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Abstract �

Abstract

In the electron�proton scattering at HERA the charm quarks are produced by the
photoproduction process of photon gluon fusion� The cross section depends on the
gluon density function of the proton�

In this work a method is investigated to determined the charm production cross
section using the decay chain D� �� K�

S�
��� with K�

S �� ����� To achieve a
better signal to noise ratio the D� mesons are tagged with the decay D�� �� D���s
by measuring the invariant mass di�erence of the D�� meson and the D� meson� The
charged decay products are measured in the central jet chambers of the H� detector�

An important part of the procedure of obtaining a cross section is to understand
the trigger e�ciency� Therefore the drift chamber r�� trigger performance is studied
carefully�

The data used for this analysis were collected in the run period of �		� and cor�
respond to a total integrated luminosity of ��	 nb��� The obtained charm production
cross section is

� �ep �� ec�cX� � ��

� ����stat� � ��

syst� �b �

Using the Weizs�acker�Williams approximation the corresponding photoproduction cross
section can be calculated� and yields

� ��p �� c�cX� � �
�
 � ���stat� � ��
syst� �b �

In the appendix the hardware of the drift chamber r�� trigger of the H� experiment
is described�



� Zusammenfassung

Zusammenfassung

In der Elektron�Proton Streuung bei HERA werden die Charm�Quarks durch den Pho�
toproduktionsprozess Photon�Gluon�Fusion produziert� Der Wirkungsquerschnitt ist
von der Gluonendichtefunktion des Protons abh�angig�

In dieser Arbeit wird eine Methode zur Bestimmung des Wirkungsquerschnitts der
Charmproduktion untersucht� der die Zerfallskette D� �� K�

S�
��� mit K�

S ��
���� benutzt� Um das Verh�altnis zwischen Signal und Untergrund zu verbessern�
werden die D� Mesonen mit dem Zerfall D�� �� D���s durch die Messung der
invarianten Massendi�erenz von D�� Meson und D� Meson ausgew�ahlt� Die geladenen
Spuren der Zerfallsprodukte werden in den zentralen Jetkammern des H� Detektors
nachgewiesen�

Ein wichtiger Teil der Wirkungsquerschnittsbestimmung ist das Verst�andnis der
Triggere�zienz� Deshalb wird die Funktionst�uchtigkeit des Driftkammer r�� Triggers
genau untersucht�

Die f�ur diese Analyse verwendeten Daten wurden in der Strahlperiode von �		�
aufgezeichnet und entsprechen einer integrierten Luminosit�at von ��	 nb��� Der daraus
erhaltene Produktionswirkungsquerschnitt f�ur Charm�Quarks ist

� �ep �� ec�cX� � ��

� ����stat� � ��

syst� �b �

Unter Verwendung der Weizs�acker�Williams Approximation kann der entsprechende
Photoproduktionswirkungsquerschnitt berechnet werden� Er betr�agt

� ��p �� c�cX� � �
�
 � ���stat� � ��
syst� �b �

Im Anhang wird die Elektronik des Driftkammer r�� Triggers des H� Experiment
beschrieben�



�

� Physics at HERA

The electron�proton storage ring HERA at DESY is the �rst accelerator in which
�
� GeV protons collide with 

�� GeV electrons at a center of mass energy of 
	
 GeV�
Therefore it is possible to study deep inelastic scattering over a much larger kinematical
range in the square of the four momentum transfer Q� as well as in x�Bjorken compared
to measurements of previous �xed target experiments� At small Q� the exchange of
quasi�real photons dominates electron proton scattering� The photoproduction at very
high center of mass energies of the �p system can be studied within included a large
charm production cross section� which is determined in this work�

��� Kinematics at HERA

The incoming electron scatters with the proton by exchanging a gauge boson and con�
verts to a charged or uncharged lepton on the charge of the gauge boson� In deep
inelastic scattering the proton is not conserved� Its partons form a hadronic �nal state
X which can include jets� If the gauge boson is an uncharged � or Z� the event is called
a neutral current �NC� event� The lepton in the �nal state is an electron which can be
measured in the detector� In the case of an exchange of a gauge boson W� the event
is called a charged current �CC� event and the lepton in the �nal state is a neutrino
which cannot be directly measured in the detector�

NC � e�p �� e�X
CC � e�p �� �eX

The two event types are shown in Figure ��

p
X

q

�� Z�

e� e�

Neutral current

p
X

q

W�

e� �e

Charged current

Figure �� Neutral and charged current ep scattering�

The kinematics of the ep scattering is fully determined by two kinematical variables
at a �xed known center of mass energy

p
s of the ep system� Two of the following

Lorentz invariant quantities are most frequently used�

� The center of mass energy
p
s of the ep system

s � �pe � pp�
� � �EeEp ���
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where pe and pp are the momenta and Ee and Ep the energies of the electron and
the proton�

� The four momentum transfer Q of the gauge boson� which describes its virtuality�

Q� � �q� � � �pe � pl��
� � 
pepl� � �
�

� The invariant mass W of the hadronic �nal state X

W � � �q � pp�
� � m�

p � q� � 
ppq � ���

� The energy transfer � in the proton rest frame

� � q � pp
mp

� ���

Another frequently used way to describe the ep system is to use the dimensionless
scaling variables x and y� They are de�ned as follow

x � Q�


 �q � pp� �
Q�


mp�
���

y � q � pp
pe � pp �

�

�max
� �
�

The variable x is the Bjorken scale variable ���� It describes the fraction of the proton
momentum the elastic scattered parton carries in the in�nite momentum frame� where
the proton recoils with high momentum against the electron� The inelasticity of the
scattering is described by y� which is equal to the ratio of the actual to the maximum
energy transfer in the proton rest frame� Both quantities range from � to �� Neglecting
the masses of electron and proton� the variables x and y are connected as follows

Q� � x � y � s � ���

The squared invariant mass of the hadronic �nal state W � is given by

W � � Q� � � � x

x
�m�

p � ���

In �		�� the energies at HERA reached Ep � �
� GeV and Ee � 

�� GeV corre�
sponding to a center of mass energy

p
s � 
	
 GeV and a square of maximum four

momentum transfer Q�
max � ���
� GeV��c��

There are di�erent procedures to experimentally determine these variables� In NC
events the kinematics can be calculated by measuring the polar angle 	e of the scattered
electron with respect to the outgoing proton direction and the energy of the scattered
electron E�

e

ye � � � E�

e

Ee

� sin�
�
	e



�
�	�



��� Photoproduction �

Q�
e � �EeE

�

e � cos�
�
	e



�
� ����

Another procedure� independent of the measurement of the electron� is the method
of Jacquet�Blondel �
�� It is based on the measurement of the hadronic �nal state� It is
used for CC events and for events where the electron escapes detection or is measured
only with a poor resolution

yJB �
�


Ee
� X
hadrons i

�Ei � pzi� ����

Q�
JB �

�

�� yJB

� X
hadrons i


pti

��
� ��
�

The summation includes all hadrons measured in the detector� The variables Ei� pzi
and pti are the energy� the longitudinal and transverse momenta of the hadron i�

��� Photoproduction

����� General View

The ep scattering at HERA is dominated by quasi�real photons with small four mo�
mentum transfer �Q� � ��� The incoming electron is scattered through a large polar
angle 	� In this case the approximation

E� � y � Ee ����

with

y � �� E�

e

Ee
����

is valid� The high center of mass energy
p
sep � 
	
 GeV of the ep system allows

the study of photoproduction in a new kinematical region which lies about one to two
magnitudes higher than at �xed target experiments� �p scatterings with a center of
mass energy of ��� GeV � p

s�p � 
�� GeV are observable� This corresponds to a
scattering of 
� TeV photons with a �xed proton target�

The interaction of the photons with protons leads to soft scattering processes where
the transverse momentumof the produced particles is very small �pt � � GeV�c� as well
as to hard scattering processes where jets with transverse momentum above �� GeV�c
can occur� Until now it has not been possible to �nd a uniform description for all
transverse momentum regions� The photoproduction at HERA is described by three
di�erent components �Figure 
��

	 VDM component� The phenomenological vector dominance model �VDM���� ��
is needed to describe processes with small transverse momentum �pt � � GeV�c��
The photon �uctuates in a bound virtual q�q state� a vector meson V with the
same quantum numbers as the photon �JPC � ���� � predominantly a ��� �
or 
 meson � which interacts with the proton� The mediating particle between
the proton p and the vector meson V is believed to be in leading order a socalled
pomeron IP � a particle with the quantum numbers of the vacuum� The VDM
contains the following parts�



� � Physics at HERA

p p

IP

�

V
V

Elastic VDM component

p X�

IP

�

V
X�

Double di�ractive VDM component

p X

�

V

q� g

q� g

q� g

q� g

Soft non�di�ractive VDM component

p X

g

q� g

q� g

g

�

V

V

Hard non�di�ractive VDM component

p X

g

�q

q

�

Direct component

p X�

q� g

q� g

q� g

q� g

� X�

Anomalous component

Figure 
� Components of photoproduction� VDM component � elastic and di�ractive�
soft and hard non�di�ractive �� direct component� and anomalous component�



��� Photoproduction 	

VDM

non�di�ractive

di�ractive

hard

soft

single � double di�ractive

elastic

The VDM was successfully used to describe the transverse momentum spectra
of particles from p�p collisions� The hard VDM component reaches transverse
momenta above �� GeV�c at center of mass energies compatible to HERA�

	 Direct component� The photon interacts as a point like gauge boson� In
the photon gluon fusion �PGF� light quark pairs which generate jets� as well as
heavy c�c or b�b quarks can be produced� Such processes with higher transverse
momentum �pt 
 ��� � 
�� GeV�c� can be described by perturbative QCD� A
minimum transverse momentum is needed to be able to realize the perturbative
calculations�

In QCD compton scattering �Figure �� the photon couples directly with a quark
in the proton� The �nal state consists of a quark and a gluon which form jets�

q

�

q

g

q

Figure �� QCD compton scattering�

	 Anomalous component� The �uctuation of the photon in an unbounded virtual
q�q pair� which interacts in a hard process with the partons in the proton� is called
the anomalous component� In addition to the two jets of the hard process and the
proton remnant� a fourth jet can be formed from the hadronic photon remnant�

A strict separation between the anomalous component and the hard VDM compo�
nent relating to the transverse momentum is not possible� The hadronic contents of
the photon is described for both components in the quark and gluon number density
function of the photon fq���x� �

�� and fg���x� �
��� The variable x is the fraction of the

momentum of the parton in the photon and � is the mass scale�
The total photoproduction cross section is the sum of the cross sections of the three

components
��ptot � ��pVDM � ��pdirect � ��panomalous � ����
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����� The Total �p Cross Section

The total �p cross section can be determined from the di�erential ep cross section� For
quasi�real photons �Q� � �� the Weizs�acker�Williams approximation ��� is valid which
approximates the ep cross section by the product of equivalent number of photons in
the electron times the real �p cross section� The di�erential ep cross section can be
written as

d� �ep

dy dQ�
�

�


�

�

Q�
� ��
�

��
� � 
m�

e

Q�

�
� y � �T

�
W �

�p

�
�


 �� � y�

y
�
�
�T
�
W �

�p

�
� �L

�
W �

�p

���
�

Terms of m�
p�s and m�

e�s are neglected� but the term m�
e�Q

� is retained which gives
a correction to the Weizs�acker�Williams approximation at very low Q� values� �T and
�L are the �p cross sections of the transverse and longitudinal polarized photons� For
quasi�real photons the longitudinal component �L can be neglected� The quantity �T
can be identi�ed with the photoproduction cross section ��ptot

��ptot
�
W �

�p

�
� �T

�
W �

�p

�
� ����

This reduces the equation ��
� to

d� �ep

dy dQ�
�

�


�

�

Q�

�
� � ��� y��

y
� 
m�

e

Q�

�
� ��ptot

�
W �

�p

�
� ����

Integration over Q� gives

d�ep

dy
� F��e �y� � ��ptot

�
W �

�p

�
� ��	�

where

F�e �y� �
�


�

�
� � �� � y��

y
� ln

�
Q�
max

Q�
min

�
� 
m�

ey

�
�

Q�
min

� �

Q�
max

��
� �
��

with Q�
min �

m�
ey

�

� � y

is the kinematical photon �ux factor� For Q�
max � Q�

min the di�erential ep cross section
becomes

d�ep

dy
�

�


�

�
� � ��� y��

y
� ln

�
Q�
max

Q�
min

�
� 
 ��� y�

y

�
��ptot

�
W �

�p

�
� �
��

The term 
�� � y��y in equation �
�� represents the correction to the Weizs�acker�
Williams approximation after taking into account the m�

e�Q
� term in equation ��
��

The center of mass energy of the �p system is given as

W�p �
q
ys ��� x� �m�

p � �

�



��� The Deep Inelastic Electron Proton Scattering ��

At H� the measurable Q� and y regions of the photoproduction� where the electron is
measured at a very large angle 	e� are given by the acceptance of the electron detector
�described in Section 
�
� which is

� � ���� GeV��c� � Q� � ���� GeV��c�

��
 � y � ��� �
�
��

Therefore the center of mass energy of the �p system lies in the region of

��� GeV � W�p � 

� GeV � �
��

The weighted average is
hW�pi � ��� GeV � �
��

The total cross section of the photoproduction was measured by the H� collaboration
as �
�

��ptot � ��
 � 
� �� �b � �

�

The ZEUS collaboration published a value ��� of

��ptot � ��� � �� �� �b � �
��

which agrees within the errors� The measurements are compatible with the calculations
of Donnachie and Landsho� ��� and of Abramowicz et al� �	� which both are based on
Regge phenomenology�

��� The Deep Inelastic Electron Proton Scattering

����� General View

Because of the high center of mass energy
p
s � 
	
 GeV at HERA it is possible to

achieve square of four momentum transfer up to Q� � s�c� � ���
� GeV��c�� This
is about two orders of magnitude higher than at �xed target experiments� In addition
HERA allows measurements at very low x�Bjorken� At Q� � �� GeV��c� x values down
to ���� are possible which cannot be reached with �xed target experiments�

At the limit of high energies the proton can be seen as a system of quasi�free partons
which carry the fraction x of the momentum of the proton if the intrinsic transverse
momentum is neglected� Deep inelastic electron proton scattering under these circum�
stances is an elastic scattering of the electron with a quasi�free parton �quark parton
model QPM�� In this model the cross section is given by the incoherent sum of the cross
sections with the partons�

����� The Proton Structure Function

In leading order electroweak theory the di�erential cross section for deep inelastic scat�
tering with �� Z� or W� exchange can be written as ����

d� �ep

dxdQ�
�

�� ��

xQ�

�
y� xF� � ��� y�F� �

�
y � y�




�
xF�

�
�
��

�

� ��

xQ�

��
� � �� � y��

�
F� � y�FL �

�
��

�
�� y�

���
xF�

�
� �
	�
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The functions xF�� F�� F�� and FL are the structure functions� all depending on x and
Q�� F� is the proton structure function and F� describes the non parity conserving part
of the cross section� FL is de�ned by the transversal structure function xF� and F� and
describes the interaction with the longitudinal polarized photons�

FL � F� � xF� ����

FL is equal to zero for spin ��
 particles as long as the quark masses and the intrinsic
transverse momenta are neglected �Callan�Gross relation ������

High order QCD e�ects change this relation and make the longitudinal structure
function FL proportional to �s the strong coupling constant� This can be neglected to
a good approximation except for very small x ��
� ����

In the quark parton model �QPM� F� and F� can be written in terms of the proba�
bility qf of �nding a quark or antiquark of the �avour f with the momentum fraction
x� The structure functions are given in the QPM by

F�
�
x�Q�

�
�

X
�avours

�
x qf

�
x�Q�

�
� x �qf

�
x�Q�

��
�Af

�
Q�
�

����

xF�
�
x�Q�

�
�

X
�avours

�
x qf

�
x�Q�

�
� x �qf

�
x�Q�

��
�Bf

�
Q�
�

� ��
�

The summation runs over all �avours in the proton� The coe�cients Af and Bf for the
quark �avours f are given by the di�erent couplings of the partons with the electron�
For small Q� the exchange of Z� and W� can be neglected due to their large masses�
Hence the coe�cients Af and Bf are reduced to

Af � e� ����

Bf � � ����

with e the charge of the electron�
However the Z� and W� couplings become important for high Q� and dominate

the cross section above Q� � ��� GeV�� Because the cross section in equation �
�� and
�
	� is proportional to ��Q� the higher Q� region requires high luminosity in order to
get reasonable event rates�

��� The Production of Charmed Particles

Charmed baryons and mesons are produced in fragmentation of charm quarks� The
charm quark has to be �rst produced in the scattering process itself� This occurs
mainly via the process of boson gluon fusion �BGF� as shown in Figure �� The gauge
boson emitted from the electron scatters with a gluon of the proton under production of
a heavy q�q pair� The exchanged gauge boson is a � or a Z�� At HERA the ep scattering
is dominated by the exchange of photons at low Q�� The contribution of the gauge
boson Z� can be neglected due to its high mass� Therefore charm quarks at HERA are
mainly produced by photoproduction with quasi�real photons at Q� � ��
Other processes� which can be neglected� include the production of charm quarks in
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p
X

g

c

c

�� Z�

e� e�

Figure �� The process of boson gluon fusion �BGF�� the main production process for
heavy quark pairs such as c�c pairs�

� the fragmentation of light quarks due to the large charm�quark mass �mc �
��� GeV�c�� or the large Z� mass in case of a Z� boson exchange�

� the coupling of a neutral gauge boson � or Z� on a charm quark in the proton
sea �Figure �� due to the large charm�quark mass �mc � ��� GeV�c���

� the coupling of aW� boson on a light �d or �s quark �Figure ��� The cross section of
this process depends on the cross section of ep scattering with charged current on
light quarks �� 	d� �	s� and their corresponding element of the Cabibbo�Kobayashi�
Maskawa �CKM� matrix�

�
�
e�p �� �e�cX

�
� jVcdj� � � 	d � jVcsj� � �	s � jVcbj� � �	b ����

Charged current processes are suppressed due to the large W� mass�

� the decay of bottom quarks� due to the small production cross section of bottom
quarks� two or three orders of magnitude smaller than the charm production cross
section�

The photon can interact as a point�like gauge boson �direct component� as well as
a particle with a hadronic structure �resolved component�� The ratio between these
two components to produce charm quarks is dependent on the center of mass energy of
the �p system and on the charm�quark mass� The fraction of the resolved component
varies from � � � at the low energies of �xed target experiments up to � �� � at the
high energies of HERA ���� �
��

The kinematics of the photon gluon fusion �PGF� is described with the variables
of ep scattering and three additional quantities ����� Some of the possible production
diagrams are shown in Figure 
�

The gluon which interacts with the photon carries the fraction xg of the proton
momentum

pg � xg � pp � ��
�



�� � Physics at HERA
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Figure �� Neutral current and charged current charm production�
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qg� c�c� order � � ��s � fq�p

Figure 
� Some diagrams of possible charm production by photon gluon fusion �order
� ��s� � ���s� and � ���s�� where fg�p is the gluon number density function of the proton
and fq�p is the quark number density function of the proton�
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Analogous to the variable y� the ratio of the real to the maximummomentum transfer�
z� perpendicular to the proton �ight direction is de�ned as

z � �pc � pp�
�q � pp� � ����

The azimuth angle 
 between the lepton and the hadron plane is given by

cos 
 � �
pp � 
pe� � �
pp � 
pc�

j
pp � 
pej � j
pp � 
pcj � ����

The center of mass energy of the hard process �g �� c�c is

 s � �pc � p	c�
� � y � xg � s�Q� � ��	�

The square of the transverse momentum of the c quarks is

p�t �  s � z � ��� z��m�
c � ����

The total cross section of the production of charm quarks by photon gluon fusion �PGF�
can be written with these variables as

�PGFc	c �
Z

dy
Z

dQ�
Z

dxg

Z
dz
Z

d
 g
�
xg� �

�
�
 �
�
y�Q�� xg� z� 
�  s� �

�
�

����

with  � the cross section of the hard process �g �� c�c� g�xg� ��� is the gluon density
distribution in the proton and � the scale at which the perturbative QCD is calculated�

The gluon density function g�xg� ��� describes the gluon momentum fraction distri�
bution at a scale ��� Due to the kt�factorization ���� for leading logarithms of xg the
gluon density function g�xg� ��� is derived from an integration of a generalized proton
structure function G�xg� kt� over the transverse momentum up to some limit �

Z �

�
dk�t G �xg� kt� � g

�
xg� �

�
�

� ��
�

where G�xg� kt� is the probability of �nding a gluon at longitudinal momentum fraction
xg and transverse momentum kt� For a small�x gluon its momentum can be of the form
k � xgpp � kt� so that k� � �k�t and kt also describes the o��shellness of the gluon�

The cross section of the process e�g �� e�c�c can be expressed by the cross section of
the corresponding photoproduction with the Weizs�acker�Williams approximation� The
photon �ux factor F �y� given in equation �
�� describes the probability for a radiated
photon with a momentum fraction y of the electron� After the integration over Q�� z
and 
 the cross section can be written as

�PGFc	c �
Z

dy F �y�
Z

dxg g
�
xg� �

�
�
 � ��g �� c�c�

�
 s� ��

�
����

with g�xg� �
�� the gluon density distribution and  � the cross section of the photopro�

duction process �g �� c�c�
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Ellis and Nason ���� have calculated the cross section of heavy quarks in photopro�
duction up to the order of � � ��s� The aim was to describe the photoproduction cross
section of heavy quarks at the �xed target experiments�

The prediction of the cross section has large uncertainties� The question is how good
the description of the photoproduction of charm quarks with the PGF model and the
QCD corrections is� Perturbative QCD is only applicable if the charm�quark mass is
large in respect to the scale ! of QCD� Another uncertainty comes from the unknown
gluon density distribution g�xg� ����

For the calculation of the charm cross section the following parameters were varied
to estimate the errors�

	 The charm�quark mass mc�
Because of the mass dependence of the result di�erent values of the charm�quark
mass of ��
� ���� and ��� GeV�c� are chosen� The mass value preferred by QCD
sum rules is mc � ��
� � ��� GeV�c� ��	��

	 The scale of QCD !�
In the MS renormalization scheme� �
�� the value of ! depends on the number of
active �avours nf �
��� For the active �avours nf � �� �� � the following !nf are
chosen for the calculation�

!� � ��� � ��� MeV�c�

!� � 

� � ��� MeV�c�

!
 � ��� � �� MeV�c�
����

For the estimation of the uncertainty the values were varied within the errors�

	 The scale ��
The choice of the scale � � 
mc leads to problems because this region for � is
not measured and an extrapolation from present data using the Altarelli�Parisi
evolution equations shows large instabilities� In order to avoid this problem a
value �� � �m�

c � �� GeV��c� is chosen� The uncertainties are assumed to be of
the order of a factor of two�

