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Zusammenfassung

Diese Arbeit beschreibt die Messung der Strukturfunktion des Protons F; im kinematischen
Bereich von 3 x 1074 < 2 < 1072 und 8.5 < Q? < 60 GeV?. Die Messung beruht auf
den Daten, die von H1 am HERA Speicherring am DESY 1993 gemessen worden sind und
entspricht einer totalen integrierten Luminositét von 253 nb~! mit etwa 16000 Ereignissen.
Der Schwerpunkt dieser Arbeit liegt in der Unterdriickung des Untergrundes von Photo-
produktionsereignissen, die den Bereich von kleinen Energien des gestreuten Elektrons do-
minieren, mit Hilfe der Spurkammern. Die dazu notwendigen Detektorkomponenten werden
im Detail vorgestellt.

Die z-Abhingigkeit der Proton-Strukturfunktion wird fiir acht verschiedene Bereiche von
@Q? und zwei verschiedene Methoden zur Bestimmung der Lorentz-invarianten Variabeln
z,y und Q? gezeigt. Beide Methoden stimmen sehr gut iiberein. Ein weiterer Vergleich
mit den H1-Resultaten, die auf der Glasgow Konferenz gezeigt wurden, weist ebenfalls eine
gute Ubereinstimmung auf, und zeigt, dass die spezielle Behandlung des Untergrundes die
Messung von einem zusitzlichen Punkt bei kleinem « zuldsst. Die Strukturfunktion des
Protons steigt mit abnehmendem =z, was auf eine schnell wachsende Gluondichte hinweist,

Abstract

This thesis presents the analysis of the proton structure function F; in the kinematical domain
of3x107*" < 2z < 107%and 8.5 < Q% < 60 GeV? It is based on a total integrated
luminosity of 253 nb~? with roughly 16000 events, measured with the H1 experiment at the
HERA collider in 1993.

The main emphasis lies on a reduction of the photoproduction background, which is dominant
at low energies of the scattered electron, by making use of the tracking chambers. The detector
components used for this analysis are presented in detail.

Two methods are used for the determination of the kinematical variables z, y and @2, using
either only the scattered electron or a combination of the electron and the hadronic system.
The two methods agree nicely in the overlapping regions. The structure function Fj is
in agreement with the results presented by the H1 collaboration and allows to extend the
measurement to lower z. It shows a rise of F; with decreasing = indicating a rising gluon
density.




Chapter 1
Introduction

Deep inelastic lepton nucleon scattering played a dominant role in understanding the structure
of the nucleon for the last 25 years. Starting in the late sixties at SLAC with the discovery,
that nucleons are composed out of point-like objects called partons [1], [2], the fundament
was laid for Quantum Chromodynamics (QCD) [3] to become the theory for the strong
interaction. In the quark parton model the partons are identified with quarks with spin 1/2
and a charge of multiples of one third of the charge of the electron [4]. Further experiments
showed that the quarks carry only half of the momentum of the nucleon [5], the remaining
momentum is carried by the gluons, which are the exchange particles of the strong interaction,
and sea quarks. The predictions of QCD were tested in various experiments.

At the end of 1991 the first electron proton collider HERA came into operation, providing
collisions between 26.7 GeV electrons and 820 GeV protons. Compared to previous fixed
target experiments, HERA as a colliding experiment has a much higher center of mass energy
which allows a momentum transfer from the electron to the struck quark of two orders of
magnitude higher than previous experiments.

Therefore the proton structure function F> and hence the distribution of the valence quark, sea
quark, and gluon densities can be measured in a wide kinematical range. The high center of
mass energy allows on one side to have a very high momentum transfer, making the exchange
of the weak exchange boson Z, visible and resolve structures down to 10~*¥m, and on the
other side to measure in a region with a very low z, which is the momentum fraction carried
by the struck quark. This means entering a kinematical region of special significance for
QCD effects, where it is expected that the momentum densities of the gluons and therefore
the sea quarks increase. At even lower z non-perturbative effects such as saturation and
shadowing should show up.

In 1992 the two detectors H1 and Zeus started data taking. One of the first analyses based on
this first years data was the determination of the proton structure function in the previously
unexplored region of low x. The results of the two experiments, though with large statistical
and systematical errors, showed a rise of F; with decreasing =, already being an indication



for a fast growing of the gluon density towards low . Owing to the almost 4 coverage of
the H1 detector the deep inelastic scattering measurement allows also a precise study of the
hadronic system.

The much higher statistics available in 1993 allowed to measure the structure function with
reduced statistical and systematical errors and a much finer binning in z and Q2.

This analysis presents the measurement of the proton structure function at low 2 with a
special emphasis on background contamination,

Chapter 2 gives an overview of the theoretical background for the measurement of the
differential cross section and the proton structure function.

Chapter 3 discusses the kinematics of the deep inelastic scattering process at HERA. Different
methods for determining the kinematical variables from the measured quantities are presented.
In contrast to previous fixed target experiments not only the scattered electron is measured,
but also the hadronic system. A combination of all the information allows to extend the
kinematical region accessible at HERA and to cross-check the results and systematical errors
obtained with different analyses.

Chapter 4 shortly describes the H1 detector. The components used for this analysis and their
behaviour in the 1993 running period are discussed in detail.

Chapter 5 describes the selection of the event sample with an emphasis on the angular
resolution.

Chapter 6 is dedicated to the discussion of background contamination of the event sample.
Several methods for background suppression are compared. Finally a method is presented
which uses the innermost tracking chambers. It allows to reject part of the background and
to estimate the remaining background from data.

Chapter 7 discusses the measurement of the proton structure function for two different
methods with regards to the determination of the kinematics. The results are compared with
the standard H1 analysis and to different parametrizations.

Chapter 8 finishes with a summary of this analysis.




Chapter 2

Deep inelastic scattering at HERA

Deep inelastic scattering (DIS) of leptons has played an important role in probing the structure
of the nucleons and gave fundamental informations on electromagnetic, weak, and strong
interactions at the quark parton level. At HERA the very high center of mass energy allows to
measure stuctures in the proton with a spacial resolution of 107® m and opens a completely
new kinematic domain.

2.1 Kinematics of DIS

Neutral current DIS takes place via the exchange of a « or Zo, the neutral exchange bosons
of the electroweak interaction (charged current processes have only the charged weak bosons
W*). The scattering process can be described as e + p — [+ H where e, p, | and H denote
the incoming electron and proton, the scattered lepton, and the final state hadron system
respectively. The process is illustrated in Figure 2.1, the abbreviations for momenta and
energies used in the following are summarized in Table 2.1. The total invariant mass squared
(s) of the system is given by the square of the four momenta of the incoming or outgoing
particles:

s=(k+P)’=(k+pr)’=4-EE,=4 EgE (2.1.1)

if the masses of the electron, proton and the scattered lepton can be neglected.

Instead of the energies and angles specific to a given detector one commonly uses Lorentz-
invariant variables (z, y and @?) which allow a better comparison between different experi-
ments:

Q' = —¢’ = —(k—k)* = ~(P ~ Py)’

qv
=: d z=:
V=pp M TTop

where z,y, and Q? are correlated via Q? = zys. (2.1.2)




Electron e (k)

7y or Zo, Q*

Scattered electron ¢/ (k’)

Proton p (P)

Final state hadron system H (pg)

(a)

Figure 2.1: Deep inelastic electron proton scattering (a) without any further assumptions on the

(b)

proton structure and (b) in the quark parton model.

@? is the negative four momenta squared () transferred from the electron to the proton and
y describes the relative energy loss of the electron in the rest frame of the proton. In the quark
parton model (QPM) z is understood as the momentum fraction of the proton momentum
carried by the struck quark in a system, where the proton momentum is very large. The
reconstruction of z, y and Q* from the angles and energies of the scattered particles is

discussed in more detail in chapter 2.

Proton Remnant

Struck Quark g

particle description particle name | four momenta | energy
incoming electron e k E.
incoming proton p P E,
scattered lepton, e or v 1 k' 24
final hadron system H pPH Ey

Table 2.1: Abbreviation for the DIS process.

2.2 DIS cross section

In leading order electroweak theory the differential cross section for DIS with v or Zg

exchange can be written as [8]:

) _ dral
dzd@? zQ*

2
<y2$F1 +(1-y)F2+ (y - %—)w-”a)

yor Zy, Q*




2ra?
= o¢ ((+a-9)) B—y?Fo+ (1-(1—y)’)2Fs) (223)
with the three structure functions F;, F3, and Fy, or 2 F} all depending on z and Q2. F; is the
proton structure function and F describes the non parity conserving part of the cross section.

F, which describes the interaction with longitudinal polarized photons, is defined by F and

the transversal structure function z F;:
Fp = Fy — 2z F,. (2.2.4)

It is equal to zero for spin 1/2 particles (Callan-Gross relation [9]) as long as the quark
masses and the intrinsic transverse momenta are neglected ([8]). However, higher order
QCD effects change this relation and make the longitudinal structure function proportional
to as, the strong coupling constant. In a good approximation this can be neglected except for
very small & [10],[38].

F;, and F3 can be written in the quark parton model in terms of the probability of finding a
quark (antiquark) of flavour f with the momentum fraction = (¢s(z, @%), 7,(z, @%)). They
have a logarithmic * behaviour as will be shown in the next section. In the QPM the
structure functions are given by [8]:

F2($aQ2) = Z ($Qf(m7 Q2) + wqf(z, QZ)) : AI(QZ)

Jlavours
aFy(2,Q%) = fIZ ($Qf($,Q2) — 2q(, QQ)) : B!(QZ)» (22.5)
where the sum runs over all flavours in the proton.

The coefficients Ay and By for the quark flavours are given below, separated into contri-
butions from pure  or pure Z, exchange and y/Z, interference in terms of the charge of the
electron (e) and the neutral current vector and axial vector couplings a and v (a. and v, for
the electron and ay, vy for a quark with flavour f):

1 2 3

LR_ T2 2,2, 2\p2
APT = e —2ep(ve £ ac)us Py + (ve £ ac)*(vy + af) P,

2/ 3’
Bf”n = F2es(ve + ac)asP; = (ve + a.)?vsa; P2
( 1: pure v exchange 2,2’ : v/Z, interference 3,3’ : pure Z; exchange)

(2.2.6)

where =+ corresponds to left (L) and right (R) handed electrons. By has only terms coming
from the weak interaction since it is not parity conserving.

P, gives the strength of the Z, exchange term and depends on the mass of the exchange
boson Zg. The relative contribution of pure Z, and /Z, interference then becomes:



/% @ Zo o (@
-—7 O(PZ_WQ2+M§ and 7rxPz— T3] 2.2.7)

The ratio of the part of the cross section belonging to the weak interaction and the pure
~ cross section is plotted in Figure 2.2, showing that the corrections to the pure 4 exchange
become only important for high * and dominate the cross section above Q% = 10* GeVZ.
In this analysis we are interested in the low and intermediate @? domain and we therefore
neglect the contribution of the weak interaction.

o/a,
2 max. Q> at HERA
1.5
this analysis
R EE—
'l ___________________ - =
y—2, interference
0.5
e Pure Z,
0 PRNEREITT R ol sy
1 10 10°  10° 9

[GeV]

Figure 2.2: Relative contribution of Z; exchange and +/Z, interference to pure v exchange as a
function of Q2.

Figure 2.2 shows that the high center of mass energies available at HERA allows for
the first time a direct measurement of the Z, exchange. However, since the cross section in
Formula 2.2.3 is proportional to 1/Q* the higher Q? region needs high luminosity to get a
reasonable number of events. Due to the limited statistics this analysis is restricted to an event
sample with Q? less than 100 GeV?, where the weak interaction can safely be neglected.

The charged current-cross section taking place via the exchange of a charged boson W#
can be deduced directly from above formulas. The only remaining contribution is coming




from the weak interaction and is therefore suppressed in the low and intermediate Q2 region
with respect to the neutral current cross section by

Q@ \’
(5w

making the charged current events visible at very high Q? only.

2.3 Cross section and structure function at low Q>

As it has been shown above the cross section can be expressed in good accuracy by
exchange alone for Q% below 500 GeV2. The coefficients in 2.2.5 are then given by the
photon propagator

Ar=¢} , By=0 withes = charge of the quark with flavour .

It is convenient to rewrite 2.2.3 by making use of a new definition which describes the
contribution of the longitudinal structure function:

oL FL FL
= — = = —_—— 3.8
(o] 232F1 FQ—FL (23 )

R gives the ratio of the longitudinal (o) and transversal (o) cross section. In the limit
@? — 0 where the photon is becoming real o, goes to 0.

2.2.3 then becomes:

&> 2ra’
dde)_z = ;54 (t+-97) B -y?F)
2 2 2
- w% <2(1—-y)+iﬁ) F,
2ra’? 2 _
T ot (2(1 0+ 1_}?‘1?) fng;n, ¢} (vas(2, Q%) +27,(2, Q%) 2.3.9)

2.4 The quark momentum distribution in QCD models

It was seen in Formula 2.3.9 that a measurement of F; gives us insight into the quark and
antiquark distributions (¢; and 7;) of the proton, depending on both z and Q2. In first
order perturbative QCD we have to include gluon radiation processes and gluon quark pair
conversion in addition to the valence quark scattering. The Feynman graphs for the three
first order processes are shown in Figure 2.3. (a) and (b) show initial and final state gluon
radiation respectively and c¢) scattering at sea quarks which are produced by conversion of
gluons. First evidence for the gluons was found in 1970, by observing a violation of the
momentum sum rule in a comparison of electron-proton and electron-neutron scattering.

10




(b)‘let

Figure 2.3: Lowest order QCD corrections: (a) initial state, (b) final state gluon radiation and (c)
boson gluon fusion.

The corrections to the quark momentum distributions due to initial state gluon emission
were calculated in leading log approximation LL(Q)?) by Altarelli and Parisi [12] (AP
equation) and by Dokshitzer, Gribov and Lipatov [13]. The correction can be expressed in
terms of the probability of a quark carrying a momentum fraction ¢ (with 1 > ¢ > =) and the
splitting function P(%),

AF, = :1;2— b (e} / L )P (E)logQ +  terms of order a? ) . (24.10)
T flavours s £ £
Similarly the scattering at sea quarks can be included. The form of the splitting functions for
four different processes is given below in Table 2.2.
Taking into account both quarks with initial state gluon radiation and quark pairs produced
from gluons we get for the variation of the quark and the gluon density ( denoted by g(z, Q?))
[14):

9q(x,Q%) _ o [ df
d(log Q2) ~ 27r/ i3 7 h

usually written as :

( )q(é,Q)+qu( )9(€, Q%)) (24.11)

9q(z, Q%)
3(log Q?) =Py Qa1+ @y (24.12)

and similarly for the gluon density

99(2,Q%)
Plog) = T @1+ P @

known as GLAP (Gribatov, Lipatov, Altarelli and Parisi [12] [13]) equation. A different
notation separates the quark distribution in flavour singlets (¢* = ¢ +§) and non singlets (¢"*
: containing the valence quarks):

11




(1-2)?
1) Py =35 2) Py =3 L5
z z
1-Z -z
3)qu=%(z2+(1 -z)7) 4) Pyg=6(7%; + 1,;2"'3(1—2))
z z
1-z 1-Z

Table 2.2: Splitting function for different processes with gluon radiation in LLA(Q?). z denotes the
fraction of the incident four momenta: z=x /¢ carried by the parton in question.

O _ ns
Bog0F) = 2n T X1
aq’ [« s
i =2 (a7
.—a Qs ns
a(loggcgz) = o (Pu® 9™ + P ®0) 24.13)

The evolution of the GLAP equation therefore gives us the evolution of the quark and
gluon densities in @ in first order perturbative theory once the quark and gluon densities at
a fixed Q2 (Q2) as a function of z are known.

12



Valence quarks, 2 spectators, high x: q x(1-x)*®

Valence quark densily

0

Gluons, 3 spectators, q «<(1-x

>

Gluon densil

Sea quarks, 4 spectators, q o<(1-x)7
>

af

0.6 0.8

Table 2.3: Naive estimate for the quark and gluon density as a function of z in arbitrary units.
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2.5 Parton densities at low z

It was shown that the Q* evolution from a given = distribution at Q2 can be extracted using
the GLAP equations. The evolution towards low z is a priori not known and subject to
different models. It is clear that towards = = 1 the quark density is dominated by the valence
quark density, whereas for low z sea quarks and gluons play a dominant role.

The high-z behaviour of ¢;(z) is defined by the number of spectators (n,) [14]:

gs(z) o (1 —2)?? (2.5.14)

The valence part declines towards z = 0 with zq, < 5. This naive estimation of the
behaviour for different processes is illustrated in Table 2.3.

Although there is no firm theory yet which describes the low z behaviour, we can use
the GLAP equations to derive x distributions from a given distribution at Q2. It turns out
that this way the GLAP equations produce steeper and steeper z distributions when going to
higher @? [15]. Several models exist which differ by the starting distributions at Q2. The
low z behaviour is determined for different parametrizations by fitting the models to the
existing data at high = and extrapolating them towards lower z. Some of the commonly used
parametrizations are summarized in Table 2.4. The MRS parametrizations have a total of 16
free parameters for the starting distributions of the quark and gluon densities at Q2 = 4 GeV2.
As an example for the effect of different starting distributions on the evolution towards low

name assumptions

MRSY (18] | @ = d, ¢;(2,4 GeV?)=constant

very simple method, NMC already showed that d > @

MRSDY [18] | u # d, ¢;(x,4 GeV?)=constant

MRSD™ [18] | u # d, zg, zq o< 27 at Q2=4 GeV?

MRSH[19] | same as MRSD~ but fitted to published HERA data

CTEQ [20] u, d, and s are freely parametrized and not strongly

coupled to the gluon density, in total 30 parameters.

CTEQ2M starts with a constant (zq(z, QZ)=const.) and CTEQ2MS
with a singular (z¢(z, Q%) « z=°%) quark distribution.

GRV [21] small z partons are radiatively generated according
to the Altarelli Parisi equation, starting from valence
quark and gluon distributions at Q2 = 0.3 GeV?

Table 2.4: Different parametrizations for quark densities.

z, Figure 2.4 shows the quark and gluon densities at Q?=20 GeV?

14



& 14 MRSH, 0°=20 GeV* | (5 1.4 MRSD™, Q*=20 GeV*
a - a

Fixed torget exgerigents

TIT T T

Ll

16° 10 16" 1

1.4

CTEQ2, Q*=20 GeV?

PDF

1.2

TTT TTT T

TT7T

0.8
0.6
0.4 NG

0.2

O 1 1 ||I1||| 1 1 |||||li
16° 162 1q" 1 10 10 10" 1

[ AR

Figure 2.4: Quark and gluon densities for four different parametrizations at > = 20 GeV2, MRSDY
assumes a fiat starting distribution at Q3=4 GeV? (zg, zq = const), whereas CTEQ and MRSH start
with a singular distribution (zg, ¢ o ~%%). GRV generates the sea quarks radiatively from a given
valence quark and gluon distribution at Q2=0.3 GeV2. The four parametrizations agree in the region
of the fixed target data (z > 0.01) but differ much in the region accessible with HERA (¢ <0.001).
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for the MRSDY MRSH, CTEQ2 and GRV parametrization. Data was available for =
Jarger than 0.01 (except for MRSH). In this region the quark and gluon distributions do not
differ much. All are dominated by the valence quark distributions. Coming to low = however
the four models differ significantly. Since the structure function F; is essentially the sum
of the quark distributions, this results in a large difference in the prediction of F3. This is
illustrated in Figure 2.5 which shows the prediction for F, at *=20 GeV* extrapolated from
the fixed target data to the @ range of HERA.
Clearly this picture cannot hold for very low z, otherwise the gluon density would rise to

6

o~
[ '

Q*=20 GeV?

