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Messung des D

��

-Wirkungsquershnittes im HERMES-Experiment

Das Thema der vorliegenden Arbeit ist die Produktion von Charm-Quarks in der

Elektron-Proton-Streuung. Der Nahweis erfolgt �uber die Identi�kation von D

��

-

Mesonen, die in der Fragmentation der prim�ar erzeugten Charm-Quarks entstehen.

Mittels der �M -Methode werden die D

��

-Mesonen durh die Rekonstruktion der

Zerfallskette D
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nahgewiesen.

Basierend auf den 1997 bei Hermes aufgezeihneten Daten wird der Wirkungsquer-

shnitt f�ur die Elektroproduktion von D

��

-Mesonen bei station�arem Protonen-

Target und einer Elektronen-Strahlenergie von 27:5GeV extrahiert. Darauf auf-

bauend wird der Wirkungsquershnitt f�ur die Photoproduktion von Charm-Quarks

bei einer Photonenergie von 15:5GeV bestimmt. Der gemessene Wirkungsquer-

shnitt ist in guter

�

Ubereinstimmung mit dem einzigen anderen experimentellen

Resultat bei vergleihbar niedrigen Photonenergien und in Einklang mit der Er-

wartung aus st�orungstheoretishen QCD-Rehnungen.

Mit Hilfe von zus�atzlihen Daten, die in den Jahren 1998-2000 nah einem Ausbau

des Hermes-Detektors aufgezeihnet wurden, ersheint es daher m�oglih, erstmalig

die polarisierte Gluonverteilung aus der Charm-Produktion zu bestimmen.

Measurement of the D

��

Cross-setion at HERMES

In this thesis, the prodution of harm quarks in lepton-nuleon sattering has been

investigated. Open harm events are identi�ed through the detetion ofD

��

mesons

whih are produed in the fragmentation of the harm quarks. The D

��

mesons

are reonstruted in the deay hain D
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with the �M

method.

The total ross-setion for the eletroprodution of D

��

mesons on a proton tar-

get has been measured in a �xed target experiment with a lepton beam energy of

27:5GeV. The analysis is based on data olleted by Hermes in 1997. From this

result, the open harm photoprodution ross setion is determined for a photon en-

ergy of 15:5GeV. The value for the ross setion is found to be in good agreement

with the only other experimental result at similarly low photon energies and does

agree with the expetation of perturbative QCD.

With the upgrade of the Hermes detetor and the large amount of additional data

taken in 1998-2000, a �rst determination of the polarised gluon distribution from

open harm prodution thus seems to be feasible.
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1

1 Introdution

The goals of high energy physis are the exploration of the elementary onstituents of matter

and the derivation of the fundamental interations between these onstituents from as few and

as simple �rst priniples as possible. The present understanding of the struture of matter is

represented by the Standard Model. It desribes three of the four fundamental fores (eletro-

magnetism, strong and weak interation, gravitation) by formally very similar �eld theories: the

eletro-weak theory and Quantum Chromodynamis (QCD). The fundamental omponents of

matter are elementary fermions (quarks and leptons) whih interat through the exhange of

gauge bosons (photons, gluons and the harged and neutral weak bosons). Even though the

Standard Model is in very good agreement with all experimental results urrently available, the

desription of ompound objets suh as the nuleon still laks a derivation from �rst priniples.

To gain deeper insight, detailed investigations of the struture of the nuleons and related phe-

nomena of the strong interation an be used. One of the open questions there is how the spin of

the nuleon is built up from its onstituents. While the naive quark model suessfully desribes

the magneti moments of the nuleons, it fails in prediting the spin fration arried by quarks.

In 1987, the ontribution from the quarks was measured to be onsistent with zero, ausing the

so alled \spin risis". Reent experiments found this value to be about 20%, still muh less

than the expetation from the relativisti quark model of about 60%.

Other soures of the nuleon spin are o�ered by various models of the nuleon struture: the spin

alignment of sea and valene quarks may anel in a ompliated fashion, or the gluon intrinsi

spin and/or parton orbital angular momenta may play important roles. As no rigorous onlusions

may yet be alulated from QCD, experimental measurements of the nuleon spin struture are

needed to distinguish amongst these interpretations.

First results on the spin ontributions of quarks of di�erent avour have been obtained by Sm

andHermes. From semi-inlusive deep-inelasti sattering it was inferred that the ontributions

of the sea quarks to the nuleon spin is negligible. How to aess the orbital angular momentum

ontribution is presently very muh under disussion. Only reently a possible theoretial basis was

developed through the desription of exlusive proesses suh as deep-virtual Compton sattering

in terms of o�-forward parton distributions [Ji:97a, Ji:97b℄. The expliit relation of this formalism

to future measurements is only beginning to develop.

The ontribution from gluon intrinsi spin an be derived from the saling violations of the

inlusive spin struture funtions of the nuleon in deep-inelasti reations. While this method has

been suessfully used to extrat the unpolarised gluon distribution funtion, data with suÆiently

high preision over a large range in momentum transfer are not yet available in the polarised ase.
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Consequently, the polarised gluon distribution is only poorly onstrained, although there is some

indiation for the integral to be positive [BFR:96, E154:97, Sm:98℄.

A more diret aess to the polarised gluon distribution is possible through the photon gluon fusion

proess. A �rst attempt for suh a diret extration has reently been performed at Hermes

for the photoprodution of hadron pairs with large transverse momenta [Hermes:00a℄. This

result { also yielding a positive value for the gluon polarisation { however su�ers from a rather

large unertainty related to the ontributions of various bakground proesses for the prodution

of light quarks to the observed asymmetry. A muh more reliable extration an be ahieved

through the prodution of heavy quarks. Open harm prodution has already been suessfully

used in both the deep-inelasti and photoprodution regimes to derive the unpolarised gluon

distribution [H1:99℄. The remarkably good agreement also in omparison to the results obtained

from the saling violations of the inlusive struture funtions an be understood as an important

on�rmation for the appliation of perturbative QCD and the universality of the gluon distribution

in these proesses. Several experimental proposals have reently been submitted to measure the

polarised gluon distribution via the prodution of open harm [Compass:96, PHE:92, Star:99℄.

In this thesis, the open harm photoprodution ross setion is determined from the reonstrution

of D

��

deays for a photon energy of 15:5GeV. The analysis is based on data olleted by

Hermes in 1997. The value for the ross setion is found to be in good agreement with the only

other experimental result at similarly low photon energies and does agree with the expetation of

perturbative QCD. With the upgrade of theHermes detetor and the large amount of additional

data taken in 1998-2000, a �rst determination of the polarised gluon distribution from open harm

prodution thus seems to be feasible.
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2 Deep-inelasti Lepton-Nuleon

Sattering

A sattering proess is alled inelasti if the number and/or types of the partiles in the �nal

state are di�erent from those in the initial state. In ontrast to an elasti proess, inelasti

sattering an be related to the breakup of at least one of the partiles in the initial state and

therefore be used to investigate the substruture of the partiipating probes. If the wavelength

assoiated with the four-momentum exhanged in the interation (the wavelength is inversely

proportional to the absolute value of the four-momentum) is small ompared to the dimensions

of one of the initial partiles the proess is alled deep-inelasti.

In lepton-nuleon sattering ` + N ! `

0

+ X a measurement is alled inlusive if only the

outgoing lepton `

0

is deteted while in the semi-inlusive ase also partiles of the hadroni

�nal state X are reorded in oinidene. If all partiles in the �nal state and their kinematis

are known the measurement is exlusive.

Inelasti lepton-nuleon sattering is mediated through the eletroweak interation. For entre of

mass energies small ompared to the high masses of the arriers of the weak fore { theW

�

and

*

X

l

l’

N

γ

Figure 2.1: Shemati diagram of deep-inelasti

lepton-nuleon sattering.

Z

0

bosons { eletromagneti proesses are

however dominant. The lowest order eletro-

magneti ontribution to deep-inelasti lepton-

nuleon sattering { the one-photon exhange

graph { is shematially depited in Fig. 2.1.

The importane of ontributions from multi-

photon exhange proesses an be measured

by omparing results from deep-inelasti sat-

tering experiments utilising oppositely harged

leptons. The interferene between one- and

two-photon exhange is sensitive to the harge

of the lepton beam. Experimentally there

is no evidene that the ross-setion ratio

�(e

+

)=�(e

�

) deviates from unity [LP:82℄.