	 The gluon density distribution g�xg� ����
The scale � is set to a �xed value ��� � �� GeV��c� for the whole calculation� The
gluon density distribution �
�� used at the �xed scale ��� is

g
�
xg� �

�
�

�
� ��
� � x����g �� � xg�

��xg
 ����

with

� �xg� � ��� � ��� ln

�
ln

�
�

�� xg

��
� ��
�

�Modi�ed minimal subtraction renormalization scheme�
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The results of the calculation of Ellis and Nason ���� are shown in Figure � with the
measurements of the di�erent �xed target experiments� The middle curve corresponds
to the choice !� � 

� GeV� �� � �� GeV� and the charm�quark massmc � ��� GeV�c��
The estimates of the errors due to variation of � and ! are added in quadrature to give
the outer lines�

Figure �� The total cross section for the photoproduction of a pair of charm quarks ver�
sus the photon energy E�� The middle curve corresponds to the choice !� � 

� GeV�
�� � �� GeV� and the charm�quark mass mc � ��� GeV�c�� The band of values repre�
sents an estimate of the theoretical uncertainty due to the variation of all parameters
except the mass of the charm quark which is �xed at ��� GeV�c� ����� The data points
are taken from the following references� E
	� �

�� PEC �
��� SLAC �
��� WA� �
���
EMC �

�� BFP �
��� and CIF �
��� The WA� result is the inclusive cross section for D�

production� The CIF data and the EMC data at �
�� GeV� 
��� GeV� and 
��� GeV
center of mass energies are inclusive cross sections for D�� �D�� production�

Based on calculations of the cross section for �xed target experiments predictions for
the production of heavy quarks at HERA energies were made� The energy distribution
of quasi�real photons is given by the Weizs�acker�Williams approximation� The resulting
charm cross section for nominal beam energies �Ee � �� GeV� Ep � �
� GeV� at HERA
for di�erent charm�quark masses are given in Table �� The hadronic component has
been included� using the photon structure function of Drees and Grassie �
	�� The
contribution of resolved photons to the charm cross section was predicted to be less
than �� � ���� �
��

A comparison of the xF and pt distribution� calculated by Ellis and Nason� with
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mc �GeV�c�� �c	c ��b�

��
 ��
����
�����


��� ��
�����������

��� ��������������

Table �� Prediction of the charm cross sections at HERA for di�erent charm�quark
masses �����

resent data of photon nucleon scattering experiments indicate a charm�quark mass
about ��� GeV�c� ����� The Feynman x variable xF is� in contradiction to x�Bjorken�
de�ned as

xF �
pL

p max
L

� ����

where pL and p max
L are the longitudinal momentum of the particle and its maximum

possible longitudinal momentum in the center of mass frame�

��� The Decay of Charmed Particles

The charm quarks formed by di�erent hard subprocesses fragment into hadrons� They
are separated by their quark con�guration into charmed mesons �c�q�� charmed baryons
�cqq� and charmonium�states �c�c�� In the next sections only charmed mesons are dis�
cussed�

Charmed vector mesons decay through the strong and the electromagnetic interac�
tions to lighter pseudo�scalar D mesons�

In D mesons the charm quarks are stable with respect to the strong force� but they
decay weakly and have therefore a relatively long life time of the order of a pico�second�
The charm quark converts to the lighter strange or down quark� The excited states of
the D mesons decay strongly or electromagnetically to their ground states� A list of
ground state and �rst excited stateD mesons is given in Tables 
 and �� There is a good
opportunity to study the weak interaction under the in�uence of the strong interaction�
The measurement of the decay channels gives a possible test of the Standard Model"
the discovery of forbidden decay channels would be an indication of new physics�

meson quark contents mass �MeV�c�� full width �MeV� decay channel

D�� c �d� �cd 
����� � ��� � ����� D���� D���� D��

D��� �D�� c�u� �cu 
��
�� � ��� � 
�� D���� D��

D��

S c�s� �cs 
����� � ��	 � ��� D�

S �

Table 
� First excited states of the D mesons �D� resonances� JP � ��� �����
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meson quark contents mass �MeV�c�� life time �ps�

D� c �d� �cd ��
	�� � ��� ����� � �����

D�� �D� c�u� �cu ��
��
 � ��� ����� � �����

D�

S c�s� �cs �	
��� � ��� ���
� � �����

Table �� Ground states of the D mesons �JP � ��� �����

In the Standard Model the decay of heavy quarks is described by weak charged
currents� They decay to lighter quarks and a virtualW� boson� The W� boson decays
on its part into two leptons or into a quark and an antiquark� The decay with a �nal
state of hadrons and leptons is called a semi leptonic decay� and with only hadrons� a
hadronic decay� By annihilation� also leptonic decays are possible� In Figure � some of
these decay diagrams are shown� In the �nal state of the spectator graphs the D meson
always decays in a K meson� Those ground states are listed in Table ��

meson quark contents mass �MeV�c�� life time �ns�

K� u�s� �us �	��
�� � ����
 �
���� � ���
	

K�� �K� d�s� �ds �	��
�
 � �����

K�
S

�
� � �d�s � �ds� �	��
�
 � ����� ����	

 � ������


K�
L

�
� � �d�s� �ds� �	��
�
 � ����� ���� � ���

Table �� Ground states of the K mesons �JP � ��� �����

There are many di�erent decay channels with one or more pions and kaons in the
�nal state � The branching ratios of these decay channels are all rather small�

��� The Choice of the Decay Channel

The produced charm quarks are identi�ed in this analysis by the decay of D� mesons�
which are often produced in the fragmentation of the charm quark or by decay products
of excited states of D mesons�

The D� meson decays through the weak process� There are many di�erent decay
channels each with a small branching ratio� To measure experimentally the invariant
mass of the D� meson with the information of the tracking chambers the decay products
must be charged� The two most easily studied decay channels� with reasonably large
branching ratios� are

D� �� K��� ����

D� �� K�
S�

���

b�� ���� � ��	�
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Figure �� Leptonic� semi leptonic� and some hadronic decay of charmed mesons� The
diagrams on the left side are called spectator graphs� The diagrams on the right side
are annihilation graphs� where the quark and the antiquark convert to a gauge boson�

The branching ratios for these channels are ����

B �D� �� K���� � ������ ����� �

B
�
D� �� �K�����

�
� ����� ��
� �

with B �K�
S �� ����� � �
��
� � ��
�� � �

����

In this analysis the channel D� �� K�
S�

��� was chosen because of the possibility of
suppressing the background due to the second vertex of the K�

S meson decay and the
previously gained experience in the reconstruction of K�

S mesons�

Nevertheless it turns out that theD� decays are hard to isolate� The available signal
to estimate the charm cross section is too small� With the method of charm�tagging�
which is described in Section ���� a much better charm signal is achieved�

��� The Branching Ratios

The probabilities of the fragmentation of a charm quark into the di�erent possible
hadrons are not very well known� Using recent measurements at e�e� storage rings the
following estimation can be made�
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�

c

��� cqq�

baryon

���

c�q

meson �	�

c�u
D��D��� � � �

���
c�s

D�
S �D

��
S � � � �

�	�

c �d

� D���


�� D��

�
�
D�

The ratio of mesons to baryons follows from the measurement of the production
cross section of !c baryons ��
�� Three possible antiquarks are available to the charm
quark to produce a D meson� Measurements of the production rate of DS mesons ����
as well as of s�s quark pairs in comparison to u�u quark pairs in fragmentation ���� give
an approximate �� � probability for the production of strange D mesons� For the
remaining fraction of D mesons it can be assumed that the same amount of charged
�c �d� as neutral �c�u� mesons are produced due to isospin symmetry as long as the quark
mass di�erences can be neglected� The estimation of the fraction of the D� mesons of
all produced D mesons leads to problems� The naive expected fraction between pseudo�
scalar and vector mesons is � � � due to the possible spin states� However experiments
favour a ratio of 
 � � for charmed mesons� The fraction

R �
V

P � V
� ����

where V and P signify vector �V � and pseudo�scalar �P � charmed mesons� respectively�
was measured by the ALEPH collaboration ���� to be

R � ��
� � ����stat� � ����syst� ��
�

and by the NA���
 collaboration ���� to be

R � ��
� � ���� � ����

In addition to the pseudo�scalar �D� and vector mesons �D��� higher excited states can
occur� leading to an additional uncertainty in the determination of the ratio�

The probability of the fragmentation of the c quark into a D�� meson has been
measured with the subsequent decay by the ALEPH collaboration ���� as

�Pc�D�� � � B
�
D�� �� D���s

�
� ����� � ���stat� � 
��syst�� � � ����

where the D�� meson decays to a D� meson and a pion� The branching ratio for the
decay channel of the D�� is given as ����

B
�
D�� �� D���s

�
� �
��� � ���� � � ����
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Hence it follows for the production of D�� mesons from a c quark

Pc�D�� � �
��
� 
��stat� � ���syst�� � � ��
�

The D�� meson decays to a D� meson and a pion� The D� meson decays into a �K�

meson which decays with a probability of �� � as a K�
S meson� The K�

S meson is the
short lived decay state of the �K� meson and decays into two pions� The branching ratio
for these decays are ����

B
�
D� �� �K�����

�
� ����� ��
� �

with B �K�
S �� ����� � �
��
� � ��
�� � �

����

The D� meson can decay in a �K� meson and two opposite charged pions in a resonant
or in a nonresonant decay� In the branching ratio ���� the nonresonant part of the
decay with a branching ratio of ����

B
�
D� �� �K�����

�
nonresonant

� ����� � ��

� � ����

is included�
Altogether the probability to get from a c�c quark pair at least one D�� meson which

decays to a D� meson and through a K�
S meson in �ve pions is

P �c�c� D� � � � �� ��� � ���
�� ����� � � ��	�

The probability to get from a c�c pair two D�� mesons which both decay by the above
mentioned decay channel is negligibly small�
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��� The Electron Proton Storage Ring HERA

The storage ring HERA is the �rst electron proton collider and came into operation in
autumn �		�� An overview of the accelerator facility is given in Figure 	�

The electrons and the protons are accelerated and stored in two separated pipes in
a ring �� to 
� m underground� The earlier accelerators LINAC� DESY and PETRA
were in some parts modi�ed and used as preaccelerators�

The electrons are produced thermo electrically and accelerated to an energy of
��� MeV with the linear accelerator LINAC II� They are then injected into the electron
synchortron DESY II where their energy is increased to ��� GeV� In PETRA II they
achieve an injection energy of �� GeV for HERA� The electron ring in HERA is designed
for energies up to �� GeV and can store the electrons over several hours� The required
magnetic �eld of ���
� T is achieved with normal conducting magnets in contrast to
the proton ring in HERA� The electrons lose through synchotron radiation �
� MeV
energy at each turn� The total power loss of the accelerator system is about 
�� MW�

The protons are gained from negatively charged hydrogen atoms� They are produced
in a ion source of an energy of �� keV� focused with a high frequency quadrupole magnet
and accelerated to an energy of ��� keV� After the linear accelerator LINAC III they
achieve a momentum of �� MeV�c� The protons are stripped by a thin foil when
they enter the proton synchotron DESY III� The protons reach PETRA II with a
momentum of ��� GeV�c and are accelerated to the injection energy for �� GeV of
the proton ring at HERA in the same pipe as the electrons but in a counter�clockwise
rotating direction� In HERA they are accelerated in separate pipes to the design energy
of �
� GeV� The superconducting bending magnets achieve a magnetic �eld of ��
� T�
The superconducters are cooled with liquid helium at a temperature of ��
 K from a
special cooling system of DESY� The required power is less than 
� kW�

There are four locations in HERA where the electrons and the protons can collide�
The center of mass energy of the ep system is

p
s � ��� GeV at nominal beam energies�

In comparison to previous ep scattering experiments with a �xed target the square of
maximum four momentum transfer at HERA is Q�

max � s�c� � 	���� GeV��c� i� e�
about two times higher� To get the same center of mass energy with a �xed target
experiment it would be necessary to accelerate the electrons to an energy of �
 TeV
which is not� at present� possible� With HERA we have access to an entirely new
kinematical regime�

In �		� the electron beam had an energy of 

�� GeV corresponding to a center
of mass energy

p
s � 
	
 GeV and a square of maximum four momentum transfer

Q�
max � s�c� � ����
 GeV��c�� The accelerator is able to run with 

� bunches of each

kind� To achieve the design luminosity of ��� � ���� cm��s�� HERA has to run with 
��
bunches each containing ��� � ���� electrons and 
�� � ���� protons� In this situation the
currents are �� mA and �
� mA respectively� The electron and proton beams intersect
at each crossing point every 	
 ns� Arising from the total cross section one expects only
��
 ep interactions a second� whereas there is about �� times more interactions between
protons and gas molecules in the beam pipe at the interaction zone of the detectors�
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Figure 	� The storage ring HERA on the left with its preaccelerators LINAC� DESY
and PETRA on the right�

The radial extensions are �xe � 
�� �m and �ye � �� �m for the electron beam
and �xp � 

� �m and �yp � �� �m for the proton beam� The pro�le of the beams
are of similar dimensions� That is not the case for the length of the bunches� The
proton bunches are more than �� times longer than the electron bunches and therefore
the interaction zone extends over �� cm ��		� beam conditions�� These parameters are
summarized in Table ��

At two of the four interaction zones� experiments were installed in spring �		
� The
experiment H� is installed in the north hall� the experiment ZEUS ��
� in the south hall�
Two new experiments� HERA�B ���� and HERMES ��	�� are planned for the remaining
two interaction zones�

��� The H� Detector

This chapter brie�y describes the H� detector� A detailed discussion of the H� detector
can be found in �����

Figure �� gives a schematic view of the detector� In the same �gure the coordinate
system is de�ned for the H� experiment as used in the H� collaboration� The z direction
is identical with the proton �ight direction� Starting from the interaction point the
detector consists of the following components�

	 Central Tracker � � It consists of six cylindrical chambers which cover a range
in theta of 
�� � 	 � ����� They are used for reconstruction of charged particles�
particle identi�cation and triggering�
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Figure ��� The H� detector with its main components� On the right the coordinate
system as used in the H� collaboration is de�ned�
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parameter p beam e beam p beam e beam unit
design ����

Length 
��
 
��
 m
Beam energy �
� �� �
� 

�� GeV
Injection energy �� �� �� �
 GeV
Number of bunches 
�� 
�� 	� 	�
Particles per bunch �� � ���� ��� � ���� � � ���� ��
 � ����
Current per bunch �
� 
	� 
�� 

� �A
B �eld ��
� ���
� ��
� ����	 T
�x at interaction point ��
	 ��

 ��
� ��
� mm
�y at interaction point ���� ���
 ���� ���� mm
�z at interaction point ��� � 
�� �� mm
Center of mass energy ��� 
	
 GeV
Luminosity ��� � ���� ���� � ���� cm��s��

HF frequency
�
���

���


�		��
�
���

���


�		�� MHz

Table �� Summary of HERA parameters �����

	 Forward Tracker � � It consists of three identical supermodules with drift and
proportional chambers� It completes the tracking system in the forward direction
and measures particles at a polar angle �� � 	 � 
���

	 Liquid Argon Calorimeter �LAC� � � � It surrounds the tracking system
in the forward and barrel region� It comprises an electromagnetic part with lead
absorbers which measures the electron energy with a resolution of the order of

�
 ��
q
E �GeV� and a hadronic part with stainless steel absorber� Its resolution

is about �� ��
q
E �GeV�� The absolute energy scale for the electromagnetic part

is presently known within � � for the backward region and � � for the forward
region� For the hadronic part� the absolute energy scale is measured within � ��
In the very forward region the calorimeter is completed by a silicium�copper plug�
It measures the energy deposition at ��
� � 	 � �� between the LAC and the
beam pipe�

	 Backward Electromagnetic Calorimeter �BEMC� �� � It completes the
energy deposition measurement in the backward direction ����� � 	 � ������
This lead scintillator calorimeter provides a good electromagnetic but a poor
hadronic energy measurement� Just in front of the calorimeter is the backward
multiwire proportional chamber giving an accurate space point for tracks� The
energy scale for electrons is known to an accuracy of 
 �� Its resolution is about

�� ��
q
E �GeV���
 ��E �GeV��

	 Time of Flight System �ToF�� 
 m upstream of the interaction zone just behind
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the BEMC two scintillator walls are installed� The accurate time resolution of 
 ns
allows the identi�cation of particles crossing the detector from outside �upstream��

	 Magnet 
 � � The superconducting solenoid� of diameter 
 m� surrounds
the H� calorimeter� providing a homogeneous �eld of ��
 T parallel to the beam
axis in the tracking region of the H� detector� At the proton entrance side of the
solenoid� the compensating coil is located� Its purpose is to provide a longitudinal
�eld integral

R
Bz dz opposite to that of the main magnet� This is to compensate

the solenoid#s in�uence on the beam�

	 Muon System 	 �� � Muons escaping the H� detector are recorded in the
instrumented iron� on an octagonal yoke surrounding the solenoid� It also allows
measurement of the hadronic energy leakage� The system is completed by a
forward muon system with its own toroidal magnet to measure high energy muons
in the energy range � GeV � E� � 
�� GeV and muon chambers outside of the
iron yoke�

	 Luminosity System� It consists of two crystal calorimeters for the measurement
of collinear photons and electrons scattered at very small angles� The photon
detector is installed at z � ���� m� the electron detector �e�tagger� at z � ��� m�
The system provides an accurate measurement of the luminosity using the Bethe�
Heitler process ep �� ep� which is proportional to the luminosity and has a well
known cross section� Furthermore it measures electrons scattered at very small
angles �	 � � mrad� and photons from initial state bremsstrahlung�

��� The H� Tracking System

A schematical view of the tracking system of H� is given in Figure ��� The innermost
chamber is a double layer multiwire proportional chamber �CIP� ���� giving a fast but
rough � and z position of a track� It is followed by a z�drift chamber �CIZ� with a spatial
z resolution of ��� �m ����� Two jet chambers �CJC� ��
� measure the r�� projection
of a track within an accuracy of 
�� �m� The inner chamber �CJC�� is divided into ��
��sectors each with 
� sense wires� the outer chamber �CJC
� into 
� ��sectors with
�
 layers� The sense wires are stretched parallel to the beam axis� The cells are tilted
by ��� in order to give optimal track reconstruction� The tilt compensates the Lorentz
angle of the drifting electrons in the magnetic �eld� Thus the drift direction is almost
perpendicular to the track which leads to a better spatial resolution� Further� all tracks
with a transverse momentum pt above ��� MeV�c cross at least once the sense wire
plane� For this sense wire� the drift distance for the drift electrons is as short that the
drift time is shorter than �� ns� This property allows the assignment of a bunch crossing
time to each track� They not only cross the sense wire plane� they also cross the cell
boundaries which leads to the possibility of distinguishing between hits and their mirror
hits� For short track segments the ambiguity is resolved with staggered sense wires� An
overview of the parameters of CJC� and CJC
 is given in Table 
� Between the two
jet chambers another z�drift chamber �COZ� and two layers of a multiwire proportional
chamber �COP� are placed� The signals of CIP and COP are only used for triggering�
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Figure ��� Side view of the H� tracking system �����

Taking into account the asymmetry in electron and proton beam energies there is a
forward tracking system to detect tracks at small angle 	� It consists of three identical
modules each with a multiwire proportional chamber �FPC�� a radial drift chamber
and a planar drift chamber� The FPC gives fast signals for triggering purpose while
the radial drift chamber gives an accurate measurement in r�� plane ��r� � 
�� �m�
design value� and the planar drift chamber measures the x�y projection within ��� �m
�design value�� In the backward direction in front of the BEMC are installed four layers
of a multiwire proportional chamber �BPC�� Normally hits in three out of four planes
are required which leads to an e�ciency of �	 � ���� in �		��
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parameter CJC� CJC� unit

Active length 

�� mm
Inner radius Ri 
�� ��� mm
Outer radius Ro ��� ��� mm
Number of cells �� 
�
Number of sense wires per cell 
� �

Number of potential wires per cell �� 


Number of �led wires per cell �� ��
Number of cathode wires per cell �	 
�
Sense wire distance ����
 mm
Maximum drift distance at Ri 

�	 
��� mm
Maximum drift distance at Ro ���� ���� mm
Gas mixture Ar�C�H� �� � �� �
Sense voltage ���� V
Field gradient �
� V�mm
Drift velocity � ���
 �m�ns
Lorentz angle � �
 �

�r� ��� �m
�z 
� mm
�dE�dx �� �
Double hit resolution 
�� mm

Table 
� Central jet chamber parameters ��
��
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� The H� Trigger System

HERA is the �rst of a new series of accelerators� which make greater demands on trigger
technologies� The task of the trigger is to look for the interesting events within the huge
amount of background events�

The limiting factor of recent experiments to store the data is the transfer rate
with which data can be written onto permanent storage media� For a conventional
tape device this recording speed is roughly ��� MByte�s� Experiments tend to require
the saving of an ever�increasing amount of data� The amount of data� collected per
measuring time� is the product of the event size and the event rate� The event rate is
correlated with the luminosity which was continuously increased to obtain the statistics
to make observable even very rare processes� The event size is proportional to the
number of readout channels which also has to be maximized if the best possible spatial
granularity is desired� Therefore it is necessary that the trigger has a high rejection
power for high�rate background processes and a high e�ciency in selecting physics
events� The parameters of the central data acquisition of H� are summarized in Table ��

parameter value unit

Number of channels� 
�����
Raw data size � MByte�event
Zero suppressed data size �� $ ��� kByte�event
Bunch crossing rate ���� MHz
Expected background rate� �� kHz
Maximum data logging rate � $ �� Hz
Trigger suppression factor needed ��� $ ��


Table �� Central data acquisition parameters �����

��� Background Sources

The background is mainly caused by processes other than ep collisions� HERA su�ers
from the problems of pp machines as well as those of ee machines� The ep cross section
is small in comparison to that of protons colliding with beam residual gas and the
electrons cause a relatively poor vacuum due to synchotron radiation�

Not only is the background situation at its worst� but also the time between two
bunch crossings �	
 ns� is very short and leads to problems in event classi�cation�
Table � compares the parameters of HERA with other current or planned machines�

����	
 Additional ������ channels from the central and backward silicon tracker detector�
�About ��� kHz at design luminosity�
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parameter TEVATRON LHC � HERA LEP unit

Particles collided p�p pp ep ee

�physic �� � ��� �� � ��� �� � ��� 
 � �� � nb

�gas
� A

�
� � �� � ��� A

�
� � �� � ��� A

�
� � �� � ��� ��� �b

�physic
�gas

�
�

�
�

�
�����

�

���

Luminosity L ��� � ���� ���� ��
 � ���� ��� � ���� cm��s��

Beam current Ip

�	 �p�

�� ��p�

��
 �
� � mA

Beam current Ie � � �� � mA
Vacuum ���� ���� ���� ���� Pa
Beam life time �� $ �� �� � $ �� 
� h
Bunch distance ��� ���
� ���	
 �� �s