——  MRSH or MRSD*
i - - CTEQ2
| S GRY
—=  MRSD™

Fixed torget experiments
_

i MRSD™

o aaad

o ol Lo
16° 16* 16 162 16 1

Figure 2.5: Predictions for F; at Q% = 20 GeV? obtained from different sets for the parton density
distributions (see text).

infinity. One has to take into account recombination of gluons. This is done by adding
a nonlinear term proportional to R-? in the evolution equation [16], [17]. The radius R
determining the strength of the nonlinear term denotes the size of the region inside the proton
from which the recombining gluon originates. Naturally it cannot exceed the proton radius
of 5 GeV~'. Two different assumptions exist:

o the gluons are homogeneously spread in the proton and hence recombination isobserved
at very low z, R=5 GeV~1.

e gluons cluster in so called *hot spots’ around the valence quarks. Therefore the critical

16



density is reached at higher .

The above discussions show that the structure function measurement at HERA enters a
very interesting kinematical region:

e at HERA we can measure at > 10~*. We therefore expect to see a rising of the
structure function F;, towards lower z due to the rise of the gluon and therefore the sea
quark density.

e if saturation takes place in so called hot spots, it should happen at higher & and might
be detectable at HERA .

2.6 Radiative corrections

So far only QCD effects were discussed, electroweak corrections to the cross section arising
out of the emission of an additional real photon, which is independent on the QCD evolution of
the partons, were neglected. These QED contributions do not contain additional information

a) b) c)

d) e)

Figure 2.6: First order radiative corrections, no weak contributions are shown. The emission of the
photon may happen at the quark or the electron line, therefore they are not further specified. (a) and
(b) illustrate initial and final Bremsstrahlung, (c) corrections to the vertex and (d) and (e) additional
7 exchange between electron and quark.

about the electron quark interaction, therefore the structure function is deduced from the
Born cross section o, describing the pure electron proton scattering. Hence the radiative

17




corrections have to be subtracted from the measured cross section. This means that a proper
treatment of the corrections is imperative for a determination of the structure function.
Two different methods were used at H1 and showed a good agreement. The first includes
the radiative processes in the Monte Carlo simulation which allows the estimation of the
corrections for each bin in @ and Q? (HERACLES [22]), whereas the second one calculates
the full order « corrections analytically using a program called TERAD [23], [24]. The first
order corrections are obtained by attaching a single photon to each charged fermion line.
The different processes are illustrated in Figure 2.6, they include real photon emission of the
incoming or outgoing electron or quark (a) and (b) as well as virtual corrections to the vertex
(¢), and photon exchange between quark and electron (d) and (e). At high Q? also weak
corrections have to be applied but they can be neglected due to their m suppression [25]
in the low Q? region. An evolutionin a =$ of the measured cross section explicitely shows

the corrections to the Born cross section:

o «
OBorn — 00 + %Al + (5;)2/42 + ...
O'Born(1+6l+62+~“) (2615)

1l

where A; is given by the sum of all Feynman graphs of the order i. A good approximation is
already reached in first order since « is much smaller than 1:

1
Tewp = OBorn ] 5 + terms of order o (2.6.16)

The first order corrections can be calculated using the Weizsécker- Williams approximation
in leading log (LLA) [26], [27]. The first order corrections at the electron line for example
are given by [28]:
a3 Q@ Q? EFE
61_;<-2—lnm2—2—<1nm2—1 1nAE2+R (2.6.17)

[

e

with R small and AE the maximal photon energy. Due to the factor 1/m” corrections at
the quark line are suppressed and will not be discussed further. The remaining contribution
arise out of initial and final state Bremsstrahlung of the electron. The size of the corrections
crucially depends on the method used for the reconstruction of the kinematical variables and
will be discussed in the next chapter.
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Chapter 3

Determination of the kinematical
variables

3.1 HERA kinematics

A major advantage of HERA structure function measurement is its redundancy arising from
the simultaneous measurement of the scattered electron and the hadrons. With the incident
beam energies known (electron beam: E., proton beam: Ep) one only needs two variables
to describe the scattering process:

electron + proton — electron’ + hadronic system .

In the H1 coordinate system (positive axis corresponds to the proton direction) the four
momenta of incoming electron (k), proton (P), scattered electron (k’), and the current jet (P;)
- which develops through fragmentation from the struck quark - become:

E, E Ep EJet
! ot 19 _ .
b= 0 K= E'sin p= 0 Py = Eje siny G.LD)
0 0 0 0
~E, E’ cosd E, Ejet cosy

if the scattering process is defined to take place in the « — 2 plane. E/, By, 9, and ~ denote
the energy and angle of the scattered electron and current jet respectively. Conventionally
fixed target experiments used the energy and the angle of the scattered electron, whereas
charged current events with the neutrino not detected had to be analysed using the hadronic
information. At HERA we can choose the appropriate combination of the measured variables
depending on the kinematical range of the measurement which allows a cross-check of the
results in the overlapping region. The different methods are shortly discussed in the following
sections, more detailed informations are found in [29], [30], and [31].

The four observables of the DIS process are energy and angle of the scattered electron and the
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current jet. In Figure 3.1 (a)-(d) lines of constant energy and angle of the scattered electron
and the current jet are drawn in the z-Q? plane. The most striking features are:

Lines of constant energy of the scattered electron: a large kinematical region has
energies between 25 and 30 GeV. This fact makes a = determination using the electron
energy and angle not useful for low y (y < 0.1). Nevertheless this region of almost
constant energy - referred to as kinematical peak- proved to be very useful for a
calibration of the backward electromagnetic calorimeter (BEMC), see Section 4.2.2,
since the peak position and its distribution towards high z (and high energies) is almost
independent of different parametrizations [32].

Lines of constant electron angle: due to the 1/Q* dependence of the cross-section
the bulk of the events is situated at large scattering angles and mainly detected in the
BEMC. Its angular acceptance is shown in dashed lines. Events at very low Q? (Q?
< 4 GeV?) are lost since the electron escapes through the beampipe. The fact that
the ¥J-lines are running almost parallel to the = axis makes the 2 determination almost
independent of the J-resolution.

Lines of constant jet energy: the region at very low z and low Q? cannot be used,
because the jet energy is too low. It becomes clear that the double energy method
which reconstructs « and Q? using the energies of the scattered electron and the jet is
not useful, except for very high z (z > 0.1), because the lines of constant energy of
the jet and the scattered electron often run almost parallel.

Lines of constant jet angle: in the interesting region of very low z the current jet
starts to point backwards. This implies possible misidentification of the electron and
a bad hadronic measurement because part of the hadrons may be lost in the beampipe
and others badly measured in the BEMC. This fact essentially reduces the kinematical
region accessible with a hadronic measurement to y < 0.5. At very low y (y<0.02) the
hadrons are lost in the forward beampipe.

The four observables leave us with six possible combinations for a reconstruction of z, y and
Q2. The double energy method and two combinations which give double solutions ((E’ )
and (Eje,9) [31]) will not be discussed further.
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Figure 3.1: Kinematics at HERA lines of constant energy and scattering angle in the 2-Q? plane,
different values of y are plotted as dashed lines.(a) lines of constant energy of the scattered electron,
showing a large range with almost constant energy. (b) constant scattering angle of the electron and
(c) lines of constant jet energy and jet angle (d).
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3.2 Electron only method

Deducing the kinematical variables z, y and Q% from a measurement of the energy and angle
of the scattered electron is the conventional method for structure function measurements. By
putting the four momenta defined above (3.1.1) into the definition for z, y and Q? (2.1.2),
and neglegting the masses of the electrons and quarks we immediately get:

] "L 2
Q? = 4E.E’' cos® 3 V= 1- EsinzE T, = s%— (322)

Taking the derivatives of the measured quantities, we easily get the resolutions:

Q%  dE 9

g; = —E'I- + tan §d19 (323)
fz. 1dE' 9/ E,
z. = ve B ,tan 9 (er - ].> dd

These resolutions and their kinematical dependence were studied by a comparison of the
reconstructed and the generated value of z, y, or Q?, using a detailed simulation of the H1

detector:
2 2

rec ~ Wgen 5. = Tree — Tgen and 6, = Yrec — Ygen
2 z v
gen Tgen Ygen.

Sgz =

Figures 3.2a) and d) show that the Q? measurement is rather precise in the whole Q? range.
It is reconstructed within 15% (HWHM) with a tendency to be shifted to values which are by
10% too low due to the energy reconstruction. It hardly varies with the energy (d) except for
very low energies. Figure 3.2 (g) shows the probability to find the reconstructed Q? value
within 15 % around the center of the distribution in (a) (hatched area), in the & — Q? plane
indicating that a precise measurement is possible in a large kinematical range. A small drop
in the quality of reconstruction is visible at low energies (high y) due to the less precise
energy measurement. The resolution is mainly determined by the energy measurement (see
Formula 3.2.3), only at very large scattering angles, i.e. low Q?, the 9 resolution becomes
important.
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Figure 3.2: Resolution of the kinematical variables -Q? ((a),(d) and (2)), y ((b),(e) and(h)) and z
((©),(D) and (i)) for the electron only method. The plots (g)-(i) give the acceptance for events within
one sigma of the measured resolution (hatched area in Figures (a)-(c) in the z — @Q2-plane. The limit
for a sensible x-determination (y=0.05) is indicated in Figure (h). The two curves in (c) are normalized
to the peak value.
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The y resolution is shown in Figures 3.2 (b), (e) and (h). It is determined by the energy

measurement and therefore deteriorates in the region of the kinematic peak, clearly seen in
Figure e) where the resolution versus energy is plotted. For energies below 25 GeV y is
measured very accurately with a shift of less than 1% and a resolution of 12%.
The resolution for z (c) already indicates that there must be a large range with a very bad
z-determination. This is expected from Formula 3.2.3 since the + measurement deteriorates
due to the 1/y term (see also Figure (f)). Therefore this method is restricted to the high y
region, with y typically larger than 0.05. The effect of this cut is illustrated in Figure 3.2 (c),
the two curves are normalized to the peak value. With a cut at y >0.05 the events with a
meaningless reconstructed x value (6x=-1) disappear. (i) gives the acceptance for events with
a good z-resolution, the cut at y=0.05 is limiting the measurement to a kinematical region
with good acceptance.

3.3 Hadronic measurement bnd mixed method

A hadronic measurement has to cope with the fact that energy and angle of the quark are
not directly measurable. Access is limited to the hadronic final state after all fragmentation
and hadronization processes. The jet which develops out of the struck quark still contains
the information regarding its energy and angle, but their reconstruction is very sensitive to
different algorithms defining a jet, lost particles and detector defficiencies.

Therefore a method was developed by F. Jacquet and A. Blondel [33] - it will further be
referred to as Jacquet-Blondel - which makes use of the hadronic system without any jet
identification.

Using energy and momentum conservation, the energy and momentum of the sum of all the
hadrons is equal to the energy and momentum of the jet and to the quark:

EQuark EJet Eh
—F, in —FE ¢ sin -
PQuark= Quark SILY — Py = Jet 7 =P = Z Pot
0 0 hadrons Pyn
EQuark Cos Yy EJei cosy Pzh

(3.34)
By making use of two newly defined observables of the hadronic system % and T":

= 3 (Bu—pa) T:J< 2 pzh)2+( 2 pyh)z (333

hadrons hadrons hadrons

and putting 3.3.4 and 3.1.1 into 2.1.2 we get for the kinematical variables:

qP 1 b))
= T = E——z = — N
wB =15 2Ee;(" ) 25 (33.6)
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Figure 3.3: Resolution of the reconstruction of y using the Jacquet- Blondel and the double angle

method.
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The advantage of this method is immediately clear from the above formulas. Hadrons emitted
in the forward direction contribute only marginally to & and 7" and therefore particles lost in
the forward beam hole hardly influence the measurement. This is not true for particles lost in
the backward region, missing particles shift the reconstructed ys8 to lower values. To avoid
the region with no accurate hadronic measurement usually a cut of y<0.5 is applied.

The resolution depends on the errors of the energy and angle and the amount of particles lost
and can only be checked by detailed simulations. The y resolution is shown in Figure 3.3
for two methods of calculating y. Method 1, labelled with *only cells’, corresponds to a pure
calorimetric measurement with y determined by a summation over all calorimeter cells except
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the cells belonging to the identified electron. Method 2 on the other hand uses a combination
of tracks and cells which allows to include also very low energetic particles. Figure 3.3
(a) shows that method 1 suffers from a big shift of the order of 20% of the reconstructed y
towards lower y, an effect reduced to 10% by using tracks and cells. This systematic shift
is y dependent and largest at large y (see Figure 3.3 (d) and (e)) where the hadronic flow
points backward and particles are lost. The resolution is worse than for the ’electron only’
method (25% HWHM), but constant over a large range in @ and Q2. This is illustrated in
Figures 3.3 (g) and (h) where the fraction of events with a good resolution (hatched area) to
all events is plotted. The two methods have the same acceptance region which is limited in
the low y region by y=0.01, where the hadrons are lost in the forward beampipe and at very
high y (y>0.5), with the hadrons pointing backward. The y measurement is fairly precise
because the effect of lost energy is partly made up since the measured angle has a tendency
to be shifted towards higher values [34].

The ()? measurement is less precise because T is severely influenced by the loss of particles,
furthermore the resolution decreases with 1/(1 — y), making an accurate measurement
impossible for small y.

Therefore the mixed method which uses the accurately measured Q2 of the electron and y
from the hadrons becomes the natural choice. Use of this method extends the measurable
kinematical range down to y=0.01.

The mixed as well as the electron only method were already used in the first determination
of the proton structure function by H1 with the 1992 data [35].

3.4 Double angle method

The lines of constant scattering angle of the electron and the quark cross each other with
large angles and therefore allow a precise determination of y and Q? in a wide kinematical
range. The main problem of the double angle method is the reconstruction of the polar angle
of the jet (7). It was shown in [31] that the angle can be calculated using the Jacquet-Blondel
variables above.

Q7p(1 —ysB) — 4B2yIp _ Lp Bncos 347)
Qis(1 —ysB) + 4E2y5p Zn B o
In first order this determination of the angle is independent of the energy, which proved to be
the main advantage of the method, since at H1 presently the possible miscalibration of the
hadronic energy of 5-7% is substantially contributing to the systematical error of the mixed
method. The double angle method was used in the high Q? analysis by H1 [36] and as the
main method in the ZEUS analysis [37].

cosy =

siny(1 + cos¥) _ sind(1 — cos )
Ydo = siny +sind —sin (J + v)

Q3% =4E? (3.4.8)

“siny + sind — sin(y + 9)
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The resolution of 4, is shown in Figures 3.3(c), (f) and (i) in comparison with the y deduced
with the Jacquet-Blondel method discussed above. (c) and (f) show that the resolution
is somewhat better (20% HWHM) and the systematic shift is considerably smaller (4%
in average), a consequence of the indepency of the energy scale. The kinematical region
accessible with the double angle method is comparable with Jacquet-Blondel and fails for
the same reasons as discussed above.

3.5 Influence of radiative corrections

It was shown in Section 2.6 that the main contribution to the radiative corrections comes
from bremsstrahlung of the incoming (ISR=Initial State Radiation) and outgoing electron
(FSR=Final State Radiation). The two processes are illustrated in Figure 3.4 with E; and E;
denoting the energy of the incoming and outgoing electron and £; and E ¢ their energy at the
vertex. In the following z, y, and Q% describe the kinematical variables extracted under the

a) b)

Figure 3.4: (a) Final state bremsstrahlung and (b) initial state bremsstrahlung of the electron.

assumption of a Born-event using the event topology and , ¢, QZ the true event kinematics.

B — E; = E; —; =: 2,5
- 1
Ef — E] = E'f +’)’f0 = Z—Ef 3.5.9)
!

with0 < z;,2, < 1.

The effect of ISR can be looked at as a detoriation of the beam energies and therefore affects
all kinematical variables calculated under the assumption of fixed beam energies.
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Figure 3.5: Effect of radiative corrections on the reconstruction of kinematical variables. The

hatched histograms show the resolutions for non-radiative events, the empty histograms for events

with initial state radiation.

3.5.1 Radiative corrections for the electron only method

The electron only method is heavily affected by initial state bremsstrahlung. Using the

Formula 3.2.2 one gets

Q% — G2 = zQ?

. zit+y-—1

yoj=—
Zi

=Y

zity-—1

(3.5.10)

shifting the events with initial state radiation to higher Q? and large y. To avoid events with
g g gey

catastrophic ISR a cut in y is necessary for the electron only method.

Final state bremsstrahlung is of minor importance since for 80% of the events the emitted
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photons lie within a cone of 2 mrad of the scattered electron and are therefore not resolved
in the calorimeter [38]. The remaining events transform to:

Q2= G = ¢

. Zj—l-y—l
y—o =
zf
eob=—d (35.11)
zi+y—1

again manifesting themselves at high y. The effect for the reconstruction of the kinematical
variables is illustrated in Figure 3.5. The Q? determination is only slightly affected, but the
reconstructed y is shifted towards high y.

3.5.2 Radiative corrections for the Jacquet-Blondel method

The Jacquet-Blondel method is differently affected by radiative corrections. In first order
it is completely independent on FSR. Starting from Formula 3.3.6 the kinematical variables
become with initial state bremsstrahlung:

Zi—Y

.y

y—ig==

Zi
z—»i:ziml_‘% (3.5.12)

Zi—y

The amount of the corrections can be huge espescially for the electron method at large y
(see for example [39]). Regions with corrections exceeding 100% are avoided by a cut of
Yer <0.6. The corrections for the mixed method are much smaller and beyond 20% except
for very large z.

3.5.3 Making use of radiative events

Radiative events can be identified by comparing the measurement of the electron and the
hadronic system. This can be used first of all for a cross-check of the correct implementation
of the radiative corrections, since after all the corrections have to be calculated in a region
where the structure function is not known. Secondly these events- once they are identified
- may access the kinematical region between the fixed target experiments and the presently
available HERA data, since ISR events have a lower center of mass energy [40], [41]. Finally
a method to avoid large corrections was developped at H1 making use of the redundant
measurement at HERA [30], [42] by extracting the kinematical variables using three instead
of only two observables.
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Chapter 4

HERA and the H1 detector

4.1 HERA machine

HERA is the first electron proton collider and came into operation in autumn 1991, after
eight years of construction and commissioning. The first collisions were recorded by the two
HERA experiments H1 and ZEUS in spring 1992.

