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Abstrat

The topis of this thesis are the analyses of exlusive photoprodution of !- and

f

2

-mesons at mean p entre of mass energies of hW i � 200 GeV at HERA.

The former proess is thought to be indued by photon-Pomeron interations, and

its ross setion is measured to be �(p ! !p) = (1:3 � 0:2(stat) � 0:2(syst))�b,

where the deay ! ! �

0

 ! 3 is used to analyse the events. The di�rative slope

b desribing the exponential fall of d�=djtj / exp(�bjtj) is measured by analysing

the aeptane orreted di�erential distribution dN=djtj. The value found for this

parameter amounts to b = (10:7 � 1:1(stat) � 2:0(syst)) GeV

�2

. The orreted

di�erential ross setion d�=djtj is also found to be in aordane with the predition

of the Stohasti Vauum Model for �

0

-photoprodution saled by a fator of 2=9.

The deay angular distributions dN=d os#

�

and dN=d'

�

are found to be ompatible

with s-hannel heliity onservation.

The preditions of the Stohasti Vauum Model for Odderon indued f

2

-

photoprodution of 21 nb annot be on�rmed, but a 95 % on�dene level upper

limit on the ross setion of �(p ! f

2

X) < 12:4 nb is given. The ontributions

of the f

2

are looked for in the �

0

�

0

mass spetrum, where the f

2

is thought to

ontribute via its deay f

2

! �

0

�

0

! 4.

Zusammenfassung

Thema dieser Arbeit ist die Analyse exklusiver Photoproduktion der Mesonen ! und

f

2

bei einer mittleren p-Shwerpunktsenergie von hW i � 200 GeV bei HERA.

Von ersterem Proze� wird angenommen, da� er durh Photon-Pomeron Wehsel-

wirkung vermittelt wird. F�ur den entsprehenden Wirkungsquershnitt wird �(p!

!p) = (1:3�0:2(stat)�0:2(syst))�b gemessen, wobei der Zerfall ! ! �

0

 ! 3 zur

Analyse der Ereignisse verwendet wird. Die logarithmishe Steigung b, die den ex-

ponentiellen Abfall d�=djtj / exp(�bjtj) des di�erentiellen Wirkungsquershnitts

harakterisiert, wird durh die Analyse der akzeptanzkorrigierten di�erentiellen

Verteilung dN=djtj gemessen. Der Wert, der f�ur diesen Parameter gefunden wird,

betr�agt b = (10:7� 1:1(stat)� 2:0(syst)) GeV

�2

. F�ur den korrigierten di�erentiellen

Wirkungsquershnitt d�=djtj wird auh

�

Ubereinstimmung mit einer Vorhersage des

Modell des Stohastishen Vakuums f�ur �

0

-Photoproduktion gefunden, wobei diese

mit einem Faktor 2=9 versehen wird. F�ur die Zerfallswinkelverteilungen dN=d os#

�

und dN=d'

�

wird Vertr�aglihkeit mit s-Kanal-Helizit�atserhaltung gefunden.

Die Vorhersage des Modells des Stohastishen Vakuums von 21 nb f�ur Odderon-

induzierte f

2

-Photoproduktion kann niht best�atigt werden, sondern es wird auf

einem Kon�denz-Niveau von 95 % eine obere Grenze f�ur den Wirkungsquershnitt

von �(p ! f

2

X) < 12:4 nb angegeben. Die Beitr�age des f

2

's werden im �

0

�

0

-

Massenspektrum gesuht, in dem das f

2

�uber seinen Zerfall f

2

! �

0

�

0

! 4 beitra-

gen soll.
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Introdution

The subjet of this thesis is the analysis of exlusive photoprodution of the mesons ! and

f

2

at HERA using the H1 detetor. Both mesons are analysed in purely photoni �nal

states, namely ! ! �

0

 ! 3 and f

2

! �

0

�

0

! 4, respetively, and thus allow for a good

measurement of the energies of the deay-produts in the H1-bakward eletromagneti

alorimeter SpaCal. The former analysis stands in a long tradition of experiments and the

latter is an (interim) ompletion of searhes performed by the H1-group at the Kirhho�-

Institut f�ur Physik.

The tradition of vetor meson photoprodution goes bak to end of last entury's sixties.

As the theory of strong interations was laking in these times phenomenologial presrip-

tions were used to desribe the data. The main ingredients of this phenomenology have

been Regge theory and vetor meson dominane. This has not hanged sine the advent

of QCD as mirosopi theory of strong interations, beause QCD is not appliable in

these reations sine the strong oupling onstant is in general not small enough for the

perturbation series to onverge. Though in some ases perturbation theory an be applied,

when either some hard sale is present, or in the ase when heavy mesons are involved

the mass sets the sale. For these ases it has been possible to obtain a presription of

the proesses based on perturbative QCD and allows to some extend to link the onepts

used in Regge theory with the fundamental degrees of freedom of QCD, namely gluons.

Regge theory has been very suessful in desribing the behaviour of ross setions by

the notion of the exhange of trajetories, whih are attributed to spei� partiles. But

one of these trajetories annot be assoiated with any known partile, and this Pomeron

trajetory { as it is alled { was introdued to desribe the rise of the ross setion at large

energies. It is ommonly believed that the Pomeron is assoiated with gluoni degrees of

freedom and thus one antiipates glue-balls to lie on this trajetory. In a similar way, a

further trajetory was introdued with odd C-parity as opposed to the Pomeron whih is

even under C-parity, and therefore this trajetory was named Odderon.

In ontrast to the Pomeron that rests on solid experimental and to some extend also on

theoretial grounds, the Odderon has not been observed in soft proesses so far, though

in perturbative QCD both the Odderon and the Pomeron appear equally, respetively as

the exhange of three and two gluons.

In this ontext this thesis is settled: The ! is thought to be produed by Pomeron indued

p interation and the f

2

by Odderon indued reations. And the piture skethed in the

previous paragraph is on�rmed anew. The Pomeron proess is on�rmed within the

expetations of Regge theory and vetor meson dominane, in ontrast to the Odderon

where only a limit on the ross setion for exlusive f

2

photoprodution an be given.

This work is a further piee in the mosai drawn by the various measurements and phe-

nomenologial presriptions of soft QCD. And the hope is that the sum of all the piees

somewhen may give a piture, where the whole is more than just the sum of its parts.

1



2 Introdution

In the �rst hapter the physis bakground is skethed and some phenomenologial models

are briey disussed. The seond hapter gives a short desription of the H1 detetor. The

third hapter is onerned with the basi event seletion, the strategy of the trigger and

how it is simulated and the reonstrution of the kinemati variables used in the analyses

presented. Before the atual analyses a hapter desribing the Monte Carlo models used

to desribe the expeted signals and bakground soures is inluded as hapter four. The

following two hapters present the analyses of the ! and the f

2

meson, where in hapter

�ve the ross setion for exlusive !-photoprodution at a mean photon-proton entre of

mass energy of 200 GeV is measured, the di�erential ross setion d�=djtj for events in the

!-mass region is �tted to determine the di�rative slope and it is ompared to a predition

of the Stohasti Vauum Model. This is followed by �tting the deay angular distributions

with the expetations of s-hannel heliity onservation. Before summarising this hapter

a disussion of the systemati unertainties is given. The next hapter is onerned with

the exlusive photoprodution of f

2

-mesons mediated by Odderon exhange. The struture

of this analysis is analogous to the one presented in the previous hapter, but no ross

setion an be measured, but a limit on the prodution is derived instead. This work

loses with a summary of the �ndings of this thesis and ombines them with the results

obtained in [1, 2, 3℄. There, also onlusions are drawn and some questions are raised.

Perspetives and possibilities of how to gain more insight in the future are given.



Chapter 1

Physis Bakground

1.1 Kinematis

At HERA eletrons

1

are sattered o� protons having four-momenta of

k = (27:55; 0; 0;�27:55) GeV ; p = (820; 0; 0; 820) GeV ; (1.1)

respetively

2

, de�ning the z-diretion of H1 oordinate system as the diretion of ight of

the inoming proton. Here and in the following units are used where ~ =  = 1.

For single photon exhange kinematis at HERA an be fully desribed by the invariants

s; x; y and Q

2

, de�ned as

s = (k + p)

2

(1.2)

Q

2

= �q

2

= �(k � k

0

)

2

(1.3)

x =

Q

2

2 kp

(1.4)

y =

pq

kq

; (1.5)

where

p

s = 301 GeV is the entre of mass energy, x is the Bjorken saling variable,

giving the longitudinal momentum fration of the parton in the proton that enters the

interation with the exhanged vetor boson. The other variable introdued by Bjorken

is y, alled inelastiity, as in the rest frame of the proton it gives the relative amount of

energy transferred from the eletron on the proton. Both x and y are restrited to values

2 [0; 1℄. If x = 1 the sattering ours elastially. The virtuality Q

2

is a measure of the

o�-shellness of the exhanged boson and an be interpreted as a measure of the strength

of the interation. By means of the Heisenberg unertainty priniple Q

2

is related to the

resolution, i.e. a photon an resolve distanes down to d � 1=

p

Q

2

.

Often a further variable is used: the entre of mass energy squared of the system onsisting

of the exhanged boson and the proton,

W

2

= (q + p)

2

: (1.6)

Kinematis gets more ompliated, if aside from the boson on the lepton side, a further

boson from the proton side is emitted { be it another photon, a gluon or something else.

1

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

2

In 1998 the proton energy was inreased to 920 GeV.

3



4 Chapter 1. Physis Bakground

Then, 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� p

0

)

2

: (1.7)

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

2

= �Q

2

.

The four variables s; x; y and Q

2

de�ned in equations (1.2) { (1.5) are not independent of

eah other, but obey the relation

Q

2

= xys ; (1.8)

where masses have been negleted.

In the analyses presented in hapters 5 and 6 the variable � will be exploited, whih is

de�ned as

� =

X

i

p

0

i

� p

3

i

=

X

i

p

�

i

=

X

i

(E � p

z

)

i

; (1.9)

where the sum runs over all partiles i in the �nal state. The upper indies denote Lorentz-

indies aording to the notation used in [4℄ and the supersript `�' indiates the minus-

omponent of the respetive light-one vetor. Due to energy-momentum onservation its

value is twie the eletron beam energy, namely 55 GeV as in the initial state, where the

orresponding sum runs over the eletron and proton only.

� � �(�nal state) = �(initial state) = (k

0

� k

3

)

| {z }

55GeV

+ (p

0

� p

3

)

| {z }

0

= 55 GeV ; (1.10)

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

1.2 Eletron Proton Sattering

The lowest order diagram of eletron-proton

p (p)
X (p’)

γ (q)
e (k)

e (k’)

Figure 1.1: A shemati diagram of the

sattering of an eletron o� a proton.

sattering (ep-sattering for short) is shown in

�gure 1.1, where the inoming eletron emits

a virtual photon with four-momentum q =

k � k

0

, that subsequently interats with the

proton, indiated by the blob. The satter-

ing may proeed elastially where the pro-

ton remains intat or inelastially where it

emerges into an N partile �nal state X with

m

2

X

= (p+ q)

2

= (

P

N

n=1

p

n

)

2

� W

2

. Follow-

ing [4℄ one an write down the general stru-

ture of the total ross setion as:

d

2

�(ep! eX)

dE

0

e

d


�

�

�

�

Lab

=

4��

2

q

4

L

��

W

��

; (1.11)

with the �ne struture onstant � = e

2

=4�, and where L

��

and W

��

denote the leptoni

and hadroni tensor, respetively.

L

��

=

1

2

X

s;s

0

hejj

�

je

0

ihe

0

jj

�

jei (1.12)

W

��

=

1

4�m

p

X

N

"

1

2

X

s

(

N

Y

n=1

Z

d�

n

X

s

n

hpjJ

�

jX

n

ihX

n

jJ

�

jpi

)#

�(2�)

2

Æ(p+ q � p

0

) (1.13)
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The following onventions were used: jei (je

0

i) denotes the inoming (outgoing) eletron

with momentum k and spin s (k

0

and s

0

, respetively). The leptoni urrent j

�

is given

by

j

�

= e�u(k

0

; s

0

)

�

u(k; s) ; (1.14)

with spinors u, �u for inoming and outgoing eletron, respetively. The struture of

the hadroni tensor is similar, but more general, namely all possible �nal states X

n

are

summed up. Therefore the sum over the spins is split and done for eah of the N partile

�nal states. In analogy to the leptoni tensor the inoming state is denoted by jpi with

momentum p and spin s, and the �nal state by jX

n

i with momentum p

0

=

P

N

n=1

p

n

and

spins s

n

. The phase spae integration is arried out over the Lorentz invariant phase spae

element

Q

N

n=1

d�

n

with d�

n

=

d

3

p

n

(2�)

2

p

0

n

. For the hadroni transition urrent an analogous

onstrution as in equation. (1.14) is possible only for the elasti ase, i.e.

P

jX

n

i = jp

0

; s

0

i,

then J

�

an be written as

J

�

= e�u(p

0

; s

0

)�

�

u(p; s) with �

�

= F

1

(q

2

)

�

+

�

2m

p

F

2

(q

2

)�

��

q

�

; (1.15)

and �

��

= [

�

; 

�

℄, and where F

1

and F

2

are the form fators of the proton, related to the

harge and magneti moment distributions, respetively, via Fourier transformations.

In the ase of inelasti sattering, there is no simple analogy, but a more general form of

the hadroni tensor W

��

has to be onstruted out of the independent momenta p and q

and the metri tensor g

��

. The most general ansatz that one is led to involves four terms

made up of g

��

and produts of p and q and salar funtions W

i

(�; q

2

) with � = pq= m

p

.

Employing urrent onservation the number of independent terms an be redued to two:

W

��

= W

1

�

q

�

q

�

q

2

� g

��

�

+W

2

1

m

2

p

�

p

�

�

pq

q

2

q

�

��

p

�

�

pq

q

2

q

�

�

: (1.16)

Combining all, one an write the ross setion for the three ases: (1) elasti sattering

o� a strutureless proton (Dira proton) (2) elasti sattering of a real proton and (3)

inelasti sattering in a generi form:

d

2

�(ep! X)

dE

0

e

d


�

�

�

�

Lab

=

4�

2

E

02

e

q

4

�

A

i

os

2

#=2 + 2B

i

sin

2

#=2

�

; (1.17)

where an energy onserving Æ

�

� �

q

2

2m

p

�

has to be multiplied in the ase of elasti sat-

tering. The oeÆients A

i

and B

i

are listed in table 1.1

For the inelasti ase it is ommon to rewrite the ross setion (1.17) di�erential in terms

of the invariants x and Q

2

instead of E

0

e

and 
 and to replae the W

i

by the struture

funtions

3

F

i

:

m

p

W

1

(�; q

2

) ! F

1

(x;Q

2

) and �W

2

(�; q

2

) ! F

2

(x;Q

2

) : (1.18)

The ross setion (1.17) then beomes

d

2

�(ep! X)

dxdQ

2

=

4��

2

xQ

4

�

y

2

xF

1

(x;Q

2

) + (1� y)F

2

(x;Q

2

)

�

(1.19)

=

2��

2

xQ

4

�

(1 + (1� y)

2

)F

2

(x;Q

2

)� y

2

F

L

(x;Q

2

)

�

; (1.20)

3

not to be onfused with the dipole form fators F , whih depend on q

2

only, but not on q

2

and x.
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i A

i

B

i

1 1 �

2

G

2

E

+ �G

2

M

1 + �

�G

2

M

3 W

1

(�; q

2

) W

2

(�; q

2

)

with � = �q

2

=4m

2

p

Table 1.1: The oeÆients A

i

and B

i

for the three types of ep-

sattering: The three ases of ep-sattering desribed by equation (1.17) are

given for i = 1 elasti sattering o� a Dira-like proton, i = 2 elasti sattering

o� a real proton and for i = 3 deeply inelasti sattering.

where in equation (1.20) the longitudinal struture funtion F

L

(x;Q

2

) was introdued. F

L

is de�ned as the deviation of the Callan-Gross relation

F

L

(x;Q

2

) = F

2

(x;Q

2

)� 2xF

1

(x;Q

2

) : (1.21)

In the naive quark parton model, where the proton is assumed to onsist of three spin

1=2-partons only, the Callan-Gross relation reads

F

2

(x;Q

2

) = 2xF

1

(x;Q

2

) ) F

L

(x;Q

2

) � 0 : (1.22)

1.2.1 The Connetion between ep- and p Sattering

Writing down the total ross setion for (real) photons sattering o� protons, one is led to

a struture that has a striking similarity ompared to the eletron proton ross setion:

�

tot

(p! X) =

4�

2

�

K

�

�

�

�

�

W

��

; (1.23)

where W

��

is the same hadroni tensor as in setion 1.2, �

�

is the polarisation vetor of

the inoming photon and K = � = qp=m

p

is related to the ux (4m

p

K) of the photons,

and equals the energy of the photon in the proton rest frame. In general, one has to keep

in mind that the atual photons are not real, but have a �nite virtuality. Therefore the

onept of a photon ux has to be adapted to virtual photons. A usual onvention is to

hoose K in a way, suh that

W

2

= (p+ q)

2

= m

2

p

+ 2m

p

K (1.24)

holds also for virtual photons. For real photons W

2

is given by equation (1.24) while for

virtual photons equation (1.24) has to be replaed by

W

2

= m

2

p

+ 2pq + q

2

: (1.25)

Requiring 2m

p

K

!

= 2pq + q

2

leads to

K =

pq

m

p

+

q

2

2m

p

= � +

q

2

2m

p

(1.26)

In ontrast to real photons a virtual photon may also have longitudinal polarisation,

resulting in the fat that there is a ross setion for transversely polarised photons �

T

and
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one for longitudinally polarised photons �

L

, and the total ross setion is given by their

sum:

�

tot

(p! X) = �

T

+ �

L

; (1.27)

with

�

�

= �

��

�

�

��

�

W

��

and (1.28)

�

�

=

8

>

>

<

>

>

:

�

r

1

2

(0; 1;�i; 0) � = �1

1

p

Q

2

�

p

�

2

+Q

2

; 0; 0; �

�

� = 0

: (1.29)

Evaluating equations (1.28) by means of equations (1.29) and the deomposition (1.13) of

the hadroni tensor, one obtains

�

T

(x;Q

2

) =

4��

2

Q

2

2xF

1

(x;Q

2

) and (1.30)

�

L

(x;Q

2

) =

4��

2

Q

2

" 

1 +

4m

2

p

x

2

Q

2

!

F

2

(x;Q

2

)� 2xF

1

(x;Q

2

)

#

; (1.31)

respetively, where the struture funtions W

i

were replaed by the orresponding F

i

and

were expressed in terms of x and Q

2

instead of � and q

2

. Remembering the onstrution

of the longitudinal struture funtion F

L

= F

2

�2xF

1

, one reognises that the longitudinal

ross setion is proportional

4

to F

L

justifying a posteriori the naming of F

L

as longitudinal

struture funtion.

To express the relation between ep- and p-sattering, it is ommon to express the ep ross

setion (1.19) di�erential in y and Q

2

:

d

2

�(ep! X)

dy dQ

2

=

�

2�

1

yQ

2

�

(1 + (1� y)

2

)

| {z }

f

T

=e

�

T

+ 2(1 � y)

| {z }

/f

L

=e

�

L

�

(1.32)

= f

T

=e

�

T

+ f

L

=e

�

L

; (1.33)

de�ning the transverse and longitudinal ux fators f

T

=e

and f

L

=e

, respetively, giving the

probability to �nd a photon \inside" an eletron with inelastiity y at a given virtuality Q

2

.

In pratie, it was found that the eletron mass is not to be negleted when the eletron

and hadron tensors are ontrated. The transverse ux fator is modi�ed with a term

proportional to the eletron mass squared and Q

2

. The former dependene is expressed

through Q

2

min

= y

2

m

2

e

=(1 � y) whih is the minimal virtuality kinematially allowed:

f

T

=e

=

�

2�

1

yQ

2

�

1 + (1� y)

2

� 2(1 � y)

Q

2

min

Q

2

�

(1.34)

f

L

=e

=

�

2�

1

yQ

2

2(1� y) (1.35)

1.3 Kinematial Regimes

At HERA there are essentially two large kinemati regimes, onneted by a transition

region:

4

exept for 4m

2

p

x

2

=Q

2

, whih is small as x� 1



8 Chapter 1. Physis Bakground

1. Photoprodution, where the virtuality is small and

2. the regime of deeply inelasti sattering (DIS), where Q

2

is large and perturbative

methods are appliable, sine the virtuality sets the sale of the proess, and for

Q

2

& 1 GeV

2

the oupling onstant of the strong interation beomes suÆiently

small for a perturbative expansion to onverge.

3. The transition region in between the above is of great theoretial interest, sine there

the interplay between soft and hard physis an be studied and therefore great e�orts

are undertaken experimentally to ollet data from the transition region.

In the following a brief desription of deep inelasti sattering and related physis is

presented, followed by a review on photoprodution.

1.4 Deep Inelasti Sattering

When the virtuality of the exhanged photon is

p (p)

γ (q)e (k)

e (k’)

Figure 1.2: The deeply inelasti

sattering of an eletron o� a pro-

ton: The eletron emits a photon that

subsequently hits a parton that is kiked

out of the proton. Hadronisation is in-

diated as the reation a of quark anti-

quark pair.

large enough, the resolution beomes suÆient to

diretly probe the proton's harged onstituents.

In this ase the momentum transferred to this

parton is too large, suh that it an no longer

be bound inside the proton, but is \kiked" out.

This is shown shematially in �gure 1.2. Due

to on�nement the struk parton annot exist

freely as it arries olour harge and on�ne-

ment requires strongly interating partiles to

form olourless objets { hadrons. A proess

alled hadronisation sets in, providing olour neu-

trality by the reation of quark anti-quark pairs

in between the struk parton and the proton rem-

nant until only olour neutral objets exist.

As both the eletron and the harged partons

arry eletri and weak harges, at virtualities

large enough weak exhange starts to ontribute.

Large virtualities means that the propagator P

2

=

q

4

=(q

2

+ M

2

Z=W

)

2

for the weak exhange is no

longer suppressed i.e.

p

Q

2

� M

Z=W

� 80 GeV. Depending on the harge of the ex-

hanged boson one distinguishes between neutral and harged urrents:

neutral urrent:

ep

;Z

0

�! e

0

X

harged urrent:

ep

W

�

�!

(�)

�

e

X

; (1.36)

where depending on the harge of the eletron and thus of the exhanged W the �nal state

lepton is the neutrino or anti-neutrino. For these high virtualities the ross setion (1.20)

has to be modi�ed to inorporate the weak exhange. This is done by introduing the

struture funtion F

3

(x;Q

2

) and to the ross setion (1.20) a term �(1�(1�y)

2

)xF

3

(x;Q

2

)

is added, where the sign depends on whether positrons (+) or eletrons (�) satter o� the

proton.



1.5. Photoprodution 9

In leading order (LO) QCD the struture funtions F

i

read

F

2

(x;Q

2

) = x

X

q

A

q

�

q(x;Q

2

) + �q(x;Q

2

)

�

(1.37)

xF

3

(x;Q

2

) = x

X

q

B

q

�

q(x;Q

2

)� �q(x;Q

2

)

�

(1.38)

F

L

(x;Q

2

) = 0 ; (1.39)

where the sum runs over all quark avours kinematially aessible (u; d; s; ; b). The

quark density funtions q(x;Q

2

) dxdQ

2

yield the probability to �nd a quark with mo-

mentum fration x

0

2 [x; x + dx℄ given a resolution Q

02

2 [Q

2

; Q

2

+ dQ

2

℄. Analogously,

�q(x;Q

2

)dxdQ

2

) denote the density funtions for anti-quarks.

The weight fators A

q

(Q

2

) and B

q

(Q

2

) are the sum of the harges that the respetive

quarks arry and to whih the exhange boson of either eletromagnetism or weak exhange

ouple:

A

q

(Q

2

) = e

2

q

� 2v

e

e

q

v

q

P (Q

2

) + (v

2

e

+ a

2

e

)(v

2

q

+ a

2

q

)P

2

Q

2

!0

�! e

2

q

(1.40)

B

q

(Q

2

) = �2a

e

e

q

a

q

P (Q

2

) + 4v

e

a

e

v

q

a

q

)P

2

Q

2

!0

�! 0 ; (1.41)

with the eletri harge e

q

, and the harges of the vetor and axial vetor urrents v

q

and

a

q

of the weak interation, respetively.

1.5 Photoprodution

Photoprodution events lie in that region of phase spae where the virtuality is (vanish-

ingly) small, suh that the sattering may be interpreted as sattering of quasi real photons

o� protons. This ours if the sattering angle vanishes.