Beam energy ��	 $ ��� ���
����
���


����� TeV

Table �� Background situation at di�erent kind of colliders �����

The main sources for background events are�

	 Proton Beam Pipe Interaction� O��momentum protons hit the beam pipe
structure� mostly collimators� upstream from the detector� At design luminosity a
rate of �� kHz is expected in the interaction zone� Electron beam pipe interactions
are of less importance due to smaller beam current and the shorter produced
particle shower�

	 Proton Gas Interaction� Protons may hit residual gas molecules within the
interaction zone� The cross section for such processes is given by �pN � A������ mb
with A the atomic mass of the nucleon N hit by the proton� These interactions
are enhanced by the relatively bad vacuum due to the synchotron radiation of the
electrons� The proton gas interaction rate can be estimated as � kHz�m for design
luminosity and a vacuum of ���� Pa� Electron gas interactions are negligible due
to the small cross section �eN � 
�� �b�

	 Synchotron Radiation� Electrons and protons are accelerated in separate beam
pipes� However at the interaction point they have to cross each other at an angle
of 
� mrad� This is achieved by bending the electron beam with a radius of

�The triggering task at LHC is not so much to suppress background interactions but to select the
searched processes from the average of �� to �� pp collisions per bunch crossing�

�The photoproduction cross section at H� was determined as �eptot � �� �b ���� other physic processes
have much smaller cross sections�

�LEP at the Z� resonance energy�
�A � atomic mass of the residual gas nucleon hit by the proton� A � �� �����
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��
� m over a length of ���
 m� As this happens just a few meters away from the
interaction point� synchotron radiation is seen in the detector�

	 Cosmic Rays� Cosmic muons crossing the interaction zone of the detector� are
background events for leptonic decays of mesons containing heavy quarks such as
J���

��� The H� Trigger Scheme

Given the constraints above� it is obvious that a �nal trigger decision cannot be found
in a single step� H� has therefore a trigger system with four levels in order to reduce
dead time� Each level is only started when the event has been accepted by the previous
level� An overview is given in Figure �
 and in Table 	�

To reduce the overall dead time� the �rst trigger level �L�� is designed to be dead
time free� It makes use of pipelines to store the data� This extends the decision time
to 
�� �s despite the short bunch crossing time of 	
 ns�

The L� trigger has to deal with an input rate of about �� kHz� At a positive level
� decision �L��Keep� the pipelines are stopped and the level 
 trigger �L
� is started�
It is allowed to use 
� �s to send a L
�Keep otherwise the event is rejected� In the
case of an acceptance the front end processors start to read�out the data� In parallel�
a �exible level � trigger system �L�� re�nes the decision� The L� trigger has to send
a L��Keep or a L��Reject signal� On a reject signal the data readout of the front end
processors is interrupted and a front end ready �FER� signal is sent� At this signal all
pipelines are cleared and all front end components are prepared for data taking� In case
of a L��Keep the data readout is completed before a FER signal is sent to get ready for
the next event� The level � trigger �L�� ����� a processor farm� works asynchronously
on the full event data� All data passing the L� processor farm are written to a storage
device�

Each L� trigger makes its decision on the data from its own trigger subsystem�
Due to the short decision time the L� and L
 triggers have to be hardware triggers�
Nevertheless neural networks are becoming fast enough to ful�ll the requirements as
has already been shown in one proposal ����� The data from all trigger subsystems� a
subsample of the full event data� are available to the L
 trigger to operate on� The
input data for L� are the same as for L
 but it is designed as a software trigger� Its
decision time is �nite but not yet �xed� It has to be shorter than the total readout time
of the front end because it is meant to interrupt the readout� The design decision time
is ��� �s�

The length of the pipelines and therefore the decision time available to L� were kept
as short as possible� The reason for this was mainly cost� Memory was expensive at
the time when HERA was planned� For future experiments this has to be considered
carefully because a shorter decision time requires the triggers to be more complicated
if they have to ful�ll the same tasks� The costs of memories for the pipelining has to
be weighed against additional costs of more complicated electronic circuits�

There is also a minimum length for the pipelines� It has to be longer than the
maximum drift time of the drift chambers� which is of the order of � �s� to give the
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Level 1 Trigger
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Pipelined Triggers
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Figure �
� The H� trigger concept with indicated data �ow and steering signals from
the H� trigger and the data acquisition system�
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�rst level trigger the opportunity to have all information available for its decision� Also
propagation delays in cables in this size of experiment of a few hundred nano�seconds
are no longer negligible� The time until the trigger decision is distributed to the various
spatially separated subsystems has also to be included in the pipeline length�

The ultimate goal of the L� trigger would be to run the whole event reconstruction
program on the event data to get all physical variables before coming to a decision�

The L� input rate is limited by the transfer rate of the data from the subsystem and
by the computing power available in the processor farm� The front end readout speed
is limited to about �� Hz for 
� kByte sized events� At higher data rates signi�cant
dead time is introduced� The output data �ow of the processor farm has to be smaller
than the amount of data the storage device is capable of storing�

trigger level level � level � level � level � level 	

Maximum
decision time


�� �s 
� �s ��� �s

Input
event rate

� �� kHz �� Hz � $ �� Hz

Output
event rate

�� Hz � $ �� Hz � $ �� Hz

Designed output
event rate

� kHz 
�� Hz �� Hz � $ �� Hz � $ �� Hz

Introduced
dead time

� �s 
� �s � ��� �s

Data from own from all from all from all from all
subtrigger subtrigger subtrigger detectors detectors
system system system

Implementation hardware� hardware� software� �� RISC� SGI� �
front end front end front end VME�� asynchro�
subsystem� system� processor� processors� nous
synchro� synchro� synchro� synchro�
nous nous nous nous

Action stop data start data start event veri�cation event
pipeline readout building or of trigger recon�

abort data decision� struction�
readout event event clas�

�ltering si�cation

Table 	� Overview of the H� trigger levels�

��Reduced Instruction Set Computer�
��Silicon Graphics Inc�
��Versatile Module Europe �����
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��� The First Level Triggers

To have a powerful trigger system to reject background a combination of information
from di�erent subsystems� i� e� of energy measurement and precise tracking information
is necessary�

The L� trigger consists of di�erent trigger subsystems based on the information of
certain subdetectors� They are shown in Figure ��� Each of them provides some output�
They are called trigger elements� They are fed into the central level � trigger �CTL��
��	�� where groups of trigger elements can be combined to form any possible logic which
can produce a L��Keep� These logics are called subtriggers� The CTL� can handle up
to �
� of these subtriggers�

To adjust the trigger to di�erent run conditions� as high or low luminosity or large
or small background rates� it is possible to prescale each subtrigger individually� Only
a certain fraction of a subtrigger leads to a L��Keep signal and is read�out� This
procedure allows the recording of very rare occurring events within the large amount
of photoproduction events�

Figure ��� From the �rst level triggers used detector components�



�
 � The H� Trigger System

In the following� the trigger subsystems are described�

	 Cosmic Scintillators� Large scintillators located at bottom of the H� detector
are used to trigger cosmic ray events mainly for calibration of the detector�

	 Time of Flight System ���� � Two scintillator walls are located upstream
behind the BEMC to veto background events with a primary vertex upstream�
Particles with a vertex within the detector have a longer distance to the scintillator
walls than particles coming from upstream� The time di�erence is about �
 ns as
Figure �� shows�

interaction point

z

particle from upstream

τ C3

-6 m

C4

τ

 = +6 nsτ

 = -6 ns

-2 m

particle from interaction point

 = 0 ns

Figure ��� The time of �ight system �ToF� determines the primary interaction vertex
by measuring the time in respect to the HERA bunch clock at which particles pass
two scintillator walls� C� and C� are two collimators which protect the detector from
synchotron radiation�

	 Veto Wall ���� � Two further upstream scintillator hodoscopes to recognize beam
halo�

	 z�Vertex Trigger ���� � The central and forward multiwire proportional cham�
bers are used to estimate the event vertex position along the beam axis� A
histogram is �lled with the z coordinate on the beam axis of all combinations of
possible rays� straight lines� formed by the �red pads of the multiwire propor�
tional chambers as shown in Figure ��� The trigger looks for a signi�cant peak
in the histogram as well as providing a good time measurement� The achieved
resolution in z is ��� cm�

	 Forward Ray Trigger ��
� � From the six layer multiwire proportional chamber
in the three modules in the forward tracking system trajectories with an origin
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z-axis
CIP

COP

FW0

Figure ��� Schematic view of the z�vertex trigger� The z coordinate of the vertex posi�
tion is reconstructed by the z�vertex trigger by �lling a histogram with the z coordinate
on the beam axis of all possible straight lines formed by the �red pads of the multiwire
proportional chambers� The solid lines indicate the real tracks� the dashed lines the
fake tracks found by the z�vertex trigger�

in the interaction zone are searched� It is possible to require a certain number of
such roads for the acceptance of an event�

	 Drift Chamber r�� Trigger ���� � The information of the two central jet
chambers are used to �nd charged particles in the r�� projection originating from
the beam axis� It is described in more detail below�

	 Drift Chamber r�z Trigger ���� � Using the information of the z drift chambers
and the central multiwire proportional chambers the vertex along the beam axis
is reconstructed� This trigger was not available in �		��

	 Backward Multiwire Proportional Chamber Trigger� Three out of the four
plains of the backward multiwire proportional chamber are required to register a
hit for delivering a trigger signal�

	 Liquid Argon Calorimeter ���� � The energy �ow in the liquid argon calorime�
ter is measured� The total� missing and transverse energy based on the energy
deposition in the calorimeter is calculated in the front end electronics�

	 Backward Electromagnetic Calorimeter ��
� � The deposited energy of the
scattered electron is measured in a cluster of the scintillator cell� The threshold
on the energy content of such a cluster can be set�

	 Central Muon System ���� � One or more muons in certain areas of the detector
can be required as a trigger criteria� The signals are derived from the streamer
tubes in the iron yoke�

	 Forward Muon System ���� � The forward muon system is used to �nd muon
candidates produced at a very small angle 	 to the beam axis�
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	 Electron Tagger ��	� � The electron detector �e�tagger� of the luminosity system
is used to trigger on electrons scattered at very low angle �	 � � mrad�� Also a
coincidence with the photon detector can be required�
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��� Principles of Operation

The aim of the drift chamber r�� trigger is to �nd tracks from the interaction point
in the r�� projection with a transverse momentum larger than �
� MeV�c in a dead
time free manner and assign them to the correct bunch crossing� The trigger obtains
the information from ten layers of the central jet chambers� seven layers of the inner
CJC� and three of the outer CJC
� A radial view of the central tracking area of the
H� experiment is shown in Figure �
� A layer consists of the sense wires with an
equal distance to the center of the chamber� The chamber pulses of the ten layers are
discriminated and synchronized with a frequency � of ���� MHz or 
��� MHz� The
resulting bits correspond to drift pads of � mm and 
�� mm respectively at a typical
drift velocity of the central jet chambers of �� �m�ns�

Figure �
� Radial view of the H� tracking system �����

In this way the trigger builds up a digitized picture of the chambers with the dis�
criminated signals� At constant drift velocity the drift time is associated with two
points in the r�� plane� symmetric with respect to the sense wire plane� The trigger
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searches for tracks by comparing the points in the r�� plane with programmed masks�
called roads�

The available time to take a decision is 
�� �s� The time left between the arrival
of signals from hits with the maximum drift time of ��� �s� and the end of the L�
decision time is � �s which is available to �nd the tracks� Because the trigger has to
provide an output every 	
 ns� the operation has to be done in a pipelined fashion �see
Appendix A��

The trigger calculates the multiplicity of tracks in four transverse momentum ranges
as well as the topology of the event in the r�� plane� The � resolution of the output of
the trigger was in �		� increased from a �� fold segmentation to a �� fold segmentation�
The four transverse momentum ranges are arranged as follows�

	 positively charged tracks with �
� MeV�c to ��� MeV�c transverse momentum
respectively i� e� ���	� m�� to ����� m�� in curvature�

	 positively charged tracks with ��� MeV�c to in�nite transverse momentum re�
spectively i� e� ����� m�� to ���� m�� in curvature�

	 negatively charged tracks with �
� MeV�c to ��� MeV�c transverse momentum
respectively i� e� ���� m�� to ��	� m�� in curvature�

	 negatively charged tracks with ��� MeV�c to in�nite transverse momentum re�
spectively i� e� ���� m�� to ���� m�� in curvature�

The central level � trigger �CTL�� is not able to handle large numbers� but only expects
logical values� Therefore it is required to put a threshold on the various multiplicities� In
addition time information is provided� Because each track with a transverse momentum
larger than ��� MeV�c crosses at least once the sense wire plane� every mask can be
combined with a drift pad� where the drift time is smaller than the time between two
consecutive bunch crossings� The signal of this particular drift pad is called prompt bit
and assigns the correct bunch crossing to the road� This time of the event is called t�
time� The provided trigger elements in �		� are listed in Table ���

In the r�� plane tracks appear as circles and can be parameterized with their curva�
ture� the distance of closest approach �DCA� and the azimuth angle at the DCA point�
A circle is determined by three well measured points some distance from each other�
Therefore the track is measured with a good accuracy at the beginning� in the middle
and at the end of the trajectory� To insure that the three well measured points belong
to one track and to have some redundancy seven additional layers are measured and
included in the track �nding� To assign to each track also the correct bunch crossing�
the prompt bit has to be measured as well� To be able to �nd the prompt bit for each
track within the �
� MeV�c to in�nite transverse momentum range� it is necessary to
read out almost every layer of the CJC�� because most of the tracks have a prompt bit
on only one layer� The wire having the prompt bit of the track is called the reference
wire of this track�

Further on we will use the variable curvature � instead of the transverse momentum
pt� The curvature � is measured in the r�� plane and is a constant for a track if the
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trigger element description

DCRPhi T� at least one tracks with pt � �
� MeV�c
validated with the corresponding prompt bit of the mask�

DCRPhi Ta at least one track with pt � �
� MeV�c�
DCRPhi Tb at least two tracks with pt � �
� MeV�c�
DCRPhi Tc at least three tracks with pt � �
� MeV�c�
DCRPhi TPos at least one positively charged track with pt � �
� MeV�c�
DCRPhi TNeg at least one negatively charged track with pt � �
� MeV�c�
DCRPhi TLow at least one track with �
� MeV�c � pt � ��� MeV�c�
DCRPhi THigh at least one track with pt � ��� MeV�c�

Table ��� Provided trigger elements in �		� by the drift chamber r�� trigger�

magnetic induction B is perpendicular to the r�� plane and the energy loss of the
particle is neglected� The two variables � and pt are related as follows

� �
�

r
�

ze �B
pt

�
��

where ze is the charge of the particle� The sign of the curvature � is de�ned in Figure �

in Section 
���

There are di�erent possible algorithms to generate the roads the trigger uses for
comparison �
��� The algorithm used covers the ��� plane with sections formed from
four arcs of circles� These sections are called roads� These four circles are given by the
interaction point� one out of two points around the reference point and two points at
a �xed distance from the interaction point� The reference points essentially vary the
parameter � in the ��� plane� The distance between two points at the �xed radius
spans the curvature interval of the roads� The roads have to be generated so that they
cover the whole ��� plane between the transverse momentum boundaries� The roads
are bounded by arcs given by the following points�

	 the interaction point�

	 an interval around the reference point� It is also the reference wire of the road�
It has to be an interval around the reference point in order to avoid holes in the
��� plane� The width of the interval is small in comparison to the drift distance
of the electrons drifting in 	
 ns�

	 two points at the position of layer 
	� This radius is chosen arbitrarily and is
located at a radius of ���� cm� The interval between the two points is about
� mm" the distance between two neighbouring intervals is small� The variation of
these parameters leads to di�erent overlaps between the roads�

This generation of masks is visualized in Figure ���
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at the second

space between the

masks at the second

reference layer

the reference layer

width of the mask

reference layer

second reference layer

reference wire
radius = 23.43 cm - 40.63 cm

sense wire plane

interaction point
radius = 0 cm

width of the mask at

radius = 58.72 cm

CJC 1

CJC 2

Figure ��� Generation of the masks� The masks consist of all drift pad at the mea�
surement layers which are at least partly covered from the area de�ned by the four
arcs�
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The non linear behaviour of the electron drift near the sense wires is taken into
consideration with a close wire approximation� The measured smaller drift velocity
near the sense wires is parameterized as a function of the distance to the sense wire and
is used for the calculation of the drift time� The constants used to generate the roads
for the �		� runs are listed in Table ���

parameter value

Transverse momentum limits ���� MeV�c� ��� MeV�c
Drift velocity �� �m�ns
Lorentz angle ���

Layer of second reference wires 
	
Distance between two masks
at the second reference layer

��� BC

Space between two masks
at the second reference layer

��� BC

Width of the mask
in the reference point

������ BC

Rotation between CJC� and CJC
 ������

Table ��� Parameters of the road generation for the setup of �		�� BC is the drift
distance covered in one bunch crossing� BC � 	
 ns � vdrift �

A cluster of �� to 
� roads belongs to each reference wire� The number of roads
depends on the distance between reference wire and interaction point� Due to the
constant intervals at the position of layer 
	� masks with a larger distance between
interaction point and reference point cover a larger curvature range� Therefore for this
reference points the number of roads is decreasing� Unfortunately these circumstances
produce a slightly di�erent granularity for the roads from di�erent reference wires�
The total number of roads the trigger is looking for adds up to about ������ This
number depends on the drift velocity and the Lorentz angle� The roads are generated
symmetrically for positively and negatively charged tracks� Nevertheless the behaviour
is di�erent for positively and negatively charged tracks due to the tilt of the central
jet chamber cells by ���� Negatively charged tracks cross more wire planes and cell
boundaries and their ionization length is longer than for positively ones�

Not all layers of the central jet chambers are used� The information had to be
restricted in order to get to a decision within � �s� Most of the information is taken
from the inner jet chamber� because less wires have to be read�out to cover the whole �
range� In addition all wires near the boundaries of the chamber are excluded because
they are less e�cient due to inhomogeneities in the electrostatic drift �eld� To make
the trigger more stable against noise and sparking� three layers of the outer jet chamber
are also required� To obtain a better resolution to determine the curvature of a track in
the inner center and outer areas the time information is measured with double accuracy
as already mentioned above�
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To be less dependent on the performance of the two jet chambers not all ten layers
are required to accept a track� Only four of the inner �ve layers and four of the outer
�ve layers are necessary� For the time information� which is received in the prompt bit
of a track� the requirements cannot be weakened� If the prompt bit is missing due to
ine�ciency � the validated t� mask will not �re� Therefore the additional factor on the
e�ciency for the validated t� masks of the trigger is proportional to the e�ciency of
the chambers�

A trigger mask consists of all drift pads which lie within the area surrounded by
the four arcs described above� Two di�erent types of masks are generated out of these
roads� One type of masks consist of the drift pads of the ten measurement layers� They
are called standard masks� To derive a more accurate time information for a second
type of masks the prompt bit is also required� These masks are called validated t�
masks�

This mechanism of generating roads provides a rather robust design� Due to the
overlapping of the masks even at the malfunction of a single mask the corresponding ���
area is still covered from adjacent masks� however not with the same redundancy� The
overlapping design of the masks provide also a sharp separation between the transverse
momentum ranges between which the trigger distinguishes� The disadvantage of this
mechanism is the resulting double counting� The probability that one track matches
to di�erent roads rises as more of the roads overlap� This in�uences the performance
of the trigger elements DCRPhi Tb and DCRPhi Tc in which more than one track is
asked for�

All this led to using the layers of the central jet chambers in the following way�
Layers 
� �� �� �
� �
� 
� and 

 of the inner jet chamber and layers 
�� 
	 and �� of
the outer jet chamber are used to detect tracks� For a later extension layers 
� ��� ���
�� and 
� are also processed in the same way but are not used for track �nding� In
addition� layers 
 to 
� are needed as reference wires to get the time information to
assign the correct bunch crossing to the tracks� All layers are synchronized at ���� MHz
with the exception of layers 
� �� ��� 
�� 
	 and �� which are synchronized at 
��� MHz
to perform the high resolution to measure the circle more accurately� In Table �
 the
speci�cations are summarized�

For a global single wire e�ciency of the central jet chamber the maximum resulting
trigger e�ciency can be calculated� The trigger e�ciency �trigger of an n out of m logic
as a function of the single wire e�ciency �wire can be written as

�n�m �
mX
i�n

�
m
i

�
� ��wire�i � �� � �wire�

n�i � �
��

For the %�ve out of �ve logic#� ten wires have to be there and the trigger e�ciency �trigger
is given by

�trigger � ��wire�
�� � �

�

For the %four out of �ve logic# in each group of �ve wires one wire can be missing� The
trigger e�ciency �trigger can be written as
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inner central jet chamber

layer radius synchronization number of drift pad width function
frequency bits per layer for road 
nding


 
���� cm 
� MHz �� ��� BC meas� � ref� wire
� 
��

 cm �� MHz � ��� BC ref� wire
� 
���� cm 
� MHz �
 ��� BC meas� � ref� wire
� 
��	� cm �� MHz � ��� BC ref� wire

 

��� cm �� MHz � ��� BC ref� wire
� 
��
	 cm �� MHz � ��� BC ref� wire
� 
���� cm �� MHz � ��� BC meas� � ref� wire
	 
	��
 cm �� MHz � ��� BC ref� wire
�� ����
 cm �� MHz � ��� BC ref� wire
�� ���
� cm �� MHz � ��� BC ref� wire
�
 �
��� cm �� MHz 	 ��� BC meas� � ref� wire
�� ����� cm �� MHz � ��� BC ref� wire
�� ����� cm �� MHz 	 ��� BC ref� wire
�� ���	
 cm �� MHz � ��� BC ref� wire
�
 ����	 cm �� MHz 	 ��� BC meas� � ref� wire
�� �
��� cm �� MHz � ��� BC ref� wire
�� ����� cm 
� MHz �� � 
 ��� BC ref� wire
�	 ����
 cm �� MHz � ��� BC ref� wire

� �	�
� cm 
� MHz �� � 
 ��� BC meas� � ref� wire

� ���
� cm �� MHz � ��� BC ref� wire


 ����� cm �� MHz �� ��� BC meas� wire

outer central jet chamber

layer radius synchronization number of drift pad width function
frequency bits per layer for road 
nding


� ����
 cm �� MHz � ��� BC

� ����� cm �� MHz � ��� BC meas� wire

	 ����
 cm 
� MHz � � 
 ��� BC meas� wire
�� 
���� cm 
� MHz � � � ��� BC meas� wire

Table �
� Layers of the central jet chamber used by the drift chamber r�� trigger� BC is
the drift distance covered in one bunch crossing� BC � 	
 ns �vdrift � The abbreviations
meas� wire and ref� wire mean measurement wire and reference wire�
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�trigger �
�
���


��
�

�
� � ��wire�� �� � �wire� � ��wire�



��

� �
��

For the mask with reference wire an additional condition to the four out of �ve logic is
required� Because 
 of the 
� reference wires are identical to the normal measurement
wires the trigger e�ciency �trigger can be written for this case under the condition that
all masks have the same probability

�trigger �
��


�
�
�
���


�� � � �




�
� ���
 � � � ����

�
��


�
�
�
� � ��wire�� �� � �wire� � ��wire�



�� � �wire �





�
�
�
� � ��wire�� �� � �wire� � ��wire�



�
� �wire ��

� � ��wire�� ��� �wire� � ��wire�
�
�

� �
��

The maximum trigger performance is shown in Figure �� as a function of the central
jet chamber single wire e�ciency�

Figure ��� Maximum trigger e�ciency as a function of the single wire e�ciency of the
central jet chambers�
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��� Implementation

The alignment of the coincidence for the track �nding algorithm is strongly dependent
on the drift velocity and the Lorentz angle� The design of the trigger has to be �exible
enough to be able to adjust to changes of the drift velocity or Lorentz angle in the
chamber� Therefore most of the trigger logic is built with XILINX logic cell arrays
�LCA� �
��� They o�er both high integration and �exibility in the logic design� as
they can be modi�ed from a computer at any time� Appendix C further explains their
architecture� In case of a change of the chamber parameter a new code can be loaded
into the LCAs�

The electronics of the drift chamber r�� trigger are split into several parts because
of the spatial structure of the H� experiment� The trigger hardware consists of ��
di�erent printed circuit boards listed below�

	 ��� ASD�� Cards� They amplify� shape and discriminate the pulses of the
central jet chamber�

	 ��� Adapter Cards� They connect up to eight ASD cards with the FADC�


cards� The distribution of the discriminator thresholds is also provided�

	 �� Receiver Cards� They synchronize the signals from the adapter cards� In
addition they contain the logic to adjust the discriminator threshold of the ASD
card and a facility to feed the lines with a test pattern instead of signals�

	 �� SRL��� Cards� They contain the shift registers� the track �nding logic and
the local clustering unit where the output of the track �nding is summarized�

	 L�L��� Card� This board controls the whole trigger� It calculates the various
trigger elements and contains the data memory for the readout�

	 L�L��� Card� It is the interface between the drift chamber r�� trigger and the
PQZP�� �

� bus which provides the data to the higher level triggers�

	 Delay Card� It distributes the HERA clock to the di�erent crates� The clock
phases can be adjusted for each line separately�

	 � Clock Cards� They distribute the HERA clock within the receiver crates�

	 Active Backplane� It distributes the signals from the receiver cards to the SRL�
cards�

	 Passive Backplane� It distributes the trigger bits and the shift register bits
from the SRL� cards to the L�L
 card�

��Ampli�er� Shaper� and Discriminator
��Flash Analog Digital Converter
��Shift Register and Level � trigger logic
��Level � control logic and interface to Level � trigger
�	Interface to Level � and Level 
 triggers
�
Pipeline Quickbus Zero suppression Parallel input�output
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Shaper
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Figure �	� Schematic overview of the drift chamber r�� trigger�
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There are two receiver crates which contain the receiver� delay and clock cards� In
the trigger crate the SRL�� L�L
 and L
L� cards are located� There is a fourth crate�
called the STC�� crate� It contains all boards� which communicate with the central
level � trigger �CTL��� There are the fast card �
��� the slow card �
���the trigger bit
card �

� and the fanout card �
��� In addition two fanout cards are needed to distribute
and delay the control signals� one for the drift chamber r�� trigger� one for the PQZP
bus� which is also located in this crate and consists of � PQZP store cards and a PQZP
L
L� card� To communicate between these four crates in each of them a VME inter
connect card �VIC� �
�� is installed� A Macintosh IIx computer is also connected to
this bus system� This computer is needed to control and load the trigger hardware� For
the readout a front end processor �FIC� �
	�� which has access over the same bus to the
data at the L�L
 card� is located in this crate� To deliver the data to the central data
acquisition �CDAQ� there is a second VIC in this crate� This has the advantage that
the readout and the data transfer to the CDAQ are independent and cannot disturb
each other� A schematic overview is given in Figure �	�

The 

�� central jet chamber wires are read�out on both sides of the chamber� The
�
�� signals are preampli�ed just outside the chamber� Over a �� m long cable always
�
 di�erential signals are connected with a FADC card� where the signals are stored
for the readout� For the trigger the signals are also bypassed to the front of this card�
For the trigger ��� of the 

�� wires are used� Because analog signals are much more
prone to noise than digital the discriminators are plugged directly on the FADC cards to
minimize the length of the analog signal cables� The signals from both ends are treated
separately� They are �rst ampli�ed� then shaped and �nally discriminated� After the
discrimination the two digital signals of both ends of a wire are #ORed#� This leads to
a better resolution than if they were to be #ORed# before the discrimination�

The signals reach the receiver cards over 
��� m long cables� The discriminator
thresholds are set from the receiver cards as analog signals over the same cables� The
thresholds can be steered for groups of eight wires in a range of �� V to � V� The
resolution of the DAC is �
 bits in steps of ��� mV� At the receiver cards the signals are
synchronized with a frequency � of ���� MHz or 
��� MHz� After the synchronization
there is a logic to switch on single wires permanently� This allows broken wires to be
masked out� Up to the synchronization the timing of the signals is very critical� To
compensate di�erent propagation delays of the various cables it is possible to install
delays for groups of eight wires before the synchronization� After the synchronization
the tolerances for the timing are much larger� They are given by the synchronization
frequency � and are 	
 ns or �� ns� On the receiver card is also a facility to feed the
synchronized part of the trigger with arti�cial signals� called test patterns� is provided�
Patterns of digital signals with a frequency of ���� MHz can be tested� The memory
has a depth of ��	
 bunch crossings� These test patterns are a considerable help in
debugging the trigger�

The 
	 di�erential signals of each of the �� receiver cards are connected to the active
backplane over a �� cm long twisted pair cable� On this backplane the ��� signals are
distributed to the �� SRL� cards� Each of them has 	
 input signals� Because some
information is also used in the neighbouring SRL� card some lines from the receiver

��Subsystem Trigger Controller
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cards are split�
The 	
 input signals of the SRL� card are stored in shift registers with parallel

outputs due to the long drift time of the chambers� The outputs of the shift registers
put up a local net of �	� signals with ��
� inputs in the trigger logic� The shift registers
and the trigger logic make use of the XILINX logic cell arrays �LCA��The algorithm
used to �nd tracks works in parallel and is synchronized� All tracks belonging to a bunch
crossing are found at the same time� In the local clustering unit of each of the �� SRL�
cards the identi�ed tracks are assigned to the four transverse momentum ranges and
the three � ranges� For each ��� range� a bit is set� if one or more corresponding tracks
are found� In addition two time information bits� one for positive� one for negative
particle tracks are provided from the local clustering unit� Whenever a prompt bit of
an identi�ed track is present� the information is collected� Each of the �� SRL� cards
produce information containing �� bits� These are called trigger bits� because they
contain the trigger information�

In Figure 
� the concept of track �nding of the drift chamber r�� trigger is explained�

Prompt Signal
Entering

Shift Register

for This Mask
Reference Wire

for Each Layer

Drift Time Pads
Mask on

IV)

III)

II)

I)

Drift Cell
Signal

(Drift Time Pad)
Time Window

Track

Wire

Shift Register

Figure 
�� Concept of track �nding of the drift chamber r�� trigger� The drift times
are transformed to logical coherent signals with shift registers� The small plots I� to
IV� show the time evolution as it is seen from the trigger unless a matching is found in
plot IV�� The V�structure in the pattern allows to determine the time� as well as the
earliest arriving prompt bit� which has to be clocked through according to the maximal
drift time�

A total of 
�� bits belonging to one bunch crossing are transferred over the passive
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backplane to the L�L
 card� This happens every 	
 ns as long the trigger is not stopped
by a L��Keep signal for the readout� Before the readout starts� the contents of the shift
registers� in total �

�� bits� are passed over the same lines to the L�L
 card� They
contain the full digitized information and can be used by a planned level 
 extension of
the drift chamber r�� trigger with a better resolution� They are also used to monitor
the trigger performance and verify the trigger decision�

The L�L
 card receives the 
�� bits and the shift register bits from the SRL� cards
and stores them in a ring memory� At the same time the 
�� bits are passed to the
L
L� card for the higher level trigger and also the trigger elements for the central level
� trigger �CTL�� are calculated in XILINX logic cell arrays �LCA�� The control unit of
the whole trigger is situated on the L�L
 card� It controls the di�erent running modes�
as trigger� shift register transfer and readout mode� of the board� The multiplicity
thresholds and the distribution of the trigger elements are steered over this unit by the
control program�

The L
L� card converts the 
�� bits from the SRL� cards to di�erential signals
and passes them over �� twisted pair cables to the PQZP bus� which collects them and
distributes them to the L
 system and to the L� processor� Because the trigger is a
synchronized system� most of these boards need the HERA clock as input� Therefore
this clock is distributed from a special board� called the delay card� The phases between
these di�erent clocks for the various re�synchronization steps can be steered by the
control program�

A more detailed description can be found in Appendix B�

��� Test Procedures

Testing the drift chamber r�� trigger electronics and ensuring its proper functionality
is not a trivial task� It is not only the number of boards and signals of the trigger
which cause problems� some of the signals are not even accessible because they only
exist inside logic cell arrays� Sometimes it is not possible to measure all relevant signals
in a conventional method with oscilloscope probes and logic analyzer� because they are
covered by other essential boards�

Instead of making a major e�ort to try to connect all important points to measuring
instruments� one can make use of the programmability of the XILINX logic cell arrays
�LCA� on the SRL� cards and the test pattern memories on the receiver cards�

The idea is to load whole roads or parts of them into the test pattern memories and
record the result of the trigger decision� By comparing the expected with the measured
result of many di�erent roads it is possible to �nd a broken line in the logic circuit�
Therefore the contents of the LCA is changed sometimes by replacing the %four out of
�ve logic# by a %�ve out of �ve logic# so that every signal is needed in the logic� This
can be done by exchanging the contents of the look up tables in the LCAs" the timing
of the signals is not changed� At the same time� the readout program of the front end
processor can be tested�

The whole test procedure is controlled by the control program running on the Mac�
intosh IIx computer� It loads the pattern into the receiver memories and starts a test
run� Each time a road is fed into the trigger logic� a receiver card generates a signal
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which is used as L��Keep signal in the STC crate� So the readout is started unbiased
even when the trigger has not generated a trigger output signal� This procedure is
repeated ��� times for each road� Each time the 
�� trigger bits for several bunch
crossings are read�out� After the �rst cycle also the shift register bits are read�out�
This is done only once to save time� After the ���th cycle� the control program stops
the test run and loads a new pattern� The communication between the two programs
is done by the dual ported memory of a VIC in the STC crate� For the di�erent status
of the test run� bits are set in the memory and� �nally the front end processor program
writes the results into the memory from where the control program reads it� The road
design of �		� had �

 roads for each ��th of the azimuth plane� About six hours is
needed to test all 	��� roads in all � sectors�

In the following �gures the result of one such test run is shown� In Figure 
� the
trigger hardware e�ciencies for the standard masks and the validated t� masks are
given as functions of the receiver card number and the mask number for %�ve out of �ve
logic#� The overall e�ciency for the standard masks is 	��� � and for the validated t�
masks it is 	��� �� For the %four out of �ve logic#� as used in �		�� the e�ciencies rise
to 	��� � and 	
�� � respectively�

The ine�ciencies shown as white spots in the �gure originate from three di�erent
problems�

	 The holes around mask numbers 	� and ��� derive from wrongly connected circuit
lines to a XILINX LCA chip on the SRL� card�

	 The holes at the receiver card numbers �
� �� and 
�� 
� are due to bad connec�
tions and broken lines�

	 All other holes result from timing problems �mainly too long or short propagation
delays within the XILINX LCAs� which lead to loss of the information at the next
synchronization step� This has been veri�ed by changing the input timing of the
information� Figure 
� shows the e�ciency for the input timing with the highest
e�ciency�

In Figure 

 the performance of the shift register bit read�out is shown� The transfer
e�ciency as well as the wires with read�out problems are given as functions of the SRL�
card number and the input pin number� The input pins �� to �� correspond to layer 
�
of the central jet chamber and are not used for the level � trigger" they are� therefore�
not tested by the test procedure�

The overall transfer e�ciency of the shift register bits is 	��� �� The fraction of
bits which never arrived is ��� �� The rest of ��� � did arrive but not in the correct
time slice or the length of the bit was changed during the transmission� The noisy bits
at the input pin numbers � to � are due to a timing problem during the transmission�
They always occur in pairs� A correct transferred bit of them introduces another fake
bit while writing into the memory on the L�L
 card due to a bad adjustment of the
memory control signals�
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Figure 
�� Hardware trigger e�ciency as functions of the receiver card number and the
mask number� The black spots mark a high e�ciency the white spots a low e�ciency�
On the left the e�ciency of the trigger element DCRPhi Ta is shown� The overall
e�ciency is 	��� �� On the right the e�ciency of the trigger element DCRPhi T� is
shown� The overall e�ciency is 	��� ��
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Figure 

� Shift register read�out performance as functions of the SRL� card number
and the input pin number� The black spots mark a high e�ciency the white spots a
low e�ciency� Top left the correct transferred bits are entered� The e�ciency is 	��� ��
Top right the bits are entered which came in a wrong time window� This is ��� � in
this case� Bottom left the bits which never arrived are entered� This is ��� � in this
case� Bottom right the noise bits� bits which were read�out but never were sent� are
entered�
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��� Performance

In this section the performance of the drift chamber r�� trigger is described� The
e�ciencies in function of various physical variables are shown� In the �rst part� the
e�ciency calculation of the trigger is explained� Finally� the dependency of the e�ciency
of the time of synchronization in the receiver cards is shown�

����� Geometrical Acceptance

Figure 
� shows the observed geometrical resolution of the trigger� Tracks from cosmic
rays measured by the central jet chambers with small distance of closest approach
�DCA� and the designed transverse momentum pt threshold of �
� MeV�c� are picked
out from an initial �at distribution� At low transverse momentum pt a correlation
between DCA and pt can be observed� Low momentum tracks below the threshold with
a large DCA trigger as tracks with high transverse momentum and small DCA� This
can be explained with wrongly measured curvature of these tracks by the trigger due
to the #four out of �ve logic# or accidental hits�

Figure 
�� Acceptance of the trigger in the pt�dca plane� The �gure on the left side
shows the acceptance for negatively charged particles� The �gure on the right side
shows the acceptance for positively charged particles�

����� E
ciency Calculation

Before calculating the e�ciency of the trigger� the de�nition of what constitutes a track
and how the relation between the tracks and the trigger information can be found� must
be de�ned� To de�ne a track a criteria which is as lose as possible is used� however�
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not all tracks can be used as candidates� Despite the %four out of �ve criterion# it
is not possible for the trigger to �nd a track which does not reach the outer central
jet chamber� Therefore at least one hit in the inner and one hit in the outer central
chamber is required for a usable track� In addition� only events are used which have
at least been triggered by a subtrigger not containing any drift chamber r�� trigger
conditions� Otherwise the event sample would be biased towards an optimistic track
�nding e�ciency�

For the o&ine analyses only the course information of the 
�� bits� built out of the
����� masks� is available� The granularity in � of these 
�� bits is �� azimuth sectors�
The tracks� measured by the central jet chambers� are matched in � with this quality
of the trigger bits� As the masks are focused at the reference wires� the maximum
resolution for the matching is achieved for the azimuth � of a track at a radius R of
�
�� cm� The azimuth � at a radius R is given by

��R� � �� � arcsin
� �R



�
��

with �� the azimuth angle of the trajectory in the DCA point� It is compared with the
azimuth � of the the sector corresponding to the threshold trigger element de�ned as
follows

� �

�

��
� iSRL� � ���� � isector � �

�

with
iSRL� 
 � �� �� � and isector 
 � �� 
 � �

Each of the �� SRL� cards covers an azimuth angle of 
���� rad whereby each SRL�
card is split into three sectors shifted by an azimuth angle of ���� rad�

For the validated t� masks and therefore also for the trigger element DCRPhi T��
the azimuth � is given by

� �

�

��
� iSRL� � ��
� �
��

with
iSRL� 
 � �� �� � �

The granularity for this information is only 
���� rad�
A di�erence in azimuth � of

�� � ����
 rad �
��

for the standard masks and
�� � ���
� rad �
	�

for the validated t� masks is allowed to assign the track�
In Figure 
� the di�erence in azimuth between the reconstructed track and the

nearest corresponding trigger bit is histogrammed� The peak in the histogram for the
trigger element t� is wider because the granularity for this bit is �� instead of �� as for
all other threshold bits�

The accidentally found tracks can be estimated by the side bins of the peak in the
histogram� This is about 
 � in the case of trigger element DCRPhi Ta�
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Figure 
�� Di�erence �� of the azimuth angles between the reconstructed track and
the nearest corresponding trigger bit for the the six trigger elements DCRPhi Ta�
DCRPhi T�� DCRPhi TPos� DCRPhi TNeg� DCRPhi TLow� and DCRPhi THigh�
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����� Trigger E
ciency

Figure 
� shows the transverse momentum pt acceptance of the tracks triggered by the
drift chamber r�� trigger� The tracks from cosmic rays are used to obtain this e�ciency
distribution� A cut on the absolute value of the distance of closest approach �DCA� of
the tracks of � cm was applied to exclude the in�uence of the DCA threshold� Due to
the low multiplicity of he cosmic ray events the assignment of the trigger information
to the tracks measured by the central jet chambers is not ambiguous� The fraction of
accidentally found tracks is very small� This becomes apparent in a small e�ciency for
triggering a track with a transverse momentum pt below ��� MeV�c�

Figure 
�� Trigger e�ciency for cosmic ray data as a function of the transverse mo�
mentum pt for the trigger element DCRPhi Ta of the drift chamber r�� trigger� A
cut on the distance of closest approach of � cm is applied on the tracks used for this
distribution�

In the following e�ciency distributions for ep data the background by accidentally
found tracks is not subtracted�

The transverse momentum pt distribution of the triggered tracks from ep data is
show in Figure 

 for the di�erent threshold trigger elements� For comparison� the
e�ciencies for positively and negatively charged tracks are shown in the same �gures�
To obtain this distribution� a cut on the absolute value of the DCA of the tracks
of � cm was applied to exclude the in�uence of the DCA threshold� It can be seen
that the e�ciency for negatively charged tracks is slightly higher than for positively
charged tracks� There are also di�erences in the threshold behaviour� The thresholds
for positively charged tracks are always some MeV�c lower than the thresholds for
negatively charged tracks� The resolution of the trigger is constant in the curvature�
therefore a less steep e�ciency edge for the high transverse momentum trigger elements�
compared to the low momentum trigger elements� is observed� The di�erent e�ciency
rises of the wrong charged tracks in the �gures for the trigger elements DCRPhi TPos
and DCRPhi TNeg are because in the design� masks which corresponds to in�nite
momentum tracks � straight lines � are assigned to the negative track counter� In
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this curvature region the transverse momentum is not measured very well and leads to
ambiguity�

The same behaviour is seen in the e�ciency distribution as functions of the curvature
� of the tracks in Figure 
�� For these distributions as well� a cut on the DCA of � cmwas
applied� In this representation the e�ciency edges are similar� The di�erent e�ciencies
for positively and negatively charged tracks can be seen as well� It is also clearly
visible that high momentum tracks� tracks with curvature around zero� are treated as
negatively charged tracks�

The DCA acceptance is important for rejecting beam wall interactions and therefore
has to be smaller than the beam pipe radius� The e�ciency as a function of the DCA of
the tracks is shown in Figure 
�� Only tracks with a transverse momentum larger than
�
� MeV�c are used for these distributions� The full width at half maximum is � cm for
the standard masks and the validated t� masks and this is much smaller than the radius
of the beam pipe of �� cm� The DCA acceptance for low transverse momentum tracks is
the same for positively and negatively charged tracks� For high transverse momentum
the acceptance is shifted for these two cases� The acceptance for the trigger element
DCRPHI T� looks worse due to the wider azimuth angle interval �� which assign the
track to the mask� This does not in�uence the performance� because the trigger element
DCRPhi T� can only occur with an other trigger element� In the �gures for the trigger
elements DCRPhi TPos and DCRPhi TNeg it can be seen that wrong charged tracks
trigger most likely if they have a DCA of � cm to � cm�

In Figure 
	 the trigger e�ciency as a function of the azimuth � is given� In �		�
some sectors of the central jet chambers had high voltage problems� Most of them were
at the outer jet chamber� In undamaged sectors an e�ciency over �� � is achieved in
the �		� data� The sectors of the jet chambers with high voltage problems are seen
most clearly in the �gure of trigger element DCRPhi THigh because these tracks are
mostly straight and therefore cross only few sectors� For all other �gures the e�ect is
smeared out because the tracks cross several sectors� damaged and undamaged ones�
The signi�cant lower e�ciency for the trigger element DCRPhi TLow is due to the not
box like transverse momentum acceptance between �
� MeV�c and ��� MeV�c� At
��� MeV�c the e�ciency has already dropped signi�cantly as can be seen in Figure 

�

In Figure ��� where the e�ciency as a function of cosine of the polar angle 	 is given�
no dependency on this variable is seen� The drop at both ends is due to the chamber
acceptance� The polar angle 	 range in which the trigger is able to detect tracks is

��
� � 	 � ������� For the trigger element DCRPhi TLow the same reason as for the
previous �gure� showing the azimuth angle distribution� leads to a lower e�ciency�

����� Synchronization

The e�ciency of the trigger is strongly dependent on the time of synchronization in the
receiver cards� To measure this e�ect� cosmic ray events are taken� Their event time
distribution is not peaked� In the analysis of each measurement point� events within a
time window of ��� ns are selected and the e�ciency for these events calculated� The
result for the standard masks and the validated t� masks is shown in Figure ��� It can
be seen that the validated t� masks are much more sensitive to the synchronization
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Figure 