Two independent rings, situated in a 6.3 km long tunnel, are used for acceleration and storage
of the electrons and protons. Figure 4.1 gives an overview of the HERA storage ring with its
injection chains and the location of the experiments. The electron machine is a conventional
storage ring, accelerating the electrons to 26.6 GeV, whereas the proton ring makes use of
supraconducting magnets to produce the high magnetic field needed to keep the 820 GeV
protons on their orbit. The electrons and protons are pre-accelerated in the former ete™
storage ring PETRA to an injection energy of 12 GeV and 40 GeV, respectively. The proton
beam proved to be very stable with an average lifetime of more than 24 hours, whereas the
electron fillings had a lifetime of only some hours.

The particles are packed into a maximum of 210 bunches, with a bunch crossing distance
of only 96 ns, and brought to head-on collisions in the two experimental halls. Presently
two more experiment are being prepared [43], [44]. In the 1993 running period the machine
operated with 94 electron and 90 proton bunches, 84 of them were colliding. The bunches
with no colliding partner were used for an estimate of beam induced background. Some
parameters of the HERA machine are listed in Table 4.1 comparing the design values with
what was achieved in the 1992 and 1993 running periods. In 1993 HERA delivered an
integrated luminosity of almost 1 pb~! of which about 60% was recorded by H1 and could
be used in the physics analysis. The main losses occured by the selection of good quality
runs and dead time introduced by the readout. Some run periods were lost because of
malfunctioning of important detector parts or periods of very bad beam quality (typically at
the start of a new luminosity run) which didn’t allow to switch on sensitive detector parts.
The limited statistics available with the data collected in 1992 already allowed a first look
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Figure 4.1: The HERA storage ring.

at the physics expected to be seen at HERA. Besides the first measurement of the proton
structure function [35], which lead to the determination of the scaling violation of the proton
structure function [47] with an estimation of the gluon density, much effort was taken to
investigate the final state of the hadrons. The measurement of the energy and the transverse
momentum flow [48] as well as the jet rates [49] in deep inelastic scattering events yields
information on the QCD sub-processes. Furthermore this first years data allowed to measure
the total cross section of photoproduction events [50], which take place via the exchange of
a quasi real photon and therefore have a high rate. Also for this class of events the analysis
of inclusive jet spectra allows to draw conclusions on the underlying QCD picture.

4.2 The H1 detector

This chapter shortly describes the H1 detector, more details can be found in [51]. The
detector components used in this analysis and their properties especially in the 1993 running
period are then discussed in the next sections. The main features are best illustrated by a
typical deep inelastic scattering event recorded in the 1993 data taking period (Figure 4.2).
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unit | design [45] | 1992 [46] 1993
Energy p/e GeV 820/30 820/26.6 | 820/26.6
number of bunches p/e 210/210 10/10 90/94
current p/e mA 163/58 2.5/2 16/14
bunch separation ns 96 96 96
bunch length in z cm 11 20 10
luminosity cm~%s7! | 1.5-10% [ 3.0.10% | 1.10%
integrated luminosity nb~! 10° 62 880
used for analysis nb~? 32 520

Table 4.1: HERA parameters.

The proton with an energy of 820 GeV is coming from the right and the electron (26.6 GeV)
from the left side with the interaction region in the center of the detector. The scattered
electron is detected at a large angle with respect to the proton direction, further referred to as
backward region, whereas in this event the hadrons are detected in the central region. In the
very forward region some activity is recorded due to the proton remnant. The two pictures
on the right hand side give a radial view, in the direction of the proton, of the detector. The
electron is measured in the backward calorimeter (lower picture) and balances the transverse
momentum of the hadrons, as detected in the central region (upper picture). Since the large
difference in the beam energies boosts the center of mass system along the z axis into the
direction of the proton the detector is constructed asymetrically and is instrumented in the
direction of the outgoing proton with a higher granularity. Following the H1 convention this
direction is referred to as positive z axis.

Figure 4.3 gives a schematical side view of the H1 detector with following detector parts
starting from the interaction region:

e Central Tracker: a sandwich of cylindrical drift and multiwire proportional chambers,
surrounding the interaction region. It is used simultaneously for track reconstruction
of charged particles in the range 15< ¢ <170°, particle identification, and triggering.

o Forward Tracker: completes the tracking system in the forward direction and measures
particles with a polar angle 7< 9 <15°. It has three identical supermodules consisting
of planar drift and proportional chambers.

Liquid Argon Calorimeter (LAR): surrounding the tracking region in the forward and
barrel region. It is divided into an electromagnetic part with lead absorbers, measuring
the electron energy with a resolution of the order of 12%/+/E and a hadronic part with
steel absorbers (resolution 50%/+/E). The absolute energy scale for the electromag-
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Figure 4.2: A typical deep inelastic scattering event with a scattering angle of 167° and an energy
of the scattered electron of 26.6 GeV. The event kinematics as determined with the mixed method,
yields @* = 35 GeV? and = 0.01. The two pictures on the right side give a radial view of the central
(upper) and backward (lower figure) part of the detector in the direction of the outgoing proton.

netic part is known within 3% and 5% in the most backward part. The hadronic energy
scale as determined from studies of the balance of transverse momentum of DIS events,
is presently known to 7%. In the very forward region the calorimetric measurement
is completed by a Si-Cu plug. It measures energy depositions between the beam pipe
and the LAR (0.6< 9 <3°).

e Backward electromagnetic calorimeter (BEMC): supplements the energy measurement
in the backward direction (151< 9 <177). It provides a good electron detection but
only a poor hadron measurement. It is completed by a multiwire proportional chamber
(BPC) just in front of it, giving an accurate space point.

e Time of Flight System (TOF): two scintillator walls are installed behind the BEMC at 2
m upstream of the interaction region. Their accurate time resolution of the order of 2 ns
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Figure 4.3: Schematical side view of the H1 detector.

allows to reject p-beam induced background originating from outside (upstream) the
H1 detector. Furthermore they allow an estimate of the energy leakage of the BEMC.

Magnet: the superconducting solenoid of 6 m diameter surrounds the H1 calorimeter,
providing a homogeneous field of 1.2 T parallel to the beam axis in the tracking region
of the H1 detector. It allows to determine the momenta of charged particles from the
track curvature measured in the central tracker.

Muon detection: muons escaping the H1 detector are recorded in the instrumented
iron, an octogonal iron yoke surrounding the coil. Some 140000 channels are read out,
allowing also a measurement of the hadronic energy leakage, which is generally small
except in the BEMC region. It is completed by a forward muon system.

Luminosity system: this system consists out of two crystal calorimeters for the mea-
surement of collinear photons and small angle electrons. The + detector is installed at
z=-103 m and the electron detector (e-tagger) at -33 m. The luminosity system provides
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at the same time a measurement of electrons scattered at very small angles (<5 mrad),
detection of photons from initial state Bremsstrahlung, and an accurate measurement
of the luminosity. The latter records the Bethe Heitler process ep — epy, which is
proportional to the luminosity and has a well known cross section.

4.2.1 Central Tracker

A schematical view of the tracking area including the backward proportional chamber (BPC)

is shown in Figure 4.4. The most central chamber system is a double layer of multiwire

proportional chambers (CIP), giving a fast but coarse ¢ and z position of a track. It is
followed by a z-drift chamber (CIZ) with a spacial resolution of 250 xm (design value) and
two large volume jet chambers (CJIC), measuring the R — ¢ projection of a track within

210 pm. The inner chamber is divided into 30 ¢ segments with 24 sense wire planes, the
outer into 60 segments with 32 layers. The cells are tilted by 30° in order to allow optimal
track reconstruction in the presence of the magnetic field. The two jet chambers are separated

by another z-drift chamber (COZ) and again two layers of proportional chambers (COP). It

lforward track det. l<—-cenlra] track detector
(FTD) (CTD)

planar, .
250 radial } drift chambers 155°

central jet chambers  cables and electronics
acz /| Cop g,
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Figure 4.4: Schematical side view of the tracking area of H1.
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becomes clear from Figure 4.4 that the well determined track quantities cannot be used for
the identification of an electron scattered at large angles and measured in the BEMC, since
it leaves the acceptance region of the inner jet chamber. However the tracks reconstructed
in the central tracker were used for the reconstruction of the kinematical variables using the
hadronic information (see Chapter 3.3).

Central Inner Proportional Chambers, CIP

The innermost chamber system of the H1 experiment consists of two thin multiwire pro-
portional chambers (MWPCs). Their main purpose was delivering space points for three
different triggers. This information together with the space points of similar chambers at
larger radii [53], [52], four planes of MWPC’s in the forward direction [54], or space points
in the z drift chambers [55], is used to give a fast estimation of the z position of the event
vertex. Therefore the design criterion was good time resolution to separate individual HERA
bunch crossings. The space resolution was subject to the requirements of the z-vertex trigger
[53].

unit chamber

inner outer
active length mm 2190 2190
chamber starts mm -1125 -1125
chamber ends mm 1100 1100
radius of anode planes mm 157 166
number of wires 480 480
wire distance mm 2.06 217
gap width mm 3.0 3.0
number of cathode pads 480 480
width of pad (along z) mm 36.5 36.5
length of pad (along ¢ mm 123 130
middle of first pad in z mm -1107 -1107
middle of first pad in ¢ ° 22.5 0

Table 4.2: CIP geometry, absolute positions are given in H1 coordinates.

Chamber geometry and construction The chamber is described in detail in [56], we
therefore only discuss the important points. The Central Inner Proportional Chambers (CIP)
consist of two thin cylindrical chambers and have an active length L of 2190 mm with the e —p
interaction region in the middle, thus covering a large  region from 8 to 172°. To minimize
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the radiation thickness the chambers were constructed with a sandwich of Rohacell-foam
and thin foils. The cathode is made of a graphite coated Kapton foil. Induced signals on the
cathode couple through the Kapton to its other side, where an aluminium layer is segmented
into pads of the size A z = 36 mm and Ay = 45°, giving a length of 123 mm for the
inner and 130 mm for the outer chamber, resulting in 480 pads per chamber with a 60-fold
segmentation in z and 8-fold in . The inner chamber is rotated in by 22.5° with respect
to the outer one which results in an effective 16-fold ¢ -segmentation of the two chambers.
The signals from the pads are amplified directly on the chambers and finally shaped in the
readout electronics which discriminates the signals with an adjustable threshold. The 480
anode wires are connected to positive high voltage. 30 wires are connected to the same high
voltage supply, thus allowing a 16-fold high voltage segmentation,

Some of the important properties of the chambers are summarized in Table 4.2 the geometry
is illustrated in Figure 4.5.

PREAMPLIFIERS, GASSUPPLY

PAD 59 PAD O
30 GeV ELECTRONS INTERACTION REGION 820 GeV PROTONS
_—
(=]
2 8 o
172

L‘_— ACTIVE LENGTH: 2190 mm ——*’l
TOTAL LENGTH: 2470 mm

RADIAL VIEW IN
PROTON DIRECTION:

ANODE PLANES

Figure 4.5: CIP geometry. The upper figure gives a schematical side view of the two chambers,
whereas the lower picture gives a radial view in the direction of the outgoing proton.
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Operation and performance The chamber is operated with an argon-ethan (50:50) mixture
with an additive of 0.2 % of freonl2 and 0.2 % of water. Test beam measurements and

Stability over the run period
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Figure 4.6: Run dependent efficiency for both chambers of CIP.

measurements with cosmic rays showed a plateau starting at 2400 V (2450) for the outer
(inner) chamber. The worse noise situation in the H1 detector required slightly higher
thresholds. Therefore both chambers had to be operated at an increased high voltage.
Problems and stability: already before the start of the data taking period, we had a high
voltage problem in sector 0 of the outer CIP. Therefore the whole sector was at lower voltage
and not efficient. Later at the beginning of the luminosity period a wire broke in a different
region of the outer CIP which resulted in more dead sectors: sector 2 was completely dead,
1 and 3 only 50 % efficient. As a consequence of the 16 fold high voltage segmentation,
sectors 1 and 3 were completely dead in that half of the pad neighbouring sector 2 and fully
efficient on the remaining part of the pad.
However the other sectors behaved very stable over the whole 1993 running period, as
shown in Figure 4.6 with a measurement of the run dependent efficiency. The method of the
measurement is discussed below.
The time resolution was measured both with a source for a single pad and with cosmic rays
for all pads in the detector, thus including effects of the whole readout chain as well. We
measured a base width of 75 ns and FWHM of 21 ns [56]. Thus the timing is good enough
to separate different HERA bunch crossings. Since the discriminated signal is available for
10 consecutive bunch crossings offline, it is possible to study the effect of mis-timing also in
real e — p data.

The efficiency for the two chambers was studied with CJC tracks pointing to the chambers,
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Figure 4.7: CIP efficiency as a function of track parameters: (a) energy loss of the particle, (b) 9 of
the track, (c) transverse momentum p, and (d) number of CJC hits used for the track.

using an event sample which was not only triggered by a trigger using the CIP information.
Only events with less than 20 tracks were accepted in order not to suffer from random
coincidences. Some further track criteria were applied:

e tracks had to come from the interaction region (-30< zyerser <20 cm) with the distance
of closest approach of the track to the beam axis (DCA) less than 1 cm. This cut rejects
beam induced background and badly measured tracks.

o track length: at least 35 hits were required for a good track, guaranteeing a good track
quality with the particle measured in both jet chambers.

The CIP was found to be efficient if a hit was found within a distance of Ap <22.5°
corresponding to half the padsize, and Az <7 cm to the track. The large window in z (twice
the padsize) was necessary, since no z chamber information was required. The z resolution
of the tracks is therefore determined by the CJC, which uses charge division methods to
determine z.

39




Figure 4.7 shows the efficiency as a function of different track parameters; it is not corrected
for the known dead sectors (32%) of the outer chamber:
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Figure 4.8: CIP efficiency: (a) and (b) inner chamber, efficiency as a function of ¢ and z, (¢) and (d)
for the outer CIP.

4.7(a) Specific ionization (d E/dz) of the particle measured with the CJC. The inner chamber
clearly suffers from a loss in efficiency towards low dE/de, i.e. minimum ionizing
particles, indicating that the chamber is not operated on the plateau. This effect is
reduced and hardly visible anymore for the outer chamber, which requires 50 V less
voltage for the same gas gain due to the larger wire spacing [57].

4.7(b) 9 of the track: another consequence of the fact that the inner chamber is not on full
high voltage is visible. The efficiency for the inner CIP is ¥ dependent and is smallest
for tracks crossing the chamber perpendicular, where the ionization length is shortest.
Again the efficiency for the outer chamber does not vary over 9.

4.7(c) transverse momenta p; of the track: no dependence is seen which essentially shows
that the quality of the track reconstruction is good.

4.7(d) number of CJC hits: the drop in efficiency for tracks with less than 30 hits is attributed
to bad track quality. The short track length does not allow to determine the track
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parameters accurately enough. Therefore a cut on the number of CJC hits larger than
35 was applied for the analysis of the CIP efficiency.

inner CIP outer CIP
% %

average chamber efficiency | 91.4 4+ 0.3 95.6 + 0.3
(no dead sectors)
dead sectors 0 375
sector 0 884+ 14 4.6+ 44
sector 1 913+£1.0| 492+2.0 (944 £ 1)*
‘sector 2 95.1 £0.6 0
sector 3 94,0+ 0.6 | 49.6 £+ 1.5(95.6 £ 0.7)*
sector 4 959+ 0.5 952 +£0.5
sector 5 894 +0.8 954 +05
sector 6 86.8 + 1.0 95.6 £ 0.9
sector 7 89.6 + 1.0 96.1 £0.6

*: part of the sector which is not degraded

Table 4.3: Efficiency for CIP in percentage.

The final efficiencies as a function of ¢ and the z position on the chamber are illustrated in
Figure 4.8, clearly showing the dead zones of the outer CIP (4.8(c)) No fluctuations along z
are seen in the region accessible with this method, corresponding essentially to the interaction
region. This was confirmed by a measurement with cosmic rays, which accesses the whole
z range of the chamber. The inner chamber shows some ¢ dependency being due to its
sensitivity to geometrical variations (gapsize). The average efficiency for both chambers,
excluding the dead sectors, as well as the efficiency per sector is summarized in Table 4.3.

Backward Proportional Chambers, BPC

The Backward Proportional Chambers (BPC) give a space point in the angular region of
from 174.5 to 155.5°. This is used for an accurate ¥ determination, since in this angular
region the central detector is not very useful (CIZ measures only angles of maximum 172°).
Furthermore it is used to calculate the correct impact point of a particle on the BEMC. This
is important since the corrections to the measured energy such as correction for the dead
material in front of the BPC and corrections for particles depositing part of their energy
between the stacks (crack corrections) are position dependent. To get a good space resolution
the anode wires are read out.
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Geometry The BPC is a system of four MWPC’s and consists of four anode planes with
624 wires each and five graphite coated cathode planes with no segmentation. The middle of

unit plane
o | 1| 2| 3

active length mm 515
starts at r mm 135
ends at r mm 650
number of wires mm 624
wire distance mm 2.5
gap width mm 4
z position of anode planes | mm | -142.3 | -141.5 | -140.7 | -139.9
« orientation of plane 0 90 45 -45
efficiency of plane % 84.1 | 86.0 | 850 | 80.1

Table 4.4: BPC parameters.

the chamber is situated at z=-141.4, just in front of the BEMC. Each chamber has an active
gap of 4 mm and a wire spacing of 2.5 mm, only every second wire is read out. The wire
orientation is different in each plane: with increasing z we have a plane with wires strain
horizontally (z-plane), vertically (y-plane), in +45° (u-plane) and -45° (v-plane) direction.
Thus a combination of the four planes gives an accurate space point. The active zone of
the BPC starts at an inner radius of 135 mm and ends at a radius of 640 mm and does not
cover the full BEMC surface. The geometrical layout of theis chamber system is illustrated
in Figure 4.9.

Some of the geometrical properties of the chamber are summarised in Table 4.4.

Reconstruction of a BPC space point A space point is reconstructed from the information
in the four wire planes. First, bands of consecutive active wires are found for each plane. Up
to ten wires may contribute to one wire band with one wire allowed to be missing. Then the
crossings of orthogonal planes are found - (z, y) or (u, v) - and tried to match. If no matching
between four planes is found a combination with three out of four planes is tried. This gives
some additional spurious hits but was found to be necessary to cope with the deficiencies
of the single planes. The error in the reconstructed point depends on the width of the wire
bands and thus on the amount of preshowering in the dead material in front of the chamber.

BPC operation and performance The BPC suffered from high voltage stability problems
in the 1993 running period. One reason is that some of the wires are very close (135 mm) to
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Figure 4.9: BPC geometry.

the beam pipe and therefore have to stand a high particle flux. Another reason was found after
the running period: the inner ring which fixes the position of some wires was misplaced. Due
to these problems the high voltage had to be lowered in some regions which lead to position
dependent inefficiencies. Fortunately these inefficiencies smear out in the reconstruction of
a BPC hit so that we get a rather homogeneaous hit efficiency.

We measured the single plane efficiency by requiring a crossing of three planes and asking
for the fourth plane. In this analysis we restricted ourselves to events with only few hits in
order not to suffer from random coincidences between two planes and the runs which were
used for this analysis.