In this limit the di�erential ep ross setion is given by the total p ross setion times

the ux of transversely polarised photons sine �

T

Q

2

!0

�! �

tot

(p! X) as �

L

Q

2

!0

�! 0

d

2

�(ep! X)

dy dQ

2

= f

T

=e

�

tot

(p! X) : (1.42)

When dealing with photoprodution at HERA, one is more interested in the atual p

ross setion though the measurement yields an ep ross setion. By virtue of equation

(1.42) one an onvert a measured ep ross setion into a p ross setion. This is done

by integrating over Q

2

and y:

�(ep! X) =

Z

dy

Z

dQ

2

f

T

=e

�(p! X)

tot

= F

=e

�

tot

(p! X) : (1.43)

To desribe photoprodution the following model for the photon is used [5℄: Quantum

mehanis allows for fermioni utuations of the photon:  $ f

�

f , where the fermions

may be leptons ` or quarks q. The latter an interat strongly and therefore turn out to

be responsible for the major part of the total p ross setion. The hadroni spetrum of

utuations is split into a part of low virtuality and one of high virtuality

5

. The former part

5

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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an be approximated by the sum of the lowest-lying vetor mesons, while the latter should

be alulable perturbatively, if the sale k

0

separating the domains is hosen properly. The

statement that the low-virtuality part an be parametrised by a sum of vetor mesons is

the essene of the vetor meson dominane (VMD) model. This model was generalised to

inorporate a smooth behaviour between the resonanes by means of an integral over a

spetral density:

P

!

R

dmdm

0

�(m;m

0

) (f for example [6℄). These kinds of models are

alled generalised VMD models (gVMD).

With the above lassi�ation the photon an be written as

6

ji = 

0

j

0

i+

X

V=�

0

;!;�;J= 



V

jV i+

X

q=u;d;s;;b



q

jq�qi+

X

`=e;�;�



`

j`

+

`

�

i ; (1.44)

where the oeÆients 

i

in general depend on the sale � = k

?

with whih the photon is

probed:



2

i

=

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

4��

f

2

V

i = V k

?

� k

0

�

2�

2e

q

ln

�

k

2

?

k

2

0

�

i = q ; k

?

> k

0

�

2�

2

3

ln

�

k

2

?

m

2

`

�

i = `

1�

X



2

V

�

X



2

q

�

X



2

`

i = 0

(1.45)

The oeÆient for the bare photon, labelled with i = 0 is given by unitarity.

The jq�qi part of equation (1.44) an be further subdivided into two parts depending on

the relative transverse momentum k

?

of the q�q splitting relative to the photon and the

transverse momentum p

?

of the parton oming from the proton. For p

?

> k

?

the events

are haraterised as anomalous, while for p

?

< k

?

they are alled diret. This division

holds down to the above mentioned sale k

?

> k

0

separating the high virtuality domain

from the low virtuality domain. Figure 1.3 shows the de�nition of the sales k

0

, k

?

and

p

?

together with the separation of the phase spae into the above domains.

1. The VMD proesses, where the photon utuates into a vetor meson before the

interation, and thus all proesses allowed in hadroni physis shown in �gure 1.5

may our. This inludes elasti and dissoiative sattering as well as low p

?

and

high p

?

non-di�rative events.

By onstrution the VMD model allows to express this part of the ross setion

�

p

VMD

as a sum of total vetor meson proton ross setions times their respetive

ouplings:

�

p

VMD

=

X

V

4��

f

2

V

�

V p

tot

; (1.46)

where for the total vetor meson proton ross setion a phenomenologial parametri-

sation inspired by Regge theory an be used.

2. The diret proesses, where the photon interats diretly with a parton from the

proton.

In leading order these proesses onsist of the QCD Compton e�et q ! qg and

the boson-gluon fusion g ! q�q. As both proesses diverge as k

?

! 0 the lower

ut-o� k

0

is introdued.

6

The small ontribution of the � is negleted.
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p

q’

p⊥

q

k⊥

q
–

γ

k⊥

p⊥

k0

k⊥=p⊥

VMD

anomalous

direct

Figure 1.3: The sales k

?

and p

?

in photoprodution: The left part

shows an illustration of the sales k

?

and p

?

in a shemati graph of a hard

p interation. The right part shows the lassi�ation of p interations in the

(k

?

; p

?

)-phase spae.

3. The so alled anomalous proesses, where the photon splits into a high k

?

q�q pair,

and one of these subsequently interats with a parton from the proton.

This part an be expressed in terms of some sort of gVMD ross setion:

�

p

anomalous

=

�

2�

X

q

2e

q

Z

1

k

2

0

dk

2

?

k

2

?

k

2

V (q�q)

k

2

?

�

V (q�q)p

; (1.47)

where k

V (q�q)

is a model parameter that is assoiated with the typial k

?

inside the

vetor meson formed by the q�q pair.

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

sum of the respetive ross setions:

�

p

tot

= �

p

VMD

+ �

p

diret

+ �

p

anomalous

: (1.48)

1.6 Di�ration

\Di�rative sattering" is often used synonymously for \sattering with vauum exhange",

where vauum exhange means that only momentum and angular momentum may be

exhanged but no internal quantum numbers suh as isospin, baryon number, et. The

term di�rative stems from the observation of a striking similarity of the angular spetrum

d�= djtj in hadron hadron interations with the pattern of di�ration observed in optis as

an be seen in �gure 1.4. In wave optis the observed pattern an be related to properties

like the shape or opaity of the target. The shape of the target an be desribed by a

pro�le funtion, and the angular spetrum observed is related to this pro�le funtion by

a Fourier transformation. And it is thus possible to dedue the shape of the target by

the inverse transformation of the angular spetrum. This tehnique an also be used to

dedue the pro�le funtion or shape of a hadron in a high energy ollision.
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Hadroni interations are generially lassi�ed into di�rative and non-di�rative events,

where for the di�rative lass is further subdivided as shown in �gure 1.5: If both inident

partiles stay intat one speaks of elasti sattering, while, if one is exited and dissoiates

one speaks of single dissoiative di�ration. If both partiles break up, double dissoia-

tive di�ration ourred. The rest, when internal quantum numbers are exhanged, is

olletively alled non-di�rative.

This lassi�ation suggests a further de�nition

Figure 1.4: Angular spetrum

in nuleon nuleon sattering:

d�=djtj as seen in pp sattering at en-

tre of mass energies of

p

s = 23:5, 30:7,

44:7 and 62:5 GeV measured at the ISR

[7℄. The respetive ross setions were

saled by fators of 10

�6

,10

�4

and 10

�2

for better visibility.

of di�ration often used to distinguish di�ra-

tive from non-di�rative interations. It is the

fat that in di�rative interations the outgoing

partiles are strongly ollimated along the dire-

tion of ight of the inoming partiles. This

means that there is hardly any ativity in the

entral region, beause no quantum numbers are

exhanged espeially no gluons arrying olour

that through hadronisation �ll the longitudinal

phase spae. This fat an be niely expressed

in a variable named rapidity de�ned as

Y =

1

2

ln

�

E + p

z

E � p

z

�

(1.49)

or the pseudo-rapidity

� = � ln tan#=2 ; (1.50)

whih ontains the polar angle of the sattering

and is thus more intuitive. Rapidity and pseudo-

rapidity are approximately equal and for mass-

less partiles they beome idential. For massive

partiles Y and � may be used interhangeably

only for rapidities not too large, or angles not too near to either 0

Æ

or 180

Æ

, sine for the

latter, the logarithm goes to �1, while the fration of the former is still �nite.

If an elasti interation like in �gure 1.5a) ourred with an angle of # = 1 mrad for

example the respetive pseudo-rapidities of the sattered partiles are �

C=D

� �7:6, and

there is a gap of 15 units in rapidity of no ativity in between the sattered partiles. This

gave rise to the name of rapidity-gap events. This piture holds also if one or even both

partiles dissoiate di�ratively. The spike a single partile has in a rapidity distribution

is smeared out, but the width of this e�et is small ompared to the width of the gap in

between the two �nal states. This is shown shematially in �gure 1.5 below the diagrams

depiting the respetive proesses.

In general di�rative interations are soft (small sattering angle) so that there is no

hard sale available whih an be used to perform any perturbative alulations with

the result that (perturbative) QCD is not appliable and one therefore has to rely on

phenomenologial models suh as Regge theory or others.

1.6.1 Regge Theory

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

analytiity.

1. Unitarity is the assertion of onservation of probability, or in other words the prob-

ability that something happens is one, or more expliitely, if S is the operator that
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a)

Y

A

B

C

D

b)

Y

c)

Y

d)

Y

e)

Y

Figure 1.5: Event lasses in hadroni interations: a) elasti, b)+)

single dissoiative, d) double dissoiative and e) non-di�rative or minimum

bias events. Below the respetive diagrams the rapidity population of the �nal

state is indiated.

transforms an initial state jii into some �nal state jfi by jfi = Sjii, unitarity requires

S

y

S = 1l.

The optial theorem,

�

tot

=

1

s

Im[A(s; t = 0)℄ (1.51)

onneting the imaginary part of the forward sattering amplitude with the total

ross setion, is a onsequene of unitarity, as well as the Froissart bound limiting

the rise of the total ross setion.

2. Crossing symmetry is a property in relativisti �eld theory but a postulate in S ma-

trix theory. Using the Mandelstam variables s; t and u, de�ned for elasti sattering

as

s = (p

A

+ p

B

)

2

= (p

C

+ p

D

)

2

t = (p

A

� p

C

)

2

= (p

B

� p

D

)

2

u = (p

A

� p

D

)

2

= (p

B

� p

C

)

2

A

B

C

D

(1.52)

rossing allows for the identi�ation of the proess AB ! CD with the proess

A

�

C ! D

�

B or A

�

D ! D

�

C, where the barred partiles are the respetive antipartiles

with opposite momentum. Calulating the new variables labelled with a prime for
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the former and two primes for the latter proesses,

s

0

= (p

A

+ p

�

C

)

2

t

0

= (p

A

� p

�

B

)

2

u

0

= (p

A

� p

D

)

2

A

�

C

�

B

D

)

s ! t

0

t ! s

0

u ! u

0

(1.53)

s

00

= (p

A

+ p

�

D

)

2

t

00

= (p

A

� p

C

)

2

u

00

= (p

A

� p

�

B

)

2

A

�

D

C

�

B

)

s ! u

00

t ! t

00

u ! s

00

(1.54)

one an readily make the identi�ations for the so alled t-hannel reation in equa-

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

3. Analytiity laims that the amplitude desribing a spei� proess is an analyti

funtion. Knowing the analyti properties of the amplitude allows for the alulation

of the amplitude of the rossed reation by ontinuing the amplitude appropriately.

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

A(s; t) =

1

X

`

(2` + 1)a

`

(s; t)P

`

(z) ; (1.55)

where z = os# is used for brevity, the partial waves amplitudes are denoted by a

`

and

P

`

are the Legendre polynomials. Regge was interested in the behaviour of the sattering

amplitude for the proess A

�

C !

�

BD in the unphysial limit of z ! �1 that orresponds

via rossing { as Mandelstam realized { to the s-hannel reation AB ! CD for s!1, so

to say justifying a posteriori the dubious onsiderations z = os#! �1. The expansion

����

������

1 2 3 4 5 6 7-1-2-3-5-6-7 -4 0

C 12C

Re

Im

at infinity

at infinity

mr

?

Figure 1.6: The omplex ` plane and the integration ontours C

1

and C

2

.

(1.55) diverges for jzj > 1, so the trik was to drop the requirement for ` to be an integer,
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but to allow for omplex values. The generalisation of equation (1.55) for omplex ` reads

A(s; t) = �

1

2

Z

C

1

d` (2` + 1)a(`; t)

P

`

(z)

sin �`

; (1.56)

where the path of integration enloses the positive real `-axis

7

as shown in �gure 1.6.

If the integration ontour C

1

is enlarged suh that Im`!1 the ontour C

2

is obtained,

so alled Regge poles may appear. Assuming for simpliity a single pole only at ` = �(t)

with the approximate behaviour of a(`; t) = �(t)=(`� �(t)), equation (1.56) beomes

A(s; t) = �(2�(t) + 1)�(t)

P

�(t)

(z)

sin��(t)

�

1

2

Z

C

2

d` (2` + 1)a(`; t)

P

`

(z)

sin�`

; (1.57)

where the �rst term not yet present in equation (1.56) orresponds to the Regge pole with

residue �(t) whih is unknown a priori. The seond term is alled bakground term and

behaves like s

�1=2

in the s-hannel reation and thus vanishes for s!1.

By virtue of rossing these poles in the t-hannel

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

-2 -1 0 1 2 3 4

Figure 1.7: A Chew-Frautshi

plot of the �, !, � and � tra-

jetories. The spins of mesons

are plotted versus their masses squared.

Also shown is the ontinuation of the �

trajetory into the t-hannel region as

measured in �

�

p! �n [8℄

orrespond to physial resonanes in the s-hannel:

The partial wave amplitude a

IR

(`; t) of the Regge

pole an be written approximately as a Breit-

Wigner resonane funtion

a

IR

(`; t) �

�(t

r

)=�

0

R

(t

r

)

t

r

� t� i�

I

(t

r

)=�

0

R

(t

r

)

=

��

r

m

2

r

� t� i�

r

; (1.58)

if �(t) is deomposed into its real and imaginary

parts �(t) = �

R

(t)+i�

I

(t) and then expanded in

a Taylor-series about the point t

r

where �

R

(t)j

t

r

= `: �

R

(t) = `+�

0

R

(t)(t� t

r

) + � � � and �

I

(t) =

�

I

(t) + �

0

I

(t)(t � t

r

) + � � � . The resonane mass

is to be identi�ed with m

r

=

p

t

r

and the width

with �

r

= �

I

(t

r

)=(m

r

�

0

R

(t

r

)).

And indeed, if one plots the spin of the vari-

ous mesons versus their masses squared (alled

Chew-Frautshi-plot), one observes as in �gure

1.7 that they string on straight lines

�(t) = �

0

+ �

0

t (1.59)

for t in the resonane region (t > 0). These lines are alled Regge trajetories or Reggeons.

For asymptoti energies the sattering amplitude takes the form

A(s; t)

s!1

�! �(t)

�

s

s

0

�

�(t)

; (1.60)

where for the Legendre polynomials the asymptoti form P

�(t)

! e

�i��(t)

was used. So

far, only the ase of a single pole or resonane was assumed, but in the physial region

t > 0 there are more resonanes whih have in priniple to be taken into aount, thus

for the above limit the sattering amplitude is given by the sum of all resonanes with

m

2

< s.

7

The original expansion an be reovered using Cauhy's theorem.
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The total ross setion for partiles A and B, using the optial theorem (1.51), thus reads

�

AB

tot

=

X

k

�

Ak

(0)�

Bk

(0)

�

s

s

0

�

�

k

(0)�1

; (1.61)

and the di�erential ross setion

d�

AB

el

dt

=

jA(s; t)j

2

16�

2

s

2

=

X

k

�

2

Ak

(t)�

2

Bk

(t)

16�

�

s

s

0

�

2(�

k

(t)�1)

(1.62)

� F (t)

�

s

s

0

�

2(�(t)�1)

: (1.63)

In the last step the dominane of the highest lying trajetory was assumed, so that the

sum redues to a single term. Then the funtion F (t) absorbs all the t-dependene; in

the Regge-limit where jtj � s a behaviour of F (t) � e

b

0

t

an be assumed. Inserting this,

yields

d�

AB

el

dt

= C exp

�

2�

0

� 2 + 2�

0

t ln(s=s

0

) + b

0

t

�

=

d�

dt

�

�

�

�

t=0

e

bt

; (1.64)

with

b = b

0

+ 2�

0

ln(s=s

0

) : (1.65)

From this equation follows that the slope b rises gently with energy and the interations be-

ome more and more onentrated in the forward diretion. This is the so alled shrinkage

of the di�rative peak, that is known for long.
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b
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G
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Fixed Target

)0’ log(s/sα+20Fit: b

�

0

!

�

Figure 1.8: Slopes for the three light vetor mesons: The slopes of

the light vetor meson �

0

, ! and � measured in �xed target experiments and

HERA are �tted with equation (1.65) for s

0

= 10 GeV

2

.

Figure 1.8 shows measurements [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25, 26℄ of values for the slopes for the three light vetor meson �

0

, ! and � together with

a �t of equation (1.65) to these data to determine b

0

for �xed s

0

= 10 GeV

2

. The results

are listed in the last row of table 1.3
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1.6.2 The Pomeron

The ross setion predited by equation (1.61) falls with energy roughly as s

�0:5

inserting

the interept of the highest lying trajetory with �

0

� 0:5. But empirial fat (see �gure

1.9) is that all hadroni ross setions rise slowly for energies

p

s & 10 GeV. In order to

aommodate for the rise of the high energy data a further trajetory was introdued with

an interept greater than unity. This trajetory

�

IP

(t) = 1 + � + 0:25t with �� 1 (1.66)

was named after Pomeranhuk by Gribov who introdued it and is now known as Pomeron.

But the Pomeron has the drawbak that it ultimately violates unitarity at energies around

10

23

GeV.

As there are no partiles on the Pomeron trajetory, a simple identi�ation with bound

states as for the other trajetories is not possible. Though glue balls | hypothetial

partiles made up of bound gluons | are widely expeted to lie on the Pomeron trajetory,

sine in a QCD piture Pomeron exhange an be modelled as the exhange of two gluons

(or a gluon ladder, two gluons in between whih further gluons are inter-exhanged) [27,

28, 29℄. Another approah is to treat the Pomeron as a real partile. This approah is

disussed briey in the following:

The Pomeron in DIS

The Pomeron does not only appear in soft interations, but also at high virtualities. What

was observed were events at highQ

2

with a large rapidity gap, whih ould not be explained

by means of ordinary DIS, sine there, the longitudinal phase spae is �lled with hadroni

ativity due to hadronisation between the struk quark and the proton remnant. So these

events were explained by a hard sattering of the photon and the Pomeron. One went one

step further and made measurements of the struture funtion of the Pomeron in omplete

analogy to the measurements in ordinary DIS. To desribe these kind of interations two

further variables have to be introdued: The momentum fration x

IP

of the proton arried

by the Pomeron and the momentum fration � of the quark inside the Pomeron that is

atually probed by the photon.

x

IP

=

(p� p

0

)q

pq

�

M

X

+Q

2

W

2

+Q

2

; � =

x

x

IP

�

Q

2

M

2

X

+Q

2

(1.67)

In ontrast to the ordinary F

2

, the di�rative struture funtion depends on four variables:

F

D

2

= F

D

2

(�;Q

2

; x

IP

; t). As the sattered proton is in general not measured, t annot

be measured and this dependene is integrated over, and the measured quantity is the

threefold di�erential ross setion

d

3

�

d� dQ

2

dx

IP

=

2��

�Q

2

�

1 + (1� y)

2

�

F

D(3)

2

(�;Q

2

; x

IP

) (1.68)

A measurement of x

IP

F

D(3)

2

is published in [30℄, where for the interept of the Pomeron

a value of � = 0:24 � 0:023 was found, whih is not small ompared to unity. This gives

rise to muh stronger energy dependene than the originally introdued Pomeron and is

therefore alled hard Pomeron.
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1.6.3 The Odderon

The Odderon is a trajetory that was introdued in analogy to the Pomeron, and the

name is the abbreviation of Odd-under-rossing-Pomeron. The idea was [31℄, that, if

the amplitude for pp sattering an be deomposed in a part even and a part odd under

rossing as

A

pp

= A

+

+A

�

; (1.69)

the amplitude for the rossed reation �pp is

A

�pp

= A

+

�A

�

; (1.70)

leading to a �nite di�erene in the ross setions �� = �

pp

� �

�pp

6! 0 for s ! 1. For

asymptoti energies the even amplitude A

+

is dominated by the Pomeron, and if there

were a �nite di�erene the odd amplitude would be dominated by what is alled the

Odderon, suh that

A

+

s!1

�! A

IP

the Pomeron (1.71)

A

�

s!1

�! A

IO

the Odderon (1.72)

If there is an Odderon, it manifests itself as mentioned above in a �nite di�erene �� of

the total ross setions for pp and �pp sattering, or in a related variable �� = �

�pp

� �

pp

,

where �

AB

= ReA

AB

=ImA

AB

for elasti sattering at t = 0, whih vanishes only if there

is no odd-under-rossing part in the amplitude. But as an be seen from the data [32℄ in

�gure 1.9 neither �� nor �� seem to be �nite.

From the onstrution of the Odderon { as odd under rossing amplitude { follows that

its C- and P -parity are C = P = �1, in ontrast to the Pomeron that exhanges only

vauum quantum numbers C = P = +1. Nothing is known about the trajetory of the

Odderon exept for the interept, that again by onstrution is near unity (otherwise it

ould not ontribute at high energies). The slope is ommonly assumed to be similar to

the Pomeron slope.

�

IO

(t) � 1 + 0:25t (1.73)

The simple analogue to the two gluon model of the Pomeron is a three gluon model for

the Odderon [33℄.

1.6.4 Cross Setions

In [34℄ �ts to total ross setions and �-parameters for AB and

�

AB reations were done,

assuming that in the sum in equation (1.61) only the Pomeron and two e�etive Regge

trajetories ontribute:

�

(�)

A B

tot

= X

AB

s

�

+ Y

AB

+

s

��

+

� Y

AB

�

s

��

�

; (1.74)

where the barred quantities refer to the respetive anti-partile

8

. The �rst term X

AB

s

�

orresponds to the Pomeron, while the Y

AB

�

s

��

�

terms orrespond to C-even trajetories

(+) and C-odd trajetories (�), respetively. The even trajetory is assumed to be a

superposition of the a- and the f - trajetories, and for the odd one a superposition of

the �- and !-trajetories. The result of the �t is summarised in table 1.2 and shown in

�gure 1.9. In appendix A two further parametrisations of the ross setions are given and

applied to vetor meson photoprodution.
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Figure 1.9: Fit to total ross setions and �-parameters: The upper

part shows a �t performed in [34℄ to total ross setions for p

�

p, �

�

p, �

�

p,

p and  reations. The lower part shows the �t to the �-parameter for p

�

p,

�

�

p and K

�

p reations.
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� �

+

�

�

0:0933�0:024 0:357�0:015 0:560�0:015

proess X [mb℄ Y

+

[mb℄ Y

�

[mb℄

pp 18:79�0:51 63:0�2:3 36:2�3:2

�p 12:08�0:29 26:2�0:74 7:63�0:72

Kp 10:76�0:23 14:08�0:57 14:7�1:3

p� 10

2

5:98�0:17 11:64�0:88 |

 � 10

4

1:55�0:14 3:9�2:0 |

Table 1.2: Fit to total ross setions and �-parameters: Results for

the reations p

�

p, �

�

p, �

�

p, p and  reations and for the �-parameter in

p

�

p, �

�

p and K

�

p reations[34℄. The �

2

per degree of freedom was found to

be 1:02 with N = 382.

Using the above desribed methods, one an derive ross setions for elasti vetor meson

photoprodution [36℄: Insertion of jAj

2

= (1 + �

2

)ImA

2

, where � = ReA=ImA into the

di�erential ross setion d�=dt = jAj

2

=(16�s

2

), together with the optial theorem i.e. for

t = 0, yields

d�

el

(p! V p)

dt

�

�

�

�

t=0

=

1 + �

2

(s; 0)

16�

[�

tot

(p! V p)℄

2

: (1.75)

Under the assumption that at energies high enough the real-part of the sattering ampli-

tude an be negleted due to Pomeron dominane i.e. � ! 0, the elasti ross setion is

obtained by integration over t:

�

el

(p! V p) =

1

16�b

[�

tot

(p! V p)℄

2

; (1.76)

where a t dependene aording to equation (1.64) for the whole range with the slope b

given by equation (1.65) is assumed. The total p ! V p-ross setion an be obtained

from vetor meson dominane using equation (1.46), where �

VMD

(p) is just the sum over

the respetive p ! V p-ross setions, whih themselves are given by the total V p-ross

setions. Therefore one an write

�

tot

(p! V p) =

4��

f

2

V

�

V p

tot

: (1.77)

The V p-ross setion an be approximated, using the additive quark model [36℄, by

�

�

0

p

tot

� �

!p

tot

�

1

2

�

�

�

+

p

tot

+ �

�

�

p

tot

�

and (1.78)

�

�p

tot

� �

K

+

p

tot

+ �

K

�

p

tot

� �

�

�

p

tot

: (1.79)

Thus, �nally inserting equations (1.78) and (1.77) into (1.76) yields the approximate ross

8

This �t is an extension of a �t performed by Donnahie and Landsho� [35℄ where only one e�etive

Regge trajetory was taken into aount.
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Figure 1.10: Comparison of the Regge model with data: Predition

of equation (1.80) as ompared with with data for the light vetor mesons �

0

,

! and �.

setion for elasti vetor meson photoprodution

9

:

�

el

(p! V p) =

4��

f

2

V

1

16�b

�

X

V p

s

�

+ Y

V p

+

s

�

+

� Y

V p

�

s

V p

s

�

�

�

2

; (1.80)

where the values for the respetive parameters X

V p

, Y

V p

+

and Y

V p

�

are summarised in

table 1.3 together with the oupling onstants { or transition probabilities f

2

V

=4��, taken

from [37℄ and are shown in the last olumn of table 1.3.

The result of equation (1.80) using equation (1.65) together with the values of table 1.3 is

shown in �gure 1.10 for the light vetor mesons �

0

, ! and �.

9

only a single power of 4��=f

2

V

is used { not squared { beause this would yield the truly elasti ase

( ! V ) + p! (V ! ) + p.



