forward detectors was observed, had an My > 1.6 GeV or | ¢ |> 1 GeVZ2 Hence the
photon dissociation cross section that will be measured is given by the expression:

do(yp — XY)

2
Mx dM?%

(4.27)

My <1.6 GeV, [t|<1 Gev?

This expression is completely defined at the hadron level and fairly insensitive to Monte
Carlo process modeling. As the separation of the final state by the largest event gap into
system X and Y are fundamental to the cross section definition, one can ask the question
whether the largest gap in the event always coincides with the separation of the photon
and proton system at generator level from the diffractive event. Figures 4.3.a-d show the
difference between the generated mass of the photon system M and the generated mass
of the X-system M¥™" as a function of MJe" for the respective generic processes, EL, PD,
GD and DD. From figure 4.3.a and ¢ one concludes that the masses M{™ and M°" for the
event samples EL and GD where Y = p are identical. In contrast, for the event samples
where the Y-system fragments, i.e. PD and DD (figures b and d), the masses M¥" and
M#e differ substantially, indicating that the largest gap found in the event does not coincide
with the ”diffractive” gap separating the photon and proton final state particles, and hence
resulting in a wrong M$™", M{*™ mass estimate. This is indeed understandable since for
high proton dissociative masses M3 the Y-system will be spread out in the polar angle 6,
entering the particles from the photon system. This means that restricting the masses of
the photon and proton system, i.e. M9" and ME™ to low values, the largest gap should
coincide with the generic ”diffractive” gap of the event, leading to good estimates of the
generated masses. This can be seen in figure 4.4 where the difference between M$™ and
Mg™ for PD events is shown as a function of the mass of the proton system Mpz™, from
which it is clear that the gap finding algorithm starts to fail to find the right mass for M%™"
values above 25 GeV. In order to make a largest gap separation for DD events coinciding
with the "diffractive” gap, both MZ™ and M¢° have to be small, since otherwise final
state particles from the photon system would overlap in the polar angle § with final state
particles from the proton system, leading to the destruction of the ”diffractive” gap and
thus to a wrong estimate of the masses from the X and Y-systems M¥%™" and M{".

4.5 Selection of minimally biased photoproduction events

4.5.1 Data selection

The minimally biased tagged photoproduction data used in this analysis were collected
during a short dedicated run in 1997. In this period, HERA collided £,= 820 GeV protons
with F, = 27.5 GeV positrons. Only those events are selected where all components of
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Figure 4.3: The difference between the true generated mass M4" and the mass MSY" found
after the separation of the X - and Y -system on the basis of the largest gap, presented as a
function of MI" for EL processes a) for PD b) for GD c) and for DD d).

the detector which are relevant for the analysis were fully operational. This is achieved on
an event-by-event basis where the status of the following systems was checked: CJC, CIZ,
COz, CIP, COP, SPACAL, BDC, LAr, PRT, FMD and the luminosity system.

Since in photoproduction the incoming electron scatters backwards ! at very small angles
with respect to the incident proton, the scattered electron can be measured either in the
electron tagger of the luminosity system at 2 = —44 m in the kinematic domain Q? < 0.01
GeV?/c? and 0.04 < y < 0.2 or in the electron tagger at z = —33 m covering the same Q?
domain but for the y-interval 0.3 < y < 0.7.

Events were collected on the basis of the following 4 subtriggers (see table 4.2). The first
subtrigger S69 requires a coincidence of a signal (E_ > 7.2 GeV) from the electron tagger
(ET33) of the luminosity system, and a TO signal from the z-vertex sub-system trigger
(see section 3.9.1), indicating activity in the central part of the detector. This trigger is
very powerful in selecting ep-interactions in which the photon system dissociates into a
high mass system leading to a high track multiplicity in the central detector. The second
trigger S70 requires a coincidence of trigger elements from the electron tagger (ET33) and
from the Spacal TOF trigger (see section 3.9.2). Subtrigger S70 is especially efficient for
the detection of particles leaving the interaction region in the backward direction, close to
the beam-pipe. Therefore S70 will be of particular interest in triggering the lowest photon

1See definition on page 41.
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Figure 4.4: The difference between the true generated mass MJ" and the mass M$" found
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H Subtrigger ‘ Trigger element composition | Triggers H

S69 eTAC 671 889
S70 eTAG && SPCLe_ToF E_1 904 719
S80 etag-44 88 814
5105 etag 44 && SPCLe_ToF_E_1 | 167 933

Table 4.2: The used Etag triggers and their statistics obtained after the detector status
check.

dissociative masses situated in the backward part of the detector (see figure 4.8). The two
subtriggers S80, S105 used in this analysis are similar to the S69 and S70 subtriggers but
with the electron tagger (ET33) trigger element substituted by the ET44 trigger element.
The ET44 trigger element is set when the energy deposited in the tagger exceeds 10 GeV.

All of the subtriggers used in this analysis, also contain vetoes to reject non-ep-interactions
in which signal is detected in the background time window of the TOF and FTOF scintilla-
tors (see section 3.5). To suppress events in which a photon was radiated off the incoming
electron (Bremsstrahlung), leading to a lower measurement of the electron energy in one of
the electron taggers affecting the photon proton centre of mass energy, a veto condition on
the photon detector on level 4 of the trigger system was also required (Epp < 5.6 GeV).

The subtriggers from table 4.2 are not completely independent. In particular for high
photon dissociative masses where a high number of particles will be produced in the central



and backward part of the detector, S69 and S70 will both be validated in most cases. This
explains why about one third of the events which were validated by subtrigger S69 were
also validated by S70.

4.5.2 Downscaled triggers and the event weights

With a high input (event) rate which occurs at the beginning of a luminosity fill and a
limited rate of 50 Hz with which the events can be logged to tape, the recorded event
sample would be dominated by events at low @Q?. In order to preserve interesting events
at high @?, all subtriggers corresponding to low ? processes were downscaled. When
towards the end of a luminosity fill the event logging rate was reduced well below 50 Hz,
the downscale factors were gradually decreased and eventually set to one. Every change
in downscale factors was marked by a new ”run”. The maximum event rate attributed
to the minimum bias triggers was limited to 30 Hz. As the S80 and S105 subtriggers are
more background contaminated than the subtriggers S69 and S70, the latter downscale
factors were reduced first. Due to the variations in the downscaling of various subtriggers

in different runs, the events have to be weighted.

If d;;, represents the downscale factor of event ¢ for subtrigger 7 in run %, then the
probability that event ¢ will be triggered is

1

Pk = 5
ijk

(4.28)

If there are several subtriggers simultaneously possible with different downscale factors,
then the probability that any of them leads to a trigger is
1
dijk

.Pi]g — 1 _ HNsubtrig(l _

i ). (4.29)
Using the inverse of P, as an event weight, would attribute the correct rate to all triggers
as if not downscaled. However some of those weights could be large in runs with a large
downscale factor and a small luminosity. These large uncertainties can be avoided by
weighting the triggering probabilities over the full run range. If L; is the luminosity of run
k we define the overall event weight by

NT’unS
Zk:1 Lk
N”'uTLS ’
Yoy L Py,

,L' pumng

(4.30)

These are the event weights used in this analysis.

4.5.3 Electron tagger acceptance

The electron tagger at 33 m performs a double function. It both tags yp-events and pro-
vides a measurement of the scaling variable y. Since this analysis is based on a tagged
photoproduction sample and the geometrical acceptance of the electron taggers is limited,
an acceptance Agr(y, @*) has to be calculated.



This electron tagger acceptance, shown in figure 4.5, depends on the following HERA
parameters:

e the electron beam-tilts (0,, 0,)

e the offset of the electron beam-trajectory (A A

H1 interaction point.

) with respect to the nominal

Loff? Yoff

Due to the bending of the electron beam in the z direction, 6, and A, 4 are the most
important, while the vertical tilt and offset can be ignored to first order. A method exists
to determine the over Q? integrated acceptance A(y) for an inclusive photoproduction data
sample. First, the acceptance AP (y) for the Beite-Heitler events ep — eyp is measured.
Then the Monte Carlo simulation was tuned to the data by varying A, ., being the only
free parameter in the procedure since 6, can be measured by monitoring the position of the
photon spot at the photon detector. Finally, the acceptance A(y) can be calculated using
the measured tilt 0, and the tuned value of A; ... A limited range of 0.3 < y < 0.7 was
used in this analysis, to avoid low acceptance regions. Within this interval the integrated
tagger acceptance is accurate to 3 - 5 %.

The electron tagger at 44 m being about three times smaller than the electron tagger
at 33 m, has a very small acceptance window and as a consequence a very poor energy
resolution, such that it only serves as triggering purpose. Once this electron tagger measures
an energy above threshold (i.e. 6 GeV) the electron energy had a value of E, = 24.5 GeV,
equivalently to a photon proton centre of mass energy of (W) = 91 GeV.

In this analysis the available y-range of the electron tagger at 33 m is further subdivided
into two intervals leading to different mean photon proton centre of mass energies (W)=
187 and 231 GeV (see table 4.3). While for the electron tagger at 44 m one centre of mass
energy bin was obtained, i.e. (W)= 91 GeV.

| ET-detector at | y-interval | (W) |

44 m [0.05—0.2] | 91 GeV
33 m [0.3—0.5] | 187 GeV
33 m [05—0.7] | 231 GeV

Table 4.3: The y-intervals with their corresponding vp centre of mass energies.

4.5.4 Photoproduction event sample

Analysis cuts are applied to the data samples obtained with the four different subtriggers, to
remove events from background sources and events for which the scattered electron energy
is poorly measured.
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Figure 4.5: The electron tagger acceptances as a function of the inelasticity variable y. For
each of the electron tagger calorimeters an acceptance curve is shown.

A cut on the local z-coordinate of the centre of gravity of the electron cluster, |z4,,] <
6.5 cm, in the electron tagger (ET33), is applied (see section 3.7). This is a typical cut to
avoid that the scattered electron energy is poorly measured.

Because of the high rate, Bremsstrahlung events (ep — ep7y) can overlap in time with an
ep-interaction in which a z-vertex T0 or a SPCLe_ToF_E_1 has fired and hence constitute a
serious background in the photoproduction event sample. However these events can easily
be rejected by imposing a cut on the energy (Epp) deposited in the photon detector of the
luminosity system. The energy measured in the photon detector (Epp) was required to be
below 2 or 0.6 GeV for respectively the ET33 or ET44 sample. These values correspond to
those used in the determination of the electron tagger acceptances.

After these cuts the main background in the photoproduction event sample is due to
beam induced background; mainly electron beam interactions with residual gas. Most of
these events can be eliminated using the following two criteria.

The first criterion is based on the vertex distribution. As beam-gas interactions have a
uniformly distributed vertex, in contrast to the genuine ep-interactions for which a peaked
z-vertex distribution around the interaction point is seen, the following requirement was
imposed: if a vertex was present it was constrained to be in the interval [—30, 30] cm. With
such a conditional cut, events with low multiplicities still remain after the cut.