Figure 4.10 shows the resulting inefficiency for each plane, with large boxes corresponding
to large inefficiencies. Obviously the efficiency loss is more pronounced for large radii, an
effect enhanced for the two planes with generally lower efficiency (plane 0 and 3). Figure
4.11 illustrates the position in terms of the radius and ¢ for all four individual planes and
the efficiency for a three-fold coincidence. The latter was extracted from the single plane
efficiencies with the assumption of the inefficiencies between two planes being independent.
With ¢; denoting the individual chamber efficiencies and and ¢; the efficiency for a three-fold
coincidence with the i** plane missing, for example

€§=€0*€1*63*(1—€2),
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the efficiency for a coincidence of any three of the four BPC planes gets:
€3054 = €5+ €1 + €3+ €3+ €0 ¥ €1 * €3 % €3

The efficiency as a function of the angle ¢ varies with the wire orientation; losses in efficiency
show up for the short wires which run from the inner ring to the outer ring. This effect
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Figure 4.12: Run dependency of the BPC efficiency for the runs which were used in this analysis.

is correlated with the slight misplacement of the inner ring. The efficiency for the 3-fold
coincidence shows no variations in . On contrary the radius dependency does not completely
smear out in the coincidence, but it is reduced to 3-4%, this has to be compared to an efficiency
loss towards large radii of 7-15% for the individual planes. The run dependent efficiency
is shown in Figure 4.12 for plane 0, one clearly sees the fluctuation during the whole run
period. However, the efficiency for a three fold coincidence is rather stable. The analysis
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of the proton structure function described in the next chapters extensively uses the BPC
information for electron identification. Obviously the intrinsic plane efficiency discussed
above cannot be used without further studies, since effects as preshowering in the dead
material are not included. A further discussion of the BPC hit efficiency will follow in
section 6.2.3.

Central inner z-chamber, CIZ

CIZ surrounds the CIP and is primarily intended to measure the z position of a track with
good accuracy (design value 250 ym), its construction and performance is described at full
detail in reference [58].

A z determination requires a drift direction parallel to the beam axis implying wires to be
strung perpendicular to the beam. Technically this was solved by choosing the geometry of
a 16 fold polygon, giving a 16-fold division of the drift cells in . The chamber is divided
along z in 15 drift cells, each having a volume of Az=12 cmx Ar=2 cm with four sense wires
per cell. The wire plane is not nominal to the beam axis but tilted by 45°(-45°in backward
direction) to improve the track resolution in forward and backward direction and resolving
the left right ambiguity. Some geometrical properties are summarized in Table 4.5.

unit

active length mm | 1800
chamber starts at z mm | -1080
chamber ends at z mm | 720
number of drift cells in z / ¢ 15716
number of sense wires per ring 4
number of potential wires per ring 3
total dead zone in z / ¢ % | 1.6/6.1

Table 4.5: CIZ parameters.

Performance and operation in 1993  Since the CIZ is very close to the beam region with
the disadvantage of having only few wires, and therefore a big driftvolume per wire, it is
very sensitive to the high particle flux induced from ep collisions and background events.
Already in 1992 the high voltage became unstable in the very backward ring, requiring a
reduced high voltage which resulted in an inefficient ring. With the higher beam currents in
1993 four more rings developed a similar behaviour. After the running period the chamber
was opened and the stability problems were found to be due to ageing of the wires [58].

The efficiency for finding a CIZ segment, built out of two or three hits, linked to a CJC track
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is plotted as a function of the z position and ¢ on the chamber in Figure 4.13. (a) shows the
dead region in ¢ around =0 due to the cable channel whereas (b) shows the effect of the
dead rings, they are marked with arrows. The efficiency in the good regions reaches as much
as 80%, with a drop at z very backwards. This drop might be attributed to bad CJC track
quality, since generally the tracks are very short at the end of the chamber. The resolutions
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Figure 4.13: Efficiency for finding a CIZ segment linked to a CJC track as a function of ¢ (a) and z
(b). Clearly visible are the dead rings along z and the readout channel in , marked with arrows.

obtained in the 1993 running period were measured using tracks reconstructed in the central
detector. An average deviation from a straight line fit of 0,=300um for CIZ internal tracks
and 600 um for linked tracks was found. The ¢-resolution was determined to be of the order
of 8°but strongly depends on the charge deposited on the wires.

4.2.2 Backward electromagnetic calorimeter, BEMC

The main task of the backward electromagnetic calorimeter (BEMC) is to give an accurate
energy measurement for the scattered electron. It is however not optimized for a good
hadronic measurement as will be shown later. For a measurement of the hadronic energy in
the backward region a combination with other detector components has to be used.

Geometry The BEMC covers an angular region of 151< 9 <177° with full acceptance in
. It is segmented into 88 calorimeter stacks of the size of 16 x 16 cm?, each consisting of
a lead-scintillator sandwich with 50 active layers. The complete structure has a thickness of
22.5 radiation length or 0.97 nuclear absorption length. This means a shower coming from
an electron should be well contained inside the BEMC whereas a hadronic shower has a
considerable leakage.

Each stack is read out by four wavelength shifters (WLS), covering the full length of a stack.
They are connected to photodiodes, allowing a determination of the = and y position of the
shower center of gravity (c.0.g.) to 1.5 cm. In addition two WLS are installed covering only
the last 15 layers of the stack, giving a possibility to identify hadrons, since electrons deposit
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the main fraction of their energy in the front part. A cluster algorithm is used to combine a
maximum of nine cells to a cluster with the most energetic stack in the middle. Only in case
of adjacent clusters with overlapping stacks less than nine stacks are used.

Calibration A possible miscalibration of the BEMC directly affects the resolution in (?
and z. The calibration involves two independent chains: calibration of the electronic gain
and of the light response.

e electronic stability: The response of the total electronic chain was measured and
recalibrated with pulser runs once a week during the data taking period. This resulted
in a stability at a few per thousand, far better than the uncertainties of the light
calibration.

Light response: The response of the WLS has to be monitored and calibrated per-
manently, since the BEMC suffers from scintillator aging and radiation damage. The
WLS for each stack were initially calibrated with a 5 GeV electron test beam at DESY
with rather large uncertainty. A much better calibration can be reached with e — p
data using the energy spectrum of the scattered electron [59] or by making use of the
hadronic measurement in the LAR calorimeter, since the energy of the electron is given
by a measurement of the electron angle and the angle of the struck quark (see Chapter
3.4).

The resolution can be written as

analse O'samplmg
- = @ @ Teonst @ O calibration

The noise term was determined to 97 MeV and the constant term is less than 1%. The
sampling term which determines the energy dependence of the energy resolution is 10%, and
the uncertainty in the absolute energy scale of the BEMC was determined to 1.7% for the
1993 running period [60].

Energy corrections Several corrections have to be applied to the reconstructed energy.
First one has to correct for the dead material between the interaction region and the BEMC,
which is done using detailed Monte Carlo simulations of the tracker. The material can locally
reach up to one radiation length. Only an average correction is made; at 10 GeV dead material
of a thickness of one radiation length leads to an error of the energy of 1% [32].

Another significant energy loss occurs if a shower develops in two stacks, i.e. deposits part
of the energy between two stacks (crack corrections). This effect was studied in a detailed
MC simulation [61]. It was found that the corrections crucially depend on the knowledge of
the correct impact point on the BEMC which is given by the hit in the backward multiwire
proportional chamber (BPC). The corrections can rise to up to 8%.
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BEMC hadronic measurement The BEMC is suitable for a good measurement of the
energy of the electrons. Their shower should be well contained within a stack, both in radius
and in z. In contrast it is a thin medium for hadrons (0.9 A;). In this analysis we are
not that much interested in a correct energy measurement for hadrons but in possibilities to
distinguish them from electrons.

One handle is the measurement of the backward part of the energy with the short WLS.
Unfortunately it turned out to be difficult to understand their response and this measurement
could not be used so far.

The lateral size of the cluster turned out to be a better estimator. It should be larger for pions
than for electrons as confirmed by test beam measurement. For more details on this estimator
see chapter 6.2.4 and [59].

The hadronic response of the BEMC was measured with a 7~ test beam of 30 GeV at
CERN. Its analysis showed that about 40% of the pions pass the BEMC as minimum ionizing
particles with an energy deposit of the order of the noise level. The remaining ones deposite
only 30 to 40% of their energy in the BEMC.

4.2.3 Trigger and data acquisition

The detection of interesting physics events from genuine ep collisions is a challange for
the two experiments at HERA since the background is orders of magnitude higher than the
expected rate of ep collisions. Background is mainly beam induced and includes:

e Proton-gas interaction: the protons may interact with remaining particles in the beam
pipe. The vacuum around the interaction region is much worse than in the pure proton
ring due to the synchrotron radiation of the electrons. Therefore beam gas interactions
mainly take place close to the experiment.

Electron-gas interactions: the cross section is much smaller than for proton gas inter-
actions, but since the event kinematics points backwards, they may be a source for
contamination of deep inelastic events.

Proton beam pipe interactions: off momentum protons may hit the beam pipe preferably
at the location of collimators. Electron beam pipe interactions are of minor importance
due to the lower beam currents and the better focussed beam.

e Synchrotron radiation: the electron ring is bent just a few meters away from the
interaction region in order to achieve collisions. This makes synchrotron radiation
visible in the detector.

The H1 trigger components used in the first trigger decision level work dead time free. They
mainly make use of the different topology of the background events to suppress them at an
early stage:
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Estimate of the position of the z-vertex using the fast signals of multiwire proportional
chambers. The z position has to be within & 20 cm around the nominal interaction
point [53].

Extraction of the R — ¢ vertex using CJC tracks [62].

Reconstruction of the vertex in the time coordinate by a measurement of the time
of flight with the TOF system. It allows to reject events from upstream (in proton

direction) of the interaction point.
e Veto against beam halo events provided by two scintillator hodoscopes.

Identification of interesting physics events by a measurement of the energy flow in the
calorimeter completes the trigger decision:

o Measurement of the total, transversal and missing energy in the LAR.

e Identification of electron candidates by isolated electromagnetic clusters in the LAR
or the BEMC.

e Electrons recorded in the electron tagger.
e Detection of one or more muons in the muon chambers.

Given the short bunch crossing distance of only 96 ns it is obvious that an event selection has
to be done in several steps in order to reduce dead time. In the 1993 running period only three
out of the planned four trigger levels were operational. Each subsequent trigger level is only
started if the event has been accepted by the previous trigger level. The first level triggers
as well as all the data aquisition systems use a pipelined design, which allows to extend the
decision time to 2.3 us without any dead time. Only after a positive first level decision the
data taking is stopped and the readout is started. At the same time a software based level three
trigger starts operation. The information available to it contains information on individual
subsystems and the level 1 trigger decisions. Finally the event passes a filter system on a
RISC processor farm, working asynchronously to the data taking. On this level already part
of the reconstruction takes place allowing to use the full event information for the selection
of the events to be written to a storage device. The final reconstruction and classification of
the events is done offline in a later step.
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Chapter 5

The Data

5.1 Event selection

The events finally used in this analysis run through different steps of event classification,
allowing to check the efficiency and the effect of different cuts. A description of the 1993
event selection can be found in ref. [63].

We used the standard event selection of the H1 deep inelastics analysis group. All DIS
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Figure 5.1: Effect of different selection steps on the energy (a) and angle (b) distribution. The
preselection requires only the existence of a reconstructed vertex or a BPC point within 10 cm of the
cluster c.0.g. whereas the selection requires both conditions to be fulfilled with the BPC cut at 5 cm.
The final cuts require the vertex to be within 25 cm around the nominal z-vertex position and a cut
against background (CIPCIZ) which will be discussed in the next chapter.

candidates had to fulfill following conditions:

e Trigger selection
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- Energy cluster in the BEMC with an energy above a certain threshold [64]. Three
different thresholds were set in 1993, allowing a cross check of the trigger effi-
ciency. For this analysis a trigger threshold of 7.7 GeV (value of 50% efficiency)
was used. Accessing the energy region below 7 GeV would require a combination
with other triggers, because of the high background rate. The trigger efficiency
was determined to rise from 75% between 8 and 9 GeV to 100% for energies
above 10 GeV [65].

- TOF veto: Requiring TOF response in the interaction window rejects beam
induced background from outside the detector [51].

o Event selection

— Energy of the largest cluster in the BEMC has to be larger than 7 GeV.

— There exists a BPC point within 5 cm of the center of gravity of the cluster, after
parallax correction in the zy-plane.

- Existence of a vertex based on either CJC or forward tracks. This requirement
guarantees a good 4 measurement and rejects beam induced background.

- A stronger TOF cut on the pad level ensuring that the event is not a background
event from upstream with a secondary vertex inside the detector.

- The cluster is not in the innermost BEMC part, where the stacks are not quadratic.
To avoid this region which is difficult to calibrate it was required that the cell with
most of the energy of the cluster was not one of the innermost stacks (abs(z) or
abs(y) > 13 cm).

- Good run selection: only runs with the detector parts relevant for this analysis
(LAR, BEMC, CIC and BPC) switched on are considered.

The effect of the cuts on the selected event sample is illustrated in Figure 5.1. The empty
histogram is a preselected sample with very loose cuts, only requiring the existence of a
vertex or a BPC hit within 10 cm of the cluster c.o.g.. There is considerable background in
the sample as can be estimated from the huge amount of low energy events. The requirement
of a vertex and a BPC hit within 5 cm of c.0.g. already significantly reduces the low energy
part. The loss of events at high energies mainly comes from the vertex requirement. The
final cuts restrict the vertex position to +25 cm around the nominal vertex position and a
further background cut (CIPCIZ), which will be discussed in the next chapter, is applied.
Again we observe a large reduction in the low energy part and at large scattering angles.
The loose cuts of the event selection define the event sample which will be used in the
following. It is still dominated by background especially in the low energy part, since only
electron identification cuts have been applied so far. The efficiency of some cuts and further
cuts against background will be discussed in the Chapter 6.
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Figure 5.2: z-vertex distribution for the selected DIS events, for vertices determined by central tracks
(a) and forward tracks (b), the hatched area indicates the events used for this analysis. The ratio of
central to forward vertices is plotted in (c) as a function of the energy of the electron candidate. (d)
gives the 9 spectrum for the selected events.

5.2 Vertex Determination

The e — p interaction vertex in the z — y plane has a size of up to 2 mm. Since the mean
position of the x,y vertex is very stable for one electron fill its value is determined by a
fit of good tracks over all runs of one electron fill. A strong track criterion was used for
the definition of good tracks: long, high momentum tracks with a small value at DCA. The
z-vertex is then determined eventwise with all tracks fitting to the z,y vertex. At the moment
the z-vertex is determined by either forward or central tracks, no combination is used yet.
The reconstructed z position of the vertex (zyertez) 1S shown for vertices reconstructed by
central (Figure 5.2 (a)) and forward tracks (b). The distribution peaks at the nominal z-vertex
position z=-5cm with a width of 220 cm. But there is a second peak, more pronounced in
the distribution for forward vertices, at 70 cm. This is due to satellite bunches developping
around the proton bunches with a time difference of 4.8 ns. Figure 5.2 (c) gives the ratio of
forward to central vertices as a function of the energy. The vertex is generally determined by
tracks measured in the central trackers, except in the kinematical peak region, where the jet
angle is lower than 30°.
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5.3 < measurement

5.3.1 ¢ determination

A good 9 determination of the electron is imperative for a good resolution of the kinematical
variable Q? in both the pure electron and in the mixed method. In H1 9 is defined as the
polar angle with respect to the proton direction.

For J angles lower than 155° the angle is measured with good accuracy by the central detector
but this method fails in the very backward region we are interested in. The best resolution is
reached by the point measured in the BPC and the vertex. A point in 7 — z could be measured
with much better accuracy by CIZ but the longer lever-arm in the BPC-vertex measurement
diminishes its relative error. The measured 9 distribution is shown in Figure 5.2 (d).

As expected from the shape of the lines of constant electron angle in the Q? — z plane ( see
Figure 3.1 (b)) the distribution falls rapidly towards lower scattering angles due to the 1/Q*
term in the cross section. This means that the bulk of these low = events is located at very
large angles around the beampipe.

5.3.2 9 resolution

The ¥ resolution in the backward region as measured with the BPC hit and the vertex position
is dependent on the radial accuracy of the BPC hit, the vertex resolution and the amount of
preshowering in front of the BPC. Since especially the last two points are not reproduced

One BPC hit More than one BPC hit
1400 -~ Mean = 0.03 mrad 350 E_ Mean = 0.2 mrad
1200 f_ oy = 1.9 mrad 300 E_ o, = 2.2 mrad
1000 — 250 —
800 [- 200 |
600 — 160 —
400 — 100 —
200 [- 50 E
0 0 -5 4] 5
(b) 9=,

Figure 5.3: Theta resolution as determined from Monte Carlo simulations, by comparing the recon-
structed and the generated angle (J — Yg.n) for events with exactly one (a) BPC hit within 5 cm of
the cluster c.o.g. and for events with preshowering (b).
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average BPC [mrad] | only one BPC hit[mrad] | CIP [mrad] | Cluster [mrad]
Data 25403 1.7 £0.7 4.8 £0.6 58+03

Table 5.1: 9 resolution in backward region.

exactly by simulation it is not possible to determine the angular resolution by simulations
alone.

The simulated resolutions for events with one single BPC hit (within 5 cm of the cluster
c.0.g.) and for events with more than one BPC hit (events with preshowering) are shown
in Figure 5.3 (a) and (b), respectively. The mean value for the events with preshowering is
shifted from 0.03 to 0.2 mrad since the angle is always determined by the closest BPC hit.
A cross check of this simulated resolution with the real one turned out to be somewhat difficult,
because, except for very large angles close to the beampipe, the BPC-vertex measurement is
the most accurate one. We tried to unfold the +J resolution from the distribution of different J
measurements. The method is explained in more detail in Appendix A. For a measurement
of the angle in backward region we have four possibilities:

1. BPC-vertex: the resolution is rather constant over the range of ¥, the variation is
dependent on the ratio of the radial BPC to the z-vertex resolution.

2. Cluster-vertex: determined by the cluster resolution in the radius and the z position,

3. CIP-vertex: the resolution is strongly ¥ dependent, it is smaller than the BPC-vertex
resolution for very large angles. ‘

4. Vertex fitted tracks: these tracks are strongly dependent on the BPC resolution since
most of them are linked to the BPC point. Therefore this angle gives no new information
and was not used in the analysis.

The deviations of these three measurements of the angle give us a measurement of the
individual ¢ resolutions plus a correction term proportional to the z-vertex resolution. The
latter has to be applied because all three measurements use the same vertex. The z resolution
of the vertex was determined by making use of the strong radius dependency of the 9¢1p_vertex
resolution. The results are summarised in Table 5.1.
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Chapter 6

The Background

6.1 Beam induced background

Beam induced background was the main background before the selection cuts. Interactions of
electrons or protons with remaining gas atoms or elements of the beam pipe have generally
a different topology from genuine ep interactions. Hence a large fraction can already be
supressed at the trigger level. In this analysis they are rejected by the requirement of the TOF,
which essentially means that the event vertex has to lie inside the H1 detector. The further
selection cuts, especially the tight vertex requirement reduces the remaining background to
less than 1%. This number was deduced from studies with so called pilot bunch events.
The latter are electron or proton bunches with no colliding partner (1993: 10 electron and
6 proton pilot bunches). They allow to study the effect of the cuts and to estimate an upper
limit for beam induced background by multiplying the number of events surviving the cuts
(Nbeam) With the ratio of the beamcurrents and the current of the pilot bunches:

]‘iot
Nt = Nicam - —I,f,.’,f,’t 6.1.1)
e/p

This number was found to give only an upper limit because some of the empty bunches were
partly filled.