22 Chapter 1. Physis Bakground

�

0

! �

X

V p

[mb℄ 12:08�0:29 12:08�0:29 9:44 �0:54

Y

V p

+

[mb℄ 26:2 �0:74 26:2 �0:74 1:96 �1:36

Y

V p

�

[mb℄ 0 0 �7:63�0:72

f

2

V

=4�� 2:69 �0:27 24:6 � 3:8 18:8 � 1:5

b

0

[GeV

�2

℄ 8:1 � 0:1 6:6 � 0:2 4:6 � 0:2

Table 1.3: Parameters for the Regge-VMD ross setions: Preditions

of equation (1.78) using the values of table 1.2 to be used with equation (1.80).

The oupling onstants f

2

V

=4�� for the transition  $ V for the light vetor

mesons V = �

0

, ! and � as measured in photoprodution (taken from [37℄).

The slopes b

0

�tted for s

0

= 10 GeV

2

by equation (1.65) are given in the last

row.

1.7 Other Models

In the following two other models that are to desribe (inlusive) photoprodution and

exlusive meson-prodution are disussed. These are the lass of the dipole models and

an eikonal model.

1.7.1 Dipole Models

Photon-proton interations an be desribed by

k

k’

q

z

1-z

M

p p’

p⊥

Figure 1.11: A shemati diagram of

the p interations in the olor dipole

model.

dipole models due to the fat, that in the pro-

ton rest frame the q�q splitting an be onsidered

as ourring suÆiently long before the atual

interation, so that the ross setion an be fa-

torized into a part dealing with the photon-q�q

utuation and another part modelling the inter-

ation. These q�q states are alled olor dipoles.

Figure 1.11 shows the diagram representing pho-

ton-proton interations in the olor dipole model.

The dashed region in between the proton and

the olor dipole indiates the interation to be

desribed by a model ross setion �̂. The pho-

ton wave funtion  



is expressed in terms of

the light one variables z and r, denoting, re-

spetively, the momentum fration of the photon

arried by the quark and the transverse separa-

tion of the q�q pair [38℄:

ji

had

= jq�qi+ jq�q + gi+ � � �

=

Z

dzd

2

r  



(z; r)jz; ri+ higher Fok states (1.81)

The wave funtion is onstruted in a way that the values of z and r do not hange during

the di�rative sattering, i.e. they are eigenstates of the sattering. The total p ross
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setion an be written as

�

tot

(p! X) =

Z

dzd

2

r

�

j 

;L

(z; r)j

2

+ j 

;T

(z; r)j

2

�

�̂(s; r; z) ; (1.82)

where �̂(s; r; z) is the above mentioned model ross setion for the sattering of a dipole

with on�guration (z; r) o� a proton. The photon wave funtions an be alulated in

QED, but the dipole ross setion is subjet to QCD with �

s

large, and thus annot be

treated perturbatively.

These models an also be employed to desribe exlusive vetor meson prodution. Know-

ing the wave funtion of the meson, the ross setion an be written as
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Figure 1.12: Comparison of the olour dipole model with data: The

result of equation (1.84) is ompared with data for the light vetor mesons �

0

,

! and �.

d�(p! V p)

dt

�

�

�

�

t=0

=

1

16�

X

�=T;L

�

Z

dzd

2

r  

y

V

(z; r) 

;�

(z; r)�̂(s; r; z)

�

2

(1.83)

�(p! V p) =

1

16�b

X

�=T;L

�

Z

dzd

2

r  

y

V

(z; r) 

;�

(z; r)�̂(s; r; z)

�

2

; (1.84)

where in the last step the di�erential ross setion was integrated using again a simple

exponential as for equation (1.76), yielding an additional fator of 1=b for the total elasti

ross setion.

The details of the alulation of vetor meson ross setions utilising the dipole model

presented in [38℄ are given in appendix B. In Figure 1.12 the omparison of the model

with data is shown. The rise of the vetor meson ross setions at small energies is not

reprodued, sine any \Reggeon" ontribution was negleted.
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1.7.2 The Stohasti Vauum Model (SVM)

The SVM [39℄ also provides a means to alulate ross setions for exlusive meson pro-

dution in p interations. But in ontrast to the above mentioned models, the SVM

provides a QCD inspired formulation for the dipole ross setion �̂ : The amplitude A

leading to the dipole ross setion is written as a onvolution of the proton wave funtions

in the initial and �nal states with the kernel of the interation:

�̂

�

(z; r; t) =

�

�

�

�

Z

d

2

r

0

�

y

�

(r

0

)�(r

0

)J

MB

(t; r; r

0

)

�

�

�

�

2

; (1.85)

where � is the wave funtion of the initial state proton and �

�

is the wave funtion of the

nuleoni �nal state with heliity �, whih are desribed by a single position spae vetor

r only. J

MB

is the meson-baryon pro�le funtion and is the quantity that is atually

modelled within the SVM.

The alulations are performed in impat parameter spae, suh that the amplitudeA(r; b)

has to be Fourier-transformed from b spae to p

?

spae, with t = �p

2

?

, where p

?

is the

transverse momentum transferred in the sattering:

A(s; t) = 2is

Z

d

2

b e

ip

?

b

~

J

MB

(b) ; (1.86)

where

~

J

MB

(b) is the pro�le funtion one obtains after the onvolutions over both r and

r

0

. But from equation (1.86) follows, that the ross setions bear no energy dependene

and any dependene on the energy has to be added to the model ad ho, sine the optial

theorem yields a fator 1=s that anels the fator s in (1.86).

The hadrons are onstruted from quarks and/or antiquarks moving on light-like paths,

that are onneted at arbritrary endpoints t = �T with so alled Shwinger strings to

form gauge invariant Wegner Wilson loops. Figure 1.13 shows the spae-time piture of

the sattering and the onstrution of the hadrons. The on�guration of the three quarks

a)

t

x

3

M B

b)

t

x

?

r

q�q

)

t

x

1

x

2

r

0

=2

q

3

q

1

q

2

�

Figure 1.13: Shemati view of interations in the SVM: a) Spae-time

piture of the atual sattering in the SVM. b) Constrution of a meson from

a q�q pair moving on the light one with transverse separation r. ) Analogous

onstrution of a baryon of extension r

0

from three light-like quarks q

i

.

forming the baryon an be haraterised by a single angle �, drawn in between the planes

of q

1

and q

2

. A baryon an be turned into a dipole analogue of a meson if � is set to zero.

Then the baryon is said to onsist of a quark and a point-like diquark.
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The pro�le funtion J

MB

an be written generially as:

J

MB

(b; r; r

0

) = �hM �Bi ; (1.87)

where the brakets denote funtional integration over the gluon-bakground �eld and M

and B represent the Wegner-Wilson loops of the meson and baryon, respetively. Both

the integration and the expliite onstrution of M and B are performed in the SVM.

In [39℄ the leading ontribution of the meson-meson

0.25 0.5 0.75 1 1.25 1.5
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d [fm℄

Figure 1.14: �� as funtion of

the diquark distane at UA4/2 en-

ergies.

sattering (J

MM

) was alulated whih was found

to be purely imaginary and even under C-parity.

I.e. the leading term of the sattering amplitude in

the SVM an be attributed to Pomeron exhange.

Calulations for exlusive vetor meson prodution

an be found in [39, 40℄. In [41℄ the next to lead-

ing order ontribution for the pro�le funtion was

alulated for the part that is odd under C-parity,

whih was found to be the leading ontribution of

the real part of the sattering amplitude, and an

thus { analogously to the leading order { attributed

to the Odderon.

If the proton is onsidered as a quark-diquark system with � = 0, it e�etively beomes

a meson whih is symmetri under parity operations and the amplitude vanishes. Figure

1.14 shows �� as funtion of the diquark distane d � �. This behaviour an easily explain

the apparent lak of a odd-under-rossing ontribution: if one assumes a diquark distane

of d < 0:3 fm, one obtains j��j < 0:02 ompatible with �� = 0:04 � 0:02 as measured

at the ISR at

p

s = 32 GeV. Turning the argument around, if the Odderon exists and

the SVM gives a reliable desription of its ontribution to the ross setion, then one

an dedue information of the spatial struture of the proton, viz. that the proton is a

quark-diquark system with a diquark distane of d . 0:3 fm.

This suppression due to the geometri on�guration of the proton is lifted if the �nal

state is allowed to onsist of parts with C = �1. In a series of publiations this ase

was presented for the mesons �

0

[42, 43℄ and f

2

(1270) [44℄. One the amplitude has been

alulated, the di�erential ross setion an be written as

d�

dt

=

1

16�s

2

X

�

M

�



jA

+1;�

M

;�



j

2

(1.88)

� a exp(bt� t

2

) (1.89)

with a = 97 nb/GeV

2

; b = 4:8 GeV

�2

;  = 0:52 GeV

�4

(1.90)

where the amplitude depends on the three heliities of the exited nuleon (� = +1 by

onstrution), the meson �

M

and the photon �



. For photoprodution the entre of mass

energy

p

s is to be identi�ed with the photon-proton entre of mass energy W , whih is

20 GeV, where the parameters of the model were �xed. The predited di�erential ross

setions for f

2

prodution is presented in �gure 1.15. The integration of the di�erential

ross setions (1.88) yields

�(p

IO

! f

2

f2Pg) = 21 nb ; (1.91)

where the symbol f2Pg above is a shorthand notation for the two degenerate nuleon

states N

�

(1520) and N

�

(1535) whih are treated as a single state. If the iso-salar tensor
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Figure 1.15: Di�erential ross setions for the f

2

in the SVM: Part

a) shows d�=dt and b) d�=dp

T

for f

2

-mesons. Also shown is the ross setions

for the  fusion proess as dashed lines for omparison. In b) the inelasti 

proess is shown as dash-dotted line, where the proton is exited into degenerate

states N

�

(1520) and N

�

(1535).

meson f

2

is produed, it is to expet that the iso-vetor a

0

2

is produed as well, but with

a ross setion nine times larger. The reason for this is thoght to be due to the wave

funtions at the origin in analogy to the arguments given in [45℄ for the �

0

and the !. The

unertainty of the ross setion given in [44℄ amounts to a fator of two.

It was found that the dominant ontribution from the sum over �

f

omes from the heliity

states �

f

= �2. The bakground due to the -proesses was found to be small: �(p



!

f

2

f2Pg) � 2 nb for the elasti ase and if the proton is allowed to break up, the ross

setions is even by a fator of 1000 smaller than the Odderon indued proess.

1.7.3 The Eikonal Model of Blok et al.

In [46℄ a model is presented that an simultaneously desribe total and elasti ross se-

tions, the angular spetrum and thus the slopes b and the �-parameters of pp-, �pp-, p-

and  interations, one the parameters were �xed, �tting pp and �pp data. The model

is based on a QCD-inspired eikonal, that onsists of even and odd ontributions to the

sattering, � = �

+

+ �

�

The even eikonal ontains the interation of quarks with quarks

(qq), quarks with gluons (qg) and gluons with gluons (gg) together with a part that is odd

under rossing

10

.

�

tot

(pp! X) = 2

Z

d

2

b [1� exp(��

I

(b; s)) os(�

R

(b; s))℄ ; (1.92)

10

This part odd under rossing, is not to be onfused with the Odderon, but aounts for the di�erene

between pp and �pp sattering at small energies
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where the eikonal was split in its real and imaginary part, respetively: �(b; s) = �

R

(b; s)+

i�

I

(b; s). The full form of the eikonal reads

�(b; s) = �

qq

(b; s) + �

qg

(b; s) + �

gg

(b; s)

| {z }

�

+

(b;s)

+�

�

(b; s) (1.93)

=

X

i

�̂

i

(s)W (b; �

i

) with i 2 fqq; qg; gg;�g (1.94)

and �̂

i

(s) are model ross setions of the olliding partons, where W (b; �) is their overlap

funtion in impat parameter spae, parameterised as the Fourier transform of a dipole

form fator. The �

i

's haraterise the partons' sizes in b spae.

The model is onstruted in a way that unitarity and thus the Froissart bound is satis�ed,

suh that the ross setion does not rise faster than ln

2

s and the hadrons ultimately

evolve into blak diss of partons. The step from pp to p (or ) sattering is ahieved

using vetor meson dominane and the additive quark model, i.e. the photon is assumed

to onsist of two quarks in ontrast to the proton, whih is modelled as a three-parton

objet. The parton ross setions �̂

i

are dressed with quark ounting fators of 2=3 (4=9)

and the parton sizes with

p

2=3 (2=3) for p and  sattering, respetively. Vetor meson

dominane is implemented by multiplying the (total) ross setion with the transition

probability P

had

for a photon to enter the interation as a hadron. For the total p ross

setion this probability is, aording to the VMD model, given by the sum of the vetor

mesons ontributing P

had

=

P

V

4��=f

2

V

and for elasti vetor meson photoprodution

only the orresponding 4��=f

2

V

.

The total p ross setion is thus given by the very same expression as the pp ross setion,

but multiplied with a fator P

had

= 240 and the parton ross setions and the �

i

's resaled

with fators of 2=3 and

p

2=3, respetively. And the ross setion for elasti vetor meson

photoprodution is given by

�

el

(p! V p) =

4��

f

2

V

Z

d

2

b j1� exp (i�

p

(b; s))j

2

; (1.95)

with its di�erential ross setion in t given by

d�

p!V p

dt

=

4��=f

2

V

4�

Z

d

2

b

�

�

J

0

(qb)

�

1� exp

�

i�

p

I

(b; s)

��

�

�

2

: (1.96)

The eikonal � has no odd ontribution if a photon is involved.

In �gure 1.16 the predition of the model for p interations an be seen: part a) shows the

total photon-proton ross setion, b) and ) the elasti and di�erential ross setion for !

photoprodution, respetively and d) the slopes b as derived from b = d=dt [ln(d�=dt)℄

t=0

for the light vetor mesons

1.7.4 Summary

In the previous setions various models to desribe exlusive meson prodution were pre-

sented. In setion 1.6.4 a Regge theory based model using vetor meson dominane gives

a predition of 1:5 �b for the ! meson in photoprodution at W = 200 GeV. The adapta-

tion of the dipole model of Forshaw et al. presented in setion 1.7.1 gives for the same p

entre of mass energy a ross setion of 2:2 �b and the eikonal model of Blok et al. [46℄

in setion 1.7.3 yields 1:7 �b.
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Figure 1.16: Comparison of the eikonal model with p-data: a) total
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for the light vetor mesons �
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, ! and �. (Taken from [46℄)
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The model of the stohasti vauum, desribed in 1.7.2 is the only model presented that

makes any predition about ontributions of the Odderon. There are published predi-

tions for the inelasti prodution of the meson �

0

[43℄ and f

2

[44℄ of 294 nb and 21 nb,

respetively evaluated at W = 20 GeV. But as the SVM does not inorporate any energy

dependene the interept of the Odderon is unity and the ross setions at W = 200 GeV

are the same. Further, the authors of [43℄ [44℄ laim that in the same way as the �

0

ross

setion is nine times larger than the one for the ! the ross setion for a

0

2

should be nine

times larger than the f

2

one, namely 190 nb.

M �

p!MX

Model equation elasti/inelasti

! 1:5 �b Regge+VMD (1.80) elasti

! 2:2 �b dipole+wave funtions (1.84) elasti

! 1:7 �b eikonal (1.95) elasti

�

0

294 nb SVM (1.88) inelasti

f

2

21 nb SVM (1.88) inelasti

a

2

9� 21 nb SVM (1.88) inelasti

Table 1.4: Summary of ross setions for exlusive meson photo-

prodution as presented in setions 1.6.4, 1.7.1, 1.7.3 and 1.7.2. The !

ross setions were evaluated at W = 200 GeV and the SVM ross setions at

W = 20 GeV and an Odderon interept of unity, i.e. no energy dependene, is

assumed.

1.8 Deay Angular Distributions

When studying deay angular distributions it is ustomary to measure the angles in a

partiular referene frame, the so alled heliity system, whih is de�ned as the system

where the meson is at rest and the z-axis points in the opposite diretion of the outgoing

nuleoni �nal state (p

0

) and the y-axis is hosen perpendiular on the plane given by the

photon momentum q and the diretion of the meson M . The x-axis is onstruted using

the fat that the oordinate system is to be right handed.

^
z = �

p

0

jp

0

j

;
^
y =

q �M

jq �M j

;
^
x =

^
y �

^
z : (1.97)

The deay angular distribution is measured in terms of the azimuthal and polar angles '

�

and #

�

, respetively, of one of the deay produts. The angles are measured with respet

to the oordinate frame (1.97).

In priniple the deay angular distribution depends on a further angle  

�

, the angle be-

tween the eletron sattering plane and the plane given by the meson and photon momen-

tum. The angles and the respetive planes are shown in �gure 1.17. For photoprodution

where the sattering angle is (vanishingly) small, it is not possible to determine the sat-

tering plane and thus  

�

annot be measured and its dependene has to be averaged

out.

In appendix C a formalism is presented that an be utilised to derive the deay angular

distributions. For the deay of vetor meson into a vetorial and a salar partile the
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deay angular distribution is given by

d

2

�

d#

�

d'

�

/W (#

�

; '

�

) =

3

8�

[�

+1+1

(1 + os

2

#

�

) + �

00

sin

2

#

�

℄ ; (1.98)

where it was assumed that the meson retains the heliity of the photon { also alled s-

hannel heliity onservation. The ontribution proportional to �

00

is expeted to vanish

for real photons and to be small for photoprodution, as it is the part that stems from

longitudinal photons.

For tensor mesons produed as predited in [44℄ with heliities �2 only, the deay angular

distribution, is given by

d

2

�

d#

�

d'

�

/W (#

�

; '

�

) =

75

64�

2

�

+2+2

sin

4

#

�

: (1.99)

In both ases { for the deay of a vetor and for the deay of a tensor { no dependene on

the azimuthal angle '

�

is expeted.
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The Aelerator HERA and the

Experiment H1

The eletron proton ollider HERA

1

, situated at DESY

2

in Hamburg, Germany, is the

�rst and only aelerator to bring leptons and hadrons to ollisions. By going from a �xed

target experiment to a ollider experiment an inrease of the entre of mass energy of

orders of magnitude has been be ahieved.

2.1 The Collider HERA

Figure 2.1 shows a sketh of the HERA ring whih is about 6:3 km in irumferene and the

omplex of pre-aelerators. At HERA eletrons and protons are aelerated and stored
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Figure 2.1: The layout of HERA and its pre-aelerators.

in two independent rings and an be brought to ollision at four interation regions, where

1

Hadron Elektron Ringanlage

2

Deutshes Elektron Synhrotron

31
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only two experiments atually utilise the two beams for interation, namely the two multi-

purpose experiments H1 and the ZEUS. The two other experiments at HERA, HERMES

and HERA-B, run as �xed target experiments only. HERMES uses the eletron beam to

measure the spin struture of the proton by polarising the eletrons and using polarised

Hydrogen (and Deuterium) as target. HERA-B uses a wire as target for the proton beam

to reate B

0

-mesons whih are studied to look for CP violation.

In a series of steps the beam partiles are reated and aelerated before they are atually

injeted into the HERA ring where they are aelerated to their �nal energies. The

beams are paked in bunhes of 10

10

{10

11

partiles. Therefore interations do not our

ontinuously, but with a frequeny given by the length of the gaps in between the bunhes;

at HERA this frequeny is a. 10 MHz.

2.2 The Experiment H1

The detetor H1 is loated in the north hall of the HERA ring. Figure 2.2 shows a

shemati view of the H1 detetor with its omponents listed in the legend. H1 is a

detetor designed to over nearly the full solid angle. The major losses are due to the

beam pipe interepting the detetor. A omplete desription of the H1 detetor an be

found in [47℄. The design reets the properties of the interations ourring usually in ep-

sattering with asymmetri beams, namely azimuthal symmetry and a strong asymmetry

perpendiular to the plane z = 0. The reason for this asymmetry are the di�erent beam

momenta, so that the entre of mass system moves with a veloity of � = 0:93 with respet

to the laboratory frame in the proton diretion, resulting in a strong boost of the partile

ux. The inner part of the detetor and the main alorimeter of H1, are surrounded

by a superonduting oil, reating a uniform magneti �eld of 1:15 T along the z-axis

foring harged partiles on bent trajetories. The radius of urvature is a measure for

the momentum of a partile.

The various omponents are designed for a lear measurement of the sattered eletron

and its identi�ation together with a measurement as omplete as possible of the hadroni

�nal state emerging from the proton. In the following, the major omponents are disussed

briey.

2.2.1 The Traking System

The traking system serves for the detetion and identi�ation of harged partiles. The

momentum of a partile an be determined from the radius of urvature of its trajetory

that it has to move on in the presene of a magneti �eld. From the spei� energy loss

dE=dx the veloity of a partile an be determined, and together with its momentum

the identity of the partile an be dedued. The interation point { or event vertex { is

also determined by means of reonstruted traks: The region where most of the traks

interset eah other is likely the region where the interation ourred.

The strong asymmetry of the beam energies and the resulting strong boost between the

laboratory and the entre of mass frame is also reeted in the arrangement of the traking

devies, as an be seen in �gure 2.3. Table 2.1 summaries parameters suh as angular

overage and resolutions.

The entral region is overed by the following omponents (from the inner to the outer):

� the Central Inner Proportional Chamber (CIP),
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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 2.2: A shemati view of the H1 detetor.
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Figure 2.3: A side view of the traking system of the H1 detetor

� the Central Inner z-Chamber (CIZ),

� the Central Jet Chamber 1 (CJC1),

� the Central Outer z-Chamber (COZ),

� the Central Outer Proportional Chamber (COP)

� and the outermost Central Jet Chamber 2 (CJC2)

In the forward region there is the Forwad Traking Detetor (FTD), built up out of

three super modules eah onsisting of a planar drift hamber, followed by a Multi-

Wire Proportional Chamber (MWPC) and ompleted by a radial drift hamber.

And in the bakward region there is the Bakward Drift Chamber (BDC), providing

an additional apability to measure the eletron at sattering angles low enough to

esape detetion in the entral region. The BDC is used to improve the position

measurement of the sattered eletron by linking the luster position to the trak

found. It is a means to separate eletrons from photons.

In the years 1995 and 1996 two silion trakers were installed very lose to the beam

pipe to further improve the measurement of the interation point and the polar angle of

the sattered eletron in the very bakward diretion. The former task is ful�lled by the

Central Silion Traker (CST) and the latter by the Bakward Silion Traker (BST).

2.2.2 The Calorimeters

The alorimeters are used to measure the energies and to some extent also the diretions

of both harged and neutral partiles. A high energeti eletromagnetially or strongly

interating partile interating with matter is the origin of a asade of seondary partiles

emerging from this interation. The summed length of all the partiles' trajetories is pro-

portional to the energy of the primary partile and the depth of penetration is proportional

to the logarithm of its energy.
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d [mm℄ # [

Æ

℄ �

r'

[mm℄ �

z

[mm℄

CIP 157{166 8{172 | |

CIZ 174{200 16{169 28 0.26

CJC1 203{451 10{170 0.17 22

COZ 460{485 23{157 58 0.20

COP 501{514 25{155 | |

CJC2 530{844 26{154 0.17 22

FTD | 5{25 0.21 |

BDC | 155{175 5 0.4

CST 5:7{9:8 17{163 0:12 0:22

BST 5:9{12 162{176 | |

Table 2.1: Summary of parameters of the H1 traking devies: Given

are the radial distanes d, the overage of the polar angle # and the transverse

and longitudinal resolutions �

r'

and �

z

, respetively.

Due to the fat that eletromagnetially and strongly interating partiles develop di�erent

showers, alorimeters are often split into two parts, an eletromagneti and a hadroni

part. The showers of strongly interating partiles have larger transverse and longitudinal

extensions, as in the evolution of a hadroni shower nulear reations our where a hadron

hits a nuleon, resulting in its exitation or break-up, whereby pions with larger transverse

momenta may be produed ompared to partiles in eletromagneti interations .

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

The Liquid Argon (LAr) Calorimeter is the largest alorimeter of the H1 detetor

and overs the entral and forward regions around the interation point. The

alorimeter onsists of roughly 45000 ells and is divided into an eletromagneti

and a hadroni part. In z-diretion it onsists of eight so alled wheels, eah built

up out of eight segments, therefore alled otants.

The LAr alorimeter is a sandwih alorimeter where absorber material and ative

material follow eah other in several layers. The ative material is liquid argon, and

for the eletromagneti part lead is used in ontrast to stainless steel in the hadroni

part as the passive material.

The eletromagneti alorimeter onsists of three layers in the entral and seven in

the forward region, while the hadroni setion onsists of four layers in the entral

region and of six in the forward region.

The PLUG Calorimeter loses the gap in between the beam pipe and the LAr alorime-

ter in the forward region to minimise losses of partiles reated with small transverse

momenta.

As absorber material opper plates are used with silion detetors as ative material.

The Central Muon System (IRON) enloses the superonduting oil reating the

magneti �eld. Three layers of so alled muon boxes are mounted (from the inner

to the outer) right behind the oil, in hambers arved into the iron yoke and right

behind the yoke.

Muons with energies larger than 1:5 GeV an reah the entral muon system.
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# [

Æ

℄ X

0

� �

E

=E (E in GeV)

LAr (em) 4{153 20{30 12%=

p

E � 1%

LAr (had) 4{153 4.5 { 7 50%=

p

E � 2%

SpaCal (em) 152{177 28 1 7:5%=

p

E � 1%

SpaCal (had) 159{178 29 1 56%=E

PLUG 0.7{3.3 45 4.25 � 150%=

p

E

IRON 4{176 4.5 100%=

p

E

Table 2.2: Summary of H1-alorimeters: Given is the overage of the

polar angle #, the thikness in units of interation lengths X

0

for eletromag-

neti interations and in units of hadroni radiation lengths � together with the

relative energy resolution �

E

=E, where E is measured in GeV. [49, 50, 51, 52℄

The Bakward Calorimeter SpaCal overs the bakward region of H1, and is used to

measure the sattered eletron at moderate photon-virtualities with high preision.

