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Abstrat

Exlusive photoprodution of ���

0

and �

0

��

0

meson pairs is studied with the H1 detetor

at HERA. The analysis is based on data reorded in 1996-1997 and 1999-2000 data taking

periods, orresponding to an integrated luminosity of 76:21 pb

�1

. The � and �

0

mesons

are identi�ed via their photoni deays in the bakward alorimeter SpaCal, and the �

0

meson via its dominant deay into �

+

�

�

pairs in the entral traking system of the H1

detetor. The sattered proton or its remnant is not measured but is separated by a large

rapidity gap from the �

0

meson.

The ross setion for photoprodution of � � �

0

meson pairs is measured at an average

photon-proton enter of mass energy of W � 208 GeV in the kinematial region de�ned by

the rapidities of the � and �

0

mesons in the laboratory system: �3:5 < Y

lab

�

< �2 and

�1:5 < Y

lab

�

0

< 1:5, photon virtualitiesQ

2

< 0:01 GeV

2

and inelastiity 0:3 < y < 0:65. The

ross setion obtained is �

�

(p ! ��

0

X) = (3:5 � 1:4(stat) � 1:3(syst)) nb. Due to the

limited statistis no de�nitive statement is made to explain this proess but the measured

di�erential distributions are onsistent with a ontribution from Pomeron exhange.

In the analysis of photoprodued �

0

� �

0

meson pairs no signi�ant � meson signal an

be extrated. Therefore only an upper limit of the ross setion is given as �

�

(p !

�

0

�

0

X) < 8:6 nb at 95% on�dene level, measured at an average photon-proton enter

of mass energy of W � 180 GeV in the kinematial region de�ned by the rapidities of

the �

0

meson and the �

+

�

�

pair in the laboratory system: �3:5 < Y

lab

�

0

< �2 and

�1:5 < Y

lab

�

�

�

+

< 1:5, photon virtualities Q

2

< 0:01 GeV

2

, and inelastiity 0:3 < y < 0:65.

Zusammenfassung

Die exlusive Photoproduktion von � � �

0

und �

0

� �

0

Mesonpaaren wurde mit dem

H1 Detektor bei HERA untersuht. Die Analyse basiert auf Daten, die in den Jahren

1996-2000 aufgenommen wurden und die einer integrierten Luminosit�at von 76:21 pb

�1

entshprehen. Die � und �

0

Mesonen wurden durh ihre Zerf�alle in zwei Photonen im

R�ukw�artskalorimeter (SpaCal) von H1 nahgewiesen, die �

0

Mesonen �uber ihren domi-

nanten Zerfall in �

+

�

�

Paare im zentralen Spurdetektor von H1. Das gesteuerte Proton

oder seine Fragmente wurden niht gemessen, allerdings wurde eine Rapidit�atsl�uke zwis-

hen dem zentralen �

0

und der Rihtung des auslaufenden Protons gefordert.

Der Wirkungsquershnitt f�ur �� �

0

Photoproduktion wurde bei einer mittleren p Shw-

erpunktsenergie von W

p

� 208 GeV, einer Photon-Virtualit�at von Q

2

< 0:01 GeV

2

und

einer Inelastizit�at von 0:3 < y < 0:65 f�ur die Rapidit�atsbereihe �3:5 < Y

lab

�

< �2 und

�1:5 < Y

lab

�

0

< 1:5 (de�niert im Laborsystem), bestimmt. Er hat den Wert �

�

(p !

��

0

X) = (3:5 � 1:4(stat) � 1:3(syst)) nb. Aufgrund der geringen Statistik kann keine

de�nitive Aussage �uber den zugrundeliegenden Reaktionsmehanismus gemaht werden.

Die gemessenen di�erentiallen Verteilungen sind aber konsistent mit einem Beitrag vom

Austaush der Pomeran�uk-Trajektorie (Pomeron).

In der Analyse der Produktion von �

0

��

0

Paaren konnte kein signi�kantes �

0

-Signal gefun-

den werden. F�ur den Wirkungsquershnitt kann deshalb nur eine obere Grenze angegeben

werden: �

�

(p ! �

0

�

0

X) < 8:6 nb (95% CL) bei einem mittleren W � 180 GeV, einer

Photon-Virtualit�at von ebenfallsQ

2

< 0:01 GeV

2

und einer Inelastizit�at von 0:3 < y < 0:65.

Auh der kinematishe Bereih, in dem die Mesonen nahgewiesen wurden, ist der gleihe

wie bei � � �

0

Photoproduktion: �3:5 < Y

lab

�

0

< �2 und �1:5 < Y

lab

�

+

�

�

< 1:5.
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Introdution

This theses is devoted to the analysis of exlusive photoprodution of � � �

0

and �

0

� �

0

meson pairs at HERA using the H1 detetor. Photoprodution proesses in ep-sattering

are indued by an interation of quasi real photons emitted from olliding eletron with

the olliding proton. The sattered eletron is deteted at small angles to ensure low pho-

ton virtualities (Q

2

� 0 GeV

2

). The hadroni struture of the photon allows it to interat

with the proton via the strong interation. The majority of these interation are `soft'

proesses in whih partiles produed have small (< 1 GeV) transverse momenta.

In a speial lass of soft interations at high p entre of mass energies (W

p

� 200 GeV)

the majority of the exlusive proesses is indued by the exhange of a olour singlet

objet arrying quantum numbers of vauum. Suh proesses are alled di�rative. Due

to the absene of a hard sale in soft proesses perturbative quantum hromodynamis

is not appliable in these reations sine the strong oupling onstant is in general not

small enough for the perturbation series to onverge. Therefore phenomenologial models

based on Regge theory are used to desribe the properties of these proesses. In these

models the olourless objets are attributed to the Pomeran�uk trajetory (`Pomeron').

Experimentally, suh interations are haraterized by a large rapidity gap without parti-

le prodution between the hadroni �nal state and the proton or its remnant.

Double meson photoprodution an, in terms of Regge phenomenology, be interpreted in

two ways: Either a high mass mesoni state is di�ratively produed whih subsequently

deays or the meson measured in the entral region of the detetor is generated in a fusion

proess of a mesoni trajetory originating at the photoni vertex, and the Pomeron orig-

inating at the proton. In this analysis an attempt is made to distinguish between these

mehanisms.

For the analysis presented, events were seleted where the proton (or a low-mass pro-

ton exitation) loses only a very small fration of its inoming momentum and esapes

undeteted in the beam pipe. This system is separated by a large rapidity region from

the entrally produed �

0

meson whose deay produts � �

+

�

�

pairs � are measured in

the entral traking system. The photons originating from � and �

0

meson deays are

deteted in the eletromagneti alorimeter SpaCal. The sattered eletron is deteted in

the eletron tagger whih restrits the virtuality of the photon to Q

2

. 0:01GeV

2

.

1
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Chapter 1

The H1 Experiment at the HERA

Collider

In this hapter a short introdution to the HERA (Hadron-Elektron-Ring-Anlage) ollider

is presented. Also the H1 detetor, whih was used to measure the data analyzed in this

thesis, and its omponents are briey desribed.

1.1 The e-p Collider HERA

The ollider HERA is situated at the DESY

1

laboratory in Hamburg. It is the �rst

eletron

2

-proton storage ring. At HERA protons and eletrons are aelerated and stored

in beam pipes of 6:3 km in irumferene. The eletrons are aelerated by superonduting

avities to 27:6 GeV and stored in the ring via onventional magnets. Also the protons

are aelerated by superonduting avities to 820

3

GeV but to store them in the ring

super-onduting magnets with 4:6 T are needed. The maximum of the designed spei�

luminosity for the period 1994-2000 was 1:4 �10

30

m

�2

s

�1

. Protons and eletrons are kept

in bunhes whih subsequently ollide with a period of 96 ns. The eletron bunh length,

width and height are about 10 mm, 0:3 mm and 0:04 mm, respetively, the proton bunh

parameters are 110 mm, 0:3 mm and 0:08 mm. However not all bunhes are ollided. Non

olliding bunhes are known as a pilot bunhes. They are used to estimate bakground

from beam interations with the residual gas in the beam pipe (`beam-gas' events) and

those from ollisions with the beam wall (`beam-wall' events).

1.2 The H1 Detetor

The H1 detetor is designed to measure the diretion, energy and harge of the partiles

oming from eletron-proton ollisions, in almost hermeti overage around the beam axis.

The main obstrution omes from the beam pipe itself. The right handed H1 oordinate

system is de�ned by the inoming proton diretion to be +z with the origin de�ned by the

nominal interation point. The positive y axis is oriented vertially upwards. The polar,

�, and azimuthal, �, angles are de�ned orrespondingly, suh that � is equal to zero in the

1

Deutshes Elektron SYnhrotron

2

between 1994 and 2000 HERA was mainly running with positrons. Only in 1998 and the �rst half of

1999, eletrons were used. The term eletron refers to both eletrons and positrons in this thesis.

3

from 1994 to 1997, the proton beam energy was 820 GeV, from 1998 to 2000, the energy was 920 GeV.

3
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proton beam diretion and � is positive for positive values of y. Due to the asymmetry in

the beam energies the H1 detetor is asymmetri sine the majority of partiles produed

are boosted along the proton diretion, whih is referred to as the forward region in the

rest of the thesis.

The layout of the main omponents of the H1 detetor [1℄ is shown in �g. 1.1. The reon-

strution of the events relies on two partile detetion methods: traking to measure the

momentum and the harge of the harged partiles, alorimetry to measure the energy of

the harged and also neutral partiles. The entral 2 and forward 3 traking devies

are loated around the beam pipe 1 . They are situated in the strong �eld of 1:15 T pro-

dued by a superonduting oil 6 with a radius of 3 m, allowing harge and momentum

to be measured from the urvature of the path. This �eld is ompensated by another

superonduting oil 7 in order not to inuene the HERA beam. The eletromagneti

and hadroni alorimeters 4 , 5 , 12 , 13 surrounding the traking devies are situated

outside the trakers. Detetion of muons is provided by the instrumented iron 10 in the

entral region and by muon hambers 9 and a toroid equipped by drift hambers 11

whih are loated in the most outside part of the H1 detetor.

The H1 detetor is ompleted with small angle eletron and photon detetors dediated

to the luminosity measurement plaed in the HERA tunnel. In the proton diretion the

devies for the measurement of the sattered proton and neutral partiles are plaed: the

proton remnant tagger, the forward proton spetrometer and the neutron alorimeter.

1.3 The H1 Traking System

The H1 traking system shown in �g. 1.2 provides simultaneously trigger information,

trak reonstrution and partile identi�ation. Trak reonstrution is predominantly re-

liant on the drift hambers and triggering on the multiwire proportional hambers (MW-

PCs). Partile identi�ation is based on measurements whih are sensitive to the partile

veloity, its harge and its momentum. The momentum and harge are measured from

the urvature of the partile traversing in the magneti �eld. The variable measured de-

pending on the veloity is the loss of the partile energy over the distane traveled (dE=dx).

The MWPCs onsist of many anode wires lying between athode pads, with the volume

in between �lled by gas and spanned by an eletrial �eld. The �eld is strong enough

for very fast ampli�ation of the ionization aused by the passage of harged partiles. It

allows very fast response times to obtain a trigger information. The harge aumulated

on the sense wires is proportional to the initial ionization. In H1 this rôle is taken by the

entral inner proportional and entral outer proportional hambers. The spatial resolution

of the MWPCs is limited by the spaing of wires, and more aurate measurement an be

performed via drift hambers.

In the drift hambers a set of sense anode and athode wires are strung in a uniform

eletri �eld. In this �eld the eletrons from ionization proess move at nearly onstant

veloity towards the anode sense wires. Knowing the drift veloity, a preise measurement

of the drift time allows to alulate the position of the passing partile with higher a-

uray than the distane between the wires in the MWPC. Therefore the drift hambers

are used for a preise spatial and momentum measurement of the traks. The momentum
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1   Beam pipe and beam magnets

2   Central track detectors

3   Forward track detectors

4   Electromagnetic LAr calorimeter

5   Hadronic LAr calorimeter

6   Superconducting coil (1.15 T)

7   Compensating magnet

  8   Helium supply for  7   

  9   Muon chambers

10   Instrumented iron yoke

11   Forward muon toroid

12   SPACAL and Backward DC

13   Plug calorimeter

14   Concrete shielding

15   Liquid argon cryostat

16   H1 coordinate system

X

Y

Z

ϕθ

16

Figure 1.1: Shemati view of the H1 detetor.
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is measured from the urvature of the partile in the magneti �eld. This rôle in H1 is

performed by the entral jet hambers, entral inner and entral outer z-hambers.

The traking detetors are split into three major omponents - the entral traking de-

tetors (CTD), the forward traking detetors (FTD) and the bakward drift hamber

(BDC). They over the angular range of 7

Æ

< � < 177:5

Æ

. In partiular, the CTD overs

the range of 15

Æ

< � < 165

Æ

, the FTD overs the range of 7

Æ

< � < 25

Æ

and the BDC

overs the range of 153

Æ

< � < 177:5

Æ

.

���
���
���
���

������
������
������
������

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

SpaCal

BDC

Figure 1.2: An r � z view of the H1 traking system

The Central Traking System

The entral traking system onsists of six hambers: the entral inner proportional ham-

ber (CIP), the entral inner z-hamber (CIZ), the inner entral jet hamber (CJC1), the

entral outer z-hamber (COZ), the entral outer proportional hamber (COP), and the

outer entral jet hamber (CJC2). In the r � � plane they are shown in �g. 1.3.

The two largest drift hambers CJC1 and CJC2 [2℄ are designed to give a most aurate

measurement of the trak position in the r � � plane. They are equipped by a plane of

anode sense wires strung parallel to the beam line with two adjaent athode planes also

made of wires. The hamber ell extends azimuthally from the sense wire plane to two ad-

jaent athode wire planes, and radially over the full CJC1 or CJC2 span. CJC1 onsists

of 30 ells with 24 radial sense wires eah. CJC2 is made of 60 ells eah ontaining 32

wires. The ells are tilted by approximately 30

Æ

so that the traks pass through more than

one ell whih improves the trak position resolution. Setting the athode wires of eah

ell to a voltage proportional to the distane from the sense wire plane allows to reate a

uniform eletri �eld and hene a onstant drift veloity over almost the entire hamber
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Figure 1.3: Setion of the H1 entral traking system.

ell. In most of the drift region the eletri �eld is onstant to better than 1%. Also at

the �rst and last sense wires the inhomogeneity is below 2%. For the drift veloity of

50 mm=�s at the nominal voltage in the gas used (a mixture of Ar-CO

2

-CH

4

) the resolu-

tion in the r � � plane is known to 170�m. Beause of the high magneti �eld, only the

traks with transverse momentum above 0:15 GeV will pass through both hambers. The

momentum of the partile is measured with a relative resolution of �

p

=p � (0:01 �p) GeV

�1

,

the relative resolution of the dE=dx measurement is 10%, the absolute angular resolution

is �

�

= 21mrad and the spatial resolution is about 170�m in the r�� plane and 22 mm in

the z diretion.

The trak reognition in the CJC is based mainly on the preise r � � information. To

improve the measurement in the z diretion the trak system is omplemented by two thin

drift hambers, the entral inner and entral outer z-hambers [3℄. CIZ and COZ over

the polar angular range of 16

Æ

< � < 169

Æ

and 25

Æ

< � < 156

Æ

. Their sense wires are

perpendiular to the beam axis. The z-oordinate alulated from the drift time results

in a resolution of 300�m in the z diretion and 30 � 60 mm in the r � � plane. As a result

the vertex resolution is 2 mm and the measurement of � is improved to �

�

= 2mrad. The

ombined trak measurement of all four drift hambers improves the relative momentum

resolution to �

p

=p � (3� 10

�3

p) GeV

�1

and �(dE=dx) � 6%.

The last two omponents of the entral traking system are MWPCs: the entral inner
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� [

Æ

℄ �

r��

[mm℄ �

z

[mm℄ �

�

[mrad℄

�

p

=p

p

[GeV

�1

℄ �

dE

dx

[%℄

CJC1+CJC2 15{165 0.17 22 21 < 0:01 10

CIZ+(COZ) 16(25){169(156) 30-60 0.3 2

CJC+CIZ { 0.17 0.3 2 3� 10

�3

6

+COZ

CIP 9{171

COP 25{155

Table 1.1: H1 entral traker properties: Coverage of the polar angle �, the

spatial resolution in r � �, z and �, momentum and dE=dx resolution.

and outer proportional hambers [4℄ providing the z-vertex trigger. While the CIP is the

innermost omponent, the COP is loated between CJC1 and CJC2. The angular over-

age of the CIP is 9

Æ

< � < 171

Æ

, while COP overs the region of 25

Æ

< � < 155

Æ

. They

provide only trigger information and have no impat on the �nal trak reonstrution.

The information from CIP and COP is ombined with that from a MWPC in the FTD to

produe a z-vertex trigger.

In this thesis the seletion of traks is based on the entral traker devies only. The main

parameters of these devies are summarized in tab. 1.1.

The Forward Traking System

The forward traking detetor (FTD) [5℄ onsists of three idential supermodules. Eah

of them inludes three di�erently oriented planar drift hambers, a multiwire proportional

hamber (MWPC), a transition radiator and a radial drift hamber. The layout of the

FTD is shown in �g. 1.2 in the left-hand part. For the trak measurement only the

planar and radial drift hambers are used. The transition radiators are designed for the

separation of eletrons and pions. The trigger information is provided by MWPCs.

The Bakward Drift Chamber

The bakward drift hamber [6℄ is loated in front of the eletromagneti part of the

SpaCal alorimeter in order to provide an aurate measurement of the sattered eletron.

The spatial resolution in the radial oordinate is �(r) = 0:4 mm and in the r � � plane

�(r � �) = 0:8 mm.

1.4 Calorimetry

At H1 there are four subdetetors whih provide energy measurement: The liquid Argon

Calorimeter (LAr), the bakward Spaghetti Calorimeter (SpaCal), the Tail Cather (TC)

and the Plug Calorimeter (PLUG). In 1998, in the very bakward region the VLQ alorime-

ter [26℄ was installed to detet sattered eletrons at very low virtualities

4

: 0:15 GeV

2

.

4

virtuality is de�ned as: Q

2

= �(k � k

0

)

2

, where k and k

0

are fourmomenta of the inoming and

sattered eletron, respetively. See also de�nition (2.6)



1.4. Calorimetry 9

Q

2

. 0:4 GeV

2

. The layout of the �ve alorimeters is shown if �g. 1.4. The two main

alorimeters, SpaCal and LAr, over the pseudorapidity range in the laboratory system of

�3:8 < � < 3:6. The TC measures the energy leakage from the main alorimeters and the

PLUG extends the aeptane in the forward region.

Figure 1.4: Shemati view of the H1 alorimetry system.

The priniple of the energy measurement is based on the omplete deposition of the par-

tile energy in the passive material, so alled absorbers, and a sample material where the

deposition of energy is measured.

The shower indued by eletromagnetially interating partiles like eletrons or photons

is governed by a ombination of bremsstrahlung (e! e) of eletrons and pair prodution

( ! ee) proesses of the photons. Seondary partile prodution ontinues until the

energy of the photons falls below the pair prodution threshold, and energy losses of the

eletrons other than bremsstrahlung start to dominate. The number of partiles produed

in the shower is proportional to the energy of the inident partile, N _ E

0

[27℄, therefore

the measurement of the total ionization in the sampling material provides a measurement

of the inident partile energy. The eletromagneti interation in a material is harater-

ized by the radiation length, X

0

desribing the behavior of the longitudinal development

of the shower, and by the Moli�ere radius R whih de�nes the lateral spread of the shower.

95% of the shower energy in a homogeneous alorimeter is ontained in a ylinder of radius

2R around the shower axis. A set of ontiguous ells with non-zero energy deposition is

alled a luster.

Strongly interating partiles passing through material lose energy via elasti and also

inelasti sattering. The hadron showers are governed in their longitudinal struture by

the nulear interation length � and by the transverse momenta of seondary partiles as

far as the lateral width is onerned. Sine for most materials �� X

0

and hp

had

t

i � hp

em

t

i
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hadron showers are longer and wider. Part of the energy of the inident hadron is spent

to break up nulear bonds. This fration of the energy is invisible in hadron alorimeters.

Further energy is lost by esaping partiles like neutrinos and muons as a result of hadron

deays. Sine the fration of lost binding energy and esaping partiles utuates onsid-

erably, the energy resolution of hadron alorimeters is systematially worse than that of

eletromagneti ones.

1.4.1 The Liquid Argon Calorimeter

The largest alorimeter of H1 is the Liquid Argon Calorimeter (LAr) [7℄. It is a non-

ompensating sampling alorimeter designed to measure the �nal state hadrons and the

sattered eletrons at very high Q

2

, above 100 GeV

2

. It overs the full azimuthal angular

region and the polar angle region 4

Æ

< � < 154

Æ

. It is plaed in a large ryostat inside

the magnet solenoid whih redues the amount of dead material through whih the parti-

les must pass. The LAr is divided into the inner eletromagneti (EMC) and the outer

hadroni parts (HAC).

Both setions use liquid argon as the sampling medium. The relatively high density of

the liquid argon allows large ionization, and there is no need of harge ampli�ation in an

avalanhe proess. In the ase of EMC, 2:4 mm thik plates of lead are used as absorbers

with a similar gap size �lled with liquid argon. The total thikness of the EMC varies

between 20 (in bakward diretion) and 30 (in forward diretion) radiation lengths. The

stainless steel absorption plates in the HAC are 16 mm thik with 5 mm spaing �lled with

liquid argon. The total depth of both setions orresponds to 4:5� in the bakward region

and 8� in the forward region. The LAr is highly segmented with a total of approximately

45000 ells.

The energy resolution of the eletromagneti setion is �

em

(E)=E � 12%=

p

E[GeV℄�1%.

The resolution of the hadroni LAr was determined to be �

had

(E)=E � 50%=

p

E[GeV℄ �

2%. By omparing the energy of eletrons obtained from the momentum measurement by

the traking system and the energy measured by EMC, the eletromagneti energy sale

is known to the level of 3%. The hadroni energy sale is known to approximately 4%.

Sine a response of the hadroni part to hadrons is about 30% smaller than the response

to eletrons of the same energy, the alorimeter is non-ompensating.

1.4.2 The Spaghetti Calorimeter

The main purpose of the Spaghetti Calorimeter (SpaCal) [11℄ is to measure the energy

of sattered eletrons in the low Q

2

regime (100 > Q

2

> 1 GeV

2

). The SpaCal is situ-

ated in the bakward region of the H1 detetor (see �gure 1.4) and is divided into two

setions: the eletromagneti (EM) and hadroni (HA) one. It is (like the LAr alorime-

ter) a non-ompensating sampling alorimeter in whih the absorber onsist of lead sheets

with grooves into whih sintillating �bres are laid used as the sampling medium. The

light olleted in the �bres is ampli�ed by photomultiplieres (PMTs). The PMTs have to

operate in the 1:2 T magneti �eld reated by the H1 solenoid, and so Hamamatsu �ne-

mesh-dynode types were hosen [21℄. They provide a typial gain of 10

4

.

The EM SpaCal overing the angular range of 153

Æ

< � < 177:5

Æ

onsists of 1192 ells

of lateral size of 40:5 � 40:5 mm

2

. 2340 sintillating �bres with 0:5 mm in diameter laid in
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26 grooved lead plates build up one EM ell. The ative length of the ells is 250 mm with

a lead:�bre ratio of 2:27 : 1. This yields a radiation length of 9:1 mm and 27 radiation

length in total. The HA setion is similar to the EM one but has fewer, 136, and larger,

120 � 120 mm

2

, ells with a lead:�bre ratio of 3:4 : 1. The smaller granularity of the HA

ells reets the greater lateral size of hadroni showers. A harateristi transverse shower

sale related to the Moli�ere radius is 2:55 m for the EM part and 2:45 m for the HA part.

EM SpaCal HA SpaCal

nominal z position �1500 mm �2000 mm

number of ells 1192 136

Pb/Fibre Ratio 2:3 : 1 3:4 : 1

Fibre diameter 0:5 mm 1 mm

Cell size 40:5 � 40:5 mm

2

120 � 120 mm

2

Ative length 25 m 20 m

Radiation length 0:91 m 0:85 m

Interation Length 25 m 20 m

Moli�ere Radius 2:55 m 2:45 m

PMT Gain at � 1T � 10

4

� 2 � 10

4

Spatial resolution (4:4=

p

E + 1:0) mm at entre not measured

(3:8=

p

E + 1:0) mm at border

Time resolution, �

t

0:38 � 0:03 ns 0:83 � 0:02 ns

Table 1.2: Parameters of the SpaCal alorimeter

The energy resolution of the EM part has been measured to be �

em

(E)=E � 7:5%=

p

E[GeV℄�

1% [12℄. The depth of the EM and HA parts orrespond to one interation length, �,

for eah detetor. The hadroni resolution of the ombined HAD and EM setions is

�

had

(E)=E � 30%=

p

E[GeV℄ [98℄. The di�erene between the data and the simulation

from QED Compton events, ep! ep, [97℄ gives a relative energy sale unertainty (data

versus simulation) of 3% for a 5 GeV and 0:5% for a 27 GeV eletron, respetively. The

absolute energy sale unertainty varies from 6% for 5 GeV and 1% for 27 GeV eletron,

respetively. These unertainties reet the known systemati unertainties on the reon-

strution of angles as well as the dead material in front of the alorimeter.

The spatial resolution for the impat point at the entre of a ell is

(�

em

x

= 4:4=

p

E[GeV℄+1)mm and (�

ha

x

= 3:8=

p

E[GeV℄+1)mm [39℄ at the border of two ells.

The better spatial resolution of a luster with the impat point at the border of two ells

is aused by the more equally shared energy between the ells. All the main properties of

the SpaCal are summarized in table 1.2.

The SpaCal ToF/AToF window: The very fast response of the photomultiplieres used

with a very preise time measurement allows the SpaCal trigger to veto non e � p bak-

ground. The separation of e � p events from bakground is performed by the so alled

time-of-ight (ToF) window whih de�nes the time window in whih the time of the en-

ergy deposition is onsistent with that produed from the interation point. Upstream

proton indued bakground (mainly due to beam-gas and beam-wall interations) is dis-
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tinguished from partiles oming from an ep interation by its time of arrival with respet

to the bunh rossing lok. Beause of the position of the SpaCal, proton indued bak-

ground will reah the alorimeter before the produts of the interation by twie the time

of ight from the alorimeter to the interation region - 10 ns in the ase of the EM part.

This is shown in �g. 1.5 - the deposition of energy from bakground is muh higher than

from interation produts. This huge bakground would also ause a huge event rate whih

is avoided by using the time information in the trigger branh to veto these events by the

ToF window, see �g. 1.6. The ToF window is adjustable in 0:4 ns steps via programmable

delays whih set the the start (for eah hannel) and the stop (ommon for 16 hannels)

of the window. The energy deposition whih arrives within this window is referred to as

`in time' (ToF). Energy depositions outside this window are referred to as `out of time'

(AToF).

ToF Window

Background

(AToF)

Interaction

(ToF)

C
o

u
n

tsb)

Time

EM HAD

PLUG

Background

Interaction

e+ p

a)

Figure 1.5: In a) the path of the proton indued bakground and the path of

a partile from the interation point of protons and eletrons is skethed. The

path of the partiles from bakground events traversing the SpaCal is shorter

than that one from the interation point. This situation as reeted in the

SpaCal time measurement is shown in b). The earlier, muh higher peak or-

responds to the bakground events, while the lower and later peak orresponds

to e � p events. To suppress the huge bakground (by fator � 100) the time-

of-ight (ToF) time window was de�ned for e� p events.

The arrival time information is provided to the SpaCal trigger hain via onstant fra-

tion disriminators (CFDs). Aording to this information either analogue sums of 2� 2

hannels are reated to provide the information for an inlusive eletron trigger (IET) or

an energy sum of 16 hannels to provide trigger bits for AToF trigger elements, see �g.

1.6. The adjustment of the ToF window is ruial for the orret separation of the e� p

physis from the bakground. A alibration proedure with the results for 1996-2000 data

taking period desribed in [20℄ was developed in the framework of this thesis and an be

used to adjust the ToF window.

The CFDs also provide information for the Time to Digital Converter (TDC) system

[22, 23℄. The CFD was designed to eliminate a problem of the rossing the threshold at

the di�erent times for the pulses with di�erent amplitude whih is known as a slewing
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Figure 1.6: Blok sheme of the SpaCal eletronis hain: Energy, time and trigger.

� [

Æ

℄ X

0

�

�

E

E[GeV℄

�E=E

LAr (EM) 4{154 20{30 12%=

p

E � 1% 3%

LAr (HAD) 4{154 (4.5 { 8)

�

50%=

p

E � 2% 4%

SpaCal (EM) 153{177 27 1 7:5%=

p

E � 1% (1� 4)

��

%

SpaCal (HAD) 159{178 28 1 56(30)%=E �

Table 1.3: Properties of the SpaCal and LAr alorimeters: overage of the

polar angle �, thikness in units of radiation lengths X

0

and in units of nulear

interation lengths �, the relative energy resolution �

E

=E, where E is measured

in GeV and the energy sale unertainty [9, 39, 40, 41℄.

56(30)% the value in the brakets denotes the resolution for the EM+HAD

SpaCal parts.

�

denotes the depth for HAD+EM LAr parts.

��

an energy sale unertainty of 1% for an eletron of 27 GeV and 4% for a 4

GeV eletron.

e�et. At the very low pulsamplitudes (equivalent to < 500 MeV) this e�et is evident.

This e�et auses a shift for the time measurement of low energeti partiles. The method

developed in [20℄ orrets this shift and improves the time measurement for low energeti

partiles to be lose to that measured for high energeti eletrons at the beam test at SPS:

(0:38 � 0:03) ns and (0:83 � 0:02) ns [98℄.