� Trigger e�ciency for data collected in �		� as a function of the transverse
momentum pt for the the six trigger elements DCRPhi Ta� DCRPhi T�� DCRPhi TPos�
DCRPhi TNeg� DCRPhi TLow� and DCRPhi THigh� Positively and negatively
charged particles are entered separately to the �gures" 	 corresponds to positively
charged particles� � to negatively charged particles� A cut on the distance of closest
approach of � cm is applied on the tracks used for these distributions�
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Figure 
�� Trigger e�ciency for data collected in �		� as a function of the curvature � for
the the six trigger elements DCRPhi Ta� DCRPhi T�� DCRPhi TPos� DCRPhi TNeg�
DCRPhi TLow� and DCRPhi THigh� A cut on the distance of closest approach of � cm
is applied on the tracks used for these distributions�
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Figure 
�� Trigger e�ciency for data collected in �		� as a function of the distance
of closest approach dca for the the six trigger elements DCRPhi Ta� DCRPhi T��
DCRPhi TPos� DCRPhi TNeg� DCRPhi TLow� and DCRPhi THigh� Positively and
negatively charged particles are entered separately to the �gures" 	 corresponds to
positively charged particles� � to negatively charged particles� A cut on the transverse
momentum of �
� MeV�c is applied on the tracks used for these distributions�
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Figure 
	� Trigger e�ciency for data collected in �		� as a function of the azimuth
angle � for the the six trigger elements DCRPhi Ta� DCRPhi T�� DCRPhi TPos�
DCRPhi TNeg� DCRPhi TLow� and DCRPhi THigh� A cut on the transverse mo�
mentum of �
� MeV�c and the distance of closest approach of 
 cm is applied on the
tracks used for these distributions�
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Figure ��� Trigger e�ciency for data collected in �		� as a function of the cosine of the
polar angle 	 for the the six trigger elements DCRPhi Ta� DCRPhi T�� DCRPhi TPos�
DCRPhi TNeg� DCRPhi TLow� and DCRPhi THigh� A cut on the transverse momen�
tum of �
� MeV�c and the distance of closest approach of 
 cm is applied on the tracks
used for these distributions�
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than the standard masks� The width of the distribution of validated t� masks is much
smaller than for the standard masks because of the requirement of an additional drift
pad� the prompt bit� for the validated t� masks� For these masks the fraction of too
early triggering masks is much smaller due to the required prompt bit which has a drift
time smaller than �� ns� Therefore the distribution is not symmetric� The long tails in
the distribution at later triggers are due to accidental pad combinations which look like
tracks� For an ideal trigger this does not in�uence the performance because the real
track has already triggered at an earlier time and the pipelines have already stopped�

The distribution is not symmetric for the validated t� masks in contrast to the stan�
dard masks� This can be explained by the loss of the prompt bit if the synchronization
is too late� Because this bit is always required for the validated t� masks� the in�uence
is much bigger than for the standard masks�

Figure ��� Trigger e�ciency for the standard masks and the validated t� masks as
a function of the time of synchronization in the receiver cards� The e�ciencies are
calculated from cosmic ray events taken in �		�� Higher bunch crossing �BC� values
correspond to an earlier time� lower bunch crossing values to a later time�

����� Wrongly Timed Triggers

The trigger element DCRPhi T� assigns the event to the correct bunch crossing� The
�rst bunch crossing� in which the element occurs� is the correct one� because it consists
of the drift pad of the reference wire which has a drift time shorter than �� ns�

The performance of the trigger element DCRPhi T� is identical to the performance
of the validated t� masks shown in Figure ��� Because the prompt bit is required� the
trigger element cannot come too early for an ideal trigger� Nevertheless the e�ciency
for the validated t� masks is not zero for a bunch crossing earlier as can be seen in
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Figure ��� This can be explained by jitter and walk of the discriminators and di�erent
propagation delays of the cables� This leads to a small probability that a drift pad
moves into an earlier bit at the synchronization and causes an early trigger�

This probability is listed in Table �� for �		� and �		� data�

transverse momentum too early t� triggers
interval ���� data ���� data

positively charged low momentum tracks ���� � ��
� � ��
� � ��
� �
positively charged high momentum tracks ��	
 � ���� � ���	 � ���
 �
negatively charged low momentum tracks ��
� � ��
� � ���� � ���� �
negatively charged high momentum tracks ���� � ��
� � ��
� � ���� �

Table ��� Probability of too early triggers for �		� and �		� data for the validated t�
masks separated for the four transverse momentum intervals�

����
 Double Counting

The trigger road generation procedure was chosen to have a good separation power
between the di�erent momentum intervals� Therefore the roads overlap each other�
The resulting double counting is discussed in this section� The probability that one
track match to more than one road rises as more the roads overlap� especially because�
with the %four out of �ve logic#� not all ten hits are required� There are also noise hits
in the system because the thresholds of the discriminators are rather low to achieve a
high e�ciency�

In Table �� the measured probability� that one track measured by the central jet
chamber leads to more than one �red mask� is listed for �		� and �		� data�

transverse momentum counting factor
interval ���� data ���� data

positively charged low momentum tracks ��

 � ���� ���
 � ����
positively charged high momentum tracks ���� � ��
� ��
� � ����
negatively charged low momentum tracks ��
� � ���	 ���� � ����
negatively charged high momentum tracks ���� � ��
� ��
� � ����

Table ��� Probability of double counting for �		� and �		� data separated for the four
transverse momentum intervals� The given numbers are the mean values of �red masks
for one measured track by the central jet chambers�
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��� Event Generator

To generate events with heavy quarks several Monte Carlo generators are used� The
generator has to describe the following parts of a scattering

	 hard process and structure function�

	 initial and �nal state radiation�

	 beam remnants�

	 fragmentation�

	 decays�

The production of heavy quarks in ep scattering is described by the QCD process of
BGF� In the fragmentation of all partons involved in the subprocess the radiation of
gluons is included� To ensure that the center of mass energy of the subprocess does
not drop below the threshold for the production of heavy quarks �

p
 s 
 
mqc

�� due to
radiation� the fragmentation is calculated backwards� The calculation is started at the
fragmentation products and is counted back to the starting point of the fragmentation
by adding radiation� The fragmentation which produces the heavy quarks is done
according to the string model�

For the radiation of the photon from the electron the program Ijray ��� ���� is used�
It calculates the energy and momentum of the scattered electron and the photon and
passes this values to the program Pythia ��� ���� which calculates the �p scattering�
The fragmentation is done by the Lund string model which is implemented in the
program Jetset ��� ��
��

It is possible to describe the following structures of the photon which interacts with
the proton in the photoproduction process with the program Pythia ���

	 direct component�

	 resolved component� VDM and anomalous�

	 resolved component� VDM only�

	 resolved component� anomalous only�

The ratio between these processes has to be provided by the user�
In addition it is also possible to choose in the program Pythia ��� the proton and

the photon structure functions� For the proton the structure function GRV LO�� ����
and� for the photon� the structure function GRV�G LO�� ���� were chosen�

For this analysis two sets of event type were generated�

��Proton structure function
 Gl�uck�Reya�Vogt � leading order
��Photon structure function
 Gl�uck�Reya�Vogt � leading order
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	 �	�	 photoproduction events with the direct component of the photon� Each of
them contains at least one nonresonant decay D�� �� D��� �� K�

S�
�����

with all tracks within the acceptance of the central tracker�

	 ��
� photoproduction events with the resolved component of the photon� Each
of them contains at least one nonresonant decay D�� �� D��� �� K�

S�
�����

with all tracks within the acceptance of the central tracker�

In the generation step of these events several decay channels were excluded� The D��

mesons had to decay in a D� meson and a positive or negative pion respectively� The
D� meson was forced to decay into a K� meson with two oppositely charged pions� The
K� meson had to decay as a K�

S meson�
All acceptances and e�ciencies are calculated separately� At the end a mixing

ratio of �� � direct component and 
� � resolved component has been chosen to
determine the overall acceptance and e�ciency� The resolved component consists of
the VDM component and the anomalous component� The mixing ratio is derived from
comparison of the predicted cross section for the di�erent components of the photon
gluon fusion� In Section ��� it is shown that the result is only weakly depending on the
choice of these ratios�

��� Trigger Simulation

One part of the detector simulation is the simulation of the drift chamber r�� trigger�
This is done in several steps analogous to the hardware� The module calculates the
output of the trigger� the 
�� bits which are provided from the SRL� cards as well as
all trigger elements which are sent to the central level � trigger� As input of the module
the simulated pulses of the central jet chambers are used� The main steps of the module
are listed below�

� Mask generation�
The masks are generated in the simulation in exactly the same way as for the
hardware trigger� This is described in Section ���� The parameters of Table �� as
well as the geometry of the inner and outer jet chamber are needed to generate a
set of masks� This step is carried out once only in a simulation job�

� Discrimination�
In the �rst step the discriminators are simulated� The digital signals are received
from the chamber pulses by applying thresholds on the pulses� and e�ciencies
and time resolutions on the discriminators�

� Synchronization�
The digital signals derived from describing the discriminators are transformed
into a bit pattern as in the synchronization�

� Road �nding�
The generated masks are compared with the bit pattern which derives from the
simulated event� All found roads are passed to the next step�
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� Trigger output�
The found roads are combined with the trigger output� First the �� bits� provided
by each of the �� SRL� cards as described in Section ��
 and Appendix B��� are
calculated� From these 
�� bits the output data� which are sent to the central
data acquisition� as well as all possible trigger elements� which are sent to the
central level � trigger� are formed� All output data are stored in the same format
as is used for real events�

The agreement between the ep data and simulated data is shown in the Figures �
�
��� �� and ��� The data from the run period of �		� are compared with the Monte
Carlo simulated data� The same distributions are shown as in Section ���� where the
performance of the drift chamber r�� trigger is discussed� The selection of �gures is
restricted to the later used trigger elements DCRPhi Ta� DCRPhi T�� DCRPhi TNeg
and DCRPhi THigh�

The overall e�ciency during the run period of �		� is lower than for �		�� The
main reason is the damaged sectors of the central jet chambers� Broken wires lead to
missing signals and serious high voltage problems in some sectors� The in�uence of
these sectors can be seen in the distributions where the e�ciency is given as a function
of the azimuth angle �� The e�ciency holes are clearly visible� These dead wires
and almost dead sectors lead to di�culties in simulating the trigger� The distributions
of the e�ciency as a function of the azimuth angle � show the biggest discrepancies
between ep data and Monte Carlo simulated data� Outside the acceptance area the
e�ciencies are higher for the ep data than for the simulated data� This introduces
also less steep edges of the e�ciencies at the boarder of the acceptance area in the
transverse momentum distributions and the curvature distribution respectively as well
as in the DCA acceptance distribution� All other distribution agree rather well� even
the di�erent acceptance for positively and negatively charged tracks is simulated well�
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Figure �
� The trigger e�ciency of the trigger element DCRPhi Ta for ep data and
Monte Carlo simulated data for the run period of �		�" 	 corresponds to ep data�
� to Monte Carlo simulated data� The e�ciency is given as a function of the trans�
verse momentum pt� the curvature �� the distance of closest approach dca� the azimuth
angle � and the cosine of the polar angle 	� For the transverse momentum pt and
the distance of closest approach dca the distributions are separated for positively and
negatively charged tracks� The distribution for positively charged tracks are on the left�
for negatively charged tracks on the right� The same cuts on the tracks are applied as
in the Figures 

� 
�� 
�� 
	 and ���
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Figure ��� The trigger e�ciency of the trigger element DCRPhi T� for ep data and
Monte Carlo simulated data for the run period of �		�" 	 corresponds to ep data�
� to Monte Carlo simulated data� The e�ciency is given as a function of the trans�
verse momentum pt� the curvature �� the distance of closest approach dca� the azimuth
angle � and the cosine of the polar angle 	� For the transverse momentum pt and
the distance of closest approach dca the distributions are separated for positively and
negatively charged tracks� The distribution for positively charged tracks are on the left�
for negatively charged tracks on the right� The same cuts on the tracks are applied as
in the Figures 

� 
�� 
�� 
	 and ���
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Figure ��� The trigger e�ciency of the trigger element DCRPhi TNeg for ep data
and Monte Carlo simulated data for the run period of �		�" 	 corresponds to ep
data� � to Monte Carlo simulated data� The e�ciency is given as a function of the
transverse momentum pt� the curvature �� the distance of closest approach dca� the
azimuth angle � and the cosine of the polar angle 	� For the transverse momentum pt
and the distance of closest approach dca the distributions are separated for positively
and negatively charged tracks� The distribution for positively charged tracks are on the
left� for negatively charged tracks on the right� The same cuts on the tracks are applied
as in the Figures 

� 
�� 
�� 
	 and ���
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Figure ��� The trigger e�ciency of the trigger element DCRPhi THigh for ep data
and Monte Carlo simulated data for the run period of �		�" 	 corresponds to ep
data� � to Monte Carlo simulated data� The e�ciency is given as a function of the
transverse momentum pt� the curvature �� the distance of closest approach dca� the
azimuth angle � and the cosine of the polar angle 	� For the transverse momentum pt
and the distance of closest approach dca the distributions are separated for positively
and negatively charged tracks� The distribution for positively charged tracks are on the
left� for negatively charged tracks on the right� The same cuts on the tracks are applied
as in the Figures 

� 
�� 
�� 
	 and ���
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� The Selection Criteria

The mechanism of the charm production is already described in Section ���� The charm
quarks are produced mainly by photon gluon fusion with their typical kinematical
properties� These charm events have the characteristic of low energy deposition in the
central part of the detector� The main background is photoproduction events of light
quarks and protons colliding with residual gas in the beam pipe�

Because of the low energy deposition in the calorimeter� the charm events have to be
selected by criteria derived from tracks� Therefore a stable track criteria is needed� In
this section the track criteria is de�ned and the event selection� based on these selected
tracks� is introduced�

��� Track Selection

The magnetic induction in the central jet chamber is to �rst order homogeneous� It
points in the forward direction� in the direction of the outgoing proton� Charged par�
ticles describe helices which point in the z direction� The radius of the helix in the
magnetic induction B is given for a particle with mass m and charge ze by the cy�
clotron radius

r �
�m

zeB
vt with � �

�q
�� v�

c�

� ����

where vt is the component of velocity of the particle in the direction perpendicular to
the magnetic �eld� The transverse momentum of a particle can be calculated from the
known magnetic induction B and the curvature of the track

pt � �mvt � ze �B � r � ����

Knowing the slope of the helix� de�ned below� the total momentum of the particle can
also be calculated�

The parameterization of a helix needs �ve parameters� The following parameters
are chosen in the H� experiment �����

� 
 IR � Curvature� the inverse radius of the track in the r��plane together with its sign
� � ���r� A positive sign of � means a counter�clockwise rotation of the particle
trajectory in the x�y plane as viewed from the �z direction� These de�nitions
are shown in Figure �
� Because the magnetic induction points in the positive z
direction� tracks of particles with positive charge have a curvature with a negative
sign�

dca 
 IR � Distance of closest approach �DCA� of the track to the z axis with corre�

sponding sign� The sign is equal to that of the vector product 
dca � 
pt with

dca being the vector from the origin of the coordinate system to DCA� These
de�nitions are shown in Figure �
�

� 
 ������� � Azimuth at the DCA� the angle between the transverse momentum 
pt
at the DCA and the x axis�
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 ������ � Slope of the helix� de�ned by 	 � arccos�dz�ds�� where s is the length
along the helix measured in the direction of �ight� It is also the polar angle of
the momentum" for the proton direction of �ight is 	 � ��

z 
 IR � z coordinate at the DCA point�

The sign of curvature � and dca is de�ned such that there is no discontinuity in the
parameters by changing one of the parameters�

With the angles de�ned above the momentum components of a particle are given in
terms of the transverse momentum as

px � p � sin	 � cos� � pt � cos�
py � p � sin	 � sin� � pt � sin�
pz � p � cos 	 �

��
�

Instead of the polar angle 	 often the pseudo rapidity � is used� The rapidity y of a
particle� which is Lorentz invariant� in contrast to the polar angle 	� is connected with
its velocity v by

� � tanh y with � �
v

c
� ����

This is the well known angle argument of the Lorentz transformation into the rest
frame of the particle� In scattering experiments the rapidity de�ned by the velocity
component parallel to the beam axis is given by

y �
�



� ln E � pz

E � pz
� ����

Because di�erences and di�erentials of rapidities are Lorentz invariant it is a frequently
used quantity� If the particle mass is neglected the rapidity y becomes the pseudo
rapidity � which is de�ned as a simple function of the polar angle

� � � ln

�
tan

�
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For the events used in this analysis only tracks which ful�ll the following criteria
are taken�

jzj � ��� cm� The track should come from the interaction region�

jz � zvj � 
� cm� The origin of the track should be near to the primary vertex� zv is
the z coordinate of the reconstructed primary vertex of the event�

j�j � ��� � The track should lie in the angle acceptance of the central jet chamber� This
criterion corresponds to a cut on the polar angle 	 of 
�� � 	 � �����

Rstart � �� cm� The track should start within a radius of �� cm� except the track starts
in a damaged sector of the inner central jet chamber� The damaged sectors are
located in the following azimuth angle � ranges

����� � � � ���
�
����� � � � ��
� �

��
�
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Figure �
� De�nition of the conventions used for the parameters � and dca in the
equations� The di�erent cases of projecting a track helix into the x�y plane illustrate
the sign of � and dca�



��� Event Selection ��

lr� � �� cm� The minimum track length in the r��projection�

pt � ��� MeV�c � To avoid wrongly reconstructed tracks a minimum radius of the cur�
vature of a track is required�

The track criteria are very loose and reduce the data sample only slightly�
To calculate the momentum of a particle� equations ���� and ��
� are used� The

magnetic induction B provided by the coil is almost constant over the length of the
central jet chamber� The inhomogeneities have to be taken into account when the
momentum of the particle is determined� The magnetic induction B has been measured
over the whole volumewithin the solenoid for a nominal current of the coil� These values
are stored in the data base� For each detected event the current provided to the coil
is measured� The magnetic induction B in a space point within the coil is derived by
scaling the value from the data base with the measured current of the coil�

The small inhomogeneities of the magnetic induction is corrected in the following
way� The z component of the magnetic induction B is determined at the start� in the
middle� and at the end of each track� With this values an average magnetic induction
B is calculated with

B �
�

�
�Bstart � 
Bmiddle �Bend� � ����

For each track the average magnetic induction is inserted in equation ����� Because the
assumption of circular tracks in the r��projection is not absolutely true� the measure�
ment of the angle between two tracks is also subject to an error which in�uence the
measurement of the invariant mass� This measurement error is not corrected in this
analysis�

The energy loss of the pions crossing the beam pipe and the innermost chambers
CIP and CIZ is also not considered in this analysis� The change of the energy is about
one to two percent for pions in the energy region of ��� MeV�

��� Event Selection

To remove much of the background� all events written on tape are examined for typical
background signatures� The events ful�lling one of the following criteria are rejected�

	 No track from the interaction region �proton beamwall interaction��

	 More than three tracks coming from more than ��� cm away of the nominal
interaction point �proton gas interaction��

	 Two collinear tracks �cosmic rays��

	 Vertex at the beam pipe position in the x�y plane �proton beamwall interaction��

These criteria are used to separate background reactions from ep reactions� Because
not all ep reactions have a charmed particle with a searched decay channel the event
sample has to be reduced furthermore� The identi�cation of charm decays is based in
this analysis on the reconstruction the decays of D� �� K�

S�
��� and K�

S �� �����
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If the mesons decay into two oppositely charged particles they leave a V �formed decay
pattern due to the magnetic �eld� These patterns are called V � candidates� The most
important candidates apart from theK�

S �� ���� decay are the decays �� �� �����
! �� p��� and � �� e�e��

The V � candidates examined in each event using the following criteria�

	 A minimum quality criteria for the tracks�

jzj � ��� cm� The track should come from the interaction region�

Nhit 
 �� � The track should consists of at least �� hits�

Rstart � �� cm� The track should start within a radius of �� cm�

pt � 
�� MeV�c � To avoid wrongly reconstructed tracks and to reduce the num�
ber of V � candidates a minimumradius of the curvature of a track is required�

	 Successful vertex �t �convergence of the �t algorithm��

	 Invariant mass cut� The invariant mass has to lie in the following mass regions�

�	� MeV�c� to �	� MeV�c� for the K� hypothesis�
	�
 MeV�c� to ���
 MeV�c� for the ! hypothesis�

but not in the region

� MeV�c� to �� MeV�c� for the � hypothesis�

	 A minimum decay time of the V � candidate calculated by the ratio of the vertex
separation d and the momentum p of the decaying particle� A value of

d

p
� � ����

is requested� This corresponds to a decay length of about c� � ��� cm of the K�

meson� This cut removes most of the V � candidates which derive from �� decays�



�	

	 The Reconstruction of the Decay Chain

The decay of theD�� mesons and its decay products are already described in Section ����
In this section the method used to reconstruct the D� meson and the D�� meson from
the trajectories of their decay products is described� The number of found D�� decays is
given by subtracting the background candidates from the candidates in the D�� meson
signal�

��� The Method of the Invariant Mass

The four momentum of a decaying particle can be calculated from the four momenta
of its decay products� For a decay A �� �� � � � � n the four momentum is

pA �
nX
i��

pi � ��	�

The variable p�A�c
� is Lorentz�invariant and is equal to the mass of the decaying particle�

This mass can be calculated from the four momenta of the decay products

mA �

vuut� nX
i��

Ei

��
�
�

nX
i��


pi

��
�� minv ��� � � � � n� � ����

It is called the invariant mass of the particles �� � � � � n independent of the existence of
an original particle A�

With this method the invariant mass minv of all possible combination of tracks are
added into a histogram� Most of the combinations are not obtained using tracks from
the same particle� The values of the invariant massminv are spread statistically over the
whole allowed kinematical range� The combinations of tracks belonging to the searched
particle decay will have an entry in the histogram near the mass of the original decaying
particle� If the number of reconstructed decays is large enough a peak at the mass of
the original particle will appear�

The calculated invariant mass of the real decay is Lorentz�distributed� if the orig�
inal particle appears as a sharp resonance �natural width caused by the Uncertainty
Principle�� or Gaussian distributed� if the width of the signal is due to measurement
errors�

By eliminating track combinations� which� with a high probability� do not represent
the searched particle decay� the ratio between signal and combinatorial background can
be improved� Obviously� criteria which include in any way the invariant mass are not
allowed for reconstructing the original particle because this would bias the invariant
mass distribution�

The method of the invariant mass is most e�ective for two body decays� The more
particles are involved the higher is the combinatorial background�

��� The Reconstruction of the K�
S Meson

The K�
S mesons are identi�ed by their decay into two charged pions by the method of

the invariant mass� For each pair of oppositely charged tracks� a vertex �t algorithm is
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applied to reconstruct a vertex� The algorithm is based on the method of Kalman��lters
and is described in ����� If the vertex �t algorithm converges� the invariant mass of the
two tracks is calculated according to equation ���� with the hypothesis that the two
particles are pions� in the calculation of the particle#s energy the mass of the charged
pions is inserted �mass hypothesis��

Ei �
q
p�i �m�

	� with m	� � ��	���� MeV�c� � ����

No particle identi�cation� such as dE�dx measurements in the central jet chamber� is
used to �nd the K�

S meson candidates�
The Figure �� shows the distribution of the invariant mass� Near the K� mass a

small peak above the background is visible�

Figure ��� Distribution of the invariant mass minv��
���� of the whole data sample

after the event selection� The two small steps in the distribution at ��� MeV�c� and

�� MeV�c� are due to cuts in the event selection�

To improve the ratio between signal and background some kinematical criteria on
tracks are introduced� In particular it is expected that the decay vertex of each K�

S

meson �secondary vertex� is separated from the primary vertex� With a mean life time
of �	 ps� the K�

S mesons have a decay length of several centimeters at the expected
energy of the order of � GeV� Even although the K�

S mesons mostly decay within the
beam pipe� the vertex of each decay is rather well known due to the vertex �t algorithm�

The following criteria are used to reduce the background combinations�

	 Vertex separation� Only track pairs are used� where the primary and the
secondary vertices are well separated� The calculated vertex separation d should
be larger than its error �d

d � �d � ��
�

	 DCA of the pion tracks� Pions with a momentum in transverse direction are
produced at some distance of the beam axis� The projection of the track helix in



��� The Reconstruction of the K�
S Meson ��

the r� plane does not point back to the z axis� The searched pion tracks have
a larger dca value than tracks from the primary vertex� With the requirement
of a minimum DCA value wrong track combinations can be suppressed� To take
into account the often rather large uncertainties in the measurement of the DCA
of a track� the dca values are weighted with the corresponding error �dca and we
require

jdcaj
�dca

� � ����

for the tracks of both pions� The jdcaj��dca distribution is shown in Figure ���

Figure ��� Distribution of the quantity jdcaj��dca� On the left the distribution of all
track pairs is shown� On the right the same distribution after all other cuts� used to
get the K�

S signal� is shown� The double peak structure is introduced by the cut on the
direction of the K�

S momentum ����� The cut jdcaj��dca � � is indicated by the dashed
area�

	 Angular momentum with respect to the beam axis of the pions� From
the de�nition of the sign of the DCA it follows that the sign of the DCA is equal
to that of the z component of the angular momentum� Because a K�

S meson has
no angular momentum corresponding to the z axis the angular momentum of the
two pions have to cancel each other �angular momentum conservation�

dca� � dca� � � � ����

This criterion is almost always satis�ed for tracks satisfying �����

	 Direction of the K�
S momentum� The vector sum of the momenta of the pions

at the secondary vertex is equal to the kaon momentum 
p� The angle � between
the momentum 
p of the kaon and the straight line through the two vertices is very
small because the vertex separation of the D� meson decay is small� It is smaller
than the resolution of the vertex measurement because no silicon tracker detector
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is used� Only for decays near the primary vertex the angle � can be large due to
measurement errors� but this is excluded by the cut ����� Therefore the criterion

cos� � ��	 ����

is required for all K�
S candidates� The cos� distribution is shown in Figure �	�

Figure �	� Distribution of the quantity cos�� On the left the distribution of all track
pairs is shown� On the right the same distribution after all other cuts� used to get the
K�

S signal� is shown� The cut cos� � ��	 is indicated by the dashed area�

	 Decay angle in the rest frame� Because theK�
S meson has no spin no direction

is preferred in the rest frame and the decay is isotropic� The angle ��	 is de�ned as
the angle between the direction of �ight of the K�

S meson and one of the charged
pions measured in the rest frame of the K�

S meson� In this analysis the positively
charged pion is used� cos ��	 is for real K�

S decays evenly distributed due to the
isotropy of the decay� Randomly combined track pairs show particularly for high
momentuma correlation with the direction of �ight� This can be seen in Figure ���
where the maximum of the distribution is near cos ��	 � �� for invariant masses
larger than � GeV�c�� The required criteria is therefore

j cos ��	j � ��	 � ��
�

This cut improves the ratio between signal and background�

	 Quality of the vertex �t� The vertex �t algorithm calculates for each �t the
statistical quantity ��� an often used quantity for the quality of a �t� For a good
�t hypothesis the integrated probability

P

�
��� �

�
�

Z
�


�
Px
�
x�� �

�
dx� �

Z
�


�

�x��
�
�
����


e�
x�

�



�
� '

�
�
�

� dx� ����
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Figure ��� Distribution of the quantity cos ��	� On the top left the distribution of all
track pairs is shown� On the top right the same distribution after all other cuts� used
to get the K�

S signal� is shown� On the bottom left and right the same distributions
as on the top are shown with an additional cut on minv������ � � GeV�c�� The cut
j cos ��	j � ��	 is indicated by the dashed area�
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is evenly distributed between � and �� if the �tted quantity has Gaussian dis�
tributed errors and a linear model is applied� The variable � is the number of
degrees of freedom which is in this case � � �� For track pairs which do not have
a common vertex the hypothesis is unsuitable� which can be seen in an integrated
probability P
���� near zero� Therefore the distribution of P
���� for all K�

S can�
didates has a pronounced peak at zero as can be seen in Figure ��� Only track
pairs with a vertex with an integrated probability

P

�
��
�

� ���� ����

are taken into consideration�

Figure ��� Distribution of the quantity P
����� On the left the distribution of all track
pairs is shown� On the right the same distribution after all other cuts� used to get the
K�

S signal� is shown� The cut P
���� � ���� is indicated by the dashed area�

Figure �
 shows the result of the selection� The K�
S meson signal stands out clearly

from the background�

��� The K�
S Meson Signal

To achieve an even clearer K�
S signal the other V � decay channels were considered�

These are particularly from ! decays of the kind of ! �� p�� or �! �� �p�� as well as
pair production from photons � �� e�e�� For each pair of tracks of the remainingK�

S

candidates the invariant mass minv�p�� is calculated with the assumption that the track
with the larger momentum is the proton or antiproton� The distribution of minv�p��
of all K�

S candidates displays a clear peak at m� � �����
 MeV�c� as can be seen in
Figure ��� Many of the cuts required for the K�

S reconstruction are also suitable for the
! decay� By cutting out the mass window

���	 MeV�c� � minv�p�� � ��
� MeV�c� ��	�
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Figure �
� Invariant mass peak of the K�
S meson� Distribution of the invariant mass

minv������ after applying the kinematical cuts� The small peak at 
�� MeV�c� are
e�e� pairs from � conversion� The mass window used for the reconstruction of D�

mesons is shown�

most of the ! decays are eliminated�
The e�e� pair production by � conversion is evident in a small peak at the threshold

of the minv������ spectra as shown in Figure �
� The hypothesis is tested by plotting
the distance from the decay vertex to beam axis for invariant masses of

minv��
���� � ��
	 GeV�c� � �	��

Pair production can only occur in material� Most of the vertices are in the region
of the beam pipe wall and the chamber walls which result in two clear peaks at the
corresponding radii as can be seen in Figure ��� The track pairs of a � conversion are
removed by excluding the invariant mass window

minv�e
�e�� � �� MeV�c� � �	��

Figure �� shows the K�
S signal after the removal of the ! and � candidates�

Due to the small natural width of theK�
S meson� the form of theK�

S signal is given by
the resolution of the detector and the quality of reconstruction� Therefore the invariant
mass around the K� mass is expected to be Gaussian distributed� The deviation of the
values depends upon the transverse momentum of the kaon� and are due to the limited
resolution of the track chambers measuring the curvature of the tracks� Furthermore
the mean value of the peak depends on the direction of the kaon and therefore also
on its momentum� This is probably due to the inhomogeneities of the magnetic �eld�
In Table �� the parameters of the �tted Gaussian distribution for di�erent pseudo
rapidities and momentum regions are listed� Because of these di�erences a global �t of
the K�

S signal was not done�
To test this analysis� the reconstructed decays are used in an attempt to determine

the life time of the K�
S meson� The ratio of the decay length d to the momentum p of
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Figure ��� Identi�cation of other V � candidates than the K� mesons� On the left� the
invariant mass distribution minv�p�� of the K� candidates is shown� A peak at the !
mass is visible� On the right� the radial distance of the decay vertex� assuming a �
conversion� from the beam axis for events at the kinematical threshold of the invariant
mass distribution minv������ is shown� The clear peaks are located at the radii of the
beam pipe and the inner multiwire proportional and z drift chambers as well as at the
outer multiwire proportional and z drift chambers�

Figure ��� The K�meson signal in the invariant mass distribution before �dotted line�
and after �solid line� elimination of the ! and � candidates�
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interval m �MeV�c�� � �MeV�c��

� � � � � �		�� ����
� � � � � �	
�� ����
�� � � � � �	
�� ���	
�� � � � �� ��
�� �
��
� � p � ��� �	
�� ��	
��� � p � � �	
�� ���

� � p � ��� �	��	 ���	
��� � p � 
 �		�	 �
��

 � p � 
�� ����
 ����

�� � p � � ����	 ���


Table ��� Mean values and standard deviation of the �tted Gaussian distributions for
di�erent pseudo rapidity � and momentum p ranges� For the �t the method of least
squares is used�

the K�
S meson is directly proportional to its life time

d

p
�

�v�

�mv
�

�

m
with � �

�q
�� v�

c�

� �	
�

The �t of the distribution of this quantity with an exponential function gives an
estimation of the mean life time of the K�

S meson� To consider the background of
wrongly combined track pairs the same reconstruction procedure is applied for track
pairs with the same charge� The d�p distribution� which certainly is not produced
from K�

S decays� is subtracted from the original d�p distribution� In addition only
combinations of tracks which lie in a mass window around the K� mass are used�

���
 GeV�c� � minv��
���� � ���� GeV�c� �	��

For small decay times the distribution is distorted by the selection criteria� for long decay
times the statistical variation becomes relatively large� Nevertheless an exponential �t
is achieved within the d�p range

�� cm �
d

p
� �� cm �	��

with a mean life time for the K�
S meson of

c� � 
�� � ��� cm � �	��

as shown in Figure ��� The result is compatible with the value c� � 
�
�
 cm published
in �����
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Figure ��� Distribution of the ratio of the decay length d to the momentum p of the
K�

S meson after subtraction of the background� On the left the distribution is shown
in a linear scale� on the right in a logarithmic scale� The life time of the K�

S meson is
proportional to this ratio� An exponential �t between �� cm � d�p � �� cm shown in
the distribution gives a value c� � 
�� � ��� cm for the life time�

��� The Reconstruction of D� Mesons

To reconstruct the decay ��	�� the K�
S candidates discussed in the previous section�

whose invariant masses lie in the region of

���
 GeV�c� � minv��
���� � ���� GeV�c� �	
�

are taken and combined with two additional oppositely charged tracks� No vertex �t is
done�

The invariant mass of the three particles is calculated� It is assumed that the two
additional tracks are pions� The energy is calculated in a similar way to ���� with the
K� mass of

mK� � �	��
�
 MeV�c� � �	��

The mean decay length of the D� meson in the laboratory frame for compatible
energies is three orders of magnitude smaller than for K�

S mesons� Therefore the decay
vertex of the D� meson is inseparable from the primary vertex due to the present
experimental con�guration at H�� The selection criteria for the K�

S decay can not be
applied for the D� decay�

To identify the charm events with charm�tagging� only one additional cut on the D�

candidates is applied�

	 DCA of the pion tracks� Because the pions of the D� decay are produced
practically at the primary vertex� it is expected that they have small dca values�
For the two pions of the D� decay the requirement is again weighted with its
error� jdcaj

�dca
� �� �	��



��
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Unfortunately the distribution of the invariant mass does not show a clearer signal
at the D� mass for more severe cuts�

��� The Charm	Tagging

The masses of the decay products have to be smaller than the mass of the decaying
particle� The mass di�erence decides if a decay is possible or not�

The mass di�erence between the D�� meson and the D� meson is only just above
the pion mass� For the decay D�� �� D��� the mass di�erence �m can be measured
with a much higher accuracy than the mass of the D�� meson or the D� meson due to
the strong kinematical restriction�

The value

�m � mD�� �mD� � �����
 � ���� MeV�c� �		�

has to be compared with the mass of the pion m	 � ��	��� MeV�c�� The pion deriv�
ing from the D�� decay has a kinetic energy of ��� MeV and a momentum of about
�� MeV�c� Therefore it is called a %slow# or %soft# pion� Its symbol is �s� If it is possible
to �nd a low momentum track in addition to the four tracks of the D� decay it is strong
evidence for a possible D�� decay and raises the probability of having found a charm
event� Although only a quarter of all D� mesons come from a D�� decay� the signal to
background ratio gets much higher because the background from wrong combinations
of tracks in this kinematical region is much more suppressed than in the direct search
for D� mesons�

Due to the insu�cient inclusive D� signal an attempt is made to establish the D�

mesons over the decay of D� resonances� The D� candidates with an invariant mass

���� GeV�c� � minv�K
�
S�

���� � ��	
 GeV�c� �����

are taken and combined with a �fth track � %slow# pion �� which can have a positive
or a negative curvature� The di�erence of the invariant mass

�msig � minv�K
�
S�

�����s � � minv�K
�
S�

���� �����

is entered into a histogram� where the following kinematical restrictions were applied�

	 DCA of the �fth track� The pion of the D� decay is practically produced at
the primary vertex� Therefore the dca value of the �fth track has to be small�

jdcaj
�dca

� �� ���
�

	 Ratio of the momenta� At the D� decay only a small amount of energy be�
comes free� The momenta of the daughter particles D� and �s are approximately
proportional to their masses in the laboratory frame� The requirement is that the
momentum of the D� meson is nine times larger than the momentum of the %slow#
pion

pD�

p	s
� 	 � �����
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Figure �
� Two dimensional histogram to illustrate the cut on the momentum ratio
pD��p	s� The momentum ratio as a function of the invariant mass di�erence is shown�
On the left the distribution of the ep data� on the right the distribution of the Monte
Carlo simulated data is shown� The cut at pD��p	s � 	 is indicated with a dashed line�

The ratio of the masses is ����� This cut turns out to be e�ective� An illustration
is given in Figure �
�

	 Momentum of the �slow� pion� Although the %slow# pion receives less energy
from the decay� its momentum is larger than many of the background tracks
because it has taken over a part of the momentum of the D� meson� With the
condition

p	s � ��� MeV�c �����

several wrong combinations can be avoided�

The spectra of the invariant mass di�erence �msig� with all cuts applied� can be
seen in Figure ��� In order to test the analysis the invariant mass di�erence distribu�
tion �mbgr is calculated for wrongly charged combinations� For both� the positively�
positively charge combinations and the negatively�negatively charge combinations� the
invariant mass di�erences

�mbgr � minv�K
�
S�

������ � minv�K
�
S�

���� �����

and

�mbgr � minv�K
�
S�

������ � minv�K
�
S�

���� ���
�

are entered into a histogram� The same selection criteria are applied� Comparison of
the two distributions in Figures �� shows a accumulation of correctly charged track
combinations near the expected mass di�erence �		�� This is interpreted as a signal for
the production of charm quarks�
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Figure ��� Invariant mass di�erence distribution after applying all cuts described in
the text�

��� The Charm Signal

It can be assumed that the width of the signal is brought about by the limited resolution
of the measurement and therefore the�msig peak with a maximumaround ��� MeV�c�

is �tted with a Gaussian curve� The procedure to establish the number of D�� meson
candidates is the following�

� Fitting of the background spectrum �mbgr with a function

F ��m� � P� � ��m�m	��
P� � �����

� Adjusting the background spectrum �t to the background in the distribution of
the signal by scaling the curve but �xing its shape� The achieved function is of
the form

F ��m� � P� � ��m�m	��
P� � P� � �����

� Fitting of the real �msig spectrum with the sum of the background �t and a
Gaussian curve

F ��m� � P� � ��m�m	��
P� � P� � P� � e�

�
�
	

�
�m�P�

P�

��
� ���	�

The variables P� to P
 are the parameters of the �t� For the �ts the method of least
squares is used�

Due to the low statistics� the result of the �ts depends strongly on the binning of the
histogram and the assumed background shape� The chosen bin width is ��� MeV�c��
For smaller bin widths the signal disappears� for larger bin widths the �ts are even more
uncertain�
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The obtained �t of a Gaussian distribution to the signal is shown in Figure �� and
described by the following parameters�

Mean value �msig � �����
 � ���� MeV�c�

Standard deviation � � ���
� ���� MeV�c� �

The number of D�� meson candidates corresponding to the �tted peak is �
� 	�
Due to the uncertainties of �tting the signal distribution an easier method is used

to determine the number of D�� meson candidates� Within a ��� MeV�c� wide interval
around the D�� meson signal in the �minv distribution

��
�
 MeV�c� � �minv � ��
�� MeV�c� � �����

this corresponds to a �msig range of 
�� standard deviations from the �t in Figure ���
the number of background candidates and signal candidates are counted� The number
of D�� meson candidates is given by the di�erence of the two numbers

N � Nsig �Nbgr � �	 � � � �����

This is allowed because the scaling parameter P� in equation ���	� is one within its
error� The number of D�� candidates with this method agree within the error with
the numbers obtained from the �ts� This method of determining the number of D��

candidates has the advantage that also the number of D�� candidates triggered by each
subtrigger can be determined�

When reconstructing decays of �ve tracks a large part of the background comes from
using the wrong combinations� It is possible to get several entries in the histogram�
because the reconstruction of the decay with the same �ve tracks but in a di�erent per�
mutation also may give a valid entry� If an event has a jet with several similar tracks�
these can be exchanged and give also several entries in the histogram� This combinato�
rial background is also included in the spectra of the wrong charged track combinations�
The possibility that there are two D�� mesons decay in the same channel� is very low
and can be neglected� In the data� no event was found with two D� candidates�

In the �msig region ������ 
� � of the entries are combinatorial background� but
their �minv values are smoothly spread over the whole region and are not the reason
for the peak in the �minv distribution� This background is due to multiple entries of
the same event in the invariant mass distribution� In the background spectra of wrong
combined charged tracks� 
� � of the entries in the �mbgr region ����� are due to
combinatorial background� These values agree very well within statistical errors�

If the peak in the �minv spectra is related to the D�� meson decay the invariant
mass distribution of the D� candidates should show a peak� Therefore the invariant
mass minv�K�

S�
���� is histogrammed for all track combinations with a �msig value

within the same 
�� standard deviations of the calculated mean value

��
�
 MeV�c� � �msig � ��
�� MeV�c� � ���
�

The histogram is shown in Figure �	� The signal is �tted with a Gaussian distribution
and the underlying background with a polynomial� The obtained �t to the signal is
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Figure ��� Invariant mass di�erence�minv distribution after applying all cuts described
in the text for di�erent charge signs � signal distribution � on the top and for equal
charge signs � background distribution � on the bottom� The bin width is ��� MeV�c��
The solid lines are corresponding �ts described in the text�
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described by the following parameters�

Mean value minv�K�
S�

���� � ���
 � �� MeV�c�

Standard deviation � � �
 � �� MeV�c� �

D� �� K�
S�

���

Figure �	� Invariant mass peak of the D� meson� Distribution of the invariant
mass minv�K�

S�
���� for all track combination with an invariant mass di�erence in

��
�
 MeV�c� ��msig � ��
�� MeV�c��

The same procedure can also be used to obtain the D�� signal� The histogram is
shown in Figure ��� The signal is �tted with a Gaussian distribution� the underlying
background with a polynomial� The obtained �t to the signal is described by the
following parameters�

Mean value minv�K�
S�

�����s � � 
��� � �� MeV�c�

Standard deviation � � 
� � �� MeV�c� �
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D�� �� K�
S�

�����s

Figure ��� Invariant mass peak of the D�� meson� Distribution of the invariant
mass minv�K�

S�
�����s � for all track combination with an invariant mass di�erence in

��
�
 MeV�c� ��msig � ��
�� MeV�c��
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 Determination of the Charm Cross Section

In this section the charm production cross section is determined� The found number
of D�� decays is scaled with acceptances and e�ciencies and �nally compared with the
total luminosity corresponding to the found events�


�� Method

To obtain a quantitative estimation of the charm production at HERA the cross section
��ep �� ec�cX� has to be determined� For the calculation of � from the event rate n
the de�nition of the luminosity L is used

� �
n

L � �����

The integration of the event rate over the period of data taking gives the total of all
processes which contribute to the cross section� The number Ntot of all c�c pairs has to
be calculated from the number of observed events N � In this case the equation �����
becomes

� �
N

L � P � � � �����

where L is integrated luminosity� P is the total probability of the fragmentation and of
the decay in the decay channel� equation ��	�� which is used for this analysis� and � is
the probability of recording an event� The probability that the decay is recorded in the
detector and that it passes all cuts in the reconstruction and the selection are included
in the probability ��

The number of observed decays N is determined as follows�
A ��� MeV�c� wide interval is chosen in the �msig distribution

��
�
 MeV�c� � �msig � ��
�� MeV�c� � �����

The entries in this interval of correct and wrongly charged combinations are counted�
The number of D�� meson candidates N are traced back to real decays

N � Nsig �Nbgr � ���
�

The quantity � includes the acceptance of the detector as well as the e�ciency of
recording and reconstructing the events� the tracks and the determination method� The
Monte Carlo simulation of events is an important tool to determine e�ciencies� For
the simulated events� exactly the same reconstruction and selection criteria are used as
for the data� The ratio of the remaining events to the total number of events gives an
estimation of the e�ciency�
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�� The Choice of the Subtrigger

Most of the analyzed events of the D� signal are triggered by the following three sub�
triggers�

st�� � zVtx sig� �� DCRPhi Tc �� DCRPhi TNeg �� DCRPhi THigh
�� FwdRay T� �� (ToF BG �� (CIP Backward

st�� � zVtx sig� �� BPC �� DCRPhi Tc �� DCRPhi TNeg
�� DCRPhi T� �� (ToF BG �� (CIP Backward

st�� � eTAG �� DCRPhi Ta �� zVtx T� �� (ToF BG

These are combinations of the following trigger elements provided from the �rst level
triggers described in Section ���� The meaning of these trigger elements are described
below�

	 zVtx T�� At least one entry in the z�vertex trigger histogram �lled with the z
position on the beam axis of rays formed by the �red pads of the CIP and COP�

	 zVtx sig�� A signi�cant peak in the z�vertex trigger histogram �lled with the z
position on the beam axis of rays formed by the �red pads of the CIP and COP�
The signi�cance criterion to be ful�lled is

� �
p � bp

p
� ��� � �����

where p is the content of the peak bin and b is the average number of entries in
all other bins of the �
 bin wide histogram�

	 DCRPhi T�� At least one track with a transverse momentum higher than
�
� MeV�c is found by the drift chamber r�� trigger and in addition the prompt
bit of the mask of the track�

	 DCRPhi Ta� At least one track with a transverse momentum higher than
�
� MeV�c is found by the drift chamber r�� trigger�

	 DCRPhi Tc� At least three tracks with a transverse momentum higher than
�
� MeV�c is found by the drift chamber r�� trigger�

	 DCRPhi TNeg� At least one track with a transverse momentum higher than
�
� MeV�c and negative charge is found of the drift chamber r�� trigger�

	 DCRPhi THigh� At least one track with a transverse momentum higher than
��� MeV�c is found by the drift chamber r�� trigger�

	 FwdRay T�� At least one ray formed by the FPC is provided by the forward
ray trigger�

	 BPC� Three out of four planes of the BPC have registered a hit�
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	 eTAG� The electron detector� which is used to measure the luminosity� has de�
tected energy�

	 �ToF BG� No hit is found in the scintillators of the time of �ight system in the
background timing window derived from the HERA clock signal�

	 �CIP Backward� Not more than three sectors of the backward quarter of the
CIP are active�

The trigger e�ciencies for these three subtriggers are derived from the Monte Carlo
simulation and are given with the statistical errors in Table �
� These e�ciencies result
from events with D�� meson decays described in equation ��	� which have all decay
products within the acceptance of

j�j � ���� � �����

The acceptance of � has to be slightly larger than those of the central jet chambers
which de�ne the acceptance needed for this analysis� Larger acceptance is not necessary
because these additional tracks cannot be measured in the central jet chambers� There
is no restriction for the scattered electron" no cut on the variable y is applied� The low
e�ciency of the subtrigger st�� is due to the limited acceptance in y of the electron
detector shown in Figure �� which is included in the trigger e�ciency�

The di�erence between the direct and the resolved component can be explained by
the di�erent averaged number of tracks in the central tracker region� For the direct
component of the photon gluon fusion the averaged number of tracks above ��� MeV�c
transverse momentum is 
 and for the resolved component it is �� This leads to higher
e�ciencies of the drift chamber r�� trigger for the resolved component�

Figure ��� The electron tagger acceptance as a function of the kinematical scaling
variable y�

The level � �lter farm veri�es the decisions of the level � triggers by recalculating
the trigger conditions� In addition it applies some background rejection cuts to remove
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subtrigger direct component resolved component

st�� ����� � ���
 � 

��� � ���� �
st�� 

�
	 � ���	 � ����� � ���� �
st�� ����� � ���
 � 

�	� � ���	 �

Table �
� Subtrigger e�ciencies after the level � trigger derived from Monte Carlo
simulation�

the proton beamwall and proton gas interactions� The trigger e�ciencies after the level
� trigger step are given with statistical errors in Table ���

subtrigger direct component resolved component

st�� ����� � ���� � 
���� � ���� �
st�� 
���� � ���
 � �	��� � ���� �
st�� ����� � ���
 � 

��� � ���� �

Table ��� Subtrigger e�ciencies after the level � trigger derived from Monte Carlo
simulation�


�� The Luminosity

The luminosity delivered by HERA to the H� experiment is measured using the rate of
the Bethe�Heitler process ep �� ep�� The cross section is large and within quantum
electrodynamics exactly calculable� The scattered electron and photon are measured in
the electron and photon detector in coincidence as previously mentioned in Section 
�
�

Unfortunately the background process in this measurement� the scattering of elec�
trons from the beam with molecules of the remnant gas in the beam pipe� has an even
larger cross section� These processes eA �� eA� have the same signature as the
Bethe�Heitler process� To get a measurement of these background processes some of
the electron bunches in the storage ring are pilot bunches� These bunches do not have
a colliding proton bunch partner� They can only collide with the remnant gas in the
beam pipe and give therefore a good measurement of the background processes� These
background rates are normalized to the total number of bunches and to the bunch
currents and are subtracted from the rates measured during ep collisions�

The total integrated luminosity for the data of the period in �		�� which is used in
this analysis� becomes

Ltot �
Z
L dt � ��	 nb�� � ���	�

In addition this luminosity measurement needs some further corrections�
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� Due to the acceleration of the protons with high frequency cavities� whose fre�
quency is much higher than the bunch crossing frequency� some of the protons are
not in the correct bunch� They are situated in smaller bunches with a distance
of the period of the high frequency of the cavities before and after the nominal
bunch� These satellite bunches contribute to the luminosity measurement because
they also collide with electron bunches� but their interactions do not lie in the
interaction zone and are therefore rejected by the track criteria� The correction
to the luminosity measurement is ����������� � for the year �		��

� Sometimes it happens that some parts of the detector are not functioning during
data taking� For example it is not possible to measure tracks in the central jet
chamber after it has tripped and the high voltage turned o�� The luminosity is
integrated for this analysis only over the time period in which relevant detector
parts were functioning�

� To reduce the dead time of the whole data acquisition system some of the subtrig�
gers had to be prescaled� Not every event� which was triggered by a subtrigger�
was read�out� The prescale value determines the fraction of the read�out data�
This value could change several times during the period of data taking because the
system was always adjusted to new situations such as higher trigger e�ciencies
or better beam conditions�

The prescale values p for the chosen subtriggers weighted averaged over the run
period of �		� are

pst�� � �����
pst�� � ���
	
pst�� � ����� �

��
��

The fraction f of events which pass the system is given by the prescale value p
with the equation

f �
�

� � p
� ��
��

For the above chosen subtriggers the following integrated luminosities are found
after the corrections have been applied�

Lst�� � ��
 nb��

Lst�� � �
� nb��

Lst�� � 
�� nb�� �
��

�


�� The Acceptance and the E�ciency

The total e�ciency of the reconstruction is given by the product of the e�ciencies of
the several reconstruction cuts

�tot �
Y
i

�i � ��
��

provided they are independent of each other� Often the e�ciencies of successive cuts
are correlated and therefore the product of the e�ciencies delivers too small a result�
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The cuts of the event selection are� for example� rather similar to the cuts of the
reconstruction of the K�

S meson� Therefore the e�ciency and the acceptance of the
detector are determined in one single step� by taking the Monte Carlo simulation to
achieve an estimation�

The e�ciencies of the di�erent subtriggers are discussed is Section ��
 for the dif�
ferent Monte Carlo calculations�

The acceptance A of the D�� meson decaying to �ve pions through the channel
in equation ��	�� where all �ve tracks still can be measured in the central part of the
detector� is calculated with the Monte Carlo simulation program for the direct and the
resolved contribution separately� The derived numbers for the acceptance in this decay
channel are�

Adirect � �
��� � ���	 �
Aresolved � 
�
� � ���� � �

��
��

Because the e�ciency and the acceptance of a subtrigger are correlated� it is not
correct to multiply the two numbers to achieve the overall probability to measure a
decay� The probability has also to be calculated with the Monte Carlo simulation�

The mixing ratio between the direct component and the resolved component of the
photon gluon fusion is taken as � � �" i� e� �� � of direct and 
� � of resolved component�
All numbers are summarized in the Table ���

direct contribution
subtrigger e�ciency acceptance e�ciency � acceptance

st�� ����� � ���� � �
��� � ���	 � ���
 � ���� �
st�� 
���� � ���
 � �
��� � ���	 � 
��
 � ���� �
st�� ����� � ���
 � �
��� � ���	 � ���� � ���
 �

resolved contribution
subtrigger e�ciency acceptance e�ciency � acceptance

st�� 
���� � ���� � 
�
� � ���� � ���� � ���� �
st�� �	��� � ���� � 
�
� � ���� � 
��� � ���� �
st�� 

��� � ���� � 
�
� � ���� � ���� � ���� �

�	 
 direct � �	 
 resolved contribution
subtrigger e�ciency acceptance e�ciency � acceptance

st�� ���
� � ���
 � ����	 � ���� � ���	 � ���� �
st�� 
���� � ���� � ����	 � ���� � 
�
� � ���� �
st�� ����
 � ���	 � ����	 � ���� � ���� � ���� �

Table ��� E�ciencies and acceptances of the subtriggers st��� st�� and st�� for the
direct and resolved contribution of the photon gluon fusion process of charm production�

To be able to calculate the e�ciency � for measuring the decay some other corrections
are needed�

	 Because in the Monte Carlo simulation only the decay channels of the D mesons
are imposed� there is a correction for the K�

S meson decay� It is only looked for
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with the decay channel K�
S �� ���� for the K�

S meson and therefore there is a
correction factor of the value of the branching ratio B�K�

S �� ������

	 The probability to correctly reconstruct a track from the hits in the central jet
chambers is not equal for events from data and events produced by Monte Carlo
simulations� The reason for this di�erence is noise in the chambers and readout
problems� Almost all tracks are found� but in some cases the reconstructed track
parameters are obviously wrong�

The track �nding e�ciency was found by a visual scanning of events using the
event display� The e�ciency for tracks is for data events

� data
track � �	 � 
 � ��
��

and for Monte Carlo events

� MC
track � 	� � 
 � � ��

�

The ratio of both e�ciencies has to be applied for each of the �ve tracks of the
decay�

	 With the described reconstruction method of D�� decays resonant as well as
nonresonant decays are found but in the Monte Carlo simulation only nonresonant
decays were generated� Therefore a correction factor for the e�ciency of

R �
B
�
D� �� �K�����

�
all

B
�
D� �� �K�����

�
nonresonant

��
��

�
���� � ��
� �

����� � ��

� �
� ����� ���	 ��
��

has to be applied�

With these corrections the e�ciency of reconstructing and measuring the whole decay
is given by

� �
N MC
st

N MC
tot

� �

B �K�
S �� �����

�
�
� data
track

� MC
track

�

� R � ��
	�

where N MC
tot is the total number of simulated and reconstructed Monte Carlo events and

N MC
st the number of found D�� mesons in the same invariant mass di�erence interval

as for data�


�� Reconstructed Decays

The number of observed decays within the invariant mass di�erence interval

��
�� MeV�c� � �minv � ��
�� MeV�c� �����

is
N � �� � 
� � �	 � � � �����
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as already mentioned in Section ���� For the three chosen subtriggers the following
numbers of observed decays are found in the same invariant mass di�erence interval�

Nst�� � 
� � � � �� � � ���
�

Nst�� � 
� � �� � � � 
 �����

Nst�� � ��� � � �� � � �����

The number of decays� which have triggered at least by one of these subtriggers� is

Nst���st���st�� � �� � 
� � �� � � � �����

For the Monte Carlo simulated events the same reconstruction program is used and
the same cuts as for data are applied� The achieved number of found decays for the two
types of event generators are given in Table �	� For the sum of the events triggered by
the three subtriggers the prescaling of the central level � trigger is also simulated with
the prescale values given in equation ��
��� To be able to compare the results from the
Monte Carlo simulated events with the data� the two types of Monte Carlo events are
mixed with the ratio � � �" i� e� �� � of direct and 
� � of resolved component of the
photon gluon fusion� the same ratio as it is used in Section ����

selection direct contribution resolved contribution

Total generated decays 

��
 ��
���
Total generated decays
with acceptance of central tracker

��
	 ����

Found D�� mesons of st�� ��� � 	
 � �

Found D�� mesons of st�� ��� � ��
 � ��
Found D�� mesons of st�� ��� 
 �	 � 	
Found D�� mesons of st��� st��� st��
with simulated prescaling

�
� 	 ��� � ��

selection �	 
 direct � �	 
 resolved contribution

Total generated events �����
Total generated events
with acceptance of central tracker

����

Found D�� mesons of st�� �	��� � ��
�
Found D�� mesons of st�� ����� � 	���
Found D�� mesons of st�� ����� � ����
Found D�� mesons of st��� st��� st��
with simulated prescaling

	
��� � ���
�

Table �	� Number of generated Monte Carlo events and the number of those which
passed the selection criteria identical to those applied for the recorded data�
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�� Error Estimation

��
�� Statistical Error

The di�erence of the number of events found in the signal distribution and in the
background distribution has a statistical error for the charm cross section determination
of �� ��

��
�� Systematic Error

The di�erent sources for systematic errors are given in the following listing� together
with the numbers for the charm production cross section�

	 The error of the luminosity measurement is ��� � ��
��

	 The probability of the fragmentation of a charm quark to a D�� meson� which
decays in the searched decay channel� has an uncertainty of 

 �� This leads to
the same systematic error in the charm cross section determination�

	 The ratio between the track reconstruction e�ciency for the data and for Monte
Carlo simulation has an error of 
 �� This leads to a systematic error in the
charm cross section determination of �� ��

	 A large fraction of the systematic errors comes from the determination of the
D�� meson reconstruction e�ciency by Monte Carlo simulation� This e�ciency
depends on several parameters of the event generator�

� The fraction of D�� mesons� which decay within the detector acceptance�
varies with applying di�erent proton and photon structure functions in the
event generator� The variation changes the fraction by up to 
� ��

� The ratio between the direct and the resolved component of the photon
gluon fusion has not been yet measured at the HERA energy� The resolved
component was estimated to be less than �� � ���� �
�� To estimate the
error of the ratio of � � �� it was varied between 
 � � and � � �� Due to the
small di�erences in the decay detection e�ciency between the direct and the
resolved component� the introduced systematic error is smaller than � ��

� The distribution of the calculated kinematical quantities agree quite well
between the data and the Monte Carlo simulation� Therefore the applied
cuts to achieve the invariant mass di�erence distribution �minv should have
the same e�ects in both cases� The contributed systematic error of the
selection is estimated to be below 
� ��

All these factors of uncertainties of the e�ciency together give an estimation for
the systematical error from the Monte Carlo simulation of 
� ��

The contributions to the systematic error are assumed to be not correlated and
therefore can be summed quadratically� This gives a total systematic error for the
charm cross section determination of �� ��
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�� Results

With the above method and applying equations ����� and ��
	�� the cross section for
the charm production becomes for all events triggered from at least one of the three
subtriggers st��� st�� and st��

� �ep �� ec�cX� � ��

� ����stat� � ��

syst� �b � ���
�

For a consistency check� the cross section for the charm production is also calculated
for each subtrigger separately� The results should be the same within the errors� but
with much larger statistical errors�

� �ep �� ec�cX�st�� � ����� ����stat� � ����syst� �b �����

� �ep �� ec�cX�st�� � ��	�� ��
�stat� � ���
syst� �b �����

� �ep �� ec�cX�st�� � ���
 � ��

stat� � ����syst� �b � ���	�

The result can be compared with the theoretical calculations of Ellis and Nason �����
which have been discussed in Section ��
� For the most probable charm�quark mass of
��� GeV�c� they obtained for the charm cross section a value of

� �ep �� ec�cX� � ��
� �����
����� �b � �����

The charm production measured in this analysis is in agreement with this value within
the errors� It is also in agreement using the values for the charm�quark masses of
��
 GeV�c� and ��� GeV�c� in the theoretical calculations�

For a certain y range it is possible to calculate the total cross section for the pho�
toproduction of a pair of charm quarks� Starting from equation ��
� the cross section
for the photoproduction of a pair of charm quarks is given by

� ��p �� c�cX� �
� �ep �� ec�cX�R ymax

ymin
F��e �y� dy

� A �ymin� ymax� � �����

The y interval is given by the edges ymin and ymax� Over this interval the photon �ux
factor F��e� see equation �
��� has to be integrated� The fraction of events with a y
within the interval between ymin and ymax of the whole y range is described by A� This
number has to be determined by the Monte Carlo simulation by the ratio

A �ymin� ymax� �
N�y

Ntot
� ���
�

A natural interval of the variable y is the acceptance of the electron tagger� The photon
�ux factor integrated over the y range

��� � y � ��� �����

and the Q� range

� � ���� GeV��c� � Q� � ��� GeV��c� �����
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gives Z ymax

ymin

F��e �y� dy �
Z ���

���
F��e �y� dy � ���
�
 � �����

The y and Q� ranges implicate a center of mass energy of the �p system in the region
of

�
� GeV � W�p � 
�� GeV � ���
�

For this region the acceptance A given by the Monte Carlo calculation is

Adirect � ����
 � ����

Aresolved � ��


 � ����� �

�����

With these values� mixed with the ratio � � � of direct and resolved component� the �p
cross section for charm production can be determined

� ��p �� c�cX� � �
�
 � ���stat� � ��
syst� �b � �����

This result can be compared with the measurements of the several �xed target exper�
iments� where an intensive photon beam has been collided with a �xed proton target�
These measured cross sections are given in Figure �
 as a function of the center of
mass energy of the �p system� The calculations of Frixione et al� ���� with the proton
structure function MRSA�� ���� and the photon structure function GRV�G HO�� ����
for the charm�quark mass mc of ��� GeV�c� are also shown�

��Proton structure function
 Martin�Roberts�Sterling � parametrization A
��Photon structure function
 Gl�uck�Reya�Vogt � higher order
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Figure �
� The total cross section for the photoproduction of a pair of charm quarks
versus center of mass energy

p
s� The band represents the cross section calculations

of Frixione et al� ���� with the proton structure function MRSA ���� and the photon
structure function GRV�G HO ���� for the charm�quark mass mc of ��� GeV�c�� The
band width is obtained by varying the renormatization scale � between mc�
 and 
mc�
The data points are taken from the following references� E
	� �

�� PEC �
��� SLAC �
���
WA� �
��� EMC �

�� BFP �
��� and CIF �
��� The WA� result is the inclusive cross
section for D� production� The CIF data and the EMC data at �
�� GeV� 
��� GeV�
and 
��� GeV center of mass energies are inclusive cross sections for D�� �D�� production�



��� 
 Summary

� Summary

The measurement of the production cross section of charm quarks presented in this
analysis is based on tracks measured with the central jet chambers of H�� The data
analyzed correspond to a total integrated luminosity of ��	 nb�� and was taken in the
run period of �		��

The determined value for the charm production cross section is

� �ep �� ec�cX� � ��

� ����stat� � ��

syst� �b � ���	�

This value is in agreement with the theoretical calculation of the perturbative QCD
made by Ellis and Nason �����

The �p cross section can be determined for a certain center of mass energy range of
the �p system from the ep cross section� For the range of

�
� GeV � W�p � 
�� GeV �����

the photon �ux factor is integrated over the corresponding y range Q� range� A value
of Z ymax

ymin

F��e �y� dy � ���
�
 �����

is obtained� With this value the cross section of photoproduction of a pair of charm
quarks is calculated for the center of mass energy ����� of the �p system

� ��p �� c�cX� � �
�
 � ���stat� � ��
syst� �b � ���
�

This value is compared with �xed target experiments which measure at a lower
center of mass energy of the �p system� The result ���
� is a factor of two higher than
from the Monte Carlo calculations expected�



��	

Appendix

A Pipeline

Figure �� explains the basic principles of a pipelined trigger� The digitized data are fed
into a pipeline� a serial�in�serial�out shift register� If the setup and the hold times� the
time the data has to be stable at the input of a �ip��op before and after the relevant
clock edge� are short in comparison to the time between two consecutive clock edges�
logic circuits may be included between any two registers of the pipeline� If the pipeline
is long enough� these logic circuits can sum up the whole trigger logic� delivering the
L��Keep signal� This signal is used to gate the clock of the pipeline of the original
digital detector data� At a L��Keep signal the readout starts and will �nd the data
corresponding to the trigger decision in the last register of the stopped data pipeline� If
no trigger occurs� the pipelines keep running and a decision of the next bunch crossing
is delivered one clock cycle later�

FFFFFFFF

FF FF FF FF FF

st
ep

 1

st
ep

 2

st
ep

 3

AND

clock  10.4 MHz

data BC n-kBC n-1BC n

for BC n-k

trigger decision 

L1-Enable

76 ns 20 ns

Figure ��� Scheme of a pipelined trigger� The logic functions of the pipelined trigger
are distributed between the registers of the shift register� The L��Enable signal is the
inverted L��Keep signal and stops the shifting of the pipeline�

For the drift chamber r�� trigger the scheme is more complicated because the trigger
logic has to wait for all information from the drift chambers� In addition it needs
information from several bunch crossings to make a decision� To save decision time
the data are not shifted at each clock edge� This is possible as long as the information
belonging to a bunch crossing is kept together� As soon as the information of two
consecutive bunch crossings starts to overlap due to propagation delays within the logic
circuits� it has to be divided by a synchronization step�

The pipeline structure used in the drift chamber r�� trigger is a serial�in�parallel�out
shift register and is shown in Figure ���



��� A Pipeline

FF FF FF FF FF

ANDstep 1 step 2FF FF

data BC n BC n-1 BC n-k

for BC n-k

trigger decision 

L1-Enableclock  10.4 MHz

data from several bunch crossings

Figure ��� Scheme of the pipeline of the drift chamber r�� trigger� The logic functions of
the trigger are distributed between the registers of the shift register� To save time some
of the registers are missing thus the calculation time of the individual functions can be
extended over the time between two consecutive bunch crossings� A further extension
is the usage of information of several bunch crossing times� This is a consequence of
the long drift time of the central jet chambers� The L��Enable signal is the inverted
L��Keep signal and stops the shifting of the pipeline�
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B Trigger Hardware

B�� Discriminator

The analog central jet chamber pulses are converted to digital signals by the discrimi�
nators mounted on adapter cards� which are plugged into the front of the FADC cards�
Because the measurement of the drift distance is done by measuring the drift time�
the discriminators need a good time resolution� Therefore the di�erential signals from
both ends of the wire are shaped� ampli�ed and discriminated separately and then
#ORed#� The earlier of the two signal from a wire de�nes the signal at the output of
the discriminator�

The discrimination is carried out in six steps�

	 The input signals are decoupled and terminated�

	 In the next step the signals are integrated in a RC�term with a resistor R � ��� )
and a capacity C � 
�� pF� The integration constant � is 

 ns� This is done
to suppress the noise from the FADC cards� which are clocked with ��� MHz to
store the analog pulse shapes of the chamber signals�

	 The integrated signals are passively di�erentiated with another RC�term� This
time constant � is 

 ns�

	 Due to the input capacity and the feed�back of the ampli�er� there is also an
active di�erentiation term� The time constant of the di�erentiation is � ns� The
gain depends on the slope of the signal due to the di�erentiation� For a chamber
signal with a rise time of 
� ns the gain is about ����

	 In the next step the signal is discriminated� The thresholds are provided from the
receiver cards and lie in a range of �� V to �� V� The output of the discriminator
is active so long as the signal is above threshold�

	 The last step is a logic OR of the two digital signals� which derive from each end
of the wire�

The walk of the whole discriminator system is 
�� ns for pulses with a height between
�� mV and ���� mV and a threshold of �� mV �
�� �see also Table 
��� The thresholds
used during data taking in �		� were between �� mV and �� mV� The walk in the data
was therefore smaller than the numbers given in Table 
��

One adapter card consists of discriminators for eight wires� One threshold value is
provided from the receiver card for all discriminators on an adapter card�

B�� Receiver Card

The receiver card consists of the synchronization� the logic to control the thresholds for
the discriminators and the logic to provide test patterns for the trigger system�
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threshold �mV� �� �� �� �� �� �� �� �� ��
pulse height �mV� �� ��� ��� 
�� ��� ��� ��� ��� ����

time di�erence �ns� ���� � �� �
 �
�� �� ���� �� ��

Table 
�� Measurement of the time shift of the discriminator output as a function of
the pulse height for a �xed threshold of �� mV �
��� The time shift is normalized to
the time shift of a pulse with a pulse height of ��� mV�

The signals from the adapter cards are distributed to the receiver cards over ���
twisted pair cables each with 

 lines� As well as the discriminated chamber signals�
the thresholds and also the ground lines are transferred over this cable�

The threshold can be steered over the VME interface� A digital to analog converter
�DAC� provide a voltage between ��� V and ��� V� With a potentiometer the voltage
is lowered by a factor of ten to the working region �� V to �� V� which is transferred
to the discriminators� This voltage can be steered in steps of about � mV� The accuracy
of the DAC is much better� but the whole system is stable only to � mV�

Each receiver card has 
	 input signals from the chambers� With a jumper bar it
is possible to exchange any combination of two channels� At the same place� unused
cable lines from the adapter cards to the receiver card are terminated� There is also the
possibility to introduce delay lines for groups of wires� which belong to the same cable�
to compensate for di�erent propagation delays through the cables� Until now they have
not been used�

The synchronization is done in XILINX logic cell arrays �LCA�� The receiver card
is fed with a ���� MHz clock from the clock card� On the board the clock frequency
is doubled� Both the ���� MHz as well as the 
��� MHz clock are used in the LCA to
synchronize the 
	 input signals according to their layer as shown in Table �
� The
logic circuit of the synchronization is shown in Figure ���

The digital chamber signals are synchronized with the ���� MHz or 
��� MHz clock�
The output is a signal� which is only 	
 ns or �� ns long corresponding to the synchro�
nization frequency� Also pulses shorter than a clock period are synchronized and are not
lost� Only if there are two pulses in a clock period will they be lost� But this is most
unlikely due to the integration time before the discrimination� After a synchronized
signal has been produced the channel is dead for the time the analog signal is above
threshold�

The synchronization time varies slightly between the di�erent channels on the re�
ceiver card� This is due to propagation delays of the signals and the clocks on the card�
Also a shift between the ���� MHz and the 
��� MHz clock resulting from the clock
doubling gives a similar contribution� To quantify this variation the time di�erence
between the signi�cant edge of the input signal and the signi�cant edge of the synchro�
nized output signal of one channel was measured� This measurement was done for each
channel with the same input signal which had a �xed phase di�erence to the synchro�
nization clock� The measured time di�erences for each channel are given in Table 
��
The time di�erences are normalized to their mean value� In Figure �
 the distribution
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Figure ��� Logic circuit of the synchronization for layers synchronized at ���� MHz
and 
��� MHz� To achieve the same propagation time for the signals synchronized at
���� MHz and 
��� MHz the 
��� MHz synchronization needs an additional �ip��op�

of the measured values is shown�
It is possible to switch o� single wires permanently� Broken or noisy wires can be

masked this way�
Another major part on the receiver card is the logic to provide the trigger with test

patterns� The patterns are stored in four memories� containing � bits� with �
 address
inputs� They can be loaded over the VME interface� 
	 of these �
 bits are used for the

	 wires each receiver card processes� The time information is stored with the addresses�
During a test run the addresses of the memories are increased every 	
 ns and a new
pattern is fed into the trigger� The address counters are started simultaneously in all
receiver cards� Due to the �
 address lines of the memories� it is possible to store ��	

bunch crossings for all 
	 wires on each receiver card�

The patterns are fed into the trigger after the synchronization� This is a disadvan�
tage� because the phase to the ���� MHz clock is di�erent for signals originating form
patterns and from chamber hits when they leave the receiver card or arrive on the SRL�
card respectively� In a new design this should be changed�
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channel � 
 � � � 
 � �
time di�erence �ns� ���
 ��
 ��� ��
 ��� ��� ���� ���


channel 	 �� �� �
 �� �� �� �

time di�erence �ns� �
�� �
�� �
�� ���� ���� ���� ��� ����

channel �� �� �	 
� 
� 

 
� 
�
time di�erence �ns� ���� ��� ��� ���� ���� ���� ���	 ���

channel 
� 

 
� 
� 
	
time di�erence �ns� 
�� ���
 �
�� ��� ���

Table 
�� Measurement of the synchronization time as a function of the 
	 channels
of a receiver card� The di�erences are due to propagation delays on the card and in
the XILINX LCA� The channels �� �� ��� �	� 
�� 
� �
�� and 
	 are synchronized with

��� MHz�

The memories storing the patterns are too slow to allow the addresses to be changed
every �� ns� Therefore the 
��� MHz layers cannot be tested completely� because there
are always two �� ns bits generated instead of one bit� This can be solved easily by
exchanging the memories for faster ones�

B�� SRL� Card

The SRL� card is the heart of the drift chamber r�� trigger� because it contains the
track �nding logic� The card is a printed circuit board of �� layers of size �
 cm� �
 cm�
It consists of the following parts�

	 data pipelines�

	 track �nding logic�

	 readout logic�

	 VME interface to load the con�guration of the XILINX chips�

	 control logic for the XILINX chips�

The SRL� card has to be programmable because the track �nding logic has to be
adjustable to changing chamber conditions� Therefore XILINX logic cell arrays �LCA�
are chosen to implement the logic�

Each of the �� SRL� cards process a ��th of the � plane� The card has 	
 input
signals from the receiver cards which are stored in as many pipelines with parallel
outputs� The pipelines are 
� clock cycles deep� The �rst part is used for waiting
for the maximum drift time and is fed the track �nding logic� In the second part the
information is stored until a trigger decision is taken� In the case of a positive decision�
the pipeline is stopped and the corresponding data are ready to be read�out and can
be used for a level 
 trigger or for debugging purposes to verify this decision�
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Figure �
� Distribution of the synchronization time in the receiver cards� The time
di�erences are normalized to their mean value�

The shift registers are implemented in �	 XILINX LCAs� There are two kinds
of shift registers because of the two synchronization frequencies in the receiver cards�
Corresponding to their synchronization the data are shifted in pipelines with a frequency
� of ���� MHz or 
��� MHz� To avoid a 
��� MHz clock line the 
��� MHz shift registers
are derived from two ���� MHz shift registers which are shifted against each other by
�� ns� Because the track �nding algorithm is clocked with ���� MHz� the 
��� MHz
shift registers have to be synchronized at their parallel outputs with �ip��ops with a
frequency � of ���� MHz� To have the same propagation delays for all shift registers�
the ���� MHz shift registers are also synchronized at their outputs� The outputs in
the second part of the shift registers are not synchronized but gated� because the clock
already has stopped when they are read�out� Parts of the shift register layout are shown
in Figure ���

The outputs of the �rst part of the shift registers� containing the information of the
last 	
� ns of the drift chamber� put up the bit map the track �nding logic is using� To
reduce the bit map some parallel outputs of the pipelines are #ORed# together in the
shift register LCAs� These are mostly the outer 
��� MHz shift registers� because the
granularity is not needed for the �rst level trigger� So in layers 
� and 
	 always two
bits are #ORed# together� and in layer �� even three bits�

The track �nding logic is implemented in two times 
� XILINX LCAs� Each of the

� LCAs are processing a ��th of the azimuth plane� The roads for the positively or
negatively charged particles of two reference wires are always implemented in a LCA�
Only the roads of the reference wires 
 and � are placed in � LCAs due to the many
roads� Each LCA has three outputs for found tracks� each one for the high and the
low transverse momentum range and one for the time information� In the XILINX
LCA for each road� four of the inner �ve drift bits and four of the outer �ve drift bits
are searched� If a whole road is found� the corresponding transverse momentum bit of
the road is set� If the reference bit is also found the time information bit is set� This
information is given to the two XILINX LCAs which are called the local clustering unit�
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Figure ��� Schematic view of the shift register� the output synchronization for the
trigger logic and the output gates for the shift register readout�

The roads of the positively and negatively charged particles are clustered separately to
three azimuth ranges and two curvature ranges� In addition the time information is
collected� The �� signals are transferred as the output of the SRL� cards over the
passive backplane to the L�L
 card every 	
 ns�

The track �nding logic depends strongly on the central drift chamber parameters
drift velocity and Lorentz angle� The SRL� cards are built such that they can adapt
to at least �� � changes from the design parameters of the drift chamber� A change
in both parameters has about the same e�ect" the maximum drift time of the chamber
changes� A problem occurs if the maximum drift time exceeds a certain value� The
whole information of the drift chamber is spread over a longer time period and the
pipelines get too short to store all information and ine�ciencies occur�

The XILINX LCAs are loaded by a bit stream from the control program over a
VME connection� The chips provide a pin with the information of their state� If they
are still programmed the output of this pin is high� This signal from all XILINX LCAs
is collected together into one signal and made visible by a LED on the front plate� This
information can also be read�out and is monitored by the control program�

B�� L�L� Card

The L�L
 card controls the whole trigger� It obtains all control signals from the STC
crate and provides the output for the central level � trigger �CTL��� It stores all data
from the trigger and gives the front end processor permission to read�out the data for
the central data acquisition �CDAQ�� It is of the same size as the SRL� card and is
made from 	 printed circuit board layers� The card consists of the following parts�

	 data memory�
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	 trigger element logic�

	 trigger control unit�

	 connection to the CTL��

	 connection to the CDAQ�

	 connection to the higher level triggers�

	 VME interface to load the con�guration of the XILINX chips�

	 control logic for the XILINX chips�

The L�L
 card receives the 
�� trigger bits from the SRL� cards� The bits are stored
in the data memory� At the same time they are passed over a row of connectors to the
L
L� card and are processed in XILINX LCAs to obtain the trigger elements� Therefore
the data are processed in two di�erent paths� One is calculating the multiplicities the
other the topology of the event� To get the multiplicities of the event the data are fed
to four XILINX LCAs for each transverse momentum range separately� There the ��
azimuth ranges are added� These numbers are sent to another XILINX LCA� which
calculates the multiplicities listed in Table 

� To �nd the topology of the event the
data are fed to four other XILINX LCAs� This time three azimuth ranges are collected
together� In this granularity of �� segments any possible topology can be programmed�
This calculation is done in a further XILINX LCA� In addition in a third path the time
information bits are collected in a XILINX LCA� The multiplicity outputs are compared
with thresholds loaded over the control program and stored in registers� There outputs
are passed to an analog switch box as well as to the other trigger elements� The L�L

card provides �
 di�erent trigger elements� They are listed in Table 
�� In �		� only
eight lines were connected to the CTL�� With this switch box it is possible to connect
every combination of � trigger elements to the �rst � output pins and almost every
combination to the �
 output pins� This switch box is also programmed by the control
program�

A large XILINX LCA controls all processes on the board� It obtains two clock
signals from the delay card� one for the processes on the L�L
 card and one for the
communication with the SRL� cards� From the CTL� over the STC crate it obtains also
the L��Keep signal� All control signals on this board derive from this signal� Over this
unit all registers and memories can be accessed� During data taking the card is fed every
	
 ns with 
�� trigger bits� At every cycle the unit increases the addresses of the ring
memory and stores the actual address� After any L��Keep the data �ow is stopped and
the unit starts the shift register read�out� It selects a SRL� card which sends its shift
registers in six cycles� After the sixth cycle the next SRL� card is selected� The bits are
stored in the same memory as the trigger bits but in higher addresses� Unfortunately
the trigger bits and the shift register bits do not arrive with the same phase relating to
the incoming clock� The control unit shifts therefore all relevant signals by 
� ns before
the shift register readout starts� The shift register readout takes about 	 �s� almost
half of the L
 decision time�
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track multiplicities

tracks with pt � �
� MeV�c
validated with the corresponding prompt bit of the mask

tracks with pt � �
� MeV�c
positively charged tracks with pt � �
� MeV�c
negatively charged tracks with pt � �
� MeV�c
tracks with �
� MeV�c � pt � ��� MeV�c
tracks with pt � ��� MeV�c
positively charged tracks with �
� MeV�c � pt � ��� MeV�c
positively charged tracks with pt � ��� MeV�c
negatively charged tracks with �
� MeV�c � pt � ��� MeV�c
negatively charged tracks with pt � ��� MeV�c

Table 

� Track multiplicities calculated by the drift chamber r�� trigger�

symbol description

DCRPhi T� at least one tracks with pt � �
� MeV�c
validated with the corresponding prompt bit of the mask�

DCRPhi Ta at least one track with pt � �
� MeV�c�
DCRPhi Tb at least two tracks with pt � �
� MeV�c�
DCRPhi Tc at least three tracks with pt � �
� MeV�c�
DCRPhi TPos at least one positively charged track with pt � �
� MeV�c�
DCRPhi TNeg at least one negatively charged track with pt � �
� MeV�c�
DCRPhi TLow at least one track with �
� MeV�c � pt � ��� MeV�c�
DCRPhi THigh at least one track with pt � ��� MeV�c�
DCRPhi TPL at least one positively charged track with

�
� MeV�c � pt � ��� MeV�c�
DCRPhi TPH at least one positively charged track with pt � ��� MeV�c�
DCRPhi TNL at least one negatively charged track with

�
� MeV�c � pt � ��� MeV�c�
DCRPhi TNH at least one negatively charged track with pt � ��� MeV�c�
DCRPhi Topo� two opposite lying tracks� one positively charged�

one negatively charged� with six empty sectors between�
DCRPhi Topo
 two tracks with at least three sectors between�
DCRPhi Topo� three tracks with at least somewhere four empty

sectors next to each other�
DCRPhi Topo� one negatively track and two empty neighbour sectors

at both side�

Table 
�� Selectable trigger elements provided by the drift chamber r�� trigger�
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After the L
�Keep signal of the CTL�� the front end processor starts to read�out the
data from the L�L
 card� For this purpose the control unit changes the access mode of
the memories� During data taking all memories were written with 
�� bits at the same
time� In the readout mode only �
 bits can be read over the VME bus� The control
unit selects all memories� one after the other and calculates with the address stored in
the register the memory address to get the correct bunch crossing� Due to special steer
signals data which belong to bunch crossings before and after the nominal one can only
be read�out� Of course it is also possible to read�out the shift register bits�

As well as in the SRL� card the XILINX LCAs are loaded by a bit stream over a
VME connection and the status of the chips is visible on a LED and is monitored by
the control program�

B�� Readout Control Chip

The readout control chip on the L�L
 card controls the transfer of the data from the
SRL� cards to the L�L
 card as well as their readout over the VME bus� In addition
it provides all control signals� which are necessary to steer the trigger settings on the
L�L
 card� The logic is implemented in a XILINX LCA�

The control chip has the following input signals�

	 �	 addresses from the VME bus�

	 
 address modi�ers from the VME bus�

	 �
 data lines from the VME bus�

	 ���� MHz clock�

	 L��Keep signal�

It has the following output signals�

	 
� latch signals�

	 �� memory select signals�

	 � cell signals�

	 
 cycle signals�

	 �� RAM address lines�

	 Read�Write signal�

	 Backplane enable signal�

	 Trigger bit read signal�
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Figure ��� Schematic overview of the readout control chip� The input signals are fed
from the left side� The output signals provided by the readout control chip are shown
on the right side�

In addition there are four input lines and four output lines� which are connected by
adjustable delay lines on the board to shift clock signals in units of �� ns� A schematic
overview of the readout control chip is given in Figure ���

With the latch signals� which are controlled by the least signi�cant addresses and
the data lines� the backplane can be enabled� the readout mode can be selected and
an address o�set can be stored� The backplane has to be disabled during loading the
XILINX LCAs� The address o�set is needed to indicate the correct address where the

�� trigger bit readout has to start�

During triggering� before a L��Keep signal occurs� the chip provides the addresses
and the Read�Write signal for the memories where the 
�� trigger bits for each bunch
crossing are stored� The addresses are produced by the RAM clock� The Read�Write
signal and the RAM clock are fed through two of the four external delay lines� Due
to the 
�� bits wide data bus from the SRL� cards to the L�L
 card all memories are
enabled and written at the same time� The actual written memory address is stored as
pointer to the memory address at occurrence of a L��Keep signal�

After a L��Keep signal the pipeline is stopped and the control chip starts the shift
register readout� The RAM clock and the Read�Write signal are shifted by 
� ns using
the other two external delay lines� This step is taken because the trigger bits and the
shift register bits arrive with di�erent phases relating to the incoming clock� Again all



B�� L�L� Card �
�

memories are enabled and written at the same time� With the cell signals the SRL�
cards are selected for the shift register transfer� With the cycle signals six cycles are
counted before the next SRL� card is selected�

At the SRL� card the cell signals are fed in a shift register� which generates �ve
output enable signals �see Figure ���� The sixth cycle is a dummy cycle� which is needed
to select the next SRL� card�

After the L
�Keep signal the front end processor is allowed to read�out the trans�
ferred data on the L�L
 card� It selects the readout mode with the trigger bit read
signal� In the trigger bit readout mode the control chip calculates the correct memory
address by subtracting the stored address o�set from the stored last written address�
and selects the correct memory� Due to the �
 data lines of the VME bus only two
memories can be read�out at the same time� For the shift register readout the front end
processor has to change the readout mode� In this mode the processor can access the
memories directly� No address calculation is needed because the shift register bits are
always stored at the same addresses�

B�� L�L� Card

The L
L� card is the interface between the drift chamber r�� trigger and the higher
level triggers� It passes the 
�� trigger bits to the PQZP bus system� which distributes
the bits to the L
 triggers and to the L� processor memory� It would also be possible
to transfer the shift registers� which arrive later in the data stream� to the higher level
trigger� but the amount of data would cause too large dead times� The card is of the
same size as the L�L
 card and is connected to it by four 	
 pin connectors� The card
provides as output the 
�� trigger bits as di�erential ECL signals to be compatible with
the PQZP bus system� The signals are passed over �� twisted pair �at cables with ��
conductors in each� Because there is no ���
 V voltage in this crate the card has three
DC�DC converters�
 to transform �� V to ���
 V� It is possible to pass the 
�� trigger
bits over another row of four 	
 pin connectors to a printed circuit board yet to be
designed which can extend the trigger�

B�� Delay Card and Clock Card

The delay card provides the receiver cards� the SRL� card and the L�L
 card with
clock signals� one clock line for every receiver crate and two clock lines and the L��Keep
signal for the L�L
 card� One of the clock lines is passed through the L�L
 card over
the passive backplane to the SRL� cards� The other clock is used on the L�L
 card
itself� The delay card gets the signals from the fanout card for the drift chamber r��
trigger� As already mentioned the time of synchronization is very important for the
performance of the trigger� In the receiver crates� the time of synchronization has to
be shifted with respect to the collision time in the SRL� cards and L�L
 card to take
over properly the bits from the previous cards� So the card was upgraded from �		
 to
�		� to steer all delays in steps of 
 ns� The steering is done over a VME interface�

��Direct Current � Direct Current converter
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 B Trigger Hardware

In the receiver crates the clock signal is taken over by the clock card� which splits the
line into �ve� Each of them feeds three receiver cards with a clock over wire�wrapped
lines on the backplane to avoid di�erent propagation delays to the several receiver cards�
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C XILINX Logic Cell Arrays

XILINX logic cell arrays �LCA� are fully programmable chips� They are based on
a number of input�output blocks �IOB� associated with pins and con�gurable logic
blocks �CLB�� The IOBs are located peripherally� the CLBs on a matrix in the center
of the chip� All these blocks can be connected with each other by several types of
programmable routing sources�

The con�guration of the chip is stored in a kind of static RAM lying underneath the
user�visible collection of CLBs� IOBs and interconnections� A sketch of such a layout
of a LCA is given in Figure �	�

Figure �	� XILINX logic cell array �LCA� �
��� The functionality of the con�gurable
logic blocks and interconnections in a XILINX LCA can be programmed by an appro�
priate con�guration bit stream into the underlying memory�

The chips used for this trigger belong to the XILINX ���� series� Table 
� gives an
overview of the available devices� All of them are available in di�erent packages and
speed grades�

There also exist a XILINX 
��� series with slightly simpler structure and a XILINX
���� series with signi�cantly more interconnect resources�

Each CLB has a structure as shown in Figure 
�� The �ve inputs are fed to a
combinatorial block with two feed�back lines Qx and Qy� The function F and G are
either equal� in which case they can provide any function of �ve of the seven inputs�
or independent functions of almost any set of four input variables� There are also two
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device number of number of number of number of
gates CLBs IOBs program data bits

XC��
� 
��� 
� 
� ����	
XC���� ���� ��� �� 

��

XC���
 �
�� ��� 	
 �����
XC��
� 
��� 

� �
� �
�
�
XC��	� 	��� �
� ��� 
��
�

Table 
�� Available devices of the XILINX ���� series �
���

registers� which can operate either as �ip��op or as latches� They get their inputs from
Din� F or G� The outputs X and Y can be programmed to be either Qx or F and Qy

or G respectively�
The IOBs are also programmable either to be input� output or bi�directional con�

nection with tri�state output� The polarity is selectable� The implemented register can
be programmed to be either a �ip��op or a latch� The characteristic of the input can
be selected to be either CMOS or TTL compatible� Some IOBs may not be connected
to an external pin� depending on the package used� in which case they can be used as
an internal register�

Each CLB has direct interconnections to its four intermediate neighbouring CLBs�
These are very high�speed links with only one switch transistor �programmable inter�
connect point� PIP� in between� There are three vertical long�lines between any two
columns of CLBs� In larger LCAs two of them are split into connectable half�length
lines� Horizontally there are two long�lines crossing the entire die between any rows of
CLBs� Tri�state bu�ers connected to them allow busses to be implement� These long�
lines allow signals to travel fast over a greater distance� An additional global long�line
can be connected to all clock inputs of all CLBs and IOBs to allow a fast clock distri�
bution over the entire chip� Five general purpose interconnect lines run between any
two columns and rows of CLBs� At the crossing points switch matrices allow almost
any desired connectibility�

The XILINX chips are available in speed grades of �� MHz� �� MHz� ��� MHz and
�
� MHz� The maximum delay through a CLB gets smaller with higher speed grades�
So values from �� ns for �� MHz chips down to � ns for �
� MHz chips can be achieved�
Due to the delay occurring on the signal interconnections and the various switching
transistors� a propagation delay estimate was found to be 
� ns per CLB for a �� MHz
version�

As the con�guration memory of the XILINX consists of static RAM� it needs reload�
ing after each power cycle� Several procedures are possible� The least �exible one uses
serial ROM connected to the XILINX� Upon power up� all necessary steering signals
are provided from the XILINX to read its con�guration from the ROM� For the drift
chamber r�� trigger the ability to change the con�guration is desirable� For such ap�
plications the chips can be loaded by a bit stream over a computer interface� The
con�guration bit streams of the XILINX chips are stored as �les on the hard disk of a
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Figure 
�� Con�gurable logic block �CLB� �
��� It can be programmed to perform any
function of the �ve input variables� Two output registers are available�

computer and can be downloaded after deleting the old con�guration�
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 D Error Calculation of E�ciencies

D Error Calculation of E�ciencies

The e�ciency � is usually determined from a data sample of N events of which n pass
the user#s criteria as

� �
n

N
� �����

This is incorrect� If one assumes the exact e�ciency to be � then the probability to
observe n accepted events becomes a Binomial distribution

P
 �n� �

�
n
N

�
�n ��� ��N�n � �����

For an accepted number of events nobs one can de�ne the probability distribution for
the e�ciency � as follows

� � nobs
N

�����

P ��� �
P
 �nobs�R �

� d� P
 �nobs�
� ���
�

Using Z �

�
dxxn ��� x�m �

n(m(

�n�m� ��(
�����

one gets for the averaged value of �
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