The second criterion is based on the quantity ypea = > ;(E; — P, ;) /2E, where the index ¢
runs over all final state particles excluding the final state electron and with F, the incoming
electron energy. Figure 4.6.a and b show the quantity yj.q for the z-vertex and SPACAL
triggered event sample at (W) = 231 GeV. One sees that for genuine ep-interactions at a
mean centre of mass energy (W) = 231 GeV the distribution is centered around a value of
0.6, while for e-residual beam-gas interactions this mean value is expected to be at lower
values and should be identical to the distribution obtained with the ”e-pilot bunch” event
sample. The beam induced background is clearly visible in the SPACAL triggered event
sample which dominates the genuine ep events, and is well reproduced by the e-pilot event
sample 2. Comparison of figure 4.6.a and b shows that the requirement of a z-vertex TO
trigger (see section 3.9.1) vastly suppresses the background.

To reject these beam induced background events a cut is performed on ypq4 (See table 4.4).
In order to calculate whether the fraction of beam-gas events to genuine photoproduction
ep events remaining after the cuts of table 4.4, the beam-gas events have to be normalized
following the corresponding luminosity. To be able to normalize these number of electron
beam-gas events a quite uncertain method exist taking the electron beam-current, the
density of the beam-gas and the length over which both can interact with each other into
account. Here another experimental method is used, fitting the normalization of the ”pilot
events” in a way that the Monte Carlo events plus the ”pilot events” describe the data. The
remaining beam induced background is small and amounts to 1% and 2% at respectively
(W)= 231 GeV and 187 GeV in the SPACAL triggered event sample. The background is
even smaller in the z-vertex triggered events.
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Figure 4.6: ypeq-distribution at (W)=231 GeV for a) z-vertex triggered events and b)
SPACAL triggered events.

For the data at (W)= 91 GeV, this background reducing cut on yu. could not be
applied. The reason is that at lower W energy, the genuine ep-events have a mean value of
y=0.09 and merge with the beam-gas peak. No sensible cut to reject the beam-gas can be

2For the normalization see next paragraph



Cut Purpose

Epp < 2.0 /0.6 GeV Bremsstrahlung rejection
|T1ag33] < 6.5 cm * Containment of the electron energy
0.2 < Ypad™ Beam induced background rejection

3 z-vertex € [-30,30] cm | Beam induced background rejection

Table 4.4: Cuts used to select a clean photoproduction event sample. The cuts with an
asteriz are only applied to the ET33 triggers.

introduced. As a result the beam induced background is large in this sample and amounts
to 23% in the case of the SPACAL triggered event sample.

4.6 Selection of diffractive events

Proton elastic diffractive events are selected on the basis of a non observation of activity in
the forward detector components, PRT, FMD and the forward part of the LAr and hence
these detectors are used as a veto. Therefore it is important to understand their noise
level, which can be investigated using ”"random trigger” files which contain data randomly
triggered and where no specific trigger was requested. About 1% of all events written to
tape are randomly triggered. Since noise in the detector components can vary in time, the
study of these random triggered events is done on a sample that corresponds to the same
run range as the selected data.

Figure 4.7.a shows the percentage noise level in the PRT detector as a function of the
cumulative hit multiplicity. Because the low noise level, less than 0.54 % of the events will
give at least one hit, the PRT "no-hit” condition was put to;

Nppr < 1. (431)

Figure 4.7b) shows the percentage noise in the FMD detector as a function of the cumu-
lative paired hit multiplicity, where the paired hits refer only to the pre-toroid layers (see
section 3.6.1). As the noise level in this detector is rather high, the condition for no signal
in the FMD was set to;

Neyp < 2. (4.32)

Figure 4.7c) shows the energy distribution of the noise clusters deposited in the LAr
calorimeter as a function of the polar cluster angle #. As can be seen the noise level differs
between the central (6 > 10°) and the forward part (0 < 10°) of the detector. Therefore
two different noise cuts were applied: E = 0.4 GeV for clusters with # > 10° and 0.7 GeV
for clusters with 8 < 10°.

The maximum pseudo rapidity of a cluster that can be measured in the LAr is set to;

Nmaz < 3.2. (4.33)
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Figure 4.7: Percentage loss of proton elastic events a) as a function of allowed number of
fired scintillators of the PRT, b) as a function of the allowed paired hits in the pre-toroid
layers of FMD due to random noise in the device. The enerqgy distribution of the noise
clusters is shown in ¢) as a function of the polar angle 0.

Although the acceptance of the LAr is somewhat larger, the value of 3.2 was taken to
guarantee full containment of the most forward cluster energy.

Figure 4.8 shows the n,,,,-distribution as predicted by the PHOJET Monte Carlo for
event samples respectively tagged by the ET at 33 m and ET at 44 m. The figure also
shows the contribution from the different processes: EL, GD, ND and the total contribu-
tion. Non-diffractive events producing hadronic activity in between the photon and proton
fragmentation regions produce mostly energy deposits in the LAr calorimeter very near to
the edge of its forward acceptance. Therefore by applying the 7,,,,-cut given under (4.33)
most of the non-diffractive events are rejected. A small fraction remains with an 7,,,, very
close to 3.2, and decreasing exponentially towards lower 7;,,, values.

A second peak at low 7),,,, is dominated by vector meson production since the decay
particles of the vector meson are detected more in the backward region of the detector
giving negative 1,,,, values. In between these two peaks a relatively flat region (see equa-
tion (4.26))of predominantly GD and DD events is observed. One also sees that the maximal
pseudo-rapidity shifts towards higher values for decreasing centre of mass energies, as repre-
sented by the full and dashed curve in figure 4.8.a for a centre of mass energy of respectively
(W) = 200 GeV (i.e. y € [0.3,0.7]) and 91 GeV.

Applying the 7,,,, cut, diffractive events can be rejected due to electronic noise in the
calorimeter. This effect exists but the resulting efficiency loss for diffractive events is cor-
rectly taken into account in the Monte Carlo simulations, since the random noise in the LAr
is monitored over regular periods of the data and incorporated into the detector simulation
automatically.

A summary of the proton elastic diffractive cuts can be found in table 4.5.

As the Monte Carlo is used to calculate the acceptance of the forward detectors, a
detailed study to check the forward detectors description has been performed. In this



H Cut | Description H

NMmaz < 3.2 | No activity in forward LAr
FMD < 2 | No activity in L14+L24L3
PRT =0 No activity in PRT

Table 4.5: Selection criteria to select proton elastic diffractive events.
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Figure 4.8: 0y, -distribution from the PHOJET Monte Carlos representing the ET33 (a)
and ET44 (b) sample. No cuts were applied on the Monte Carlo. The hatched, dark hatched

and gray distribution shows respectively the ND, GD and FEL contribution from the Monte
Carlo.

study, it has been found that the PRT description does not agree with the data. The
reason for this is in part due to aging of the scintillators and in part due to bad optical
contact between light guide and scintillator which were only revealed after the minimum
bias run had taken place. The adjustment of the Monte Carlo will be discussed in the
following section.

4.6.1 PRT efficiency correction

In order to estimate the individual PRT scintillator efficiencies from the data and to correct
the Monte Carlo simulation, a diffractive data sample with some activity (E > 500 MeV)
in the forward part of the LAr (# < 10° or n > 2.4) and a large rapidity gap of more than
2.4 units in pseudorapidity, spanning from n=2.4 till 0, was selected. The seven figures,
4.9.a-g show the hit multiplicity of the 7 PRT scintillators for seven event subsamples,



in which respectively scintillator S; with j going from 0 to 6 was required to have fired.
The Monte Carlo prediction in each histogram is normalized to the hit multiplicity of the
firing scintillator in the data. Comparison of data and Monte Carlo clearly indicate that
scintillators S3 to S6 are very inefficient with respect to the simulation. The scintillator
efficiencies were determined using the hit multiplicity of figure 4.9.c assuming that S2 is
100% efficient. The values obtained are shown in table 4.6. As can be seen from the
grey hatched curve in figure 4.9.a, b and d-g, all hit multiplicities are well described after
applying the scintillator efficiency factors to the Monte Carlo simulation.
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Figure 4.9: PRT scintillator hit multiplicity for diffractive event subsamples in which re-
spectively S0, S1, 82, 8§38, S4, S5 and S6 fires; the data (black dots), Monte Carlo (full
line) and the PRT efficiency adjusted Monte Carlo (the grey histogram) normalized for
each histogram to the multiplicity of the firing scintillator in the data.



PRT efficiency for scintillator
S0 S1 S22 S3 54 S5 S6

[0.77 078 1.00 0.30 0.08 0.10 0.19 |

Table 4.6: PRT efficiencies calculated for the 1997 minimum bias run assuming S2 to be
100% efficient.

4.6.2 Forward detector description and PRT tagging efficiency

The hit distributions in the PRT and FMD and the energy distribution in the LAr are
dependent on the model assumed for the My -distribution in the event generator. To cross
check whether the assumed My -dependence fits the data, the conditional probability for one
of the forward detectors to fire, given a different forward detector causing the trigger, has
been compared in data and Monte Carlo. Again the diffractive sample with Ay > 2.4 units
has been used. Figures 4.10.a-f show the various combinations of signals recorded in one
of the detectors when triggered by another. Table 4.7 shows the same results numerically.
The errors are of the order of 5%. Table 4.7 shows that once a signal is recorded in
the FMD or LAr (small i) the probability for recording a signal in the PRT (large n) is
underestimated in the Monte Carlo with an averaged efficiency of 80% with respect to the
data. In the same way one obtains that once a signal is recorded in the PRT or LAr,
the Monte Carlo overestimates the FMD tagging probability with an averaged efficiency of
114%. The Monte Carlo overestimates the LAr tagging probability by 10% with respect
to the data. Hence the data seems to indicate that the M{-dependence assumed in the
Monte Carlo tends to simulate too many events at large My . This discrepancy in the
forward detector description will be included in the final analysis as a systematic error by
reweighting the MZ-distribution by MZ%?.

Given a reasonable forward detector description between data and Monte Carlo, i.e. by
reducing the Monte Carlos PRT estimate, one can also extract from the adapted Monte
Carlo the proton dissociation tagging probability which is found to be 82+4%. The error
results from a reweighting of the M?¢-distribution in the Monte Carlo by § = £0.5. As a
consequence the background from proton dissociation in the proton elastic sample amounts
to 124+6% if the ratio of proton dissociation to proton elastic is taken to be 2/3+1/3 [93].
However noise in the forward detectors may result in the loss of elastic proton events. This
can be estimated from random triggered events in which it is found that the fraction of
events with a hit in the PRT is 144+3%. Hence the sum of both contributions would result
in a correction to the total elastic proton cross section of -24+7%.