The most important parameters of the SpaCal and LAr alorimeters, used for luster

identi�ation in this thesis are summarized in tab. 1.3.
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1.4.3 The Tail Cather and the Plug Calorimeter

The tail ather (TC) [8℄ alorimeter provides a oarse measurement of the hadroni show-

ers leaking out of the LAr. It overs almost the full solid angle. The energy resolution is

100% with a sale unertainty, determined from osmi muon data, of around 35%.

The plug alorimeter (PLUG) is designed to minimize the gap in aeptane for the energy

ow between the beam pipe and the most forward part of the LAr alorimeter and therefore

overs the extremely forward diretion: 0:6

Æ

< � < 3

Æ

. The energy resolution is estimated

to be �(E)=E � 150%=

p

E[GeV℄ [10℄.

1.5 The Luminosity System

The main task of the luminosity system [14℄ (�g. 1.7) is to provide a fast online and

preise o�ine luminosity measurement. The aurate determination of the luminosity is

essential for the preise ross setion determination of physis proesses. The luminosity

is measured via the rate of a proess with a well known ross setion, the Bethe-Heitler

QED proess [15℄: ep! ep.

The luminosity system is built from two

�

Cerenkov detetors, the eletron Tagger (eTag)

and the Photon Detetor (PD). The system is shown in �g. 1.7. The eTag is situated

in the tunnel in eletron diretion at z = �33 m from the nominal interation point. The

PD is loated at z = �103 m. Due to the proton bunh struture the o�ine determined

luminosity is orreted for the ontribution from proton satellite bunhes. In addition to

the luminosity measurement the eTag provides trigger information for photoprodution

events.

 

 
0 10  20 30 40  50  60  70 80  90  100  110 (m)

 P

 e -

Figure 1.7: The H1 luminosity system.

1.6 The Very Forward Detetors

A number of detetors are plaed in the aelerator tunnel in the proton beam diretion.

They are designed to detet the proton �nal state or its remnant, and are used to study

di�ration. The proton remnant tagger is situated 24 m from the nominal interation point

in the forward diretion. It overs the pseudorapidity range of 6 . � . 8. The forward

proton spetrometer (FPS) [16℄ onsists of two stations loated at 81 m and 90 m in the
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proton diretion from the nominal interation point. They are designed to measure the

�nal state protons in di�rative interations at very low angles. The FPS has a small

aeptane region for the protons whih satter at the angles lower than 0:5 mrad. The

forward neutron alorimeter plaed at 106m [17℄ detets neutral partiles produed at

angles of less than 0:8 mrad.

1.7 Further devies

1.7.1 The Muon System

The H1 muon system onsists of two main detetors: The entral muon detetor (CMD)

or `instrumented iron' (also used as a tail ather) and the forward muon detetor (FMD)

whih are desribed in more detailed in [13℄.

1.7.2 The H1 Time-of-Flight System

The H1 Time-of-Flight System (ToF) [69℄ has been designed to distinguish bakground

events from the physis interations aording to their time. The ToF systems, onstruted

from plasti sintillator, are loated near the beam-pipe in the bakward endap of the

return yoke (BToF), within the PLUG alorimeter (PToF) and near the FMD (FToF). In

addition, the `Veto Wall', a set of sintillators positioned behind the return yoke, detets

partiles from the proton beam-halo. This is a shower of mainly muons produed in the

inelasti ollisions of protons with residual gas.

1.8 Triggering and Data Aquisition

The aim of the trigger system is to separate physially interesting events from non-

interesting ep proesses and bakground arising due to interations of the proton beam

with the beam pipe or residual gas. Another reason for building the trigger system is the

very fast bunh rossing interval of 96 ns. During that time the readout of all detetor

omponents is not possible due to the muh longer response of the slowest subdetetors.

A layered trigger system [73, 74℄ with three levels (L1, L2 and L4) is employed to solve

that problem by bu�ering the information from subdetetors in a pipe line and making a

deision whether to keep or to rejet the event. The L1 and L2 trigger levels are online

hardware triggers, L4 is an online software trigger. The software trigger level L3 has not

been implemented yet. Eah trigger level needs some time to make a deision, therefore

the input rate is limited. The onept of the H1 trigger level is shown in �g. 1.8

Trigger Level L1

Almost eah subdetetor provides a trigger information oded in the so alled `trigger ele-

ments' whih are logially ombined (via `AND' and `OR') in `subtriggers'. The lateny of

L1 is appear 2�s. The deision to keep or to rejet the events is based on the subtriggers.

If an event is aepted at least by one subtrigger the pipelining is stopped, and the signal

is passed to the seond trigger level (L2).

Depending on the rate of events passing a subtrigger, they may be presaled in order to

ontrol the output rate of the L1 trigger level. A presale of d for a subtrigger means
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Figure 1.8: The H1 trigger system

that only every d-th event ful�lling the subtrigger onditions passes the trigger level L1.

The trigger deision before presaling is alled `raw subtrigger' and afterwards `atual

subtrigger'. The e�et of the presaling is taken into aount by weighting the events in

the data [75℄. L1 typially redues the rate from � 100 kHz to � 1 kHz.

Trigger Level L2

The L2 trigger is divided into two setions: the topologial (L2TT) [18℄ and the neural

network (L2NN) trigger [19℄. They use additional, more detailed, information from almost

every subdetetor. If a L1 subtrigger is to be validated by an L2 trigger ondition and

this ondition is not ful�lled the event does not pass the trigger level L2. By this way the

trigger level L2 redues the event rate down to 50 Hz.

Trigger Level L4

The L4 trigger is a multiproessor farm performing a full reonstrution of the events

passing L1 and L2. On the basis of this reonstrution further seletion of the data is

performed. A trigger veri�ation in 1996 and 1997 mimiked the L1 trigger onditions

whih made the L1 and L4 trigger ondition not independent. Therefore during the data

taking period in 1998 the veri�ation in its original sense was removed. In 1996 an event

with at least one validated subtrigger was suÆient to pass the L4 trigger level. In 1997

the so alled `physis �nders' (mainly for soft physis proesses) and `hard sales' (e.g.

event with high p

t

jets) were introdued. If an event did not ful�ll any of the hard sales,

like a trak with high transverse momentum, it had to pass one of the �nders, depending

on the veri�ed subtriggers. The event whih did not ful�ll any of the hard sales and also

did not pass the orresponding �nder, is aording to its topology downsaled by by the

so alled L4 weights. In the data taking period 1998-2000 the lassi�ation was performed

via �nders and hard sales on L4. All data passing the L4 are permanently stored in the

so alled `raw data' stream.
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Trigger Level L5

After passing L4 the events are again fully reonstruted by the H1 reonstrution software

H1REC [64℄ using updated alibration information. Until 1997 L5 also sorted the events

into the lasses - groups of events exhibiting similar physis signatures. The events assigned

to one of the lasses are written to Prodution Output Tapes (POTs) and a ompressed

format, Data Summary Tapes (DSTs). In 1998 the lassi�ation was moved to the L4

trigger level to derease the amount of raw data. A summary of the requirements whih

the events have to ful�ll in order to pass levels L1-L5 for the di�erent data taking periods

is given in table 1.4.

period 1996 1997 1999 � 2000

L1 L1 atual subtrigger L1 atual subtrigger L1 atual subtrigger

L2 (L2TT or L2NN) (L2TT or L2NN) (L2TT or L2NN)

trigger veri�ation trigger veri�ation

L4 hard sales k �nders hard sales k �nders

lassi�ation

event is stored to raw data stream

L5 lassi�ation lassi�ation

event is stored to POTs and DSTs

Table 1.4: Requirements whih the events have to ful�ll in order to pass the

trigger levels L1 - L4 for the data taking periods 1996-2000. L2TT and L2NN

onditions have to be ful�lled only in the ase if it is required by the subtrigger.

1.8.1 L1 and L2 Trigger Elements

In the following the most relevant trigger elements used in this analysis are disussed.

� SpaCal IET trigger: the Inlusive Eletron Trigger (IET) [24, 25℄ for the eletro-

magneti setion provides the SpaCal trigger elements on the �rst trigger level. It

employs the energy summed over 4�4 EM neighboring ells read out in the time-of-

ight (ToF) window whih selets the events from ep interation. To avoid trigger

ineÆienies from lusters with an impat point lose to the edge of the 4� 4 ells,

the energy sum is performed in overlapping sliding windows. They are ompared

with three adjustable thresholds. During normal data taking periods in the years

1996-2000 the thresholds were: 0:5; 2; and 6 GeV. The IET trigger system is divided

in two regions, entral and outer, separated by a retangle �16 < x < 8 m and

�8 < y < 16 m. The trigger elements used in this analysis are:

IET en 2; IET > 1 with a threshold of 2 GeV

IET en 3; IET > 2 with a threshold of 6 GeV ;

where IET en 2 and IET en 3 denote IET trigger elements whih require an

energy deposition in at least one sliding window in the inner SpaCal region to be

larger than 2 and 6 GeV, respetively. IET > 1 and IET > 2 denote IET trigger
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elements whih require an energy deposition in at least one sliding window in the

outer SpaCal region to be larger than 2 and 6 GeV, respetively.

� SpaCal R trigger: The SpaCal also provides information to the seond trigger

level that is more granular in geometry than the IET trigger on the �rst level. In the

topologial trigger L2TT the following trigger elements are formed: R10, R20 and

R30 whih demand an energy deposition with a radial distane from the beam line

greater than 10, 20 and 30 m, respetively. Only the two last elements are used in

this analysis.

� zVtx trigger: The zVtx trigger is a trigger system of the �rst trigger level and uses

information from the entral (CIP and COP) and forward (�rst layer of the FTD)

multiwire proportional hambers to obtain the position of the event vertex in the

z-diretion. The trigger element zV tx sig

5

provided by this system is used in this

analysis.

� DCR� trigger element: The DCR� trigger is also a trigger subsystem of the �rst

level trigger. It uses ten of 56 sense wires of the CJC (seven of CJC1 and three

of CJC2) and ompares the digitized hits to a total of 10000 prede�ned masks in

the r � � plane. The only trigger element employed in this analysis, provided by

the subsystem, is: DCR� Thigh whih requires at least one trak with a transverse

momentum greater than � 0:8 GeV.

5

in the rest of the thesis the shorter notation zV tx will be used



Chapter 2

Theoretial Overview

In this hapter, the theoretial foundations of the lepton-hadron and hadron-hadron in-

terations are reviewed. In the �rst part the kinematis and the kinemati regions of

e � p sattering at HERA are explained. In the seond part an overview of di�ration

in hadron-hadron interations and in photoprodution at HERA is given. Finally, the

phenomenologial model of Regge theory is introdued.

2.1 Eletron Proton Sattering at HERA

At HERA eletrons

1

and protons are brought to ollision with four-momenta k = (E

e

;k)

and p = (E

p

;p) respetively:

k = (27:55; 0; 0;�27:55)GeV ; (2.1)

p = (820; 0; 0; 820)GeV ; for the data taking period 1994 � 1997 and (2.2)

p = (920; 0; 0; 920)GeV ; for the data taking period 1998 � 2000. (2.3)

The inident energies of the olliding partiles allow in general the exhange of a single

boson V

�

whih an be a photon () or Z

0

in the ase of neutral urrent sattering, or a

W

�

in harged urrent sattering. The proesses are shematially shown in �g. 2.1.
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hadronic final state
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} X

q = k - k’

Figure 2.1: Shemati diagram of the sattering of an eletron o� a proton.

The outgoing hadroni �nal state is generially labeled X, whih may be the original

proton if the satter is elasti, or a more omplex objet, if the satter is inelasti.

1

In the following the term eletron is also used for positron for simpliity.

19
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The kinematis of the event is parametrized in terms of the Lorentz invariant quantities

s;W;Q

2

; x; y and t, de�ned as:

� The square of the entre of mass energy of the eletron-proton system:

s = (p+ k)

2

(2.4)

whih for the proton beam energies of 920 and 820 GeV has values of 102400 GeV

2

(

p

s � 318 GeV) and 90200 GeV

2

(

p

s � 300 GeV), respetively.

� The squared entre of mass energy of the  � proton system is equivalent to the

invariant mass squared of the hadroni �nal state:

W

2

= (q + p)

2

(2.5)

� The four-momentum transfer, q

2

, is de�ned as:

q

2

= (k � k

0

)

2

= �Q

2

(2.6)

where the quantity Q

2

represents the virtuality of the exhanged boson. It an also

be interpreted as a measure of the strength of the interation. By means of the

Heisenberg unertainty priniple it is related to the resolution, i.e. a photon an

resolve distanes down to � 1=

p

Q

2

.

� Bjorken's [91℄ dimensionless variable x:

x =

Q

2

2 pk

(2.7)

in the in�nite momentum frame of the proton is the longitudinal fration of the

proton momentum arried by the interating parton.

� The seond dimensionless Bjorken variable is the inelastiity, y. In the rest frame

of the proton it gives the relative amount of energy transferred from the eletron to

the proton.

y =

pq

pk

: (2.8)

� A further variable desribing the four-momentum transfer is introdued in analogy

to the virtuality Q

2

, but referring to the proton vertex:

t = (p�X)

2

: (2.9)

In the ase where only one boson is exhanged, t = q

2

= �Q

2

.

To haraterize single partile quantities, `rapidity' and `pseudorapidity' are used whih

are de�ned as:

Y =

1

2

ln

E + p

z

E � p

z

and (2.10)

� = �ln(tan(�=2)) ; (2.11)

respetively. E denotes a partile's energy, p

z

its momentum omponent parallel to the

beam axis and � its angle w.r.t. the beam axis. The advantage of rapidity is Lorentz

invariane of rapidity di�erenes. The advantage of pseudorapidity is its dependene on
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the polar angle � only. Negleting the mass of the partile (m=E;m=p! 0) or for massless

partiles, rapidity and pseudorapidity of the partile are equal.

Assuming that the masses of the inoming partiles are small ompared to the entre of

mass energy, the four variables s; x; y and Q

2

de�ned in equations (2.4) { (2.6) obey the

relation

Q

2

= xys : (2.12)

At �xed s the inlusive di�erential ross setion an be ompletely desribed in terms of

two independent variables whih uniquely determine the kinematis and are usually x and

Q

2

[103℄:

d

2

�(ep! eX)

dxdQ

2

= A

�

y

2

2

xF

1

(x;Q

2

) + (1 � y)F

2

(x;Q

2

)� (y �

y

2

2

)xF

3

(x;Q

2

)

�

; (2.13)

where A = 4��

2

elm

=xQ

4

for eletron with the eletromagneti oupling onstant �

elm

.

F

i

are the struture funtions of the proton. F

1

and F

2

are related to the harge and

magneti moment of the partons in proton, respetively. F

3

is generated by the parity

violating interations whih means it is non-zero for weak interations.

2.2 Kinematial Regimes

The kinematial regimes at HERA an be haraterized by two variables: transverse

momentum of the partiles in the �nal states, p

t

, and the four-momentum transfer squared

Q

2

. Both variables separate the proesses into two lasses. The variable p

t

de�nes soft

and hard proesses. The variable Q

2

distinguishes between the photoprodution and deep-

inelasti sattering (DIS) regimes. The kinematial regions de�ned are skethed in �gure

2.2 and desribed in the following:

� Soft proesses are haraterized by an energy sale in the order of the hadron size

R � 1 fm whih means that p

2

t

and the square of the momentum transfer are generally

small: � 1=R

2

whih is in the order of a few hundreds MeV. From a theoretial point

of view, the presene of the large sale make the alulations of these proesses non-

perturbative, and perturbative quantum hromodynamis (QCD) is not appliable.

The approah whih has been adopted sine the 60's to desribe soft proesses is

Regge theory [76, 52, 78℄.

� Hard proesses are haraterized by a hard energy sale. In this proesses the mo-

mentum transfer and p

2

t

are large (> 1 GeV). This allows to use perturbative QCD.

� The photoprodution proesses are haraterized via an energy sale de�ned by Q

2

whih is in the order of the hadron size R � 1 fm. In the photoprodution regime the

photon virtuality of the photon Q

2

� 1GeV

2

and the photons may be onsidered

as real.

� The regime of Q

2

> 1 GeV

2

is referred to as deep inelasti sattering (DIS). A virtual

photon in DIS proesses is apable to resolve the partons inside the proton, and

therefore DIS is used mainly to investigate the proton struture. Measurements of

the struture funtion an be found for example in [79, 80, 81℄ with the theoretial

models in [83℄.
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Figure 2.2: Kinematial regimes at HERA in the eletron-proton sattering.

The analysis presented here is performed in the photoprodution regime where the eletron

is sattered at very small angles. The overed region is Q

2

< 0:01 GeV

2

in virtuality and

0:3 < y < 0:65 in the inelastiity whih is shown in �g. 2.2. The transverse momenta of

the partiles are usually p

t

. 1 GeV.

2.3 From e� p Sattering to Photoprodution

In the interation of eletrons and protons at HERA energies the dominant proesses are

when the eletron as a soure of virtual photons emits a quasi-real photon (Q

2

� 1) whih

subsequently interats with the proton. The dominane of the photoprodution proesses

is evident from equation 2.13 from whih a dependene: 1=Q

4

follows. In the following

the transition from the ep ross setion to the photoprodution ross setion is disussed.

Negleting the ontributions from the exhange of W

�

and Z bosons whih are signi�ant

only for Q

2

& M

2

Z;W

�

, the ross setion an be fatorized into terms haraterizing the

ux of photons emitted by the eletron and a term representing the photon-proton sat-

tering. The photon-proton sattering is a sum of the ross setions for transversely and

longitudinally polarized photons:

d

2

�(ep! eX)

dy dQ

2

= �(y;Q

2

)

�

�

p

T

+ �

p

L

�

; (2.14)

where � represents the ux fator of virtual photons, �

T

and �

L

are the ross setions for

transversely and longitudinally polarized photons. In the photoprodution region (Q

2

� 0)
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the quasi real photons have only a transverse polarized omponent whih ontributes to

the ross setion. For the onnetion between photoprodution and inlusive ep ross

setion one obtains:

d

2

�(ep! eX)

dy dQ

2

= �

WWA

�

p!X

; (2.15)

where �

WWA

is the photon ux fator in the Weizs�aker-Williams-approximation:

�

WWA

(y;Q

2

) =

�

elm

2�Q

2

�

1 + (1� y)

2

y

�

2(1 � y)

y

�

Q

2

min

Q

2

��

; (2.16)

with Q

2

min

= m

2

e

y

2

=(1�y) is the lower limit of Q

2

for the given inelastiity y. The integral

over the kinemati limits de�ned for this analysis (0:3 < y < 0:65 and Q

2

< 0:01 GeV

2

)

gives the photon-ux in the eletron: F

e=

=

R

0:65

0:3

R

0:01

Q

2

min

�

WWA

(Q

2

; y)dQ

2

dy = 0:0132.

To desribe photoprodution the model of the photon struture from [36℄ has been adopted.

In �rst approximation the photon an be treated as a point-like partile. In the seond

approah, quantum mehanis allows for utuations of photons into quark-antiquark or

lepton-antilepton pairs. The quark-antiquark pair an build bound or non-bound states.

The hadroni utuations are split into a part of low and high virtualities

2

. However,

the quantum numbers of this hadroni omponent must math the respetive quantum

numbers of the photon (Q = B = S = 0; J

PC

= 1

��

). Therefore for the bound states

only the vetor mesons (VM = �

0

; !; �; J= ;�) are allowed. The low virtuality part an

be therefore approximated by the sum of vetor mesons. Due to the high p

t

the high

virtuality part an be alulated perturbatively. With this lassi�ation the photon an

be expressed by:

ji = 

bare

j

bare

i+

X

V=VM



V

jV i+

X

q



q

jq�qi+

X

`=e;�;�



`

j`

+

`

�

i ; (2.17)

where the oeÆients 

i

is related to the ouplings. All photon omponents may subse-

quently interat with the protons. The ontribution from lepton-antilepton interation

with the proton is due to the relative smallness of the eletromagneti/weak oupling neg-

ligible. The above photon wave funtion orresponds to the existene of three main event

lasses [38℄:

1. If the bare photon j

bare

i interats with partons inside the proton diretly one deals

with diret proesses. A typial proess of this kind is boson-gluon fusion whih is

shown in �g. 2.3 b).

2. The wave funtion jV i orresponds to the vetor meson dominane (VMD) [68℄

proesses in whih the photon turns into a vetor meson before the interation, and

thus all proesses allowed in hadroni physis may our. The essene of the VMD

model is low virtuality of the quark-antiquark pairs. This part of the ross setion

an be expressed via the VMD model as a sum of meson-proton ross setions:

�

p

VMD

=

X

V

4��

elm

f

2

V

�

V p

tot

; (2.18)

where f

V

is the respetive oupling of the meson to the photon. The proess is

shown in �g. 2.3 a).

2

The term \virtuality" here refers to the amount of \o�-shellness" that omes in addition to the virtu-

ality q

2

of the photon.
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3. In the so alled anomalous proess one of the non-bound quarks/antiquarks subse-

quently interats with a parton of the proton whih is demonstrated by �g. 2.3 ).

A harateristi of these proesses is high virtuality of the quark-antiquark pairs.



p

a)



p

b)



p

)

Figure 2.3: Contributions to p interations: a) Vetor Meson Dominane

(VMD) proess, b) diret, and ) the anomalous proess (aording to [84℄).

Based on this lassi�ation, the total photon-proton ross setion an be written as:

�

p

tot

= �

p

VMD

+ �

p

diret

+ �

p

anomalous

: (2.19)

2.4 Di�ration

The notation `di�ration' has been introdued in the 17-th entury by Grimaldi [90℄ at

the oasion of optial observations. Sine the 50's [43, 44℄, the optial analogy plays an

important rôle also in high energy physis. The term is in strit analogy with the optial

phenomenon that ours when a beam of light meets an obstale or rosses a hole whose

dimensions are omparable to its wavelength.

De�ning di�ration in a unique way is diÆult, but generally two de�nitions of hadroni

di�rative proesses an be formulated:

1. A reation at high energies in whih no quantum numbers are exhanged between the

interating partiles. In other words, the partiles di�used have the same quantum

numbers as the inident partiles. It is a neessary ondition for the proess to be

di�rative, but not a suÆient one. This de�nition allows a lassi�ation of the

following types of the di�rative proesses:

� elasti sattering: the inident and outoming partiles are the same:

A+B ! A

0

+B

0

: (2.20)

The proess is shematially shown in �g. 2.4 a).

� single dissoiation

3

: one of the inident partiles omes out unhanged after

the ollision while the other one gives rise to a bunh of �nal partiles (or to a

resonane) with the same quantum numbers (�g. 2.4 b) and )):

A+B ! A

0

+X

B

; A+B ! X

A

+B

0

(2.21)

3

in literature the terms single/double di�ration are often used instead of single/double dissoiation.
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� double dissoiation: eah inident partile gives rise to a bunh of �nal partiles

(resonanes) with the same quantum numbers (exept the spin) as the inident

partiles (�g. 2.4 d)):

A+B ! X

A

+X

B

: (2.22)

a)

Y

A

B

A’

B’

b)

Y

c)

Y

d)

Y

e)

Y

Figure 2.4: Classi�ation of di�rative proesses: a) elasti, b) and ) single

dissoiative, d) double dissoiative, d) non di�rative. Below eah proess the

rapidity distribution (Y ) is shown.

For the single or double dissoiative proesses it is diÆult to �nd the quantum

numbers for not fully reonstruted states. This problem an be omitted by the

seond de�nition of a di�rative proess [45℄:

2. A di�rative proess is haraterized by a large, non exponentially suppressed, ra-

pidity gap in the �nal state. A rapidity gap �Y is meant to be a rapidity di�erene

between �nal state partiles A

0

(X

A

) and B

0

(X

B

). Then the di�rative proesses

are haraterized by a onstant rapidity di�erene distribution dN :

dN

d(�Y )

� onstant ; (2.23)

and non-di�rative proesses are exponentially suppressed (see �g. 2.4 e):

dN

d(�Y )

� e

��Y

: (2.24)

The requirement of a large rapidity gap is again not suÆient to haraterize di�ra-

tion, and one has to demand also the rapidity gap to be non exponentially suppressed.

The traditional theoretial framework for di�ration is Regge theory whih is desribed in

the following.
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2.5 Regge Theory

In the study of soft hadron-hadron interations, where no hard sale is present and pertur-

bative QCD is not appliable, phenomenologial models often give the best desriptions

available. A onsistent desription of suh proesses is o�ered by Regge

4

theory whih

desribes the hadroni reations at high energies in terms of the exhange of `objets',

alled `Reggeons' (IR). A short introdution is given below.

Regge phenomenology was introdued in the beginning of the 60's [76, 77℄ in the pre-QCD

era. It is based on the S-matrix formalism assuming unitarity of the S-matrix, analytiity

and rossing symmetry.

1. Unitarity of the S matrix: The sattering matrix is unitary whih means that the

probability that some proess will happen is unity: if S is the operator that trans-

forms an initial state jii into some �nal state jfi by jfi = Sjii, unitarity is expressed

as: S

y

S = 1l = SS

y

.

2. Analytiity: the variables s and t haraterizing the proess an be extended into the

omplex plane and the sattering matrix S(s; t) an be expressed via these omplex

variables.

3. Crossing symmetry: Crossing symmetry is a onsequene of the analytiity assump-

tion and states that if the sattering matrix of the proess A + B ! C + D with

s = (P

A

+P

B

)

2

and t = (P

A

�P

C

)

2

is known, also the rossed reation A+

�

C !

�

B+D

with s

0

= (P

A

+ P

�

B

)

2

and t

0

= (P

A

� P

�

C

)

2

is known. Making use of the analytiity

leads to the exhange of s! t

0

and t! s

0

and the same sattering matrix for both

proesses:

S

AB!CD

(s; t) = S

A

�

C!

�

BD

(t

0

; s

0

) (2.25)

Hene the rossing symmetry implies that s-hannel resonane prodution an be

desribed by the same amplitude as a t-hannel exhange mehanism, providing that

the variables s and t are interhanged on rossing. The generalized s and t hannel

proesses, as de�ned in this disussion, are shown in �g. 2.5.

In the s-hannel, all possible resonanes whih an be produed by the interation are

linked by a linear trajetory in a two dimensional spae de�ned by the mass squared and

angular momentum. In Regge theory, the angular momentum is extended to the omplex

plane, �(t), with physially observable t-hannel resonanes. They our only at physial

values of spin, suh that Re(�(t)) is an integer or half integer, known as Regge poles. The

linear trajetories an be parametrized as:

�(t) = �(0) + �

0

t : (2.26)

Eah family of bound states or resonanes having the same quantum numbers (exept spin)

orrespond to a single Regge trajetory, also alled Reggeon. The basi known trajetories

are the baryon, meson and Pomeron trajetories, with interepts �(0) approximately < 0,

< 0:5 and 1:08, respetively. The �, !, � and ! as meson trajetories and the Pomeron

trajetory are depited in �g. 2.5.

4

named after the Italian physiist Tullio Regge
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A C

B D

A

�

B

�

C D

Figure 2.5: In upper plots: An illustration of the relationship between a)

the s hannel proess AB ! CD and the orresponding b) t hannel proess

A

�

C !

�

BD. �

1

(t) and �

2

(t) stand for the residue.

Lower plot: Regge trajetories in the two dimensional plane of angular momen-

tum versus mass squared, so alled Chew-Frautshi diagram. The � trajetory

with an interept lose to zero, meson trajetories (�, !) with an interept of

0:5 and the Pomeron trajetory with an interept of 1:08, are shown.
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2.5.1 Elasti and Total Cross Setions

Assuming the asymptoti limit (s!1; t=s! 0) the single leading trajetory ontribution

to the sattering amplitude is:

A(s; t) = f(t)

�

s

s

0

�

�(t)

(2.27)

where f(t) inludes �(t) = �

1

(t)�

2

(t) (see �g. 2.5), whih desribes the residue related to

the hadroni form fators, and the part independent of t. s

0

denotes the sale relative to

whih s must be large. It gives for the elasti ross setion:

d�

AB

el

dt

=

jA(s; t)j

2

16�

2

s

2

=

�

2

1

(t)�

2

2

(t)

16�

2

�

s

s

0

�

2(�(t)�1)

= F (t)

�

s

s

0

�

2(�(t)�1)

: (2.28)

where F (t) inludes all the t dependenes. Assuming one single Reggeon exhange with

a linear trajetory aording to eq. (2.26) and the parameterization �(t) � �

0

e

�b

0

jtj

the

elasti ross setion beomes:

d�

AB

el

dt

= C

�

s

s

0

�

2�(0)�2

e

�bjtj

=

d�

dt

�

�

�

�

t=0

e

�b

0

jtj

; (2.29)

with

b = b

0

+ 2�

0

ln(s=s

0

) : (2.30)

One observes that the width of the forward peak dereases as the energy inreases. This is

known as the shrinkage of the di�ration peak. In the following s

0

will be �xed at s

0

� 1

GeV

2

.