Due to the partiular irumstanes at Hera and Hermes where longitudinally polarised

eletrons or positrons with an energy

1

of 27:5GeV interat with a stationary target the follow-

1

Throughout this work the ommon onvention �h =  = 1 for the system of units will be used.
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ing setions will fous on harged leptons and eletromagneti proesses within the one-photon

exhange approximation.

Before going into the details of the sattering proess it is useful to de�ne a set of Lorentz-

invariant kinematial quantities. The four-momentum and spin four-vetor of the lepton will be

denoted with k and s respetively; analogously k

0

, s

0

for the sattered lepton and P, S for the

target nuleon (see Fig. 2.2).

A frame of partiular interest to the experimentalist is the laboratory frame. In a �xed target

experiment as Hermes and when negleting the thermal motion of the target atoms as well as

the Fermi motion of the nuleons within the atoms, this frame oinides with the nuleon rest

frame. This is a good approximation when the energies of inident and sattered leptons are

large ompared to the lepton mass.

2

With these onventions and notations the entre of mass energy

p

s is given by

s � (k +P)

2

: (2.1)

A virtual photon is exhanged between lepton and target nuleon whih arries the four-

momentum

q = k� k

0

: (2.2)

The negative squared four-momentum transfer is then given by the expression

Q

2

� �q

2

= � (k� k

0

)

2

> 0 ; (2.3)

while with

� �

P � q

M

Lab

= E � E

0

; (2.4)

y �

P � q

P � k

Lab

=

�

E

(2.5)

the absolute and relative energy transfers of the lepton to the nuleon in the laboratory frame

an be de�ned. They range between 0 < � < E and 0 < y < 1 respetively.

The transfered momentum and energy are arried away by the hadroni �nal state whih has a

squared invariant mass of

W

2

� (P+ q)

2

= M

2

+ 2M � �Q

2

�M

2

= P

2

: (2.6)

With the de�nition of the dimensionless variable

x �

�q

2

2P � q

=

Q

2

2M �

=

Q

2

Q

2

+W

2

�M

2

(2.7)

a measure for the inelastiity of the proess is obtained. Its physial range is given by 0 < x � 1

as an be seen by Eq. 2.6. The limit x = 1 orresponds to ase of elasti sattering, where

W

2

=M

2

.

The most important kinematial variables and their de�nitions are summarised in Tab. A.1.

2

Please note that in many of the formulas whih are only valid in the laboratory frame also the

squared lepton mass is negleted.
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Wµν

l’, 
   =

 (E
’, k

’) ,

k’

s’

Lµν

S
N

PN,    = ( E   , p ) ,

P’X, 

ϑ

,    = (    , q )νq*γ

kl,     = ( E, k ) , s

Figure 2.2: Shemati piture of deep-inelasti lepton-nuleon sattering in the one-photon

exhange approximation.

2.1 Inlusive Deep-inelasti Sattering

In the one-photon exhange approximation the di�erential deep-inelasti ross-setion for detet-

ing the sattered lepton in the solid angle d
 and the energy range [E

0

; E

0

+ dE

0

℄ an be written

as (see [AEL:95, LP:82℄)

d�

d
dE

0

(k; s;P;S ; k

0

; s

0

) =

�

2

2MQ

4

E

0

E

L

��

(k; s ; k

0

; s

0

)W

��

(q ; P;S) ; (2.8)

where � is the eletromagneti �ne struture onstant.

The leptoni tensor L

��

appearing in Eq. 2.8 is alulable in quantum eletrodynamis (QED).

Sine the polarisation of the sattered lepton annot be measured at Hermes, a summation

over the states s

0

will be performed. Then the leptoni tensor an be split into symmetri (S)

and antisymmetri (A) parts under the exhange of � and �

L

��

(k; s ; k

0

) �

X

s

0

L

��

(k; s ; k

0

; s

0

)

= L

(S)

��

(k ; k

0

) + { L

(A)

��

(k; s ; k

0

) : (2.9)

The symmetri part is spin-independent

L

(S)

��

(k ; k

0

) = 2

h

k

�

k

0

�

+ k

0

�

k

�

� g

��

�

k � k

0

�m

2

�i

; (2.10)
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and the spin information is ontained in the antisymmetri part

L

(A)

��

(k; s ; k

0

) = 2m�

����

s

�

(k� k

0

)

�

: (2.11)

Herem is the lepton mass, g

��

the metri tensor, and �

��Æ

the totally antisymmetri Levi-Civita

tensor with the onvention �

0123

= +1.

The hadroni tensor W

��

in Eq. 2.8 however annot be derived from �rst priniples. Using

Lorentz ovariane, parity and urrent onservation of the eletromagneti urrent as well as

invariane under time reversal the hadroni tensor for a spin-

1

2

target an also be split into a

spin-independent symmetri and a spin-dependent antisymmetri part

W

��

(q ; P;S) = W

(S)

��

(q ; P) + {W

(A)

��

(q ; P;S) : (2.12)

The ansatz

1

2M

W

(S)

��

(q ; P) =

 

� g

��

+

q

�

q

�

q

2

!

W

1

(P � q;q

2

) (2.13)

+

" 

P

�

�

P � q

q

2

q

�

! 

P

�

�

P � q

q

2

q

�

!#

W

2

(P � q;q

2

)

M

2

;

1

2M

W

(A)

��

(q ; P;S) = �

����

q

�

(

MS

�

G

1

(P � q;q

2

) (2.14)

+

h

(P � q)S

�

� (S � q)P

�

i

G

2

(P � q;q

2

)

M

)

;

introdues four salar funtions W

1

, W

2

, G

1

, G

2

to desribe the inner struture of the target.

These struture funtions an only depend on the two independent salar ombinations of q and

P whih an be hosen to be � and Q

2

.

Equivalently one an use the dimensionless struture funtions

F

1

(�;Q

2

) = M W

1

(�;Q

2

) ; g

1

(�;Q

2

) = M

2

� G

1

(�;Q

2

) ;

F

2

(�;Q

2

) = � W

2

(�;Q

2

) ; g

2

(�;Q

2

) = M �

2

G

2

(�;Q

2

) ;

(2.15)

whih will have an intuitive interpretation in the quark parton model (QPM) (see Se. 2.2).

In ase of very high energies, when the weak interation annot be negleted, only Lorentz and

CP invariane an be used to redue the number of degrees of freedom in the hadroni tensor.

The most general form for the hadroni tensor then inludes eight salar struture funtions

[AEL:95℄, three unpolarised (F

1

, F

2

, F

3

), and �ve polarised ones (g

1

, g

2

, g

3

, g

4

, g

5

).

A di�erent approah to deep-inelasti sattering relates the hadroni tensor with the o�-shell

photo-absorption ross-setion in forward sattering of polarised virtual photons o� polarised

nuleons using the optial theorem [LP:82, Hey:74℄. There are four independent amplitudes

involved, spei�ed by the heliities of the virtual photon and the nuleon (all other amplitudes

are related by parity and time-reversal invariane). Conventionally the four transitions are labeled

by the total angular momentum J

z

involved and a \L" or \T" to indiate a \longitudinal"

(�



= 0) or \transverse" (�



= +1) photon.
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Initial Final Label

�



�

N

�

0



�

0

N

J

z

1

1

2

1

1

2

3

2

, T

1 �

1

2

1 �

1

2

1

2

, T

0 �

1

2

1

1

2

1

2

, LT

0

1

2

0

1

2

1

2

, L

Table 2.1: Notation for transitions in forward virtual Compton amplitudes.