4.7 The reconstruction of the invariant mass My.

After the identification of a rapidity gap in the forward direction, the invariant mass M%
of the diffracted system is given in terms of the total four-vector, py, of the hadronic final
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paired hits in the FMD or at least one cluster above 500 MeV s observed in the forward
part (6 < 10°) of the LAr.

state associated with the photon, by
2

M2 = B — () = (;E) - (;p)

where the sum is performed over the photon dissociation system X. In photoproduction
where Q2 = 0 the incident photon is colinear with the beam-axis and thus the overall

(4.34)



PRT tagging elliciency
Triggered on € = data/MC  combined efficiency
FMD 0.92
LAr 0.68 = 0.80

FMD tagging efficiency
Triggered on € = data/MC  combined efficiency

PRT 0.92

LAr 1.35 = 1.14
T Av tacoino officionevy
EPPI W wablll& AUF S B A WY LS § A W)

J
Triggered on € = data/MC  combined efficiency
PRT 0.95
FMD 1.26 = 1.10

Table 4.7: Tagging efficiencies for each individual forward detector determined from an
event sample in which one of the two other forward detectors produced a trigger. The mean
of these two efficiencies is considered as the combined tagging efficiency

transverse momentum of the state X is zero. Equation (4.34) can be rewritten as
My = (Eb + ps,) (Ey — ps,)- (4.35)

The factor (Ej, + p,,) is insensitive to particles lost in the backward beam-pipe for which
E ~ —p,, while (E, — p,,) is affected maximally. Therefore (E, — p,, ) was replaced by
2yE, = 2(E. — Ey) using equation (4.3) where y is calculated using the electron energy
measured in one of the electron tagger calorimeters. This results in the final expression for
the mass:

M)Q( = Q(Ee’ - Ee)(Eh -+ th,)' <436)

The hadronic final state h is reconstructed by combining associations of neighboring
calorimeter cells, called clusters, in the LAr and SPACAL calorimeters and tracking infor-
mation [94]. The selected clusters and tracks are combined by the following procedure:

e The selected central tracks fitted to the primary vertex are extrapolated into the
calorimeter.

e For each track, the energies of clusters within an extrapolated cylinder around the
extrapolated impact point in the calorimeter are summed up. The radius of the
cylinder is 25 cm (50 cm) in the electromagnetic (hadronic) section of the calorimeter.

e If the track energy is greater than the summed energy in the extrapolated cylinder,
only the track’s four-vector will be kept.

o If the track energy is smaller than the summed energy in the extrapolated cylinder,
all those clusters which are near to the extrapolated track and for which the summed
energy equals the track energy are removed from the cluster list.



e Calorimeter clusters behind a muon track are masked.

This procedure leads to an improved reconstruction of the hadronic final state with respect
to a reconstruction in which only calorimeter information is used.

To determine the quality of the mass reconstruction the quantity ¢,

Mrec _ MQC'L
6 — % <437)
X

is used. Figures 4.11.a-f show § as a function of the generated invariant mass M$™" for the
two Monte Carlos, PHOJET and PYTHIA. The error bars indicate the standard deviation
on the variable 6. The shift of the mean reconstructed mass towards larger negative values
for large generated masses indicates that the reconstructed mass is underestimated while
for the lowest M$"-bin the mass is overestimated. The width of the reconstructed mass
o(8) is relatively constant except for the lowest masses M% .

The underestimation of the M5 value can be explained by a loss of particles in the
forward direction. Although an 7,,,, cut is applied on reconstructed "objects”, it may still
happen that the part of the generated particles especially for large MY " values, escape the
forward part of the LAr calorimeter. To check this hypothesis, events were generated in
which all generated particles satisfied the condition 7,,,, < 3.2. The result showed that the
observed shift from figure 4.11 is no longer present.

The loss of particles in the forward direction is dependent on the Lorentz boost be-
tween the laboratory system and the p centre of mass system (CMS). The larger the
boost (smaller W), the more the particles are projected forward in the laboratory sys-
tem. This explains why at a mean centre of mass energy of (W) = 91 GeV the fractional
underestimation of the reconstructed mass reaches 50% already for values of M¥™ at 20
GeV, while at (W) = 231 GeV this fraction is only reached at M{™ ~ 50 GeV. The large
"under-reconstruction” will result in large mass migrations between the generated and re-
constructed mass bins. In order to avoid this a correction to the reconstructed mass has

been introduced.

The M%-binning used in this analysis is similar to one used in a previous analysis [68]
for the data at (W)=231 and 187 GeV. For the lower centre of mass energy, (W)=91 GeV,
data sample, the last two bins have been regrouped to increase the migration/stability in
this bin (see section 4.7.4). The M%-binning for all data samples are shown in table 5.2.

4.7.1 Rescaling the reconstructed mass My

In order to determine the correction factor to compensate for the particle loss in the forward
direction, the following procedure has been adopted. For every reconstructed mass bin the
distribution f:

_ Mx(gen)

~ Mx(rec)
is plotted for all three W-bins and both Monte Carlos. As an example figure 4.12 shows the

f (4.38)
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Figure 4.11: The quantity 6 = (M — M)/ MY¥" as a function of M%" for the three
W-intervals W =281, 187 and 91 GeV for two Monte Carlos, PHOJET and PYTHIA. The
error bars indicate the standard deviation on the quantity .

f-distribution for (W) = 91 GeV. The correction factor for each M{¢ bin, being an average
correction, is set to the mean value of a Gaussian fit to the f-distribution. Figure 4.13 shows
the correction factors as a function of log,,(M¢) obtained with the two Monte Carlos for
the three vp centre of mass energy intervals. From this figure one sees that both Monte
Carlo models give the same rescaling factor. And only at high values of M§¢ the rescaling
factor deviates significantly from one. This indeed means that at high generated photon
dissociative masses M¥™", particles are lost due to the limited forward acceptance of the
detector and leading to lower MY values. This phenomenon is even stronger when the
centre of mass energy gets smaller as can be seen from figure 4.13. The final correction
factors that have been applied as a function of M*¢ are the averages of the correction
curves given by the two Monte Carlos.

The result of the application of these average correction factors on the quality of the
mass reconstruction is shown in figure 4.14. Whereas the under-reconstruction of M5
with respect to M3, for the two highest centre of mass energy bins started already around
5 GeV before the correction procedure was applied (see figure 4.11) it now remains flat till
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Figure 4.12: Gaussian fit on the f = M$" | M°-distribution for W =91 GeV for both Monte
Carlos, PHOJET (black line) and PYTHIA (red line).
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Figure 4.13: The correction function for the mass losses in the forward part of the detector,
being the mean of the f-distributions, as a function of logio(M%). Both MC’s show the
same correction curve for one specific centre of mass energy.

generated masses of 40 GeV (see figure 4.14). Also the reconstruction of the dissociating
mass for the centre of mass energy (W) = 91 GeV improves a lot over the whole generated

mass range for both MC’s.
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4.7.2 Control plots of mass distribution

After all cuts (see tables 4.4 and 4.5) and corrections, the Monte Carlo models are compared
to the data, in order to test the level to which the physics and detector simulations are
able to describe the data. Figure 4.15 shows the uncorrected mass distributions for the
spacal sample at the three different centre of mass energies (IW)=231, 187 and 91 GeV.
The description of the central M% values by the Monte Carlos is in good agreement with
the data. Since the low mass resonances are included in the Monte Carlo simulation in
a smeared out way (see section 4.2), a deviation in this low mass region can be expected
between Monte Carlo and data. Also at high dissociative masses one can expect deviations
between data and Monte Carlo since a boundary condition is put on the ratio Mx /W in
the simulation. These discrepancies can be attributed to an incomplete process description
in the Monte Carlos and hence the option was taken to reweight the mass distribution at
the generator level such that the reconstructed mass in the Monte Carlo would describe the
data.



The request for a good model description for M is the extraction of the process
acceptance. However, reweighting M¥" requires knowledge of the acceptance. Therefore
in order to reweight the Monte Carlo an iterative procedure was used; the acceptance
obtained in iteration 7 is applied to the invariant mass distribution of the data sample to
recalculate an invariant mass distribution at generator level which is the input invariant
mass to iteration ¢ + 1.
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Figure 4.15: The M2 -distribution for the three cenlre of mass energies (W) = 231, 187 and
91 GeV are shown from top to bottom. Figure a), b) and ¢) compare the data with the mean
of the PHOJET and PYTHIA Monte Carlo, figures d), e) and f) show the improvement
after the iterative reweighting procedure performed on both Monte Carlos.

Formally:

1. The differential cross section M% do/dM3% for My < 1.6 GeV and | ¢ |< 1 GeV? of
the initial Monte Carlo (MC(0)), i.e. the Monte Carlo without any weight taken into
account, is determined by taking into account the bin width AM?%, the luminosity £
and the Weizsicker-Williams flux factor F [24]. Since the cross section is calculated
using the generated quantities, no detector acceptance has to be considered.



2. The differential cross section is calculated on the data sample (as explained in chap-
ter 5) using the invariant mass distribution and the trigger efficiency from the data,

the electron tagger acceptance and the detector acceptance correction factors obtained
from MC(0).

3. A simultaneous fit to the mass distribution for the three W-intervals is performed
(triple Regge fit see chapter 6) for both Monte Carlos called ”MC(0)” and data called
"DATA(0)”. "DATA(0)” means that data were corrected with the acceptance from
MC(0) before the fit was performed.

4. The correction factors for the Monte Carlos were obtained as the ratios of the param-
eterized mass distributions. The first order Monte Carlo called MC(1) represents the
initial generated mass distribution weighted by w(M%™°) = fit(Data(0))/ fit(MC(0)).
Thus,

MC(1) = MC(0) x w(ME™) (4.39)
By construction, the differential cross section calculated on the first order MC is the

same as the differential cross section of the data after correction with the acceptance
correction factors obtained from MC(0).

The reweighted mass distribution is then used as input to the second iteration and the
whole procedure is repeated until the correction factors fit(Data(i))/fit(MC(i)) converge
to one. In this analysis a good convergence is obtained after 3 iterations. The results of this
iterative procedure are shown in figure 4.16 for the PHOJET (left) and PYTHIA (right)
Monte Carlos. The plots of the first, second and third iteration are shown consecutively.
The result of the triple Regge fits, both to the data and the Monte Carlo cross sections
together with the weight factor, is represented for two different centre of mass energies
(W) = 231 and 91 GeV. The weights after the third iteration are very close to one.

The final mass distribution after the iterative reweighting procedure is shown in fig-
ures 4.15.d), e) and f) for the three centre of mass energy intervals. Both Monte Carlos
describe the data reasonably well.

4.7.3 Additional control plots

It is important to verify that the reweighting procedure explained above also leads to a
good agreement between the data and Monte Carlo, especially for these variables on which
selection cuts are applied. Figures 4.17.a, b, ¢, d, e and f show the electron energy, F — P,,
Yhad, the total cluster energy in LAr, the total energy in SPACAL and the P, of each central
track for the SPACAL triggered sample at a centre of mass energy (W) = 231 GeV. Most
data are well described although the prediction for the total SPACAL energy is smaller
than exhibited by the data.

4.7.4 Purities, stabilities, migrations and acceptances

After the rescaling of the invariant mass and the reweighting procedure, the Monte Carlos
are used to study the migrations, efficiencies and purities. To define the purity, stability



-gwc W> =231 GeV o> -gwc W> =231 GeV o>
N &3 = o3
x5 z s =
= o2 = A o2
N A = T Te--T q =
1 1 -
o0 oo «
© 4 0 © 0 2
~ o~ o
<0 W> =916 * <0 W> =916 * s
3 3 -
5 5
\ 4 2 3 ~ o 2
_______ N B SN A
1 B S S~ E
o E o E
w0 1 10 107 10° 10! 1 10 10 10° w0 1 10 107 10° 10! 1 10 10 10°
2 2 2 2 2 2 2 2
M2 (GeV?) M (GeV?) M2 (GeV?) M (GeV?)
5 = Fol z ]
SO KW = 231 Gev 1 o 30 UKW 231GV o E
= N 1 s = N &3 E
3 14 3 X ; ]
< < ]
< 1 &2 - 1 o2 ]
3 \;_____/’, = 3 S S I Ee
it 1
S e S ek
s 0 - e e o 32
~ o~ A o
<0 W> =916 * <0 WS E 9T G * kS
\ 3 ] 3
1 2 < 1 2
I R o - 1
7 A
0 1 E o 1 1 ;
w0 1 10 107 10° 10! 1 10 10 10° w0 1 10 107 10° 10! 1 10 10 10°
2 2 2 2 2 2 2 2
M2 (GeV?) M (GeV?) M2 (GeV?) M (GeV?)
5 S Z1of ¥ g z
-gwc W> =231 GeV 1 o 310 W> =231 GeV o>
~F 1 '63 ~F \ '63
"5" 5 1 = NEX 5 3
1 o2 R 2
3 TS —] -3 3 Tre— E, "
o0 oo <
o . ; o 1 L , 2
o O p——H—t o 1 O p——H—t =4
<0 W> =916 * SO KW =91 G 1 4 s
3 A ] 3 -
I3 | I3 |
i < =
S~ T R
o 1 ! E o 1 ]
W 0 100 100 10 1o 100 10 W' 0 100 100 10 1o 100 10
2 2 2 2 2 2 2 2
M2 (GeV?) M (GeV?) M2y (GeV?) M2 (GeV?)