In 1993 the fraction of the beam current was 0.1384-0.025 (0.07440.007) for the electron
(proton) beam. We found that the contamination was generally below 1% and below 10%
in the highest y bins. The background was subtracted statistically with a systematical error
corresponding to half of the number of subtracted events.

6.2 Photoproduction background

Photoproduction events take place via the exchange of a quasi real photon with
Q* <1072GeV?. This implies that the electron is not detected in the main detector but
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escapes through the beampipe. Only a small fraction of the events has the electron identified
in the electron tagger at -33.4 m upstream the detector in the proton direction.

Though this class of events contains interesting physics processes its high cross section of
olo'=156+2(stat)£ 18(syst)ub [66] compared to the DIS cross section of only
oprs=92411(stat)£ 12(syst)nb [67] makes it the dominant background source for DIS events.
The hadrons produced in the event can mimic an electron since the means to identify electrons
in the backward region are quite poor. Therefore a crucial point in the analysis of the proton
stucture function is the purification of the event sample from photoproduction events. They
dominate our sample at low energies. Some handles to suppress the background are discussed
in the following sections. We finally present a method to exclude part of the vp events and

get an estimate of the remaining contribution,

6.2.1 Classification of photoproduction events

The photoproduction events which mimic a DIS event can be classified as follows:

Charged pions Pions with photons Photons or electrons

Reconstructed

Sjmuloted

0 (0)10 20 30 0 (b)10 20 30 0 (C)TO 20 30
Energy [GeV] Energy [GeV] Energy [GeV]
L il I 1140 hLL_I 1 1 1 i ' Li 41 Ll 1 11 i L1 L [ 1 1
O(d) 0.5 1 1.5 O(e) 0.5 1 1.5 O(f) 0.5 1 1.5
Erec/Eslm Erac/Esim Erec/Ealm

Figure 6.1: Monte Carlo simulations: Reconstructed energy deposited in the BEMC (open his-
tograms) compared to the simulated energy (hatched histograms) for different particles in photopro-
duction events. Figures (d)-(f) give the ratio of reconstructed to simulated energy.

1. Charged pions: The insensitivity of the BEMC to hadronic energies shifts the recon-
structed energy of the pion to lower values. This is illustrated in Figure 6.1 (a) and (d)
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by a comparison of the simulated to the reconstructed energy in a sample of simulated
photoproduction events. No background rejection cuts are applied yet. The only re-
quirement for the simulated sample was a simulated hadronic energy flow in backward
region of more than 4 GeV and a minimal reconstructed cluster energy of 1 GeV. The
cut on the minimum energy deposited in the BEMC implies that the particles which
pass the calorimeter as minimum ionozing particles are not visible, The pions which
have a reconstructed cluster in the BEMC have in average only 50% of their energy
deposited, therefore this class of photoproduction events contributes only to the very

low energies.

. Pure photons: their energy is correctly measured in the BEMC but they are not detected
in the central tracker or the BPC unless they convert into electron positron pairs (see
point 4).

. yx* overlap: these events may heavily affect the DIS sample, because a high energy
cluster is induced by the photon whereas a BPC point and eventually a track is measured
from the charged pion. This leads to a misidentification if the v and the 7 are close.
The comparison of the reconstructed to the simulated energy in Figure 6.1 (b) and (e)
illustrates, that the events with a pion accompanied by a photon have their reconstructed
energy closer to the generated one, with an average energy deposit of 75% of the
simulated energy.

. ¥ and converting photons: 7% already decay within the interaction region into two
photons (lifetime 0.87 - 10765 [68]). The photon may convert in the dead material into
an electron and a positron, mostly in the endflanges, electronics and cables situated
between the central tracker and the BPC or in the beam pipe. The energy of the
electron or the photon is generally well reconstructed (see Figure 6.1 (c) and (f)). This
class of events proved to be the main background source since there is no possibility
to distinguish the cluster of (converted) photons from genuine electrons and even the
requirement of a hit in the BPC does not help to suppress background induced from
converted photons.

The relative contribution of electron like and pion like clusters as a function of the recorn-

structed energy is illustrated in Figure 6.2 for events fulfilling the DIS event selection criteria,

which essentially means a BPC hit close to the energy cluster, Clusters are identified as *pion

like’ if more than 30% of the cluster energy is carried by charged pions, ’electron like clusters’

on the contrary have only a marginal part of the simulated energy belonging to charged pions
(less than 10%). About 15% of the event sample could not be identified according to this
simple scheme due to overlap of pions and electrons. It should be noted, that the requirement

of a BPC hit implies that single photons do not contribute to the distributions in Figure 6.2.

59




4000 | 4000
3000 ; All events 3000
2000 ;— Photons and pions 2000
1000 E_ Pure pions 1000
0 (;l 5 10 15 20 0 0 5 10 15 20

Energy [GeV] Energy [GeV]
Ratio of electron or pion like clusters

0.8
0.6
0.4
0.2

o

O prrrprrTT T

2 4 6 8 10 12 14 16 18 20
Energy [GeV]

Figure 6.2: Energy deposited in the BEMC for ’'pion like’ and ’electron like’ clusters after the
DIS event selection cuts, using Monte Carlo simulated events. ’Pion like’ clusters have 30% of
the simulated energy carried by the pion whereas electron like’ clusters have less than 10% energy
contribution from pions. At high energies the photoproduction background is dominated by ’electron
like’ clusters’

Obviously the contribution of pion induced clusters diminishes towards high energies such
that the main contamination at high energies is induced by ’electron like’ clusters. They are
usually due to high energy photons accompanied by a charged particle or converted photons.

6.2.2 Tagged events

Part of our event sample at low energies (below 15 GeV) can be identified as photoproduction
events because the scattered electron is measured in the electron tagger located at z=-92.3 m
where the electron ring is bended. This subsample is a good handle to check the efficiency
of different background cuts, but the low aceptance of the e-tagger, which depends on the
event kinematics and therefore on the event sample in question, makes it difficult to deduce
accurate numbers for a statistical subtraction of the background. The e-tagger is sensitive to
scattered electrons with an energy above 4 GeV and a scattering angle of 0-5 mrad. Before
drawing conclusions from the number of tagged events one has to take into account a possible
overlay of deep inelastic events with Bethe Heitler events which have a visible cross section
of 29 mb [69]. The high acceptance of the photon tagger of 98% [51] makes it easy to identify
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Figure 6.3: Contribution of tagged photoproduction events to the DIS event sample, no background
cuts are applied yet. (a) shows the energy spectrum in the electron tagger, and (b) the correlation
with the energy of the highest cluster in the BEMC with the luminosity overlap events excluded.
The relative contribution of the tagged events to the whole sample is shown in (c). The overlap of
DIS events with Bethe Heitler events is illustrated in Figures (d)-(f). The total energy in the photon
and electron tagger peaks at the beam energy (d), with the relative contribution of the order of 0.3%
independent of the energy. Figure (g) gives the percentage of tagged events as a function of the energy
of the highest cluster in the BEMC for simulated vp events.
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these events by a cut on an energy deposit in the v tagger larger than 2 GeV. The energy
spectrum in the e-tagger for the DIS event sample, with the overlap events subtracted is
shown in Figure 6.3 (a). The photoproduction events are mainly located at low energies
measured in the BEMC (6.3 (b) and(c)), with a contribution of up to 6% at 8 GeV. Given
the acceptance of the electron tagger, which is of the order of 8% (6.3(g)) this corresponds
to a huge contamination of the selected event sample at low energies. Since the acceptance
of the e-tagger depends on the event kinematics it varies with the energy of the highest
energy cluster in the BEMC, this is illustrated in Figure 6.3 (g) for simulated vp events. The
acceptance varies between 15% at very low energies, becomes less than 5% for energies
larger than 10 GeV and vanishes for BEMC energies above 15 GeV. The tagged events
above 15 GeV which give a constant contribution of the order of 0.5% have therefore to be
attributed to random coincidences.
The overlap of DIS events with Bethe Heitler events is illustrated in Figure 6.3 (d)-(f). The
total energy in the photon and electron detector peaks at the nominal beam energy (d) as
expected for these luminosity events. The ratio of these overlap events is constant over the
whole energy range and of the order of 0.3% (f). Given the acceptance of the luminosity
detectors (38% for the e-tagger and 98% for the ~ tagger) for Bethe Heitler events with a
visible cross section of 29 mb [69], and the specific luminosity of 10%° cm~2s~! the luminosity
events are expected to have a rate of 11 kHz. The typical rate including background was
measured to be 15 kHz. This leads to an estimated probability for an overlap of genuine DIS
and Bethe Heitler events of 0.3% per bunch which agrees perfectly with the measured value.

6.2.3 Cut on the distance to the closest BPC hit

A cuton the distance between the cluster c.0.g. and the closest BPC hit is a very powerful tool
to suppress photoproduction background, furthermore the existence of a BPC hit is required
for an accurate measurement of the angle of the electron. Since this cut is already applied in
the selection the control of losses of good DIS candidates due to this cut is a critical part of
this analysis. The rejection power of the BPC cut is illustrated in Figure 6.4 using simulated
photoproduction events. A distance of the closest BPC hit of less than 5 cm rejects about
40% of the yp events, almost independent of the energy of the cluster (6.4 (a)). Figures 6.4
(b) and (c) show that the BPC cut essentially reduces the number of clusters with yr overlap
and the ’electron like’ clusters, by rejecting clusters initiated by a single photon.

Below we will carefully discuss the efficiency for DIS events. The intrinsic BPC efficiency
was already discussed in chapter 4.2.1, here we are interested in the efficiency to find a
reconstructed BPC hit close to a given cluster in the BEMC, We studied several methods
using the events in the kinematical peak or events with a tracking information belonging to
the electron candidate to access the total energy range.
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Figure 6.4: Rejection of photoproduction background by a cut on the distance of the closest BPC
hit (DBPCL) less than 5 cm, using simulated photoproduction events. Figures (b) and (c) show the
rejection power for different particle types (see text for definition).

Kinematic peak events A sample of events was selected with the energy of the electron
candidate between 22 and 28 GeV, a radius of the cluster between 14.7 and 71 cm, to be inside
the BPC acceptance, a cut on the lateral size of the cluster and a vertex reconstucted in the
interaction region (-30<zyeyse, <20 cm). The high energy required ensures that there is only
amarginal background contribution. Figure 6.5 (c) shows the distance of the closest parallax
corrected BPC point to the cluster center of gravity (DBPCL), the cutsize of 5 cm is well
justified by the distribution. The radius dependency (Figure 6.5 (a)) shows the expected edge
effects at large and small radii, due to the finite resolution of the BEMC cluster position and
the smearing of the z-vertex by 20 cm. The efficiency is shown enlarged in Figure 6.5 (b) in
comparison with the efficiency expected from the intrinsic single plane efficiency. Generally,
the efficiency deduced from the single plane efficiencies is lower, since preshowering in the
dead material increases the probability to find a hit close to a cluster, The statistics is very
limited at large radii for the kinematic peak sample, however it seems not to confirm the radius
dependency observed for the single planes. This can again be explained by preshowering
which smears out the radius dependency. Neglecting the edge effects we get an efficiency of
95.940.1% in this high energy region.
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Figure 6.5: Radius dependency of the efficiency for finding a BPC hit within 5 cm for kinematic
peak events (a), the dots show the expected value from the intrinsic plane efficiency (b). The DBPCL
distribution is shown in Figure (c).

Total energy range The simple method discussed above cannot be used in the whole energy
range we are interested in, since at low energies we suffer from background contamination
which is dominated by photoproduction events. Background induced by photons leaves a
considerable energy deposit in the BEMC but no hit in the BPC, unless the photon converted
in the dead material in front of it. These events can be rejected by asking for a tracking
information correlated to the BEMC cluster. More difficult to recognize are events with yr
overlap. The pion leaves a track in the central tracker but not necessarily the high energy
cluster which may result from the photon. Therefore we used two samples to access the full
energy range. The first one requires a CJC track pointing to the cluster c.o.g. within 5 cm
(sample 1). This is a good identification for DIS events, but its statistics is limited. A second
sample was defined by requiring a CIP hit lying on the line BEMC-vertex as an identification
of the electron (sample 2). Figure 6.6 (a) shows the energy dependence of the DBPCL cut for
the sample with a CIP hit and a sample with no further background rejection, clearly showing
the usefulness of the DBPCL cut for v induced background rejection. However, even the
use of the CIP track criterion does not fully erase the energy dependence. This illustrated
in Figure 6.6 (b) in an enlarged scale. Since the use of the strong tracking criterion (sample
1) gives no further information due to its large statistical error (6.6 (c)), more tests have to
be performed to understand the energy dependence. For all the following discussions the
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Figure 6.6: Efficiency of the DBPCL cut as a function of the energy for the DIS sample. (a) shows
the rejection of photon initiated clusters by the cut on DBPCL. (b) and (c) give the energy dependence

of the cut for two different cuts against photoproduction

sample with a CIP hit was used. Besides a remaining contamination with photoproduction

events, possible reasons could be found in detector

o Different amount of preshowering. The number of BPC hits within 5 cm of the cluster
¢.0.g. as a function of the energy is shown in Figure 6.7(a). Obviously the distribution
of the number of hits is slightly energy dependent. Despite the average number of hits
being constant and equal to 2.4 the number of events with more than one hit increases
towards lower energies (Figure 6.7(b)). This might be attributed to photoproduction
events, which have a higher multiplicity of particles. But no evidence is seen that the
amount of preshowering decreases for lower energies, therefore it cannot explain the

observed loss in efficiency.
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Figure 6.7: Number of hits - normalized to the number of events per energy bin - within 5 cm of the

cluster c.0.g. as a function of the energy (a). The ratio of events with only one BPC hit to events with

more than one hit is given in (b).

e Cluster center of gravity reconstruction: The reconstruction of the cluster position is

more influenced by stacks affected by noise towards lower energies. This might induce
the BPC point to be outside of the 5 cm cut. Indeed Figures 6.8 (a) and (c) show a
broadening of the normalized DBPCL distribution towards lower energies with the
mean value shifted by about 1 cm, but gives no evidence of a loss of the order of
about 14% for events at 8 GeV. It is obvious that a cut at 5 cm cuts in the tail of the
distribution, but this would only result in a small efficiency loss. The percentage of
events lost in the tail of the distribution is illustrated in Figure 6.8(b) for three different
cuts. For a reasonable cut at 6 cm, only an increase of the order of 0.5% in the high
energy part which amounts to up to 2-4% at very low energies is observed. Again this
does not explain the large loss in efficiency. The number of clusters in the BEMC is
also rising with the energy decreasing, due to the hadrons pointing backwards (d). This
leads to more hits in the BPC and therefore the rise in the number of events outside
5 cm -illustrated for a cut of 8 or even 10 cm in Figure 6.8 (b)- can be attributed to
random coincidences.
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Figure 6.8: Distribution of DCLBP vs energy (a), normalized to the number of events per energy bin
for data with a CIP hit. A broadening is observed better visible in the distributions below, as average
value of DBPCL (c). The percentage of events missed by the cut at 5 cm is shown in (b) for three
different cut values. Finally the energy dependence of the number of clusters in the BEMC is shown

in (d).
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Evidence for a background induced energy dependence of the DBPCL cut will be dis-
cussed in the following. The low energy sample (E<15GeV) with a CIP hit was divided
into a part fulfilling the DBPCL cut and a part rejected by the cut on the BPC hit. Different
background estimators, which are discussed in more details in the next sections, were tested
using the different samples. If it was background we expect to see a clear difference in the
distributions for the two samples.

e Lateral cluster size (Figure 6.9(a)): Although the sample without a BPC hit has a
tendency to have a broader distribution, no obvious difference between the two samples
is visible. This implies that the major part of the particles in question are either electrons

or photons.

— with BPC hit
- - no BPC hit

(@) ECRA [cm] (b) EminPz [GeV]

Figure 6.9: Background estimators: (a) lateral cluster size and (b) missing backward energy EminPz
for events below 15 GeV with (full line) and without (dashed line) a BPC hit within 5 cm of the cluster

c.o.g.

e Missing backward energy (EminPz) (Figure 6.9(b)): For genuine deep inelastic events
we expect to see the events at EminPz=2E.=53.2 GeV. However, the sample with
a BPC hit does not show the expected distribution. It is clearly shifted to lower
energies, due to the fact that hadrons escaping in the backward area or which are badly
measured in the BEMC, do less contribute to the sum and because events with initial
state radiation have a lower energy. But the sample with no BPC hit is shifted to even
lower energies, which indicates that part of the sample are photoproduction events.
The obvious suffering from lost particles pointing backwards, makes it impossible
to quantitatively distinguish between DIS and photoproduction events in this energy
region using EminPz.
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e Electrons detected in the electron tagger: these events can be identified as photoproduc-
tion events, but due to the limited acceptance of this detector device, this measurement
just gives a hint on the remaining contribution to the whole sample. The ratio of the
tagged to the untagged sample is given in Table 6.1, before (column 4 and 5) and after
the correction of the overlap of DIS with Bethe Heitler events (column 6 and 7. A
comparison of columns 4 and 6 of Table 6.1 shows that the requirement of no energy in
the photon tagger drastically reduces the number of identified photoproduction events
for the high energy part. The percentage of identified photoproduction events is given
in the last column of Table 6.1. Apparently the events with no BPC hit and energies
below 22 GeV are contaminated by photoproduction events by 4% divided by the
acceptance of the electron tagger. Given the acceptance deduced from Monte Carlo
simulations of 6% (for energies above 8 GeV) with a large uncertainty of about 100%
the contribution of photoproduction events to the sample with no BPC hit is expected

to be of the order of 70%.
energy in energy in e-tagger
electron tagger but not in y-tagger
Energy Events | Events % Events %

with E<15 GeV 4777 79 1.6+0.2 40 0.9+0.1

BPC | 15<E<22GeV | 5150 48 0.9+0.1 14 0.2+06
hit E>22 GeV 8981 59 ]0.340.05 5 0.06+0.08
no E<15GeV 891 63 7.0£0.9 39 4.34+0.7

BPC | 15<E<22GeV | 394 60 6.3+1.3 14 3.6+1.0
hit E>22 GeV 471 35 74+1.3 4 0.8+£0.4

Table 6.1: Identified photoproduction events in the DIS sample.

The contribution of photoproduction events rejected by the BPC cut to the whole sample with
a CIP hit is listed in Table 6.2, Despite the large uncertainty in the acceptance of the electron
tagger, it shows that the main part of the lost events can be attributed to photoproduction
events.