The Optial Theorem [90℄ relates the elasti forward amplitude AB ! A

0

B

0

to the total

ross setion AB ! X by:

�

tot

=

1

s

Im(A(s; t = 0)

AB!A

0

B

0

) �

1

s

�

1

(0)�

2

(0)s

�(0)

(2.31)

� s

�(0)�1

: (2.32)

The energy dependene shows that trajetories with an interept greater than one will

lead to a rise of the total ross setion, for �(0) = 1 the total ross setion will be onstant

and for �(0) < 1 the total ross setion will derease. Espeially at lower energies it is

possible that not only one trajetory will ontribute to the ross setion. In this ase the

ross setion is given by a sum over all ontributing of the trajetories:

�

tot

�

X

i

g

i

s

�

i

(0)�1

; (2.33)

where g

i

is the respetive ontribution of the trajetory to the total ross setion. The

basi trajetories are disussed below.
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2.5.2 Meson Trajetories

All of the observed meson trajetories have interepts in the region of �(0) . 0:5. Thus the

ross setion of the proesses assoiated with these trajetories fall rapidly with inreasing

entre of mass energy, as indiated by eq. (2.32). The leading meson trajetories are the

! and � trajetories. All meson trajetories have the same quantum numbers as the real

partiles:

� : B = Q = S = 0 ; I = 1; P = �1; C = �1; G = +1 ; � = �1 ; (2.34)

! : B = Q = S = 0 ; I = 0; P = �1; C = �1; G = �1 ; � = �1 ; (2.35)

whereB, Q, S, I, P , C, G and � denote the baryon number, harge, strangeness, isospin, P-

parity, C-parity, G-parity and the signature of the trajetory, respetively. Their respetive

trajetories [50℄ are:

�

�

(t) � �

!

(t) = �(0) + �

0

t � 0:5 + 0:9t (2.36)

Due to the same interept of the � and ! trajetories their total ross setions have

aording to eq. (2.32) the same dependene on s:

�

tot

� s

�0:5

; (2.37)

whih leads to a total ross setion dereasing with energy. The elasti ross setion an

be alulated aording to eq. (2.29).

2.5.3 The Pomeran�uk Trajetory

The Regge trajetories disussed above have interepts below 0:5. Beause of the s

�(0)�1

dependene, the total ross setion dereases. However, early observations [51℄ showed

that as

p

s inreases above � 10 GeV, the total hadroni ross setion starts to be rather

onstant. In order to explain the onstant form of the ross setion a new trajetory with

an interept of one was introdued [52, 53℄ and named Pomeron (IP )

5

.

In the 90's Donnahie and Landsho� [46℄ performed a �t of the total proton-proton and

proton-antiproton ross setions assuming the Pomeron to be the leading trajetory at high

energies with an interept of �

IP

(0) and a meson leading trajetory with the interept of

�

IR

(0) by the funtion:

�

(�)

p p

tot

= X

(�)

p p

s

�

IP

(0)�1

� Y

(�)

p p

s

�

IR

(0)�1

: (2.38)

The �rst term X

(�)

p p

orresponds to the proesses indued by Pomeron exhange and the

seond term Y

(�)

p p

orresponds to the trajetories with C = 1 and C = �1 trajetories,

respetively. The �t yields: �

IR

� 0:55 for the interept of the leading meson trajetory

and:

�

IP

(0) = 1:08; �

0

IP

= 0:25 GeV

�2

) �

IP

(t) = 1:08 + 0:25 t (2.39)

5

named after the Russian physiist Isaak Yakovlevi� Pomeran�uk
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for the interept and slope of the Pomeron trajetory.

The Pomeron arries the quantum number of the vauum:

Pomeron : B = Q = S = 0 ; I = 0; P = +1; C = +1; G = +1 ; � = +1 ; (2.40)

whih means that in proesses indued by Pomeron exhange no quantum numbers are

exhanged and also spin ip on the quark level is forbidden [49℄. Therefore e.g. the ex-

lusive prodution of axial vetors (J

PC

= 1

+�

e.g. b

1

meson) at HERA is not possible

via Pomeron exhange. However, the spin state of the �nal state an be hanged due to

possible angular momentum transfer, when e.g. the proton beomes an exited state N

�

:

p! N

�

.

Due to the interept of 1:08, the Pomeron is the leading trajetory at high energies with

a ross setion gently rising:

�

tot

� s

+0:08

; (2.41)

In analogy to the meson trajetories, the possibility of bound states lying on the Pomeron

trajetory arises. However so far there is still no evidene of any resonane to lie on this

trajetory. Although glueballs are supposed to be andidates for suh states [57℄. Another

approah [58, 59, 60℄ desribes the Pomeron as a olourless system of two gluons that

interat with the partons of the sattered partile.

2.5.4 The Odderon Trajetory

The Odderon

6

was introdued by Lukaszuk and Niolesu in 1973 [61, 62℄. The Odderon is

oneived as the C = P = �1 partner of the Pomeron. Another di�erene to the Pomeron

is its negative signature, � = �1, whih would entail di�erenes between the ross setion

of pp and �pp: �� = �

pp

��

�pp

6! 0 for s!1 and would violate the Pomerun�uk theorem

[63℄. The other quantum numbers remain the same:

Odderon : B = Q = S = 0 ; I = 0; P = �1; C = �1; G = +1 ; � = �1 ; (2.42)

The onsequene of the hange of the sign of parity in the proesses indued by the

Odderon is a requisite of the angular momentum transfer (�l > 0), via P = (�1)

�l

(Gribov-Morrison rule [54, 55℄), while for the proesses indued by Pomeron exhange an

angular momentum transfer is not neessarily required and an also be zero: �l � 0.

So far all attempts to �nd the Odderon failed [101, 96, 99, 100℄.

2.6 Double Reggeon Exhange

So far only proesses with single Reggeon exhange were disussed. In priniple also pro-

esses with more than one trajetory may happen with the fusion of trajetories into some

6

Odd-under-rossing-Pomeron
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hadroni �nal state. These proesses o�er a possibility to searh for some exoti states

like hybrids (mixing of quarks and gluon: q�qg), pure gluoni states alled glueballs (gg)

[56℄ and for instane the Odderon [100℄.

Assuming elasti sattering of hadronA o� hadronB with the exhange of two trajetories,

one at the vertex of hadron A and the other at the vertex of hadron B, with the fusion of

the two trajetories into a hadroni �nal state X, one an write:

A+B

T

1

+T

2

!X

�! A

0

+X +B

0

; (2.43)

where X refers to the �nal state produed in the fusion proess of the trajetories T

1

and T

2

. The proess is shematially shown in �g. 2.6. The variables t

1

(t

2

), and �

1

(t

1

)

(�

2

(t

2

)) denote the square of the momentum transfer at the upper (lower) vertex, and the

residuum related to the T

1

(T

2

) trajetory ux from A (B), respetively. The ux gives

the probability to �nd the trajetory in the partile A or B. s

1

and s

2

are the squares of

the entre of mass energies of the subsystems A

0

X and B

0

X, respetively. �(T

1

+T

2

! X)

is the ross setion for the prodution of X in the fusion of the two trajetories.

AB ! A

0

+X +B

0

A(p

1

)

t

1

A

0

(p

3

)

s

1

; �Y

1

X(p

5

)

T

1

(q

1

)

�

1

(t

1

)

T

2

(q

2

)

T

1

+ T

2

! X

�

2

(t

2

)

B(p

2

)

t

2

s

2

; �Y

2

B

0

(p

4

)

Figure 2.6: Double Reggeon exhange.

Assuming in the fatorization of the total sattering amplitude A

tot

� A

1

� A

2

[28℄ with

A

1

(A

2

) being the sattering amplitude for the upper (lower) vertex:

A

1

(s

1

; t

1

) � s

�

1

(t

1

)

1

(2.44)

A

2

(s

2

; t

2

) � s

�

2

(t

2

)

2

; (2.45)

one may obtain an s dependene for the upper and lower verties in the form:

�

tot

1

� s

�

1

(0)�1

1

(2.46)

�

tot

2

� s

�

2

(0)�1

2

; (2.47)
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and also the elasti ross setions in the form:

d�

dt

1

=

d�

dt

1

�

�

�

�

t

1

=0

e

�b

1

jt

1

j

; (2.48)

d�

dt

2

=

d�

dt

2

�

�

�

�

t

2

=0

e

�b

2

jt

2

j

: (2.49)

where s

1

= (P

A

0

+ P

X

)

2

and s

2

= (P

B

0

+ P

X

)

2

are the squared entre of mass energies of

the subsystems A

0

X and B

0

X, respetively. Using ln(s) � �Y [90℄ one obtains the total

ross setion also as a funtion of rapidity di�erene:

�

tot

1

� e

(�

1

(0)�1)�Y

1

(2.50)

�

tot

2

� e

(�

2

(0)�1)�Y

2

; (2.51)

where �Y

1

(�Y

2

) is the rapidity di�erene between subsystems A

0

and X (B

0

and X):

�Y

1

= Y

A

0

� Y

X

(�Y

2

= Y

B

0

� Y

X

). Aording to the de�nition of di�rative and non-

di�rative proesses (eq. (2.23) and (2.24)) the reations indued by trajetories with a

interept lose to one (Pomeron trajetory) are di�rative, while the proesses indued by

trajetories with a interept lower than one are non-di�rative (e.g. meson and baryon

trajetories).

2.7 Signatures of Double Meson Photoprodution

In this setion, the investigated proess and its signatures are introdued together with

the reonstrution of the kinemati variables de�ning the proesses.

2.7.1 Event Signature

This analysis is devoted to the searh of exlusive double meson photoprodution, namely:

p! � �

0

X with � !  �! �

�

�

+

;

p! �

0

�

0

X with �

0

!  �! �

�

�

+

;

(2.52)

shown in �g. 2.7. The � and �

0

mesons will be identi�ed via its dominant photoni deays:

�(�

0

)!  and the � meson via its dominant deay into harged pion pairs: �! �

�

�

+

.

Here and in the following the variables s, W , s

1

, s

2

, t

1

and t

2

are used to haraterize the

investigated proesses:

� s is the entre of mass energy squared of the e� p system:

s = (P

e

+ P

p

)

2

; (2.53)

� W is the entre of mass energy of the  � p system:

W

2

= (P



+ P

p

)

2

; (2.54)
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Figure 2.7: Double meson photoprodution at HERA: the entral meson an

be produed either in a fusion proess of T

1

and T

2

trajetories or originates

from high mesoni state whih subsequently deays into two mesons or stems

from the fragmentation of the non-bound quark-antiquark states.

� s

1

is the square of the entre of mass energy of the �(�

0

)� �

0

subsystem:

s

1

= (P

�

0
+ P

�(�

0

)

)

2

; (2.55)

� s

2

is the square of the entre of mass energy of the �

0

� p subsystem:

s

2

= (P

�

0
+ P

X

)

2

; (2.56)

� t

1

is the four-momentum squared at the photon vertex:

t

1

= (P



� P

�(�

0

)

)

2

; (2.57)

� t

2

is the four-momentum squared at the proton vertex:

t

2

= (P

p

� P

X

)

2

: (2.58)

The existene of suh kind of a proess at very high p CMS energies (W � 200 GeV)

involves Pomeron exhange at at least one vertex. Due to C parity and isospin onser-

vation the Pomeron exhange an take plae only at the lower, proton, vertex. In Regge

phenomenology one possible explanation of the upper, photon, vertex ould be Reggeon

exhange. In order not to violate C parity and isospin at the upper vertex and to produe

a �

0

meson in the fusion proess with the Pomeron, the Reggeon has to have negative

parity (like the photon) and isospin one: C

T

1

= �1 and I

T

1

= 1. Therefore the andidate

for a leading Reggeon is the �-trajetory.
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Another possible explanation ould be the proesses in whih the photon utuates into

bound or non-bound states. In the former ase the photon utuates into a vetor meson

whih via the proton interation is di�ratively exited and subsequently deays into ���

0

or �

0

� �

0

states. The mehanism of their prodution are desribed in hapter 3.2.1.

Both proesses are simulated in the Monte Carlo generators Pythia and RapGap. Their

ontribution to the total signal is estimated in the hapters 5 and 6. In the proess where

the photon utuates into a non-bound state of the quark-antiquark pair the fragmentation

of the pair may lead into prodution of � � �

0

or �

0

� �

0

states. In this ase the proess

at the photon vertex would be desribed by a quark propagator instead of a � trajetory

exhange between the photon and the � vertex.

2.7.2 Kinematial Reonstrution

To reonstrut the kinematial quantities de�ned in hapter 2.7.1 on the detetor level

several methods an be used [102℄. In this analysis the eletron is measured and therefore

the `eletron method' is employed in whih the kinematis is determined by measuring the

energy, E

0

e

, and the polar angle, #

e

, of the sattered eletron. If E

e

is the energy of the

olliding eletron and the masses of the eletron and proton are negleted, then for s, the

inelastiity, y, the photon virtuality, Q

2

, and Bjorken x, one obtains:

s = 4E

e

E

p

; (2.59)

y = 1�

E

0

e

E

e

sin

2

#

e

=2 ; (2.60)

Q

2

= 4E

e

E

0

e

os

2

#

e

=2 and (2.61)

x =

E

e

E

0

e

os

2

#

e

=2

E

p

�

E

e

�E

0

e

sin

2

#

e

=2

�

; (2.62)

respetively. In the photoprodution regime the eletron is deeted only by a very small

angle and equations (2.60) { (2.62) simplify signi�antly, in the approximation #

e

� 180

Æ

:

y � 1�

E

0

e

E

e

; (2.63)

Q

2

� 0 and (2.64)

x � 0 ; (2.65)

respetively. The photon-proton entre of mass energy for Q

2

! 0 an be approximated

by

W =

p

ys : (2.66)

To reonstrut the square of the four-momentum transfer at the photon, t

1

, and proton,

t

2

, verties it will be assumed that p

z;�(�

0

)

� p

z;

and p

z;X

� p

z;p

. Then t

1

and t

2

an be

obtained via the transverse momentum of the �(�

0

) meson and the transverse momentum

of the �(�

0

)� �

0

system [90℄, respetively:

t

1

= �

�

p

t;�(�

0

)

�

2

; (2.67)

t

2

= �

�

p

t;�

0

+�(�

0

)

�

2

: (2.68)
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This approximation has to be used sine neither the emitted photon from beam eletron

nor the �nal state X are measured and t

1

and t

2

an not be alulated diretly from eq.

(2.57) and (2.58).

The entre of mass energy squared of the subsystem �(�

0

)� �

0

, s

1

, will be reonstruted

via the four-momenta of the �(�

0

) and �

0

mesons. Sine the �nal state X is not measured,

the following approximation will be used for the determination of s

2

: the four-momenta

of the �nal state X are assumed to be the same as for a olliding proton, P

i

X

= P

i

p

. Then

s

1

and s

2

an be reonstruted via:

s

1

= (p

�(�

0

)

+ p

�

0)

2

= (E

�(�

0

)

+E

�

0)

2

� (p

�(�

0

)

+ p

�

0

)

2

and (2.69)

s

2

= (p

�

0 + p

p

)

2

= (E

�

0 +E

p

)

2

� (p

�

0

+ p

p

)

2

; (2.70)

respetively.

The four momenta of the photons from � or �

0

meson deays are alulated by

p



=

�

E



; E



�x

D

;E



�y

D

;E



�z

D

�

; (2.71)

where D is the distane of the entre of gravity of the energy deposition in the detetor

w.r.t. the interation point:

D =

p

(�x)

2

+ (�y)

2

+ (�z)

2

(2.72)

with

�x = x� x

vtx

; �y = y � y

vtx

; �z = z � z

vtx

:

The oordinates x, y and z orrespond to the entre of gravity of the energy deposition in

the detetor. The oordinates [x

vtx

; y

vtx

; z

vtx

℄ refer to the reonstruted interation point.

The masses of the � and �

0

mesons are reonstruted from the invariant mass of the �

system alulated as:

m



=

v

u

u

t

 

2

X

i=1

E

i

!

2

�

 

2

X

i=1

p

i

!

2

; (2.73)

where the sum runs over two photons from � or �

0

mesons.

The four momenta of the harged pions from �

0

meson deay are alulated as

p

�

� =

�

q

(m

�

�)

2

+ p

2

x

+ p

2

y

+ p

2

z

; p

x

; p

y

; p

z

�

; (2.74)

where p

x

; p

y

; p

z

are momenta reonstruted by the H1 software and m

�

�
= 139:57 MeV is

the nominal value for the mass of the harged pion [37℄.

The variable E � p

z

will denote the di�erene between the energy and the z omponent

of the momentum summed over all partiles in the �nal state, in this ase two pions, two

photons and a sattered eletron:

E � p

z

=

X

i

(E � p

z

)

i

(2.75)
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where the sum runs over all partiles i in the �nal state. Due to energy-momentum

onservation in a fully ontained event its value is twie the eletron beam energy:

�(�nal state) = �(initial state) = (k

0

� k

3

)

| {z }

55GeV

+(P

0

p

� P

3

p

)

| {z }

0

= 55GeV : (2.76)



Chapter 3

Monte Carlo Models

For the measurement of a ross setion, the detetor e�ets on the proess to be mea-

sured have to be determined, and the ontribution from bakground proesses has to be

estimated. Both tasks are aomplished by omputer programs, so alled Monte Carlo

generators (MC). The MC simulation onsists of three steps: First generating interations

of ertain proesses aording to their ross-setions takes plae and four-vetors of par-

tiles are alulated. These are subsequently passed to another program that simulates

the detetor (partile interations with the detetor material), its imperfetions and the

deay of unstable partiles. The detetor simulation at H1 is provided by the program

pakage H1SIM [70℄ based on the pakage GEANT [71℄. At this level the simulation of

some trigger elements (IET; DCR �) is also derived. At the last level the result of the

previous simulation step is proessed by the same reonstrution software as the data,

H1REC [64℄.

For the analysis presented in this thesis three event generators are employed, where two

(Pythia and RapGap) are used for the bakground estimation, and one (ToyGen) for

desribing the signal proesses. In this hapter, all generators are presented.

3.1 The Signal Event Generator ToyGen

In this analysis the proesses under study are exlusive photoprodution of �

0

� �

0

and

���

0

meson pairs, respetively. In the Regge terminology the proesses may be desribed

by �-trajetory exhange at the photon vertex and the Pomeron exhange at the proton

vertex. The � and �

0

are produed at the photon vertex and the �

0

meson is produed

from a fusion proess of �- and Pomeran�uk- trajetories.

The event generator ToyGen [30℄ is used as the signal Monte Carlo model for the analysis.

It o�ers the possibility to simulate exlusive double meson prodution in the photopro-

dution regime via an exhange of di�erent Regge-trajetories. It was designed to provide

the simulation of the proesses on a qualitative level in the sense of desription of their

kinematis rather than allowing predition of ross-setions. Therefore it is used mainly as

a tool for the estimation of detetor eÆienies. Nevertheless, it allows quite a satisfatory

desription/omparison with the data. The possibility to modify several parameters of the

program allows a qualitative desription of the exlusive prodution of any two mesons M

1

and M

2

:

37
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ep! (e

0

+ )p

!M

1

+T

1

�! (e

0

+ M

1

+ T

1

)(X + T

2

)

T

1

+T

2

!M

2

�! e

0

M

1

M

2

X; (3.1)

where M

1

and M

2

refer to the meson produed at the photon vertex and to the meson

produed in the fusion proess of trajetories T

1

and T

2

, respetively. In the orrespond-

ing diagram (�g. 3.1) for sake of simpliity the eletron is not shown and the photon is

onsidered as the beam partile.
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Figure 3.1: Diagram of exlusive double meson prodution at HERA as mod-

eled by ToyGen.

The ToyGen MC model is based on double-pomeron exhange (T

1

= T

2

= IP ) with various

parametrisations of the Pomeron ux fators taken from other MC's, RAPGAP [31℄ and

POMPYT [29℄. The Pomeron ux fator in the proton is well known from p-p experiments.

Sine the Pomeron ux in the photon is unknown, the presented model assumes the same

ux parametrisation for the Pomeron in the photon as in proton. The Ingelmann-Bruni

parametrisation of the Pomeron ux [31℄ is employed in both ases:

f

IP=

(x

IP

1

; t

1

) = f

IP=p

(x

IP

2

; t

2

) =

1

2

1

2:3

1

x

IP

1(2)

�

6:38e

8t

1(2)

+ 0:424e

3t

1(2)

�

: (3.2)

The variables f

IP=

(x

IP

1

; t

1

) and f

IP=p

(x

IP

2

; t

2

) denote the Pomeron ux fator in the pho-

ton and proton, respetively, x

IP

1(2)

(x

IP

1(2)

= x

1(2)

) denotes the longitudinal momentum

fration arried by the Pomeron, and t

1(2)

marks the squared four momentum transfer at

the photon vertex, t

1

= (P



� P

M

1

)

2

and at the proton vertex t

2

= (P

p

� P

X

)

2

, respe-

tively.

In the investigated proesses the �

0

and � mesons are related to the M

1

meson produed

in the upper, photon, vertex and hene stem from the photon. The �

0

(M

2

) results from

the fusion proess of the two T

1

and T

2

trajetories whih requires that the T

1

trajetory

has to arry the quantum numbers of the �

0

meson. Sine there is no predition for the �

trajetory ux in the photon, the presented model annot be used for a predition of the

ross setion. However the modi�ation of the ux at the photon vertex, f

IP=

, to estimate

detetor eÆienies whih is the main purpose of the Monte Carlo model. The neessary
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modi�ations of f

IP=

will be disussed in the following.

Firstly, in order to study the populated regions the original uxes from 3.2 were assumed.

The ���

0

and �

0

��

0

proesses have been generated in the photoprodution kinematial

region with the standard di�rative uts: x

IP

1(2)

< 0:05 and jt

1(2)

j < 1 GeV

2

. Kinematial

onstraints applied to the generated events are summarized in table 3.1. The orrespond-

ing distributions are shown in �g. 3.2 a)-f) for the �

0

� �

0

sample and g)-l) for the �� �

0

sample, respetively. The �rst row onerns always the photon vertex and the seond one

the proton vertex in both samples. The �rst olumn shows the Bjorken x

1(2)

= x

IP

1(2)

of

the Pomeron at the photon (proton) vertex, the seond one desribes the variable t at the

given vertex and the third olumn illustrates either the rapidity of the bakward or the

entral meson.

The rapidity distributions show that the �

0

and � mesons are produed strongly in the

bakward diretion. �

0

mesons go to rapidities of Y

�

0 ! �6, while the � mesons are

produed to Y

�

! �4:5. For both mesons only a very small part of the events lies in

the SpaCal aeptane (�3:5 < Y

SpaCal

< �1:5). The �

0

mesons are produed mostly

forward. The bakward region of the CJC aeptane (Y

CJC

! �1:5) is also very sparsely

populated by �

0

meson prodution.

Comparing the rapidity distributions of the � and the �

0

measured in data (dots) shown

in Appendix C in �g. C.1 g) and h) for the � � �

0

sample, and the generated rapidity

distributions in 3.2 i) and l), one observes that the bakward (�) as well the entral (�

0

)

mesons in MC sample do not over the region where the signal in the data ours. There-

fore it is not possible to alulate the detetor eÆieny with these generated events in

the region seen in data.

From the aspets of detetor eÆieny studies, disussed in hapter 4.6, it is neessary

to over the full aeptane region of the SpaCal and CJC. Taking this into aount the

following modi�ations of the kinematis at the photon vertex have been done:

� the Pomeron ux at the photon vertex has been modi�ed in t

1

by setting the oef-

�ients in the exponential funtion in eq. (3.2) to zero (8! 0; 3! 0):

f

0

IP=

(x

1

; t

1

) =

1

2

1

2:3

1

x

1

�

6:38e

0t

+ 0:424e

0t

�

: (3.3)

The variable f

0

IP=

(x

1

; t

1

) de�nes the new (not Pomeron anymore) ux in the photon.

Also the upper limit for jt

1

j was hanged to jt

1

j < 6 GeV

2

. It allows higher p

t

value

of the bakward meson and hene also a larger sattering angle.

� the upper limit for the fration of longitudinal momentum arried by the trajetory

T

1

in the photon has been inreased to x

1

< 0:5 in order to allow higher longitudinal

momentum of the T

1

trajetory and thus to allow the entral meson to be produed

more bakward.

The behavior of kinematis at the proton vertex remained unhanged. In the following

the ToyGen simulation after these modi�ations will be alled ToyGenMod.
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All hanges at the photon vertex are summarized in table 3.2. The orresponding distri-

butions are shown in �g. 3.3. Now the bakward mesons populate the full SpaCal region

and the entral meson the full CJC aeptane region for both samples �

0

��

0

and ���

0

.

The eÆieny is investigated with this simulation in hapter 4.6.

variable photoprodution uts

y 0:3 < y < 0:7

Q

2

< 0:01 GeV

2

variable photon vertex proton vertex

x

IP

< 0:05 < 0:05

jtj < 1 GeV

2

< 1 GeV

2

Table 3.1: Kinematial restritions on the generated �

0

��

0

and ���

0

samples

using original Pomeron ux from (3.2).

variable modi�ation of photon vertex

f

0

IP=

(x

IP

1

; t

1

) e

0t

+ e

0t

x

1

< 0:5

jt

1

j < 6 GeV

2

Table 3.2: Modi�ation of kinematis at the photon vertex of the generated

�

0

� �

0

and � � �

0

samples.

3.2 Bakground Generation

3.2.1 The Generator Pythia

Pythia [32℄ is a powerful event generator developed mainly for high-energy e

+

e

�

, p�p and

ep interations. It is based on leading order (LO) matrix elements, parton showers and

the Lund hadronization [33, 35℄. Pythia ontains a rih seletion of physis proesses, e.g.

soft and hard QCD proesses, deep inelasti sattering, photon indued proesses, and

many others, with more than 200 di�erent subproesses. The physis model employed by

the generator to desribe photoprodution is desribed in [38, 36℄.

It is expeted that Pythia an desribe the behavior of inlusive data distributions. The

inlusive data sample was seleted by the uts desribed in table 3.3. These inlusive

uts play a rôle of the preseletion for the �nal seletion of the investigated proesses

(hapter 4). The data sample is ompared with a Pythia sample, after applying the same

uts, shown in �g. 3.4. The data are shown by dots and the Pythia distributions by the

solid-line histogram. In a) the invariant trak-trak mass

1

is ompared. The Pythia MC

desribes the data reasonably exept the mass window of the �

0

meson. In b) the number

1

the term trak-trak mass will denote the invariant mass of the system of two partiles orresponding

to the reonstruted traks.
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Original Pomeron ux fator at the photon vertex
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Figure 3.2: Kinematial distributions generated using original Pomeron ux

for the �

0

� �

0

a)-f) and the �� �

0

g)-l) samples. First olumn orresponds to

the longitudinal momentum fration of the Pomeron trajetory for the photon

(�rst row) and proton vertex (seond row), respetively. The seond olumn

shows the four-momentum transfer at photon (�rst row) and proton (seond

row) vertex and third olumn the rapidity of the �

0

and �

0

(�).
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Modi�ed Pomeron ux fator at the photon vertex

x t Y

�

0

� �

0

sample

 [-]
1

x
0 0.1 0.2 0.3 0.4 0.5 0.6

N

10
2

10
3

]
2

 [GeV
1
t

-6 -5 -4 -3 -2 -1 0
N

10
2

10
3

 [-]
ρ

Y
-4 -2 0 2 4 6

N

1

10

10
2

a) b) )

 [-]
2

x
0 0.01 0.02 0.03 0.04 0.05 0.06

N

10

10
2

10
3

]
2

 [GeV
2
t

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0

N

10

10
2

10
3

, [-]0
π

Y
-6 -5 -4 -3 -2 -1

N

1

10

10
2

10
3

d) e) f)

� � �

0

sample

 [-]
1

x
0 0.1 0.2 0.3 0.4 0.5 0.6

N

10
2

10
3

10
4

]
2

 [GeV
1
t

-6 -5 -4 -3 -2 -1 0

N

10
2

10
3

 [-]
ρ

Y
-4 -2 0 2 4 6

N

1

10

10
2

10
3

 [-]
2

x
0 0.01 0.02 0.03 0.04 0.05 0.06

N

10
2

10
3

10
4

]
2

 [GeV
2
t

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0

N

10

10
2

10
3

 [-]
η

Y
-6 -5 -4 -3 -2 -1

N

1

10

10
2

10
3

j) k) l)

Figure 3.3: The same kinematial variables as in �g. 3.2 but after modi�-

ations to the Pomeron ux on the photon side (table 3.2).
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of photon andidates deteted in the SpaCal alorimeter is shown. The distribution ex-

hibits an agreement between data and Pythia for N



> 2. Sine the main harateristis

of ep interations is multipartile prodution (typially in the order of tens) the main

emphasis in Pythia is given in this diretion. Therefore it is not unexpeted that Pythia

is not apable to desribe very low multipliities. Another possible reason is the existene

of unknown proesses or proesses not implemented in Pythia. In d) the number of LAr

lusters whih are not assoiated with one of the two traks is shown, in e) E�p

z

variable

and in e) the z-oordinate of the vertex. In the last three distributions the Pythia lies

slightly, but systematially below the data due to the di�erenes at low multipliities.

ut motivation

0:3 < y < 0:7 tagged photoprodution

Q

2

< 0:01 GeV

2

photoprodution

N

forwardLAr lusters

= 0 di�ration with limited proton dissoiation

N

CJC traks

= 2 investigated proesses

1 < N

SpaCal photons

< 10 investigated proesses

Table 3.3: Cuts applied to the data and Pythia for their omparison.

The photon struture [38℄ implemented in Pythia allows for photon dissoiative events in

whih the photon turns into a vetor meson (V = (�

0

; !)) and subsequently into a di�ra-

tivelly exited state alled V

diff

. The di�rative exitation into V

diff

takes plae due to

the photon interation with the proton. The proess is skethed in �g. 3.5. This kind of a

proess simulated by Pythia ontributes to the investigated proesses via: p! �(�

0

)�

0

X

through the �

0

diff

deay: �

0

diff

! �

0

�(�

0

). Sine the total ross-setion for di�rative

�

0

� prodution will be determined, independently of its origin, the proesses leading to

�� are exluded from the Pythia sample. The new model of Pythia is alled PythiaMod.

The treatment with the Pythia and PythiaMod models is disussed in hapters 5 and 6.