Introduing



2

�

Q

2

�

2

=

4M

2

x

2

Q

2

; (2.16)

the relations between the struture funtions, the imaginary parts of the forward virtual Compton

amplitudes A

�

0

�

0

;��

, and the photo-absorption ross-setions are

3

�

T

1

2

(�;Q

2

) / ImA

1

1

2

; 1

1

2

=

1

M

(F

1

+ g

1

� 

2

g

2

) ;

�

T

3

2

(�;Q

2

) / ImA

1�

1

2

; 1�

1

2

=

1

M

(F

1

� g

1

+ 

2

g

2

) ;

�

L

1

2

(�;Q

2

) / ImA

0

1

2

; 0

1

2

=

1

M

�

1+

2

2x

F

2

� F

1

�

;

�

LT

1

2

(�;Q

2

) / ImA

0�

1

2

; 1

1

2

=

1

M

 (g

1

+ g

2

) ;

(2.17)

where the same proportionality fator 4�

2

�=K appears in all four equations, with K being the

ux fator for virtual photons. In a possible onvention introdued by Hand [Han:63℄ it evaluates

to K = ��Q

2

=2M . One then usually introdues asymmetry parameters for the virtual photon

nuleon sattering aording to

A

1

(�;Q

2

) �

�

T

1

2

� �

T

3

2

�

T

1

2

+ �

T

3

2

=

1

F

1

�

g

1

� 

2

g

2

�

; (2.18)

A

2

(�;Q

2

) �

�

LT

1

2

1

2

�

�

T

1

2

+ �

T

3

2

�

=

1

F

1

 (g

1

+ g

2

) : (2.19)

These asymmetries quantify the di�erenes in the ross-setions involving a heliity hange of

the nuleon without (A

1

) and with (A

2

) a heliity hange of the photon [Rob:90℄. Using these

expressions one an express the polarised struture funtions in terms of the virtual photon

asymmetries A

1

and A

2

g

1

(�;Q

2

) =

F

1

1 + 

2

(A

1

� A

2

) ; (2.20)

g

2

(�;Q

2

) =

F

1

1 + 

2

 

�A

1

+

1



A

2

!

: (2.21)

3

For sake of brevity and readability the obvious dependenes on � and Q

2

will be omitted for the

rest of this setion in the RHS of formulas.
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Abbreviating additionally the longitudinal and transverse photo-absorption ross-setions with

�

L

(�;Q

2

) � �

L

1

2

; (2.22)

�

T

(�;Q

2

) �

1

2

�

�

T

1

2

+ �

T

3

2

�

; (2.23)

their ratio relates the unpolarised struture funtions F

1

and F

2

R(�;Q

2

) �

�

L

�

T

=

�

1 + 

2

�

F

2

2xF

1

� 1 : (2.24)

It is found to be very small at large values ofQ

2

[Rit:83℄ while atHermes with hQ

2

i � 2:5GeV

2

it ranges from R = 0:32 : : : 0:19 for x = 0:02 : : : 0:7 and was measured to be idential within

errors for proton and neutron (see Fig. 2.3).

At large values of Q

2

the relations between the polarised struture funtions simplify signi�antly.

Not only an be seen from Eq. 2.16 that 

2

gets very small but also it an be shown that

jA

2

j

2

� R : (2.25)

Therefore instead of Eqs. 2.18 and 2.20 often only the approximations

A

1

�

g

1

F

1

; g

1

� A

1

F

2

2 x [1 +R℄

; (2.26)

are used.

2.1.1 Unpolarised Cross-setion

The unpolarised inlusive ross-setion of deep-inelasti sattering is obtained by averaging Eq. 2.8

over the spin states of the initial partiles and summing over the spin states of the sattered lepton

d�

unp

d
dE

0

(k;P ; k

0

) =

1

4

X

s;S;s

0

d�

d
dE

0

(k; s;P;S ; k

0

; s

0

)

=

�

2

2MQ

4

E

0

E

L

(S)

��

(k ; k

0

)W

��(S)

(q ; P) : (2.27)

Using the expliit expressions 2.10 and 2.14 for the symmetri parts of the leptoni and hadroni

tensors the dependene of the ross-setion on the sattering angle # of the outgoing lepton an

be derived

d�

unp

d
dE

0

=

4�

2

E

02

Q

4

"

2

M

F

1

(�;Q

2

) sin

2

(

#

2

) +

1

�

F

2

(�;Q

2

) os

2

(

#

2

)

#

: (2.28)
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Figure 2.3: World data for

the ratio of longitudinal and

transverse photo-absorption

ross-setions of free nule-

ons, R(x;Q

2

) = �

L

=�

T

,

taken from [Cfr:98℄.

Figure 2.4: World data on the proton struture funtion F

p

2

from �xed target experiments and

the result of a QCD �t [Nm:97℄.



10 2 Deep-inelasti Lepton-Nuleon Sattering

Integrating out the trivial dependene on the azimuthal angle, substituting F

1

with R, and

transforming the variables leads to

d�

unp

dxdQ

2

=

4��

2

xQ

4

2

4

1� y �

Q

2

4E

2

+

y

2

+

Q

2

E

2

2 (1 +R(x;Q

2

))

3

5

F

2

(x;Q

2

) : (2.29)

Preise measurements for the struture funtion F

2

of proton and deuteron have been performed

by a series of experiments overing a wide kinemati range of 10

�6

� x � 0:9 and 0:1GeV

2

�

Q

2

� 5 � 10

3

GeV

2

. The world data for F

p

2

from �xed target experiments are shown in Fig. 2.4

while results from olliders an be found in [C

+

:98℄.

2.1.2 Polarised Cross-setion and Asymmetries

To get aess to the polarised struture funtions of the nuleon one needs to single out the term

ontaining the asymmetri parts of leptoni and hadroni tensor in the ross-setion formula

Eq. 2.8. This an be ahieved by taking the di�erene of the ross-setions with opposite target

spin orientations �S and S

X

s

0

"

d�

d
dE

0

(k; s;P;�S ; k

0

; s

0

)�

d�

d
dE

0

(k; s;P;S ; k

0

; s

0

)

#

=

�

2

2MQ

4

E

0

E

L

(A)

��

(k; s ; k

0

)W

��(A)

(q ; P;S) : (2.30)

Denoting the angle between k and S with � and the angle between the sattering plane (de�ned

by k and k

0

) and the polarisation plane (de�ned by k and S) with � this ross-setion di�erene

is for a longitudinally polarised lepton

4

given by the expression

d�

d
dE

0

(�+ �)�

d�

d
dE

0

(�) =

4�

2

M � Q

2

E

0

E

"

(E os� + E

0

os#) g

1

+

2E E

0

�

(os�� os�) g

2

#

; (2.31)

where os� � sin# sin� os�+os# os�. See also Fig. 2.5 for an illustration of the involved

angles. Experimentally most interesting are the ases � = 0 and � = �=2 in the laboratory

frame. In the �rst ase the lepton and nuleon spins are aligned parallel (

!

)) or antiparallel (

!

()

and

d

�

�

!

(

� �

!

)

�

d
dE

0

=

4�

2

M � Q

2

E

0

E

"

(E + E

0

os #) g

1

+

Q

2

�

g

2

#

; (2.32)

4

Transversely polarised leptons are impratial to deal with sine in the ross-setion di�erenes a

fator m=E appears whih will make these di�erenes vanishingly small in the high energy limit.
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k

S

k’

α

polarisation plane

scattering plane

φϑ

Figure 2.5: De�nition of sattering angles in polarised DIS.

while in the seond ase the target spin is transversely oriented with respet to the lepton spin

and

d (�

!+

� �

!*

)

d
dE

0

=

4�

2

M � Q

2

E

0

E

�

g

1

+

2E

�

g

2

�

: (2.33)

Measuring these two linear ombinations of g

1

and g

2

would in priniple allow to extrat g

1

and g

2

individually. However, measuring ross-setion di�erenes preisely is experimentally very

diÆult. Instead the following asymmetries are usually measured

A

k

�

�

!

(

� �

!

)

�

!

(

+ �

!

)

; A

?

�

�

!+

� �

!*

�

!+

+ �

!*

: (2.34)

These asymmetries are related to the virtual photo-absorption asymmetriesA

1

, A

2

(see Eqs. 2.18

and 2.19) through

A

k

= D (A

1

+ � A

2

) ; A

?

= D

 

�A

2

�

�

�

A

1

!