The SpaCal also onsists of an eletromagneti and a hadroni setion, the former

being built up out of 1192 ells with ell-sizes of 4:05 � 4:05 m

2

and the latter out

of 128 ells sized 12� 12 m

2

.

The SpaCal is a sandwih alorimeter with lead as absorber and sintillating �bres 0:5

mm in diameter as ative material. The �bres of eah ell are olleted and onneted

with a photomultiplier. The lead-to-�bre ratio is 2:3 : 1 for the eletromagneti

setion and 3:4 : 1 for the hadroni setion.

Due to the low noise level of the photomultipliers of 15 MeV per ell, a spatial

resolution in the mm region and an energy resolution better than 10%=

p

E, the

SpaCal an be used as a tool to perform/make spetrosopy of mesons deaying

radiatively, whih has been demonstrated suessfully in [48℄ for �

0

- and �-mesons.

The energy and spatial resolutions were found to be

�

E

E

=

(7:5 � 0:2) %

p

E

� (1:0� 0:1) % (2.1)

�

xjy

=

(4:4 � 0:5) mm

p

E

� (1:0 � 9:2) mm ; (2.2)

with the energy measured in GeV. The symbol � is a shorthand notation for sum-

ming quadratially, i.e. a � b =

p

a

2

+ b

2

. The absolute energy is known with an

unertainty of 4 % in the range of E < 10 GeV and around 1 % for higher energies.

2.2.3 Detetors in the Forward Region

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

4

Æ

to 17

Æ

and is sensitive to muons with jpj > 5 GeV.

The Proton Remnant Tagger (PRT) is loated at z = 25 m to detet partiles om-

ing from the fragmentation of the proton rest. Its angular aeptane is in the region

of 0:06

Æ

to 0:25

Æ

.

The Forward Proton Spetrometer (FPS) onsists of two speial detetors, so alled

roman pots, loated at z = 80 m and z = 90 m and is used to tag protons or harged
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fragments produed with very low transverse momenta and thus under very small

angles . 3 mrad.

The Forward Neutron Calorimeter (FNC) is utilised to measure neutrons from the

reations ep ! e

0

n + X. The distane to the nominal interation point is 110 m.

The angular aeptane is substantial only for # . 1 mrad.

2.2.4 The Luminosity Measuring System

The luminosity L is a property spei� for eah aelerator, yielding the onnetion be-

tween a ross setion � and the rate of interations

_

N :

_

N = L� : (2.3)

Measuring the rate of a partiular proess with a

�

��

Lumi System

Basics

�

�

�

�

Luminosity Measurement

Based on the bremsstrahlung process:

ep! ep

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

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

-
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Figure 2.4: The omponents of

the H1 luminosity system: The

omponents are shown in both trans-

verse and longitudinal projetions

with a Bethe-Heitler event where the

sum of the photon and the sat-

tered eletron yield an energy of 26:3

GeV, i.e. roughly the beam energy as

required.

preisely known ross setion thus allows for the de-

termination of the luminosity. At HERA the brems-

strahlung { also alled Bethe-Heitler { proess ep!

e

0

p

0

+  is hosen. For the measurement of this

proess two detetors in the bakward region are

utilised, namely a alorimeter at z = �33 m for

the sattered eletron

3

and a alorimeter for the

emitted photon at z = �103 m under an angle

of # = 180

Æ

. These detetors are alled eletron

tagger (ET) and photon tagger (PD), respetively.

Through the emission of the bremsstrahlung-photon

the eletron loses energy and is therefore more strongly

deeted by the magnets that steer the beams. The

beam pipe has speial exit windows where the ele-

tron and photon may pass the beam pipe wall with-

out too many losses.

Measuring the eletron and the photon in oini-

dene allows for the determination of the total rate

R

tot

. But for the measurement of the luminosity the rate R

0

of bakground (non ep)

events has to be taken into aount. This rate an be measured by means of the so alled

pilot bunhes; these are eletron bunhes that have no orresponding proton bunh. The

luminosity is alulated by

L =

R

tot

� (I

tot

=I

0

)R

0

�

vis

; (2.4)

where I

tot

and I

0

are the urrents of the nominal and pilot bunhes, respetively. The

quantity �

vis

is the known ross setion for Bethe-Heitler proesses taking into aount

geometri aeptanes and trigger eÆienies. The luminosity system of H1 is shown in

�gure 2.4 with a Bethe-Heitler event.

2.3 The Trigger System of H1

The H1 trigger is a system designed to separate physially interesting events from so

alled bakground events, whih an be for example the interation of beam partiles with

3

There are three further detetors to tag the sattered eletron at z = �7 m, �8 m and �44 m,

respetively. But in the following only the detetor at �33 m will be used.



38 Chapter 2. HERA and H1

residual gas atoms. This kind of reation has a rate of more than 100000 events per seond

throughout the HERA ring.

A further soure of bakground are muons: There

20 µ

s2.3 µ

s800 µ

TapeOutput

Production

Trigger-levels

at H1

s

components
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microprocessor farm

microprocessor

neural networks
L2

L1
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L4

L5

100 ms

L2-reject

L1-reject

L3-reject

L4-reject

monitoring

on tape

online

offline

hold-

signal

preselection for

physical analysis

Data Selection Tapes

dataflow

~5kHz

~200Hz

~50Hz

few Hz

1 B.C.=96ns

(pipelined)

~10MHz

H1 detector

Figure 2.5: The trigger onept

of H1: The �gure shows the H1

trigger onept with its 5 levels and

the respetive input rates entering

the various levels.

are the so alled halo muons, stemming from pion

deays indued by proton interation with rest gas

or the beam pipe wall, and muons from showers

of osmi rays hitting the earth's atmosphere with

a rate of several hundred events per seond in the

entral part of the detetor.

The short time of 96 ns between the rossing of the

bunhes together with the high urrents, resulting

in a luminosity of L = 1:5 � 10

31

m

�2

s

�1

(design

value) and the ross setions for the respetive re-

ations gives rise to rates of 20{30 Hz for photopro-

dution down to a few events per week for events

with W -exhange. To reord and store all events is

not possible, sine the readout of the detetor takes

several milliseonds.

To �lter the interesting events the onept of a multi-

level trigger was pursued. As shown in �gure 2.5 the

trigger onsists of 5 levels, where the �fth one is not

in parallel to the atual data-taking, but o�-line.

In order to keep the dead-time | the time in whih

the detetor annot take data | as short as possi-

ble the detetor information is written into pipeline

ahes and the �rst trigger level starts to work out its deision.

Level 1 (L1): The output of the \fast trigger branhes" an be ompared to thresholds

and ombined logially to up to 128 so alled subtriggers. This may not need more

than 2:5 �s. To redue the amount of beam gas interations, events are aepted

only if they ourred inside a time window around a nominal bunh rossing. Is one

of the subtriggers set to true | it is said to �re | the pipelines are stopped and the

detetor is started to be read out

4

and simultaneously the seond level is started.

For L1 to run without dead-time it has to work with a rate of 10 MHz.

Level 2 (L2): This trigger level onsists of two parts, the so alled topologial trigger

(L2TT) and a neural network (L2NN). In ontrast to L1 whih onentrates on

detetor omponents, L2 analyses data provided by L1 with more omplex algorithms

to further redue the amount of bakground and to hek the physis relevane of

an event. It takes a. 20 �s for L2 to rejet or aept an event.

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

Level 4 (L4): This part of the trigger onsists of 32 proessors running in parallel and

asynhronously all having aess to the full detetor information. Besides a further

redution of the bakground, L4 serves also as an instane of monitoring and ali-

bration. The output rate of L4 is roughly 10 Hz, the rate with whih the events are

written on tape. From 1997 on L4 was further used to run so alled physis �nders,

4

Unless this partiular subtrigger is presaled, i.e. only every p-th event is atually aepted for a

presale of p.
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whih are routines that require speial onditions be ful�lled. Only if an event is

aepted by at least of the �nders it is atually written to tape.

Level 5 (L5) is no online trigger anymore, but runs the full event reonstrution together

with the latest set of alibration onstants and lassi�es the events into lasses a-

ording to their physis ontent (DIS, photoprodution, et.). Events are aepted

only if they are lassi�ed as belonging of one of the above lasses.
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Chapter 3

Seletion of the Events, Trigger,

Trigger-EÆienies,

Reonstrution of the Variables

Due to the large amount of data and the great variety of proesses, it is ommon to

analyse a subset of all data only. This set is hosen ideally as small as possible, still being

a superset of the set of events omprising the proess to be studied.

The proesses ! ! �

0

 and f

2

! �

0

�

0

to be analysed, lead to three and four photons,

respetively in the �nal state (not ounting the sattered beam partiles). As only the

kinemati regime of photoprodution is studied, the eletron is deeted only very weakly

and mainly looses energy and obtains hardly any transverse momentum, implying that

the photon also has only small transverse momentum. The interation with the proton

adds only rather little to this, so the mesons are produed mainly parallel to the eletron

diretion. This kinemati on�guration results in a strong boost of the deay produts in

the bakward diretion with only a small transverse omponent.

To selet this kind of topology one requires energy in the SpaCal (to detet the photons of

the meson deay) and the sattered eletron deteted in the eletron tagger supplemented

by additional onditions to redue the size of the set. So the basi riterion to selet events

was the subtrigger S50 to have �red, where S50 requires some ativity in the SpaCal as

well as ativity in the eletron tagger. The preise de�nition of S50 is given by

S50 =

�

(SPCLe_IET>1 || SPCLe_IET_Cen_2) && eTAG on Level 1

SPCL_R20 on Level 2

; (3.1)

where

1

the symbols `||' and `&&' stand for a logial `or' and `and' (_ and ^ mathemati-

ally), respetively.

The L1 ondition SPCLe_IET>1||SPCLe_IET_Cen_2 is true, if the L1-estimator of the

luster ful�ls

^

E > 2 GeV and eTAG is true, if the energies measured in the eletron and

photon detetor ful�l E

ET

> 4 GeV and E

PD

< 2 GeV, respetively. This L1 setting had

to be supplemented by the L2 (L2TT) ondition SPCL_R20, demanding the luster to have

a transverse distane d larger than 20 m, beause of strong beam ativity near the beam

pipe { alled \hot spot". This requirement largely redues the eÆieny of this subtrigger

for both analyses due to the small transverse momenta of the mesons.

1

inluding orret timing validated by the time-of-ight information, to ensure that the event stem from

a nominal bunh rossing and no partiles ome from behind or from ahead the H1 detetor

41
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The kinematis of the events allows for a further ondition be ful�lled, namely the whole

�nal state (exept for the proton) be ontained in the SpaCal and the eletron tagger.

This an be rephrased as �

SpaCal+eTag

2 (40; 70) GeV, what is just another way to demand

energy momentum onservation.

The deay hannels are hosen suh that there are only photons in �nal state, and thus

there are no traks expeted that would give rise to a reonstruted interation point.

Thus the events seleted must not have a vertex either.

To ensure an aeptable quality of the data, only events that were labelled as `good' or

`medium' were aepted, i.e. the main omponents of the H1 detetor like the lAr, the

SpaCal and the jet hambers, had to be operational. To redue the amount of beam-

indued bakground it was further required that the events ourred in phase 2 or later.

The inelastiity y was required to be in a range where the eletron tagger had reasonable

aeptane, namely y 2 [0:3; 0:7℄ and the impat point of the sattered eletron had to

lie in a volume where shower leakage is negligible (jx

eTag

j � 6:5 m). Sine the analyses

presented in the following are onerned only with three- and four-photon �nal states, the

number of lusters in the SpaCal was not allowed to exeed ten. The seletion riteria are

summarised in table 3.1.

�

SpaCal+eTag

2 (40; 70) GeV

no reonstruted vertex

y 2 [0:3; 0:7℄

jx

eTag

j � 6:5 m

N

C

� 10

phase > 1

quality 2 fgood;mediumg

Table 3.1: Event Seletion Summary: A summary of the requirements to

selet events is shown.

3.1 EÆieny of the IET-part of the Subtrigger S50

The eÆieny of S50 was determined using a di�erent subtrigger, namely S43=eTAG &&

zVtx_sig_1 && DCRPh_Ta relying the eletron tagger and on traks only. To determine

the eÆieny �(x) (x = E; d), a sample was hosen with S43 set and a single luster in

the SpaCal. The eÆieny � in a given bin in x was then alulated as the number of

events ful�lling the onditions required by S50 divided by number of events having set S43

� = N

S50

=N

S43

. The error was alulated as

�� =

p

N

S43

�(1� �)

N

S43

(3.2)

if N

S43

6= N

S50

and as a lower limit for a 67 % on�dene level is used instead if N

S43

=

N

S50

:

� > �� = (1� 0:67)

1=N

S43

(3.3)

Figure 3.1 shows the distributions of the energy (a) and and the distane (b) for events

triggered by S43 as dashed line and if aepted also by S50 as full line. For the energy
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distribution the distane was demanded to be larger than 25 m in order to have the L2

ondition always veri�ed. For the distane distribution the energy had to exeed 3 GeV

to be independent of the IET ondition. Parts ) and d) of �gure 3.1 show the ratios of

the above distributions, i.e. the eÆienies. The eÆienies were �tted with

�(E) =

p

0

exp

�

p

1

�E

p

2

�

+ 1

and �(d) =

q

0

exp

�

q

1

�d

q

2

�

+ 1

; (3.4)

respetively. The results of the �ts are given in table 3.2

�(E) �(d)

p

0

0:98�0:02 q

0

0:98�0:01

p

1

2:16�0:03 q

1

15:24�0:29

p

2

0:14�0:02 q

2

1:65�0:23

�

2

=N

df

= 6:95=26 �

2

=N

df

= 7:44=26

Table 3.2: Summary of �tted paramters for the trigger eÆienies:

The table shows the paramters and their errors when equation (3.4) is �tted

to the data. The parameters p

i

refer to the eÆieny of the energy and the q

i

refer to the eÆieny of the distane.

Figure 3.2 shows the distributions of events triggered by S43 (a) and aapted addition-

ally by S50 (b) as a funtion of both the energy and the distane, without any further

restritions. Part ) of �gure 3.2 displays the ratio of the two former distributions, while

part d) visualizes the produt of the eÆienies �(E) and �(d) as parametrised by:

�(E; d) =

p

p

0

q

0

h

exp

�

p

1

�E

p

2

�

+ 1

i h

exp

�

q

1

�d

q

3

�

+ 1

i

: (3.5)

The geometri mean of the p

0

and q

0

is hosen as parameter to desribe the eÆieny in

saturation.

This eÆieny is applied to the Monte Carlo events as weight, where the weight is given

by the total probability for an event to have set the trigger:

w

SpaCal

= 1�

N

C

Y

i=1

(1� �(E; d)) : (3.6)

The produt runs over all lusters reonstruted in the SpaCal.

3.2 Aeptane of the Eletron Tagger

The aeptane of the eletron detetor (�

eTag

) as funtion of y is measured during data-

taking and is shown in �gure 3.3. This limited aeptane is also taken into aount by

applying its value, w

eTag

= �

eTag

(y), as weight to the Monte Carlo events in addition to

the eÆieny of the SpaCal-part of the trigger:

w

S50

= w

eTag

� w

SpaCal

(3.7)
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Figure 3.1: IET-eÆienies (I): Parts a) and b) show the energy and dis-

tane distributions, respetively. Events triggered by S43 are shown as dashed

lines and as full lines when they were aepted by S50 additionally. For a) it

was required that d be larger than 25 m where the L2 ondition is expeted to

be fully eÆient. In b) it was required that E be larger than 3 GeV, where the

IET ondition is expeted to be fully eÆient.

Parts ) and d) show the ratios of the above distributions together with �ts of

equation (3.4)
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Figure 3.2: IET-eÆienies (II): Parts a) and b) show the two-dimensional

distributions of events triggered by S43 and additionally aepted by S50, re-

spetively.

Part ) shows the ratio of the distributions shown in a) and b). In part d) equa-

tion (3.5) is visualised using the parameters determined with equation (3.4)

�tted to the distributions of �gure 3.1 ) and d).
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Figure 3.3: eTAG-eÆieny: The aeptane of the eletron detetor of the

luminosity system loated at z = �33 m as a funtion of y.

3.3 Stability of the Trigger S50

The stability of S50 is shown in �gure 3.4, where a) shows the aumulated number of

events (N) as a funtion of the integrated luminosity (L), b) shows the ratio N=L as a

funtion of the run number and ) shows the frequeny distribution of N=L.

3.4 Reonstrution of the Kinemati Variables

With the physis and the detetor omponents relevant for the analyses presented in

hapters 5 and 6 it is here where the reonstrution of the variables needed is disussed.

There exist various methods [53℄ to reonstrut the variables desribed in setion 1.1:

� The eletron method, where the kinematis of an event is determined by measuring

the sattered eletron only,

� the Jaquet-Blondel (or hadroni) method, using the hadroni �nal state emerging

from the interation, exept for the proton or its remnant,

� the � method being a mixture of the eletron and the Jaquet-Blondel method,

� and the double angle method utilising the polar angle of the eletron and the so

alled inlusive hadron angle.

Eah method has its advantages and weaknesses in the various regions of phase spae suh

that depending on the analysis performed, the one best suitable has to be hosen. As in
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Figure 3.4: Stability of S50: Part a) shows the number seleted events

(N) as funtion of the aumulated luminosity (L), b) shows the ratio N=L

of events per run as funtion of the run number and ) shows the frequeny

distribution of the ratio N=L.
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this work only small (or vanishing) sattering angles our, where the eletron method is

best, it is the only one desribed expliitely:

Having measured the sattered eletron with energy E

0

e

and polar angle #

e

the inelastiity

and Q

2

are given by (negleting the masses of both the eletron and the proton)

y = 1�

E

0

e

E

e

sin

2

#

e

=2 ; (3.8)

Q

2

= 4E

e

E

0

e

os

2

#

e

=2 and (3.9)

x =

E

e

E

0

e

os

2

#

e

=2

E

p

�

E

e

�E

0

e

sin

2

#

e

=2

�

; (3.10)

respetively. Sine only photoprodution events, where the eletron is hardly deeted and

#

e

� 180

Æ

, are seleted, equations (3.8) { (3.10) simplify signi�antly, in the approximation

#

e

= 180

Æ

:

y � 1�

E

0

e

E

e

; (3.11)

Q

2

� 0 and (3.12)

x � 0 ; (3.13)

The photon-proton entre of mass energy for Q

2

! 0 an be approximated by

W =

p

ys : (3.14)

The four momentum transfer squared at the proton vertex, desribed by the variable t an

not be reonstruted diretly as the sattered proton is in general not deteted and t is

reonstruted using the momentum of the reonstruted �nal state. In the ase of exlusive

photoprodution of mesons t an be well approximated by the transverse momentum of

the meson:

t = �

�

p

?;M

�

2

; (3.15)

sine in photoprodution the eletron arries no transverse momentum and all the trans-

verse momentum of the sattered proton has to be balaned by the meson. The four

momentum of a meson M is alulated by the sum of its deay produts, where it is

assumed that M deays into n photons:

p

M

=

n

X

i=1

p

i

: (3.16)

The four momenta of the photons are alulated by

p

i

= E

i

(1; sin#

i

os'

i

; sin#

i

sin'

i

; os#

i

) ; (3.17)

where the angles are reonstruted as

#

i

= artan

0

�

q

�x

2

i

+ �y

2

i

�z

i

1

A

; '

i

= artan

�

�y

i

�x

i

�

; (3.18)

with

�x

i

= x

i

� x

0

; �y

i

= y

i

� y

0

; �z

i

= z

i

� z

0

:

The oordinates with index i orrespond to the impat points of the photons in the de-

tetor. The oordinates bearing the subsript `0' refer to the interation point, that is
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atually not measured in the analyses presented, but a nominal position is determined

during data taking.

The mass squared of an n-photon �nal state is alulated by

m

2

M

= m

2

n

=

 

n

X

i=1

p

i

!

2

=

 

n

X

i=1

E

i

!

2

�

 

n

X

i=1

p

i

!

2

(3.19)
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Chapter 4

Monte Carlo Models

For a measurement of a ross setion the aeptanes of the proess to be measured

have to be determined, and the amount of expeted bakground has to be known or

estimated. Both tasks are aomplished by omputer programmes { so alled Monte Carlo

programmes { generating interations of a ertain lass, that subsequently are passed to

another programme that simulates the detetor and its imperfetions. A third programme

is then used to onvert the result of the detetor simulation into the very same format in

whih the experimental data are stored.

For the analyses presented in this thesis mainly three event generators are used, where two

(DiffVM

1

and IOIPium

2

) are used for desribing the signal proesses and one (Pythia)

is used as an estimator for the bakground.

4.1 Event Generators

4.1.1 The Generator Di�VM

DiffVM [54℄ is used to desribe di�rative ! photoprodution as presented in hapter 5.

The generator was designed to desribe di�rative photo- and eletroprodution of vetor

mesons employing Regge phenomenology and vetor meson dominane as desribed in

setions 1.5 and 1.6.4. The photons entering the interation are treated as desribed in

setion 1.2.1. And in addition the p ross setions are dressed with a propagator fator of

(1 +Q

2

=�

2

)

�n

with n = 2:5 for both transverse and longitudinal photons, to aount for

the Q

2

dependene of the ux of virtual photons. The ratio of longitudinal to transverse

p ross setions R(Q

2

) is modelled as (with � = m

V

)

R(Q

2

) =

�

p

L

�

p

T

=

�

Q

2

m

2

V

1 + ��

Q

2

m

2

V

; (4.1)

where � is a onstant fator and � is purely phenomenologial fator to keep R(Q

2

) �nite

for Q!1, so that the limiting behaviour of R(Q

2

) is

R(Q

2

)

Q

2

!0

�! �

Q

2

m

2

V

and R(Q

2

)

Q

2

!1

�!

1

�

: (4.2)

1

for DIFFrative Vetor Meson prodution

2

for Odderon Pomeron Indued Uni�edMeson maker
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For the photon virtualities onsidered here, Q

2

< 0:01 GeV

2

, the atual setting of these

parameters are irrelevant.

The masses m of the !-mesons are generated aording to a non-relativisti Breit-Wigner

funtion

d�

dm

/

�

2

tot

(m�m

!

)

2

+ �

2

tot

=4

; (4.3)

m

!

= 783 MeV [32℄ being the nominal mass and �

tot

= 8:44 MeV [32℄ the total width of

the !.

The di�erential ross setion d�=djtj is modelled as an exponential exp(�bjtj) aording

to equation (1.64) with input parameters b

0

= 10:7 GeV

�2

and W

0

= 80 GeV as measured

in [11℄, resulting in an expeted slope of b = 10:9 GeV

�2

at W = 200 GeV.

As desribed in setion 1.8, the deay angular distributions d�=d os#

�

and d�=d'

�

for

! ! �

0

 are generated, assuming s-hannel heliity onservation, aording to

d�

d os#

�

/ (1 + os

2

#

�

) and

d�

d'

�

= onst : (4.4)

4.1.2 The Generator IOIPium

IOIPium is an extension of DiffVM to inorporate Odderon proesses as well. The gen-

erator is used to desribe the signal expeted for an f

2

produed aording to the SVM

as desribed in [44℄, whereas the exitation of the proton into an N

�

is not inluded.

The SVM enters only via the di�erent t-distribution that ontains an additional quadrati

term in the exponential, exp(�bjtj+ jtj

2

) (see setion 1.7.2), as ompared to the Pomeron

ase. In addition to that, the f

2

and its properties have to be inluded: The masses are

generated following a relativisti Breit-Wigner funtion for spin-2 partiles:

d�

dm

/

�

m

f

2

m

�

2

�

tot

(m)

(m

2

�m

2

f

2

)

2

+m

2

f

2

�

2

tot

(m)

; (4.5)

where m denotes the mass generated and m

f

2

= 1275 MeV [32℄ the nominal mass of the

f

2

meson and the total width is denoted by �

tot

= 185 MeV[32℄ . The dependene on the

mass is parameterised as in [55℄ for the  proess aording to

�

tot

(m) = �

tot;0

m

f

2

m

�

q

�

q

�

0

�

2L+1

D

L

(q

�

0

r)

D

L

(q

�

r)

; L = 2 ; (4.6)

where q

�

and q

�

0

are the pion momenta in the  entre of mass system, and for m = m

f

2

,

respetively. The funtion D

L

(q

�

r) is a deay form fator and for L = J = 2 it is given by

D

2

(q

�

r) = 9 + 3(q

�

r)

2

+ (q

�

r)

4

; (4.7)

with the e�etive interation radius r assumed to be 1 fm.