Figure 4.16: For the three centre of mass energies the first, second and third iteration of
the PHOJET reweighting procedure is shown from top to bottom on the left side. For both,
data and Monte Carlo, the result of the triple Regge fit with the corresponding weight is
represented. On the right side the same histograms are shown performed on the PYTHIA
Monte Carlo.

and migration, the following notations are introduced:

e RecEvt,;;,(COND): number of events which after passing all cuts, are respectively
reconstructed /generated in the invariant mass bin ¢ with condition COND, COND =
0 means no condition.

o GenEvt,;(COND): number of events generated in the invariant mass bin ¢ with
condition CON D but with the additional constraint that at the generator level My <
1.6 GeV and | t |[< 1 GeV2,
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Figure 4.17: Control distributions, like the scattered electron energy in o), the quantity
E — P, in b), Ynaa in c), the total energy in the LAr calorimeter in d), the total energy
in the SPACAL calorimeter in e) and the P, of each track seen in the CJC in f), between
PHOJET and SPACAL triggered data at a centre of mass energy of (W) =231 GeV.

The bin purity can than be defined as:

RecEvt,;(MEec = M§er)

v —
PHHLY RecEwt,;(0)

(4.40)

being the fraction of events reconstructed in a bin that are also generated in that bin. The
condition (ME = M{*") means that the reconstructed mass ME° falls in the same bin



as the generated mass M$®". Similarly the bin stability can be defined as:

RecEvt,;( MEe = M$en)
RecEut,;(0)

stability = (4.41)

being the fraction of events generated in a bin that are also reconstructed in that bin.

Migrations can be subdivided into migrations into a bin and migrations out of a bin;

RecEuvt,(M¥" # M)

Migration IN = 1.42

igration RecEvtg;(0) ’ (442)
RecEut, (Mige # MY"

Migration OUT = 1ecPlo(ME" # M) (4.43)

RecEvtg;(0)

These migrations IN/OUT can even be subdivided into migrations from bins at lower or at
higher mass values where the condition (M$™ # M5¢°) is replaced by (M{e™ < M) and
(V> M)

As a consequence the acceptance, which takes only the cut into account and not the
migrations, is defined as:

AccCuts RecEuvt,(0)

= 4.44
GenEuvtg;(0) (4.44)

and finally the total acceptance to correct the data with, taking into account the detector
acceptance, analysis cuts and migration corrections, is defined as:

Total _ RecEut,; (0)

A == 4.45
« GenEuvt,(0) ( )

Hence the total acceptance can be parameterized as:
Acc™ = AccC" x (Stability + Migration IN) (4.46)

The migrations are shown in figure 4.18 where the migrations IN and OUT are of the
order of 50% except for the highest and lowest M3%-bin. Especially at very low M$™"
values one noise cluster in the forward direction can give a relatively large contribution to
the reconstructed value. Therefore the "migration IN” increases at very low M$" values.
The effect is especially seen at (W) = 91 GeV since this centre of mass energy interval
has a measurement at a lower My-bin compared to the measurement at (W) = 231 and
187 GeV. The high mass generated events suffered from the fact that not all clusters were
contained in the geometrical acceptance of the LAr calorimeter as can still be seen from
the d-distribution shown in figure 4.14.

The purities and stabilities are shown in figure 4.19. Due to the large migrations in the
first and last M#%-bin for (W) =231 and 187 GeV the purity drops from about 60 % to 30%.
For the centre of mass energy bin (W) = 91 GeV the purity is over the whole MZ%-range
constant to 40 % as well as the stability apart from the lowest M%-bin where it reaches a
higher value of 60 %. All purities and stabilities shown in figure 4.19 are obtained with the
PHOJET Monte Carlo. Similar results are obtained for the PYTHIA Monte Carlo.
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Figure 4.18: The migrations IN (a-c) and migrations Out (d-f) are shown for the three
centre of mass energies obtained with the PHOJET Monte Carlo. Similar results were
obtained for the PYHTIA Monte Carlo.

The result of the acceptance study is shown in figure 4.20. The acceptance effect of doing
the analysis cuts is negligible at central values of M%, while the acceptance decreases at
high generated M%-values due to the fact that those events will pass the forward detector
cuts less frequently. Also at low generated invariant masses the acceptance will decrease
since the gap finding at generator level can differ from that at reconstruction level.
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Figure 4.19: The purities (a-c) and stabilities (d-f) are shown for the three centre of mass
energies obtained with the PHOJET Monte Carlo. Similar results were obtained for the
PYHTIA Monte Carlo.
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Chapter 5

The diffractive cross section

5.1 Extraction of differential cross section

The cross section that will be determined at three different centre of mass energies (W) =

231, 187 and 91 GeV will be extracted using the expression,

do(ep — eXY)
dM?%

N — Nyackor)
_ M2 ( backgr
X LATW

My <1.6 GeV, [t|<1 GeV?

M2 (5.1)

where N, Nygekgr, A, T and W represent for every mass bin respectively the number
of reweighted events (see section 4.5.2), the number of background events resulting from
beam-gas interactions (see section 4.5.4), the calculated Monte Carlo acceptance (see sec-
tion 5.1.2), the trigger efficiency (see section 5.1.3) and the M%-bin width. £ represents
the integrated luminosity for the minimum bias 1997 event sample (see section 3.7.1) and
amounts to 1.9840.03 pb~!. It should be emphasized that the Monte Carlo acceptance
calculation also includes the effect of smearing of events between bins due to the finite Mx
mass resolution as well as the electron tagger acceptance. As explained in section 4.4, the
cross section obtained through equation (5.1) very closely measures the differential cross

2 do(ep—eXp)

section M% Ve using a well defined experimental definition.
X

5.1.1 ~p cross section and the photon flux factor 7,/

As the coupling of the electron to the photon is perfectly known, the dynamics of the
ep-interaction is contained in the yp-interaction. To convert the ep photoproduction cross
section into a yp cross section the Weizsacker-Williams approximation is used [24, 25]
following:

3

do(ep — epX) do(yp — epX)

M3, = F, e X M3 5.2
where F, /. is the flux of quasi real photons and has to be estimated using:
Qem 1+ (1 B y)2 ?nax 2 1 1
f’Y/e N 27 Y o 72nm - Qme 2nm Q2 (53)
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H Fyre(Ay) y-range (W) ||
457 x 1072 0.5-0.7 231 GeV
9.03 x 107% 0.3-0.5 187 GeV
4.07 x 1072 0.05-0.2 91 GeV

Table 5.1: Calculated values for the flux factors integrated over different y ranges corre-
sponding to centre of mass energies (W) = 281, 187 and 91 GeV.

with ( )
2 \Mey (5.4)

The analytically calculated values, integrated over the y-range for the considered W-
bins, are represented in table 5.1, together with the corresponding y-range and the mean

value of W.

5.1.2 The acceptance A

The acceptance per bin entering equation (5.1} is a product of 2 acceptances: the acceptance
of the electron tagger at 33 m or at 44 m and the detector acceptance. The detector
acceptance is extensively discussed in section 4.7.4. The electron tagger acceptances are
shown in figure 5.1 for the three centre of mass energies (W) = 231, 187 and 91 GeV and
amount to respectively 30%, 40% and 35%. As expected, they are independent of Mx.

5.1.3 The trigger efficiency T

To calculate the trigger efficiency one could rely on the Monte Carlo simulation. This
implicitly assumes that the firing of the trigger elements is well described in the simulation.
A different approach which avoids this Monte Carlo dependence is to calculate the trigger
efficiency from the data by using an independent subtrigger, so called monitor triggers (MT).
Since the trigger efficiency can be biased when determined with a background contaminated
data sample', due to a different event topology with respect to the interested ep-interactions,
the cuts to reject these backgrounds were applied on the reference sample, indicated in
equation (5.5) by Cuts. This means that the SPACAL trigger efficiency can be calculated,
using the z-vertex as the monitor trigger (M7, ), following:

N(MTthm + C’Uts>|TESPAC (5 5)

Tspac = N(MT,y, + Cuts)

where the denominator represents the number of selected events after applying all the cuts
of table 4.4 and 4.5 and the numerator represents the same number of events for which also

'Even after the cuts, the data sample at (W)=91 GeV was still highly contaminated with beam-gas
background events.
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Figure 5.1: Electron tagger acceptance as a function of M% for (W) = 231, 187 and 91 GeV.

the SPACAL trigger fired. This SPACAL trigger efficiency was calculated as a function of
the invariant mass M% and is shown in figure 5.2.a-b for the two highest centre of mass
energies, labeled "data”.

A cross check was made (also shown in figure 5.2.a-b) with the trigger efficiency obtained
with both Monte Carlos, using a similar expression to (5.5) except that no monitor trigger
is required, resulting in the same trigger efficiency. This indicates that the SPACAL trigger
element is well described in the Monte Carlo. For the lowest centre of mass energy bin,
(W)=91 GeV, determining the trigger efficiency on the data sample will give an inadequate
result since the beam-gas background events (25% of the total sample, see section 5.1.4)
biases the trigger efficiency outcome. Therefore one has to rely on the trigger efficiency
obtained from the Monte Carlos. Both Monte Carlos give a similar trigger efficiency (as
can be seen in figure 5.2.¢) so that the mean of the trigger efficiencies from PHOJET and
PYTHIA is taken to correct the differential cross section with.

The trigger efficiency for finding a total energy in the SPACAL calorimeter above the
trigger threshold, for the two highest centre of mass energies, is almost 100% in the whole
range of M%. While the efficiency decreases to about 50% for the centre of mass energy
bin (W)= 91 GeV. This comes from the fact that the X-system for this lower centre of
mass energy was produced more centrally in the detector leaving less total energy in the
backward region.

Similarly, the z-vertex trigger efficiency for the two highest centre of mass energies,
(W)=231 and 187 GeV, was determined on the data samples with the SPACAL trigger
serving as the monitor trigger. For the lowest centre of mass energy, (IW)=91 GeV, the
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Figure 5.2: The SPACAL (figures a-c) and z-vertex (figures d-f) trigger efficiency shown
for the three centre of mass energies (W) = 281, 187 and 91 GeV. The squares represent
the trigger efficiency determined on the data. The triangles represent the trigger efficiency
determined on the Monte Carlos.

Monte Carlos are used for the same reason as is given in the discussion of the SPACAL
trigger efficiency. The result is shown in figure 5.2.d-f for the three centre of mass energies.