: (2.35)

Here the abbreviations

D �

1� (1� y) �

1 + � R

; (2.36)

� =

4 (1� y)� 

2

y

2

4 (1� y) + 2 y

2

+ 

2

y

2

; (2.37)

� �

s

2 �

1 + �

; (2.38)

� �

Q

2

 �

x s [1� (1� y) �℄

; (2.39)

were used. D an be interpreted as the depolarisation fator in the spin transfer from the

initial lepton to the virtual photon and � replaes the ratio of probabilities for the emission of a
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1 5 50100.5 1 5 50100.5
0.3

0.5

0.7

0.2

Q2   [(GeV/c)2]

g
1
  

F
1

0.35 0.50

0.4

0.6

0.15

0.25

0

0.1

0.2

0.175 0.25

0.08

x=0.035

0.125

x=0.05

p
p

Figure 2.6: Results for the virtual photon

asymmetries A

1

and A

2

from [E143:98℄.

Top: The virtual photon asymmetry A

1

�

g

1

=F

1

for the proton as a funtion of Q

2

in

di�erent bins of x. The lines represent var-

ious �ts to the data.

Right: A

2

for proton, deuteron, and neu-

tron as a funtion of x together with the

positivity limits.

0.01 0.1 1

–1

0

1

x

0.2

0.2

0.4

0.4

0

0

–0.2

–0.2

(c)  A2
n

(b)  A2

A2

d

(a)  A2
p

4.5°

7°

4.5°
7°

4.5°

7°

longitudinally or transversely polarised photon. � and � just depend on kinematial variables. It

turns out that � is small and similar to Se. 2.1 the approximations

g

1

F

1

� A

1

�

A

k

D

; g

1

�

A

k

D

F

2

2 x [1 +R℄

; (2.40)

an be made.
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2.2 Quark Parton Model and Quantum

Chromodynamis

Experiments already performed at the end of the sixties showed that the unpolarised struture

funtions F

1

and F

2

are to a large extend independent of Q

2

. These �rst measurements were

performed at x values of about 0:2 and at momentum transfers of few GeV [Pan:68, B

+

:69a,

B

+

:69b, FK:72℄. At the same time Bjorken [Bjo:69℄ predited a sale invariane of the struture

funtions in the so alled Bjorken-limit

F

1;2

(�;Q

2

) = F

1;2

(x) +O

 

1

Q

2

!

for �;Q

2

!1 ; x =

Q

2

2M�

�xed : (2.41)

x is therefore often refered to as Bjorken-x or x

Bj

. The saling behaviour in the { at that time

experimentally aessible { energy range of few GeV

2

was nevertheless surprising.

These �ndings led to the development of the parton model [BP:69, Fey:72℄ whih allows an

intuitive interpretation of deep-inelasti sattering and its sale invariane. In the parton model

the assumption is made that deep-inelasti lepton-nuleon sattering is an elasti sattering of

the lepton o� point-like omponents of the nuleon with spin

1

2

and harge e

f

6=

0 { the partons.

Sine the measured struture funtions are smooth funtions of x, many partons have to be

present. At large momentum and energy transfers Q

2

; � (Bjorken-limit) and therefore small

wavelengths � / 1=Q for the exhanged virtual photon and short interation times � / 1=�,

an inoherent sattering o� the individual partons takes plae. To desribe the kinematis of

the sattering proess a oordinate system is used in whih the nuleon momentum is very large

ompared to parton masses and transverse momenta, the Breit frame (see Fig. 2.7). In this

frame the sattering an be understood as the absorption of the virtual photon by one parton

inside a bunh of parallel ying partons while all others remain una�eted [Fey:69, Na:77℄. The

interating parton has to arry a momentum fration of the total nuleon momentum P whih

equals � = Q

2

=2M�.

To derive the deep-inelasti struture funtions F

1

, F

2

in the parton model one uses the resem-

blane between Eq. 2.28 and the ross-setion for elasti lepton sattering o� a point-like spin-

1

2

objet with mass m

f

and harge e

f

(Rosenbluth formula)

d�

elas

d
dE

0

=

4�

2

E

02

e

2

f

Q

4

" 

Q

2

2m

2

f

sin

2

(

#

2

) + os

2

(

#

2

)

!

Æ(� �

Q

2

2m

f

)

#

(2.42)

to hoose

F

el

1

=

1

2

e

2

f

MQ

2

2m

2

f

�

Æ(1�

Q

2

2m

f

�

) =

1

2

e

2

f

x

�

f

Æ(�

f

� x) ;

F

el

2

= e

2

f

Æ(1�

Q

2

2m

f

�

) = e

2

f

�

f

Æ(�

f

� x) :

(2.43)

with the de�nition �

f

� m

f

=M . This mass fration equals the momentum fration of the

parton (Nahtmann variable) in the Breit frame. Denoting furthermore the probabilities to

�nd a parton of type f with momentum fration � and spin parallel/antiparallel to the nuleon

spin with q

""="#

f

(�) (parton density funtion, PDF), abbreviating

q

f

(x) � q

""

f

(x) + q

"#

f

(x) ; �q

f

(x) � q

""

f

(x) � q

"#

f

(x) ; (2.44)
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-   Pξ

(1-    ) Pξ

Pξ

Nucleon

Lepton

Rest

Parton

Photon

Lepton

Parton

Rest

Nucleon

P

Photon

Figure 2.7: Deep-inelasti lepton-nuleon sattering in the parton model: general (left) and Breit

frame (right).

and building the inoherent sum of elasti ontributions

F

1;2

(x) =

X

f

Z

1

0

d� q

f

(�)F

el

1;2

(�; x) ; (2.45)

the unpolarised struture funtions an be written as

F

1

(x) =

1

2

X

f

e

2

f

q

f

(x) ; F

2

(x) = x

X

f

e

2

f

q

f

(x) : (2.46)

Similarly the polarised struture funtions an be derived as

g

1

(x) =

1

2

X

f

e

2

f

�q

f

(x) ; g

2

(x) = 0 : (2.47)

In the parton model therefore only one independent unpolarised struture funtion remains

F

2

(x) = 2xF

1

(x) : (2.48)

This relation is known as the Callan-Gross relation [CG:69℄. Equivalently the ratio of lon-

gitudinal to transverse photo-absorption ross-setions in Eq. 2.24 is expeted to vanish in the

Bjorken-limit

R(x) =

F

2

(x)� 2xF

1

(x)

F

2

(x)

= 0 : (2.49)

The fat that R is measured to be very small at large Q

2

[Rit:83℄ is supporting the parton model

piture and basially rules out the existene of additional harged partons whih are no fermions.

An analogous alulation for harged spin-0 partiles shows that suh partons would lead to

R =1.

However if these harged fermioni partons would be the only onstituents of the nuleon, the

total nuleon momentum should be reprodued when integrating their momentum distribution

I =

Z

1

0

X

f

e

2

f

x q

f

(x) dx =

Z

1

0

F

2

(x) dx : (2.50)
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Experimentally it was found that the harged partons only aount for about half of the nuleon

momentum [SSV:88℄. Therefore more parton types must exist to arry the remaining momentum,

however they may neither be fermions nor interat eletromagnetially or weakly.

In theQuark Parton Model (QPM) whih also inludes the theory of strong interations (Quan-

tum Chromodynamis, QCD [Na:86℄) these additional partons are identi�ed with the arriers

of the strong fore, the gluons, and the fermioni partons with the quarks. Saling violations

of the struture funtions are expeted due to the oupling of the quarks to the gluons while

originally in the parton model the partons were assumed not to interat. Intuitively the saling

violations an be pitured in the following way. Q

2

determines the wavelength of the virtual

photon and therefore the spaial area whih an be resolved. When going to values of Q

2

> Q

2

0

one inreases the resolution and what was taken as a parton at sale Q

2

0

an now be surrounded

by a loud of other partons. Sine these additional partons were radiated of the �rst parton

they an only have smaller momentum frations x. On the other hand the probability to �nd a

parton with large x dereases with inreasing Q

2

sine the momentum fration an be shared

amongst several partons. Later experiments with higher preision [Nm:97℄ on�rmed that at

small values of x the unpolarised struture funtions are rising with Q

2

while at larger values of

x the opposite behaviour is observed (see also Fig. 2.4).