3.2.2 The Generator RapGap

RapGap (short for Rapidity Gap) [31℄ is a MC suited to desribe Deep Inelasti Sattering

(DIS), inluding di�rative DIS and LO diret and resolved (however only for transverse

polarized virtual photons) proesses. Standard hard sattering partoni ross setion and

parton showers are ombined with the LUND string fragmentation model using the JET-

SET pakage [33, 35, 34℄. The RapGap MC does not provide any model of soft underlying

interations in terms of multiple interations.

The desription of di�ration is based on the hard-pomeron model via two gluon ex-

hange. In rapidity gap events the proton stays intat or beomes a low mass di�rative

state, alled p

0

. Within di�ration RapGap desribes photoprodution as well as deep

inelasti sattering. The emphasis in the analysis is on photoprodution.

Also RapGap is employed as a bakground MC in the analysis. In this model the main

soure of bakground to the investigated proesses is expeted from the quark sattering

of the photon on a quark from the Pomeron and from the boson (photon) - gluon fusion

shown in �gure 3.6 a) and b), respetively. In a) the lowest order proess for sattering
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Figure 3.4: Comparison of data to Pythia (solid-line histogram) and RapGap

(dashed-line histogram) for the inlusive seletion shown in table 3.3. a) in-

diates the invariant trak-trak mass, b) the number of photon andidates in

the SpaCal alorimeter, ) the number of lusters in LAr alorimeter whih are

not assoiated with any trak, d) variable E� p

z

, e) z-oordinate of the vertex.
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γ V Vdiff

M1

M2

Figure 3.5: Di�rative dissoiation as modeled by Pythia: A photon

is turned into a vetor meson V aording to VMD and subsequently interats

with the proton. This interation exites the vetor meson into a state alled

V

di�

, that deays into two mesons M

1

and M

2

.

quark, ep ! e

0

q�qp

0

! e

0

Xp

0

, is illustrated. If the photon reats with a quark q from the

Pomeron, IP , an antiquark �q, of the same avor but with opposite olor is left. The sat-

tered quark q

0

together with the left antiquark then fragments into a state X. This proess

is unfortunately in the photoprodution regime (Q

2

! 0) inalulable in QPM and there-

fore not simulated by RapGap. If the photon reats with a gluon from the Pomeron, a

olor otet remnant is left, here treated as a single gluon. This Pomeron remnant together

with the q�q from the hard interation forms also a olor singlet state X. This boson gluon

fusion (BGF) from a resolved Pomeron is skethed in b).

The BGF has been simulated by RapGap under the assumption that only light quarks

(LQ: u,d,s) and antiquarks are produed. In the omparison between the inlusive data

sample and bakground MC's, applying the uts in tab. 3.3 is shown in �g. 3.4. RapGap

and Pythia agree with the data and therefore provide a reasonable tool for the bakground

desription. Also RapGap ontributes to the investigated proesses via fragmentation of

the X state into � � �

0

and �

0

� �

0

state. However this ontribution is one order smaller

than from Pythia.

3.3 Monte Carlo Sets

In this setion an overview over the kind and the amount of generated events is given for

the signal MC ToyGen and both bakground MC's Pythia and RapGap. All samples were

generated in the photoprodution regime requiring Q

2

< 0:01 GeV

2

and 0:25 < y < 0:85

(0:3 < y < 0:7 for ToyGen).

Sine the ToyGen signal MC does not provide any predition of the ross-setion the num-

ber of events is given instead of the integrated luminosity. For the �

0

� �

0

sample 250000

events were generated for the 1996 and also for the 2000 data taking period. The sim-

ulation for 1997 and 1999 data taking periods was omitted sine the running onditions

in 1997 were similar as for 1996 and in 1999 as for 2000 data taking period. Also for

the � � �

0

sample the events were simulated and reonstruted only for 1996 and 2000,

namely 200000 per year. The total amount of generated luminosity for bakground MC's

is 59:61 pb

�1

for Pythia and 37:38 pb

�1

for RapGap, respetively. They are summarized
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Figure 3.6: a) lowest order O(�

elm

) proess for sattering quark of photon.

b) O(�

em

�

s

) for boson (photon) gluon fusion with resolved Pomeron. The

Pomeron remnant is a olor otet gluon.

MC

ToyGenMod Pythia RapGap

generated proess p! �

0

�

0

p

0

p! � �

0

p

0

p! anything p! q�qgp

0

(q =LQ)

kin. restritions Q

2

< 0:01 GeV

2

; 0:3 < y < 0:7 Q

2

< 0:01 GeV

2

; 0:25 < y < 0:85

Statistis

year Number of events Integrated luminosity [pb

�1

℄

1996 250000 200000 17:08 9:33

1997 � � 12:72 9:34

1999 � � 12:49 9:32

2000 250000 200000 17:32 9:39

Total 500000 400000 59:61 37:38

Table 3.4: Summary on the proesses generated by ToyGen, Pythia and Rap-

Gap: kind of the generated proess, restritions on the kinematis of the proess

and its statistis for 1996, 1997, 1999, 2000.

in table 3.4.

For the Monte Carlo sets to be diretly ompared to the data, the orresponding distribu-

tions are saled by fators L

i

= L

data

=L

MC

, where L

MC

is the luminosity for MC shown

in table 3.4.
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Data Seletion

In this hapter the seletion of data will be disussed: Firstly the signatures of the investi-

gated proesses in the H1 detetor are desribed, then, run quality riteria and the trigger

seletion.

The H1 experiment is olleting a huge amount of events originating from a large vari-

ety of physis proesses in so alled luminosity runs under nearly onstant experimental

onditions. The run period of data taking between �lling and dumping of eletrons or

protons is alled luminosity �ll. Sine not all data for this analysis have the appropriate

run quality, quality riteria for the runs are disussed in this hapter. For any analysis of

exlusive proesses only a subset of this large amount of data, de�ned by the topology of

the investigated proesses, is needed. These seletion riteria de�ned by the topology of

exlusive double meson photoprodution are desribed as well.

Eah event had to pass the H1 trigger system whih means that the event has been taken

with ertain trigger onditions, de�ned by subtriggers. To ontrol the amount of output

data from di�erent trigger levels, the subtriggers an be presaled. The treatment of the

presale fators applied to the subtriggers used is also disussed. Sine with rising number

of subtriggers the alulation of the presale orretions beomes very ompliated, an

appropriate number of subtriggers with aeptable presales is hosen.

At the end the eÆieny is investigated from two di�erent points of view: �rstly onstraints

on the rapidities of the �

0

, � and �

0

mesons to exlude ineÆient detetor regions are

determined and seondly the orretion fators for the ross setions are obtained.

4.1 Signatures and Event Seletion in the H1 Detetor

In order to study exlusive double meson photoprodution, one looks for an exlusive o-

inidene between a �

0

meson in the entral detetor region and a �

0

(�) meson in the

bakward region.

Sine the entral traking system provides exellent momentum measurement the domi-

nant deay mode of the �

0

meson leading into �

+

�

�

pairs is used for the identi�ation

of the �

0

mesons:

�

0

! �

+

�

�

; BR(�

0

! �

+

�

�

) � 100% ,

47
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where BR denotes the branhing ratio of the �

0

! �

+

�

�

[37℄. The harged pions passing

the ative hamber volumes produe hits whih are ombined into traks by the H1 re-

onstrution software pakage, H1REC. The traks are used to determine the interation

vertex using the entral traking detetors (CTD). The presene of a magneti �eld allows

to determine momentum and the sign of the harge of the partile. Exatly two traks

with unlike-sign harges reonstruted from the primary vertex are required.

On the other hand H1 provides good measurement of eletromagnetially interating par-

tiles in the bakward eletromagneti alorimeter SpaCal. Therefore the deay modes of

the bakward mesons �

0

and � leading into pure multi-photon �nal state are used for their

identi�ation:

�

0

! ; BR(�

0

! ) = 98:8%

� ! ; BR(� ! ) = 39%

BR denotes the branhing ratio for a given deay [37℄. Eah of the photons is deteted as

an eletromagneti luster. Thus � and �

0

mesons are identi�ed via two eletromagneti

lusters. In order to be able to reonstrut the kinematis and to suppress DIS bakground,

when the sattered eletron produes an eletromagneti shower in the SpaCal and is

misidenti�ed as a photon, the eletron has to be deteted in one of the eletron taggers.

Out of three eletron taggers with di�erent inelastiity aeptanes provided by H1 the

tagger loated at 33 meters from the interation point has been hosen beause of its

largest aeptane in y (0:3 < y < 0:65) [94℄. The signatures with a shemati view of

the important devies of H1 are depited in �gure 4.1 and listed in table 4.1.

signature devie

existene of a primary vertex CTD

N

entral trak

= 2 reonstruted from the primary vertex, q

1

� q

2

= �1 CTD

deteted eletron eTag

33

N

luster

= 2 SpaCal

Table 4.1: Event seletion summary of the investigated proesses with the

devies in whih the �nal state partiles are deteted.

The region in whih all deay produts an be deteted is de�ned by the geometrial

aeptane of the detetor omponents. Sine the reonstrution of the traks is based

on the CJC, the rapidity aeptane for the traks is limited via the CJC aeptane:

�1:5 < Y

trak

< 1:5. The rapidity of the lusters is limited due to the SpaCal aep-

tane: �3:5 < Y

luster

< �1:5, see �g. 4.1. The limits on the rapidities applied to the

lusters and traks due to the detetor aeptanes are summarized in table 4.2.

In order to assign the SpaCal lusters to photons, traks to the harged pions, and energy

deposition in the eletron tagger to the eletron eÆiently, the seletion riteria for photon,

pion and eletron andidates are disussed in the following.

4.1.1 From Clusters to Photons - Seletion Criteria

The �

0

(�) mesons are identi�ed via their purely photoni deays. The two photons pro-

due eletromagneti showers in the bakward alorimeter SpaCal. Although DIS bak-
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�1:5 < Y

trak

< 1:5

�3:5 < Y

luster

< �1:5

Table 4.2: The uts applied to the rapidity of the traks and lusters due to

subdetetor aeptanes.
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Figure 4.1: The signatures of the investigated proesses at H1, two lusters in

the SpaCal oming from the �

0

or � and two unlike-sign traks in the entral

traking system oming from the �

0

. The eletron is measured in the eletron

tagger loated at 33 m from the nominal interation point.

ground should be eÆiently suppressed by requiring an eletron in the tagger, di�rative

bakground leading to jets in the SpaCal, mostly harged pions, has to be eliminated.

A good possibility to distinguish between photons and hadrons are the transverse and

longitudinal shapes of the SpaCal showers. Photons produe muh more ompat lus-

ters than hadrons. The onsequene is a di�erene in the luster radius. In addition to

the luster radius requirement a ut on the ratio between the luster energy deposited in

eletromagneti and hadroni SpaCal is imposed to rejet hadroni showers. In order to

ensure reliable energy measurement a ut on the radial distane of the luster from the

beam line and a noise ut are imposed. The seletion riteria for photon andidates are

summarized in table 4.3.

motivation ut

to separate R

luster

2 (0; 3) m

hadrons and photons E

had

luster

=E

em

luster

< 0:01

noise ut E

em

luster

> 100 MeV

�duial ut RD

luster

2 (8; 75) m

Table 4.3: Summary of requirements to selet a photon andidate with �duial

ut on the radial distane of the luster from the beam line.
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Here denote:

� E

em

luster

and E

had

luster

- luster energy deposited in the eletromagneti and hadroni

part of the SpaCal, respetively. As photon andidates are treated only those lusters

for whih the ontribution from the hadroni part is less than 1%,. The eÆieny

of the ut has been studied in [65℄. A ut of 100 MeV on the eletromagneti luster

energy orresponding to � 3�

noise

[66℄ is applied to rejet noise.

� R

luster

- luster radius. Only lusters with a �nite radius R

luster

> 0 and R

luster

<

3 m [65℄ are onsidered to be photon andidates.

� RD

luster

the radial distane of the energy deposition from the beam line. The

�duial ut RD

luster

2 (8; 75) m is required to avoid shower leakage at the borders

of the SpaCal.

Clusters withE

luster

< 100 MeV are ignored and onsidered as noise. Due to an aeptane

overlap between CJC and SpaCal the harged pions from the �meson deay, de�ned in next

hapter, an produe a luster in the outermost part of the SpaCal. To save suh events,

lusters assoiated with one of the traks are ignored for the photon seletion, independent

of their hadroni energy fration. Otherwise events with a luster with a large hadroni

energy fration are assumed to be ontaminated by hadrons and are exluded. The events

with lusters violating the `�duial ut' ondition su�er from energy leakage and are also

exluded.

4.1.2 From Traks to Pions - Seletion Criteria

The �

0

meson is identi�ed through its dominant pioni deay. The deay produts �

+

and �

�

are deteted in the entral jet hamber (CJC). The harged pions passing the

CJC produe hits from whih traks are reonstruted. One example of a CJC trak is

shown in �g. 4.2. The main trak quality parameters de�ning the traks in H1 are plotted

CJC2

CJC1

proton beam 
direction

nominal vertex (0,0,0)event vertex (x,y,z)

EndRadius

StartRadiusθ

Figure 4.2: CJC trak in z-R plane
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in �g. 4.3. The parameter da is de�ned as the distane of losest approah in the x-y

plane to the nominal vertex position [x = 0; y = 0℄. The main kinematial variables for a

trak lassi�ation are its polar, �, and azimuthal, �, angle, respetively, and transverse

momentum p

t

with respet to the beam diretion. Both, azimuthal and polar angles are

onsidered with respet to the reonstruted vertex. Only traks ful�lling ertain quality

riteria are onsidered as pion andidates. In this analysis the standard H1 software

pakage from Lee West [72℄ is used to selet `good traks'. It ontains a set of uts on

kinematial and quality parameters whih are summarized in table 4.4, where:

� p

t

- transverse momentum of trak; 150 MeV is the lowest value at whih traks an

be reliably measured by the CJC.

� � - polar angle of the trak (�g. 4.2); uts of 20

Æ

and 160

Æ

are imposed by the

aeptane limits of the CJC.

� StartRadius (�g. 4.2); radial distane of the �rst hit produed by the traks in

the x-y plane to the nominal vertex position. By setting an upper limit on the

StartRadius one avoids that the trak starts far from the interation point. The

ut of 50 m demands the beginning of the trak in CJC1.

� da (�g. 4.3) - distane of losest approah alulated with respet to the primary

vertex. By setting an upper limit the traks lying far from the vertex in the x-y

plane are rejeted. An upper limit of 2 m is onsidered with respet to the nominal

vertex.

� R

lenght

- trak length in the x-y plane. It is the radial di�erene between the last hit,

EndRadius, and �rst hit, StartRadius, in the CJC. The ut removes short traks.

� RPTHPHTH - variable used to remove unreliable parts of the entral traks whih were

split into two traks due to reonstrution problems.

p

t

> 0:15 GeV

20:0

Æ

< � < 160:0

Æ

StartRadius < 50:0 m

Trak seletion jdaj < 2:0 m

R

lenght

> 10:0 m; for � < 150:0

Æ

R

lenght

> 5:0 m; for � > 150:0

Æ

RPTHPHTH = 1:0

Bakground rejetion jz V txj < 30 m

Pion hypothesis m = 139:57 MeV

Table 4.4: Summary of the requirements to selet a good trak. It is assumed

that all partiles produed the traks are harged pions.

In this analysis no method for identi�ation of the mass of the partiles is used and there-

fore it is assumed that all partile andidates obtained from the trak seletion are harged

pions (have a mass of harged pions m = 139:57 MeV).
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Figure 4.3: Trak reonstrution: The urve illustrates the reonstruted

trak. Also important variables for the trak de�nition are shown: the nominal

[0; 0℄ and reonstruted [x; y℄ vertex, the distane of losest approah da with

respet to the nominal vertex position and the azimuthal angle �.

Both traks have to be reonstruted from the primary vertex. In order to rejet inter-

ations from satellite bunhes the z-oordinate of the vertex (z-Vertex) has to be within

30 m of the nominal vertex. A omparison between the simulated and data z-Vertex

distributions is shown in �gure 4.4.

4.1.3 Photoprodution Seletion - Eletron Seletion

Photoprodution events are seleted by demanding the sattered eletron to be deteted

in the eletron tagger eTag

33

. This restrits the photon virtuality to Q

2

< 0:01 GeV

2

and

the inelastiity roughly to 0:3 < y < 0:65 (see �g. 4.5). To selet a `good eletron' the

riteria shown in table 4.5 are applied.
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Figure 4.4: z-oordinate of the vertex with respet to the nominal vertex (0; 0; 0)

0:3 < y < 0:65

X

eTag33

< 6:5 m

E

PD

< 2 GeV

Table 4.5: Summary of the requirements to selet `good eletron'

The variables used are:

� y denotes the inelastiity de�ned in eq. (2.8), The inelastiity region (0:3; 0:65) has

been hosen to ensure the aeptane to be higher than 10% (see �g. 4.5).

� X

eTag33

denotes the x oordinate of the impat point of the eletron, the ut of

6:5 m is applied to minimize the energy leakage at the border of the tagger

� E

PD

is the energy measured in the photon detetor. In the Bethe-Heitler (BH)

proess, used for luminosity measurements, the photons are deteted in the photon

detetor whereby the eletron an satter into the eletron tagger. In this topology

the photon energy in BH events is higher than 2 GeV, therefore to avoid overlap

between a BH event and a photoprodution event, the energy in the photon tagger

is required to be less than 2 GeV.

4.1.4 Eletron Tagger Aeptane

The eÆieny �

eTag33

of the eletron as a funtion of inelastiity y was determined with

the help of the software pakage QPETAC [92℄. QPETAC supplies a run dependent tagger

aeptane as a funtion of inelastiity y if the eletron is sattered into the �duial region

X

eTag33

< 6:5 m. As an example for one run in 1996 the aeptane is shown in �gure

4.5. The mean eÆieny is h�

eTag33

i � 0:5 whih means that on average the tagger detets

only every seond eletron. This value is also used for the ross setion determination.
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y
0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.1

0.2

0.3

0.4

0.5

0.6

eTag Acceptance

Figure 4.5: Eletron tagger aeptane as a funtion of the inelastiity y de�ned in (2.8)

Sine H1 does not provide a simulation of the eletron tagger and the orresponding trigger

elements, the MC events in the tagged photoprodution have to be weighted aording to

their aeptanes �

eTag

.

4.2 Final Seletion

In addition to the preseletion (table 4.1) further uts are applied: In order to ensure a

rapidity gap between the proton or its remnant and the �

0

meson no ativity in the forward

region of the LAr alorimeter was demanded. To ensure exlusivity of the investigated

proesses no ativity in the entral LAr alorimeter, aside the lusters assotiated with the

traks from �

�

, was required. Under `no ativity' one understands no LAr luster above

500 MeV. Another ondition to ensure exlusivity and a fully measured event, exept the

sattered proton, is a ut on E� p

z

, de�ned in eq. (2.75), to be between 50 and 60 GeV.

The �nal seletion is summarized in table 4.6.

motivation �nal uts

di�ration at proton vertex N(E

LAr luster

> 500 MeV) = 0 in forward LAr

exlusivity N(E

LAr luster

> 500 MeV) = 0 in entral LAr

not oneted to any trak

fully measured event 50 GeV < E� p

z

< 60 GeV

Table 4.6: Final seletion summary to ensure exlusivity, di�ration at the

proton vertex and a fully measured event.
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4.3 Run Seletion

The present analysis is based on the data aumulated by the H1 detetor during four

years, 1996-2000, exept 1998. In 1998, HERA swithed from running with positrons to

eletrons. The bakground onditions ould not be improved adequately to run reasonably

with the traking detetors. Therefore the data teakig period of the year 1998 is omitted.

The runs used for the present analysis had to pass the following quality uts:

� Exluded runs: The following run periods were exluded from the data sample

1996 - 2000 taken by the H1 experiment:

- at the end of 1997 and 1999, so alled `minimum bias'

1

runs with di�erent trigger

settings

- runs with a shifted z-position of the vertex in 2000 due to di�erent kinematis of

the events

- all runs Run > 257601 in 1999 [67℄: in Otober 1999, one wire in the inner entral

jet hamber (CJC1) broke and aused a `hole' of approximately 20

Æ

in �.

- The run period upto run 157877 in 1996 beause of di�erent trigger settings (see

hapter 4.4).

- The run period in 1999 with running with eletrons

� Run quality: Medium or good. Eah run an be lassi�ed as `Good', `Medium',

or `Poor' aording to the urrent status of detetor omponents. Poor runs have

been exluded, sine many detetor omponents didn't work properly over a signi�-

ant part of run time.

� Trigger phase > 1: At the beginning of eah luminosity �ll, the trigger phase one

is set up. During this phase the trakers are ramped and very high presales are

applied. Di�erent trigger phases during data taking within one lumi �ll orrespond

to di�erent presale fators. Beause of high presales the phase 1 is exluded.

� High voltage (HV) sub-detetor status. The HV status of the detetor om-

ponents used for the analysis (LAr, SpaCal, CJC, ToF) had to be fully funtional

during more than 80% of the full run time. Events in aepted runs with some

omponents not working, were exluded from the analysis, and the luminosity of the

run was orrespondingly orreted.

The olleted luminosity for the di�erent data taking periods and the impat of the run

seletion riteria are summarized in table 4.7. H1 has olleted 117:26 pb

�1

over the four

years 1996, 1997, 1999 and 2000. About 65% of the data sample survives the run seletion

whih means about 76 pb

�1

to be analysed. The main redution of the luminosity is

aused by the `exluded runs' ondition and the `trigger phase' requirement, about 10%.

The redution due to the `run quality' seletion is about 7:3% and the `HV subdetetor

status' about 5%. Sine raw luminosity also inludes sattelite bunhes, therefore has to

be orreted for analyzed z-Vertex range.

4.4 Trigger Seletion

For hoosing a proper subtrigger ombination aspets like trigger eÆieny, L1 subtrigger

presales and the number of triggers play a key role. The presale is an important issue

1

the events taken with more inlusive trigger onditions
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1996 1997 1999 e

+

p 2000 Sum

proton beam energy [GeV℄ 820 820 920 920

Total raw luminosity [pb

�1

℄ 9:89 27:95 19:33 60:09 117:26

Exluded runs (see text) [pb

�1

℄ 7:35 24:91 14:2 59:26 105:72

G+M Runs [pb

�1

℄ 7:11 21:61 13:34 56:02 98:08

Trigger Phase 2-4 [pb

�1

℄ 6:88 17:08 11:16 52:35 87:47

HV ok + orr [pb

�1

℄ 6:10 16:33 9:99 48:00 80:42

z-Vtx [pb

�1

℄ 5:67 15:23 9:54 45:78 76:21

Table 4.7: Integrated luminosity from 1996-2000.

mainly beause of statistis olleted by a given subtrigger. The number of seleted sub-

triggers is restrited beause of the alulation diÆulty of the L1 presale orretion (see

hapter 4.5). Aording to the topology of the proesses and as a ompromise among all

above mentioned issues the following trigger ombination was hosen:

s50 Run � 193433

s50 k s61; Run > 193433

(4.1)

Subtrigger s50 was a speial trigger for bakward meson photoprodution. Subtrigger s61

was a general inlusive SpaCal trigger designed to measure the sattered eletron in DIS.

1996 1997 1999 e

+

p :Run< 257601

Run > 157877 =2000

s50 L1: eTag && L1: eTag && L1: eTag &&

(IET> 1kIET en 2) (IET> 1kIET en 2) (IET> 1kIET en 2)

Run > 157877 L2: R20 L2: R20! R30 in L2: R30

Run = 198827

hL1 presalei 1:16 1:65 = 1:51 1:26 = 2:06

s61 DCR� Thigh && DCR� Thigh &&

sine 28:6:97 zV tx && zV tx &&

Run > 193433 (IET> 1kIET en 2) (IET> 1kIET en 2)

hL1 presalei 1:0 1:03 = 1:16

Table 4.8: De�nition of the subtriggers s50 and s61 with their averaged L1 presales.

R20 ! R30 denotes the hange of the subtrigger ondition. 1:65 = 1:51, 1:26 = 2:06 and

1:03 = 1:16 denote the hL1 presalei for di�erent run periods.

The exat de�nition of the subtriggers are shown in table 4.8, where k and && mean

logial `OR' and `AND', respetively. The subtriggers ontain trigger elements of three

di�erent detetor systems: IET derived from SpaCal lusters, DCR� from CJC information

and zVtx from the proportional hambers. All subtriggers ontain in addition global trig-

ger elements whih ensure that the events ome from a nominal bunh rossing and not

from an interations behind or in front of the H1 detetor. The de�nition of the trigger

elements whih the subtriggers onsist of is disussed in hapter 1.8.1.
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The runs before 157877 have been exluded beause of a di�erent s50 subtrigger setup

(TE IET en 2 has been inluded into the subtrigger sine this run). The data in the

run periods 1996 and 1997 (up to run 193433) have been seleted by subtrigger s50 only.

Starting with the run 193433 the events have been seleted by the subtrigger ombination

`s50 k s61'. The averaged L1 presales over a year for both subtriggers are shown in table

4.8. In the 1997 period presale fators 1:65 and 1:51 for s50 orrospond to the period of

Run < 198827 (L2TT:R20) and Run > 198827 (L2TT:R30). For the determination of the

orretion on the presales and the trigger eÆieny the data sample in 1997 has been split

into three periods aording to the hange of R20 in the run 198827 to R30 and inluding

subtrigger s61 from the run 193433 onwards: Run < 193433, 193433 < Run < 198827

and Run > 198827. This separation of the run periods aording to any hange of sub-

trigger settings is essential for the TE eÆieny determination and orretion of presaling.

In the following the trigger eÆienies and the orretion of the data for the trigger

e�ieny are determined.

4.4.1 Trigger Element EÆienies

The eÆienies of trigger elements are usually not 100%. These ineÆienies an be de-

termined in two ways: 1) Either the trigger eÆienies will be obtained from Monte Carlo

and applied to the data or 2) the orretion on the trigger eÆienies are obtained diretly

from the data sample. The eÆienies of main trigger elements (TE) will be studied in the

following. The eÆienies of global trigger elements have been studies in many analyses

[87, 88℄, they are lose to 100%.

The large amount of data available for the trigger eÆieny determination allows to ob-

tain ineÆienies from data and to orret the data with them. For the trigger element

eÆieny determination a data sample independent of the data sample taken with the in-

vestigated (tested) trigger is needed. Therefore another event sample has been seleted by

so alled referene subtriggers. The eÆieny is then determined as the ratio between the

total number of the events seleted by the investigated TE and by the referene subtrigger

additionally and the number of events seleted by the referene subtrigger, as a funtion

of the quantity x:

�(x) =

N

test&&ref

(x) && partile andidate

N

ref

(x) && partile andidate

: (4.2)

If the eÆieny is below 100% the error is [89℄:

��(x) =

s

�(x)(1 � �(x))

N

ref

: (4.3)

If � = 100% the lower limit for a 67% on�dene level for the eÆieny was used:

�

min

(x) = (1� 0:67)

1=N

ref

(4.4)

where x is a variable with respet to whih the eÆieny is determined (i.e. luster

energy, p

t

, �, ...). N

test&&ref

is the number of the events aepted by the investigated

trigger element `AND' the referene subtrigger, N

ref

is the number of the events aepted

by the referene subtrigger. `partile andidate' will be in this analysis either `good

trak' de�ned in 4.4 or a photon andidate desribed in 4.3, depending on the trigger

element studied.
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4.4.2 Trigger EÆieny of Subtrigger s50

In the subtrigger s50 the L1 SpaCal trigger elements (TE's) IET > 1 and IET en 2 are

supplemented by the L2TT ondition R20 (R30) demanding the luster to have a radial

distane from the beam line, RD, larger than 20 (30) m.

The trigger eÆieny of subtrigger s50 is determined via the eÆienies of all its trig-

ger elements: IET > 1, IET en 2, R20, R30 and eTag. Sine the trigger eÆieny of

the eletron tagger is inluded in the eletron tagger aeptane (through QPETAC) the

eÆieny of s50 depends on the eÆienies of the independent SpaCal trigger elements:

IET

2

(�

IET

), and R (�

R

), only, as their produt �

s50

= �

IET

�

R

. Sine IET > 1 and

IET en 2 have the same thresholds their eÆieny has been studied ommonly applying

logial `OR' between them in eq. (4.2). The trigger eÆieny �

IET

is studied as a funtion

of the energy of the `hottest luster'

3

�

IET

= �

IET

(E

hot

). The trigger eÆieny �

R

is

studied as a funtion of the radial distane RD of the furthest luster

4

RD, �

R

= �

R

(RD).

In both ases subtriggers s83 and s84, not ontaining any SpaCal trigger elements, are

used as the referene subtriggers:

s83 : DCRPh T&&zV tx sig&&eTAG

s84 : DCRPh T&&zV tx sig&&(LU ET 44&&!LU PD low&&!LU WatV et)

The total eÆieny of s50, �

s50

(E;RD), is given as the produt of the independent ef-

�ienies of �

IET

(E

hot

) and �

R

(RD):

�

s50

(E;RD) = �

IET

(E) �

R

(RD) (4.5)

The eÆieny determination of �

IET

(E) is shown in �gure 4.6 a), using formula 4.2 with

partile andidate to be a photon andidate de�ned by the uts in table 4.3. As an

example for 1996 the events aepted by the ombination of referene subtriggers `s83 k

s84' are shown by the solid histogram and the events aepted by IET > 1kIET en 2

trigger elements additionally by the dashed histogram as a funtion of the energy of the

hottest luster. The ratio of both histograms is shown in �gure 4.6 b) as blak full points.

The same proedure has been used for the determination of eÆienies for R20 and R30.