The acceptance of the z-vertex trigger is particularly sensitive to the extent of the
fragmentation region of the photon. At relatively large My, tracks are produced in the
central region of the laboratory system (see equation (4.25), and the z-vertex trigger is
efficient. In this region the trigger efficiency for the two highest centre of mass energies
obtained with PHOJET and PYTHIA or with the data is very similar?. At small values
of My, corresponding to low multiplicities in the central tracker region, low efficiencies
are observed. In this region the z-vertex efficiency from both Monte Carlos is not in good
agreement with the trigger efficiency obtained with the data. Therefore the z-vertex trigger
can only be used for the study of diffractive processes yielding final states at relatively large
My and was originally meant as a cross check sample with respect to the SPACAL triggered
sample. For the lowest centre of mass energy, the z-vertex trigger efficiency is determined
from the Monte Carlos, since the data contain still a large fraction of beam-gas background
events after the cuts from table 4.4 and 4.5. As in the case of the SPACAL trigger efficiency

2As in the case of the SPACAL trigger efficiency, the z-vertex trigger efficiency obtained with the Monte
Carlo is based on expression (5.5) where no monitor trigger is required.



both Monte Carlos show a similar result, such that the mean of both Monte Carlos is taken
as the trigger efficiency with which the cross section will be corrected.

5.1.4 The background Nyucgr

The numbers of beam-gas background events, already mentioned in an integrated M% way
in section 4.5.4, have to be known as a function of M% in order to subtract them statistically
from the number of measured events. This has to be done for the three centre of mass energy
bins for both the SPACAL triggered sample as well as for the z-vertex triggered sample.
The result for the SPACAL triggered sample is shown in figure 5.3 where the background
contribution® is normalized to the number of measured events.
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Figure 5.3: Beam-gas background fraction with respect to the number of selected data events
in function of M%.

The determination of the number of beam-gas background events in bins of M% for
the z-vertex sample was not possible. Due to the high prescale factors for the z-vertex
etagd4 trigger, i.e. for some runs the prescale factor was set to 10000, and the very low
statistics sample of pilot data, i.e. sometimes less than 2 or 3 events, the uncertainty of the
subtraction is huge. This can be seen from the z-vertex distribution shown in figure 5.4.
Here the number of events normalized to the luminosity is shown as a function of the

3The beam-gas background contribution itself is absolutely normalized as explained in section 4.5.4
using the ypqq-distribution.



position in z of the primary vertex. The data are compared with the PHOJET Monte
Carlo to which the beam-gas background was added. One sees from the figure that the
statistical uncertainty coming from the beam-gas events is huge and no adequate beam-gas
subtraction will be possible for the z-vertex sample. Therefore we decided not to use the
z-vertex trigger to define the differential cross section. In any case, with the SPACAL
triggered sample the differential cross section could be measured in an even larger domain
of the photon mass M%.
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Figure 5.4: The z-vertex distribution for the z-vertex trigger at a centre of mass enerqy of
(W) = 91 GeV, shown for the data, PHOJET with the beam-gas contribution added to it
and the beam-gas events only.

5.2 Systematic errors

The measurement of cross sections is always subjected to systematic uncertainties. Below
follows the list of uncertainties considered. Two groups of uncertainties can be distin-
guished, i.e. the uncertainties varying from bin to bin and global uncertainties. In these
two groups the uncertainties associated with the detector simulation will be mentioned first
followed by the uncertainties coming from the Monte Carlo modeling.

Calibration of hadronic energies
The uncertainty in the hadronic calibrations of the LAr and SPACAL calorimeters are
4% [95] and 7% [96], respectively. To take these uncertainties into account the energy
of all clusters in the LAr and SPACAL are once rescaled by respectively 4% and
+7%. The Mx-dependent uncertainty on the cross section can be seen in figure 5.6.a.
The effect is especially seen at large centre of mass energies and at the lowest My since



there the multiplicity forming the dissociative mass is very small and the relative effect
on the dissociative mass is visible. The resulting uncertainties in the cross sections
reach the 10% level with a mean value of 5% for the LAr and SPACAL together.

PRT efficiency

The efficiency of the PRT in the Monte Carlo was degraded using the scintillator effi-
ciencies explained in section 4.6. As those efficiencies are known only approximately,
an uncertainty of +30% was attributed to them, resulting in a PRT efficiency vary-
ing between 50% and 100%. The effect on the differential cross section is shown in
figure 5.6.b as a function of M%. At the highest My when the dissociative system is
populating the forward part of the detector, the acceptance will be sensitive to the
assumed PRT efficiency since the forward detectors are required to be empty.

Model dependence

The different generator models as used in the PHOJET and PYTHIA Monte Carlo
result in differences in the calculated acceptances as was shown in section 4.7.4. To
account for these model dependences, a systematic error has been introduced equal
to the difference between PHOJET and PYTHIA Monte Carlo acceptances and the
nominal acceptance, being the weighted average of the acceptances of the two Monte
Carlos in a ratio 70/30 as explained in section 4.7.2. The variation with M% is shown
in figure 5.7.a for the three centre of mass energy bins. The 70/30 weight explains
the larger deviation of the PYTHIA Monte Carlo with the nominal value.

Assumptions on dissociation mass spectra
Both Monte Carlo models, PHOJET and PYTHIA, assume a distribution in Mx and
My beyond resonance regions of the form do/dM? o« 1/M?. All processes in the
Monte Carlos, i.e. EL, GD, PD, DD and ND, are reweighted by (1/M2%)*%15 and
(1/M2)*030 The effect of this reweighting on the differential cross section is shown
in respectively figure 5.8.a and b.

Beam-gas background uncertainty
The threshold energy for the LAr clusters was varied by 25 % and the resulting
systematic errors to the cross section measurement are shown in figure 5.7.b.

Forward Muon uncertainty
An 8 % normalization uncertainty is attributed to the cross section due to the uncer-
tainty on the forward muon detector by varying the forward muon efficiency by 5%
and due to the cut on My < 1.6 GeV causing migrations or smearing of events across
this boundary.

Acceptance of the electron taggers
A 3 (5)% systematic error is assumed on the acceptance of the 33m (44m) electron
tagger, averaged over the different periods of beam-optics, and the measured range
in y.

Luminosity
The uncertainties in the determination of the ep luminosity affect the total normal-
ization by 1.5 %.



5.3 Measured differential cross section M% do., ,xy/dM%

Figure 5.5.a-c shows M% do,,,xy/dM% at three centre of mass energy bins, (W) = 231
GeV, 187 and 91 GeV, measured in bins of M% in the range 1.58 < M3 < 1860 GeV?
with My < 1.6 GeV and | ¢ |[< 1 GeV?. The exact values of the differential cross section
measurement as well as the statistical and systematical errors can be found in table 5.2. The
statistical error mentioned is composed by the number of selected events and the number of
subtracted beam-gas events weighted with their corresponding prescale factors. From this
table one sees that the statistical error on the measurement at the centre of mass energy of
(W)=187 GeV is smaller than those at (W)=231 GeV, which results from the fact that the
electron tagger acceptance is bigger at (W) = 187 GeV with respect to (W) = 231 GeV
leading to a higher statistics sample. The larger statistical errors at (WW)=91 GeV are due
to the large prescale factors in the etag 44 m triggered sample. At the centre of mass energy
bins (W) =231 and 187 GeV, the systematical error is the dominant one with respect to
the statistical error, while at (W) = 91 GeV they are of the same size.

At sufficiently large M2 the measurement in all three W-ranges displays an approximate
do /dM?% o 1/M?%-dependence. The differential cross section do/dM?% was therefore multi-
plied by M% to see the deviation from this dependence. This more complex structure of the
differential cross section will be investigated within the triple Regge model (see Chapter 6).



(W) = 231 GeV
M%  Bin Limits M#% do/dM%  Stat.  Syst.
(GeV?)  (GeV?) (1b)
597  4.00-8.62 2.922 +0.133 5393
12.9 8.62-18.6 2.390 +0.101 9355
28.1 18.6-40.0 2.061 +0.084 5207
59.9  40.0-86.2 2.022 +0.082 *+5-201
129 86.2-186 2.299 +0.088 *5-222
280 186-400 2.4292 +0.090 1925
606 400-862 3.141 +0.117 *o:39
1313 862-1860 3.454 +0.213 T3
(W) = 187 GeV
M%  Bin Limits M% do/dM%  Stat.  Syst.
(GeV?) (GeV?) (ub)
598  4.00-8.62 2.751 +0.072 0338
13.0  8.62-18.6 2.091 +0.059 9397
27.9 18.6-40.0 1.912 +0.053 +5-239
60.1  40.0-86.2 1.870 +0.049 1020
129 86.2-186 1.950 +0.051 %!
280) 186-400 2.384 +0.056 928
607 400-862 2.922 +0.067 *0381
(W) =91 GeV
M%  Bin Limits M% do/dM%  Stat.  Syst.
(GeV?)  (GeV?) (ub)
258  1.58-4.00 2.589 +0.304 035
6.00  4.00-8.62 1.713 +0.337 +5-2¢62
129  8.62-18.6 1.853 +0.426 1022
27.9 18.6-40.0 2.480 +0.346 Q%0
60.2  40.0-86.2 2.206 +0.347 *5222
131 86.2-186 2.712 +0.325 *9:318

Table 5.2: The measured differential cross section My do.,_xy/dM% in the range My <
1.6 GeVand | t |< 1 GeV2. All measurements quoted are bin center corrected in log(M%).
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Figure 5.7: Percentage systematic error on the differential cross section measurement for
the three centre of mass energies (W)Y=91, 187 and 251 GeV as a function of M% due to
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mizture of 70% PHOJET and 30% PYTHIA) and PHOJET (red) and the nominal Monte
Carlo and PYTHIA (green) and b) the uncertainty on the noise. The noise threshold value
is varied by -25% (green) and +25% (red).
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Chapter 6

Triple Regge analysis

In this chapter the diffractive dissociation cross section will be subjected to a triple Regge
analysis. First an effective intercept will be determined from the rapidity gap data (RG)
only (see chapter 5), afterwards a more complete triple Regge fit will be performed on a
combined dataset, i.e. rapidity gap data (RG), leading proton data (called FPS for H1
and LPS for ZEUS) and fixed target data (FT). At the end the extracted ~yp triple Regge
couplings will be compared to those extracted from pp-data. Finally both set of triple Regge
couplings will be used in a first attempt to describe FQD (3), FLP and FEY in deep inelastic
scattering within the framework of the triple Regge model, originally meant to describe soft
processes.