The basi proesses of perturbative QCD are depited in Fig. 2.8. Besides the emission and

absorption of gluons by quarks similar to the oupling to photons in QED also three or four

gluons an ouple to eah other. In a �rst order alulation the oupling strength is given by

�

s

(Q

2

) =

4 �

�

11�

2

3

n

f

�

ln(Q

2

=�

2

)

; (2.51)

where n

f

denotes the number of ative quark avours and � the QCD sale parameter at whih

the perturbative approah breaks down. Usually � � 250MeV is taken. De�ning furthermore

t � ln(Q

2

=�

2

) ; (2.52)

he

2

i �

1

n

f

X

f

e

2

f

; (2.53)

[f 
 h℄ (x; t) �

Z

1

x

dy

y

f(

x

y

; t)h(y; t) ; (2.54)

and introduing the gluon density funtion g(x; t) as well as the singlet and non-singlet ombi-

nations of the quark and anti-quark densities

�(x; t) �

X

f

q

f

(x; t) ; (2.55)

q

NS

(x; t) �

X

f

"

e

2

f

he

2

i

� 1

#

q

f

(x; t) ; (2.56)

the evolution of the parton densities as a funtion of Q

2

is given by the Gribov{Lipatov{Altarelli{

Parisi (GLAP) equations [GN:72a, GN:72b, AP:77℄

d

dt

q

NS

(x; t) =

�

s

(t)

2�

h

P

NS

qq


 q

NS

i

(x; t) ; (2.57)

d

dt

"

�

g

#

(x; t) =

�

s

(t)

2�

"

P

S

qq

P

qg

2n

f

P

gq

P

gg

#




"

�

g

#

(x; t) : (2.58)
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−
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Figure 2.8: Elementary proesses of QED (a) and QCD (b { d): quark-antiquark annihilation to

photon (a) and gluon (b), three () and four (d) gluon verties.

These equations allow the determination of the parton density funtions at any Q

2

one they are

determined for a �xed value Q

2

0

. The P

ij

are the splitting funtions for the unpolarised parton

densities. The probability that a quark with momentum fration x originates from a parent quark

with momentum fration y is given by �

s

(t)P

qq

(x=y; t) while the probability that it is the result

of a q q pair prodution from a gluon with momentum fration y is given by �

s

(t)P

qg

(x=y; t).

Similar explanations hold for P

gq

and P

gg

. From these equations it an be seen that only the

singlet ombination � of the quarks ouples to the gluon density g while the non-singlet part

q

NS

is deoupled from it. The evolution for polarised parton densities is simply given by replaing

the unpolarised parton densities q

f

and splitting funtions P

ij

with the polarised ones (�q

f

and

�P

ij

). However the evolution of the polarised parton densities is only formally equivalent to the

unpolarised ase sine in general the polarised and unpolarised splitting funtions di�er.

The rather trivial expressions for the polarised and unpolarised struture funtions Eqs. 2.46

and 2.47 in the parton model are in a perturbative QCD alulation given by [Alt:82℄

F

1

(x; t) =

1

2

he

2

i

n



NS


 q

NS

+ 

S


 � + 2n

f



g


 g

o

(x; t) ; (2.59)

g

1

(x; t) =

1

2

he

2

i

n

�

NS


�q

NS

+�

S


�� + 2n

f

�

g


�g

o

(x; t) ; (2.60)

where 

S;NS;g

(�

S;NS;g

) denote the so-alled unpolarised (polarised) avour singlet (S), non-

singlet (NS) and gluon (g) oeÆient funtions. The oeÆient and splitting funtions are

usually expanded in a power series of the oupling strength �

s

and the GLAP equations hold

in eah order of this expansion. In leading order �

1

s

(LO) the unpolarised and polarised singlet

and non-singlet oeÆient funtions are given by Æ(1�x=y) while the gluon oeÆient funtion

vanishes. In this order the struture funtions are then again given by the simple expressions of

Eqs. 2.46 and 2.47 with the parton model quark densities q

f

(x) being replaed by Q

2

-dependent

densities q

f

(x; t). All oeÆient and splitting funtions have been omputed to next-to-leading

order (NLO) whih allows a omplete NLO QCD analysis of the saling violations of F

1

and g

1

.

With this formalism preise measurements of the Q

2

evolution of the struture funtions allow

in priniple the determination of the individual parton density funtions. As an example, the

sensitivity of inlusive measurements to the unpolarised gluon density is illustrated in Fig. 2.9.

The extrated gluon density is ompared in Fig. 3.5 with another approah to aess the gluon

density funtion in the nuleon via heavy quark prodution and photon-gluon fusion, whih is

desribed in Se. 3.1. However by omparing the available measurements for the unpolarised and
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Figure 2.9: The logarithmi slope d lnF

2

=d lnQ

2

of the deuteron struture funtion as measured

by Nm and a omparison with the predition from QCD in leading twist (dashed line, F

LT

2

) and

with a phenomenologial term for higher twist e�ets to �t the data (solid line) [Nm:93℄. The

ontribution from gluons is represented by the shaded area and demonstrates the sensitivity of

the saling violations to the gluon distribution.

polarised struture funtions (see Figs. 2.4 and 2.6), it beomes obvious that the polarised gluon

density annot be extrated the same way as long as the polarised inlusive data does not ahieve

higher preision over a large Q

2

range. Also, with inlusive measurements of deep-inelasti

lepton-nuleon sattering alone, the sensitivity to the anti-quark densities is poor.

Up to now masses and transverse momenta of the partons have been negleted as well as intera-

tions of the struk parton with the target remnants. In a more detailed approah additional terms

of O

�

1

Q

2

�

;O

�

1

Q

4

�

; : : : appear. To distinguish between these so-alled higher twist e�ets

and the dynami QCD saling violations, measurements have to over a large Q

2

range. The

results at high values of Q

2

are used to �t the QCD part. Deviations between this �t and the

measurements at low values of Q

2

are then attributed to the higher twist e�ets whih an be

phenomenologially parametrised as shown in Fig. 2.9. In ontrast to higher order QCD orre-

tions, higher twist e�ets introdue multi-partile orrelations between the partons in the nuleon

(see Fig. 2.10).
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2.3 Semi-inlusive Deep-inelasti Sattering

In the previous setions only inlusive reations have been onsidered where the kinematis of

the sattered lepton is the only soure of information. To ease the extration of the individual

quark distribution funtions it would be favourable to know the avour of the struk quark in the

sattering proess. However, due to the on�nement property of QCD, this quark and the target

remnant have to fragment into olour-neutral objets. The goal of semi-inlusive measurements

is to gain aess to the struk quark by looking at the proess ` +N ! `

0

+ h +X (see also

Fig. 2.11 for a shemati piture and Tab. A.1 for the de�nition of the most important kinematial

variables of semi-inlusive sattering). In addition to the sattered lepton one or more partiles

from the hadroni �nal state have to be deteted in oinidene. For the highest sensitivity to the

struture information of the nuleon it is preferable to separate the urrent fragments whih are

produed in the fragmentation of the struk quark from those originating from the target remnant

(target fragments). This separation an be experimentally attempted by seleting kinematial

regimes for the hadroni �nal state in whih an enhaned sensitivity to the urrent fragments is

expeted. Commonly seleted are hadrons whih are forward in the 

�

N entre of mass system

(x

F

> 0), forward in the Breit frame, or fast in the laboratory system (z � z

0

e.g. z

0

= 0:2).