They are depited in �gure 4.6 ) �

R20

(RD) as an example for 1996 and d) �

R30

(RD) for

2000. For the R20 and R30 distributions the energy of the furthest luster has to exeed

2:5 GeV to be independent of the luster energy ondition.

The eÆienies were �tted with the Fermi funtion

�

IET

(E) =

�

max IET

exp

�

E

Th

�E

E

widht

�

+ 1

(4.6)

and

�

R

(RD) =

�

max R

exp

�

RD

Th

�RD

RD

width

�

+ 1

(4.7)

where �

max IET

(�

max R

), E

Th

(RD

Th

) and E

widht

(RD

width

) denote the parameters of the

Fermi �t:

2

In this subsetion the ommon notation IET is used for IET > 1 and IET en 2, and R for R20 and

R30.

3

the luster with the maximum energy

4

luster with biggest radial distane from the beam line
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Figure 4.6: The trigger element eÆienies of IET, R20 and R30 elements: a)

the solid (dashed) histogram illustrates the energy distribution of the hottest

luster seleted by referene subtriggers s83ks84 ((s83ks84)&& IET ). Parts

b), ) and d) show trigger element eÆienies for data of IET> 1 k IET en 2,

R20 and R30, respetively. The urves show the �t funtions. The vertial

dashed lines indiate the energy and radius limits applied in the analysis.
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� �

max IET

(�

max R

) is the maximum eÆieny of the IET (R) trigger element.

� E

Th

(RD

Th

) is the energy (radial distane) threshold for the IET (R) trigger ele-

ment.

� E

widht

(RD

width

) denotes the width of the threshold.

Inserting 4.6 and 4.7 into 4.5 one gets for the total eÆieny of s50:

�

s50

(E;RD) =

�

max IET

�

max R

h

exp

�

E

Th

�E

E

widht

�

+ 1

i h

exp

�

RD

Th

�RD

RD

width

�

+ 1

i

(4.8)

From the eÆieny distributions one observes that the maximum eÆieny of subtrigger

s50 demands at least one luster with the energy above 2:5 GeV and radial distane above

20 (30) m. The impat of these uts on the statistis of the �nal (� � �

0

) sample is

shown in �gure 4.7: where the energy versus radial distane of all lusters for the events

seleted by subtrigger s50 is plotted: In a) for the events in the run period seleted by

the R20 and in b) seleted by the R30 ondition. While the requirement on the luster

energy of 2:5 GeV does not redue the statistis, the requirement on the radial distane

redues the statistis signi�antly. Therefore, to save statistis, the lower uts orrespond-

ing to an eÆieny of more than 40% have been hosen: a ut of 15 m for the run period

Run< 193433 seleted by R20 and a ut of 25 m for the run period Run > 193433 seleted

by R30 ondition. The uts and their impat on the eÆieny are summarized in table 4.9.

The trigger element eÆienies of (IET > 1 k IET en 2), R20 and R30 trigger elements

for all year periods are shown in Appendix A in �gure A.1 in the �rst, third and fourth

row. All the �t parameters with �

2

=ndf of the SpaCal TE's are listed in table A.1. The

distributions show the stability of all �t parameters for all trigger elements over the run

period 1996-2000. The maximum eÆieny of IET is �

max IET

(E) � 98% for 1996 and

very lose to 100%, for other of years. The maximum eÆieny for the L2TT trigger

element, R, is �

max R

(RD) � 100% over all periods.

ut ensured eÆieny

E > 2:5 GeV �

IET

(E > 2:5GeV) > 98% �

max IET

(E)

RD > 15 m for R20 �

RD

(RD > 15m) > 40% �

max R

(RD)

RD > 25 m for R30 �

RD

(RD > 25m) > 40% �

max R

(RD)

Table 4.9: Summary of the uts applied to the events seleted by subtrigger

s50. The uts ensure at least 40% eÆieny of the subtrigger s50.

Sine not for all events a trigger eÆieny of 100% is ensured, the events with an eÆieny

lower than 100% have to be orreted. If the energy of the luster is E

i

and its radial

distane RD

i

, the probability, that the luster will �re subtrigger s50 is �

s50

(E

i

; RD

i

).

The total probability for an event that at least one luster sets subtrigger s50 is:

p

s50

= 1�

N(lusters)

Y

i=1

(1� �

s50

(E

i

; RD

i

)) : (4.9)
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Figure 4.7: The energy versus radial distane of all lusters for the (� � �

0

)

sample is plotted for the data sample after �nal uts seleted by subtrigger s50

ontained a) R20 ondition and b) R30 ondition. The dashed lines demon-

strate the requirement on the energy (vertial one) and the radial distane

(horizontal one) of the luster.

The produt runs over two lusters stemming from the �

0

or � reonstruted in the SpaCal.

To orret the events seleted by subtrigger s50 for the eÆieny, the event weight is given

by p

�1

s50

from eq. (4.9).

4.4.3 Trigger EÆieny of Subtrigger s61

The eÆieny of subtrigger s61 is determined through its trigger elements: IET > 2,

IET en 3, DCR � and zV tx. The eÆienies of the SpaCal trigger elements IET

5

are

determined in the same way as for subtrigger s50 using the same referene subtriggers

s83 and s84. In �gure 4.8 a) the eÆieny (determined aording to equation 4.2) for

IET trigger element is shown as an example for the 2000 data taking period. The points

illustrating the eÆieny as a funtion of the energy of the hottest luster, �

IET

(E

hot

), are

�tted with the Fermi funtion from eq. (4.6).

The eÆieny of the DCR� trigger element, �

DCR�

, an be studied as a two dimen-

sional funtion of transverse momentum p

t

and polar angle � of the `highest p

t

trak'

6

,

5

In this subsetion the ommon notation IET for IET > 2 and IET en 3 is used. Sine IET > 2

and IET en 3 have the same thresholds their eÆieny has been studied ommonly applying logial OR

between them in eq. (4.2).

6

the trak with the highest p

t
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�

DCR�

= �

DCR�

(p

t high

; �

high

) if the p

t

and � are unorrelated whih is assumed.
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Figure 4.8: The trigger element eÆienies of IET, DCR� and zVtx trigger

elements: a) IET as a funtion of the energy of the hottest luster, b) and )

DCR� as a funtion of transverse momentum and polar angle of the highest

p

t

trak, respetively, and d) zVtx as a funtion of tranverse momentum of the

highest p

t

trak.

The urves demonstrate the �t funtions. The dashed lines illustrate the limits

on the energy of the hottest luster, transverse momentum and the polar angle

of the highest p

t

trak applied in the analysis.

The distribution in �gure 4.8 b) shows the eÆieny of the DCR� trigger element as a

funtion of transverse momentum of the highest p

t high

trak, �

DCR�

(p

t high

), as an example

for the year 2000. Thereby one requires the polar angle of this trak to be between 40

Æ

and 140

Æ

to be independent of the ineÆient region in �

high

. The distribution in �gure
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4.8 ) shows the eÆieny of the DCR� trigger element as a funtion of the polar angle of

the highest p

t

trak, �

DCR�

(�

high

) as an example for the year 2000. Here one demands the

transverse momentum of the trak to be above 1 GeV to be independent of the ineÆieny

aused by low p

t

traks. In this kinemati region (p

t

> 1 GeV and 40

Æ

< � < 140

Æ

)

�

DCR�

(p

t high

; �

high

) = �

max DCR�

. The �

DCR�

(p

t high

) distribution has been �tted with

the Fermi funtion

�

DCR�

(p

t high

) =

�

max DCR�

�

exp

�

p

t Th1

�p

t high

p

twidth1

�

+ 1

�

(4.10)

and �

DCR�

(�) has been �tted with the `double Fermi funtion':

�

DCR�

(�) =

�

max DCR�

�

exp

�

�

Th1

��

�

width1

�

+ 1

��

exp

�

��

Th2

+�

�

width2

�

+ 1

�

(4.11)

where �

Th1

(�

Th2

) and �

width1

(�

width2

) are the orresponding thresholds and widths, re-

spetively.

The eÆieny of the trigger element zV tx, �

zV tx

, is also studied as a funtion of p

t high

,

�

zV tx

= �

zV tx

(p

t high

). For the �

DCR�

and �

zV tx

, s50 is used as referene subtrigger whih

does ontain neither DCR� nor zV tx onditions. Figure 4.8 d) shows the eÆieny

�

zV tx

(p

t high

) as a funtion of p

t high

. The �t was performed with the Fermi funtion.

The eÆienies of all trigger elements of subtrigger s61 for the run period 1997-2000 (exept

1998) are shown in Appendix A in �gures A.1 (for �

IET

) and A.2 (for �

DCR�

and �

zV tx

). All

�t parameters with �

2

=ndf are listed in table A.1. The �t parameters exhibit the stability

of all trigger elements. The maximum eÆieny of trigger elements IET > 2 k IET en 3

is �

max IET

(E) � 100% over all years. The maximum eÆieny of the DCR� trigger

element lies for di�erent run periods between �

max DCR�

2 (84:5 � 89:5)%. The zV tx

trigger element exhibits its maximum for di�erent periods in the interval: �

max zV tx

2

(71:2 � 74:5)%.

Also for the data seleted by s61 it is not possible to make uts hard enough to ensure the

maximum eÆieny of trigger elements due to the loss of signi�ant statistis. From the

eÆieny distributions one obtains that the maximum eÆieny of subtrigger s61 demands

at least one luster with an energy above 7:5 GeV and at least one trak with � between

40

Æ

and 140

Æ

and p

t

> 1 GeV. In �gure 4.9 a) the p

t

versus polar angle � for all traks and

in b) the energy of the hottest luster for the events of the (� � �

0

) sample seleted by

s61 are depited. The requirement on the maximum eÆieny of DCR� would exlude a

dominant part of the statistis. To save statistis the lower limits of the uts have been

hosen to ensure an eÆieny of the trigger element larger than 50%: a minimum luster

energy of 5:5 GeV, 30

Æ

< � < 150

Æ

for the polar angle of the trak and p

t

> 0:65 GeV for the

transverse momentum of the trak. The uts with the ensured eÆieny are summarized

in table 4.10. Sine not always the hottest luster and the highest p

t

trak has to set

the trigger element the uts applied will onern all the lusters and traks. It means

that for the events seleted by subtrigger s61 it is demanded: at least one trak with a

transverse momentum above 0:65 GeV and polar angle between 30

Æ

and 150

Æ

and at least

one luster with an energy above 5:5 GeV. The uts applied to the angle and the trans-

verse momenta of the traks ensure their unorrelation and the eÆieny �

DCR�

ould be
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Figure 4.9: The impat of the uts applied to the trak and lusters of the

events seleted subtrigger s61 of the (���

0

) sample: In a) p

t

versus polar angle

� of all traks. The vertial dashed lines indiate the uts on the minimum p

t

of the traks the horizontal ones the uts on the polar angle � of the traks.

In b) the energy of the hottest luster is plotted. The vertial dashed line

indiates the uts on the minimum luster energy.

ut ensured eÆieny

E > 5:5 GeV �

IET

(E > 5:5 GeV) > 50% �

max IET

(E)

30

Æ

< � < 150

Æ

�

DCR�

(30

Æ

< � < 150

Æ

) > 50% �

max DCR�(�)

p

t

> 0:65 GeV �

DCR�

(p

t

> 0:65 GeV) > 50% �

max DCR�(p

t

)

�

zV tx

(p

t

> 0:65 GeV) > 98% �

max zV tx(p

t

)

Table 4.10: Summary on the uts beause of s61 eÆieny to ensure

at least 50% of the maximum of the trigger element eÆienies.

studied as �

DCR�

= �

DCR�

(p

t high

; �

high

).

Also the data whih passed the subtrigger s61 have to be orreted for the trigger eÆieny.

The probability that at least one of the SpaCal lusters oming from �

0

(�) meson with

energy E

i

will set the trigger element IET is in analogy to formula 4.9:

p

IET

= 1�

N(lusters)

Y

i=1

(1� �

IET

(E

i

)) : (4.12)

p

IET

is the probability that either IET > 2 or IET en 3 trigger element �red.
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Similarly the probability that one of the traks originating from the �

0

meson deay will

�re the DCR� trigger element is:

p

DCR�

= 1�

N(traks)

Y

i=1

(1� �

DCR�

(p

t i

; �

i

)) ; (4.13)

and the probability that one of the traks stemming from the �

0

meson deay will �re the

zV tx trigger element is

p

zV tx

= 1�

N(traks)

Y

i=1

(1� �

zV tx

(p

t i

)) : (4.14)

The total probability for an event to �re the subtrigger s61 is the produt of the proba-

bilities 4.12, 4.13 and 4.14:

p

s61

= p

IET>2

� p

DCR�

� p

zV tx

: (4.15)

The weight w

s61

= p

�1

s61

has been applied to the events in the data sample seleted by

subtrigger s61.

4.4.4 Data Corretions on Trigger IneÆienies

Sine in this analysis it is not possible to hoose the uts as high as neessary to ensure

the maximum eÆieny of the trigger elements the data have to be orreted. For the

determination of the orretion fator one has to distinguish the following trigger ombi-

nations:

� the event has been aepted only by one subtrigger (s50 or s61). Then the event

gets the weight p

�1

de�ned in equation 4.9 or 4.15 aording to the �red subtrigger.

� the event has been aepted by both subtriggers s50 and s61.

In general the weight for events seleted by N independent subtriggers is given by a

produt of probabilities of all subtriggers that �red:

p

N(subtriggers)

=

N(subtriggers)

Y

subtrigger

p

subtrigger

: (4.16)

The two subtriggers s50 and s61 are orrelated due to the SpaCal IET ondition (see

table 4.8). But the eÆieny of the IET ondition in subtrigger s50 is 100% (table

4.9) and therefore there is no orrelation between these two subtriggers and formula

4.16 an be used to weight the events in whih both subtriggers �red.

4.5 L1 Presales and Data Corretions

Depending on run and bakground onditions the level one subtriggers are presaled to

ontrol the output rate. The subtriggers involved were downsaled by an automati proe-

dure [85℄ adjusting presaling fators depending on the bakground onditions in order to

provide the optimum use of the delivered luminosity. A ombined event weight, neessary
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for the simultaneous use of N subtriggers with di�erent downsaling fators, is omputed

as [75℄:

w

�1

pr

= 1�

N(subtriggers)

Y

i=1

�

1�

r

i

Pr

i

�

: (4.17)

The produt runs over subtrigger s50 or subtrigger ombination s50ks61, r

i

is:

r

i

=

�

1 if the raw subtrigger s50, s61 is set in the event

0 otherwise

; (4.18)

and Pr

i

are the presaling fators of the subtriggers in the run in whih the event was

taken. Equation 4.17 shows, the higher the number of the downsaled subtriggers, the

more possible ombinations of subtriggers set in the event have to be distinguished. It

makes the alulations more diÆult. The weight w

�1

pr

redues for the events aepted

by only one subtrigger to its presale w

�1

pr

= Pr

i

. Very low L1 presale (lose to 1) of

subtrigger s61 allows to apply w

�1

pr

= Pr

s61

also to the events in whih the raw subtrigger

s50 `AND' s61 is set.

4.6 Total EÆieny

In order to determine the ross setion several orretions for the detetor e�ets (in addi-

tion to the trigger ineÆienies) have to be taken into aount. Usually they are inluded

in the so alled total eÆieny. Due to the poor statistis of the data sample available for

its determination, the eÆieny will be determined by means of the signal Monte Carlo

events. In this analysis the ToyGenMod MC event generator (see hapter 3.1) is employed.

In the �rst step the eÆieny will be determined to restrit the analyzed kinematial re-

gion of the prodution of the �

0

(�) and �

0

mesons where the eÆieny is reasonably high

in order to avoid large extrapolation fators. In the seond step the eÆieny will be

determined to orret the data for the ross setion alulations.

Two main ontributions to the total eÆieny �

tot

are examined: The geometrial a-

eptane, �

geom

, and the detetor eÆieny, �

det

. The geometrial aeptane, �

geom

, is

determined on the generator level and is given by the probability of the pions and the

photons to be in the sensitive range of the detetor. This means that transverse momen-

tum and polar angle of the pions have to be in the aeptane region of the CJC and the

energy and the polar angle of the photons have to be in the aeptane of the SpaCal.

The detetor eÆieny, �

det

, is de�ned on the detetor level and is based on the eÆieny

to reonstrut �

0

and �

0

(�) mesons in the detetor after all uts applied in the analysis.

The total eÆieny is the produt of:

�

tot

= �

geom

� �

det

=

N

MC

gen

(�; p

t

; E

min

)

N

MC

gen

N

MC

re

(final)

N

MC

gen

(�; p

t

; E

min

)

=

N

MC

re

(final)

N

MC

gen

(4.19)

where the �rst term orresponds to the geometrial aeptane and the seond to the

detetor eÆieny and

� N

MC

gen

is the total number of generated events in the kinematial region Q

2

<

0:01 GeV

2

and 0:3 < y < 0:65
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� N

MC

gen

(�; p

t

; E

min

) is the number of generated events (N

MC

gen

) whih passed the a-

eptane uts on the polar angle of pion andidates (20

Æ

< �

�

� < 160

Æ

) and photon

andidates (154

Æ

< �



< 177

Æ

), minimum transverse momentum of the pion an-

didates (p

t

> 150 MeV) and minimum energy of the photon andidates (E > 100

MeV)

� N

MC

re

(final) is the number of the fully reonstruted events whih passed the kine-

matial restritions desribed in table 4.1, the �nal seletion shown in table 4.6 and

the uts summarized in tables 4.9 and 4.10.

4.7 Determination of the Kinemati Region

For the determination of the limits of the kinematial region it is neessary to use a MC

model whih produes partiles in the full aeptane region of the SpaCal detetor and

the CJC. Therefore the ToyGenMod (see setion 3.1) model with modi�ed parameters is

employed. In the following the total eÆieny determined in two steps is shown: �rstly

the geometrial aeptane is determined and then the detetor eÆieny.

4.7.1 Geometrial Aeptane

The geometrial aeptane is determined separately for the �

0

(�

geom;�

0
), � (�

geom;�

) and

�

0

(�

geom;�

0
) as a funtion of their rapidities Y

�

0
, Y

�

and Y

�

0
, respetively. By `sepa-

rately' it is meant that �

geom;�

0

(�)

does not inlude �

geom;�

0
and vie versa. To ensure

a reliable measurement of the momenta of the traks originating from �

0

meson deay,

their polar angle is restrited to the aeptane region of the entral traking detetor,

20

Æ

< �

�

� < 160

Æ

and their transverse momentum to p

t

> 150 MeV. For similar reasons

the polar angle of both photons has to be in the region 154

Æ

< �



< 177

Æ

and their

energy E

min

> 100 MeV. The resulting aeptanes for the (�

0

� �

0

) sample are shown

in �gure 4.10 for the a) �

0

and b) �

0

mesons as a funtion of Y

�

0 and Y

�

0 , respetively.

The resulting aeptanes for the (� � �

0

) sample are shown in ) for the � and d) the �

0

mesons as a funtion Y

�

and Y

�

0
, respetively.

The geometrial aeptane, �

geom;�

0
, of the �

0

meson is lose to 100% in the whole SpaCal

aeptane region sine the photons are very lose to eah other, shown in �gure 4.11 a).

The distane between two photons from the � meson, �gure 4.11 b), is larger and the

probability that one of the photons will be lost at the edges of the SpaCal aeptane

is muh higher. Therefore the aeptane for the � meson falls down when approahing

Y

�

! �3:5 and Y

�

! �1:5. In �gures 4.11 one sees the distane (in the x-y plane) between

two photons stemming from a) a �

0

and b) an � meson. The distane is alulated at the

usual luster position in the SpaCal (160 m) with respet to the nominal vertex. While

the minimum distane of the photons from an � deay is about 8 m, and the average is

about 20 m, the averaged distane between the photons from �

0

deay is about 5 m. This

is a onsequene of the larger mass of the � meson: The phase spae for the produts of

an � meson deay is muh larger than for those from a �

0

meson deay. Mathematially

it is desribed as

os(�



1



2

) = 1�

m

2



1



2

2E



1

E



2

(4.20)

where �



1



2

and m



1



2

are the angle between the deay photons in the laboratory system

and the squared photon-photon invariant mass (either �

0

or � mass), respetively, with
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Figure 4.10: Geometrial aeptanes of the a) �

0

and b) �

0

mesons for the

(�

0

� �

0

) sample as a funtion of the Y

�

0
and Y

�

0
, respetively. In ) and d)

the geometrial aeptanes of the � and �

0

for the (� � �

0

) sample are shown

as a funtion of the Y

�

and Y

�

0
, respetively.



4.7. Determination of the Kinemati Region 69

�

0

�

 [cm]γγD

0 10 20 30 40 50 60 70 80 90 100

N

1

10

210

310

410

 [cm]γγD

0 10 20 30 40 50 60 70 80 90 100

N

1

10

210

310

a) b)

Figure 4.11: Distane between two photons originating from a) �

0

meson

deay and b) � meson deay, respetively, generated by the ToyGenMod Monte

Carlo model.

the energies E



1

and E



2

.

The aeptane for the �

0

meson is the same for the (�

0

� �

0

) and (� � �

0

) samples

whih is in agreement with the fat that the kinematis of the �

0

meson is similar in both

samples. The probability that one of the pions from the �

0

deay will be outside of the

CJC aeptane region is larger at the edges Y

�

0 ! �1:5 than for more entral �

0

mesons

and therefore the aeptane dereases, too.

4.7.2 Detetor EÆieny

The detetor eÆieny, �

det

, determined for the (�

0

(�) � �

0

) sample will inlude dete-

tor e�ets on both (�

0

(�) and �

0

) mesons, �

det

= �

det

(�

det;�

0

(�)

; �

det;�

0
). The detetor

eÆieny represents the eÆieny of the �

0

(�) and �

0

reonstrution in the detetor om-

ponents and the eÆieny of the applied analysis uts. For both samples the eÆieny is

studied as a funtion of the rapidities of the two mesons. The reonstruted MC sample

(N

MC

re

(final)) in equation 4.19) has to pass the preseletion in table 4.1, �nal analysis uts

in table 4.6 and restritions due to the trigger onditions mentioned in tables 4.9 or 4.10.

The orresponding lusters are reonstruted in the bakward SpaCal alorimeter within

154

Æ

< � < 177

Æ

ful�lling the photon seletion riteria, table 4.3. The traks from the �

0

deay have to be reonstruted in the entral traking detetor within 20

Æ

< � < 160

Æ

ful�lling the standard uts of the Lee West trak seletion riteria, table 4.4. The rapidity

distributions after all the uts (inluding uts applied due to the trigger ineÆienies) are

then ompared with the generated sample N

MC

gen

(�; p

t

; E

min

) determined in the geometrial

aeptane.
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The resulting detetor eÆieny for the (�

0

��

0

) sample is shown in �gure 4.12 as a fun-

tion of the rapidities a) Y

�

0
and b) Y

�

0
. The eÆieny dereases strongly towards lower

rapidities of �

0

. The reason is kinematis: Towards lower rapidities, Y

�

0
! �3:5, the pion

energy rises resulting in more strongly ollimated photons whih has two onsequenes: 1)

merging of the photons into one due to the SpaCal granularity 2) very low eÆieny for

the event andidates to pass the ut (of 20 or 30 m, see table 4.9) applied to the radial

distane of luster. The detetor eÆieny in the Y

�

0
distribution exhibits a shift to low

rapidities of the �

0

whih is related to the �

0

reonstrution eÆieny.

The detetor eÆienies for the (� � �

0

) sample are shown in �gure 4.12 as a funtion of

the rapidities ) of the � meson, Y

�

and d) �

0

meson, Y

�

0
. The strong derease of the

eÆieny at Y

�

! �3:5 is a result of the ut applied to the radial distane of the lusters

(table 4.9). For a derease of the eÆieny at Y

�

! �1:5 the �duial ut (see table 4.3)

requiring a radial distane of one of two lusters to be above 75 m is responsible. When

omparing the eÆienies of the (�

0

��

0

) and (���

0

) samples one observes a muh larger

eÆieny for the (� � �

0

) sample than for the (�

0

� �

0

), mainly beause of the fat that

the photons from � meson deay are muh further apart from eah other than the photons

from �

0

meson deay (�gure 4.11). In ontrast to the (�

0

� �

0

) sample the eÆieny as a

funtion of Y

�

0
is rather symmetri for the (� � �

0

) sample. The small asymmetry is due

to misidentifying one of the harged pions from � meson deay in the SpaCal as a photon

due to the small overlap between CJC and the SpaCal in aeptane. The relatively

large asymmetry of the eÆieny in Y

�

0
distribution for the (�

0

� �

0

) sample is due to

misidentifying one of the pions in the SpaCal as a photon. Approahing Y

�

0
! � 1:5

the eÆienies in both samples steeply fall down sine the traks are to short to pass the

R

length

ondition in the trak seletion (table 4.4).

4.7.3 Total EÆieny

The total eÆieny aording to eq. (4.19) is the produt of the geometrial and detetor

eÆieny. The obtained total eÆienies for the (�

0

��

0

) and (���

0

) are shown in �gure

4.13 as a funtion a) Y

�

0
and b) Y

�

0
for the (�

0

� �

0

) sample and ) Y

�

and d) Y

�

0
for

the (� � �

0

). In order to avoid large extrapolation unertainties the ross setions are

determined within a restrited kinematial region de�ned by the rapidities of the �(�

0

)

and � mesons: �3:5 < Y

�

(�

0

) < �2 and �1:5 < Y

�

0
< 1:5. The limits are shown by

dashed lines in �gure 4.13 and listed in table 4.11.

�3:5 < Y

�

0
< �2

�3:5 < Y

�

< �2

�1:5 < Y

�

0
< 1:5

Table 4.11: De�nition of the kinemati region.

4.8 Data Corretion of the (� � �

0

) Sample

The proedure to determine the total eÆieny orretly is disussed in Appendix B. It

is shown that for the total eÆieny, alulated as the ratio of the total number of the
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Figure 4.12: Detetor eÆieny as a funtion of a) the �

0

meson rapidity,

Y

�

0
, and b) as a funtion of the rapidity of the �

0

meson, Y

�

0
, for the (�

0

��

0

)

sample. ) and d) show the detetor eÆieny of the (� � �

0

) sample as a

funtion of the rapidity of the � meson, Y

�

, and the �

0

meson, Y

�

0
, respetively.
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Figure 4.13: Total eÆieny as a funtion of a) the �

0

meson rapidity, Y

�

0,

and b) as a funtion of the rapidity of the �

0

meson, Y

�

0
, for the (�

0

� �

0

)

sample. ) and d) show the total eÆieny of the (���

0

) sample as a funtion

of the rapidity of the � meson, Y

�

, and of the �

0

meson, Y

�

0
, respetively.
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reonstruted events after all analysis uts and the total number of generated events (eq.

(4.19) ), the simulated and the data distributions have to agree. Therefore for the ross-

setion determination the ToyGenMod distributions have been weighted aording to the

distributions in data. This proedure is desribed in Appendix C.

To avoid large extrapolation unertainties the kinematial region for the ross setion al-

ulation was de�ned in setion 4.7 and listed in tab. 4.11. The total eÆieny determined

for this region is:

�

tot

=

N

MC

re

(final)

N

MC

gen

(Y

�

; Y

�

0)

= 6:62% � 0:52% (4.21)

where N

MC

re

(final) is de�ned in eq. (4.19) and N

MC

gen

(Y

�

; Y

�

0
) is the number of the events

generated by the weighted ToyGenModW within the kinematial onstraints listed in tab.

4.11. The error of the eÆieny is alulated as:

��

tot

=

1

N

MC

gen

q

[�N

MC

re

(final)℄

2

� 2�

tot

[�N

MC

re

(final)℄

2

+ �

2

tot

�

�N

MC

gen

�

2

: (4.22)

where �N

MC

gen

and �N

MC

re

(final) are the orresponding absolute errors for N

MC

gen

and

N

MC

re

(final). The relatively high error results from the weighting proedure desribed in

Appendix C.0.1.

In order to orret the harateristi distributions of the (� � �

0

) sample the total eÆ-

ieny has been studied as a funtion of the following variables: �gure 4.14 a) the entre

of mass energy of the gamma-proton system, W

p

, b) the rapidity di�erene between �

0

and � mesons, Y

�

0
� Y

�

, ) the squared four momentum transfer at the photon vertex, t

1

,

d) the squared four momentum transfer at the proton vertex, t

2

, e) the squared entre of

mass energy of the (� � �

0

) subsystem, s

1

, and f) the squared entre of mass energy of

the �

0

� proton subsystem, s

2

.

The eÆieny exhibits a similar behavior in the W

p

and Y

�

0 � Y

�

distributions: the

eÆieny slightly rises with the steep derease at the end. The lower number of events in

the data sample than in PythiaMod results in an empty bin in the Y

�

0
� Y

�

distribution.

The t

1

and s

1

distributions exhibit a strong rise over the full aeptane region. The

eÆieny as a funtion of t

2

is for t

2

< 0:6 GeV

2

rather onstant. Above 0:6 GeV

2

the

eÆieny dereases due to the uts applied to ensure rapidity gap in the forward region.

The eÆieny as a funtion of s

2

is highest for s

2

2 (1500 � 4000) GeV

2

. Below 1500 GeV

2

the eÆieny is low beause of the detetor aeptane limits. Above 4000 GeV

2

it has a

tendeny to be rather at. The eÆieny dependene on the t

2

and s

2

is rather onstant.

In the next hapter these eÆieny distributions will be used for the orretion of the

measured di�erential distributions.