6.1 Determination of an effective intercept a.;/(0)

Since the triple Regge fit is a many parameter fit in which the relative importance of the
contributing terms is rather complicated (see section 6.2), a more simplified Regge based
fit has been performed first. In the normal Regge limit, applicable in the range where
s/M?% — oo and M?% is fixed, the inclusive cross section can be written as:

do 1 . ) s 20 (t)
di iz = %:BAC(t)BIJélC(t) (M—)2(> Im Agpim (v, t). (6.1)

Instead of taking into account all possible contributing Regge trajectories, we make the
simplified assumption that they can be replaced by a single so called effective trajectory
with an effective intercept a.;s(0). Expressing the reggeon couplings with the external
particles as 84(t) = 840(0) exp(bast), the differential cross section in HERA variables!
can than be written as:

do ( W2 ) 2001 £(0)—2

. Bt 2
aa > e exp(B 1), (62)

! This means that the centre of mass energy between particle A and B, s4p, is replaced by the photon-
proton centre of mass energy W?2.
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where all the Z-dependences have regrouped in the B-exponential as,
B = by + 2¢' In(W?/M3). (6.3)

In order to compare the predictions of formula (6.2) to the data, a further integration of
t is required, as in the rapidity gap data the scattered proton is not tagged and covers a
t-range of ¢ € [—1,{:,]. Hence the final expression at fixed M% reads as,

do eBtmin — =B
dMZ B

The values for the constants by = 4.6 = 0.6 GeV ~2 and o = 0.26 + 0.02 GeV ~2 are taken
from [44]. From a fit of (6.4) to the cross section data for every M%-bin as a function of W,
a value a.rr(0) as a function of M% can be extracted. These fits are shown in figure 6.1,
Unfortunately for the highest M%-bin only two J¥-measurements are available reducing the
fit to a calculation. In the fit only the statistical errors have been used. The quadratic sum
of the statistical and systematical error is represented by the full error bar on figure 6.1.

>2aeff(0)72 (64)

o <W2

Figure 6.2 shows the extracted a.s;(0) values (black points) as a function of M% in the
range 5.92 < M% < 281 GeV?. The total systematical error shown is the systematical error
from the cross section measurement listed in section 5.2 to which the uncertainty from
the parameter uncertainties by and o' is added quadratically. In figure 6.2, as a reference
to the measured values of c.ys, a line and error band are also drawn, which correspond
to the value of ap(0) and corresponding error as obtained from a triple Regge fit (see
section 6.2). As can be seen the a.r(0) measurements are compatible with an intercept of
the pomeron, leaving hardly any room for contributions from secondary reggeon exchanges.
This is in contrast with the a.ss(0) extracted from the leading proton data as explained in
section 2.6.2, which is obtained at much higher values for M%, as shown in figure 6.2. The
measured value of of/(0) = 0.33 £ 0.04 (stat) & 0.04 (syst), as given by equation (2.77),
between the reggeon intercept of ar(0) = 0.5 and the pion intercept of a,(0) = 0.

6.2 Fits in the triple Regge limit

A triple Regge analysis using only the rapidity gap (RG) data is not possible. Indeed the
18 measurements from six M%-bins and three W-bins are too few in order to determine
the various parameters appearing in the triple Regge expansion [38]. Therefore we have
enlarged the M%- and W-range by extending the rapidity gap data set with:

e low W fixed target (I'T) data (W) = 12.9 and 15.3 GeV, from Chapin et al. [74].

e leading proton data (called FPS for HI and LPS for ZEUS) extending the M%-range
to larger values M% € [900, 18000] GeV?2.

In section 6.2.1 the various aspects in using FT data, RG data and FPS data will be
discussed. Unfortunately the FPS and LPS data are presently not consistent and hence the
inclusion of FPS data and LPS data lead to different results. The difference in the result
caused by the differences in the leading proton cross section measurement (see figure 2.19),
will be discussed in section 6.2.2
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Figure 6.1: The measured differential cross section M%do/dM% is shown in function of
the photon-proton centre of mass energy (W) for siz values of M%. A fit corresponding
equation (6.4) is performed to extract for each M%-bin a value azs(0).

6.2.1 Triple Regge fit (H1)

In the previous section a fit on the RG data was performed in the normal Regge limit
(W2 >t and M% fixed), extracting an effective intercept by looking at the W-dependence
only. Here a more complete fit is performed in the triple Regge limit (W? > M% >|t |),
extracting the triple Regge couplings and the pomeron intercept, taking into account both
the W- and the M3%-dependence using,

dQO_ d20' s ”72 20;(0) 2\ @k (0)
1172 0 IHX

- = w2 i T — Bt), )
dtdMZ ~ dtdz ~ W? XIEG £(0) (M)Q) ( ” ) exp(Bt) (6.5)
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Figure 6.2: The effective intercept as extracted from a fit in the normal Regge limit as a
function of M% is shown by the black points. The open point represents an effective intercept
obtained from the Forward Proton Spectrometer data. The inner error bar represents the
statistical error, while the outer error bar represents the quadratic sum of the statistical and
systematical error. The band shows the value for the pomeron intercept and its uncertainty
obtained from a triple Regge fit (see section 6.2).

where the t-dependence is absorbed in the exponential with,

W2
B = B(M%,W?2) = 2by; + b, + 20, In <M2 ) (6.6)

Equation (6.5) reduces to equation (2.71) under the assumption that the reggeon-proton
and the three-reggeon couplings are parameterized as mentioned in equation (2.72)-(2.74).
The remaining parameters from equation (6.5) are fixed to previously measured values
represented in table 2.3.



t-dependence

The three cross section measurements (RG, FPS and FT) are all measured in different
kinematical ranges. For the RG data the cross section is measured up to | ¢ |[= 1 GeV?, for
the FPS data up to | ¢ |= 0.04 GeV?, while for the FT data the cross section is measured at
a fixed value of ¢, i.e. | ¢ |= 0.05 GeV?. Therefore, the triple Regge formula used in the fit
to the RG and FPS data is integrated over the kinematically allowed range in ¢ following:

d ; — o« —2a; tmin
My 0= N Y Gf0) (7)1 (a3) T [ ep(Boar,  (67)
X ik

tmaz
’

with a normalization factor, N, defined as,

fotﬁffx el g |t|
Jorese bl d |t

representing the fraction of the cross section which was seen in the respective analysis due
to the limited acceptance in ¢t. For the RG data this factor corresponds to 0.999 while for
the FPS data, in which | ¢ |< 0.04 GeV? instead of 1 GeV?, the factor N is of the order of
0.24.

The integration limits t,,;, and ¢, of equation (6.7), correspond to the minimal and
maximal kinematically accessible value, being

N = (6.8)

2

MZ\? W2 — m? W2 4 M2 —m2\”
t === - |{—2 — Py — M2 . .
maz/min (2W> ( v ) W X (6.9)

Notice that tpee < tmin < 0. Figure 6.3 shows the M%-dependence of t,;, and t,..
for three fixed centre of mass energies (W)= 91, 187 and 231 GeV. It is this integration
over ¢ that provides a differential cross section M% do/dM?% that goes to zero when M?%
approaches the available centre of mass energy squared, W2,

To fit the fixed target data, expression (6.5) is used taken at the fixed value of t =
—0.05 GeV2.

Contributing terms

Since three trajectories are considered in the triple Regge fit, i.e. pomeron, reggeon and
pion trajectory, 6 terms, shown in table 6.1 with their M%- and W-dependences of the
differential cross section M% do/dM?%, will be present in the sum of equation (6.7). Here
no interference terms are considered since no sensitivity was found to these terms [48],
[51]. For completeness, the M%- and W-dependences of the interference terms are however
mentioned in table 6.1.

The pomeron exchange terms?, i.e. IPIPIP and IPIPIR, are approximately independent
of W2, In the diagram from figure 2.17.c) with ijk = IPIPIR, the k reggeon must have the

2This terminology is used since a pomeron is exchanged between the photon and proton and nothing is
restricting the k-exchange from figure 2.17 diagram c) to be a pomeron or a reggeon. So both can contribute
to the cross section.
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Figure 6.3: tpin and lye, variation as a function of M% for three centre of mass energies.

quantum numbers of the f (as mentioned in table 6.1 by ”Specific terms ijk”) in order to
satisfy the C-parity conservation at the photon vertex and the C- and G-parity conservation
at the three-reggeon vertex. No term like IPIP7 has to be considered since the G-parity at
the three-reggeon has to be conserved. The IPIPIP term will be approximately independent
of M% while the IPIPIR term will decrease with 1/M%.

The reggeon exchanged terms®, here representing the isoscalars f and w and the isovec-
tors p and a, i.e. IRIRIP and IRIRIR, are suppressed by factors 1/W? at fixed M% with
respect to the pomeron exchanges. Both terms increase with My: the term IRIRIR rises
linearly while IRIRIP does it quadratically.

The pion exchange terms, i.e 77 IP and 77 IR, are suppressed by factors 1/W* and will
be important at low centre of mass energies although they rise like M% for the term 7 IP
and like M3 for nwiR.

3The pion is considered as an additional exchange due to a different flux parameterization.



Generic Specific Approx. W | Approx M%
term ijk terms ijk dependence | dependence
IPIPIP IPIPIP wo M
PPR PP WO My
RIRIP ffIP aalP* ppIP* wwiP w2 M%
RRIR | fff aaf* ppf* wwf afa pwa w—2 M
nr P mrlP W M
IR T f w4 M3
(PR} P (PfIP Wl ML
{PR}IR {Pfif{Pf}a w-! MY

Table 6.1: The possible triple Regge amplitudes considering IP-, IR- and w-exchange with
their W2- and M%-dependence on the differential cross section Mydo/dM%, under the
assumption that ap(t) = 1 and ar(t) = 0.5. The specific terms are the possible once taking
the C- and G-parity conservation into account.

Isospin consideration

When the final state of the scattered proton is not measured, as in the case for the RG
data, higher mass proton excitations like (Y = n, N*, A™* A+ A% ) can be formed or
even small dissociative masses can be formed with My < 1.6 GeV (see figure 6.4). Since
those A-states have higher isospin than the proton they can only be produced via isovector
exchanges (i.e. i = j = p, a or 7%). Such processes are described in the same way as
processes that are elastic at the proton vertex up to a Clebsch-Gordan coefficient. This can
lead to additional exchanges. To take those extra exchanges correctly into account, some
additional isospin assumptions are made in the fit, describing the RG data with respect to

the tagged proton data. The terms in which isospin is exchanged are marked with a star
in table 6.1.

The isospin assumptions for the 7- and IR-exchange will be discussed below:

e m-exchange

In the case of m-exchange (figure 6.5) between the photon and proton? the decay in
which isospin is exchanged, i.e. p — n7™, is enhanced by a factor of two with respect
to the decay where isospin is conserved in the exchange (p — pr®) due to Clebsch-
Gordan coefficients. Assuming factorization between the top and bottom vertex in
figure 6.4 it is appropriate to multiply the terms 77 IP and 77 IR from equation (6.7)
with a factor of three [63] for the rapidity gap data, in which both decays p — nat
and p — pr° have to be considered, with respect to the tagged proton data samples®
in which only the decay p — pr® has to be considered.

4This is the dominant exchange in the low z-region [63] (2 <0.9).

5Here the production of higher resonance states of the proton are neglected regarding the lower produc-
tion probability due to their enhanced masses.
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Figure 6.4: Tagging the scattered proton, only isoscalars can be exchanged between the
photon and the proton (left). Isoscalars and isovectors can be exchanged when the final
state proton is not tagged (right) which is the case for the rapidity gap data.
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Figure 6.5: p — pn° and p — nn* decays will lead to a coupling constant G(p — nn')
which is two times bigger than G(p — pn°®) due to the appropriate Clebsch-Gordan factor.

e /R-exchange
Due to the unknown mixture of isoscalars (f, w) and isovectors (a, p) in the IR-
exchange case, no single value like in the case of m-exchange can be attributed to
those exchanges. Therefore a new fit parameter R, defined as the ratio of the sum
> k—p.r IRIRE of the tagged proton to the RG, was introduced to take into account
the isospin exchange contributions in the RG data sample which are not present in
the tagged proton data samples. This means that the terms IRIRIP and IRIRIR from
equation (6.7) are multiplied by the free parameter R in the fit formula for the RG
data sample.