2.3.1 Fragmentation Funtions

The fragmentation proess is not alulable in perturbative QCD sine it involves long distane

proesses with low Q

2

. Instead it is parametrised by fragmentation funtions D

h

f

(x;Q

2

; z) whih

denote the probability density that a hadron h with an energy fration z of the energy of the

virtual photon is produed when a quark of avour f was struk in a sattering proess desribed

by x and Q

2

. Due to momentum onservation the fragmentation funtions are normalised suh

that

X

h

Z

1

0

dz zD

h

f

(x;Q

2

; z) = 1 : (2.61)

In the QPM the sattering and fragmentation proesses are independent (fatorisation). This

is a onsequene of the assumption of quasi-free partons. If the fragmentation does not depend

on the formation of the struk quark, the fragmentation funtion should even be independent of

the underlying physis proess reating the quark. Then the fragmentation funtions should be

idential in neutral and harged urrent sattering as well as in e

+

e

�

annihilation (universality of

fragmentation funtions). Fatorisation is only justi�ed if onservation laws like the onservation

of the baryon number plae no strong onstraints on the formation of the hadroni �nal state. If

enough energy is available to produe a high multipliity in the �nal state (large values of W

2

)

suh onstraints are usually negligible. In QCD the Q

2

dependene of the fragmentation funtion

D

h

f

arises from gluon radiation o� the �nal quark line similar to the saling violations of the quark

distribution funtions q

f

by gluon radiation o� the initial quark line. Additionally, the exhange of

gluons between the initial and �nal quark lines an break the fatorisation assumption. However

these e�ets are small in NLO QCD alulations.
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Figure 2.10: The QCD Compton proess (QCDC) is shematially depited in (a) as an example

for higher order QCD orretions. No verties appear below the dashed line with the spetator

partons. In ontrast to these orretions, higher twist e�ets introdue orrelations between

several partons of the nuleon (b).
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Figure 2.11: Shemati piture of semi-inlusive deep-inelasti lepton-nuleon sattering.
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The fragmentation funtions impliitly ontain the probabilities to reate quark-antiquark pairs

from the vauum. Beause of the unertainty priniple these probabilities are inversely propor-

tional to the squared quark masses. At Hermes energies, strange quarks are suppressed by

about a fator 3-5 ompared to up and down quarks while the reation of harmed and third

generation quark pairs an be negleted in the fragmentation proess.

Isospin and harge onjugation invariane are usually used to redue the number of independent

fragmentation funtions. In the ase of harged pions one an de�ne

D

+

� D

�

+

u

= D

�

+

�

d

= D

�

�

d

= D

�

�

�u

;

D

�

� D

�

+

d

= D

�

+

�u

= D

�

�

u

= D

�

�

�

d

:

(2.62)

The so alled favoured (D

+

) and unfavoured (D

�

) fragmentation funtions have been measured

in semi-inlusive DIS with pions in the forward region [Em:89, Gei:98℄. For additional assump-

tions on the fragmentation funtions with respet to kaons and protons in deep-inelasti harged

hadron prodution see e.g. [Kum:97℄.

Sine it is not possible to alulate the fragmentation funtions in perturbative QCD diretly from

�rst priniples several phenomenologial models have been developed to predit the fragmentation

funtions. The two most important models are the independent fragmentation model of Field

and Feynman [FF:78℄ and the Lund string fragmentation model [AGIS:81, AGIS:83℄. A detailed

desription of these models as implemented into the Jetset Monte Carlo generator is given in

[Sj�o:94℄ while the tuning to the Hermes data is desribed in [Gei:98, Tal:98℄.

2.3.2 Cross-setions and Asymmetries

After normalisation to the inlusive ross-setion � the unpolarised prodution of a hadron of

type h in the �nal state an be expressed in LO QCD in terms of fragmentation funtions and

unpolarised quark distribution funtions as

1

�

d�

h

dz

(x;Q

2

; z) =

P

f

e

2

f

q

f

(x;Q

2

) D

h

f

(x;Q

2

; z)

P

f

e

2

f

q

f

(x;Q

2

)

: (2.63)

Under the assumption that the fragmentation proess does not depend on the relative orientation

of quark and nuleon spin one an de�ne semi-inlusive struture funtions in omplete analogy

to the inlusive ase as

F

h

2

(x;Q

2

; z) = 2 x

1

2

X

f

e

2

f

q

f

(x;Q

2

) D

h

f

(x;Q

2

; z) ; (2.64)

g

h

1

(x;Q

2

; z) =

1

2

X

f

e

2

f

�q

f

(x;Q

2

) D

h

f

(x;Q

2

; z) : (2.65)

Continuing the analogy with the inlusive ase and assuming A

h

2

= 0 the semi-inlusive spin

asymmetry A

h

1

an be written as

A

h

1

(x;Q

2

; z) =

g

h

1

(x;Q

2

; z)

F

h

1

(x;Q

2

; z)

;
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=

P

f

e

2

f

�q

f

(x;Q

2

) D

h

f

(x;Q

2

; z)

P

f

0

e

2

f

0

q

f

0

(x;Q

2

) D

h

f

0

(x;Q

2

; z)

; (2.66)

=

A

h

k

(x;Q

2

; z)

D

:

For the extration of the polarised quark densities it is useful to rewrite the formula for A

h

1

slightly

A

h

1

(x;Q

2

; z) =

P

f

e

2

f

�q

f

(x;Q

2

) D

h

f

(x;Q

2

; z)

P

f

0

e

2

f

0

q

f

0

(x;Q

2

) D

h

f

0

(x;Q

2

; z)

;

=

X

f

e

2

f

q

f

(x;Q

2

) D

h

f

(x;Q

2

; z)

P

f

0

e

2

f

0

q

f

0

(x;Q

2

) D

h

f

0

(x;Q

2

; z)

�q

f

(x;Q

2

)

q

f

(x;Q

2

)

;

�

X

f

P

h

f

(x;Q

2

; z)

�q

f

(x;Q

2

)

q

f

(x;Q

2

)

: (2.67)

The newly introdued unpolarised quantity, the hadron purity P

h

f

(x;Q

2

; z), gives the probability

that a quark of avour f was struk when observing a hadron h with the energy fration z in

the �nal state. The semi-inlusive spin asymmetry A

h

1

is then given by summing the produts

of purities and quark polarisations, whih are the ratios of the polarised and unpolarised quark

density distributions, over all ontributing quark avours. By measuring the hadron asymmetries

for di�erent hadron types together with the inlusive asymmetry

A

1

(x;Q

2

) =

P

f

e

2

f

�q

f

(x;Q

2

)

P

f

0
e

2

f

0

q

f

0

(x;Q

2

)

; (2.68)

the individual ontributions from the quark polarisations an be disentangled. For more details

about the purity method and the extration of polarised quark distributions at Hermes see

[Fun:98, Ruh:99, Tip:99℄.

2.4 Nulear E�ets

The energy sales of nulear physis with binding energies of few MeV and average nuleon

momenta due to Fermi motion of about 250MeV are signi�antly lower than the typial mo-

mentum transfers of many GeV involved in deep-inelasti sattering. Therefore one ould expet

the ross-setion for sattering o� a nuleus in the deep-inelasti regime to be given by the sum

of the ross-setions for sattering o� its individual nuleons. To reveal deviations from this

expetation aused by the nulear environment, one an ompare the ross-setions measured

on bound nuleons and on deuterium. Beause of its small binding energy, deuterium is hosen

as the best approximation for a free, isosalar nuleon. Sine the struture funtions F

p

2

of the

proton and F

n

2

of the neutron are di�erent due to the di�erent quark ontents of these partiles,

this omparison is only meaningful after a ompensation for the isospin quantum numbers of the

nuleus under study. The isosalarity orretion to equalise the proton and neutron numbers for
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a nuleus with nuleon number A and atomi number Z (and therefore N = A� Z neutrons)

an be aomplished with the substitution

�

A

!

�

A

�

N�Z

A

�

n

1�

N�Z

A

: (2.69)

Here and throughout the rest of this setion all ross-setions are normalised per nuleon and

not per nuleus, that is to be divided by the number A of nuleons in the nuleus. F

2

will also

be refered to per nuleon. Furthermore, if not stated otherwise, all ross-setion and struture

funtion ratios presented will be orreted for non-isosalarity.

2.4.1 Nulear E�ets in Inlusive Struture Funtions

After a straight forward transformation of the formula for the unpolarised inlusive deep-inelasti

ross-setion Eq. 2.29, the dependene of the ross-setion on the struture funtions an be

written as

d� / F

2

(x;Q

2

)

1 + �R(x;Q

2

)

1 +R(x;Q

2

)

; (2.70)

where the proportionality fator just depends on kinematial variables. As a reminder, R denotes

the ratio of longitudinal to transverse photo absorption ross-setions while � is the ratio of

probabilities for the emission of longitudinally or transversely polarised photons. These quantities

were de�ned in Eqs. 2.24 and 2.37. The ross-setion ratio then beomes

�

A

�

D

=

F

A

2

F

D

2

1 + �R

A

1 +R

A

1 +R

D

1 + �R

D

: (2.71)

As an be seen from this equation the ross-setion ratio is idential to the ratio of the struture

funtions F

A

2

and F

D

2

if either � = 1 or R

A

= R

D

.