4.9 Data Corretion of the (�

0

� �

0

) Sample

In hapter 6 it is shown that the (�

0

� �

0

) signal an not be extrated and only the ross

setion for the �

0

� 2 trak is determined. Therefore the eÆieny will be determined for

the �

0

�2 trak sample in whih the trak� trak mass is limited by the �

0

invariant mass

window de�ned in eq. (5.5): (0:6 < m

tt

< 1) GeV. The same data orretion proedure as

for the (� � �

0

) sample is used. The respetive eÆieny is:
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Total eÆieny
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Figure 4.14: Total eÆienies for the (� � �

0

) sample as a funtion of: a)

gamma-proton energy, W

p

b) rapidity di�erene between �

0

and �, Y

�

0
� Y

�

) momentum transfer at photon vertex, t

1

d) momentum transfer at photon

vertex, t

2

e) (� � �

0

) system energy, s

1

f) �

0

� proton system energy, s

2
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�

tot

((0:6 < m

tt

< 1) GeV) =

N

MC

re

(final)

N

MC

gen

(Y

�

0
; Y

tt

)

= 3:95% � 0:43% (4.23)

where N

MC

re

(final) is de�ned in eq. (4.19) and N

MC

gen

(Y

�

; Y

tt

) is the number of the events

generated by the weighte ToyGenModW within the kinematial onstraints listed in tab.

4.11. The error of the eÆieny is alulated as in eq. (4.22). The relatively high error

results from the weighting proedure desribed in Appendix C.0.2.

4.10 Summary on the Data Seletion

In this hapter the signatures of the investigated exlusive double meson photoprodution

of (� � �

0

) and (�

0

� �

0

) samples in the H1 detetor were introdued. Also the data se-

letion proedure in whih many uts have been introdued (they are summarized in tab.

4.13), was desribed. Aording to the data taking periods 1996, 1997, 1999 and 2000 the

data were seleted by the subtrigger s50 (for 1996 and �rst part of 1997) or subtrigger

ombination s50 k s61 (seond part of 1997, 1999 and 2000). Corretions on the data were

derived from trigger element eÆienies, L1 presale fators and from the orretions on

the detetor e�ets.

The kinematial region of the investigated proesses in whih the ross setion will be

determined has been de�ned by eletron tagger and by the uts applied due to detetor

eÆienies. They are summarized in table 4.12

0:3 < y < 0:65

Q

2

< 0:01 GeV

�3:5 < Y

�

0
< �2

�3:5 < Y

�

< �2

�1:5 < Y

�

0
< 1:5

Table 4.12: Summary of the kinemati restritions: Kinemati region in

whih the ross setion will be determined.
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uts aording to the signatures:

existene of a primary vertex

N

entral traks

= 2 reonstruted from the primary vertex, q

1

� q

2

= �1

tagged eletron

N

luster

= 2

�nal seletion

N(E

LAr luster

> 500 MeV) = 0 in forward LAr

N(E

LAr luster

> 500 MeV) = 0 in entral LAr not onneted to any trak

50 GeV < E� p

z

< 60 GeV

the uts for the events seleted by

subtrigger s50: subtrigger s61:

E > 2:5 GeV E > 5:5 GeV

L2TT: R20 L2TT: R30 30

Æ

< � < 150

Æ

RD > 15 m RD > 25 m p

t

> 0:65 GeV

Table 4.13: Summary of all analysis uts
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Exlusive � � �
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Photoprodution

at HERA

In this hapter the events are seleted whih ontain the � and �

0

meson-andidates. The

� and � meson andidates are de�ned by the mass windows in the photon-photon and

trak-trak mass spetra, the so alled � and �

0

bands. The number of events entering

the ross setion is estimated from orrelation of the � and � bands. To estimate the

bakground ontribution, the Monte Carlo models Pythia and RapGap are employed.

Sine the purpose of Pythia in this analysis is bakground desription and the interest

is to investigate exlusive � � �

0

prodution of any origin, the proess p ! ��

0

X has

been exluded from Pythia, and PythiaMod (see hapter 3.2.1) is used for the bakground

desription. For the signal expetation the signal Monte Carlo model ToyGen is used.

Conerning the event sample generated by ToyGen one has to distinguish between three

types of generated samples:

a) ToyGen with original ux-fators whih does not produe the partiles in the region

where the data are seen. This kind of simulation is not used in the analysis.

b) Therefore the ux fator at the photon vertex has been modi�ed (see hapter 3.1) and

this new generation of ToyGen is alled ToyGenMod. This sample is only used in hapter

4.7 for eÆieny determination to selet the kinematial region and for seletion of � and

�

0

invariant mass bands. To study the �

0

invariant mass band the ToyGenMod inludes

also reweighting of the trak � trak mass distribution aording to a P -wave relativisti

Breit-Wigner funtion. Therefore no normalization of the data is needed.

) For omparison with the data, ToyGenMod distributions have been reweighted aord-

ing to the di�erene between the data and PythiaMod distributions (see Appendix C)

sine the di�erene between data and PythiaMod is expeted to represent the signal. The

reweighted ToyGenMod MC model is alled ToyGenModW. It also means that ToyGen-

ModW is normalized to the signal expetation and will always be drawn as the sum of

PythiaMod and the data distributions. The term `expetation from ToyGenModW' will

be used in the following only for simpliity sine it is not an expetation in the sense of

a real predition, due to a missing theoretial predition for the signal. ToyGenModW

distributions are only normalized to the di�erene between the data sample and the bak-

ground MC PythiaMod distributions seleted by the �nal uts.

All data distributions shown in this hapter are orreted by the L1 presales (hapter

77
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4.5), L4 weights (hapter 1.8) and by the orretions on the trigger element eÆienies

(hapter 4.4). The bakground MC distributions are normalized to luminosity and or-

reted for the eletron tagger aeptane.

Finally, the systemati errors are estimated, and the harateristi distributions for the

upper and lower vertex are determined. The �tting proedure is based on the �

2

mini-

mization.

5.1 Preparation of the Sample

In order to selet events with � and �

0

mesons, further uts in addition to the �nal analysis

uts have to be applied. The obvious requirement to be ful�lled is the event to ontain

an � andidate, deaying into two photons, and a �

0

andidate, deaying into two harged

pions. These deays are identi�ed by looking at the invariant masses of the photon and

trak pairs. The mass window for � and �

0

bands will be determined from `inlusively

preseleted' distributions due to the higher statistis. Here `inlusively preseleted' means

the preseletion of two lusters and two unlike-sign traks.

For the inlusively preseleted data sample the mass distribution of the  system, m



, is

shown in �g. 5.1 a). The distribution is �tted with a Gaussian G(m



) to desribe the �

meson mass peak and a polynomial of third order P

3

(m



) for the bakground. The mass

spetrum simulated by ToyGenMod is shown in ). This distribution is �tted only with

a Gaussian due to the absene of any bakground. The parameters determined by the �ts

are displayed in the �gure and the mean values, widths and �

2

=ndf are shown separately

in table 5.1. Comparing measured and simulated mass distributions one observes an

agreement in the mean value for the mass of the �, � (�

data

= 526 MeV for the data

versus �

MC

= 529 MeV for MC), and a slightly larger width, �, for the data than for

the simulation (�

data

= 35 MeV versus �

MC

= 26 MeV). The mean values in both ases

are shifted toward lower values by 20� 25 MeV when omparing with the nominal value of

547:75 � 0:12 MeV [37℄. For the shift of the measured mass, �, the large absolute energy

sale unertainty of the SpaCal is responsible whih is about 6% for a 5 GeV eletrons,

(see hapter 1.4.2). The widths are dominated by the SpaCal resolution sine the natural

width of the � is only 1:29 � 0:07 keV. Therefore the mass peak an be desribed by a

Gaussian.

Data Monte Carlo

� [MeV℄ 526:3�2:3 528:8�0:6

� [MeV℄ 35:3�1:9 26�0:5

�

2

=ndf 16.7/9 35.8/18

Table 5.1: Parameters �tted for � andidates: mean value, width and �

2

per

degree of freedom found by the �t for the data and the Monte Carlo (ToyGen-

Mod) events.

A pair of photon-andidates is onsidered as an �-andidate, if

0:42 GeV < m



< 0:63 GeV: (5.1)
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The lower and upper bounds of the mass window orrespond roughly to 3� (105 MeV)

w.r.t. the mean value of 526 MeV measured in the data.

The trak-trak mass spetrum for the same data sample is shown in �g. 5.1 b). The dis-

tribution is �tted with a relativisti P -wave relativisti Breit-Wigner funtion RBW (m

tt

)

together with an exponential funtion multiplied by a square root B(m

tt

) de�ned in eq.

(5.4) to desribe the bakground. The Breit-Wigner funtion is given by [37℄

RBW (m

tt

) = A

m

tt

m

�

0
�

�

0
(m

tt

)

(m

2

tt

�m

2

�

0

)

2

+m

2

�

0

�

2

�

0

(m

tt

)

; (5.2)

where m

tt

marks the trak-trak mass, m

�

0
is a free parameter whih determines the mass

of the �

0

meson. The mass-dependent width �

�

0
is desribed by

�

�

0
(m

tt

) = �

0

�

0

�

q

�

q

�

0

�

2l+1

m

�

0

m

tt

; (5.3)

where l = 1 is the spin of the �

0

meson, q

�

=

1

2

p

m

2

tt

� (2m

�

�)

2

and q

�

0

are the momenta

of the deay produts in the rest frame of the �

0

and for m

tt

= m

�

0 , respetively.

The bakground is estimated via the funtion B(m

tt

) [96℄:

B(m

tt

) = p

0

e

�p

1

m

tt

p

m

tt

� 2 �m

�

� : (5.4)

The parameters determined by the �t are displayed in the �gure and the entral values of

the masses, m

�

0 , with the widths, �

0

�

0

, and �

2

=ndf are shown separately in table 5.2. The

entral value of the mass determined from the data (750 MeV) is lower than the nominal

value of 775:8� 0:5 MeV, while the m

�

0
obtained from the simulation is in agreement with

the nominal value. The �

0

�

0

width is a bit larger in the simulation than in the data, (164

vs 147 MeV) but ompatible within the large errors. The widths are dominated by the

natural width of the �

0

(�

0

�

0

= 150:3 � 1:6 MeV [37℄) whih is the reason for a �t with a

relativisti P -wave Breit-Wigner funtion.

Data Monte Carlo

m

�

0
[MeV℄ 748:4�14:3 774:4�2:1

�

0

�

0

[MeV℄ 146:8�39:1 163:9�4:5

�

2

=ndf 17.65/16 20.43/18

Table 5.2: Parameters �tted for �

0

andidates: the entral value of the mass,

m

�

0
, the width, �

0

�

0

, and the �

2

per degree of freedom found by the �t for the

data and Monte Carlo (ToyGenMod)

Due to the asymmetry of the RBW (m

tt

) a lower limit of 0:6 GeV and an upper limit of 1

GeV were hosen as mass region for the �

0

meson:

0:6 GeV < m

tt

< 1 GeV : (5.5)
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DATA

m



m

tt
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p3        225.90± 23.72 
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Figure 5.1: De�nition of the � and �

0

andidates: The photon-photon and

trak-trak mass spetra are shown for data (upper plots) �tted with the sum of

a Gaussian and a polynomial of third order P

3

(m), and �tted with the sum of a

P -wave relativisti Breit-Wigner funtion RBW (m

tt

) and B(m), respetively.

In the two lower plots the photon-photon and trak-trak mass distributions

are shown for the Monte Carlo ToyGenMod �tted by a Gaussian and a P -wave

relativisti Breit-Wigner funtion RBW (m

tt

), respetively. The dashed lines

illustrate the hosen mass region for the � and �

0

mesons.
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5.2 Signal Extration and Bakground Treatment

In the previous hapter, from the inlusively preseleted data, one observes the � peak

in the photon-photon mass spetrum and the �

0

peak in the trak-trak mass spetrum.

Whether these peaks survive the �nal seletion and whether there is a orrelation between

them is disussed in the following.

The relative and absolute errors for the bins with N entries ontaining weighted events

are alulated via the expression:

�N =

s

X

i

w

2

i

;

�N

N

=

q

P

i

w

2

i

P

i

w

i

: (5.6)

where the sum runs over all events in the bin.

Applying the uts on exlusivity and uts on the rapidity gap in addition to the presele-

tion uts, one obtains for the trak-trak and photon-photon mass spetra the distribu-

tions shown in �g. 5.2. The data are shown by dots, ToyGenModW as grey histogram and

PythiaMod as empty histogram. In the trak-trak mass spetrum a) the data exhibit a

signal in the �

0

mass range. The expetation from ToyGenModW from �� �

0

prodution

is too low to desribe the full peak in the data whih means that some other proesses may

exist that ontribute. The PythiaMod distribution does not exhibit any lear enhane-

ment. The data also exhibit a peak in the � band in the photon-photon mass distribution,

b). PythiaMod reasonably desribes the distribution outside the � mass window, and no

lear peak is seen. On the other hand the expeted signal from ToyGenModW agrees with

the data. The large errors in the data sample stem from the L4 weights. The orrelation

between the photon-photon and trak-trak mass spetrum is shown in ) for PythiaMod

and d) for the data sample. For the data sample a lear orrelation between the � and �

0

is observed while in PythiaMod the orrelation is shifted to muh higher trak-trak mass

(about 1 GeV) and exhibits a very large spread.

In �gure 5.3 the trak-trak mass is illustrated when seleting the � in the photon-photon

mass spetrum aording to eq. (5.1). The data (dots) are �tted by the sum of RBW (m

tt

)

(eq. (5.2) ) and B(m

tt

) (eq. (5.4) ). The parameters obtained from the �t are listed in

table 5.3. The �tted mass and the width of the �

0

are ompatible with the nominal values

within the errors.

In �g. 5.3 also the ontribution from the proess p! �

0

diff

X ! ��

0

X to the full signal

is shown. From the di�erene between Pythia (full histogram) and PythiaMod (dashed

histogram) distributions one gets 4:2 events whih ontribute to the total signal. But

a muh more probable proess in Pythia is the prodution of non-bound �

�

�

+

states:

p ! �

0

diff

X ! ��

�

�

+

X whih is responsible for most of the bakground. The meha-

nism of �

0

diff

prodution is desribed in hapter 3.2.1 in more detail.

The dot-dashed histogram shows bakground estimation from RapGap. Outside the �

0

band it agrees reasonable well with PythiaMod. The lower part of the m

tt

distribution is

better desribed by RapGap while the part of higherm

tt

is better desribed by PythiaMod.

The grey histogram demonstrates the trak-trak spetrum simulated by ToyGenModW.



82 Chapter 5. Exlusive � � �

0

Photoprodution at HERA

 [GeV]ttm
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N

0

20

40

60

80

100

120

140 ToyGenModW

PythiaMod

data

 [GeV]γγm
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

N
0

20

40

60

80

100

120

140

160

180 ToyGenModW

PythiaMod

data

a) b)

PythiaMod DATA

 [GeV]γγm
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [
G

eV
]

tt
m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 [GeV]γγm
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [
G

eV
]

tt
m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

) d)

Figure 5.2: Mass distribution of the (�-�

0

)-sample: Comparison between data

(dots), PythiaMod (white histogram) and ToyGenModW (grey histogram) for

the trak-trak a) and photon-photon b) distribution after all analysis uts (ta-

ble 4.13). In ) and d) the orrelation between photon-photon and trak-trak

mass for PythiaMod and data, respetively, is shown.
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Figure 5.3: Trak-trak mass distributions for the � band: Comparison be-

tween data (dots), Pythia(full-line histogram), PythiaMod (dashed histogram),

RapGap (dot-dashed histogram) and ToyGenModW (grey histogram) for the

trak-trak mass distribution after all analysis uts (table 4.13). Also here the

grey histogram is plotted as a sum ToyGenModW and PythiaMod distributions.

The two dotted vertial lines demonstrate the �

0

band.
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A 3:08�1:22 [-℄

m

�

0
(751:35�32:79) GeV

�

0

�

0

(129:54�60:47) GeV

p

0

14:85�19:67 GeV

�3=2

p

1

19:44�14:82 GeV

�1

�

2

=ndf 7:35=13 [-℄

Table 5.3: Fitted Parameters of trak-trak mass distribution shown in �gure

5.2: The table lists the parameters and their errors found by the �t together

with the respetive �

2

per degree of freedom.

It agrees with the data. In the RapGap MC sample only a negligible number of ontribut-

ing events N(p! ��

0

X) = 0:3 has been observed.

Control plots for the (� � �

0

) sample are shown in �g. 5.4 with a omparison between

data (dots), PythiaMod (empty histogram) and expetation from ToyGenModW (grey

histogram). In a) the variable E � p

z

is shown whih is expeted to be about 55 GeV,

twie the eletron beam energy. The data exhibit a slight shift towards lower values than

seen in the simulation. The mean values from the data and from the simulation di�er by

roughly 1 GeV (54:4 GeV for the simulation and 53:8 GeV for the data) whih is mainly

due to the misalibration of the SpaCal data in 1996 and 1997 and resolution e�ets.

Also the shape of the bakground plays a rôle. In b) the z-Vertex position is shown. One

observes reasonable agreement between the expetation from ToyGenModW and the data.

5.3 Comparison of Monte Carlo and Data

In this setion the omparison between data, the bakground Monte Carlo model Pythi-

aMod and the expetation from the signal MC, ToyGenModW, is disussed. All simulated

and measured distributions shown in the following are obtained after appliation of all

analysis uts summarized in table 4.13 and also the uts on the  �  mass, equation 5.1,

and trak � trak mass, equation 5.5, to ensure that events ontain the � and � meson

andidates.

The properties of the � andidates and the photon andidates originating from the � de-

ay are shown in �gure 5.5 for data (dots) and both Monte Carlos: the expetation from

ToyGenModW is shown in grey on top of the bakground assumption of PythiaMod. The

following distributions are shown: a) energy of all lusters, b) energy of the hottest luster,

) energy of the � meson, d) distane between both lusters, e) transverse distane of the

lusters from the beam line, f) radius of the lusters g) transverse momentum of the �

meson and h) its rapidity. In general one observes reasonable agreement between ToyGen-

ModW and the data. Only a small di�erene is observed in the E

�

and p

t

distributions:

the simulation is distributed smoothly while the data are peaked at lower values.

The energy of the hottest luster is above 2 GeV whih is due to the ut applied in the anal-

ysis. The energy of the � meson is in the interval of 6�14 GeV and the main part is arried
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Figure 5.4: Control plots for the (�-�

0

) sample: a) The variable E� pz and

b) z-oordinate of the vertex. The dots represent the data, the white histogram

PythiaMod and the grey histogram ToyGenModW. The dotted lines demon-

strate the applied uts.

by the hottest luster whih means that the energy of the � andidate is distributed be-

tween its deay produts asymmetrially. The distane between lusters originating from

the � meson is safely above the minimum of 4 m for separate detetion given by the

SpaCal granularity. Also one an see that the lusters are dominantly produed in the

very bakward diretion at the border of the SpaCal aeptane whih is shown by RD

l

distribution. The luster radius distribution, R

l

, shows a reasonable hoie of an upper

limit of 3 m, used in this analysis. The p

t

of the � meson is rather low whih is hara-

teristi for soft physis.

The properties of the �

0

andidates and pion andidates originating from the �

0

meson

deay are shown in �gure 5.6 for data (dots), ToyGenModW (grey histogram) and Pythia

(empty histogram). The following distributions are shown: a) energy of all traks, b)

energy of the �

0

meson, ) transverse momentum of all traks and d) the �

0

meson, e)

polar angle of all traks and f) the �

0

meson and g) rapidity of the �

0

meson. In h) the

rapidity of the � meson versus rapidity of the �

0

meson in the data sample is depited.

The dashed lines indiate the region in whih the ross setion will be determined.

The typial energy of the traks is below 1:5 GeV. It is an argument why no requirement on

the identi�ation of the pion andidate in the LAr alorimeter was imposed. The energy of

the �

0

meson is 1�3 GeV whih is muh less then the energy of the � meson. The transverse

momenta of the traks and �

0

meson are below 1:5 GeV whih is also harateristi for soft

proesses. The polar angle distributions show that the traks and also the �

0

meson are

predominantly produed in the bakward region at the end of the CJC aeptane whih

is also demonstrated by the rapidity distribution. Reasonable agreement an be observed

between ToyGenModW and data in all distributions.
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Figure 5.5: Properties of the photon andidates of the deay � !  after

appliation of all analysis uts (table 4.13) and the uts on the m



(eq. (5.1)

) and m

tt

(eq. (5.5) ): a) the luster energy, b) energy of the hottest luster,

) � energy, d) distane between two photons originating from the � meson

deay, e) radial distane of the luster from the beam line, f) luster radius, g)

transverse momentum of the � meson, h) rapidity of the � meson.
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Figure 5.7 shows a olletion of distributions for the (� � �

0

) sample together with the

respetive expetation from Monte Carlo, where the signal is plotted in grey. The dis-

tributions shown are: a) the rapidity di�erene between �

0

and � mesons, Y

�

0
� Y

�

, b)

the enter of mass energy of the  � proton system, W

p

, ) the squared four-momentum

transfer at the photon vertex, jt

1

j, d) the squared four-momentum transfer at the proton

vertex, jt

2

j, e) the squared enter of mass energy of the � � �

0

system, s

1

, and f) the

squared enter of mass energy of the �

0

� proton system, s

2

, f). Also here, generally

reasonable agreement between data and ToyGenModW is observed. The s

1

, s

2

, Y

�

0
� Y

�

and W

p

distributions have strong inuene from detetor e�ets and therefore have to be

orreted by these e�ets whih is disussed in the next hapter.

5.4 Results

In this hapter the ross setion alulation using di�erent approahes for the signal and

bakground extration is exeuted. Also harateristi di�erential distributions for the

upper and lower vertex are obtained.

5.4.1 Total Cross Setion

The ross setion �(p ! ��

0

X) is determined in the kinematial region de�ned by the

sattered eletron deteted in the eletron tagger and by restritions on the rapidities of

the � and �

0

mesons:

0:3 < y < 0:65

Q

2

< 0:01 GeV

�3:5 < Y

�

< �2

�1:5 < Y

�

0
< 1:5

(5.7)

It is obtained via the expression:

�

�

(p! ��

0

X) =

RBW

orr

N

signal

�

tot

�

eTag33

BR

tot

LF

=e

; (5.8)

where the �

�

denotes the total ross setion alulated in the kinematial region de�ned

in (5.7), N

signal

is the number of signal events orreted for trigger eÆienies, L1 and

L4 presale fators and weights, respetively, �

tot

= �

geom

�

det

= (6:62 � 0:52)% is the

total eÆieny determined in setion 4.22, h�

eTag33

i = 0:5 is the average of the eletron

tagger aeptane, BR

tot

= (BR

�!

= 39%) � (BR

�

0

!�

+

�

�
= 99%) = 38% is the total

branhing ratio alulated as the produt of the branhing ratios for the deays: � ! 

and �

0

! �

+

�

�

, L = 76 pb

�1

(table 4.7) is the integrated luminosity olleted over the

years 1996, 1997, 1999 and 2000, and F

=e

= 1:32 � 10

�2

is the ux of photons stemming

from the eletron as given by the integral over y and Q

2

de�ned by the eletron tagger

(2.16). RBW

orr

=

R

2

2m

�

�

RBW (m

tt

)dm

tt

=

R

1

0:6

RBW (m

tt

)dm

tt

= 1:25 is the orretion

on the integral of the relativisti Breit Wigner funtion (de�ned in (5.2)) limited by the
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Figure 5.6: Properties of the pion andidates of the deay �

0

! �

+

�

�

after

appliation of all analysis uts (table 4.13) and the uts on the m



(eq.5.1) and

m

tt

(eq.5.5): a) trak energy, b) �

0

energy, ) and d) transverse momentum

of the trak and �

0

, respetively, e) and f) polar angle of the trak and the �

0

,

respetively and g) rapidity of the �

0

meson. In h) the rapidity of the � meson

versus rapidity of the �

0

meson in the data sample is depited. The dashed

lines indiate the region in whih the ross setion will be determined.
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Figure 5.7: Properties of the � � �

0

system after appliation of all analysis

uts (table 4.13) and the uts on the m



(eq.5.1) and m

tt

(eq.5.5): a) Rapidity

di�erene between �

0

and � mesons, Y

�

0
� Y

�

, b) enter of mass energy of the

-proton system, W

p

, ) the squared four-momentum transfer at the photon

vertex, t

1

, d) the squared four-momentum transfer at the proton vertex, t

2

, e)

the squared enter of mass energy of the ���

0

system, f) the squared enter of

mass energy of the �

0

� proton system. The dots represent the data, the white

histogram PythiaMod and the grey histogram ToyGenModW.
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�

0

mass window.

Two methods are used to get independent approahes for the extration of N

signal

. In

the �rst method N

signal

will be obtained from the �t of the � signal in the � invariant

mass spetrum when seleting � band in the m

tt

spetrum. In the seond method it will

be determined from the rossed � and �

0

mass bands shown in �g. 5.2 ). In priniple

N

signal

ould be obtained also from the �t of RBW but sine the integral of the relativisti

Breit-Wigner funtion is not normalized to one it is problemati to obtain the number of

events from the �t and therefore this method is not employed. The two methods used are

desribed in the following:

� N

signal

is obtained from a Gaussian �t of the � invariant mass peak in the photon-

photon mass distribution demanding the trak-trak invariant mass to be within

four di�erent invariant mass windows: m

tt

2 (0:6; 1:0) GeV, m

tt

2 (0:5; 1:15) GeV,

m

tt

2 (0:5; 1:3) GeV and m

tt

2 (0:5; 1:45) GeV. The orresponding m



distributions

are �tted by the sum of the Gaussian G(m



), to desribe the � mass peak, and a

polynomial of third order P

3

(m



), to desribe non resonant bakground. The �tted

distributions are shown in �g. 5.8. To estimate resonant bakground PythiaMod

and RapGap distributions are shown.

The Gaussian G(m



) has the form:

G(m



) =

N

signal

�m



p

2� �

�

exp

"

�

1

2

�

m



� �

�

�

�

�

2

#

(5.9)

with the N

signal

as the only free parameter. The values �

�

and �

�

are taken from the

�ts to the inlusively preseleted sample (table 5.1). �m



is the width of the bins.

The resonant bakground has been estimated by ounting the events in PythiaMod

above the polynomial. After subtration of the resonant bakground, N

res

i

from the

value N

tot

i

obtained from the Gaussians one obtains for N

signal

i

the following values:

N

tot

1

= 38:0 � 12:8; N

res

1

= 5� 2:2 ) N

signal

1

= 33� 13:0

N

tot

2

= 46:0 � 13:4; N

res

2

= 13� 3:6 ) N

signal

2

= 33� 13:9

N

tot

3

= 49:4 � 13:7; N

res

3

= 15� 3:9 ) N

signal

3

= 34� 14:2

N

tot

4

= 51:6 � 13:8; N

res

4

= 16� 4 ) N

signal

4

= 36� 14:4

where N

tot

i

is the number of events obtained from the Gaussian, N

res

i

is the esti-

mated number of events from the resonant bakground (events lying above the �tted

polynomial) and N

signal

i

is their di�erene with the absolute error of

�N

signal

i

=

p

(�N

tot

i

)

2

+�N

res

i

)

2

. Making the � band wider the proesses like

p ! �

�

�

+

� ; �

�

�

+

�

0

� ; : : : start to ontribute signi�antly to the resonant bak-

ground.

� Another possibility is to get N

signal

as the di�erene of the total number of events

measured in the data (N

tot

5

) and the number of bakground events (N

bkg

). They are

obtained from the rossed region of the � and �

0

invariant mass bands illustrated in

�g. 5.2 ) and d). From the data sample one gets: N

tot

5

= 63:7�12:9. Assuming that
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Figure 5.8: Them



distributions for four di�erent �

0

invariant mass windows:

a) (0:6 < m

tt

< 1:0) GeV, b) (0:5 < m

tt

< 1:15) GeV, ) (0:5 < m

tt

< 1:3) GeV,

d) (0:5 < m

tt

< 1:45) GeV.

The data (dots) were �tted by a Gaussian de�ned in eq. 5.9 and a polynomial of

third order. Also bakground from PythiaMod (dashed histogram) and RapGap

(dotted histogram) is shown.
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the bakground is properly desribed by PythiaMod, the bakground is estimated

to be N

bkg

pyt

= 22:2 � 5:0. Then:

N

signal

5

= N

tot

5

�N

bkg

pyt

= 41:5 � 13:8

with the absolute error alulated as: �N

signal

=

q

(�N

tot

5

)

2

+ (�N

bkg

pyt

)

2

. Similar

results of the bakground estimation provides also RapGap: N

bkg

rap

= 18:6� 3:6 with

only 0:3 events ontributing to the signal via p ! ��X whih provides only 2%

for the signal-to-bakground ratio. Pythia gives 4:2=22:2 � 16% for the signal-to-

bakground ratio.

The results from both methods di�er by 22% but are onsistent within the statistial

errors when omparing N

signal

1

= 34 � 13 and N

signal

5

= 41:5 � 13:8. The di�erene is

related mainly to the fat that in the seond method the summing of events in the bins to

obtain N

tot

5

runs over the wider region de�ned by 0:42 GeV < m



< 0:63 GeV, see (5.1), in

whih the PythiaMod distribution lies below the data. Another soure of the di�erene is

related to the priniple on whih the methods are based. The �rst method uses an integral

of the �tted funtion over only three bins with relatively large bin-size whih is lower than

the sum of the events over the three bins. However only one parameter is free sine �

�

and

�

�

are �xed. A small inompatibility of the �rst method arises from the estimation of the

N

res

i

ounting the events in the bins sine no reasonable �t of the resonant bakground in

PythiaMod an be performed. However this inompatibility is very low sine it onerns

only a few events. Comparing with the seond method the �rst method is muh less

dependent on the bakground estimation via any Monte Carlo model. Sine it is not lear

how reliable Pythia and RapGap an desribe suh bakground it is a ruial point why

the �rst method will be used for the ross setion determination. Inserting the mean value

from hN

signal

1

� � � N

signal

4

i � h�N

signal

1

� � ��N

signal

4

i = 34� 14 into eq. 5.8 one obtains:

�

�

(p! ��

0

X) = (3:5 � 1:4 (stat))nb: (5.10)

The statistial error for the ross setion is alulated by adding the relative errors of

the total eÆieny (��=� = 8%) and signal events h�N

signal

i=hN

signal

i = 14=34 = 41%

in quadrature. However the di�erene between the values obtained for N

signal

of both

methods will be taken as a systemati unertainty.