To summarize we conclude that the cut on the distance of closest BPC hit seems to be
independent of the energy with a possible loss of events at low energies of the order of 1-2%
due to a slightly worse reconstruction of the cluster position. A possible loss in efficiency
towards large radii is smaller than expected from the intrinsic BPC efficiency and amounts
to at most 2-4%.,
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no BPChit | photoproduction contribution*
Energy Events | Events % Events %
E<15 GeV 5668 891  15.7 | 39/0.06=650 11
15<E<22 GeV | 5544 394 7.1 | 14/0.06=233 42
E>22 GeV 9452 471 5.0 | 4/0.06=66 0.7

* corrected for the e-tagger acceptance

Table 6.2: Photoproduction events rejected by the BPC cut.

6.2.4 Cluster size distribution

As it was already shown in the Chapter 4.2.2 the BEMC has a very different response
for electrons and hadrons. Genuine electrons generally produce well localized showers
concentrated in one or two stacks, whereas for hadrons the energy is spread much broader.
Therefore one defines the energy weighted cluster radius, ECRA, a measure of the lateral size
of the cluster, as the energy weighted sum of the distance between the stack and the cluster
c.o.g. of all stacks.

ECRA =

S Eikry = Teogl (6.2.2)

ECluster stack j

Figure 6.10 shows the lateral cluster size for simulated photoproduction events with the
expected difference of the distributions for electromagnetic (b) and hadronic clusters ((c) and
(d)). The hatched histograms show the effect of the BPC cut.

For simulated DIS events the distribution is much narrower and most of the clusters have
a lateral cluster size of less than 5 cm (Figure 6.11 (a)). However, the simulation shows that
the estimator is slightly energy dependent though the definition is energy independent. This
is illustrated in Figure 6.11 (b) where the cluster radius, normalised to the number of events
per energy bin, as a function of the cluster energy shows a broadening of the distribution
towards low energies. This effect was already observed in test beam data [59] and attributed
to the influence of noise. Therefore a cut at 5 cm, which would reject a large fraction of
the photoproduction events cuts into the DIS signal at energies below 15 GeV (c), leading
to a loss of events of 5-25% for energies below 10 GeV. This means that at low energies the
control of the loss of DIS events relies on a correct simulation and a good understanding of
the BEMC calibration and reconstruction. In the following ECRA is not used as a cut against
photoproduction events but only as an estimator for a cross check of other cuts.
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Simulated photoproduction events
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Figure 6.10: Lateral cluster size ECRA for simulated photoproduction events with a reconstructed
energy larger than 5 GeV, the empty histograms have no background cuts applied, the hatched
histograms fulfill the BPC requirement. A clear difference in the distribution for different particles is
observed.

6.2.5 Missing backward energy distribution

The kinematical variable y was defined in chapter 3 by making use either of the hadronic

measurement; 1
Yn = E zh:(Eh - ch),
where the sum runs over all detected hadrons, or by the measurement of the electron (E.,9)

E, L0 Eel—cosd 1
yehl—Fsm (5)_1—FT_1_2E(Ee—pze)'

By a combination of the two measurements we get:

EminPz:= Y. (E—p,)=2E(yr+1-y.)=2E (6.2.3)

allparticles

with E the incident electron beam energy. The above equation is true for events with no
initial state radiation unless the photon is detected in the y-tagger. However, only a fraction
of initial state photons are measured in the photon tagger which shifts the measured EminPz
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Figure 6.11: Energy weighted cluster radius (ECRA) for simulated DIS events (a). (b) shows the
energy dependence of this background estimator. A cut at 5 cm cuts into the DIS signal at energies
below 15 GeV (c).

value for radiative events to lower values. Therefore an EminPz cut always implies a cut on
radiative events. Photoproduction events have their scattered electron generally not detected
and hence an EminPz value much lower than expected for DIS events. Figure 6.12 (a) shows
the EminPz distribution for simulated DIS events. The distribution peaks at 2-E,, but has long
tails towards low energies due to undetected particles. Particles missed in the forward region
hardly influence the reconstructed value of EminPz, whereas particles escaping undetected
in the backward region shift the sum to lower values. Since at low energies the hadrons
are pointing backwards and are not detected or are badly measured in the BEMC, EminPz
becomes a worse estimator. The EminPz distribution for events with an energy of the scattered
electron less than 15 GeV (without radiative events) is plotted in Figure 6.12 (b). Clearly a
cut on EminPz would cut into the signal of genuine DIS events. The energy dependence of
the EminPz distribution is shown in Figure 6.12 (c). A sensible reduction of photoproduction
background needs a minimal cut at EminPz=30 GeV. Therefore a control of losses of DIS
events requires a good Monte Carlo description of the BEMC hadronic measurement and the
particle flow at low energies. For these reasons we used this cut only as a cross check. As an
illustration Figure 6.12 (d) shows the distribution for DIS events with initial state radiation
and the photon measured in the vy-tagger, which is well above 30 GeV, by not taking into
account the response of the y-tagger (empty histogram) the measurement gets useless, since
there is a large fraction of missing energy.
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Figure 6.12: Missing backward energy (EminPz) for simulated DIS events, (a) All sscattered electron
energies, (b) electron energy below 15 GeV, (c) energy dependence induced by particles escaping in
the backward area. Figure (d) shows the large error induced to the measurement by not taking into
account the -tagger response for events with initial state radiation.

6.2.6 Using the tracker information

The information of the central tracker can be used to identify events with a photon converting
in the dead material between the central tracker and the BPC into an electron and a positron,
and yr overlap events with secondary vertices. This turned out to be the major contribution,
The aim of this study was to identify these events by using the information provided by CIP
and CIZ and to get an estimation of the remaining yp contribution from data. Monte Carlo
events were mainly used for confirmation.

Event sample and method  Clearly the CIP-CIZ information cannot be used in the whole
angular acceptance region of the BPC, therefore we restricted our sample to events where
the inner CIP is intersected at z larger than z,,;,=-110 cm. The CIP pads and CIZ segments
were found as follows: First the intersection of the line BPC-Vertex with each chamber
plane was defined as reference point, then the hit with minimal distance in z to this point
was searched, if the hit was within Aw=25°. The cut-off value in « is determined by the
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Figure 6.13: Efficiency for finding a CIP or CIZ hit in function of the minimal distance in  and z to
the intersection of the line BPC-Vertex with the inner CIP plane. The efficiency is shown for energies
above 15 GeV as well as for all energies which already shows the reduction due to photoproduction
events. The hatched region gives the amount of random coincidences.

chamber resolutions, given by the pad size of 45° for CIP and the ¢ resolution of CIZ which
depends on the signal size. (see Figure 6.13 (a)). Finally a combined hit - further referred
to as CIPCIZ hit - is reconstructed, by combining all CIP and CIZ hits within a distance of
2 o to the one with the minimal distance to the intersection, where o denotes the z resolution
of the single hits. Usually the combined hit was obtained from by one or two planes of the
CIP. CIZ could not be used in the very backward part with the highest statistics, since the last
ring, covering the region -108< z <-96 cm was at reduced voltage and not efficient.

Efficiency and random coincidences The efficiency of this method was determined in a
region where we expect a negligible rate of 4p background, the energy of the electron was
chosen to lie between 15 and 25 GeV. The efficiency as a function of the minimal distance
of the closest hit in any of the chambers, Az, is shown in Figure 6.13 (b). In the same
plot the amount of random coincidences is shown. The random coincidences were studied
by changing the ¢ value of the reference point by Ap= 40 up to 180° . No dependence on
A was found. The random coincidence rate is energy dependent since the current jet points
backwards for low energies and therefore gives additional hits spread in ¢.

Full efficiency is reached with a cut on Azy,i»=5 cm, this value is given by both the chamber
and the z-vertex resolution. However the final cut size was chosen to be 10 cm in order
to avoid any energy dependence of the cut which would be hard to control. The random
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Figure 6.14: Efficiency for finding a CIP or CIZ segment for electron energies between 15 and
25 GeV as a function of the azimuthal angle ¢ (a) and the z position of the line BPC-vertex on the

inner CIP (b).

coincidence rate is almost independent on whether one or more than one chamber is required
to be active. This means that the contamination comes from true hits rather than noise
hits. Therefore we require at least one active chamber in order to compensate for the known
chamber deficiencies, No dependence of the efficiency on ¢ is seen (Figure 6.14 (a)), whereas
the dependence on the z position of the intersection (6.14 (b)) shows the expected edge effects
at the chamber end. The efficiency in this special energy region is determined to be 95.5%
which compares well with the chamber efficiencies discussed above. It was also investigated
to use single CIZ hits instead of CIZ segments, but it was found that the random coincidence
rate was too high.

The events with no CIPCIZ hit were scanned and found to be due to

e Edge effects at the chamber end, visible as a drop in the efficiency in Figure 6.14 (b)
for z <-100 cm.

o True inefficiencies: mostly they occur in periods, where the high voltage was not
switched on (this was not required in the selection). If one requires the high voltage to
be switched on the efficiency rises to 98%.

o Wrongly determined vertices: Usually events with only few or badly measured tracks.
If the vertex position is wrong by more than 10 cm, the CIPCIZ hit cannot be found,
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Figure 6.15: Reduction of photoproduction events by the CIPCIZ cut using simulated events. The
effect of the cut for clusters initiated by different particle types is illustrated in (b) and (c). The
difference in the relative contribution of different cluster types compared with Figure arises out of the
different acceptance of the CIPCIZ cut.

+p background reduction Figure 6.15 shows the expected reduction of photoproduction
events by applying the CIPCIZ cut to simulated events which fulfilled the DIS selection
criteria. The percentage of rejected events varies between 60% at high energies and 40% at
4 GeV (6.15 (a)). As expected the cut acts differently on different cluster types. Clusters
with pure pions are not affected but the cut is very effective for clusters initiated by converted
photons, with a reduction of over 60%, and also reduces yr overlap events by 45% (6.15 (b)
and (c)). The rejected 7 overlap events were investigated and found to be events with a
converting high energy photon and a low energy pion. The BPC hit required in the selection
was then initiated by the converted photon and not by the pion.

Figure 6.16 shows the number of events of the DIS data sample with a CIPCIZ hit divided
through the number of all selected events in function of the electron energy. We distinguish
three regions:

e 15 < E < 25 GeV: constant ratio which gives us the energy independent efficiency
of the cut. The 4% difference to the simulated efficiency can be explained by periods
with the high voltage of the chambers switched off (2-3%) and a slightly worse vertex
reconstruction,
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Figure 6.16: Percentage of events with a CIPCIZ hit as a function of the electron energy. The high

energy behaviour is nicely described by DIS Monte Carlo events (points). The drop at low energies

for the simulated events stems from misidentified electrons, whereas the difference between simulated

and measured efficiency corresponds to the rejection of photoproduction events at low energies. The

dashed curves correspond to the amount of random coincidences. The energy dependence is shown

on an enlarged scale in Figure (b).
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Run 64770 Event 5645 Class: 3 5 10 11 19 20 25 26 28 Date 30/06/1994

Figure 6.17: A typical vp event which can be rejected using the CIPCIZ information. The photon is
converting in the endplate of the central tracker.

e 25 < E < 30 GeV: the ratio drops, an effect which is also reproduced by the simulation.
Scanning these events showed that for most of them the true CIPCIZ hit was there
but could not be found because the vertex was wrongly determined. The vertex
reconstruction is more difficult in this energy region, because the hadrons are going
into the very forward direction. As a consequence, these events have only few tracks
for the vertex determination,

o B < 15: Inthis region we see the effect of photoproduction contamination. Events with
particles coming from secondary vertices or converting photons, with the conversion
taking place at radii larger than the CIZ radius, can be rejected. The remaining events
with a CIPCIZ hit are both true DIS events and 7p events with charged pions, vy
overlap or v converting in the beampipe faking an electron.
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The events with energies between 10 and 15 GeV which were rejected by the CIPCIZ cut
were scanned and part of it could clearly be identified as yp events. A typical rejected event
is shown in Figure 6.17. At very low energies a distinction by eye is not possible. Therefore
we checked the cut by using the estimators ECRA and EminPz (see Figure 6.18). The ECRA
distribution shows an obvious difference between the samples with and without CIPCIZ hit.
By comparing with the Monte Carlo distributions (see Figure 6.10) we conclude that the
sample rejected by the cut is a mixture of *pion like’ and ’electron like’ clusters. The sample
after the cut looks very clean. Figure 6.18(b) shows the ratio of the events after the CIPCIZ
cut to all events as a function of ECRA. The rejection power for "pion like’ clusters is 50%
which is slightly better than the Monte Carlo expectation. The EminPz distribution ((d)-(f))
illustrates that the cut rejects events with missing backward energy. Even for energies below
15 GeV where it is known that EminPz gets shifted to lower values for DIS events a clear
difference in shape for the distributions with and without a CIPCIZ hit is visible, which
proves that the rejected sample is dominated by yp events.

The energy dependence of the cut over the whole range can only be studied by using

simulated DIS events. The efficiency for finding a CIPCIZ hit for simulated DIS events is
plotted in Figure 6.16 as full circles. Besides the 4% difference due to periods with no high
voltage or additional inefficiencies the simulation nicely describes the data points. The drop
at very high energies due to a difficult vertex reconstruction is described by the simulation
except for the low statistics region above 29 GeV. Since we chose the cuts for finding a hit
large enough to avoid an energy dependence and since the vertex reconstruction is sufficiently
well described by Monte Carlo, we can use the simulated energy dependence to access the
low energy part. The simulated efficiency slightly drops towards very low energies, since
we start to see the effect of misidentified electrons. The simple definition of the electron
candidate being the highest cluster in the BEMC keeps a possible misidentification at low
energies of the order of 4% at 8 GeV.
To summarize we can conclude that the CIPCIZ cut is independent of the energy of the
electron for DIS events, except for events in the kinematic peak region. It was measured to
be 95.5+0.3% for the selected DIS sample. The background rejection power is of the order
of 50%, its energy dependence will be discussed in the next section. Finally the CIPCIZ cut
also rejects DIS events with wrongly identified electron candidates.

Estimation of the remaining yp background The ratio of events with a CIPCIZ hit
(called Ncrperz) to the ones without a CIPCIZ hit (denoted with N,y 7e5) gives us a handle
to measure the remaining contribution of yp events. In the following we assume that the
sample contains only a negligible amount of 7p events for energies above 15 GeV. Ngrporz
below 15 GeV contains true DIS (Nprs kept = €prsNprs) and yp (Nyy remain = €ypNop)
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Figure 6.18: ECRA distribution for events rejected (empty histogram) and kept (hatched) by the
CIPCIZ cut (a). The rejection of events with a large cluster radius is 50% (b), slightly better than the
Monte Carlo expectation (points). (c)- €) show the effect of the cut in terms of the missing backward
energy EminPz, with a small peak at twice the nominal beam energy (c) for the rejected sample. This

corresponds to the 4% loss of genuine DIS events.

events, with all these numbers being energy dependent. e, is the efficiency of the cut for yp
events. Therefore we can write

Neirperz = eprs Nprs + €yp - Nop (6.2.4)

where eprs gives the efficiency for true DIS events including the drop due to misidentified
electrons. It was deduced from simulation with a global correction of -4% as discussed above

and parametrized by the simple function
€pIs = mz'n(A,B +C- E)
where the second part describes the loss due to wrong electron candidates. The constants

were determined by a fit to the simulated efficiency for energies between 5 and 26 GeV. After
the 4% correction it was determined to be

* E)%. (6.2.5)

1
= min(95. . R
eprs = min(95.5,87.0 + 0 5GeV
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Similarly the measured efficiency €., is described by the function

Emeas = min(95.5,11.0 + 6 * E)%. (6.2.6)

1
GeV
The efficiency for yp events was determined both from data and from Monte Carlo simulation,
containing hard and soft scattering processes in a ratio deduced from the experiment [70].
The data sample was defined by an electron measured in the electron tagger, a reconstructed
vertex in the interaction region and a BPC point close to the cluster with an energy deposit
in the BEMC of less than 15 GeV, to avoid random coincidences with the electron tagger
(the acceptance of the e-tagger is negligible in this kinematical region, see Figure 6.3 (g)).
Since the requirement of the electron measured in the e-tagger restricts the kinematics of
the yp event, simulations have to be used to get the correspondance between the tagged and
non tagged part of the yp sample. Figure 6.19 gives the efficiency of the CIPCIZ cut for
simulated photoproduction events (full circles) and simulated tagged events. The rejection
power of the cut is 12.5% higher for the tagged sample with a similar energy dependence.
The energy dependence was parametrized by the function
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Figure 6.19: Rejection of yp events by the use of the CIPCIZ cut. Figure (a) gives the ratio of events
fulfilling the cut for simulated yp events (full circles), the crosses give the same ratio for simulated
tagged events. Figure (b) shows the ratio extracted from data with energy in the e-tagger (triangles)
in comparison with tagged Monte Carlo events. The curve corresponds to the function given in eq.
6.2.7.

&5™(E) = maz(A— Bx E,C) with A= 77.6%, B =2.8%GeV ' and C = 37%
6.2.7)
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The last term C describes the constant high energy part which is partly determined by the
fraction of photons converting already in the beam pipe. The first part is given by the
percentage of clusters with a converting photon.

Figure 6.19 (b) shows the efficiency of the CIPCIZ cut for real data in comparison with
the estimation of the simulated tagged events and the parametrization. As it was already
observed in the ECRA distribution, the rejection power as measured with real data seems
to be about 8% higher than expected by the simulation. However the energy dependence is
well reproduced.

It was already observed for DIS events that the efficiency of the CIPCIZ cut is by 4% lower
than in simulation, due to detector and reconstuction effects. If e.g. the energy deposit for
hadrons in the BEMC is overestimated or the dead material between the tracker and the BPCis
underestimated the difference between data and Monte Carlo could be explained. Therefore
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Figure 6.20: Percentage of remaining yp background after all cuts.

we take Formula 6.2.7 with a correction of -8% as an estimator for the remaining background
with an absolute systematical error of 9%. The latter was given by the statistical error of the
method and the difference between Monte Carlo and data.

Equation 6.2.7 then reads:

™ (E) = maz(69.6 — 2.8 GV~ x E,29)% + 9% (6.2.8)

¥p
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The remainig fraction of photoproduction events

N'yp remain — G’YPN'YP (6.2.9)
Ncrpcrz  Nerporz

can then be estimated by making use of
NCIPCIZ = emeas(NDIS + N’yp) = emeasNtat (6210)

and 6.2.4. N, can be written as:

1 1
Ny 824 E—"(NCIPC[Z —eprsNpis) = :“(NCIPCIZ —epis(Nwt — Nyp)),  (6.2.11)
Yp ypP

and therefore: L .
€ e
Ny = (1~ M?(Ncmczz — €p15Npot). (6.2.12)
yP
Hence the fraction of remaining photoproduction events within the sample is obtained to:

ey 1 N 1 (1- 6DIS)

= (1 —epis =
Nerporz 1 - <2ls Nerperz” 1 — <Rl

(6.2.13)

€meas

Some typical values for this fraction and its error for the selected bins in = and Q2 are given
in Tables 7.2, 7.3, B.1 and B.2. As illustrated in Figure 6.20 the highest y bins contain
the largest background contaminations. The background calculated in the manner described
above was subtracted bin by bin,

83




Chapter 7

Results

7.1 Monte Carlo simulations

All Monte Carlo simulations for DIS require the proton structure function as an input, i.e.
precisely what we want to measure in our MRSH [19] parametrization which described

Uncorrected MC vertex Zowtee{MC) shifted by —1.2 cm
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200 ;(,,f’ 200 |
0"-‘ 1.||r||(l||»||x||.|xx; O;';.xllnlxlln”inu»:lln'
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Figure 7.1: z-vertex distribution for data and Monte Carlo (MC) events (MRSH) after the final cuts.
On the left side the distributions before the correction, with too many MC events on the positive z
side due to a difference in the nominal vertex position between data and MC of 1.2 cm. After the
correction the two distributions agree nicely (b) with the ratio of the number of events in MC and data
close to one (d).

experiment. In order to deduce a systematical error induced to the analysis by a particular
choice of the structure function two different theoretical model functions were used. Firstly
the
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cut Efficiency Error

% %
Trigger [65] 100 2
TOF [71] 98 2
BPC 98 2
z vertex [72] 98 3
vertex tail* [73] 95 2
CIPCIZ 96 2
Total 86 5

*: correction due to events outside of the z vertex range

or in the satellite bunches.