If there were no isovector contributions to the subleading exchanges, then one expects
that R = 1, the presence of the p and a isovectors would increase R. If one assumes
only isovector contributions to the subleading exchange, then one would expect R
= 3 under the same assumption that only the proton and neutron are considered as



the proton final state. Introducing also the isoscalars to the subleading exchange will
decrease RS.

Fit results

The triple Regge fit is obtained using the MINUIT [97] minimization program which per-
formed the y*-minimization (using the statistical error on the cross sections only) and the
error analysis. The result of the combined triple Regge fit (i.e. RG, FPS [69] and FT
[74]) is shown in figure 6.6. The differential cross section extracted from the RG data for
the three centre of mass energies (W)=91, 187 and 231 GeV, from the FPS data for the
same centre ol mass energies and the differential cross section at fixed ¢ performed on low
energy FT data, W= 12.9 and 15.3 GeV, are all shown in figure 6.6. The result of the fit
is given by the black line while the individual pomeron, reggeon and pion exchanges are
represented by the different linetypes mentioned in the legend. From the combined fit the
following qualitative result is derived:

1. Rapidity gap data are dominated by pomeron exchange, while the subleading reggeons
contribute at high values of z;p (i.e. high M%). Pion exchanges can be neglected
completely in this low zp-region (i.e. zp < 0.025).

2. Leading proton data are dominated by subleading reggeon and pion exchanges.

3. Fixed target data are dominated by subleading reggeon exchanges over the complete
mass range considered.

Points 1. and 2. mentioned above are in good agreement with the results obtained from the
effective intercept, where the rapidity gap data were also dominated by pomeron exchange
and the leading proton data by subleading exchanges and pion exchange.

The extracted values of the triple Regge couplings G (0) and the pomeron intercept
ap(0) are shown in table 6.2 together with a triple Regge fit using the ZEUS LPS data
discussed in section 6.2.2.

Apart from the statistical uncertainty, two types of systematic uncertainties have been
considered. The errors labelled under ”syst” in table 6.2, are those obtained by shifting the
data points over their systematic uncertainties as discussed in section 5.2. The systematic
uncertainties listed under "model” in table 6.2 are those obtained by varying the fixed
parameters (see tabel 2.3) in the fit by their systematic uncertainties and adding them
in quadrature. As can be seen the largest error on the fitted parameters comes from the
"model” errors, which in term are dominated by the uncertainty on ap (i.e. about 90% of
the total model error).

The correlations between the different parameters are quite large and hence the param-
eters are quite dependent on each other. This is not totally unexpected when investigating
their M%- and W-dependence over the limited M%- and W-range.

SWhen higher proton resonances or even final proton states with a dissociative mass My < 1.6 GeV are
considered, R can become bigger than 3.



‘ para |Value stat syst mod ‘ Correlation coefficient

H1 FPS (”Fit a 1997”) Grprr Grrr Crrrp Crrr Grrp  Cark R
Ozlp(()) 1.127 +0.004 +0.025 =£0.046 | 0.91 -0.99 -0.99 -0.99 0.98 0.98 -0.52
Gprrpp | 1.34 +0.02 +0.64 +1.15 -0.92 -0.92 -0.92 091 -0.92 -0.49
Gerr | 1.9 +0.5 +1.1 +1.9 099 099 -0.98 0.99 0.51
Grrp | 6.0 +1.9 +4.3 +5.1 0.99 -0.98 0.98 048
Grrr | 660 +70 +60 1450 -0.98 0.99 0.51
G | 40 +2 +13 +18 -0.97 -0.50
Grrr | 910 +90 4300 +480 0.52

R 11.4 +0.2 +2.7 +6.3
X?/ndf | 162/48

"Fit ¢ 1994” Crrr Crprrn Crrrp OCrRRR R
qu(()) 1.071 +0.024 +0.02 +0.02 -0.98 -0.93 -0.8 092 0.80
Gprp | 3.76 +1.62 +2.25 +1.45 0.83 0.83 -0.89 -0.82
Grrpr | 7.46 +3.73 281 +2.67 0.84 -0.90 -0.75
Grrp | 63.8 +70.7 X177 £39.7 -0.99 -0.98
Grrr | 264 +344 +27 +159 0.95

R 4.56 +3.60 +1.74 +14
x2/ndf | 18.4/29

ZEUS LPS ("Fit b 1997”) Gprpr COrppr CmrrP CrRRR Crxp  Gurm R
ap(0) | 1.084 +0.006 +0.03 +£0.033 | -0.98 -0.92 0.74 0.77 -0.95 -0.16 -0.68
Gppp | 3.06 +0.32  £2.38 +£1.89 084 -0.vy3 -077 093 014 0.59
Grepprr | 4.1 +0.7 +1.4 +2.9 -0.74 -071 089 019 0.81
Grrp | 50 +18 +22 +44 051 -0.79 0.30 -0.69
Grrr | 401 +75 +164 250 -0.72 -0.13 -0.59
Garp | 92 +19 +42 £78 0.08 0.67
Germ | 0 +260  +£0.07  £0.001 -0.07
R 4.3 +1.1 +1.0 +2.0

2/ndf | 119/38

Table 6.2: Obtained values and correlation coefficients for the triple Regge couplings and the
pomeron intercept ayp(0) from two combined triple Regge fits. ”H1 leading proton” indicates
that the fit is performed over RG, H1 FPS and FT data, "ZEUS leading” proton indicates
that the fit is performed over RG, ZEUS LPS and FT data. The statistical, systematical
and model uncertainties are given together with the values obtained from a similar triple
Regge fit performed on RG obtained in 1994 and the same FT data as before. The triple
Regge couplings are expressed in ub/GeV?.

As mentioned in the x? fit only statistical errors are considered, which are by far the
smallest. Due to the large systematics, the y? value of the fit is rather large, although the
triple Regge fit describes the data reasonably well.
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Figure 6.6: The triple Regge fit performed over the RG data, H1 FPS data and FT data.



The obtained values are compared with those obtained from an earlier analysis called
"Fit ¢ 1994”7 [68]. In this fit the same assumptions were made except from the fact that
no pion exchanges were considered. This is a natural choice since no leading proton data,
where pion exchange becomes important, are used in this fit. The pomeron intercept and
the couplings obtained in the present analysis are in good agreement with the 1994 result
within the errors as shown in table 6.2.

The fit, called "Fit a 1997”7, yields the result R = 11.440.2 (stat)+6.8 (syst), significantly
larger than the maximum expected value of 3. This suggests that a more complex treatment
of the subleading exchanges is required for a complete description, probably including the
production of other baryon resonances in the rapidity gap data. However, the value obtained
for ap(0) = 1.127 + 0.004 (stat) + 0.025 (syst) + 0.046 (model) is stable with respect to
different assumptions concerning the subleading exchanges.

The new measurement of ap(0) from ”Fit a 1997”7, shown in figure 6.7 as a function of
()?, is in good agreement with previous results from H1 and ZEUS. A possible indication
of a rising pomeron intercept is seen as a function of Q2.

Additional triple Regge fit considerations

To get an idea of how the triple Regge fit depends on the presence of the H1 FPS data,
two additional fits will be presented bellow. The first one is based on the RG and the FT
data only and the second one is performed on the RG, H1 FPS at only one centre of mass
energy (W=187 GeV) and the FT data.

e Fit to RG and FT
The result for which the two pion couplings were constrained to be positive (i.e. the
physical domain for a triple Regge coupling) is shown in table 6.3 and figure 6.8.
From the figure one sees that if the FPS data are not included in the minimization
procedure, the fit result does not describe the very high mass region from the FPS
data. This means that the triple Regge fit is really sensitive to the FPS data.

e Fit to RG, FPS (W=187 GeV) and FT

A fit to RG, FPS at only one centre of mass energy ((W)=187 GeV) and F'T was
performed, to see the effect on the parameters when the cross section measurement
on the FPS data at only one centre of mass energy was used. The coupling G,..r was
forced to stay in the physical zone (i.e. a positive coupling was required for G, r)-
The result of the fit is shown in table 6.4 and figure 6.9. The conclusion of this fit
is that when the H1 leading proton differential cross section, measured at only one
centre of mass energy, is included in the fit the parameter R becomes much larger
then when no FPS data are included in the fit and that the normalization of the
triple Regge curves are reasonably described at the two other centre of mass energy
measurements although they were not included in the fit.
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Figure 6.7: A summary of H1 ap(0) measurements versus Q> for y*)p — Xp. A previous
ZEUS result [77] at Q* = 0 is also shown.

6.2.2 Triple Regge fit (ZEUS)

Very recently the ZEUS Collaboration came up with their differential cross section mea-
surement, based on tagged leading proton data (LPS) [98]. Since the H1 (FPS) and ZEUS
(LPS) leading proton measurement differed by a factor of almost two (see section 2.6.2,
figure 2.19), T decided to redo the triple Regge fit based on the LPS measurement to see



‘ parameter ‘ value stat syst mod |
ap(0) 1.0947 + 0.007 4+ 0.0384 =+ 0.0321
Grrrp 2.5026 £ 0.277 + 21122 + 1.5635
Gprrr 3.3813 £+ 0.631 £ 1.4561 &£ 2.4049
G rrIP 37122 £+ 139 £+ 23541 £+ 21.145
GRRR 496.68 + 61.9 + 176.05 + 329.51
GrrP 0.0002 £+ 135 £ 0.00001 =+ 0.0015
GrrRr 0.0025 4+ 250 4+ 0.0207 + 0.0069

R 56652 £+ 1.4 £+ 1.5217 L+ 2.5881

Table 6.3: Obtained values for the triple Regge couplings and the pomeron intercept ap(0)
from a combined triple Regge fit over RG and FT. No leading proton data were used. The
couplings G p and G were constrained to be positive.
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Figure 6.8: The triple Regge fit performed over the rapidity gap data and fized target data.
The data points from the FPS cross section measurement were added to the figure.

what the effect on the parameters is. The result of that fit denoted by "Fit b 19977, is given
in table 6.2 and represented in figure 6.10. Note that the ZEUS collaboration measured the
cross section on the leading proton data at only one centre of mass energy and the result
can thus directly be compared with figure 6.9 and table 6.4, where also one centre of mass

energy from the FPS data was included in the fit.

"Fit b 1997”7 yields a slightly softer pomeron of ap(0) = 1.084 + 0.006 (stat) =+
0.03 (syst) £0.033(model) (also shown in figure 6.7) and the result on the isospin parameter,



‘ parameter ‘ value stat syst mod |

ap(0) [1.1224 + 0.007 + 0.028 + 0.045

Gppp | 15114 + 017 + 0902 + 1.251 ub GeV 2
Gprpr | 19527 +£ 04 £ 0.705 £ 1.886 ub GeV~2
Grrp |12459 + 33 + 5121 + 8.908 ub GeV~2
Grrr | 66246 + 34 + 5852 =+ 457.8 ub GeV 2
Geep | 37615 + 43 £ 1218 £ 17.17 pub GeV—2
Gerr | 0.0002 £ 125 £ 0.003 = 0.002 ub GeV—2
R 89357 +£ 1.0 £ 1970 £ 4.500

Table 6.4: Obtained values for the triple Regge couplings, the pomeron intercept ap(0) and
the isospin parameter R from a combined triple Regge fit over RG, FPS (W)=187 GeV
only) and FT. The FPS at (W)= 91 and 231 GeV were not used. The fit constrained G r

to be positive.
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Figure 6.9: The triple Regge fit performed over the rapidity gap data, H1 leading proton
data at (W)= 187 GeV and fized target data. The fit constrained G, to be positive.