5.4.2 Measurement of the Squared Four-momentum Transfer at the

Photon and Proton Vertex

From the measured di�erential distributions of the squared four-momentum transfer at

the photon vertex, jt

1

j, and proton vertex, jt

2

j, shown in �gure 5.7 ) and d), respetively,

one an determine the slopes b

t

1

and b

t

2

by �tting an exponential / e

�b

t

jtj

to the data

distribution. This is motivated by the expetation from eq. 2.29. To extrat the true

value of the slopes, the jt

1(2)

j distributions as they are measured have to be orreted

for the total eÆieny determined by means of ToyGenModW in hapter 4.8. Hene the

orretion funtion is obtained from the reonstruted distribution f

MC

re

(x) after applying

all analysis uts and the true (generated) distribution f

MC

gen

(x):

�(x) =

f

MC

re

(x)

f

MC

gen

(x)

; (5.11)
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and the orreted data distribution f

orr

data

(x) is obtained by multiplying the measured one,

f

data

(x), by the orretion de�ned in equation (5.11):

f

orr

data

(x) = �(x) � f

data

(x) : (5.12)

Applying this orretion to the measured jt

1

j and jt

2

j spetrum the resulting distributions

after bakground subtration (PythiaMod) are shown in �g. 5.9 a) and b), respetively.
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Figure 5.9: Correted di�erential distribution of the squared four-momentum

transfer jt

1

j at the upper � � vertex a) and jt

2

j at the lower proton vertex b).

Fitting the results with

f

orr

data

(jt

1

j) = A

1

e

�b

t

1

jt

1

j

; f

orr

data

(jt

2

j) = A

2

e

�b

t

2

jt

2

j

; (5.13)

yields slopes of

b

t

1

= (2:0 � 0:5) GeV

�2

; b

t

2

= (13

�3

+6

) GeV

�2

: (5.14)

Parameters of the �ts with �

2

=ndf are summarized in table 5.4.

For the mean values for jt

1

j and jt

2

j the following values are obtained:

hjt

1

ji � 0:6 GeV

2

(5.15)

hjt

2

ji � 0:1 GeV

2

: (5.16)
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jt

1

j jt

2

j

A (1:6

+1:2

�0:9

) � 10

3

1:7

+1:3

�0:7

� 10

3

GeV

�2

b

t

2:0� 0:5 13:0

+2:9

�6:7

GeV

�2

�

2

=ndf 1:4=5 0:7=1 [-℄

Table 5.4: The table lists the parameters determined from the �t of the squared

four-momentum transfers t

1

and t

2

at the photon and proton vertex, respe-

tively, with their errors together with their respetive �

2

per degree of freedom.

5.4.3 Measurement of the Squared Center of Mass Energy of the Sub-

systems � � �

0

and �

0

� proton

From the di�erential distributions of the squared enter of mass (CMS) energy of the

subsystems � � �

0

, s

1

, and �

0

� proton, s

2

, shown in �gure 5.7 e) and f), respetively,

one an measure the energy dependene. Again the orretions obtained in hapter 4.8

have been applied to the measured s

1

and s

2

distributions aording to relation 5.12. The

resulting distributions after bakground subtration (PythiaMod) are shown in �g. 5.10

a) and b). The energy dependene motivated by the predition from eq. 2.32 is expeted

in the form / s

�b

s

. Fitting the orreted distribution via:

f

orr

data

(s

1

) = A

1

s

b

s

1

1

; f

orr

data

(s

2

) = A

2

s

b

s

2

2

; (5.17)

yields for the s

1

dependene:

b

s

1

= (�2:9

+0:8

�0:7

) : (5.18)

The �t of the s

2

distribution by 5.17 does not provides a reliable result sine in the

proedure of the �

2

minimization the bins with low entries get very high `weights' and

the bins with high number of entries beome less `important' for the �t. Therefore the

�t of the s

2

distribution via 5.17 is not presented. Parameters of the �ts with �

2

=ndf are

summarized in table 5.5.

s

1

A 2:3

+13

�1:5

� 10

5

GeV

�2

b

s

�2:9

+0:8

�0:7

[-℄

�

2

=ndf 6:2=5 [-℄

Table 5.5: The table lists the parameters determined from the �t for the

squared enter of mass energy of the ���

0

system, s

1

. Also the errors together

with their respetive �

2

per degree of freedom are listed.

For the mean values for s

1

and s

2

the following values are obtained:

hs

1

i � 12:5 GeV

2

(5.19)

hs

2

i � 6234 GeV

2

: (5.20)



5.4. Results 95

]
2

 [GeV1s
10

)2
N

 /
 (

5
.0

0
 G

e
V

-110

1

10

210

310

]
2

 [GeV2s
410

)2
N

 /
 (

1
5
0
0
 G

e
V

-110

1

10

210

310

a) b)

Figure 5.10: Correted di�erential distributions for: a) the squared enter of

mass energy of the ���

0

system, s

1

, and b) the squared enter of mass energy

of the �

0

� proton system, s

2

.

5.4.4 Measurement of the Rapidity Di�erene between �

0

and � Mesons

Another important harateristis of the � � �

0

system is the dependene on the rapidity

di�erene between the two mesons, �Y = Y

�

0 � Y

�

. From the measured �Y distribution

(�g. 5.7) one gets the orreted one (shown in �g. 5.11) using the proedure desribed in

hapter 5.4.2. Aording to (2.23) the distribution of the rapidity di�erene is expeted

in the form / e

b

�Y

(�Y )

and therefore the orreted spetrum is �tted by:

f

orr

data

(�Y ) = Ae

�Y b

; (5.21)

whih results in the parameter b

�Y

to be:

b

�Y

= (�0:8� 0:5) ; (5.22)

All �tted parameters with �

2

=ndf are summarized in table 5.6.

Y

�

0
� Y

�

A 8:5

+13:7

�6:3

� 10

2

[-℄

b

�Y

�0:8 � 0:5 [-℄

�

2

=ndf 2:1=2 [-℄

Table 5.6: Parameters determined from the �t of the rapidity di�erene be-

tween �

0

and � mesons with their errors and respetive �

2

per degree of freedom

are listed.
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Figure 5.11: Correted distribution of the rapidity di�erene between �

0

and

� mesons, �Y .

5.4.5 Measurement of the Center of Mass Energy of the  � p System

W

p

The quantity haraterizing the proess in the photoprodution regime is the CMS energy

of the  � proton system, W

p

. The orreted W

p

distribution is shown in �g. 5.4.5.

Aording to [104℄ the behavior of theW

p

distribution ould be expeted to be of the form

/W

�2b

W

, where b

W

is the produt of the interepts of the Regge trajetories exhanged

in the upper and lower vertex b

W

= �(0)

1

� �(0)

2

. But the behavior of the orreted W

distribution does not provide a meaningful result for the �t, and only the mean value for

W

p

was extrated:

hW i � 208 GeV (5.23)

5.5 Disussion of Systemati Errors

The main soures of the systemati errors for the ross setion determination are disussed

in the following:

� The systemati unertainty related to the unertainty of the energy sale and en-

ergy resolution of the eletron tagger is estimated [95, 96℄ to be 4% when varying

(inrease/derease) the energy deposited in the EM SpaCal by 2%.

� The relative unertainty of the energy sale for the LAr and SpaCal alorimeters

results in a systemati unertainty of 10% [95℄. The energy sale is varied by �4%

(see hapters 1.4.1 and 1.4.2).
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Figure 5.12: Correted di�erential distribution of the enter of mass energy

of the  � proton system, W

p

.

� The unertainty of the trak reonstrution eÆieny is estimated to be 2% [82℄ per

trak, resulting in an error of 4% for two reonstruted traks ((1� 0:98

2

) � 100% =

4%).

� The systemati unertainty related to the ontribution from beam-gas events ould

not be determined due to very low statistis and is taken to be < 1% from [95, 96℄.

� The systemati unertainty on the � � �

0

reonstrution eÆieny: The total eÆ-

ieny was studied as a funtion of di�erent variables whih is shown in �g. 4.14. It

exhibits the strongest dependene in t

1

distribution whih also gives the largest un-

ertainty for the eÆieny. The slope of the orreted t

1

distribution was measured

to be b

t

1

= 2 � 0:5. Therefore the reweighting of the slope t

1

of ToyGenMod was

performed by t

�0:5

. The di�erene in the eÆieny is taken as the systemati error

and the unertainty obtained is 20%.

� The omparison of the values obtained for the number of the signal events N

signal

from four di�erent method gives the unertainty of 22%.

� The unertainty on the Monte Carlo model is determined by alulating the ross

setion using the two di�erent bakgound Monte Carlo models RapGap and Pythi-

aMod. The di�erene for the ross setion is about 16%.

� The systemati errors on the luminosity are not unorrelated and therefore the total

error is determined as:

�L

sys

L

tot

=

(L

96

ÆL

96

) + (L

97

ÆL

97

) + (L

99

ÆL

99

) + (L

2000

ÆL

2000

)

L

tot

= 1:5%:
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The relative errors ÆL

96

= 1:77%; ÆL

97

= 1:5%; ÆL

99

= 1:5%; ÆL

2000

= 1:45%

inlude satellite orretions and are taken from [93℄.

� The systemati unertainty on the eÆieny of subtriggers s50 and s61: A variation

of the �tted parameters aording to their errors (see table A.1) leads to a hange

of the ross setion by less than 1%.

The total systemati unertainty is determined by adding all systemati unertainties in

quadrature and amounts to 36%. The systemati errors are summarized in table 5.7.

soure method error [%℄

1) eletron tagger energy sale energy sale variation by 2% 4

2) LAr and SpaCal energy sale energy sale variation by 4% 10

3) trak reonstrution 2 traks 4

4) beam-gas pilot bunhies < 1

5) eÆieny reweighting by t

�0:5

20

6) N

signal

di�erent methods 22

7) MC model Pythia $ RapGap 16

8) Luminosity 1:5

9) subtrigger s50 and s61 variation of �tted parameters < 1

all added in quadrature 36

Table 5.7: Summary on the systemati errors

5.6 Disussion of the Results

In this hapter a measurement of exlusive ���

0

photoprodution at a mean photon-proton

entre of mass energy (CMS) of 200 GeV is presented. The main quantity measured is the

ross setion �

�

(p! ��

0

X):

�

�

(p)! ��

0

X = (3:5� 1:4(stat) � 1:3(syst)) nb; (5.24)

The models whih an explain exlusive � � �

0

photoprodution are disussed in hapter

3. One of them is the phenomenologial model based on Regge theory whih tries to

explain the investigated proess via exhange of a � trajetory at the photon vertex and

the Pomeron trajetory at the proton vertex. The oupling  � �

0

� � is �nite whih is

demonstrated i.e. by the existing �

0

meson deay into  and � (with relatively very small

branhing ratio of 3 � 10

�4

). The di�rative proton vertex with the �

0

meson prodution

is very well known from many analyses on vetor meson prodution. Finite values of all

these ouplings allow the proess to proeed via �� Pomeron exhange.

One way to on�rm/exlude that the proess measured in this analysis is indued via the

exhange of the �

0

and Pomeron trajetories is to look at the di�erential distributions like

jt

1

j, jt

2

j, s

1

, s

2

and �Y . The Regge model was used as a hypothesis for the expetation of

the behavior of these distributions. The measured spetra give the following dependenes:
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b

t

1

= (2:0� 0:5(stat)) GeV

�2

ht

1

i � �0:6 GeV

2

;

b

t

2

= (13

�3

+6

(stat)) GeV

�2

ht

2

i � �0:1 GeV

2

;

b

s

1

= (�2:9

+0:8

�0:7

(stat)) GeV

�2

h

p

s

1

i � 3:5 GeV ;

b

s

2

= not measured h

p

s

2

i � 80 GeV ;

b

�Y

= (�0:8� 0:5(stat)) h�Y i � 2 :

(5.25)

The measured value b

t

2

= 13

�3

+6

GeV

�2

is onsistent within errors with the expeted value

for the di�rative slope (b � 11 GeV

�2

at

p

s � 80 GeV) obtained from [96℄. From the s

1

dependene b

s

1

� �2:9 GeV

�2

one may estimate an interept of the trajetory exhanged

at the photon vertex: Using (2.46) one obtains b

s

1

= �(0) � 1) �(0) = �1:9

+0:8

�0:7

. whih

within 1� is not ompatible with the expeted value of 0:5 from (2.36). The reason might

be related to the �tting proedure not suited for the utuating s

1

spetrum. On the

other hand the interept obtained from the rapidity di�erene distribution is within error

ompatible with the � trajetory hypothesis: b

�Y

= �(0) � 1 ) �(0) = 0:2 � 0:5. The

measured very low mean value of

p

s

1

is harateristi for non-di�rative proesses as a

onsequene of (2.46), and the relatively high values of

p

s

2

for di�rative proesses whih

is ompatible with the hypothesis used.

The prodution of � and �

0

mesons from di�ratively exited state V

diff

is another pos-

sibility for the explanation. However the signal-to-bakground ratio of these proesses

determined from Pythia (1 : 5) is very low when omparing with the data (6 : 5). The

ontribution from RapGap via p ! ��X is negligible with 1 : 50 signal-to-bakground

ratio. With the present very low statistis and the resulting diÆulties to obtain di�er-

ential ross distributions and meaningful �t results (e.g. for the s

2

distribution) it is not

possible, however, to draw any de�nitive onlusion on the prodution proess.
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Chapter 6

Searh for Exlusive �

0

� �

Photoprodution at HERA

The analysis of exlusive �

0

�� photoprodution proeeds in an analogous way as the anal-

ysis of exlusive �� � photoprodution, desribed in the previous hapter 5. In partiular

the photon and trak seletion and the analysis uts to be applied to ensure exlusivity,

a rapidity gap and � meson de�nition are the same. The major di�erene is the seletion

of events ontaining a �

0

meson instead of an � meson.

The seletion of events whih ontain neutral pions is performed by seletion of a mass

window in the photon-photon invariant mass spetra of the data and signal Monte Carlo

model ToyGenMod distributions. The Monte Carlo models Pythia and RapGap are em-

ployed for bakground desription. In this ase no ToyGenModW is needed sine the data

are ompared only with RapGap and Pythia.

Due to the fat, that no lear signal for �

0

� � prodution is found, the ross setion for

�

0

� 2trak and an upper limit for �

0

� � prodution is determined with the estimation

of the systemati errors.

6.1 Preparation of the sample

In order to selet events with neutral pions and � mesons, the �

0

and � invariant mass

bands have to be de�ned. They are determined from the same `inlusively preseleted'

data sample as used for the � and � seletion. Therefore, the mass window de�ning the �

meson is taken from the previous hapter:

0:6 GeV < m

tt

< 1 GeV : (6.1)

For more details of the � band seletion see hapter 5.1.

To selet a neutral pion deaying into two photons, the mass window for the �

0

band is

obtained from the invariant mass of photon pairs. For the inlusively preseleted data

sample the photon-photon invariant mass spetrum, m



, is shown in �g. 6.1 a). The

�

0

peak is �tted with a Gaussian G(m



). To �t the bakground a polynomial of third

order, P

3

(m



), is employed. The mass spetrum simulated by ToyGenMod is shown in

101
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the �gure in b). The �t was arried out with a Gaussian only due to the absene of any

bakground in the Monte Carlo model.

DATA ToyGenMod

 / ndf 2χ  16.92 / 10

Const0    54.1± 793.9 

Mean0     0.0014± 0.1382 
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a) b)

Figure 6.1: �

0

andidates in data and Monte Carlo: a) photon-photon mass

spetrum for data �tted by a Gaussian together with a polynomial of third order

P

3

(m



). The m



mass distribution simulated by ToyGenMod, shown in b),

is �tted by a Gaussian only. The dashed lines illustrate the mass region for the

seletion of �

0

mesons.

The values found in the �t are displayed in the �gure, and the mean values, widths and

�

2

=ndf are listed separately in table 6.1. A omparison of measured and simulated mass

distributions exhibits ompatibility for the mean value of the �

0

mass, � (�

data

= �

MC

=

138 MeV), and slightly larger width, �, for the data than for the simulation (�

data

= 21:3

MeV versus �

MC

= 16:7 MeV). The masses in both ases are only slightly shifted toward

higher values when ompared with the nominal value of 134:98 MeV [37℄. The widths are

dominated by the SpaCal resolution sine the natural width of the �

0

is negligible.

Data Monte Carlo

� [MeV℄ 138:2�1:4 138:4�0:2

� [MeV℄ 21:3�1:2 16:7�0:2

�

2

=ndf 16.9/10 66.4/37

Table 6.1: Parameters �tted for �

0

andidates: The table shows the mean

value, the width and the �

2

per degree of freedom found by the �t for the data

and Monte Carlo (ToyGenMod)

Choosing the upper and lower bound of the �

0

mass window to be roughly 3� (65 MeV)
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w.r.t. the nominal value of 135 MeV, a pair of photon-andidates is onsidered as a �

0

-

andidate, if

70 MeV < m



< 200 MeV: (6.2)

6.2 Signal Extration and Bakground Treatment

Looking at the photon-photon and trak-trak mass spetra (shown in �g. 5.1 a) and 5.1

b) ) for the inlusive data sample one observes �

0

and � signals in the orresponding dis-

tributions. The impat of the appliation of all analysis uts and the orrelation between

both signals is studied in the following.

The respetive mass spetra after applying the �nal analysis uts on exlusivity and ra-

pidity gap have been already shown in �g. 5.2 a) and b), respetively. In the m



mass

distribution a �

0

peak is apparent, and also an enhanement in the trak pair spetrum in

the �-band is observed. But from this distribution is it not lear whether the enhanement

an be attributed to a � mass peak. Looking at the trak-trak versus photon-photon mass

distributions, shown in �g. 6.2 a), a orrelation is evident in the region rossed by the

� and �

0

invariant mass bands. A good hek whether the enhanement in m

tt

orre-

sponds to the invariant mass distribution of the � meson is to hek the trak-trak mass

spetrum after seleting the �

0

band in the m



distribution aording to eq. (6.2). The

orresponding m

tt

distribution is shown in �g. 6.2 b). In the data sample (dots) some

`spae' for a � mass peak is possible but due to the poor statistis the signal an not be

assigned to a mass peak of the � meson. The large errors in the data sample are aused

by the L4 downsaling. These are also responsible for the orrelation between � and �

0

bands shown in �g. 6.2 a). Also a omparison with the bakground Monte Carlo models

Pythia and RapGap is shown. The agreement of the Monte Carlo desription of the data

is quite satisfatory, although a possible ontribution of the � appears to be rather small.

Sine RapGap desribes the mass distribution better than Pythia, RapGap will be used

to desribe the data/bakground in the following. RapGap shows that the main proesses

whih produe the spetrum take plae via boson gluon fusion where the gluon originates

from the Pomeron: p! IPX ! q�qggX. Quark-antiquark and gluon pairs produed in

the interation fragments into the following states:

� The main ontribution omes from q�qgg ! �

0

�

+

�

�

.

� Proesses like: q�qgg ! �

0

�

�

�

�

(�

0

K

+

K

�

; �

0

�

0

�

+

�

�

; :::) in whih some partiles

are misidenti�ed as pions, or neutral daughter partiles are not seen in the Liquid

Argon alorimeter due to their low energy.

� The ontribution to the signal proess �

0

� via IP ! q�qgg ! �

0

�

0

is negligible.

The distribution of the variable E�p

z

haraterizing the exlusivity is shown in �gure 6.3

a). The peak of the variable E�p

z

is expeted to be about 55 GeV. Also in this distribution

the main part of the data is reasonably desribed by the bakground MC RapGap. Most

of the events in this distribution are shifted to the lower limit of 50 GeV applied in the

analysis. That means that most of the events are not exlusive and an be onsidered as

bakground. However there is a small disrepany between data and simulation at around
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DATA m

tt

for �

0

-band
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a) b)

Figure 6.2: Extration of the �

0

� � signal: a) photon-photon versus trak-

trak mass distribution. The dashed lines indiate the �

0

and � invariant mass

bands. In b) the trak-trak mass distribution is shown requiring m



to be

within the �

0

mass band. Here also the Pythia and RapGap ontributions are

shown.

55 GeV where the exlusive signal is expeted.

From the disussion above one may onlude that while the �

0

signal is evident (see also

�g. 5.2) the � signal an not be on�rmed. Therefore the ross setion for exlusive �

0

��

photoprodution an not be determined. However due to an enhanement in the � band

in the trak pair mass spetrum the signal may exist. To estimate an upper limit for

the expetation of the proess, the ross setion of the proess p! �

0

2 trak X will be

determined.

6.3 Comparison of Monte Carlo and Data

In this setion a omparison between the data and the bakground Monte Carlo model

RapGap is shown. All simulated and measured distributions shown in the following are

obtained after appliation of all analysis uts summarized in table 4.13, and only those

events are onsidered whih ontain neutral pions and where the trak-trak invariant mass

lies in the mass window de�ned by the � band in (6.1). Sine it is not possible to extrat

the signal from the di�erene between the data and bakground MC, no omparison with

the distributions simulated by ToyGen will be performed but the data will be ompared

with the distributions simulated by the RapGap MC model.
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Figure 6.3: Control plots for the (�

0

� 2 traks) sample are shown: a) The

variable E � pz and b) z-oordinate of the vertex. The dots represent the data

and the histogram Monte Carlo RapGap model. The dotted lines indiate the

uts applied.

The properties of the �

0

andidates and photon-andidates originating from the �

0

deay

are shown in �gure 6.4 in a) - d) for data (dots) and RapGap (histogram). The following

distributions are shown: a) energy of all lusters, b) energy of the hottest luster, ) energy

of the �

0

meson and d) distane between both lusters. From a) and b) one may onlude

that the energy is distributed asymmetrially between the lusters stemming from a �

0

whih is neessary for the separation of the lusters in the SpaCal as a onsequene of eq.

(4.20) and the energy of the �

0

above 4 GeV, shown in ). Also the distane between the

lusters is peaked at the minimum value of 4 m determined by the SpaCal granularity.

The RapGap distributions marginally agree with the data distributions and also the shape

of the spetra is in agreement.

Figure 6.4 e) - g) show the properties of the traks and trak-trak system. The transverse

momentum of all traks is shown in e), the polar angle of all traks is depited in f) and

the polar angle of the trak-trak system in g). From the polar angle distributions one

observes that the traks and the trak-trak system are predominantly produed in the

bakward region. Most traks have a transverse momentum below one GeV whih is the

region where the properties of the trak are measured with very good preision. Also

from these distributions one may onlude that RapGap desribes the data distributions

marginally. In the last plot of this �gure h) the �

0

rapidity versus rapidity of the two trak

system for the data sample is shown; The dashed lines show the region in whih the ross

setion will be determined. The neutral pion is mainly produed in the entral region of

the SpaCal aeptane. The enhanement at Y

�

0
� �2:2 and Y

tt

� 0:4 is not relevant

sine it orresponds to one event only with a very high weight and a 100% error.

Figure 6.5 shows a olletion of distributions for the �

0

� 2 trak system together with
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Figure 6.4: Properties of the �

0

�2 trak system: a) the energy of all lusters,

b) energy of the hottest luster, ) �

0

energy, d) distane between two photons

originating from the �

0

, e) transverse momentum of all traks, f) polar angle

of all traks, g) polar angle of the 2 trak system, h) rapidity of the �

0

meson

versus rapidity of the 2 trak system. The dashed lines illustrate the region in

whih the ross setion will be determined.
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the omparison from RapGap. The distributions shown are: a) The rapidity di�erene

between the trak�trak system and the �

0

meson, Y

tt

�Y

�

0
, b) the enter of mass energy

of the  � proton system, ) the squared four-momentum transfer at the photon vertex,

jt

1

j, d) the squared four-momentum transfer at the proton vertex, jt

2

j, e) the squared

enter of mass energy of the �

0

� 2 trak subsystem, s

1

, f) the squared enter of mass

energy of the 2 trak � proton subsystem, s

2

.

The rapidity di�erene distribution exhibits a maximum around 1:5 similarly to the �� �

sample. The W

p

spetrum has a mean value of 183 GeV. Comparing the jt

1

j and jt

2

j

spetra one observes higher values for the squared four-momentum transfer at the photon

vertex as at the proton vertex. Comparing the s

1

and s

2

distributions one observes that

s

1

is peaked at low values while the s

2

distribution aquires muh higher values, as also

seen in �� � sample. Also here, generally good agreement between the data and RapGap

is seen. Comparing with the distributions from ��� sample one observes similar behavior

of all distributions.

6.4 Results

6.4.1 Cross Setion

The ross setion �(p! �

0

2trak X) is determined in the kinematial region de�ned by

the sattered eletron deteted in the eletron tagger and by restritions on the rapidities

of the �

0

meson and trak � trak system:

0:3 < y < 0:65

Q

2

< 0:01 GeV

�3:5 < Y

�

0
< �2

�1:5 < Y

tt

< 1:5

(6.3)

The ross setion is obtained via the expression:

�

�

(p! �

0

2trak X) =

N

�

tot

�

eTag33

BR

�

0

!

LF

=e

; (6.4)

where the �

�

denotes the total ross setion alulated in the kinematial region de�ned

in (6.3), N

signal

is the number of events orreted for trigger eÆienies, L1 and L4

presale fators and downsaling, respetively, �

tot

((0:6 < m

tt

< 1) GeV) = �

geom

�

det

=

(3:95 � 0:43)% is the total eÆieny determined in setion 4.9, h�

eTag33

i = 0:5 is the

average of the eletron tagger aeptane, BR

�

0

!

= 99% is the branhing ratio for the

deay �

0

! , L = 76 pb

�1

(table 4.7) is the integrated luminosity olleted over all run

periods: 1996, 1997, 1999 and 2000, and F

=e

= 1:32 �10

�2

is the ux of photons stemming

from the eletron as given by the integral over y and Q

2

de�ned by the eletron tagger

(eq. (2.16) ).

N is the number of events observed in the data in the rapidity region shown in �g. 6.4 h)

whih is found to be 83:2 � 44:3. Then for the ross setion one obtains:
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Figure 6.5: Kinematial distributions of the �

0

� 2 trak system: a) Rapidity

di�erene between the trak�trak system and �

0

, Y

tt

�Y

�

0
, b) enter of mass

energy of the -proton system, W

p

, ) the squared four-momentum transfer

at the photon vertex, t

1

, d) the squared four-momentum transfer at the proton

vertex, t

2

, e) the squared enter of mass energy of the �

0

� 2 trak system, f)

the squared enter of mass energy of the 2 trak � proton system. The dots

illustrate the data, the histogram the Monte Carlo RapGap model.
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�

�

(p! �

0

2trak X) = (4:2 � 2:3 (stat)) nb: (6.5)

The statistial error for the ross setion determination was alulated adding the relative

errors of the total eÆieny (��=� = 11%) and the events �N=N = 53:2% in quadrature.

The bakground ontribution determined from RapGap is N

rap

= 24:2 � 5:9 inluding

roughly 0:3 events ontributing to the signal via p ! �

0

�X with 1 : 50 for the signal-

bakground ratio. The Pythia event generator gives for the bakground N

pyt

= 14:3� 3:2

events inluding 2:3 events ontributing to the signal via p ! �

0

�X whih provides

the signal-to-bakground ratio of 1 : 5. For the omparison of the inlusive data sample

the RapGap has been hosen to estimate bakground sine it better desribes the data

and therefore also for the determination of the upper limit will be used for bakground

estimation. Conservatively, it is assumed that all events after the bakground subtration

is signal whih yields the ross setion:

�

�

(p! �

0

�X) =

RBW

orr

�

N

data

�N

rap

�

�

tot

�

eTag33

BR

�

0

!

LF

=e

= (3:7� 2:8 (stat)) nb: (6.6)

where N

data

� N

rap

= 59 � 44, ��

�

=

p

(44=59)

2

+ (0:11)

2

and RBW

orr

= 1:25 is the

orretion on the integral of the relativisti Breit-Wigner funtion taken from hapter

6.4.1.

6.5 Disussion of Systemati Errors

In the following the main soures of systemati errors are disussed:

� Due to the similarity of the investigated proess with the � � � sample, most of

the soures aused systemati errors are taken over from table 5.7. Namely the

unertainties related to the energy sale and resolution of the eletron tagger, LAr

and SpaCal, labeled by 1)-2) in the table, unertainty on the trak reonstrution

and ontribution from beam-gas events labeled by 3)-4) and unertainty on the

luminosity measurement and the eÆieny of the subtriggers s50 and s61 mentioned

as point 8)-9) in the table.

� The systemati unertainty on the �

0

�2trak reonstrution eÆieny: ToyGenMod

has been weighted aording to RapGap and Pythia distributions by the same way as

aording to the data desribed in appendix C.0.2. The di�erene in the eÆienies

yields 25% whih is taken as a systemati error.

� For the upper limit the unertainty on the Monte Carlo model has to be taken into

aount. It is determined by alulating the ross setion using two di�erent bak-

ground Monte Carlo models RapGap and PythiaMod whih results in the di�erene

of 20%.