Table 7.1: Global efficiencies with respect to Monte Carlo simulations.

well the 1992 HERA data, and secondly the MRSDY [18] parametrization which doesn’t
describe the steep rise in F, towards low z. The full detector response was simulated for
both choices, including some of the measured hardware inefficiencies and of course the
geometrical acceptance and the response functions of the different detectors. Hence only
small remaining differences between the data and the simulation are of importance for the
analysis. Among these small and global, i. e. kinematically independent corrections are
those from the fraction of events lost by the analysis cuts. Their efficiencies with respect
to the simulation are listed in Table 7.1. Within the errors we found no dependence of the
efficiencies of the cuts on the assumption of the structure function.

Only the trigger efficiency needed an additional local correction at low energies (see Section
5.1), which was applied binwise.

The quality of the simulation was checked by a comparison of the measured vertex, energy and
angle distribution with the Monte Carlo (MRSH) distributions. The Monte Carlo distributions
are absolutely normalized, i.e. corrected for the different luminosities (253 nb~! for data and
892 nb~" for Monte Carlo) and the additional inefficiencies as listed in Table 7.1. Figure
7.1(a) shows the z-vertex distribution for the MRSH Monte Carlo in comparison with the
measured distribution. Obviously there is an excess of simulated events at positive z, The
ratio of the number of events in Monte Carlo and in data as a function of the z position
(c) of the vertex has a positive slope, again indicating that the nominal vertex position of
the Monte Carlo events is shifted in positive direction with respect to the nominal vertex
position in data. The Monte Carlo was simulated with a distribution of interaction vertices
centering at z=-3.6 cm while in the data the center was measured at z=-4.8 cm. However
the shape of the distribution was simulated correctly. Such a shift of course influences the
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simulated distributions, since more low angle events, which have a higher probability enter
the acceptance of the detector. The restriction of the event sample to events within the
acceptance of the CIP makes this analysis especially sensitive to this shift. In this sample
the electrons are not fixed to an angular region, but have to pass the CIP planes within fixed
limits in z, the shifted center of the vertex distributions now allow more low angle tracks
to fulfill the acceptance criterion. The different z-vertex distribution for data and Monte
Carlo was accounted for by requiring for the simulated events that the electron track given
by the line vertex-BPC crosses the inner CIP plane at z values larger than -110+1.2 cm.
The vertex distribution for accepted events with this correction applied and the Monte Carlo
vertex shifted by -1.2 cm are shown in Figures 7.1(b). The ratio between the two distributions
(Figure 7.1(d)) is close to one with no visible slope, indicating that the data is well described.

For the following analysis we always applied the above correction procedure for the
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Figure 7.2: Energy (a) and angle (b) distribution for data (before the statistical background subtrac-
tion) and Monte Carlo (MC) simulated events. The ratio of the two distributions (c) and (d) show
generally nice agreement except for very low energies, where there is still remaining background in
the data sample and at very high energies where the sensitivity to the normalization of the energy
scale is largest. The amount of remaining background, as estimated with the CIPCIZ cut is shown in
the hatched histogram.

simulated events first, Figures 7.2 (a) and (b) show the energy and angle distribution again
comparing data (before the statistical background subtraction) and Monte Carlo events with
absolute normalization. The ratio of the number of simulated events and data ((c) and
(d)) shows that the two distributions generally nicely agree except at low energies because
of background contamination and the very high energy part which is very sensitive to the
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energy calibration. The angular distribution is well described by the simulation, Towards
high angles the background contamination becomes visible again,

7.2 Binning

The distribution of the events after all cuts is shown in Figure 7.3 in the log(z)-log(Q?) plane.
Most of the events are located at low = and low Q? as expected from the 1/Q* dependence
of the cross section. The grid indicates the binning chosen for the analysis of the proton

BPC acceptance
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Figure 7.3: Event distribution in the 2 — (2 plane. The binning which was used for the analysis is
overlayed. The plane is divided into three areas (1, 2 and 3) with different binnings.

structure function. The bin size was determined by the requirement of a suitable number
of events in most of the bins. The z-Q? plane is divided in 8 bins per decade and 6 bins
per decade in 2, both divisions equidistant in log(Q?) and log(z) respectively. For 2 values
larger than 0.01 and Q? larger than 100 GeV? the number of events is smaller, therefore we
enlarge the bin size to 4 bins per decade. The choice of bins is still dominated by statistical
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considerations and exceeds the kinematical resolutions.

7.3 Acceptance

Acceptance, electron only
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Figure 7.4: Acceptance in the binning chosen for this analysis for the electron only method. The size
of the boxes gives a measure for the acceptance. Three test boxes with 100% acceptance for the three
different binnings (1, 2 and 3) are drawn in the corners. The hatched bins fulfill the selection criteria
of less than 50% migration and more than 45% of the events staying in the bin they were produced in.

The bins in z and Q? which can be used in the analysis have to be determined by acceptance
studies. It was shown in Chapter 3 that the two methods for determining the kinematical
variables access different kinematical regions. For a more quantitative definition of the bins
which can be used for the analysis we define three new quantities:
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Acceptance, mixed method
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Figure 7.5: Acceptance in the @-Q? plane for the mixed method which cannot be used at high y. The
hatched boxes in the corners give a measure of 100% acceptance for the three binnings (1, 2 and 3),
Bins with a migration of less than 50% and more than 30% of the generated events staying in the bin
are drawn in hatched style.

e Acceptance A: Number of events reconstructed in a certain bin (N;ec) divided by the
number of generated events (Ngen):
_ Nyeo(Az,AQ?)
- Nyen(Az, AQ?)

e Smeared acceptance Aymeqr: the pure acceptance A is not a good property to decide
whether the bin can be used since the acceptance can be very high even if no or very few
events generated in the bin are reconstructed in that bin. A better quantity is therefore
the smeared acceptance, being defined as the difference of the events migrating into
the bin (N;;,) and those migrating out of the bin N,,;) divided by the number of
reconstructed events:

| Nin(Az, AQ?) — N,4(Az, AQ?) |

Nieo(Az, AQ?)

Asmear -
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o Stable events Aupie! Astable gives the ratio of events which remained in their original
bin (N,a,) over all events reconstructed in the bin.

A _ Nstay(Aw»AQz)
stable = Nrec(ACL', AQQ) .

We finally accepted bins with a migration Amcq, of less than 50% and with Agape larger than
45% for the electron method and larger than 30% for the mixed method. The acceptance, as
calculated with a simulation using the MRSH parametrization for the structure function, for
each bin is illustrated in Figures 7.4 and 7.5 for the two methods with the size of the boxes
being a measure for the acceptance A. The three hatched bins in the corners give a reference
for a 100% acceptance for the three different bin definitions. Only bins with an acceptance
A of less than 150% are shown. The hatched area indicates the bins which fulfilled the two
quality criterion defined above. The electron method accesses the high y region with an
acceptance of about 100% whereas the mixed method is useable in the intermediate y region.
The acceptance for the mixed method is very bad at very high y as a consequence of the
hadrons being lost in the backward region, The average acceptance in the hatched area is
about 120%, because the events at high y are shifted to lower values.

7.4 Measurement of F;

In the experiment we measure the differential cross section in bins Az - AQ*:

Ao N
YNYNe] = AL (74.1)
with
N Number of DIS events after subtraction of the remaining background.
A Acceptance of the detector, A = Nyec/Nyen
€ Efficiency of the cuts and the selection (since in the end a comparison
between Monte Carlo events and real data is made, only efficiencies which differ
from the simulation enter here).
L Total integrated luminosity used for the analysis, =253 nb~!
It was shown in Chapter 2 that the differential cross section can be written in terms of the
structure function Fy:
2 2 2
#‘Zy = k(R) - Fy(z,Q%) - (1 + 6) with k(R) = %’r—;’;(z(l S 1_1—12) (142)
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where
146 gives the corrections to the pure photon exchange such as radiative corrections

or contributions of the weak interaction.
The latter can safely be neglected for this analysis.

R gives the ratio between the longitudinal and the total cross section R=F, /Fy
R is not measured yet in the kinematical range of HERA, therefore the value
predicted by QCD calculations was taken.

By combining 7.4.1 and 7.4.2 we get:
)2 1 As
27 k(R) AzAQ?
where Cro=1/(1+8) gives the radiative corrections and Cpc the corrections which have to
be applied due to the finite bin size. With oy denoting the Born cross section and o the cross
section with radiative corrections, the two corrections terms can be written as:

oo(z., Q2) _ Join 902, Q*)dzdQ?
Tom ool @y ™ Cre = g 4
and the structure function becomes:

L N o=@ foolw,Q¥)dudQ?
&(R) AeL [, o0dzdQ?(z, Q?) Join 0z, Q?)dzdQ?
. 1 i_ Uo(meZ)

k(R) AeL |y, o(z, Q?)dzdQ?
N FM,QY)
Ael ﬁn‘n O’(:E, Q2)d:l'dQ2

Cre - Cae (7.4.3)

CBC =

FQ'.‘.’

(7.4.5)

Herein F{*(a.,@?) is the parametrisation of the structure function which was used in the
simulation at the center of the bin. The remaining integral in the above formula can be
determined in Monte Carlo if all higher order radiative corrections are correctly included into
the simulation,

/ odpdQ? = Noen (1.4.6)

bin LMC

with Ny, the numbers of generated events per bin with the luminosity Lysc.
Hence the proton structure function is then simply obtained by counting the events in data
and in Monte Carlo:

N Iucpw_1 N Luc Fih (1.4.7)

Py, Q%) ot ——— ==
e Q) NI Ny 2 = N L

7.5 Error considerations

In most of the bins the error is dominated by systematic effects which have to be determined
carefully. All the efficiencies with respect to the simulation were determined from data. The
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global bin independent efficiencies were listed in Table 7.1. The corresponding uncertainties
enter into the overall systematical error. In evaluating the bin dependent systematical errors
we adopt the procedure, that we shift a measured input quantity by its maximum, one-
standard deviation uncertainty and take the corresponding change in F; as the bin dependent
systematical error. A table with the systematical errors for each bin can be found in Appendix

B. The systematical bin dependent errors include:

@

Uncertainty in the energy scale of the BEMC. Using data with the electron energy
shifted by the full uncertainty of 1.7% we found changes of F;, varying between 1
and 10% for the electron method. For the mixed method the changes were generally
smaller than 10%.

For the angular uncertainty of 1 mrad, corrections between 1 and 8% were obtained.

Structure function dependence: The final F; was determined using the MRSH
parametrization. In order to get the structure function dependence, we calculated F3
for each bin with the MRSDO parametrization which is much flatter, and included half
of the difference into the error. The effect of the unknown structure function is largest
at low z and of the order of 1 to 7%.

Radiative corrections (expression for Crc in equation 7.4.4): Within 2-3% statistical
accuracy the Monte Carlo (DJANGO [74]) results agree with analytical calculations
including higher order corrections. Hence the systematical error is limited to less than
3% [75].

Bin size corrections (expression for Cpc in equation 7.4.4): Though the bin center
correction does not explicitely show up in Formula 7.4.7 it enters in the systematical
error, because the bin size corrections were calculated without radiative corrections.
The error is negligible at high z and 4% at very low z.

Background subtraction: Both beam induced and photoproduction background were
subtracted statistically in bins in = and Q2. The error for the photoproduction back-
ground was determined by the 9% uncertainty in the function which describes the
energy dependence of the CIPCIZ cut on photoproduction events (6.2.8). The error is
everywhere below 10% and is below 1% for y less than 0.6. The error of the beam
induced background was taken as half the number of the subtracted events divided by
the total number of events and is below 5%.

7% uncertainty in the hadronic energy scale: Affects the mixed method with an error
of at most 6%. It was studied using Marlo Carlo simulations.
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Fragmentation models: Again only for the mixed method with an additional sys-
tematical error of 3 to 10%. It was tested [75] using two different fragmentation
models, by comparing the results obtained with the HERWIG generator [76] with
MEPS (LEPTO 6.1 [77] and JETSET 7.3 [78]).

Uncertainty at low energies: An additional error of 4% (5%) for energies below 15 GeV
(10 GeV) was included to allow for a possible energy dependence of the BPC cut (see
Section 6.2.3) and to consider the larger errors on the trigger efficiency.

Global scale: The total integrated luminosity is only known within 5% [79] This global
normalization error is not included in the error bars.

Global efficiencies: The 5% error of the global efficiencies is included in the system-

atics. To allow for a comparison between different analyses the error of the global
efficiencies is not included in the global normalization error.

7.6 Proton structure function F,

The proton structure function F; as a function of z is shown for eight different bins in
Q* in Figure 7.6. The error bars correspond to statistical and systematical errors added in
quadrature, the inner error bars are statistical errors only. Only electron variables were used
for the determination of the points with full circles, whereas the results obtained with the
mixed method, which uses the hadronic measurement for the determination of yy, are plotted
with open circles. The two methods agree very well in the overlapping region. The electron
method is restricted to the low & region and the mixed method complets the measurement
towards higher 2. F; rises with decreasing z. Since the structure function in this region is
essentially determined by the sea quark density this rise corresponds to a rise of the gluon
density towards low x.

The results are compared with the H1 structure function results presented on the Glasgow
conference [80]. The two methods are compared individually (Figure 7.7 for the electron
and Figure 7.8 for the mixed method). A detailed comparison can be found in Appendix C
in Tables C.1 and C.2. The H1 analysis used the electron only method with an energy cut
at 10.6 GeV as well as the so called ¥ method [42], [30] (energy larger than 8 GeV) which
is similar to the mixed method at low y but is less sensitive to initial state radiation. The
kinematical variables z, y and 2 are determined by the three quantities energy and angle of
the electron and the sum of (E), — P24 ) of all hadrons. The background was rejected by a cut
on the lateral cluster size in the BEMC and additionally a cut on the total EminPz for the &
analysis. The remaining background was subtracted statistically. The points shown in the
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figures correspond to the analysis with the lowest error. The agreement with the HI results
is good in the whole kinematical region, which essentially shows that the different methods
for the background determination are understood in the kinematical region they are applied.
Figure 7.7 shows, that the method used in this analysis for the background subtraction allows
to access generally one more bin at very low z. Q?=12 GeV? is the only bin with less data
points than the standard H1 analysis, because of the angular acceptance of the CIPCIZ cut.
It has to be mentioned that the very low z points rely on a good description of the radiative
corrections in the Monte Carlo since no explicit cut in y was applied.

The last two figures (7.9 and 7.10) show the points of this analysis together with four different
parametrizations (MRSH [19], MRSDY [18], CTEQ2 [20], and GRYV [21]). Obviously, the
MRSDY which starts with a constant parton density function at ?=4 GeV? fails to describe
the data. The error of the measurement doesn’t allow to distinguish between the three other
parametrizations.

The results are summarized in Tables 7.2 and 7.3, with the statistical and systematical as well
as the fraction of subtracted background events separately. The values marked with ** are
the additional points to the H1 analysis.
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Figure 7.6: Proton structure function F, as a function of z in eight bins of Q2. Open points (full)
points are deduced with the mixed (electron) method. The error bars correspond to statistical and
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Electron only with Glasgow points
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Figure 7.7: Proton structure function F; analysed with the electron method. The results of this

~

2

analysis are compared with the H1 results presented in Glasgow.
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Figure 7.8: Proton structure function F; analysed with the mixed method. The results of this analysis

are compared with the H1 results presented in Glasgow.
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F, with different parametrizations
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F, with different parametrizations
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Electron only Mixed
2 z ¥ F Error BG*% || F Error BG*
GeV? stat+syst statsyst
8.5 | 0.00012* | 0.8 | 1.30{ 0.124+0.22 | 40 (16)
0.00018 | 0.5 || 1.44 | 0.074+0.17 | 20 (4)
0.00026 | 04 1.32 | 0.114+0.14 | 21
12 | 0.00018* | 0.75 || 1.79 | 0.124£0.25 | 31 (2)
0.00026 | 0.52 || 1.33 | 0.07+0.13 6
0.00038 { 0.36 || 1.34 | 0.10£0.13 1.16 | 0.08+0.10 | 9
15 | 0.00026™ | 0.65 || 1.98 | 0.12+0.24 | 26 (4)
0.00038 | 0.45 || 1.42 | 0.094+0.13 1 1.37 1 0.11+0.13 | 14
0.00056 | 0.30 || 1.41 | 0.094+0.11 1.30 { 0.08+0.11 | 6
0.00083 | 0.20 || 1.31 | 0.07£0.15 1.30 | 0.074+0.10 | 3
0.00133 | 0.13 || 1.08 | 0.06+0.12 1.04 | 0.064+0.08 | 2
0.00237 | 0.07 i 1.05 | 0.09+0.22 099 | 0.07+0.15| 2
0.00421 | 0.04 0.83 { 0.084+0.15| 2
0.00750 | 0.02 0.58 | 0.08+0.15 1
0.01334 | 0.01 0.54 | 0.08+0.09 | 3
20 | 0.00038* | 0.59 || 1.46 | 0.09+0.16 18
0.00056 | 0.40 {| 1.58 | 0.091+0.14 1.29 | 0.104+0.14 | 10
0.00083 | 0.27 || 1.21 | 0.07+£0.08 1.27 | 0.08+0.09 | 4
0.00133 | 0.17 || 1.10 | 0.06+0.11 1.08 | 0.054+0.08 ] 1
0.00237 | 0.10 || 0.89 | 0.05+0.12 1.02 | 0.0540.08 1
0.00421 | 0.05 || 0.81 | 0.05+0.10 0.70 | 0.0440.05
0.00750 | 0.03 0.64 | 0.0540.05
0.01334 | 0.02 0.47 | 0.0440.03
BG*: fraction of events subtracted due to

** additional to standard H1 analysis

photoproduction (beam induced) background)

Table 7.2: Proton structure function Fy.
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Electron only

Mixed

2 z y F, Error BG*% || F, Error BG*
GeV? stat4syst statsyst

25 ] 0.00056** | 0.60 || 1.28 | 0.0940.14 | 39 (5)
0.00083 | 041 {| 1.47 | 0.10£0.09 | 11(1) || 1.24 | 0.10+£0.12 | 7
0.00133 {025 | 1.12 | 0.07+0.10 1.26 | 0.0740.09 3
0.00237 | 0.14 || 1.11 | 0.0640.10 1.17 | 0.060.09
0.00421 | 0.08 || 0.90 | 0.064-0.16 0.80 | 0.054-0.07 1
0.00750 | 0.05 0.67 | 0.054-0.05 1
0.01334 | 0.03 0.53 | 0.0440.04

35 0.00056™ | 0.80 i 1.46 | 0.1740.26 31
0.00083 | 0.54 || 1.67 | 0.124-0.12 4
0.00133 | 0.33 || 1.22 | 0.0840.08 1231 0.094+0.16 | 5
0.00237 | 0.19 || 1.17 | 0.0840.12 1221 0.07+£0.09 | 2
0.00421 | 0.11 || 0.94 | 0.0740.13 0.89 | 0.0610.07
0.00750 | 0.06 || 0.83 | 0.06+0.08 0.78 | 0.06+0.05
0.01334 | 0.03 0.63 | 0.05+0.04

50 | 0.00083* | 0.68 || 1.64 | 0.21+0.15 17
0.00133 | 0.42 || 1.29 | 0.104+0.10 1.34 ] 0.13+0.16 | 5
0.00237 | 0.24 || 1.14 | 0.0940.09 1.14 | 0.08-40.09 1
0.00421 | 0.13 || 0.97 | 0.08+0.13 0.95 | 0.0740.07
0.00750 | 0.08 || 0.65 | 0.0640.10 0.57 | 0.05+0.05
0.01334 | 0.04 0.58 | 0.0640.04
0.02372 | 0.02 0.44 | 0.0540.06

65 |0.00133* | 0.51 || 1.88 | 0.214+0.20 | 2 (6)
0.00237 | 0.29 || 1.23 | 0.1140.11 1.33 | 0.134:0.12
0.00421 | 0.16 || 1.11 | 0.104+0.09 1.08 | 0.0940.11
0.00750 | 0.09 |i 0.96 | 0.094+0.11 0.87 | 0.0840.07
0.01334 | 0.05 | 0.58 | 0.07+0.11 0.69 | 0.0740.08
0.02372 | 0.03 0.49 | 0.064-0.04
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Chapter 8
Summary

The analysis presented herein describes the measurement of the proton structure function Fj.
It uses data measured with the H1 detector at HERA in the 1993 running period, with an
integrated luminosity of 253 nb~!. It only considers events with the electron scattered at low
angles with respect to their initial direction and therefore accesses the kinematical region of
low and intermediate Q? and low z.