In the QPM F

2

is proportional to the momentum distribution of the quarks inside a free nuleon

weighted by the square of their harges (Eq. 2.46). Sine the momentum fration x is extrated

from the measured quantities under the assumption of a stationary nuleon, orretions were

expeted for F

A

2

(x) beause of Fermi motion of the nuleons inside the nuleus. At x

>

�

0:5

this led to the predition of a large inrease of the struture funtion ratio (see e.g. [FS:81,

SU:85℄). Signi�ant deviations from this predited behaviour were surprisingly disovered in 1983

when the European Muon Collaboration (Em) published �rst results for this ratio in the deep-

inelasti sattering regime using iron [Em:83℄. Sine then many experiments have on�rmed

the observation of a nulear dependene for several di�erent target materials. As an example the

results for

40

Ca are shown in Fig. 2.12. Besides the additional �nding of Q

2

independent nulear

e�ets it niely illustrates the general x dependene ommon to all nulei. Several x regions with

distint behaviour an be identi�ed:

� For x

<

�

0:06 a depletion of the ratio is observed (shadowing). This e�et was known

from experiments with Q

2

< 1GeV

2

but expeted to vanish with inreasing Q

2

. Instead

it is found to be independent of Q

2

and to inrease with inreasing nuleon number A.
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Figure 2.12: The x-dependene of the F

2

struture funtion ratio for alium and deuterium

[E139:94, Nm:95℄.

The general behaviour is explained by two types of models. In generalised vetor meson

dominane models the virtual photon utuates to a superposition of vetor mesons

whih interat hadronially with the nuleus. The mesons are mainly absorbed on the

surfae of the nuleus and the inner nuleons are \shadowed" by the surfae ones.

In partoni models low momentum partons an spread over a large longitudinal distane

due to the unertainty priniple. Partons from di�erent nuleons may so overlap and fuse.

Thus low x partons are redued while those with higher x inrease.

� For intermediate values of x (0:06

<

�

x

<

�

0:3) the ratio is above unity and the nulear

struture funtion is larger than the one from a free nuleon (anti-shadowing). In partoni

models this e�et is a onsequene of the low x behaviour and the approximate momentum

balane between the low and intermediate x region is often used as an argument in favour

of these models.

� For even larger values of x the ratio drops again below unity and reahes a minimum

around x � 0:6 (Em e�et).

In binding models the e�et of the nulear potential on the nuleons is desribed by a

redued e�etive nuleon mass leading to a shift to higher x values (x = Q

2

= (2M�)).

Other models require a hange of the quark on�nement size in nulear matter to explain

the Em e�et. Inreasing on�nement an be introdued through an inrease of the

nuleon size (nuleon swelling) or in the language of QCD through Q

2

resaling. Multi-

quark luster models on the other hand invoke deon�nement with the disappearane of

the nuleon degrees of freedom in the nuleus.

� For x

>

�

0:8 the ratio is again above unity, as expeted due to Fermi motion.
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Figure 2.13: Ratios of ross-setions of inlusive

deep-inelasti lepton sattering from nuleus A

and D as a funtion of x.

Figure 2.14: The ratio R

A

=R

D

for nuleus

A and D as a funtion of Q

2

for four di�er-

ent x bins.

Sine F

2

shows an A-dependene one has to ask whether R hanges in a nulear environment

as well or whether the longitudinal and transverse photo absorption ross-setions show the same

behaviour whih then will anel in R. As mentioned earlier in Se. 2.1, R is steeply dereasing

as a funtion of Q

2

and idential within errors for proton and neutron. The world data for

�R = R

A

�R

D

do not reveal any signi�ant A-dependene in the Q

2

-region 1GeV

2

< Q

2

<

20GeV

2

either [E140:90, E140:94, E143:99, Nm:92, NMC:96℄. For lower values of Q

2

however (0:3GeV

2

< Q

2

< 1GeV

2

) ross-setion ratios measured reently at Hermes in

deep-inelasti lepton sattering (Fig. 2.13) show a large di�erene to results from the before

mentioned experiments at higher values of Q

2

. The �-dependene of this data has been used

to extrat values for the ratio R

A

=R

D

whih are presented in Fig. 2.14. The above mentioned

published data on �R have been onverted to R

A

=R

D

and added to this �gure. A strong Q

2

dependene is seen at low x and Q

2

whih represents the �rst observation of a nulear e�et in

R [Hermes:00b, vH:00, Shi:00℄.

Several mehanism have been proposed whih an lead to an enhanement of R

A

over R

D

.

In leading twist an enhaned gluon distribution in a nulear environment auses R

A

> R

D

[GP:96℄; however the e�et is expeted to be small. Higher twist e�ets with an enhanement

of the quark-gluon orrelations in nulei also inrease R

A

[EFP:82, BR:90℄ and are additionally

supported by the steep Q

2

dependene of the R

A

=R

D

data.
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2.4.2 Hadronisation in a Nulear Environment

Sine already the inlusive ross-setion is modi�ed it seems likely that also new e�ets appear

for the hadron prodution o� a nuleus ompared to the free nuleon ase. To disentangle the

e�ets on the formation of the �nal state from those depending on the virtual photon absorption

desribed in the previous setion, one usually studies the so alled attenuation ratio

R

att

A

(�;Q

2

; z) �

�

1

�

d�

h

d�dz

(�;Q

2

; z)

�

A

�

1

�

d�

h

d�dz

(�;Q

2

; z)

�

D

: (2.72)

The ratios of semi-inlusive and inlusive ross-setions whih appear in both the numerator and

the denominator are given in LO QCD in Eq. 2.63. Reall that z denotes in the laboratory frame

the fration of the virtual photon energy arried by the hadron h. The attenuation ratio allows

to experimentally study the quark propagation inside the nuleus. After the formation, hadrons

will experiene resattering when travelling through the surrounding medium and hadron spetra

will beome softer than for the prodution o� free nuleons. R

att

A

will therefore be in general

less than unity for high values of z. The later the formation of the hadron takes plae after

the initial hard 

�

-parton interation, the shorter gets the average path length to traverse the

nuleus. The resattering probability dereases and the softening eventually vanishes. Simple

phenomenologial models to predit the hadron formation time �

f

are either based on the

hadron kinematis [Got:74℄

�

f

=

E

h

M

h

�

h

=

z �

M

h

�

h

; (2.73)

or on the kinematis of the struk quark [BC:83℄

�

f

=

E

q

m

q

�

q

=

�

m

q

�

q

: (2.74)

�

h

and �

q

are free parameters of the models while M

h

and m

q

denote the hadron and quark

masses. A re�ned approah inludes the Lund string fragmentation model [BG:87℄ and is

illustrated in Fig. 2.15. After the initial hard interation a string builds up between the struk

quark and the target fragment. The string will eventually break up and reate new q q-pairs

from the vauum. The onstituent time �



and the formation time �

f

speify the time

between the 

�

-parton interation and the reation of the �rst and last onstituent quark of a

hadron respetively. Sine the �nal hadron arises from the string between the two spae points

orresponding to �



and �

f

this string has to ontain the energy of the hadron. The string energy

is determined by the string onstant � and the strething of the string, so the two time sales

are related through

�

f

� �



=

z �

�

: (2.75)

In these models the attenuation ratio is related to the probability that neither the hadroni

utuations, the hadron onstituents nor the hadron itself interat with the nuleus. For �



= 0

the simpler models are reovered. Information on the involved time sales and ross-setions an

be gained by omparison with experimental data.
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Figure 2.15: Illustration of di�erent time sales and interation ross-setions involved in the

spae-time struture of the hadronisation. The formation time �

f

denotes the time between the

initial hard 

�

-parton interation and the formation of the hadron while the onstituent time �



gives the time sale for a hadroni utuation of the virtual photon before the �rst onstituent of

the �nal hadron is reated. �

�

desribes possible interations before the onstituent quarks exist,

�



interations of the onstituent quarks and �

h

is assumed to be the meson-nuleon ross-setion

above resonanes (�

h

� 20� 25mb).