The total systemati unertainty is determined by adding all systemati unertainties in

quadrature and amounts to 28% for the �

�

(p! �

0

2 trakX) ross setion determination

and 34% for the upper limit of �

0

� �

0

photoprodution. They are summarized in table

6.2.
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0

� � Photoprodution at HERA

soure method error [%℄

1) eletron tagger energy sale energy sale variation by 2% 4

2) LAr and SpaCal energy sale energy sale variation by 4% 10

3) trak reonstrution 2 traks 4

4) beam-gas pilot bunhes < 1

5) eÆieny using Pythia and RapGap 25

6) Luminosity � 1:5

7) subtrigger s50 and s61 from �ts < 1

8) MC model Pythia $ RapGap 20

�

all added in quadrature 28=34

�

Table 6.2: Summary on the systemati errors. Two values are given. The value with

�

inludes also the unertainty on the Monte Carlo model.

6.6 Disussion of the Results

In this hapter measurements of the exlusive �

0

� 2 trak photoprodution at a mean

photon-proton enter of mass energy (CMS) of 180 GeV is presented. The quantity mea-

sured is the ross setion �

�

(p! �

0

2 trakX). Taking into aount the systemati error

of 28% the value obtained is:

�

�

(p! �

0

2trak X) = (4:2 � 2:3 (stat) � 1:2 (sys)) nb (6.7)

whih an be onverted onto an upper limit using (6.6) and taken into aount systematial

unertainty of 34%:

�

�

upper limit

(p! �

0

�X) < 8:6 nb (95% CL): (6.8)

on the �

0

� � photoprodution.

Also exlusive �

0

� � photoprodution an be interpreted in the terms of Regge theory

via exhange of a � trajetory at the photon vertex and Pomeron trajetory at the proton

vertex. The only di�erene from the � � � sample is the di�erent oupling at the photon

vertex. One of the possible reasons why the proess is not seen in ontrast to � � �

prodution is a smaller eÆieny for �

0

reonstrution than for �, (ompare plots in �g.

4.13 a) and )) or a smaller detetor aeptane for the �

0

� �

0

prodution.



Chapter 7

Summary and Conlusion

This analysis of double meson photoprodution was performed using the H1 detetor at

HERA on the data sample orresponding to an integrated luminosity of L = 76:21 pb

�1

.

The proesses under investigation were exlusive photoprodution of � � �

0

and �

0

� �

0

meson pairs. The kinematial range of the measurements are limited by the kinematis of

tagged photoprodution and by the limits on the rapidity ranges (de�ned in the laboratory

system) of the �

0

and �(�

0

) mesons:

Q

2

< 0:01 GeV

2

0:3 < y < 0:65

�3:5 < Y

lab

�(�

0

)

< �2

�1:5 < Y

lab

�

0

< 1:5

(7.1)

The measurement of the ross setion for exlusive � � �

0

photoprodution has been per-

formed at an average p entre of mass energy of hW

p

i � 208 GeV. The bakground

expetation from the event generators Pythia and RapGap are onsistent to eah other

and apable to desribe the bakground but not the signal. From the di�erene between

the data and the bakground the ross setion for �� �

0

photoprodution in the kinemat-

ial region de�ned in (7.1) was obtained:

�

�

(p! ��

0

X) = (3:5� 1:4(stat) � 1:3(syst)) nb: (7.2)

In the measurement of exlusive �

0

� �

0

photoprodution, performed at an average p

entre of mass energy of hW

p

i � 180 GeV, no signi�ant signal of the �

0

meson ould be

extrated. The generator models RapGap and Pythia were used to estimate the bak-

ground. Both models marginally desribes the data. Due to the absene of a � signal, the

ross setion for �

0

� 2trak was determined to be:

�

�

(p! �

0

2trak X) = (4:2 � 2:3 (stat)� 1:2 (sys)) nb : (7.3)

After bakground subtration, an upper limit for �

0

� �

0

prodution was derived:

�

�

upper limit

(p! �

0

�

0

X) < 8:6 nb (95% CL) ; (7.4)

111



112 Chapter 7. Summary and Conlusion

both determined in the kinematial region given in (7.1).

In the term of Regge theory the measured proesses an be interpreted as: 1) a di�ratively

produed high mass mesoni state deaying into two mesons, or 2) the meson measured

in the entral region is generated in a fusion proess of the �

0

trajetory originating at

the photoni vertex, and the Pomeron originating at the proton. It was shown that the

available data do not allow a de�nite distintion between these mehanisms. The analysis

of the aessible di�erential distributions shows, however, that the proesses observed are

onsistent with a sizeable ontribution from Pomeron exhange, and the mere existene

of e.g. � � �

0

meson pair prodution at energies as high as HERA energies suggest a

ontribution from Pomeron exhange.



Appendix A

Summary on the Trigger Element

EÆienies

For the data sample the eÆienies of the subtriggers s50 and s61 are determined via their

trigger elements (TE) by the proedure desribed in hapter 4.4.1.

The eÆienies of the L1 and L2TT SpaCal trigger elements for the given data tak-

ing periods are shown in �g. A.1, namely for IET > 1 k IET en 2 in the �rst row,

IET > 2 k IET en 3 in the seond row, R20 in the third row and R30 in the fourth

row. The eÆienies for both IET trigger elements are determined as funtions of the

energy of the hottest luster, �

IET

(E

hot

). The eÆienies of the radius trigger elements are

determined as funtions of the radial distane of the farthest luster from the beam-line,

�

R

(RD

l

). The energy of this luster has been required to be above 2:5 GeV in order to be

independent of the IET trigger element. The dots demonstrate the alulated eÆieny

whih are �tted by the Fermi funtion of eq. (4.6). The �tted parameters with �

2

per

degree of freedom are listed in table A.1. From the parameters obtained one observes

that the maximum eÆieny for all SpaCal trigger elements is very lose to 100%. Only

the trigger element IET > 1 k IET en 2 for 1996 has a maximum eÆieny of about

98%. The vertial lines illustrate the uts applied to the energy and radial distane of the

luster. The large �

2

=ndf for the �t of the trigger element IET > 2 k IET en 3 is aused

by disrepanies between the �t and the alulated eÆieny at low energies E

hot

whih

are safely below the uts to be applied. Therefore these disrepanies have no inuene

on the data orretion.

The eÆieny for the DCR� trigger element is determined as a funtion of the transverse

momentum of the highest p

t

trak (�g. A.2 �rst row), �

DCR�

(p

t;high

), and the polar angle

�

high

of this trak (�g. A.2 seond row), �

DCR�

(�

high

). For the �

DCR�

(p

t;high

) distribution

it is demanded that the polar angle of the trak has to be between 40 and 140 degrees in

order to be independent of �

DCR�

(�

high

). For �

DCR�

(�

high

) the p

t

of the trak has to be

above one GeV to be independent of �

DCR�

(p

t;high

). The dots representing the alulated

eÆieny are �tted by a `double Fermi' funtion, de�ned in eq. (4.11) for the �

high

depen-

dene and a Fermi funtion for the p

t;high

dependene. The eÆieny for the zVtx trigger

element is obtained as a funtion of the momentum of the highest p

t

trak (�g. A.2 third

row), �

zV tx

(p

t;high

). The �tted parameters with �

2

per degree of freedom are listed in

table A.1. The maximum of the �

DCR�

(p

t;high

) and �

DCR�

(�

high

) reahes (85� 90)% and

in any given data taking period they are ompatible within one perent. The �

zV tx

(p

t;high

)

reahes a maximum of (72 � 75)%. This rather low eÆieny is aused by the zVtx de-

113
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TE 1996 1997 1999 2000

E� [%℄ 98:64 � 0:30 99:59 � 0:11 99:99 � 0:11 99:89 � 0:14

IET > 1 Thr [GeV℄ 1:91 � 0:01 1:79 � 0:01 1:90 � 0:01 1:95 � 0:01

Width [GeV℄ 0:18 � 0:01 0:13 � (< 0:01) 0:15 � 0:01 0:18 � (< 0:01)

�

2

=ndf 43:53=127 127:45=152 39:85=151 28:68=165

E� [%℄ � 100:0 � 0:06 100:0 � (< 0:01) 99:68 � 0:10

IET > 2 Thr [GeV℄ � 5:07 � (< 0:01) 5:48 � 0:01 5:67 � 0:01

Width [GeV℄ � 0:41 � (< 0:01) 0:47� < 0:01 0:54 � (< 0:01)

�

2

=ndf � 1755:70=93 574:16=87 766:90=88

E� [%℄ 98:92 � 0:25 97:93 � 0:31 � �

R20 Thr [m℄ 15:59 � 0:09 15:27 � 0:10 � �

Width [m℄ 1:13 � 0:05 1:17 � 0:06 � �

�

2

=ndf 31:36=12 24:68=12 � �

E� [%℄ � 100:0 � 0:45 99:65 � 0:09 99:85 � 0:06

R30 Thr [m℄ � 25:59 � 0:27 25:49 � 0:09 25:66 � 0:09

Width [m℄ � 1:10 � 0:20 0:90 � 0:04 0:93 � 0:05

�

2

=ndf � 0:18=23 17:95=25 22:18=27

E� [%℄ � 89:52 � 0:43 84:85 � 0:53 88:10 � 0:48

DCR�(p

t;high

) Thr [GeV℄ � 0:60 � (< 0:01) 0:65 � (< 0:01) 0:65 � (< 0:01)

Width [GeV℄ � 0:11 � (< 0:01) 0:09 � (< 0:01) 0:09 � (< 0:01)

�

2

=ndf � 153:12=17 165:47=17 179:19=17

E� [%℄ � 89:60 � 0:51 85:10 � 0:64 88:41 � 0:57

Thr1 [

Æ

℄ � 22:48 � 0:54 25:24 � 0:54 25:59 � 0:59

DCR�(�

high

) Width1 [

Æ

℄ � 4:66 � 0:45 4:43 � 0:50 4:44 � 0:50

Thr2 [

Æ

℄ � 156:32 � 0:32 154:24 � 0:28 155:79 � 0:29

Width2 [

Æ

℄ � 4:87 � 0:30 3:62 � 0:22 4:15 � 0:25

�

2

=ndf � 90:8=21 88:37=21 84:57=21

E� [%℄ � 71:17 � 0:48 71:35 � 0:54 72:89 � 0:55

zV tx(p

t;high

) Thr [GeV℄ � 0:07 � 0:02 0:04 � 0:04 0:0 � (< 0:01)

Width [GeV℄ � 0:18 � 0:02 0:18 � 0:02 0:22 � 0:01

�

2

=ndf � 16:80=17 22:87=17 22:59=17

Table A.1: Fitted parameters of the trigger element eÆienies with �

2

=ndf

per a year are listed.

pendene on the number of reonstruted traks �tted to the vertex. In [82℄ it is shown

that the �

zV tx

inreases with the number of assigned traks.
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Figure A.1: Distributions of the SpaCal trigger element eÆienies for data

taking periods 1996 � 2000: The �rst (seond) row shows the eÆieny of the

IET> 1 (IET> 2) trigger element as a funtion of the energy of the hottest

luster. The third (fourth) row shows the eÆieny of the R20 (R30) trigger

element as a funtion of the radial distane of the farthest luster w.r.t. the

beam line. The dots representing the obtained eÆienies are �tted by Fermi

funtions. The vertial dashed lines indiate the uts applied to the energy and

distane of the luster.
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Figure A.2: Distributions of the DCR� and zVtx trigger element eÆienies

for the 1997, 1999 and 2000 data taking periods: The �rst (seond) row shows

the eÆieny of the DCR� trigger element as a funtion of the transverse mo-

mentum (polar angle) of the highest p

t

trak. The third row shows the eÆieny

of the zVtx trigger element as a funtion of the transverse momentum of the

highest p

t

trak. The dots represent the obtained eÆienies. They are �tted

by a Fermi (�

DCR�

(p

t;high

), �

zV tx

(p

t;high

)) and a `double Fermi' (�

DCR�

(�

high

))

funtion. The vertial dashed lines indiate the uts applied to the p

t

and � of

the trak.



Appendix B

Determination of the Total

EÆieny

For the ross-setion determination the data have to be orreted for several detetor

e�ets. There are two ways how to take the orretions into aount:

1. The orretions are inluded in the so alled total eÆieny, �

tot

. Then the ross-

setion an be written as:

� =

N

sig

L �

tot

: (B.1)

The detetor e�ets are usually obtained by means of Monte Carlo events. It is

determined as the ratio of the number of reonstruted events, N

re

total

, whih passed

all analysis uts and the number of generated events, N

gen

total

:

�

tot

=

N

re

total

N

gen

total

: (B.2)

Due to the uts applied on the energy of the luster, transverse momentum of the

trak and the others, N

re

total

is a funtion of all the variables used for the uts.

All unorrelated variables will in the following be alled x

1

; x

2

; :::x

n

and therefore

N

re

total

= N

re

total

(x

1

; x

2

; :::x

n

) and also �

tot

= �

tot

(x

1

; x

2

; :::x

n

).

2. The orretions, �(x

1

; x

2

; :::x

n

), are alulated as a funtion of unorrelated variables

x

1

; x

2

; :::x

n

. Then the measured distribution f

DATA

measured

(x

1

; x

2

; :::x

n

) is orreted by

�(x

1

; x

2

; :::x

n

) via the following formula:

f

DATA

true

(x

1

; x

2

; :::x

n

) =

f

DATA

measured

(x

1

; x

2

; :::x

n

)

�(x

1

; x

2

; :::x

n

)

: (B.3)

where f

DATA

true

(x

1

; x

2

; :::x

n

) is the distribution of the true physis events. The number

of the events entering the ross setion is then the integral of the orreted spetrum

f

DATA

true

(x

1

; x

2

; :::x

n

):

N

sig

=

Z Z

: : :

Z

f

DATA

true

(x

1

; x

2

; :::x

n

) dx

1

dx

2

: : : dx

n

(B.4)
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Then the ross setion is alulated via:

� =

N

sig

L

(B.5)

One observes that the eÆienies alulated by both methods depend on the unorrelated

variables x

1

; x

2

; :::x

n

whih are used in the analysis as uts. If the generated distribu-

tion has the form of f

gen

(x

1

; x

2

; :::x

n

) and after the reonstrution passing all analysis

uts f

(re+all analysis uts)

(x

1

; x

2

; :::x

n

), one an de�ne the eÆieny as a funtion of the

variables x

1

; x

2

; :::x

n

:

�(x

1

; x

2

; :::x

n

) =

f

(re+all analysis uts)

(x

1

; x

2

; :::x

n

)

f

gen

(x

1

; x

2

; :::x

n

)

; (B.6)

whih represents the eÆieny in the point [x

1

; x

2

; :::x

n

℄ of the parameter-spae.

The total eÆieny an be written via �(x

1

; x

2

; :::x

n

) by the following expression:

�

tot

=

R R

: : :

R

f

gen

(x

1

; x

2

; : : : ; x

n

) �(x

1

; x

2

; : : : x

n

) dx

1

dx

2

: : : dx

n

R R

: : :

R

f

gen

(x

1

; x

2

; : : : ; x

n

) dx

1

dx

2

: : : dx

n

; (B.7)

where the funtion f

gen

(x

1

; x

2

; : : : ; x

n

) plays the role of a weight for �(x

1

; x

2

; :::x

n

). Here

and in the following it will be assumed that the funtion f

gen

(x

1

; x

2

; : : : ; x

n

) is �nite in

the whole region (x

1

; x

2

; :::x

n

), f

gen

(x

1

; x

2

; : : : ; x

n

) > 0 sine there is no possibility to al-

ulate an eÆieny for f = 0 and negative values are forbidden due to unphysial meaning.

In the ideal ase the eÆieny is alulated from the data. But obviously in this analysis

there is not enough statistis and the eÆieny is obtained from the signal MC whih

desribes the kinematis of the investigated preesses. Thereby one assumes that the

simulation of the detetor is reasonably well desribed. Then the eÆieny obtained from

MC and the eÆieny determined from data are equal:

�

MC

(x

1

; x

2

; : : : x

n

) � �

DATA

(x

1

; x

2

; : : : ; x

n

): (B.8)

In the following it is disussed how to get the right orretions from both methods studying

the properties of the integral in eq. (B.7).

B.1 EÆieny as a Funtion of one Variable x

For simpliity one assumes that the eÆieny depends only on one variable,x , � = �(x).

The integral in B.7 beomes a simple one:

�

MC

tot

=

R

f

gen

(x) �

MC

(x) dx

R

f

gen

(x) dx

: (B.9)

Sine �

MC

(x) is obtained from MC as a disrete funtion of bins, the integral hanges to

the sum over all bins, and the ontinuous funtion f(x) to the disrete spetrum of the

number of events N

i

:

�

MC

tot

=

P

m

i=1

N

gen

i

�

MC

i

P

m

i=1

N

gen

i

; N

gen

i

> 0; (B.10)
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where �

MC

i

is the eÆieny determined in the i-th bin. Also the number of events N

i

has

to be �nite in all m bins (m > 0), N

gen

i

> 0.

From B.10 one sees the following onsequenes:

1. If N

i

is a onstant whih means that the distribution N is at, the total eÆieny

is the averaged eÆieny < � >:

�

MC

tot

=

P

m

i=1

N

gen

i

�

MC

i

P

m

i=1

N

gen

i

=

P

m

i=0

�

i

m

=< � > : (B.11)

Remark: For the total ross-setion the total eÆieny may be used and therefore

the onstant an be employed. But for the orretion of di�erential ross-setion the

bin-wise eÆieny has to be applied!

2. If the eÆieny is onstant: �

i

= Const, then the total eÆieny is the same onstant:

�

MC

tot

=

P

m

i=1

N

gen

i

�

MC

i

P

m

i=1

N

gen

i

= Const (B.12)

In this ase a onstant eÆieny an be used for the total and for the di�erential

ross setion.

3. In the following it is shown that if the measured data and reonstruted MC distri-

butions agree on the bin level, N

DATA

i

(measured) = N

MC

i

(re), the total eÆieny

an be obtained as a ratio of N

MC

total

(re) and N

MC

total

(gen) aording to the expression

B.2.

In analogy to B.6 and using B.8 one an write down an equation for the eÆieny �

obtained for the data and the MC in the i-th bin :

�

i

=

N

DATA

i

(measured)

N

DATA

i

(true)

=

N

MC

i

(re)

N

MC

i

(gen)

(B.13)

where N

DATA

i

(true) is the number of events in the i-th bin in the data sample whih

are expeted to be true physis events. Sine the data and MC distributions are

assumed to be the same, N

DATA

i

(measured) = N

MC

i

(re), and using B.13 one gets

an equality of DATA and MC distributions on the generator level N

DATA

i

(true) =

N

MC

i

(gen), too. Then for the total eÆieny one gets:

�

DATA

tot

=

P

m

i=0

N

DATA

i

(true)�

i

P

m

i=0

N

DATA

i

(true)

=

P

m

i=0

N

DATA

i

(true)

N

MC

i

(re)

N

MC

i

(gen)

P

m

i=1

N

MC

i

(gen)

=

N

MC

total

(re)

N

MC

total

(gen)

(B.14)

The advantage of this method is that there is no neessity to determine the eÆ-

ieny as a funtion f(x) whih is useful in the ase of low (data or MC) statistis.

Therefore if the MC does not desribe the data distributions and the statistis in

the data is very low, it is neessary to reweight the MC distributions by a weight

w

i

= N

data

i

(measured)=N

MC

i

(re) aording to data distributions for all unorre-

lated variables whih are used for the analysis uts.
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4. Now it will be shown that the eÆieny, obtained as a funtion of x (or bine-wise

if one treat with the histograms), does not depend on the agreement/disagreement

between data and MC distributions. In this ase more pratial way then to alu-

late the total eÆieny by formula B.10 is to get N

signal

using expressions B.3 and

B.4.

Assuming that the data and MC spetra do not agree in the bin i, N

DATA

i

(measured) 6=

N

MC

i

(re) one obtains the fators w

re

i

and w

gen

i

:

w

re

i

=

N

DATA

i

(measured)

N

MC

i

(re)

w

gen

i

=

N

DATA

i

(true)

N

MC

i

(true)

(B.15)

Going bak to B.8 one gets:

w

gen

i

= w

re

i

: (B.16)

Eq. (B.15) an be generalized to arbitrary weights w

i

. Important is the equality

between w

gen

i

and w

re

i

whih anel in the eÆieny alulations:

�

i

=

N

MC

i

(re)w

re

i

N

MC

i

(gen)w

gen

i

=

N

MC

i

(re)

N

MC

i

(gen)

(B.17)

Sine it is ful�lled for any bin the eÆieny does not depend on the agreement or

disagreement of the data and MC distributions. The data are then orreted by the

following:

N

DATA

true

=

n

X

i=1

N

DATA

i

(measured)

�

i

(B.18)

The disadvantage of this method is the need for high statistis if the eÆieny

depends on several unorrelated variables.

5. Going from the ontinuous funtion �(x) to the disrete one, �

i

, the error due to �nite

bin size has to be taken into aount in the systematis. Therefore it is onvenient

to hoose the bin size reasonably small.

B.2 EÆieny as a Funtion of two Variables x and y

Now one assumes that the eÆieny depends on two variables x and y, � = �(x; y). If x

and y are unorrelated, fatorization is possible:

�(x; y) = �(x) �(y): (B.19)

In this ase the eÆieny is alulated in the two dimensional plane x�y. If the number of

bins in the x distribution is m

1

and m

2

in the y distribution, the number of the bine-wise

determined eÆienies is m

1

�m

2

:
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B
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�

�
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�
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: : : �

1m
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�
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: : : �
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C

C
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(B.20)
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The onsequenes from the study of the one-dimensional ase are also valid here.

B.3 Summary on the EÆieny Calulation

In the more general ase one assumes n unorrelated variables and the total number of

bins is m

1

�m

2

� : : : m

n

= m

tot

. From the shown examples one sees two possibilities how

to orret the data:

1. The data are orreted by the total eÆieny alulated as:

�

DATA

tot

=

N

MC

total

(re)

N

MC

total

(gen)

(B.21)

In this ase an agreement between the MC and data distributions is required.

2. The eÆieny is determined bin-wise aording to:

�

bin

=

N

MC

bin

(re+ all analysis uts)

N

MC

bin

(gen)

(B.22)

and the data are then orreted by:

N

DATA

true

=

m

tot

X

bin=1

N

DATA

bin

(measured)

�

bin

(B.23)

entering the ross setion alulation as:

� =

N

DATA

true

L

: (B.24)

In this ase no requirement on the agreement of the distributions between data and

MC is employed. Only enough statistis for reasonable binning is neessary.

� General remark: It is assumed that the number of generated entries in all bin is

always positive and the bins with no entries have to be exluded for eÆieny deter-

mination.

Due to the very poor statistis for the measured signal the method two an not be employed

and the �rst method (eq. B.21) had to be used. Therefore the Monte Carlo distributions

had to be reweighted aording to the data distributions whih is shown in the next

hapter.
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Appendix C

Reweighting of the Monte Carlo

Generator ToyGen

Due to a poor statistis of the data sample in this analysis it is not possible to determine

the eÆieny bine-wise, desribed in the seond method in the previous hapter (Appendix

B). Therefore the data has to be orreted by the total eÆieny de�ned by relation B.2.

It requires an agreement between the data and Monte Carlo for all `unorrelated' distri-

butions on whih the analysis uts have been applied. The signal Monte Carlo model

employed in this analysis is ToyGen. But sine ToyGen with original parameters does

not produe the partiles in the region where the data are seen, the ux-fator and the

kinematial onstraints at the photon vertex have been hanged. The proedure is de-

sribed in hapter 3.1. ToyGen after this modi�ations is alled ToyGenMod. Afterwards

the regions are populated, but the distributions do not agree with the data. Therefore

ToyGenMod will be reweighted whih is desribed in the following for the � � �

0

and

�

0

� 2trak sample, respetively.

C.0.1 Reweighting of ToyGenMod aording to the Distributions of the

� � �

0

Sample

The data and simulated distributions will be ompared for the variables that are restrited

by uts in this analysis (summarized in table 4.13): luster energy, hottest luster energy,

radius of the luster, radial distane of the luster, transverse momentum of the trak, po-

lar angle of the trak and rapidities of the � and �

0

mesons, respetively. The omparison

of all this distributions between the data and ToyGenMod is shown in �g. C.1 a) - h).

The data are represented by the dots and ToyGenMod by the histogram. One observes

reasonable agreement for the luster properties and a small di�erene in the distribution

of the rapidity of the � meson. On the other hand the spetra of the �

0

and trak proper-

ties show signi�ant di�erenes. The polar angle of the traks and the rapidity of the �

0

meson are at in ToyGenMod while in the data they are peaked at the edge of the CJC-

SpaCal aeptane. Due to this large disrepany it was deided that the ToyGenMod

distributions will be reweighted aording to the rapidities of the � and �

0

mesons and the

rapidity di�erene between them. Sine the �

0

rapidity and the polar angle of the trak

are orrelated, no additional weighting is applied. Sine the eÆieny strongly depends

on the � and �

0

rapidities, also the rapidity di�erene has been taken into aount in the

weighting proedure.
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Sine it is assumed that the PythiaMod reasonably desribes the bakground, the dif-

ferene between the data and PythiaMod is expeted to represent the signal. Therefore

ToyGenMod has been weighted aording to this di�erene. It is assumed that due to the

at distribution of the �

0

rapidity the weighting aording to Y

�

and Y

�

0
is independent.

The weighting proedure has been performed in the four following steps:

1) rapidity of the � meson: Y

DATA

�

� Y

PythiaMod

�

2) rapidity of the �

0

meson: Y

DATA

�

0

� Y

PythiaMod

�

0

3) rapidity di�erene of the �

0

and � mesons: (Y

�

0
� Y

�

)

DATA

� (Y

�

0
� Y

�

)

PythiaMod

4) trak-trak mass m

tt

aording to the RBW

(C.1)

Due to the steps 1)� 3) of the reweighting proedure the trak� trak mass distribution

is a�eted. Therefore, to avoid higher statistial unertainties the reweighting aording

to a P -wave relativisti Breit-Wigner funtion is performed at the end of the reweighting

proedure. The reweighted ToyGenMod is alled ToyGenModW.

After the omplete weighting proedure the orresponding distributions are shown in �g.

C.2. One observes reasonable agreement between the data and ToyGenModW in all the

harateristi distributions.

C.0.2 Reweighting of ToyGenMod aording to the Distributions of the

�

0

� 2 trak Sample

The reweighting proedure of the ToyGen MC generator for the distributions generated

for the �

0

� 2 traks sample has been performed analogously to the � � �

0

sample. The

major di�erene are: a) the ross setion is determined for the �

0

� 2 traks prodution

with any origin whih means that the ToyGen events were weighted aording to the data

and not the di�erene between data and bakground MC. b) Due to the absene of the �

0

signal the events were weighted aording to the mass distribution measured in the data.

The rest of the reweighting proedure remains the same:

1) rapidity of the �

0

meson: Y

DATA

�

0

2) rapidity of the 2 traks system: Y

DATA

tt

3) rapidity di�erene of the �

0

and �: (Y

tt

� Y

�

0)

DATA

4) trak-trak mass m

tt

aording to the m

DATA

tt

(C.2)

The respetive distributions of data with omparison with simulation before and after

weighting proedure are shown in �gures C.3 and C.4. The ToyGenMod reweighted by the

proedure is alled ToyGenModW. However in the reweighting proedure the event at Y

t

�

0:25 with very high weight whih is responsible for high utuations in all distributions

(i.e at Y

�

0
� �2:65 in the Y

�

0
distribution) have been `downgraded' to the event with the

weight one in order to avoid high unertainties for the eÆieny determination. Comparing

the data and ToyGenModW distributions one observes reasonable agreement and the same

tendeny of both distributions.
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Figure C.1: Charateristi distributions of ToyGenMod for � � �

0

sample:

a) luster energy, b) hottest luster energy, ) radius of the luster, d) radial

distane of the luster from the beam line, e) transverse momentum of the

traks, f) polar angle of the traks and rapidities of the g) � and h) �

0

mesons,

respetively.
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Figure C.2: Charateristi distributions of ToyGenModW for �� �

0

sample:

a) luster energy, b) hottest luster energy, ) radius of the luster, d) radial

distane of the luster, e) transverse momentum of the trak, f) polar angle of

the trak and rapidities of the g) � and h) �

0

mesons, respetively.
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Figure C.3: Charateristi distributions of ToyGenMod for �

0

� 2trak sam-

ple: a) luster energy, b) hottest luster energy, ) radius of the luster, d)

radial distane of the luster from the beam line, e) transverse momentum of

the traks, f) polar angle of the traks and rapidities of the g) �

0

meson and

h) trak � trak system, respetively.



128 Appendix C. Reweighting of the Monte Carlo Generator ToyGen

 [GeV]clE
0 2 4 6 8 10 12 14 16 18 20

N

0

20

40

60

80

100

120

140

ToyGenModW

data

 [GeV]hotE
0 2 4 6 8 10 12 14 16 18 20

N

0

20

40

60

80

100

120

ToyGenModW

data

a) b)

 [cm]clR
0 0.5 1 1.5 2 2.5 3 3.5 4

N

0

20

40

60

80

100

120

ToyGenModW

data

 [cm]clRD
0 10 20 30 40 50 60 70 80

N

0

20

40

60

80

100

120

140

160

180
ToyGenModW

data

) d)

 [GeV]tp
0 0.5 1 1.5 2 2.5

N

0

20

40

60

80

100 ToyGenModW

data

]
o

 [trackθ
0 20 40 60 80 100 120 140 160 180

N

0

20

40

60

80

100
ToyGenModW

data

e) f)

 [GeV]0π
Y

-4 -3.5 -3 -2.5 -2 -1.5

N

0

20

40

60

80

100
ToyGenModW

data

 [GeV]ttY
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

N

0

20

40

60

80

100

ToyGenModW

data

g) h)
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