For the deay angular distributions a behaviour of

d�

d os#

�

/ (1� os

2

#

�

)

2

and

d�

d'

�

= onst (4.8)

is assumed as desribed in setion 1.8. Events for the a

0

2

were generated as well, as it is

assumed that the a

0

2

is produed in the very same way as the f

2

but with a ross setion

nine times larger due to arguments analogous to the reasoning that yield a ratio of ross
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γ
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( ρ
0
)
*

IP

b1

ω

 π 
0

Figure 4.1: Photoprodution of the b

1

: A (quasi-) real photon turns

into a virtual �

0

whih in the following interats with the proton via Pomeron

exhange that mediates one unit of angular momentum. The produt of this

interation is a b

1

deaying into a !�

0

system.

setions for the �

0

and ! of nine [45℄. The mass and width of the a

0

2

were hosen as

m

a

2

= 1318 MeV and �

tot;0

= 107 MeV [32℄, respetively.

A further extension inluded in IOIPium is the exlusive prodution of b

1

mesons as shown

in �gure 4.1. As shown in [2℄ the b

1

is a strong andidate to produe exlusive �ve photon

�nal states via the deay

b

1

! !�

0

! (�

0

)�

0

! 5 :

The shape of the mass-distributions is desribed by a relativisti Breit-Wigner funtion

for spin-1 partiles:

d�

dm

/

mm

b

1

�

tot

(m)

(m

2

�m

2

b

1

)

2

+m

2

b

1

�

2

tot

(m)

; (4.9)

with the nominal b

1

mass m

b

1

= 1230 MeV [32℄ , the mass generated m and the total

width �

tot

(m). The dependene on the mass is parameterised as in [56℄ aording to

�

tot

(m) = �

tot;0

�

q

�

q

�

0

�

2L+1

2

1 + q

�

=q

�

0

; L = 1 ; (4.10)

with �

tot;0

= 142 MeV [32℄ denoting the nominal width and where q

�

and q

�

0

are the

momenta of the primary deay produts in their entre of mass system, and for m = m

b

1

,

respetively. For the di�erential ross setion d�=djtj also a simple exponential exp(�bjtj)

with b = 5:7 GeV

�2

was used.

The onsiderations on the deay angular distribution of setion 1.8 are not valid in the

ase of b

1

prodution, sine, as one unit of angular momentum is transferred, the heliity

of the b

1

is not the same as the inoming photon. Due to lak of information of this proess

the most simple assumption was used and the deay angular distributions were assumed

to be at.

For the deay of the b

1

it is assumed that it deays dominantly into !�

0

[32℄. For this two

subsequent deay hannel were onsidered:

b

1

! !�

0

!

�

(�

0

)�

0

! 5 8:3 %

(�

+

�

�

�

0

)�

0

! �

+

�

�

4 86:7 %

;

with the branhing ratios taken from [32℄. The deay into harged pions had to be inluded

as well, sine it ontributes largely to the bakground in the lower photon multipliities,

beause of the large branhing ratio for the deay ! ! �

+

�

�

�

0

of roughly 88 %.
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4.1.3 The Generator to Desribe the Bakground: Pythia

Pythia [57℄ is a multipurpose event generator with emphasis on multi-partile prodution.

It is used here to desribe the bakground stemming from high-multipliity

3

photoprodu-

tion events. The physis model employed by the programme to desribe photoprodution

is briey desribed in setion 1.5 and in more detail in [36, 5℄. Not all of the events gen-

erated were atually written to disk to save spae and time, sine the number of events

that give rise to a vertex amounts to roughly 84 % and the proesses to be analysed are

expeted to have no vertex as these �nal states onsist of photons only and should not

produe any traks leading to a vertex. A further ondition to redue the amount of

events written out, is to onsider only the regions where the alorimeters are loated that

are used in the analyses and require energy-momentum onservation for these regions of

the solid angle exlusively, i.e. rejet events that deposit a large amount of their energy

neither in the SpaCal nor in the eletron tagger. This results in a further redution down

to about 13 %. In order to apply these requirements to the events generated the following

two variables are introdued:

v

gen

=

�

1 if N

�

� 1 with #

i;�

2 [0:087; 2:915℄

0 otherwisse

(4.11)

�

gen

=

X

#

i

2[2:65;3:12℄

(E

i

� p

i;z

) + (E

0

e

� p

0

z;e

) ; (4.12)

where the supersript `�' in equation (4.11) denotes harged (and stable) partiles and

the sum in equation (4.12) extends over stable partiles only. An event was written out,

only if

v

gen

= 0 and �

gen

> 40 GeV : (4.13)

In ontrast to the above generators Pythia allows for dissoiative events. A fration of

these dissoiative events, namely the photon-dissoiative ones, sometimes do not onsider

isospin and C-parity expliitely, sine their deay is modelled in a simpli�ed manner.

In the ourse of these events the photon turns into a vetor meson and is subsequently

exited di�ratively into a state alled V

di�

(V = �

0

; !; �) as skethed in �gure 4.2. It is

for m

2

V

di�

< (jp

V

di�

j+ m̂)

2

with m̂ = 1 GeV that this routine is utilised by Pythia. The

e�et of these deays is exempli�ed in �gure 4.3, where Pythia is ompared to data for

�

0

- and �

0

�

0

-�nal states, in the left and right olumn, respetively.

Parts a) and b) shows Pythia inluding all of the V

di�

-mesons for the �

0

 and �

0

�

0

�nal states, and learly overestimates the respetive ross setions. The seond row shows

Pythia when events ontaining deays like �

0

di�

! �

0

�

0

are removed from the set of events

analysed. The full list of suh events is shown in table 4.1. A di�erent approah as pursued

in [1, 3℄ is to remove all events were one of these di�rative states is produed. This senario

is shown in parts e) and f) of �gure 4.3. The di�erene in the two approahes to modify

Pythia is for the �

0

-sample only marginal, while it is somewhat more pronouned for

the �

0

�

0

-sample. Due to the fat that the latter approah inorporates the best knowledge

it is pursued as the default hoie for Pythia.

From the left part of �gure 4.3 it is apparent that Pythia has severe problems desribing

the absolute normalisation, espeially in the region of the !-peak. Hene in what follows

the proess ! ! �

0

 will be removed from Pythia as well, and DiffVM is used with

muh larger statistis and better knowledge to desribe this partiular proess. Therefore

Pythia will be referred to as Pythia(mod).

3

In the following these interations are also alled inlusive, as in these proesses not the omplete �nal

state is reonstruted in ontrast to the above signal proesses whih are also alled exlusive heneforth.
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Figure 4.2: Di�rative dissoiation as modelled by Pythia: A photon is

turned into a vetor meson V aording to the VMD and subsequently interats

with the Pomeron. This interation exites the vetor meson into a state alled

V

di�

, that deays into two mesons M

1

and M

2

if m

2

V

di�

< (jp

V

di�

j � m̂)

2

.

�

0

di�

!

di�

�

0

�

0

(6376) �

0

�

0

(2073) �

0

�

0

(576) !�

0

(409)

�� (752) !� (1004) �� (97) �

0

�

0

(2)

!! (174) �

0

�

0

(842) !! (20) ��

0

(424)

�

0

�

0

(44) !�

0

(168) �

0

�

0

(4) !�

0

(22)

�

0

�

0

(1) �

0

� (139) �

+

�

�

(203) ��

0

(65)

��

0

(4785) �

0

! (36) ��

0

(12) �

0

�

0

(99)

Table 4.1: Events removed from the Pythia sample: The table shows

the summary of all the events removed from the Pythia sample due to isospin-

and C-parity non-onservation.
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Figure 4.3: Comparison of Pythia with data: The left olumn shows

the �

0

 sample and the right olumn the �

0

�

0

sample. The �rst row, parts a)

and b), ompare Pythia without any modi�ations to data and for both the

�

0

 and the �

0

�

0

-sample Pythia overestimates the ross setion for masses

larger than one GeV, espeially in part b). The seond row { parts ) and d)

ompares Pythia when the isospin or C-parity violating deays of the V

di�

-

state given in table 4.1 are removed. Parts e) and f) show | after the removal

of all V

di�

-states | Pythia in omparison with data.
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Figure 4.4: Non-resonant photoprodution of !�

0

-states: A (quasi-)

real photon turns into a virtual �

0

whih in the following emits a real �

0

(or !)

and turns into a virtual ! (�

0

). Then it interats with the proton via Pomeron

exhange followed by its deay into �

0

 for example.

MC N

gen

� [�b℄

DiffVM !!�

0

 79992 1:5

IOIPium f

2

!�

0

�

0

90000 21 � 10

�3

IOIPium a

0

2

! ��

0

99995 9� 21 � 10

�3

Pythia p! anything 14560000 165

IOIPium b

1

!!�

0

! 5 39996 0:98

IOIPium b

1

!!�

0

! �

+

�

�

4 199980 0:98

Pythia p!!�

0

(NR) 17000 0:19

Table 4.2: Summary of the Monte Carlo sets: Given are the number of

events generated for the various proesses and the ross setions are listed in

the last olumn.

The photoprodution of the b

1

meson as desribed in setion 4.1.2 is not the only way to

produe exlusive !�

0

states, but there is also the non-resonant prodution as measured

in [58, 59℄. The non-resonant prodution an be desribed by the diagram shown in �gure

4.4. This proess may be estimated to some extent by the proess

�

0

di�

! !�

0

;

modelled by Pythia.

4.2 Monte Carlo Sets

Table 4.2 summarises the event numbers generated for the di�erent Monte Carlo sets. All

samples were generated with y 2 [0:25; 0:75℄ and Q

2

< 0:01 GeV

2

, exept for Pythia

whih was generated with y 2 [0:3; 0:7℄ and Q

2

< 0:01 GeV

2

. The orresponding photon

ux fators introdued in equation (1.43) for the onversion from a p into an ep ross

setion are F

=e

= 1:83 � 10

�2

for the former and 1:36 � 10

�2

for the latter range in y,

respetively. For the Monte Carlo sets be diretly omparable to data the orresponding

distributions are saled by fators C

i

= L

data

=L

i

, where L

i

is the luminosity for Monte

Carlo i alulated using the numbers in table 4.2.
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4.3 Detetor Simulation and Event-Reonstrution

The response expeted from the detetor is simulated by a separate programme alled

h1sim [60℄ based on the programme geant [61℄. The events generated are fed into the

simulation and the partiles are traked through the detetor simulating their interation

with the material followed by the simulation of the read-out eletronis.

The simulation also ontains the density pro�le of the olliding bunhes, so it also generates

a distribution of interation points. Sine the pro�les follow simple Gaussian distributions,

but the real distributions exhibit a more omplex behaviour, the Monte Carlo events are

reweighted aordingly, to follow the observed behaviour. Figure 4.5 shows the distribution

of interation points as measured by H1 and it is ompared to the Monte Carlo distribution.

 [cm]
vtx

z
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 /
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.5
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 c
m

e
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e
n

ts
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/N
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Data with vertex

MC simulated vertex

Figure 4.5: Distribution of interation points in data and simula-

tion:The full histogram represents the vertex distribution as measured in H1,

whih is to be ompared to the dashed one, whih is the orresponding distri-

bution as implemented in the simulation

The simulated events are reonstruted using h1re [62℄, the same programme that is

used to reonstrut the events in real data-taking. Thus, they are stored in the same

format as real data. It is therefore possible to ompare physis models implemented in

event generators to measured data with detetor e�ets properly taken into aount.



Chapter 5

Exlusive !-Photoprodution at

HERA

5.1 Preparation of the ! Sample

In order to selet events with only !-mesons in the �nal state (aside from the sattered

beam partiles) further uts { in addition to those listed in table 3.1 have to be applied.

As the deay ! ! �

0

 is to be analysed, it is obvious to restrit the sample to events with

only three photons in the �nal state, where two stem from a neutral pion. First, riteria

have be de�ned to selet photon-andidates

1

, sine there is bakground from harged

partiles (mostly pions) in the SpaCal whih is not removed by the no-vertex requirement

as the angular overage of the trak- and jet-hambers does not extend to angles that

near to the beam pipe. In [63℄ a study on the separation of eletrons and harged pions is

presented. There, two riteria are given that an be used to separate strongly interating

partiles from eletromagnetially interating ones:

� The lateral size of the latter is signi�antly smaller than for the former. It turned

out that the Monte Carlo has problems desribing low-energeti pions and produed

muh more lusters whih are ontained in a single ell than are found in data. So,

events only with �nite luster-radii are aepted.

� The amounts of energy deposited in the eletromagneti and hadroni parts of the

SpaCal di�er for eletrons an pions.

In [48℄ a orretion in dependene of the energy and the distane was developed. By means

of this realibration it is possible to shift the peak of inlusive �

0

's to the nominal pion

mass of 135 MeV. This orretion is applied here as well for the exlusive �nal states.

In the following any luster with an energy E

i

> 100 MeV in the eletromagneti part of

the SpaCal ful�lling

R

i

2 (0; 3) m and f

(h=e)

i

=

E

(had)

i

E

i

< 0:01 (5.1)

is onsidered as a photon. Further, in order to avoid shower leakage at the borders of the

SpaCal, it is required that the photons be safely ontained:

d

i

2 [8; 75℄ m ; (5.2)

1

Sine one an never be sure that a given luster really stems from a photon the term `photon' is used

synonymously for `photon-andidate'.

59
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Figure 5.1: Pion-andidates as seen in data and Monte Carlo: The

spetra of photon-photon masses are shown for data in the left and for Monte

Carlo (DiffVM ! ! �

0

) in right part of the �gure. The urves show �ts of

Gaussians together with third order polynomials.

where d

i

denotes the transverse distane of the photon from the beam pipe. The index i

labels the lusters and E

i

refers to the energy in the eletromagneti SpaCal while E

(had)

i

refers to the hadroni part. The ut E

i

> 100 MeV is applied to rejet noise (100 MeV

orrespond to � 3�

noise

[64℄). I.e. lusters withE

i

< 100 MeV are ignored in the following,

and events with one luster violating (5.1) or (5.2) are rejeted, sine they are assumed to

be ontaminated by harged pions, or have energy leakage.

The basi riterion to selet ! ! �

0

 events is to require the number of photon-andidates

N



to equal three:

N



= 3 : (5.3)

The obvious next requirement to be ful�lled is the event to ontain a neutral pion deaying

into two photons. This is heked by looking at the invariant masses of the pairs of photons.

A pair of photon-andidates is onsidered as a pion-andidate, if

jm



�m

�

0 j < 40 MeV ; (5.4)

where m

�

0 = 135 MeV [32℄ is the nominal mass of the neutral pion. As an be seen in

�gure 5.1 the threshold of 40 MeV in equation (5.4) orresponds roughly to two times the

width one �nds for neutral pions. The distributions are �tted with a Gaussian G(m



)

and a polynomial of degree three P

3

(m



). The parameters determined by the �t are

displayed in the �gure and the mean values and widths are shown separately in table 5.1.

The mean values �tted to the distributions are (within two standard standard deviations)

in aordane with the nominal value.

Demanding exalyt one pair ful�lling (5.4) would rejet events where a seond pair a-

idently falls into this mass window. Therfore it is required that the number of pion-

andidates N

�

0
be equal or greater than 1

N

�

0
� 1 : (5.5)
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Data Monte Carlo

� [MeV℄ 133:8�1:0 134:4�0:5

� [MeV℄ 15:4�1:4 15:1�0:6

�

2

=N

df

2.70/6 3.46/6

Table 5.1: Parameters �tted for pion-andidates: The table shows the

mean value, the width and the �

2

per degree of freedom found by the �t for

data and Monte Carlo (DiffVM)

As an be seen in the right part of �gure 5.2 the ut on � an be tightened, sine the

simulation of ! ! �

0

 events shows that this quantity overs the range from 50 GeV to

60 GeV only.
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Figure 5.2: The variable � for three photons seleted: The left part

of the �gure shows � as it is seen after seleting three photon-andidates. The

rise towards small values is due to events where only a fration of the �nal

state is deteted in the SpaCal. The shoulder around 55 GeV (twie the beam

energy) stems from exlusive three photon events, being the deay produts of

the ! as shown by the grey histogram, whih is the expetation of ! ! �

0

 on

top of the assumed bakground. The right part shows the expeted distribution

of � as given by DiffVM.

Therefore it is further required that

�

�

0

+eTag

2 [50; 60℄ GeV : (5.6)

The last ondition imposed, is to selet elasti

2

events. To rejet events with proton

break-up vetoes on omponents of the H1-detetor in the forward diretion are applied,

namely

E

PLUG

< 5 GeV , N

�

< 2 , N

PRT

= 0 ; (5.7)

2

in the sense, that the proton stays intat and the utuation  ! ! is onsidered as elasti
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where E

PLUG

refers to the energy measured in the PLUG alorimeter, N

�

is the number

of hits in layers 1,2 and 3 of the forward muon-system, and N

PRT

is the number of hits

in Proton Remnant Tagger. These latter onditions annot guarantee that the events are

really elasti, but it restrits the mass of the outgoing baryoni system to masses below

1:6 GeV [30℄. The remaining bakground an be estimated to (11 � 5) % [65℄.

5.1.1 Beam-Indued Bakgrounds

A soure of bakground not overed by the Monte Carlo models are events that do not

belong to nominal ep-interations. A fration stems from interations of the beams with

the beam-pipe wall or with other \dead" material. These events are rejeted already by

the trigger due to their bad timing. But there are two further kinds of beam-indued

bakgrounds: Interations of the beams with residual gas atoms (beam-gas) and events

from so-alled satellite bunhes.

To obtain the number of events stemming from beam-gas interations, events from so-

alled pilot-bunhes

3

entering the sample are ounted, N(e � pilot). The sample on-

sidered here onsists of events passing the requirements of table 3.1. From this num-

ber the orresponding number of events for all bunhes, N(all), is obtained by mul-

tiplying the former number with the ratio of the respetive urrents of the bunhes

R = I

e

(tot)=I

e

(pilot) = 13:29[66℄. The fration of beam-gas interations is thus given

by

f(e-gas) = f(e-pilot) � R = 4:13 %;

where f(e-pilot) = N(e-pilot)=N(all) = 18=5795 = 0:31 % is the fration of events for

the seleted samples. But this fration of 4:13 % is not neessarily the fration that

ontaminates the sample used to determine the !-ross setion, but only a part of it. To

estimate its amount a toy Monte Carlo generator for ! ! �

0

 was employed. For the

prodution it was assumed that the events are distributed equally along the z-axis within

�5 m around the nominal interation point. The eÆieny for these events was estimated

requiring that all three photons be deteted in the SpaCal and one of the -pairs be in

the pion-window. The geometrial aeptane of these events is found to be 1:8 %. This

number does not inlude the trigger eÆieny, and sine not all beam-gas interations

lead to exlusive �

0

 �nal states this 1:8 % is only an upper limit. Thus the amount of

bakground due to beam gas interations is estimated to be less than 4:13 %�1:8 % = 0:2 %

and an be safely negleted.

The same toy Monte Carlo was used to estimate the ontribution of the satellite-bunhes,

whih belong to nominal proton bunhes but are separated by 70 m from the major bunh

due to a mismath of the position of the proton bunh in the aelerating avities and

the frequeny. This leads to two aompanying smaller bunhes ontaining � 4 % of the

protons eah at �70 m, respetively. The bunhes at �70 m have an aeptane of 0:2 %

only, but those at +70 m are aepted in 5:9 % of the ases, i.e. have more than twie the

aeptane of events ourring at the nominal interation point. But this bakground an

also be negleted, sine only � 1 % of the interations from satellite bunhes are indeed

p! !p reations.

3

Eletron pilot bunhes are bunhes that have an empty appendant proton bunh, and vie versa.
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5.2 Comparison of Monte Carlo with data

In �gure 5.3 the properties of the photon-andidates are shown for both data (dots) and the

Monte Carlos; again the expetation for ! ! �

0

 is shown in grey on top of the bakground

assumption of Pythia(mod) + (b

1

! 5) + (b

1

! �

+

�

�

4). These distributions and all

the others shown in the following are obtained after the appliation of the uts (5.3), (5.5),

(5.6) and (5.7). The photons are sorted in energy from top to bottom as an be seen in

the leftmost olumn: E

1

> E

2

> E

3

. The middle olumn shows the distribution of their

transverse distanes and the right olumn shows the radii for these photon-andidates. In

general, a good agreement of data and Monte Carlo an be observed.

In �gure 5.4 the distanes d



between two photons are shown. The peak at d



� 8 m

stems from deaying pions. These photons are nearby eah other beause of the low

pion mass: Labelling these photons as I and II, respetively, the invariant mass an be

alulated by m

2

I;II

= 2E

I

E

II

(1�os�

I;II

); where the angle between the three-momenta is

denoted by �

I;II

. The kinematis of the event and the geometry of the SpaCal restrits this

angle to a visible range of �

I;II

2 (0:04; 0:48) rad =̂ (2:29; 27:5)

Æ

and hene together with

the distane of the SpaCal from the interation point results in the distanes observed

in the right part of �gure 5.5 for the Monte Carlo ! ! �

0

, where the distribution of

photon-photon distanes is shown for m



< 185 MeV and m



> 185 MeV, respetively.

Figure 5.6 shows a olletion of distributions together with the respetive expetations

from Monte Carlo, where the signal proess ! ! �

0

 is plotted in grey on top of the

bakground. The distributions shown are: the mass of the pion-photon system a), the

photon-photon mass-spetrum b), the energy ), � d), the transverse momentum e), the

momentum transfer at the proton vertex jtj f) and the deay-angular distributions os#

�

g) and j'

�

j h). Also here, a general good agreement an be observed, with the exeptions

of the energy distribution ) where the data exhibit a slight shift of a. one GeV towards

higher energies than predited by Monte Carlo. And the spetrum of the osine of the

deay angle in the hadroni entre of mass frame is more sharply peaked at zero as the

Monte Carlo, whih may be due to a wrong assignment of the analyser used to alulate

os#

�

.

In �gure 5.7 �

0

-mass distributions are shown with the four Monte Carlos (DiffVM:

! ! �

0

, Pythia(mod), and IOIPium b

1

! !�

0

! (�

0

)�

0

! 5 as well as b

1

!

(�

+

�

�

�

0

)�

0

! �

+

�

�

4. As an be seen the largest bakground stems from Pythia(mod)

(68 events) and the b

1

ontributes signi�antly only via its purely photoni deay mode

(18 events), while the deay mode ontaining harged pions hardly ontributes at all (8

events). The above numbers in brakets are to be ontrasted with a 134 events expeted

for the signal proess ! ! �

0

. The main ontributions of Pythia(mod) are �

0

's (46 %),

!'s via the three pion deay (22 %), �

0

di�

's (19 %), �'s (6 %), !

di�

's (4 %) and �

di�

's (1

%).

5.3 Aeptanes

The geometrial aeptane (not yet inluding the trigger eÆieny) is determined by

means of the signal Monte Carlo and it is de�ned as the number of aepted events per

generated events N , and is found to be

�

geom

= 10:9 % � 0:1 % ; (5.8)
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Figure 5.3: Properties of the photons of the deay ! ! �

0

: The

energies (left olumn), transverse distanes (middle olumn) and luster radii

(right olumn) are shown for the three photons of ! ! �

0

. The photons are

sorted aording to their energies from top to bottom.
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Figure 5.4: Photon-photon distanes d



: The distanes between two

photons for all three ombinations in the SpaCal are shown.
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Figure 5.5: Photon-photon masses versus photon-photon distanes:

The left part shows the satter plot of m



versus d



. One an easily separate

the pions from the other ombinations. The projetion on the d



-axis for

m



< 185 MeV as indiated by the dashed line, yields the distribution on

the right, whih peaks at d



= 8:5 m. The orresponding distribution for

m



> 185 MeV is shown as dashed line and peaks at d



= 27 m.

where the error is alulated as �� =

p

�N(1 � �)=N . Inluding the trigger eÆienies

redues the aeptane to

4

� = 2:2 % � 0:1 %: (5.9)

4

The error does not hange, sine the atual numbers do not hange, as the redution of � is obtained

by inluding the weights.
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Figure 5.6: Properties of the �

0

-system: Distributions haraterising

the �

0

-system are shown for data and ompared to Monte Carlo-simulations.

The distributions show the resulting events after appliation of the uts (5.3),

(5.5), (5.6) and (5.7)
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Figure 5.7: Contributions of the Monte Carlos: The Monte Carlos

ontributing to the �

0

 sample are shown separately together with data. Part

a) shows the signal proess ! ! �

0

, part b) shows the dominant bakground

as predited by Pythia(mod). The bottom two panels ) and d) show the b

1

deaying purely into photons b

1

! !�

0

! (�

0

)�

0

! 5 and b

1

! !�

0

!

(�

+

�

�

�

0

)�

0

! �

+

�

�

4.

Figures 5.16 and 5.17 show the aeptane of the ! for the deay into �

0

 as a funtion

of various variables: The left-hand panels show the distributions as the respetive quanti-

ties were generated (upper most solid line), inluding the e�et of the trigger-simulation

(dashed) and the result after appliation of the uts (bottom most line). The right panels
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show the aeptanes, i.e. the ratio of the number of events aepted after uts over the

number of events generated: �(x) = f

a

(x)=f

gen

(x) where f

gen

(x) is the distribution as

it was generated and f

a

(x) the orresponding one, but for the events that are aepted

by the uts. Figure 5.16 shows the aeptane as a funtion of the mass in a)+b), as a

funtion of the energy in )+d), as a funtion of the polar angle in e)+f) and as funtion

of the azimuthal angle in g)+h). Figure 5.17 shows the aeptane as a funtion of the

more proess dependant variables jtj in a)+b), os#

�

in )+d) and j'

�

j in e)+f).