R =4.3+1.1 (stat) £ 2.2 (syst), is in better agreement with "Fit ¢ 1994” and the expected
value of 3. The pion contribution is still the dominant exchange in the kinematical domain
of the leading proton measurement, however a considerable amount from reggeon exchanges
is also observed here.
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6.3 ~p- versus pp-couplings: a comparison

The coupling constants determined in the previous section in yp-interactions have also
been determined from inclusive reactions pp — X + p’' (section 2.6.1). Assuming Regge
factorization, one expects that both measurements are related in the limit of large s. Indeed,
assuming factorization, the coupling 3,,(0) from equation (2.72) is proportional to o, and
hence the relation between the vp- and pp-couplings is given by,

Glpk(t) Tl
G"J"k ol U%pz = 0.0032 (6.10)
1] o

where G (t) = 8%(0)B,,(0) e F¥ir)t The numerical value was obtained using the o7}
value from [99].

The results are shown in figure 6.11. The pp-data from Ganguli and Roy (section 2.6.1)
are shown as a function of ¢ and are also listed in table 2.2. The lines represent the result
of an exponential fit to the pp-data. The result obtained from the present two triple Regge
analyses’, called "Fit a 1997” and "Fit b 1997” and renormalized using equation (6.10),
are shown at the values of t = 0 GeV?. Although the coupling constants deduced from
the vp- and pp-data do not seem to agree very well, this comparison should be taken with
care. First, the form of the {-dependence of the coupling constant is not unique; different
parameterizations have been tried and result in variations of the values for the couplings at
t = 0 GeV2. For the IPIPIP-coupling, some models argue that the coupling should vanish
at £ = 0 GeV?. Second, the Regge trajectories used in the pp-data, ap(t) = 1.0 + 0.25 ¢,
ar(t) = 0.5+t and o, (t) = t, are slightly different from those of the present triple Regge
fit. As these parameters are quite strongly correlated to the couplings, this may result in
some variations. Given these uncertainties, we conclude the consistency between the yp-
and pp-couplings is reasonable.

6.4 Transition from the soft towards the deep inelastic
region

As shown in section 6.2, the triple Regge formalism describes well the inclusive diffractive
dissociation processes in photoproduction over a large M%- and W-range. It is tempting
to investigate to what extend the triple Regge formalism, describing ”soft physics”, could
be extended to explain also the "low” Q2 deep inelastic diffractive data. Here several mea-
surements exist to test an extrapolation of photoproduction to the deep inelastic region:
the diffractive structure function, FiP(3)[48], the diffractive structure function with a lead-
ing proton, F}FF[70],[102], and the diffractive structure function with a leading neutron,

FIN[103).

"Note that in figure 6.11 the dimension of the triple Regge couplings are expressed in mb/GeV? instead
of ub/GeV? for the outcome of "Fit a 1997”7 and "Fit b 1997”.
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Figure 6.11: Comparison of yp versus pp triple Regge couplings. The full line represents a
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pp-data.

The diffractive structure function can be written down in terms of the total diffractive



Cross section,
do(v'p— Xp) [ d’c ,  4wal,

= dt = Y3 (8,2, ). 6.11
And using the right handside of equation (6.5) for do/dz and the fact that
F(z,@Q% Q*
= 6.12
ok dra?, )’ (6.12)

one obtaines that F2D(3)(B, (Q?) can be rewritten as:

W2 2\ 2:(t) 7 52\ @k (0) F, 2
uk: MX + Q S0 Otot
Here the (Q%-dependence in the derivation of the triple Regge expression (6.5) is taken
into account leading to the replacement of M%/W? — (M% + Q*)/(W? + @Q?%), i.e. zp in
respectively the photoproduction limit and in the deep inelastic region.

FQD ®) can also be predicted using the pp-couplings instead of the yp-couplings. Therefore
one has to replace o,, by 0,, and the formula equivalent to equation (6.13) reads as,

W2 +Q2 20(t) M2 a(0) F (1, Q2>
7 /dt o zzk(t) (MQ + Q2 So - _pp

Otot
The same equations hold for the comparison with F£¥ and FLV,

Figure 6.12 shows the measured values of F} DB) as a function of zp in bins of (8,Q%)
as well as the predictions from equation (6.13) and (6.14) using respectively the couplings
obtained from the vp- and pp-data. In the low Q?- and high Mx-region where the triple
Regge model is applicable, the predictions follow the data quite well. Only at higher 2 they
undershoot the data. As can be seen from expression (6.13), the Q?-evolution predicted
by the triple Regge model is approximately equal to the one exhibited by the inclusive F5.
This indicates that the diffractive structure function evolves faster than the Q%-dependence
present in the inclusive F), structure function.

Figure 6.13 and 6.14 show the diffractive structure function FiL¥) obtained from the
measured cross section of DIS events with a leading proton in the final state. Figure 6.14
shows the data corresponding to the large xp-range, (zp > 0.3) where the reggeon and
pion exchanges are important. Again at low Q? the model predictions describe the data
well irrespective whether yp- or pp-couplings are used. Also for the data at lower z ;-
values shown in figure 6.13 the model describes the data well although the predictions from
equation (6.13) tend to be systematically above those from equation (6.14). It is interesting
to note that in going to lower z p-values the dominance of the triple pomeron term increases
as shown by the pure 1/x; behavior.

(6.14)

The diffractive structure function Fi£V, obtained from the measured cross section of DIS
events with a leading neutron in the final state, has also been measured and is shown in
figure 6.15. This data sample contains only processes in which isovector exchanges take
place between the photon and proton. This means that in the formula (6.13) and (6.14)



only reggeon terms (a- and p-exchange) and m-exchange terms have been considered. The
model predictions are shown in figure 6.15. Unfortunately the comparison with the data
can not be extended below z < 0.7 because then the Mx- and W-values become comparable
and the triple Regge model is no longer valid. Nevertheless figure 6.15 indicates that the
data above z > 0.7 are reproduced well.

6.5 Conclusion

The diffractive photoproduction data have been subjected to two types of Regge analysis:
in the first one, done in the normal Regge limit, an effective pomeron intercept as a function
of M% has been determined. In the second one, performed in the triple Regge limit, the
pomeron intercept as well as the triple Regge couplings have been measured. The result
of the first analysis showed that the process underlying the rapidity gap data is dominated
by pomeron exchange. This is in contrast to the processes that control the leading proton
data at higher values of M% where reggeon and pion exchange become dominant. Various
data sets have been used to perform the more complex triple Regge fit. Due to strong
correlations, the triple Regge couplings can not be well constrained. However the pomeron
intercept extracted from the various fits is constrained well and its value was found to be
compatible with the ”soft pomeron” intercept of Donnachie and Landshoff. The discrepancy
in the leading proton data between FPS and LPS, and the influence on the outcome of the
triple Regge fit result has been investigated in detail. The effect of the different data sets
on the value of the R parameter can be summarized as follows:

1. A value of R=11.440.242.7+6.3 is found when the FT, RG and FPS data sets are
used in the over-all fit.

2. Removing the FPS data from the fit reduces the value to R=5.743.3 comparable
with previous H1 analysis [68] mentioned in table 6.2 as "Fit ¢ 1994”.

3. Using the F'T, RG and only one FPS data set at (WW)=187 GeV, one obtains R=8.9+5.0.
Hence the inclusion of a single FPS data point increases R substantially.

4. Using the FT, RG and LPS data set at (WW)=197 GeV, one obtains R=4.3+2.5, in
closer agreement with the result of point 2.

Assuming Regge factorization, the triple Regge coupling constants extracted from yp-
interactions have been compared with those obtained in pp-data showing a reasonable
agreement given the different assumptions made in both extractions.

Finally the predictions of a triple Regge model have been extended to the low Q? deep
inelastic region and compared to F,°®) FEP and FFY. 1t has been found that the triple
Regge model also describes the deep inelastic data in the triple regge range of validity, i.e.
Myx > 4 GeV and W? > M?% for not too high values of Q2. From this study one can con-
clude that the transition between soft and hard diffraction is situated around Q? ~ 12 GeV2.
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Figure 6.12: The measured values of xﬂaFQD(3>[48] compared with the predictions of the triple
Regge model using either the couplings determined from data on pp — pX (Ganguli and
Roy) represented by the full line or on yp — Xp (Fit a 1997) represented by the dashed

line.
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Figure 6.13: The measured values of FFfT (solid circles [70], triangles [102]) with pr <
0.2 GeV are compared with the predictions of the triple Regge model using either the cou-
plings determined from data on pp — pX (Ganguli and Roy) or on yvp — Xp (Fit a 1997).
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Figure 6.14: The measured values of FFT[70] with pr < 0.2 GeV are compared with the
predictions of the triple Regge model using either the couplings determined from data on
pp — pX (Ganguli and Roy) or on vp — Xp (Fit a 1997).
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Figure 6.15: The measured values of FLYN [108] with pr < 0.2 GeV are compared with the
predictions of the triple Regge model using either the couplings determined from data on
pp — pX (Ganguli and Roy) or on vyp — Xp (Fit a 1997).
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Summary

This thesis presents a new measurement of the diffractive dissociation cross section M%do/dM%
for the photoproduction process yp — XY, with a large gap between the photon system X
and Y, with Y a proton or low mass proton excitation. The cross section measurement was
performed in the same two centre of mass energy-bins as a previous analysis, (W)=231,
187 GeV, but now on a data sample which is improved by almost a factor of 10. We
also present a new measurement which is performed at a lower centre of mass energy of
(W)=91 GeV. The data sample corresponds to an integrated luminosity of ~ 2 pb~! which
were collected with the H1 detector at HERA during a short dedicated run at the end of
1997.

The obtained differential cross section is interpreted in the framework of the phenomeno-
logical Regge model. Two types of Regge analysis are performed. The first analysis is
performed in the normal Regge limit, where an effective pomeron intercept is extracted as
a function of M%. From this extraction one can deduce that the cross section performed
on these large rapidity gap data is dominated by pomeron exchange. The second analysis,
performed in the triple Regge limit performs a triple Regge fit on a combined data set of
fixed target data, these rapidity gap data and leading proton data. A good description of
the data over the full range is found by the triple Regge model. The pomeron intercept is
extracted from the triple Regge fit and is found to be ap(0) = 1.13 £ 0.06, which is com-
patible with the soft pomeron extracted from the fits of Donnachie and Landshoff. Also the
triple Regge couplings were extracted and found to be in fair agreement with triple Regge
couplings earlier obtained on pp-data.

At the end, the triple Regge model which was used to describe the soft physics processes
is also applied on processes in the deep inelastic region. By doing so the transition from
the soft towards the deep inelastic region is investigated. Therefore, diffractive data in the
deep inelastic region like FQD(?’), FLP and FIY were compared with a triple Regge model,
using either the triple Regge couplings extracted from the combined triple Regge fit or using
the triple Regge couplings which were extracted from pp-data. A satisfactory agreement is
found for not too large values of @? (i.e. @* < 12 GeV?) and not to low values of Mx.
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