The detector measures both, the scattered electron and the hadronic system, which allows
to use different methods for the determination of the kinematics. The advantages of two
methods - one relying on the electron measurement only, the other one using a combined
measurement- as well as the kinematical regions accessible with either method were dis-
cussed. The determination of F, with both methods allows to cross-check the results and the
errors in the overlapping region. The electron method was used for the measurement in the
low 2 region, whereas the mixed method complets the measurement towards high z.

The description of the H1 detector emphasizes the components important for this analysis,
being the innermost tracking chambers and the backward part which is used for the detection
of the scattered electron. The chamber efficiencies, as well as the energy calibration constants
were determined from data.

The extension of the measurement of F; to very low z mainly depends on the possibilities to
control the background at low energies. The studies in this analysis show that this is possible
by a cut using tracking informations. Though angular acceptance is limited, this method
proved to be very powerful, rejecting 40-60% of the photoproduction events and allowing
an estimate of the remaining background from data with an efficiency of 95.5% for deep
inelastic events. The remaining background was subtracted statistically with a systematical
error determined to be 10% at most.

The extraction of the proton structure function from data was explained in detail, including
acceptance studies for the two methods and a discussion of possible systematical errors. The
resulting structure function F, as a function of x is shown in eight bins of Q2. The two
methods agree excellently within the errors and compare well with the standard H1 analysis
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of the 1993 data, which uses a different treatment for the photoproduction background and
a higher energy cut. The rising of the structure function with decreasing « indicates a fast
growth of the gluon and therefore the sea quark density in the proton. For constant values of
x, F} is slowly rising with Q? as could be expected from perturbative QCD.

The new method of background subtraction allows to access one additional point at low z
though with a large statistical and systematical error. Besides higher statistics, a reduction of
the error on the very low z points requires a better understanding of the detector properties at
low energies, such as the energy cluster reconstruction and energy resolution as well as trigger
efficiencies. However it was shown that the determination of the remaining background is
possible from data. An improvement in the systematical error of the latter would be possible
by using all photoproduction events instead of the subsample of tagged events.
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Appendix A

9 resolution

The angle ¥ is defined by a pointin R, z and the vertex (R,,z,):

¥ = arctan éﬁ (A.0.])
Az

For the determination of the 9 resolution we will neglect the small deviation of the radial

vertex from zero and its small error:

¥ = arctan and
zZ— 2z,
gy = \/(2}9{)26122_'_( )2522+(_)252v
L B S R —
1+E) \ﬂz_zu)QzSR +((Z_ NE 5)2(622 + 623) (A0.2)

For the determination of the 9 resolution we used three different angles which measure the
angle in the backward region rather accurately. The angle with the best accuracy is defined
by a point in the BPC (R, z) and the vertex:

19BPCV = arctan (A03)

Z—zy

The other two angles were determined by the vertex and either a hit in the CIP (Rc1p, zc1p)
or the cluster center of gravity (Rgiu, zois) respectively:

Rorp and Yoryv = arctan -ﬁi— (A.04)

195-“:"/ = arctan
ZCIP — %y ZClu — %v

With 6z and 8 R denoting the resolution in R and z of the measurement, the angular resolution
can be written as:

. 2 R\,
T e ()) ((Z_%f,m +(Z57) M)
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1 Rerp :
obipy = - 2 <(zcn> . )2) (525 + 52(2;1}’)
(1 + (ZUJP—Zu) )
1 1 Row 2
0.(23‘111\/ = 2\ 2 25R?;[“ + (——Cl_z) (5Z3 + 6262711;) .
(1 + (_Ram_) ) (ZClu - 2,,) (ZCIu - Zu)
zctu=2Zo

(A.0.5)

For the determination of the individual resolutions we measured the difference between
two of the three angles. The three distributions are shown in Figure A.1, the narrowest
distribution is given by ¢ measured by CIP and BPC. The width of the distribution of the

shift=-0.26 mrad shift=—0.02 mrad shift=0.24 mrad

o= 4.9 mrad o= 6.1 mrad o= 6.9 mrad

-20 0 -20 0 =20 0
Vegpe—Bep [Mmrad] BVgpe—Ve, [Mrad] Bep—B¢, [Mmrad]

Figure A.1: Difference between three different angles in the backward direction (data).

difference between two angles (opify) is now given by:

UZDiff = ‘731—192
9, 09, a9, 89, a9 89, 2
— L §R,)2 4 (2. 2 (==L, 2 (== 2 - .
(3R1 Rl) + (6R2 6R2) -+ (621 621) -+ (322 522) + ((azv o7, bz,
09, 89,
= o} +o3 -2 6—2: : 57”523 (A.0.6)
with
091 89, _ 1 R R 1 R
8z, 0z, 2 2 — 2, 2, St 7 A B
O (1)) (14 () B G (T AR
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for ony small differences between the two angles. Using the above formula we get for the
width of the above distributions of the difference between two angles:

2 Rt 1
Tinpe—vorr = Obpocip = bpo+0Cip = (1 ( R )2 T AARRom 22
+a; )
2 R? 1
T3 ppomtern = Obroci = Bpo+ 06 — (1 ( R )2 T Az RRgy b,
@) u
2 R”t 1
Ugcm—"cn’ = A%‘luCIl" = Ug‘lu + aé‘IP - (1 ( R )2 z’ DRC!PRCIP 2% 0.7)
+(a; )

A combination of the width of the three distributions allows to determine the individual
angular resolutions plus a correction term which depends on the unknown vertex resolution:

Ohpc = (ABPCCIP + Abpoci — Abncip) + M;Rz)gi };2 z
= o} BPC +C(R)z;,
O = (ABPCCIu + Abrpci — Abpecrp) + (—1+1Tz)2 lj: R 02,
= ofi, +C(R)bz,
otip = %(A%PGCIP + A% o — Abpeon) + 1 +1§73)2 %‘21}2{;}5:}»6 :
= ofip + ORI (A08)

Since the J¢rp depends only on the resolution in z it strongly varies with the radius. It is
very small at small radii, even smaller than the ¥ gpcv resolution but then rises towards large
radii. This dependence was used to determine the z-vertex resolution.

The resolutions not corrected for the vertex term are listed below for different radii:

R [cm] otpc [mrad] | of;p [mrad] | o7, [mrad]
22 2.14+0.6 0.61+2.6 54403
27 2.14+0.6 2.2+0.6 5.04+0.3
30 1.8£0.1 3.6+0.3 5.240.1
37 1.941.1 52404 52404
55 31434 8.8+1.3 5.542.1
9 resolutions.

Since the z resolution of the CIP cannot be smaller than the resolution of a pad, we fitted the
function

1 R Roip )
2 — 2 2 (1 _ 2
ecie(R) =13 By iR, (52 * o (l 2R — Rorp | )
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to the data with dz¢yp restricted to values larger than 1.2 cm, which corresponds to the
minimal z resolution of the CIP. We found dz¢7p=1.5 cm and a vertex resolution of dz,=0.9
=+ 0.2 cm. The error was determined by varying dzq;p between 1.2 and 1.8 cm.

This gives the final resolutions:

average BPC [mrad] | only one BPC hit[mrad] | CIP [mrad] | Cluster [mrad]
25+03 1.7+0.7 4.8 £0.6 58403

These values agree well with the Monte Carlo resolution of 1.9 mrad for events with a single
BPC hit and 2.2 mrad in average.

A possible shift in ¥ gpc was found to be less than one mrad this was determined by comparing
the mean of ¥ g pc — ¥ 1p for many different conditions such as positive and negative z vertex
or y axis and different radii. The maximal shift observed was -0.9 mrad.
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Appendix B

List of systematical errors

The following two tables (B.1 and B.2 summarize the relative systematical errors which have
been considered in the F; analysis for each bin separately. Following abbreviations are used:

E: uncertainty in the energy scale of the BEMC of 1.7%.

¥ possible shift of the angle of 1 mrad.

SF: structure function dependence of the analysis.

LAR: uncertainty in the hadronic energy scale of the LAR of 7%.

RC: uncertainty in the radiative corrections.

FR: dependence of y;p in the mixed method on different fragmentation models.
GE: error of the global efficiencies.

BS: error of the bin size correction.

BG: error of the background subtraction, photoproduction and beam induced back-
ground are considered.

LE: additional uncertainty at low energies (E<15 GeV)

Total: Total systematical error. No entry means that the error is less than 1%.
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Q] = E| 9 |SF|RC[GE][BS|BG[LE] Total
gslooooi2][s|7]6|a]s5]|4a]9o]a] 17
000018 | 1 | 1|63 |5|4|5 4| 11
12(o00018 | 4163|547 |4] 13
000026 3|1 (5|35 |3]1]|3] 9
000038 15|53 |53 9
151000026 2353 |s5[3]6]4] 12
000038 | 1|2]5|3|5]|3 2] 9
000056 | 2| 14| 2|5]3 7
000083 9|4 |4 2|5 11
000133 | 6 | 5| 3 5 10
000237 || 14 | 14| 3 5 21
20000038 1 [2]4] 3]s [3]4]4] 10
000056 1 |4 |4 2|53 1] 8
000083 2|4 (3|25 6
000133 713|325 10
000237 |12 1 |3 |25 14
000421 10| 1|3 ] 2|5 12
25000056 4 [3 |4 2]5|3]9o]3] 10
000083 | 2 |34 2|5 3 6
000133 5|3 (3|25 8
000237 6 3|3 |25 9
000421 16| 13| 2|5 17
35 (000056 11|64 |35 3] 7]4] 18
000083 | 4|14 2|5 1 3] 7
000133 2| 1|3 ] 2|5 6
000237 7133 | 2|5 9
000421 123 ]3] 2| 5 14
000750 | 6 |4 | 3| 2|5 9
50000083 244 2]s 7141 9
000133 | 2 [ 4|3 |2 |5 7
000237 | 1|4 |3| 2|5 8
000421 (103 | 3| 2|5 12
000750 | 1312 |3 | 2|5 15
65 000133 8 [2 3| 2] 5 4 10
000237 S| 13|25 8
000421 | 4|3 |3 | 2|5 8
000750 || 8 [ 2|3 |2 |5 10
00133 17| 1|22 ]| 5 18

Table B.1: Systematical errors for the electron method
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10

14
18
25

16
11

10

11

13

10

5

5

3

4

4

2

3
2

1
2

1
2
9

13
19
10
4

1
3
3

1

2

1
5
2
3
4
4
3
2
5
2
2
4
3
2
3
4
2
7
3
4
4

6
3

E |9 |SF|LAR|RC|FR|GE |BS |BG |LE | Total

1
1
2
2
1
3
9

10
8
9
6

1
2
3
1
2
1
4
1
3
3
2
3
3
6
2
2
4
9
4
3
3
3
9
5
5
3

4

z

0.00056

0.00083

0.00133

0.00237

0.00421

0.00750

0.01334

0.00083

0.00133

0.00237

0.00421

0.00750

0.01334

0.00133

0.00237

0.00421

0.00750

0.01334

0.00237

0.00421

0.00750

0.01334

0.00237

0.00421

0.00750

0.01334
0.02372

0.00421

0.00750

0.01334 | 7

0.02372

QZ

8.5 | 0.00026
12 | 0.00038
15 | 0.00038

20 | 0.00056

25 | 0.00083

35 | 0.00133

50 | 0.00133

65 | 0.00237

Table B.2: Systematical errors for mixed method
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Appendix C

Comparison with H1 results

The following two tables (C.1 and C.2) allow a comparison of the values for the structure
function and their statistical and systematical errors with the H1 results presented at the
Glasgow conference [80]. The H1 analysis used the electron only method and the so called
Y method ([42], [30]) which uses three quantities (energy and angle of the electron and the
sum over all hadrons of (Ej, — p,, )) for the determination of = and ®Q?. The numbers quoted
in the tables for the Glasgow values correspond to the method with the lowest systematical
error.
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Electron only

Mixed

Glasgow

2

GeV?

F

Error
stattsyst

F

Error
statt-syst

F

Error
stat + syst

8.5 | 0.00018
0.00026

1.44

0.07+0.17

132

0.114+0.14

1.23
1.24

0.0510.16
0.041+0.13

12 | 0.00026
0.00038

1.33
1.34

0.07+0.13
0.10+0.13

1.16

0.08+0.10

1.39
1.30

0.06+0.14
0.0540.12

15 | 0.00038
0.00056
0.00083
0.00133
0.00237
0.00421
0.00750
0.01334

1.42
1.41
1.31
1.08
1.05

0.09+0.13
0.09+0.11
0.07+0.15
0.06+0.12
0.094+0.22

1.37
1.30
1.30
1.04
0.99
0.83
0.58
0.54

0.11£0.13
0.08+0.11
0.07+£0.10
0.06+0.08
0.07+0.15
0.08+0.15
0.08+0.15
0.08+0.09

1.44
1.39
1.21
1.16
0.97
0.80
0.73
0.61

0.0740.12
0.06:£0.10
0.06+0.12
0.05+0.10
0.04+0.10
0.0440.09
0.04+0.07
0.04+0.07

20 | 0.00056
0.00083
0.00133
0.00237
0.00421
0.00750
0.01334

1.58
1.21
1.10
0.89
0.81

0.09+0.14
0.07+£0.08
0.06+0.11
0.05+0.12
0.0540.10

1.29
1.27
1.08
1.02
0.70
0.64
0.47

0.10+0.14
0.08+0.09
0.05+0.08
0.05+0.08
0.0440.05
0.05+0.05
0.044:0.03

1.57
121
1.06
1.06
0.86
0.76
0.66

0.08+0.13
0.074+0.08
0.05+0.09
0.054:0.09
0.04+0.08
0.04+0.08
0.04+0.07

Table C.1: Comparison: this analysis with the H1 analysis presented in Glasgow.
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Electron only Mixed Glasgow

2 x F, Error F, Error F, Error
GeV? stat+syst stat=syst stat &+ syst
25 |0.00056 || 1.28 | 0.0940.14 1.52 | 0.0940.12

0.00083 | 1.47 | 0.10£0.09 || 1.24 | 0.10+0.12 || 1.27 | 0.06+0.10
0.00133 | 1.12 | 0.074+0.10 || 1.26 | 0.07+0.09 || 1.05 | 0.064-0.10
0.00237 | 1.11 | 0.06+£0.10 | 1.17 | 0.06::0.09 || 0.94 | 0.064-0.07
0.00421 | 0.90 | 0.06:0.16 || 0.80 | 0.05+0.07 || 0.75 | 0.05:+0.06

0.00750 0.67 | 0.054+0.05 || 0.73 | 0.05+0.07
0.01334 0.53 | 0.04+0.04 || 0.54 | 0.05+0.09
35 |0.00083 || 1.67 | 0.12+0.12 1.76 | 0.12+0.13

0.00133 || 1.22 | 0.08+0.08 || 1.23 | 0.094+0.16 || 1.27 | 0.07+0.11
0.00237 |f 1.17 | 0.08+0.12 || 1.22 | 0.074:0.09 || 1.13 | 0.0740.08
0.00421 | 0.94 | 0.07+0.13 | 0.89 | 0.06+:0.07 || 1.00 | 0.074-0.08
0.00750 | 0.83 | 0.06:£0.08 || 0.78 | 0.06:0.05 || 0.91 | 0.064-0.09
0.01334 0.63 | 0.054+0.04 | 0.89 | 0.06::0.08

50 1 0.00133 | 1.29 | 0.100.10 || 1.34 | 0.1340.16 || 1.50 | 0.10+0.12
0.00237 |i 1.14 | 0.09:£0.09 || 1.14 | 0.08+0.09 || 1.11 | 0.0840.09
0.00421 | 0.97 | 0.08+0.13 || 0.95 | 0.07-£0.07 || 1.03 | 0.070.10
0.00750 || 0.65 | 0.06+0.10 || 0.57 | 0.054+0.05 || 0.67 | 0.06--0.08
0.01334 0.58 | 0.06+0.04 || 0.68 | 0.06+0.08
0.02372 0.44 | 0.0540.06 || 0.54 | 0.05+0.07

65 10.00237 || 1.23 [ 0.11+0.11 || 1.33 | 0.13+0.12 || 1.50 0.11£0.12
0.00421 | 1.11 | 0.10£0.09 || 1.08 | 0.0940.11 || 1.17 | 0.0940.09
0.00750 | 0.96 | 0.09+0.11 || 0.87 | 0.084-0.07 || 1.01 | 0.0840.11
0.01334 |1 0.58 | 0.074+0.11 || 0.69 | 0.0740.08 || 0.71 0.08+0.08
0.02372 0.49 | 0.064+0.04 || 0.52 | 0.06+0.05

Table C.2: Comparison: this analysis with the H1 analysis presented in Glasgow, cont’d.
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