The aeptane exhibits only a weak dependene on the mass of the !, namely it inreases

slightly with inreasing m

�

0



, sine higher masses may produe higher relative transverse

momenta inreasing the aeptane.

In ontrast to the above, the dependenes on the energy E and the polar angle # are muh

stronger. The reason for this behaviour is due to the kinematis of the deay: higher

energeti mesons deay more strongly ollimated, i.e. the deay produts themselves have

smaller transverse momenta. But the smaller the transverse momenta are, the nearer to

the beam pipe they are and the less is the hane to detet and/or aept the photons.

For the azimuthal angle ' the aeptane is at as expeted.

Also for the jtj-distribution the aeptane rises for larger jtj beause the transverse mo-

mentum of the ! adds to the transverse momentum of the deay produts whih results

e�etively in larger transverse distanes suh that probability for the trigger to aept an

event rises.

The behaviour of �(os#

�

) and �(j�

�

j) mainly reets the interplay of geometrial aep-

tane and deay kinematis: A deay with j os#

�

j near unity means that the analyser

has only little transverse momentum and travels nearly along the z-axis of this partiular

referene frame. Sine the prodution ours predominantly at small transverse momenta

the Lorentz-transformation from the laboratory frame into the meson rest-frame, where

os#

�

is measured, merely redues to a boost along the z-axis leaving the transverse om-

ponents essentially una�eted. Thus, if a deay ours with j os#

�

j � 1 this means that

also j os#j � 1. But the H1-detetor has no aeptane for j os#j near unity, sine there

is the beam-pipe. The aeptane for j'

�

j is not at, as naively antiipated. This an be

explained, remembering that the angle '

�

measures the angle between the planes strethed

by the inoming proton and meson (in the hadroni entre of mass) and the plane given

by the produts of the deay of the meson (see �gure 1.17). If the two planes are more or

less parallel i.e. j'

�

j . 0:75 rad or j'

�

j & 2:5 rad the deay plane intersets the inner ring

of the SpaCal and then it might happen that one of the deay produts esapes through

this inner ring reduing the aeptane for this angular range.

5.4 Resolutions

Figures 5.18, 5.19 and 5.20 show the orrelations between the generated and reonstruted

quantities on the left and their respetive relative resolutions �x=x

gen

= (x

gen

�x

re

)=x

gen

on the right. The resolutions shown are for the mass, the energy and � in �gure 5.18, the

polar and azimuthal angle in �gure 5.19 and the more proess-dependant quantities jtj,

os#

�

and j'

�

j in �gure 5.20. Table 5.2 summarises the relative and absolute resolutions

of the above quantities. In order to improve the resolution of the mass, a mass onstrained

�t to the pion-andidates was attempted. This �t varies the omponents of the pion- four

momentum within the range of their resolutions till the mass �ts the nominal pion mass

of 135 MeV. The �t is taken from the analyses pakage of the ARGUS-ollaboration [67℄.

The proedure failed in the sense that the width of the reonstruted ! did not shrink,
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x �x=x

gen

[%℄ �x

m 7:5 58:9 MeV

E 3:0 0:3 GeV

� 3:0 1:7 GeV

# 0:1 3:4 mrad

' 18:7 0:17 rad

jtj 32:9 0:03 GeV

2

os#

�

12:19 0:04

j'

�

j 11:4 0:14 rad

relative absolute

resolution

Table 5.2: Summary of the resolutions for the !: The table lists the

relative and absolute resolutions of the mass, the energy and � as shown in

�gure 5.18, the polar and azimuthal angle shown in �gure 5.19 and of jtj, os#

�

and j'

�

j shown in �gure 5.20

although the pion-andidate was suessfully onstrained to the pion mass. The reason for

this is the ignorane of the true interation point, whih introdues a large unertainty in

the reonstrution of the four momenta. And although the pion-andidate is onstrained,

the third photon-andidate is not a�eted and its unertainty stays as large as before. It

was further tried to infer the true interation point by interseting the plane strethed

by the three-momentum of the �tted pion-andidate and the vetor between the pion-

lusters and the z-axis. If the �tted pion momentum were the true momentum the point

of intersetion would be the true interation point. But the Monte Carlo-distribution of

the di�erene of the generated and inferred interation point, �z = z

gen

� z

infer

, follows

a Gaussian with a width of � 11 m, whih reets the distribution implemented in the

simulation (see �gure 4.5). Thus, this method is not suited to infer the true interation

point whih is needed to improve the resolution of the �

0

-mass signi�antly. Hene, in

the following the unonstrained pion andidates are used.

5.5 Results

5.5.1 Cross Setion

The ross setion �(p ! !p) is determined by �ts to the �

0

 mass spetrum as shown

in �gure 5.8.

Two methods are used to get independent approahes for the bakground:

(i) A relativisti P -wave Breit-Wigner funtion is onvoluted with the resolution as

shown in �gure 5.18 with the height as the only free parameter. The bakground is

parameterised by a phase-spae like ansatz.

The Breit-Wigner funtion is given by

S(x) = A

xm

!

�

!

(x)

(x

2

�m

2

!

)

2

+m

2

!

�

2

!

(x)

; (5.10)
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Figure 5.8: Mass distribution of the �

0

-sample: The distribution of

the invariant mass of a neutral pion and a photon is shown with the uts

(5.3), (5.5), (5.6) and (5.7) applied. The dots represent the data and the

histogram shows the Monte Carlo, where the greyly �lled omponent represents

the ontribution of the signal proess ! ! �

0

 ! 3 as predited by DiffVM

while the open part orresponds to the bakground whih is assumed to be the

sum of Pythia(mod) and b

1

with its �nal states 5 and �

+

�

�

4, respetively.
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where x is used for brevity for the pion-photon mass

5

m

�

0



, while m

!

= 783 MeV

is the nominal mass taken from [32℄. The mass-dependent width �

!

(x) is desribed

by

�

!

(x) = �

0

!

�

q

�

q

�

0

�

3

2

1 + (q

�

=q

�

0

)

2

; (5.11)

where q

�

=

1

2

(x � m

2

�

0

=x) and q

�

0

are the momenta of the deay produts in the

rest frame of the ! and for x = m

!

, respetively. The resolution is desribed by a

Gaussian G(x;m

�

0



) = exp[

1

2

(x�m

�

0



��

R

)

2

=�

2

R

℄, where �

R

= 11:9 MeV is a shift

in the resolution and �

R

is the width. The signal observed is desribed by

S

(i)

(m

�

0



) =

Z

dxS(x)G(x;m

�

0



) � (S 
G)(m

�

0



) : (5.12)

To desribe the bakground the funtion

B

(i)

(m

�

0



) = p

0

e

�p

1

m

�

0



p

m

�

0



�m

�

0
(5.13)

is used. The �t of the sum of equations (5.12) and (5.13) to the data is shown in the

left part of �gure 5.9. For the �t m

!

and �

0

!

were �xed to their measured values of

783 MeV and 8:4 MeV, respetively.

From the result of the �t a �

0

-ontribution of �(p ! �

0

p) � �(�

0

! �

0

)=L =

13:6�b � 6:8 � 10

�4

=L = 12 events (� 10 %) is subtrated, where the former number

is taken from [12℄ and the latter from [32℄.

(ii) A Gaussian funtion

S

(ii)

(m

�

0



) = A exp

"

1

2

(m

�

0



� �(m

�

0



)

2

)

�(m

�

0



)

2

#

(5.14)

is �tted to the signal and the bakground is subtrated assuming that it is properly

desribed by the Monte Carlo. This sample, to be subtrated is shown as the open

histogram in �gure 5.8 and is given by the following sum:

B

(ii)

(m

�

0



) = Pythia(mod) + (b

1

! 5) + (b

1

! �

+

�

�

4) : (5.15)

The �

0

-ontribution needs not to be subtrated in this ase, sine it is inluded in

Pythia(mod).

From the �ts one an derive the number of events N as desribed by the signal assumption

whih is turned into a ross setion by

�(p! !p) =

(1� �)N

��

!!3

LF

=e

; (5.16)

where � = 2:2 % is the total aeptane inluding the trigger eÆieny and geometry,

�

!!3

= 8:5 % � 98:8 % = 8:41 % is the branhing ratio for the deay ! ! �

0

 ! 3,

L = 5:41 pb

�1

is the integrated luminosity olleted for the year 1996 and the subtrigger

50 and F

=e

= 1:36 �10

�2

is the ux of photons stemming from the eletron as given by the

integral over y and Q

2

of equation (1.34). The fator (1 � �) aounts for the remaining

ontamination of 11 % proton-dissoiative events.

The parameters found by the �ts are listed in table 5.3 together with the �

2

per degree

of freedom. The last row of the table displays the ross setions determined by means of
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Figure 5.9: Fits to the mass distributions to determine the ross

setion:The left part shows a �t of S

(i)

+ B

(i)

to data. The right part shows

the mass distribution with B

(ii)

subtrated and S

(ii)

�tted to the signal in the

range of m

�

0



2 (0:65; 0:95) GeV. The parameters and ross-setions obtained

by the �ts are given in table 5.3

Fit (i) Fit (ii)

A 83:9�6:6 �b/GeV A 57:2�5:7 �b/GeV

p

0

6:6�2:1 �b/GeV �(m

�

0



) 800�5 MeV

p

1

0:63�0:3 GeV

�1

�(m

�

0



) 67:1�4:4 MeV

�

2

=N

df

28:2=20 �

2

=N

df

14:3=3

�(p! !p) 1:34�0:11 �b 1:26�0:16 �b

Table 5.3: Parameters found by �ts (i) and (ii):The table lists the

parameters and their errors found by the �ts together with their respetive �

2

per degree of freedom. The last row gives the ross setion obtained by equation

(5.16).
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equation (5.16) The average of the two values extrated by the �ts (i) and (ii) is taken

as the value for the ross setion, sine this value is assumed to bear the least unertainty

onerning the bakground:

�(p! !p) = (1:3 � 0:2(stat))�b (5.17)

The error was alulated adding the relative errors of the amplitudes of �ts (i) and (ii)

and the errors on the Gaussian of �t (ii) in quadrature. The di�erene will be inluded

in the systemati error (setion 5.6).

5.5.2 Measurement of the Di�rative Slope

From the di�erential distribution in jtj one an measure the di�rative slope b by �tting an

exponential / e

�bjtj

. To do this, �rst !-like events are seleted by utting on the invariant

mass:

m

�

0



2 (0:60; 0:95) GeV : (5.18)

The resulting jtj-distributions is shown in the left part of �gure 5.10.

To extrat the true value of b, the jtj-distribution as it is measured has to be orreted

for aeptane (and to some extent for resolution e�ets): The orretion for a measured

distribution f(x) is obtained by means of Monte Carlo events. The true (generated)

distribution

^

f

MC

(x) is divided by the distribution f

MC

(x) obtained after applying the uts

and after the detetor-simulation:

C(x) :=

^

f

MC

(x)

f

MC

(x)

; (5.19)

hene, the orreted distribution

~

f(x) is obtained by multiplying the measured one, f(x),

by the orretion de�ned in equation (5.19):

~

f(x) = C(x) � f(x) : (5.20)

Applying this orretion | shown in the right part of �gure 5.10 | and �tting the result

with

~

f(t) = Ae

�bjtj

; (5.21)

yields a slope of

b = (10:7 � 1:1) GeV

�2

; (5.22)

with a �

2

=N

df

= 9:6=15. The parameter A = (1655� 273) GeV

�2

is diretly proportional

to the elasti ross setion in the forward diretion d�(t = 0)=djtj, the onstant of pro-

portionality is essentially the denominator of equation (5.16) but with the aeptane �

replaed by the bin-width Æ

t

of the t-distribution, sine the distribution has already been

orreted and only the �nite bin-width has to be taken into aount:

d�

djtj

�

�

�

�

t=0

� �

0

0

=

A

Æ

t

�

!!3

LF

=e

= (12:2 � 2:1(stat))

�b

GeV

2

: (5.23)

5

This is the mass that would be measured without any imperfetions that lead to �nite resolution

e�ets.
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Figure 5.10: The jtj-distribution of seleted !-events and its or-

retion: In the left Part the distribution �N=�jtj for events with m
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(0:60; 0:95) GeV is shown. The right part of the �gure shows the orretion to

be applied as full line. The distribution as it was generated is shown as dashed

histogram and the dotted one is the orresponding distribution on detetor level

after appliation of the uts.
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Taking the values of �

0

0

and b, one an integrate the di�erential ross setion over jtj and

obtains another measurement of the elasti ross setion �(p! !p):

�(p! !p) = �

0

0

Z

1

0

djtje

�bjtj

=

�

0

0

b

= (1:1 � 0:2(stat))�b : (5.24)

The lower limit of integration was set to zero, while the upper limit was set to in�nity,

sine for the given preision there is no di�erene, between e

�b

0:5 or e

�1

. This value

agrees well with the ross setion given in equation (5.17).

In �gure 5.12 a omparison of the data with a predition of the SVM is shown. The

predition was alulated for �

0

-photoprodution and is taken from [68℄. The values are

saled by a fator 1=9 whih is the only di�erene the SVM makes between the ! and the

�

0

. Sine the alulations are arried out at a photon proton entre of mass energy of 20

GeV a further sale fator of 2 is applied to aount for the energy dependene present

in Pomeron indued proesses. The points are obtained by subtrating the bakground as

given by the Monte Carlo analogous to �t (ii) in setion 5.5.1 followed by the orretion

as desribed above and �nally the event numbers per bin are onverted into ross setions

by a sale fator of (1� �)=(�

!!3

LF

=e

).
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Figure 5.12: Comparison of the orreted jtj-distribution with a

SVM predition: The bakground redued and aeptane orreted distri-

bution ��=�jtj for events with m

�

0



2 (0:60; 0:95) GeV is ompared to a

predition of the SVM for �

0

-photoprodution saled by a fator 2=9.

As an be seen by omparing �gures 5.12 and 5.11 both the SVM-predition and a simple
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exponential shape desribe the measured distribution equally well, although the error bars

of the former are larger ompared to the latter due to the bakground subtration.

5.5.3 Deay Angular Distributions

In priniple there are two distributions that an be analysed, but the orretion of os#

�

as shown in �gure 5.13 a) makes it hardly possible to orret the distribution properly, as

the orretions reah O(10

3

) for j os#

�

j ! 1, and therefore the two bins at j os#

�

j = 1

are not inluded in the �t. Fitting the expetations for SCHC W (os#

�

) = A(1 + os

2

#

�
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Figure 5.13: Deay angular distributions and their orretions: Parts

a) and ) show the os#

�

- and the j'

�

j distributions before the orretion is

applied. Parts b) and d) show respetively the Monte Carlo distributions as

they were generated (upper dashed histogram) and how they are reonstruted

after appliation of the uts (lower dashed histogram). The full histogram is

the orretion to be applied to data.

and W (j'

�

j) = onst to the respetive distributions one obtains

A =

3

8�

�

+1+1

= 0:10 � 0:01 (5.25)

onst = 0:73 � 0:07 ; (5.26)

whih is well ompatible with the expetations from SCHC. The �ts are shown in �gure

5.14, where the respetive distributions are normalised to unity.
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Figure 5.14: Fits to the deay angular distributions: The left panel

shows the to �t to the os#

�

distribution and the right panel shows the �t to

the j'

�

j distribution

5.6 Systematis

The systemati unertainties for the ross setion and the slope are estimated by

��

syst

�b

syst

(1) Varying the uts 11 % 15 %

(2) Varying the energy sales of the SpaCal and the eletron

tagger within the values quoted for absolute alibration

3 % 9 %

(3) Reweighting of Monte Carlo distributions (t, os#

�

) 3 % 2 %

(4) Changing the binning (m

�

0



, t) and di�erent �ts 4 % 9 %

(5) Using di�erent parameterisation for the trigger simulation 3 % 0:3 %

(6) Di�erene of the �ts (i) and (ii) 6 % |

(7) Unertainty of luminosity measurement [66℄ 1:3 % |

(1) { (7) added in quadrature 14 % 20 %

For eah of the lasses (1) { (6) the hanges were applied equally to the data sample and

the Monte Carlo samples, then the ross setion was determined as the average of the

results of �ts (i) and (ii). The slope was determined by a �t of Ae

�bjtj

to the orreted

jtj-distribution. The values determined for eah lass have a ertain spread giving the

unertainty. As a measure for this unertainty the root mean squared of those values is

used.

In (1) the uts de�ning the photon- and pion-andidates were varied and the uts applied

to prepare the ! sample were also varied.

For item (2) the energy sale of the SpaCal was varied by �4 % and the for the eletron

tagger a variation of �2 % was used.

In (3) the di�rative slope b

gen

of the !-Monte Carlo was hanged by �2 GeV

�2

and the

deay angular distribution was reweighted to follow 1�os

2

#

�

and to be at, respetively.

For item (4) as additional test for the stability of the �t to the mass distribution, the sum

S

(ii)

+B

(i)

is �tted and the ross setion is alulated from the number of !'s as found by

this desription of the line-shape. Furthermore the binning was varied for all three �ts.
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The stability of the value extrated for the slope was heked also by varying the binning

and also another �t was performed. This �t took into aount a ontribution of p

pd

= 11 %

for proton dissoiative events with a slope b

pd

restrited to the range between two and �ve

GeV

�2

. In addition, the funtion was onstruted suh that the integral yields the atual

number of events:

dN

djtj

= N

"

p

el

b

e

�bjtj

e

�bjtj

min

� e

�bjtj

max

+ p

pd

b

pd

e

�b

pd

jtj

e

�b

pd

jtj

max

� e

�b

pd

jtj

min

#

� N

h

p

el

be

�bjtj

+ p

pd

b

pd

e

�b

pd

jtj

i

;

where in the last step jtj

min

= 0 was inserted and e

�bjtj

max

� 0 was assumed. For all the

heks the di�erent �ts for b yielded the same values for the slope within a few per ent.

In (5) The unertainty due to the desription of the trigger eÆieny was studied by a

di�erent parameterisation of the aeptane of the eletron tagger where a fourth order

polynomial was used instead of the tabulated values. For the IET-part heks were done

using
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to desribe the eÆieny.

The items (6) and (7) a�et only the systemati unertainty of the ross setion.

5.7 Summary

In this hapter measurements of elasti ! photoprodution at a mean photon-proton entre

of mass energy of 200 GeV have been presented. The quantities measured are the ross

setion �(p! !p) and the di�rative slope b:

�(p! !p) = (1:3 � 0:2(stat)� 0:2(syst))�b (5.27)

b = (10:7 � 1:1(stat)� 2:0(syst)) GeV

�2

(5.28)

The deay angular distributions have been found to be ompatible woth SCHC, though

the �rst and the last bin of the os#

�

-distribution had to be exluded from the �t to the

SCHC predition, sine in these bins the orretions exeeds values of 1000. The third

angle  

�

has not been aessible at all, sine the four momentum of the sattered eletron

is not measured but only the energy.

Comparison with other Measurements

The values found for the ross setion and the slope �t well into the piture of Regge

theory and its preditions for both of them, as an be seen in �gure 5.15 where the above

measurements are ompared to other measurements at lower energies and the expetation

from Regge theory.
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The slope measurements in the lower part of the �gure an in turn be used to �t the slope

of the Pomeron trajetory anew by means of equation (1.65) with �

0

IP

as free parameter.

For s

0

= 10 GeV

2

one obtains a value of

�

0

IP

= (0:15 � 0:08) GeV

�2

(5.29)

with a �

2

per degree of freedom of 10:16=13 = 0:78, whih is within two standard deviations

in aordane to the standard value of 0:25 GeV

�2

. The orresponding value of b

0

inreased

as ompared to table 1.3 slightly from (6:6 � 0:1) GeV

2

to (6:9� 0:3) GeV

�2

.

Comparing the ross setion obtained in this hapter with measurements of other vetor

mesons, one an immediately ompare with the �

0

[12℄ sine this measurement was per-

formed pratially at the same photon proton entre of mass energy, and of ourse with a

measurement of the ! at lower W [10℄.

�(p! �

0

p) = (13:6 � 0:8(stat)� 2:4(syst))�b hW i = 187 GeV (5.30)

�(p! !p) = (1:2 � 0:1(stat)� 0:2(syst))�b hW i = 80 GeV (5.31)

For the ratio of the vetor-photon ouplings f

2

V

one expets the ratio [45℄

f

�2

�

0

: f

�2

!

: f

�2

�

= 9 : 1 : 2 (5.32)

where for this measurement only the �rst of the above ratios an be alulated, as for

the � there exists only one measurement [69℄ performed by the ZEUS ollaboration at

lower energies (70 GeV). For the �

0

and the ! the ratio of the ouplings equals the ratio

of the ross setions assuming validity of the additive quark-model (f. setion 1.6.4 and

equations (1.77) and (1.78)). For the � things would be more ompliated, sine in this

ase �

�p

tot

6= �

!p

tot

, but as there is no measurement of the �-ross setion at W � 200 GeV,

there is no need to go into those details.

The ratio of the ouplings in photoprodution at HERA at hW i � 200 GeV is experimen-

tally found to be

f

�2

�

0

: f

�2

!

= �(p! �

0

p) : �(p! !p)

= (10:5 � 1:72(stat)� 2:45(syst)) : 1 ; (5.33)

what is quite good agreement with equation (5.32).

Comparing the measurement at lower energies (W & 10 GeV) the rise of the ross setion

is only marginal and ould be as well �tted by a logarithm or a logarithm squared as

proposed in other Pomeron parametrisations (f. appendix A).
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Figure 5.15: Comparison of the �(p! !p) and b with other

measurements: The upper �gure shows the measurement of the elasti !-

photoprodution ross setion measured in this analysis at hW i = 200 GeV

together with other measurements at lower energies. The line shows a Regge

theory based predition (see setion 1.6.4).

The lower �gure shows the di�rative slope measured in this analysis | again

| together with measurements at lower energies and a Regge-based predition

(see setion 1.6.1)
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Figure 5.16: Aeptanes for the ! (I): The panels on the left show

distributions as they were generated (upper most solid line), how they are af-

feted by the trigger (dashed line) and as they are aepted after appliation of

the uts (bottom most solid line). The right-hand panels display the respetive

aeptanes, de�ned as the ratio of the solid lines. The distributions shown are

(from top to bottom) the mass, the energy, the polar angle and the azimuthal

angle.
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Figure 5.17: Aeptanes for the ! (II): The �gure shows the same as in

�gure 5.16 but for the momentum transfer squared at the proton vertex jtj and

the deay angular distributions os#

�

and j'

�

j.
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Figure 5.18: Resolutions for the ! (I): The panels on the left hand side

show the orrelations of reonstruted quantities with their generated values.

The right hand side panels show the relative resolutions. From top to bottom

one an see the orrelation and relative resolution of the mass m
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0



a)+b), the

energy E )+d) and the light-one minus omponent � e)+f).
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Figure 5.19: Resolutions for the ! (II): The �gure shows the same as in

�gure 5.18 but for the angles # a) + b) and ' )+d).



5.7. Summary 85

]
2

| [GeVgen|t

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

]2
| [

G
eV

re
c

|t

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Mean x = 0.1059

Mean y = 0.1072

RMS x  = 0.1019

RMS y  = 0.1043

Mean x = 0.1059

Mean y = 0.1072

RMS x  = 0.1019

RMS y  = 0.1043

|gen|t|/|t∆

-1 -0.5 0 0.5 1

ev
en

ts
 /

 0
.0

6

0

100

200

300

400

500

Mean  = -0.02541

RMS   = 0.3292

Mean  = -0.02541

RMS   = 0.3292

gen
*

θcos

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

re
c

*
θ

co
s

-1

-0.8

-0.6

-0.4

-0.2

-0

0.2

0.4

0.6

0.8

1
Mean x = 0.1142

Mean y = 0.1378

RMS x  = 0.3875

RMS y  = 0.3688

Mean x = 0.1142

Mean y = 0.1378

RMS x  = 0.3875

RMS y  = 0.3688

*
gen

θ/cos*
θcos∆

-0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4

ev
en

ts
 /

 0
.0

2

0

100

200

300

400

500

600

Mean  = 7.965e-05

RMS   = 0.1218

Mean  = 7.965e-05

RMS   = 0.1218

| [rad]gen

*
φ|

0 0.5 1 1.5 2 2.5 3

| [
ra

d
]

re
c

*
φ|

0

0.5

1

1.5

2

2.5

3
Mean x =  1.659

Mean y =  1.685

RMS x  = 0.8349

RMS y  = 0.8348

Mean x =  1.659

Mean y =  1.685

RMS x  = 0.8349

RMS y  = 0.8348

|
*

genφ|/|
*

φ|∆

-0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4

ev
en

ts
 /

 0
.0

2

0

100

200

300

400

500

600

700
Mean  = 0.004148

RMS   = 0.1144

Mean  = 0.004148

RMS   = 0.1144

a) b)

) d)

e) f)

Figure 5.20: Resolutions for the ! (III): The �gure shows the same as in

�gure 5.18 but for the momentum transfer squared jtj a)+b), the deay-angular

distributions os#

�

)+d) and j'

�

j.
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Chapter 6

Exlusive f

2

Photoprodution at

HERA

6.1 Preparation of the f

2

Sample

The analysis of the f

2

! �

0

�

0

! 4 proeeds along analogous lines as for the !, espeially

the seletion of photon- and pion-andidates is idential as desribed in 5.1, so the uts

are just repeated briey, for details the reader is referred to setion 5.1.

E

i

> 100 MeV (6.1)

R

i

2 (0; 3) m (6.2)

f

(h=e)

i

< 0:01 (6.3)

d

i

2 [8; 75℄ m (6.4)

As in hapter 5 a luster is negleted if it fails to pass ut (6.1) and events are rejeted

if one luster does not satisfy the riteria (6.2) { (6.4). The orretion for low energeti

lusters, developed in [48℄, is applied here as well. The de�nition of pion-andidates is also

the same as in hapter 5, namely

jm



�m

�

0
j < 40 MeV ; (6.5)

with m

�

0
= 135 MeV [32℄, whih is justi�ed as an be seen in �gure 6.1. The values found

by �tting the two-photon mass spetra of both data and Monte Carlo are listed in table

6.1.

Data Monte Carlo

� [MeV℄ 133:8�1:0 133:9�0:2

� [MeV℄ 14:7�1:3 15:6�0:2

�

2

=N

df

3.81/6 8.19/6

Table 6.1: Parameters �tted for pion-andidates: The table shows the

mean value, the width and the �

2

per degree of freedom found by the �t for

data and Monte Carlo (IOIP ium).

The major di�erenes between the !- and the f

2

-sample are the number of photon- and

pion-andidates seleted:

N



= 4 (6.6)
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Figure 6.1: Pion-andidates as seen in data and Monte Carlo: The

spetra of photon-photon masses are shown for data in the left and Monte Carlo

(IOIP ium f

2

! �

0

�

0

) in the right. The urve shows �ts of a Gaussian together

with third order polynomial.

and

N

�

0
� 2 : (6.7)

In addition to this, the requirement for elasti prodution is dropped, sine the SVM ex-

pliitely requires proton exitations into f2Pg states (see setion 1.7.2). And the remaining

ut to be applied is

�

�

0

�

0

+eTag

2 [50; 60℄ GeV : (6.8)

The right part of �gure 6.2 shows the �-distribution for the four-photon sample and in

ontrast to the orresponding �gure (�g. 5.2) in the three photon �nal state, here is no

shoulder of exlusive events visible, though the expetation as shown in the right part is

ompletely analogous to the ! ase.

If the f

2

and the a

2

are produed aording to the preditions of the SVM, there have to

be neutral pions (and �'s) to be visible in the -mass spetra, espeially if one looks at

the spetrum of photon pairs (k; l) when the other pair (i; j) is aepted by the pion ut

(6.5). If p

4

denotes the sum of the four momenta of the four photons and p

ij

= p

i

+p

j

the

two photon four momentum, the four momentum of the remaining two photons is given

by p

kl

= p

4

� p

ij

. This system is said to \reoil against the pair (i; j)" and in partiular,

if jm

ij

�m

�

0 j < 40 MeV it \reoils against a �

0

". Figure 6.3 shows on the left hand side

in panels a) and ) all ombinations of the -masses, where in a) the signal Monte Carlo

in grey is the f

2

and the a

0

2

is inluded in the bakground shown as the open histogram

below the signal. In ) the rôles of f

2

and a

0

2

are interhanged. The panels on the right

show those ombinations when a pair is in the pion window indiated by the dashed lines

of the left part. In b) one an see the expetation for the seond �

0

of the f

2

deay in

grey on top of the bakground and in d) it is the expetation of the � that is shown in

grey. The dashed lines in parts b) and d) orrespond to the pion-window (6.7) and to the

�-window used in [2℄.

Cut (6.7) is to be understood in the sense, that an event to be aepted as f

2

-andidate,

has to have at least two photon pairs where one pair also lies in the region given by the
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Figure 6.2: The variable � for four photons seleted: The right part of

the �gure shows � having seleting four photon-andidates. The rise towards

small values is due to events where only a fration of the �nal state is deteted

in the SpaCal. The expetation of f

2

! �

0

�

0

is shown on top of the assumed

bakground. The right part shows the expeted distribution of � as given by IOI

P ium.

dashed lines in the part b) of �gure 6.3.

Already from this �gure, espeially from part d), one an antiipate that the predition of

the SVM is not likely to be on�rmed, as it is obvious that the SVM expetation overshoots

the data (shown as the dots).

6.2 Comparison of Monte Carlo with data

Figure 6.4 ompares the energies (leftmost olumn), the distanes from the beam-pipe

(middle) olumn and the radii of the lusters of data with the expetation given by the

Monte Carlos. As in hapter 5 the photons are sorted suh that E

1

> E

2

> E

3

> E

4

from the top to the bottom. Here and in the following the uts (6.6), (6.7) and (6.8) are

applied.

The agreement of the Monte Carlo desription with the data is quite satisfatory, though

the ontribution of the f

2

appears not really to be needed and it seems to be possible to

desribe the spetra shown also be means of the bakground alone. This beomes also

apparent in �gure 6.5, where properties of the di-pion system are shown. Also in this

�gure the distributions are desribed quite well by the Monte Carlo simulations. Figure

6.6 gives the single proesses as they ontribute to the mass spetrum. In part a) the

signal proess f

2

! �

0

�

0

(31 events) is shown in grey and for m

�

0

�

0
& 1:2 GeV the f

2

alone desribes the data well, but the bakground ontributions shown in b) Pythia(mod)

(34), ) b

1

! !�

0

! (�

0

)�

0

! 5 (15) and d) b

1

! !�

0

! (�

+

�

�

�

0

)�

0

! �

+

�

�

4

(17) are expeted to be present as well. The a

2

! �

0

� ! 4 (< 1) shown in e) and the

! ! �

0

 ! 3 (1) shown in f) hardly ontribute at all. The numbers in brakets are the

expetations from the respetive Monte Carlos. To Pythia(mod) �

0

di�

-states ontribute

with 50 %, !-mesons with their three pion deay with 25 %, �

0

's with 12 %, �-mesons
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Figure 6.3: -masses in the four photon sample: The left panels shows

all ombinations of the photon-photon masses where in a) the f

2

is shown in

grey and in ) the a

0

2

. For those events with a pair in the pion window the

reoil mass is shown on the right hand side for the f

2

in b) and in d) for the

a

0

2

. The dashed lines indiate the window from whih the pion-andidates are

seleted in the ase of this analysis or �-andidates for the a

0

2

-searh.

still with 8 % via the hanel �! �

�

�

�

. Some other states are present with less than �ve

per ent in total. Summing the data histogram yields 53 events ompared to 68 expeted

from the bakground Monte Carlos.

6.3 Aeptanes

The geometrial aeptane for f

2

-mesons is found to be larger than for the !, namely

�

geom

= 28:8 % � 0:1 % (6.9)
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Figure 6.4: Properties of the photons of the four photon sample:

The left olumn shows the energies of the photon andidates in dereasing order

from top to bottom. The middle olumn shows the transverse distanes of these

photons and the right olumn shows their luster radii.
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Figure 6.5: Properties of the di-pion system: Spetra of quantities of

the seleted four photon sample are shown. Part a) shows the invariant mass,

b) the invariant mass of all  ombinations, ) the invariant mass of the

two photons reoiling against a pion, d) the total energy, e) the quantity �, f)

the transverse momentum, g) the momentum transfer squared jtj, and the two

deay angular distributions os#

�

h) and j'

�

j i).
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Figure 6.6: Contributions of the Monte Carlos: The mass distributions

of the Monte Carlos ontributing to the �

0

�

0

sample are shown separately

together with data. Part a) shows the signal proess f

2

! �

0

�

0

, part b) shows

the dominant bakground as predited by Pythia(mod). The two panels in

the middle ) and d) show the b

1

deaying purely into photons b

1

! !�

0

!

(�

0

)�

0

! 5 and b

1

! !�

0

! (�

+

�

�

�

0

)�

0

! �

+

�

�

4, and panels e) and f)

show respetively how the a

0

2

! �

0

� and the ! ! �

0

 ontribute.
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ompared to only 11 %. Inluding the response of the trigger results in a redued total

aeptane of

� = 6:6 %� 0:1 % : (6.10)

Figures 6.9 and 6.10 show the aeptane of the f

2

for the deay into two neutral pions

as a funtion of various variables. The left panels show the distributions f

gen

(x) as they

were generated as full line, the e�et of the trigger is visualised by the dashed line and

the lowest lying urve �nally shows the distributions f

a

(x) of the events aepted. The

di�erential aeptane �(x) = f

a

(x)=f

gen

(x) is displayed in the right panels.

A rise of the aeptane in �gure 6.11a) as a funtion of the mass is learly visible and

stronger ompared to the !. And the reason for this behaviour is the very same as for the

!, namely larger masses produe larger relative transverse momenta so the deay photons

hit the SpaCal at larger distanes evading the distane threshold of the trigger (L2).

This also gives rise to a better aeptane at higher energies, as shown in parts ) and d)

where one an see the best aeptane is obtained for energies around 11 GeV and also

the energies aessible, are higher.

The aeptane as a funtion of the polar angle extends further out into the SpaCal (or

towards smaller angles) ompared to the !. This is aused on the one hand, by the fat

that the f

2

itself is produed with larger jtj's and thus with larger transverse momenta and

on the other hand, again, by the fat the f

2

is more massive than the !. The azimuthal

aeptane is at as expeted.

The aeptane of the momentum transfer squared at the proton vertex is nearly indepen-

dent of jtj and exhibits only a slight delension with inreasing jtj. Fitting a onstant ex-

atly reprodues the aeptane given in equation (6.10) together with the error, and a line-

�t yields an interept of (6:8�0:1) % and the slope turns out to be (�0:8�0:4) %/GeV

�2

,

i. e. within two standard deviations ompatible with zero.

One of the origins of the better overall performane is visible in the aeptane of os#

�

,

namely there where the aeptane is largest most of the events are produed, namely at

os#

�

� 0 or #

�

� # � �=2.

For j'

�

j the aeptane is better around �=2 than for j'

�

j � 0 and �, though the e�et is

not as pronouned as for the !, the reason is the same as desribed in setion 5.3

6.4 Resolutions

Applying the same mass onstrained �t to the two pion-andidates as in hapter 5, here

improves indeed the quality of the reonstrution of the mass. This is shown in �gure 6.7

for Monte Carlo events, where on the left hand side the mass spetrum for di-pion masses

m

�

0

�

0
is shown when the pions were not subjet to the mass onstrained �t, while the

pions used to reonstrut the masses bm

�

0

�

0
shown in the right part of the �gure, were

�tted. And indeed a (Gaussian) �t to the two distributions yield widths of 166 MeV and

155 MeV, respetively with errors of 2:5 MeV only. I.e. the the distribution of onstrained

pion-andidates is signi�antly narrower than the orresponding distribution where the

pions have not been �tted. This beomes also apparent, omparing parts b) and d) of

�gure 6.11, where the relative resolutions of the masses

1

�m

�

0

�

0
=m

gen

and �bm

�

0

�

0
=m

gen

are shown, and the resolution of the former is 29 % broader than the latter. And looking

at the orrelations in a) and ) of the �gure one sees, that the orrelation of bm

�

0

�

0
with

the generated mass is also better than the orrelation for m

�

0

�

0
in part a).

1

The symbol � refers to the di�erene of generated and reonstruted quantity, here the mass bm

�

0

�

0

.
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Figure 6.7: Di-pion mass spetrum without and with kinemati �t:

A omparison of Monte Carlo m

�

0

�

0
spetra is shown where in the left part the

pions were not onstrained to the nominal pion mass in ontrast to the right

part where both pion-andidates were subjet to a kinemati �t.

Figures 6.12 { 6.14 show the respetive orrelations of the generated quantities x

gen

versus

reonstruted values x

re

on the left hand side and the relative resolutions �x=x

gen

on the

right for x = E;�; #; '; jtj; os #

�

and j'

�

j.

x �x=x

gen

[%℄ �x

m

�

0

�

0
7:1 88:3 MeV

bm

�

0

�

0 5:46 68:9 MeV

E 2:9 0:3 GeV

� 2:9 1:6 GeV

# 0:2 4:1 mrad

' 17:4 0:16 rad

jtj 30:1 0:05 GeV

2

os#

�

14:1 0:13

j'

�

j 14:4 0:14 rad

relative absolute

resolution

Table 6.2: Summary of the resolutions for the f

2

: The table lists the

relative and absolute resolutions of the mass, the energy and � as shown in

�gure 6.11, the polar and azimuthal angle shown in �gure 6.12 and of jtj, os#

�

and j'

�

j shown in �gure 6.13

Table 6.2 summarises the relative and absolute resolutions for the above variables. The

resolutions of os#

�

and j'

�

j are atually better than they appear in the table, sine,

looking at the orrelations in �gure 6.13) and d) one sees a lear orrelation and an anti -

orrelation that spoils the values for the resolutions. The reason for this is the assignment
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of the analyser that di�ers for the quantities generated and reonstruted. For the former

the �rst generated pion is hosen, irrespetive of its energy, while for the latter the �rst

photon-pair that ful�ls the pion-riterion is hosen, but here the energies of the photons

are ordered. This results in the observed piture that in a. 50 % of the ases the analysers

(generated and reonstruted) really belong to eah other and the rest of the ases the

reonstruted analyser orresponds to the seond generated pion.

6.5 Result

The mass spetrum shown in �gure 6.8 is not suited for the measurement of a ross setion,

sine no lear signal is observable in the data. The invariant mass has been alulated by

means of the kinematially onstrained pion-four-momenta. The dashed lines visualise an

f

2

window

bm

�

0

�

0 2 (1:0; 1:6) GeV ; (6.11)

hosen suh that the ratio of signal to bakground does not beome too small and whih

is used to de�ne the region where the f

2

is expeted. Counting the events inside this

window, one obtains

N

data

= 23 (6.12)

N

bakground

= 19 (6.13)

N

f

2

= 28 ; (6.14)

whih hardly leaves any spae for an exlusive f

2

-ontribution. To quantify this \hardly

any spae" a proedure is to be applied yielding the minimum and maximum values

allowed for a given on�dene level. One suh proedure is presented in [70℄, where the

onstrution of on�dene belts is desribed, where for a measured value x

0

the upper

and lower bounds, �

max

and �

min

are given, in whih the true and unknown value � is

likely to be at a given probability �. I.e. if x

0

follows a partiular (normalised) probability

distribution f(xj�) the limits �

min

and �

max

are hosen suh that

Z

�

max

�

min

dx f(xj�) = � :

This means that the probability that the true value � is found inside the interval [�

min

; �

max

℄

is �. This method was implemented into a programme in [71℄ for Poisson proesses with

known bakground b. In [72℄ a method is desribed how to inorporate a systemati un-

ertainty �

syst

into an upper limit. The new limiting value �

0

i

, where i stands for either

the lower (i =min) or upper (i =max) limit, is given by

�

0

i

=

1

2

�

�

i

+ b� x

0

�

i

+ b

�

(�

i

�)

2

:

These methods yield for x = N

data

= 23, b = N

bakground

= 18 and a systemati uner-

tainty of �

syst

= 23:9 % that with � = 95 % the number of exlusive non-bakground pion

pairs in the f

2

region is

N

�

0

�

0 < 17 ; (6.15)

with a lower limit of zero. The systemati unertainty is disussed in setion 6.6. The e�et

of this unertainty is rather weak: [0; 15:0℄

syst

�! [0; 17:0℄. Comparing the inequality (6.15)

with the number of events expeted from f

2

-mesons as predited by the SVM in equation
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Figure 6.8: Mass distribution of the �

0

�

0

-sample: The distribution of

the invariant mass of two neutral pions is shown with the uts (6.6), (6.7)

and (6.8) applied. The pion-andidates are onstrained to the nominal pion

mass by a mass onstrained �t. The dots represent the data and the histogram

shows the Monte Carlo, where the greyly �lled omponent represents the on-

tribution of the signal proess f

2

! �

0

�

0

! 4 as predited by IOIP ium while

the open part orresponds to the bakground whih is assumed to be the sum of

Pythia(mod), b

1

with its �nal states 5 and �

+

�

�

4, and hardly ontributing

the a

2

and the ! in their four- and three photon �nal states, respetively.



98 Chapter 6. Exlusive f

2

Photoprodution at HERA

(6.14), one sees that the result is not ompatible with exlusive f

2

photoprodution by

Odderon exhange.

The limit (6.15) an be onverted into a orresponding limit on the ross setion by means

of

�(p! f

2

X) <

N

�

0

�

0

;max

��

f

2

!�

0

�

0 LF

=e

= 12:4 nb ; (6.16)

where � = 6:6 % is the total aeptane, �

f

2

!�

0

�

0
=

1

3

84:6 % is the ratio for an f

2

to

deay into two neutral pions, L = 5:41 pb

�1

is the integrated luminosity olleted by

subtrigger S50 in 1996 and F

=e

= 1:36 � 10

�2

is the integrated photon ux. This limit on

the ross setion is to be ompared with the value given for the prodution of f

2

-mesons

in [44℄ whih is 21 nb.

6.6 Systematis

The systemati unertainty needed to evaluate the on�dene belt in the previous setion

is determined similarly as for the !.

The heks for model dependenes i.e. reweighting of the t- and os#

�

distribution of the

signal Monte Carlo were not done, sine for the determination of the limit (6.15) the model

does not enter. But in addition the dependene on the width of the mass window was

examined expliitely As in the orresponding setion of the !-hapter the variations were

applied to data and Monte Carlo equally, and from the respetive number of events inside

the f

2

-window the mean value and the root mean squared is given in the rows for the

lasses (1) { (4) for data and the bakground assumed.

Data Bgd-MC

(1) Varying uts (, �

0

-de�nition, et.) 22:4�5:0 19:7�5:6

(2) Varying the energy sales of the SpaCal and the eletron

tagger within the values quoted for absolute alibration

22:6�1:0 18:2�1:0

(3) Using di�erent parameterisation for the trigger simulation

and the aeptane of the eletron tagger.

| 17:9�0:8

(4) Varying the bounds of the mass window alone 24:7�6:0 19:9�5:5

mean and RMS of (1) { (4) 22:9�5:0 19:4�5:1

RMS/mean 21:7 % 26:2 %

| {z }

23:9 %

For item (1) the uts de�ning the photon- and pion-andidates were hanged, and the

window in � used to selet exlusive events was varied.

To estimate the unertainty of the absolute energy-sales of the SpaCal and the eletron

tagger in (2), the energies were varied by �4 % and �2 %, respetively.

Item (3) examines the unertainty due to the parametrisation of the trigger eÆieny and

the eletron tagger and thus a�ets only the Monte Carlo samples. The parametrisations

are the same as in setion 5.6.

In (4) expliitely the dependene on the width of the mass window is tested.

Using the ratio of the root mean square and the mean value for all the hanges applied,

one obtains a relative systemati unertainty of

�

syst

= 23:9 % ; (6.17)
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ombining data the bakground Monte Carlo. As in hapter 5 the bakground due to

beam-gas interations is negligible. The arguments follow the same lines with the same

result as in setion 5.1.1

6.7 Summary

In this hapter an attempt to �nd exlusive f

2

-mesons in photoprodution with a mean

photon-proton entre of mass energy of 200 GeV has been presented. This attempt failed

in the sense that no signal of the expeted magnitude has been observed and a limit on

the ross setion has been given instead on a 95 % on�dene level inluding systemati

unertainties. Table 6.3 summarises the number of events for exlusive di-pion systems

N �(p! f

2

X) [nb℄

data-bakground 4 2:9

95% limit 17 12:4

SVM 28 20:4

Table 6.3: Summary of event numbers and ross setions for ex-

lusive f

2

-photoprodution: The �rst olumn gives the \method" used to

extrat the values given in the seond and third olumn, respetively. The se-

ond olumn gives the event-numbers and the third olumn the ross setion

obtained therewith.

with masses in the f

2

region and ross setions for f

2

photoprodution assuming that all

pion-pairs stem from f

2

deays. In the �rst row diretly the di�erene of events observed

and expeted from bakground Monte Carlo is used, the seond row gives the respetive

upper limit on the maximum ompatible value with a probability of 95 %. The last row

are the values expeted from the f

2

as predited by IOIPiumrepresenting the expetation

if the SVM.
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Figure 6.9: Aeptanes for the f

2

(I): The panels on the left show dis-

tributions as they were generated (upper most solid line), how they are a�eted

by the trigger (dashed line) and as they are aepted after appliation of the

uts (bottom most solid line). The right-hand panels display the respetive a-

eptanes, de�ned as the ratio of the solid lines. The distributions shown are

(from top to bottom) the mass, the energy, the polar angle and the azimuthal

angle.
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Figure 6.10: Aeptanes for the f

2

(II): The �gure shows the same as

in �gure 6.9 but for the momentum transfer squared at the proton vertex jtj

and the deay angular distributions os#

�

and j'

�

j.
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Figure 6.11: Resolutions for the f

2

(I): The panels on the left hand side

show the orrelations of reonstruted quantities with their generated values.

The right hand side panels show the relative resolutions. In parts a)+b) one

an see the orrelation and relative resolution of the mass m

�

0

�

0
when the two

pions had not been subjet of a mass onstrained �t and in )+d) when this

was the ase.
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Figure 6.12: Resolutions for the f

2

(II): The �gure shows the same as in

�gure 6.11 but for the energy E a)+b) and the light-one minus omponent �

)+d).
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Figure 6.13: Resolutions for the f

2

(III): The �gure shows the same as

in �gure 6.11 but for the angles # a) + b) and ' )+d).
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Figure 6.14: Resolutions for the f

2

(IV): The �gure shows the same as in

�gure 6.11 but for the momentum transfer squared jtj a)+b), the deay-angular

distributions os#

�

)+d) and j'

�

j.



Chapter 7

Summary, Conlusions and

Perspetives

In the previous two hapters analyses have been presented in whih two aspets of soft

strong interations have been studied at photon-proton-entre of mass energies around 200

GeV and vanishingly small photon virtualities. The measurements of the ross setion and

the slope are the �rst ones performed for the !-meson at these energies.

The �rst analysis presented deals with the elasti photoprodution of !-mesons. In this

ase the hadroni proess is thought to be mediated by the exhange of a Pomeron whih

ouples to the hadronially interating photon. The values obtained for the ross setion

and the di�rative slope of �(p! !p) = (1:3� 0:2(stat)� 0:2(syst))�b and b = (10:7 �

1:1(stat) � 2:0(syst)) GeV

�2

, respetively, are in good agreement with what one expets

from Regge theory as shown in �gure 5.15. The di�erential ross setion shown in �gure

5.12 is ompared to a predition of the Stohasti Vauum Model (SVM) for the �

0

-meson

saled by a fator 2=9. The agreement is quite satisfatory and demonstrates again that

the SVM is indeed apable to desribe soft hadroni interations. The deay angular

distributions have been found in aordane with s-hannel heliity onserving deays of a

vetor partile into another vetor partile and a salar. To analyse these distributions a

simple approah for real photons has been pursued, sine for Q

2

< 0:01 GeV

2

this is still

a very good approximation. This approah predits a quadrati dependene on os#

�

,

namely d�=d os#

�

/ 1 + os

2

#

�

, and a at behaviour in '

�

: d�=d'

�

= onst. Both

expetations valid for real photons in the absene of s-hannel heliity violating matrix

elements have been on�rmed.

This �rst part has niely on�rmed Regge theory and the notion of the (soft) Pomeron

as tools to desribe soft hadroni interations at high energies. And in addition the hy-

potheses of quark additivity and vetor meson dominane that have been used to alulate

the Regge-expetation for meson photoprodution are also supported a posteriori by this

measurement through its suess. This analysis has not the lever arm to shed light on the

nature of the Pomeron or to distinguish between models, sine to do this both the ross

setion and the slope ought to be measured as funtions of W and Q

2

.

Another way to gain some more insight in the Pomeron would be to measure the ross se-

tion at larger jtj, sine there a deviation from the simple exponential derease is expeted,

but due to lak of statistis at jtj > 0:5 GeV

2

this has not been possible.

What ame to some surprise in [2℄ was the observation of a strong !�

0

exlusive �nal

state at hW i = 200 GeV, that an be desribed niely with a di�ratively produed b

1

together with some non-resonant !�

0

prodution. The ross setion was found to be

105
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�(p! !�

0

X) = (1:07� 0:2(stat)� 0:02(syst)) �b. Although it has not been possible to

on�rm stritly that the signal is due to the presene of a b

1

as due to the limited aeptane

in j os #

�

j � 1 a spin-parity analysis has not been performed. But measurements at lower

energies [58, 59℄ reporting a dominant b

1

ontribution in !�

0

-photoprodution, indiate

that a sizeable b

1

ontribution is also to be expeted at HERA. If the dominane of the

b

1

an be on�rmed this will pose a hallenge to some of the Pomeron models, where

the oupling of the Pomeron is assumed to be photon-like; but di�rative prodution of a

1

P

1

-state from

3

S

1

is hardly or not all possible.

A further approah to test Pomeron models would be to go to ultra-high energies, sine

only at very high energies the various models �tted to low and medium energy data start

to beome signi�antly di�erent. This is exempli�ed in appendix A, where three models

are ompared and �tted to data. In addition a single onstant is �tted suessfully for

W > 10 GeV, whih is ompatible with onstant ross setion for the energies available

so far. But even at energies that may be ahieved at THERA

1

where eletrons of energies

of E

e

= 250, 400 or 800 GeV from the TESLA mahine are brought to ollision with

protons of E

p

= 920 GeV from HERA, we are far from \asymtotia", as the photon proton

entre of mass energies for y = 0:5 are, respetively W = 480, 606 and 860 GeV, and the

gain in lever arm will not be suÆient to favour or disfavour any of the models on the

basis of di�rative vetor meson photoprodution. The energy range where this lever arm

may be reahed is beyond 10

6

GeV, whih is hardly foreseeable to be realised in a ollider

experiment. And the only soures that may serve as a suÆient high energeti beam, are

osmi rays with maximum energies as high as 10

11

GeV/nuleus. Utilising osmi ray

photons with E



� 10

10

GeV in a �xed target experiment would give rise to a entre of

mass energy of W � 1:5 � 10

5

GeV for a proton target. But the \luminosity" expeted for

this kind of experiment is really prohibitive.

The seond analysis is onerned with the searh for the prodution of f

2

-mesons in the

same kinematial regime as the !-meson, but here the interation is assumed to be due

to the exhange of an Odderon, that ouples to the quarks \inside" the photon. But

in ontrast to the ! it has not been possible to measure a ross setion, but only an

upper limit of �(p ! f

2

X) < 12:2 nb at a on�dene level of 95 % has been given,

that seems to rule out the predition of the SVM of 21 nb. But one has to bear in mind

that the ross setions quoted in [43℄ and [44℄ have an unertainty of a fator of two, and

for an expetation of

1

2

21 nb the model is no longer ruled out. But this argument does

not hold for other hannels that have been analysed, namely the exlusive prodution

of �

0

-mesons [1, 3℄ and the iso-vetor a

0

2

[2℄ have also been investigated, and in these

hannels the �ndings are very lear: The mass spetra observed are fully ompatible with

the bakground and the limits derived are given and ompared to the preditions of the

SVM in table 7.1 together with the limit derived in this work. Two remarks have to be

made on the �

0

values: �rst, the SVM value is the ross setion for the t-region aessible

by the experiment and seond, in ontrast to the publiation an interept of exatly one

has been assumed leading to a onstant ross setion. And here a fator of two annot

save the model predition.

And seond, an argument one may objet against this model unertainty of a fator two

is, that in other appliations of the SVM the agreement of the model with the data is

remarkably good, as shown in �gure 5.12 or for example the �

0

-eletroprodution and

J= -photoprodution [73℄

2

. Further examples where the SVM works well are 

(�)



(�)

-

reations [74℄: the modi�ed struture funtion

~

F



2

of real photons and the total ross

1

aronym for TESLA�HERA

2

The mismath in the ase of the � is attributed to wave-funtion e�ets.
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hannel limits SVM

(all values in nb)

p! f

2

X 12 21

p!�

0

N

�

38 200

p! a

0

2

X 62 190

Table 7.1: Comparison of limits on Odderon indued ontributions

to theory: The results of the analyses on exlusive pion prodution [3, 1℄ and

exlusive a

2

-prodution [2℄ are ompared to the preditions of the SVM.

setion for real photons are both very well desribed by the model, or in the ase of p

sattering a variant of the model an niely desribe the energy- and Q

2

-dependene of

elasti vetor meson prodution and the proton struture funtion F

2

[75℄.

Another deliate question onerns the energy dependene of the ross setion, although

the model { as it is { has no energy dependene i.e. orresponds to a trajetory with

unit-interept, in a wide range of appliations, e.g. [74, 75, 76, 77, 78℄ and [43℄ the model

ross setion is modi�ed to rise with W like (W=W

0

)

2�

, where � = �(0) � 1, sine | it is

argued | the size of the dipole rises with W . If that were true, the size of the dipoles

in Odderon indued reations should inrease in the same way as for Pomeron indued

proesses or p interations in general, and thus also their ross setion should rise with

energy.

In turn the limits given in table 7.1 an be used to gain some information of the interept

by solving

�(s) = �

0

�

s

s

0

�

�

for �, where �

0

is the SVM ross setion at s

0

= (20 GeV)

2

and �(s) is the limit on the

ross setion measured at s = W

2

. The results for the three hannels are given in table

7.2. These limits lend support to the statement given in [79℄, where it is laimed that the

f

2

�

0

a

0

2

�

IO

< �0:12 �0:35 �0:24

Table 7.2: Limits on the Odderon interept: Upper limits on �

IO

=

�

IO

(0) � 1 derived from the limits on the ross setions for the exlusive pro-

dution of f

2

- �

0

- and a

0

2

-mesons.

Odderon interept should be very small, �

IO

(0) � �1:6 based on alulations in the very

same model dealing with glueball masses that were found to be in gross aordane with

lattie alulations. The reason for the low interept would be the analogy of a three-gluon

system with a baryon, i.e. gg $ q�q and ggg $ qqq, having in mind that the meson- and

baryon trajetories are parallel (as are the Pomeron- and the Odderon trajetories) but

with largely di�ering interepts.

A ompletely di�erent argument that has been given [80℄ to explain the absene of the

pion is due to its Goldstone boson nature. If the pion were the Goldstone boson of hiral
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symmetry, this would imply that the quark model used to onstrut the pion wave funtion

would not be appliable and the alulation were based on partially wrong assumptions.

A di�erent model for the Odderon [81℄ was tested in [82℄ but as the ross setion predited

for �

0

-, �- and �

0

-photoprodution are in the range of 50 { 120 pb, only limits on the

ross setion ould be given. The limits on the ross setions on a 90 % on�dene level

for �- and �

0

are ompared in table 7.3 with the expetations given in [81℄ for di�erent

Odderon ouplings 

IO

. A vanishing value of 

IO

implies no Odderon ontribution at all and

orresponds to the pure -proess, while for �nite values this parameter expresses the

Odderon oupling in terms of the Pomeron oupling multiplied by a phase-fator. A nie

limit 

IO

= 0 

IO

= �0:05 

IO

= 0:05

(all values in pb)

� 171 56:4 73 55

�

0

79 83:6 92 80

Table 7.3: Limits on other Odderon indued proesses: Limits on the

exlusive prodution of � and �

0

-mesons obtained in [82℄ are ompared to model

preditions [81℄ for three values of the Odderon oupling 

IO

.

feature of this partiular model is the fat that the ross setion is alulated diretly as the

square of the sum of the two ontributing - and IO-amplitudes and thus automatially

inludes the interferene that manifests for negative 

IO

as a dip in the p

?

-distribution,

and given a signal of any of the pseudosalar mesons with enough statistis would allow

for a lear statement.

From the above �ndings one an draw two onlusions: (1) The Odderon does not ouple

(or only weakly) to the the above mesons (or to the proton) at all, or (2) the interept

is too small to see ontributions at high energies with the auray of the analyses that

have been arried out so far. In order to settle this point, one would have to inrease

statistis whih should not be a problem with the advent of HERA II. The magnitude of

the Odderon interept ould be measured if suessful measurements were arried out at

lower energies. This option is feasible in the future as well, in two ways. If the eletron is

not tagged, one has photon proton entre of mass energies in the range of 40 to 90 GeV;

or if the eletron is tagged in the 44-m eletron tagger, W will be in the range from 46 to

150 GeV. This latter option is in priniple the better one, sine the range overed in W

is larger and it is possible to keep the ut on � to selet exlusive events easily, but the

aeptane of this detetor has been rather poor in the last years, so this detetor would

need signi�ant improvement before it may be used for a high statistis analysis.

Again, as for the vetor mesons the THERA option of the TESLA aelerator ould be

awaited, but if the Odderon interept really lies below unity, this may turn out as a dead

end. On the other hand for the relativisti heavy ion ollider (RHIC) it is disussed to

replae one gold-beam with a proton-beam. And operated in a mode were the partiles

do not ollide but pass eah other at impat parameters of about one nulear radius, the

gold-nulei serve as a high intensity soure of photons whih subsequently may interat

hadronially with a proton, in the same way as it ours at HERA. Proesses of this

kind have already been observed by the STAR-Collaboration [83℄, namely di�rative �

0

-

prodution. Assuming that the photon proton entre of mass energy may be alulate

analogously as in ep-sattering, one has for y = 0:5 entre of mass energies of W = 8 GeV

for nuleon nuleon entre of mass energies of

p

s

NN

= 130 GeV. So one would go bak to
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�xed target energies with a high intensity \photon-beam". In this energy range already a

number of experiments have been arried out, so that this option annot be regarded as a

most promising one to gain new insight onerning the Odderon problem.

One ould go even one step further and install a omplete new experiment in the HERA

tunnel. This hypothetial experiment would be mounted with an array of detetors to

detet the sattered eletron to provide the largest possible overage in W . And keeping

the strategy of purely photoni �nal states, one would build the alorimeter to detet the

photons at a rather large distane from the interation point, minimising the error indued

by the lak of traks needed to reonstrut the interation point. And a larger distane

simultaneously inreases the angular aeptane that may eventually allow for spin parity

analyses on more solid grounds.

Having gone through the experimental programme suggested above, be it an extended

version of the analysis presented in this thesis or the ones presented in [1℄ and [2℄ with

larger statistis and W range, or, be it the proposed experiment, one should �nally be

able to on�rm or rejet one of the above statements, whether the Odderon ouples at all

or whether the interept is small. Any outome is interesting by itself and will hopefully

trigger further interest and disussion.

Assuming for the moment, it turns out that the Odderon does not ouple at all in soft

proesses, then the following question arises immediately: Why is there a Pomeron in

both soft and hard proesses but the Odderon appears only in hard proesses? Sine

in perturbative QCD the two-gluon exhange and the three-gluon exhange appear on

equal footing. And the Odderon is needed to reprodue the angular distributions in the

dip-region and at large jtj [84℄ in pp and �pp sattering. And it turns out that in all

3

perturbative alulations the interept of the Odderon turns out to be lose to unity

[85, 86, 87℄. Though also the interept alulated for the so-alled BFKL-Pomeron shrinks

from � 1:4 down to 1:09 when going from a hard regime to soft sattering, it appears

not partiular likely that a shrinkage { if present { should be that strong to push the

interept of the Odderon below a value out of experimental viinity. If that were the

ase the notion of the Odderon as \leading trajetory with C = �1" would be no longer

appropriate, sine for �

IO

(0) < 0:5 the leading trajetory with C = �1 would be the !.

In this ontext, further experimental veri�ation of the perturbative Odderon is urgently

needed, and there is a number of publiations [88, 89, 90, 91℄ dealing with the exlusive

prodution of mesons in a perturbative regime. In most of these publiations the hard

sale is provided by the mass of the harm quark in the ase of the �



. But some present

alulations for light mesons in partiular for the �

0

, �, f

2

and the a

0

2

but with the hard

sale provided by the momentum transfer, either Q

2

or t larger than a few GeV

2

. The

ross setion reported there range from � 1 { 100 pb, but hope is uttered that due to

orretions at NLO large orretions are to be applied, giving rise to a fator of 4 { 5,

similar to the NLO-orretion in the BFKL-ase, though there, the orretions turned out

to be negative.

So, if the Odderon will not be found, or even proven not to exist, QCD owes an explanation.

But on the other hand, if it is �nally found, the ommunity will lean bak with relief and

say \So, what? We all knew it has to be there."

3

at least to the knowledge of the author
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Appendix A

Cross Setions and the Pomeron:

Simple Pole versus Untitarised

Models

A brief review of the three approahes presented in [34℄ is given, onentrating on total

ross setions and their appliation to vetor meson-photoprodution.

Total hadron hadron ross setion may be equally well parametrised by the following

formula

1

:

�

(�)

A B

tot

= a

AB

i

+ Y

AB

+

s

��

+

� Y

AB

�

s

��

�

(A.1)

with

a

AB

i

=

8

<

:

X

AB

s

�

i = 0 IP as a simple pole (RRP)

�

AB

[A+B ln(s=s

0

)℄ i = 1 (RRL)

�

AB

�

A +B ln

2

(s=s

0

)

�

i = 2 IP fully unitarised (RRL2)

(A.2)

The parameter �

AB

in the above equation is a measure of the interation in terms of

the pp-ross setion and quanti�es to some extend the quality of the additive quark model

(AQM), that states, that the meson-proton ross setion should roughly sale with proton-

proton ross setion like the number of quarks involved �

�p

tot

=�

pp

tot

= 2=3. This assumption

is found to be niely on�rmed in [34℄.

Applying,

�

�

0

p

tot

� �

!p

tot

�

1

2

�

�

�

+

p

tot

+ �

�

�

p

tot

�

and (A.3)

�

�p

tot

� �

K

+

p

tot

+ �

K

�

p

tot

� �

�

�

p

tot

; (A.4)

one obtains the respetive parameters for X

V p

and Y

V p

�

for the photoprodution ase.

These relations for hp! V p are given in table A.1. In table A.2 one �nds the numerial

values for the three models RRP, RRL and RRL2, respetively.

Using equation (1.76) together with the parameters of table 1.3, the models an be �tted

to data: Table A.3 lists the values one obtains when the parameters X

V p

and Y

V p

�

are

�tted for W > 5 GeV shown in the left part and for W > 3 GeV in the right. Aording

to equation A.3 Y

V p

+

for both the �

0

and the ! were �xed to zero. If this onstraint is

dropped, the �t does not improve signi�antly but the values found have that large errors

1

The respetive real parts of the sattering amplitudes are given in [34℄.
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�

0

(!) �

X X

�p

2X

Kp

�X

�p

Y

+

Y

�p

+

2Y

Kp

+

� Y

�p

+

Y

�

0 �Y

�p

�

Table A.1: From hp! V p-sattering:The table list the onversion rules

for hp! V p-sattering. � may be obtained by the replaement X ! �.

�

0

(!) �

RRP

X [mb℄ 12:08� 0:29 9:44� 0:54

Y

+

[mb℄ 26:2� 0:74 1:96� 1:36

Y

�

[mb℄ 0 �7:63� 0:72

RRL

� 0:68� 0:01 0:60� 0:01

Y

+

[mb℄ 61:2� 2:4 38:2� 5:4

Y

�

[mb℄ 0 �5:8� 0:2

RRL2

� 0:64� 0:01 0:51� 0:01

Y

+

[mb℄ 21:2� 0:6 �2:2� 1:6

Y

�

[mb℄ 0 �7:5� 0:7

using AQM

Table A.2: Summary of model parameters:The parameters are obtained

by applying the additive quark model to parameters �tted in [34℄ in hadron-

hadron sattering for three parametrisations for the total ross setion.



1
1
3

�

0

! � �

0

! �

RRP

X [mb℄ 12:93� 0:51 11:74� 2:07 9:21� 0:61 12:57� 0:39 10:67� 0:98 8:36� 0:24

Y

+

[mb℄ 27:9� 5:3 27:3� 21:9 0� 87:2 32:4� 1:7 41:3� 3:6 0� 11:1

Y

�

[mb℄ 0 0 �20:6� 14:4 0 0 0:65� 2:70

RRL

� 0:71� 0:04 0:64� 0:15 0:50� 0:18 0:70� 0:03 0:54� 0:09 0:59� 0:10

Y

+

[mb℄ 65:1� 1:6 60:6� 4:4 43:6� 13:9 65:6� 0:8 63:8� 2:1 33:4� 3:5

Y

�

[mb℄ 0 0 �52:4� 65:4 0 0 �3:0� 13:6

RRL2

� 0:69� 0:03 0:62� 0:11 0:50� 0:17 0:67� 0:02 0:56� 0:05 0:53� 0:07

Y

+

[mb℄ 21:7� 5:2 21:6� 22:2 �4:1� 83:9 26:6� 1:8 36:2� 3:9 �28:7� 23:3

Y

�

[mb℄ 0 0 �20:0� 163:4 0 0 �35:4� 32:4

�tted for W > 5 GeV �tted for W > 3 GeV

T
a
b
l
e
A
.
3
:
S
u
m
m
a
r
y
o
f
�
t
t
e
d
m
o
d
e
l
p
a
r
a
m
e
t
e
r
s
:
T
h
e
v
a
l
u
e
s
o
f
t
h
e

m
o
d
e
l
s
R
R
P
,
R
R
L
a
n
d
R
R
L
2
f
o
r
t
h
e
t
h
r
e
e
l
i
g
h
t
v
e

t
o
r
m
e
s
o
n
s
f
o
r
�
t
s
w
i
t
h

W
>

5
G
e
V

(
l
e
f
t
)
a
n
d
W

>
3
G
e
V

(
r
i
g
h
t
)
.



114 Appendix A. Cross Setions: Simple Pole versus Untitarised Models

that they are essentially undetermined. This is also visible for the � where there has no

suh onstraint been imposed. This an partly be ured by lowering the lower limit of the

�t, as has been done suessfully by W

min

= 5 GeV ! 3 GeV.

It has to be noted that the point of the ! at W = 200 GeV has not been inluded in the

�t.

Conluding, one may remark, that the additive quark model works rather �ne and the

deviations one obtains by �tting the model parameters does not hange them ompared

to the simple assumptions in equations (A.3) and (A.4).
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Appendix B

Cross Setions in a Dipole Model

To evaluate ross setions in a dipole model, one needs the wave funtions of the initial

and �nal states. If one is only interested in the total p ross setion the square of the

photon wave funtion is suÆient, and in leading order it is given by [38℄

j 
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(z; r)j
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q
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(B.1)
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(�

q
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�

; (B.2)

where the sum runs over the light quark avours u; d; s with harges e

q

and masses m

q

,

the momentum fration of the anti-quark is �z = 1�z and K

0

(x);K

1

(x) are the MDonald-

Bessel funtions. The quantity �

q

= z�z +m

2

q

plays the rôle of an energy.

For vetor meson prodution the orresponding meson wave funtion in the �nal state

is needed. In [40℄ a model for the vetor meson wave funtions is presented. The z-

dependene is modelled aording to a Wirbel-Steh-Bauer ansatz [92℄, and in r a Gaussian

behaviour for a harmoni osillator is assumed. The produt  

y

V

 

;�

an be written in the

fatorised form
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V

f

V;�

(z)g

V;�

(r)h

V;�

(z; r) ; (B.3)

where 
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is related to the photon-meson oupling f
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=4� via 
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The osillator frequenies !

V;�

and the normalisations N

V;�

are alulated, solving the

following set of oupled equations:
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ê

V

�

Z

dz �

V;�

(z)f

2

V;�

(z)

�

1=2

(B.7)

1 = N

V;�

Z

dz

~

f

V;�

(z)~�

V;�

(z) (B.8)

117



118 Appendix B. Cross Setions in a Dipole Model

where f

V;�

(z) is the same as in equation (B.4), de�ning

~

f

V;�

(z) and the auxiliary funtions
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(z), ~�
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The resulting frequenies and normalisations are listed in table B.1.
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V

!

V;L

N

V;L

!

V;T

N

V;T

[GeV℄ [MeV℄ [GeV℄ [GeV℄

�(770) 1=

p

2 153 0:33 4:477 0:21 4:865

!(782) 1=3

p

2 45:8 0:30 4:546 0:21 4:854

�(1019) 1=3 79:1 0:37 4:587 0:27 5:703

J= (3097) 2=3 270 0:68 5:127 0:57 2:915

Table B.1: Parameters for the vetor meson wave funtions.

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

The spei� model utilised here is the model of Forshaw et al. [38℄, where HERA photo-

and eletroprodution (Q

2

> 0) data were �tted to �x the model parameters. The model

itself is given by

�̂(s; r) = �̂

soft

(s; r) + �̂
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(s; r) (B.9)

with
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where �̂

soft

(s; r) desribes the soft interation at high energies (i.e. photoprodution) and

�̂

hard

(s; r) the high-energy eletroprodution data. Both the soft and hard omponents

are to be onvoluted with photon wave funtions to obtain the total p-ross setion. In

addition to this high energy part a Reggeon omponent is added to aommodate the rise

of the ross setion at low energies. The parameters found in [38℄ are listed in table B.2.

For the evaluation of the vetor meson ross setions only equations (B.10) and (B.11)

were used and the Reggeon part was thus negleted. The omparision of the total p-ross

setion and the elasti vetor meson ross setions with data is shown in �gure 1.12.
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soft hard auxiliary
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h
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s
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h
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s

2

�0:202�0:005 a

h
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0:06(�xed) �

h

0:386�0:005 m

2

0:08(�xed)

�

2

h

�4:36�0:02

Table B.2: Fit parameters: Given are the paramters �tted to HERA photo

and eletroprodution data. (Taken from [38℄)
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Appendix C

Deay Angular Distributions

When studing deay angular distributions, one usually starts with the inoming photon

expressed in terms of the spin density matrix �

��

0

. The spin density matrix is related with

the lepton tensor L

��

introdued in equation (1.12) via a hange of oordinates: L

��

!

�

��

0

() = �

�

�

�

��

�

0

L

��

, with the polarisation vetors of equation (1.29). If the interation

leading to the �nal state meson (either vetor meson (V ) or tensor meson (T )) is expressed

by the amplitude A, the orresponding spin density matrix is given by

�(M) / A�()A

y

: (C.1)

Let D denote the operator desribing the deay, then the deay angular distribution is

given as the expetation value of D:

hAi �W = Tr�(M)D : (C.2)

As well as the photon, both the density matrix and the deay operator are naturally

expressed in terms of heliities:

�(M) = �

��

(M) and D = D

��

; (C.3)

where the heliity indies � and � may take values of �J;�J + 1; : : : ; J where J is the

spin of a state deaying into two partiles with heliities �

1

and �

2

. As already mentioned

above the results of the measurement are given in terms of

1

# and ', so a transformation

from the heliity base to a base of the observables is needed. This transformation is given

by the Wigner rotation funtions [93, 94℄:
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2J + 2
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; (C.4)

with � = �

1

� �

2

. The deay matrix and the spin density matrix are both hermitian

�

��

= �

�

��

and D

��

= D

�

��

(C.5)

and obey the following symmetry relations

�

����

= (�1)

���

�

��

and D

����

= (�1)

���

D

�

��

; (C.6)

reduing the number of independent matrix elements signi�antly. The funtions T

J

(�

1

; �

2

)

are given in table C.1. For a preise and thorough disussion the reader is referred to [94℄.

The Wigner funtions d

J

�;�

(#) an be read o� the tables given in [32℄ or [94℄, respetively.

1

The supersripts `*' to indiate the hadroni entre of mass frame are dropped here, as there is danger

of mixing oordinate systems.
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Deay T

J

(�

1

; �

2

)

0

+

! 0

�

0

�

G

0

1

�

! 0

�

0

�

p

1=3 2G

1

p

2

+

! 0

�

0

�

p

2=15 4G

2

p

2

3

+

! 0

�

0

�

p

1=70 16G

3

p

3

0

0

! 1

�

1

�

Æ

�

1

�

2

�

1

gp

p

s

1

�

! 1

�

0

�

p

1=3 �

1

gp

p

s

2

+

! 1

�

0

�

p

1=10 �

1

gp

2

p

s

1

�

!

1

2

1

2

�e=

p

3 2(m

1

Æ

�

1

�

2

+

p

s=2Æ

�

1

��

2

)

Table C.1: Deay fators: T

J

(�

1

; �

2

) for various deays (taken from [94℄).

C.1 The Deay ! ! �

0



For this deay the sixth row of table C.1 is needed to get T

1

(�

1

; �

2

). Identifying partile

1 with the photon and partile 2 with the pion, yields �

1

= �1 and �

2

= 0. Assuming

VMD the spin density matrix of the !-meson is diagonal �(!) = diag(�

+1+1

; �

00

; �

+1+1

)

and aording to s-hannel heliity onservation equals the photon spin density matrix.

Therefore only the diagonal elements of the deay matrix D

��

are needed. Aording to

table C.1 T

J

(�

1

�

2

) is proportional to �

1

and thus vanishes for �

1

= 0 and further as only

the squares are involved jT

1
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2

= jT

1
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2

. Thus in equation (C.4) only two terms

ontribute, and one �nds
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where in the last step the expliite expressions for the d-funtions were inserted. The

deay angular distribution is thus given by

W (#; ') =

3

8�

[�

+1+1

(1 + os

2

#) + �

00

sin

2

#℄ (C.8)

For photoprodution, where the photons are nearly on-shell one expets longitudinal pho-

tons to ontribute only marginally, i.e. �

00

! 0 in the limit Q

2

! 0. From equation (C.8)

follows in partiular that there is no dependene on the azimuthal angle to be expeted in

the ase of s-hannel heliity onservation. This may our if the photon-meson transition

ontains o�-diagonal elements.

C.2 The Deay f

2

! �

0

�

0

Aording to [44℄ the f

2

is produed predominantly with heliities � = �2. This means

for the density matrix �(f

2

) that all matrix elements vanish exept for �

+2+2

(f

2

) and

�

�2�2

(f

2

). Thus for the trae only the orresponding deay matrix elements D

+2+2

and

D

�2�2

are needed.
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123

For the deay into spinless partiles equation (C.4) simpli�es to

D
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For the deay angular distribution only the ase � = � = 2 is needed: Y

2

2

(#; ') =

p

15=32� sin

2

#e

2i'

, and thus

D

+2+2

(#; ') = D

�2�2

(#; ') =
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128�

2

sin

4

# : (C.10)

Consequently, the deay angular distribution is given by

W (#; ') =

75

64�

2

�

+2+2

sin

4

# ; (C.11)

where �

+2+2

= �

�2�2

was used.
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