A di�erent approah to desribe the prodution of leading hadrons is based on perturbative QCD

[Kop:90, KNP:96℄. The hadronisation of a highly virtual quark is therein assumed to take plae

through gluon bremsstrahlung and the deeleration of the quark is a result of the radiative

energy loss. This energy loss is time and energy dependent and onstrained by � (1� z) beause

of the additional assumption that the leading hadron onsists of the leading quark whih absorbed

the virtual photon and an antiquark oming from the last emitted gluon. This onstraint and

the fat that a oloured objet annot travel over long distanes through a nulear medium leads

to the predition of a strong suppression in heavier nulei for large values of z. The lower the

energy � of the virtual photon the more this e�et is enhaned and extends to lower values of

z. As an example, Fig. 2.16 shows preditions of this model for the �, z, and Q

2

dependene

of the nulear suppression in opper. As seen from the � dependene of the attenuation ratio,

nulear e�ets in semi-inlusive deep-inelasti sattering an be best studied at energies of few

GeV. Then the typial length sales orresponding to the involved time sales are omparable

with nulear dimensions. This makes Hermes a good faility to study these e�ets: the typial

sales at Hermes range between 3�5 fm while they were muh larger (10�50 fm) for previous

experiments at Cern [Em:91, Nm:91℄, and Fermilab [E665:95℄.
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Figure 2.16: Nulear suppression for opper in the gluon bremsstrahlungs model. Preditions

are shown for the � and z dependene in omparison with results obtained at Sla and by Em

(upper row) as well as the Q

2

and z dependene in the energy range of Hermes (lower row).

For details see [KNP:96℄.
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29

3 Charm Prodution Near

Threshold

At the early 1960s, the four leptons of the �rst and seond generation were disovered, while

from the quarks only the up, down, and strange quarks were known. To omplete the seond

generation and reover the missing symmetry between leptons and quarks, a fourth quark avour

was suggested [BG:64, GIM:70℄. A new quantum number was introdued, the harm C, and the

postulated quarks were supposed to have C = +1, harge q



= +

2

3

e and massm



� 1�3GeV.

Experimental on�rmation of the existene of harm quarks was ahieved in 1974 when a  

bound state was found at Bnl [A

+

:74a℄ and Sla [A

+

:74b℄: the J=	 vetor meson. Not

muh later harmed baryons (�



) were observed in bubble hamber experiments [C

+

:75b℄ and

harmed mesons with C 6= 0 were found. The lightest of these partiles, whih ontain an up

or down quark besides the heavy harm quark, are the pseudo salar D mesons with spin J = 0

(D

0

, D

�

) [G

+

:76, P

+

:76℄. Soon afterwards also the vetor mesons with spin J = 1 (D

� 0

,

D

��

) were disovered [G

+

:77, F

+

:77, N

+

:77℄. These vetor mesons deay through the strong

fore into the lighter salar D mesons. Experimental evidene for meson states whih ontain a

strange quark in addition to the harm quark (D

�

s

, D

��

s

) was found in 1983 [C

+

:83℄.

3.1 Prodution of Charm Quarks

Over the past 20 years, many experiments were performed to study the harm quarks. Depending

on the type of the initial partiles and the available energy, various proesses an lead to the

prodution of harm quarks. Our urrent understanding is dominated by experiments performed

at e

+

e

�

-storage rings where a  -pair an be produed through the annihilation of the two

leptons into a photon or a Z

0

. In hadron-hadron sattering experiments, fusion or annihilation of

two partons { quarks or gluons { an lead to the ourrene of harm quarks in the �nal state.

In a similar way, in lepton-nuleon sattering harm quarks are predominately produed via the

photon-gluon fusion proess. In the following, this prodution mehanism will be disussed with

a fous on the energy range of the Hermes experiment. With an energy of E

B

= 27:5GeV

for the eletron beam at Hera, the entre of mass energy in the lepton-nuleon system is

p

s =

q

m

2

e

+M

2

+ 2ME

B

� 7:26GeV, relatively lose to the harm prodution threshold of

about 3GeV. Near the threshold where harm prodution is experimentally poorly known up to
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Figure 3.1: Cross-setions for the photoprodution of harm quark pairs as a funtion of the

photon energy E



separately for partiles with open and hidden harm. Shown are data from

Em [Em:83a, Em:83b℄, Sla [A

+

:86, C

+

:75a℄, and Pe [A

+

:87℄.

now, a strong inrease in the ross-setion an be observed (Fig. 3.1). In this kinematial regime,

also theoretial preditions su�er from several diÆulties suh as the size of �

s

and the role of

higher order orretions.

3.1.1 Photon-Gluon Fusion

As desribed in Se. 2.2, lepton-nuleon sattering an be interpreted as the interation of a boson

(

�

, Z

0

, W

�

) radiated o� the lepton with a parton of the nuleon. The relevant proesses for

the prodution of harm quarks are listed in Tab. 3.1. At moderate entre of mass energies,

ontributions from the Z

0

and W

�

bosons are negligible due to the high masses of these

partiles. Thus the only proesses remaining are the diret sattering of the virtual photon o�

a quark or anti-quark in the nuleon and the photon-gluon fusion (PGF), where a gluon from

the nuleon and the virtual photon merge under the prodution of a q q-pair. A proess an

be attributed to the diret sattering if the partiipating harm quark was produed in a non-

perturbative proess. For harm quarks, this non-perturbative distribution has been measured to

be very small and the photon-gluon fusion is the dominant proess. Sine the lepton-nuleon

sattering ross-setion is dominated by the exhange of virtual photons at low values for the four-

momentum transfer Q

2

(Eq. 2.29), it proeeds mainly through photoprodution with quasi-real

photons (Q

2

� 0). However, more reliable theoretial results an be obtained in the deep-

inelasti regime with larger values of Q

2

. In this ase, the dependene of the data on the photon

virtuality an be used as a further test of the perturbative QCD.



3.1 Prodution of Charm Quarks 31

g

c
−

c

γ

(a) 

�

g !  

O (� � �

s

)

g

c
−

c

g

γ

(b) 

�

g !  

O

�

� � �

3

s

�

g

c
−

g

c

γ

() 

�

g !   g

O

�

� � �

2

s

�

q

q

g c
−

c

γ

(d) 

�

g !   q

O

�

� � �

2

s

�

Figure 3.2: Feynman diagrams for the prodution of harm quarks through photon-gluon fusion

inluding higher order orretions. The dominant orretion term to the leading order proess

(a) is given by the gluon radiation proess (). An additional orretion term of order O

�

� � �

2

s

�

ours through the interferene of of the leading order proess and the proess (b), whih form

the same �nal state.

Complete alulations up to order O (� � �

2

s

) are available for harm prodution in both the

photoprodution [NDE:88, EN:89, FMNR:95, FNR:95℄ and the deep-inelasti sattering regime

[HS:98℄. Some of the graphs to be onsidered in higher order orretions are depited in Fig. 3.2.

In the ase of photoprodution, the O (� � �

2

s

) radiative orretions are about 60% of the LO

ross-setion and the NLO inlusive heavy quark distributions are found to be similar in shape

to the LO distributions. The e�et of the NLO orretions an therefore be desribed by an

approximately onstantK-fator [EN:89℄. In ontrast, theK-fator of DIS is strongly kinematis

dependent.

The QCD preditions are however subjet to rather large theoretial unertainties. Espeially

at �xed target energies, the largest unertainty is given by the dependene of the ross-setion

on the mass of the harm quark. Varying the harm quark mass between 1:2GeV and 1:8GeV

hanges the harm ross-setion by more than a fator of 3 [EN:89℄. Smaller dependenes are

observed for the unertainties related to the renormalisation sale �, the QCD sale parameter

� and the form of the gluon distribution. The unertainty on the renormalisation sale � is

illustrated in Fig. 3.3.

Neutral Current Charged Current



�

=Z

0

+  ! 



�

=Z

0

+  ! 



�

=Z

0

+ g !  + 

W

+

+ q

d;s

! 

W

�

+ q

d;s

! 

W

+

+ g !  + q

d;s

W

�

+ g !  + q

d;s

Table 3.1: Charm prodution proesses in lepton-nuleon sattering.
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Figure 3.3: Total harm photoprodution ross-setion as a funtion of the photon-nuleon entre

of mass energyW

p

. The solid lines represent the predition of a NLO QCD alulation and delimit

the range of values expeted from varying the renormalisation sale within 0:5 < �=m



< 2

[H1:96℄.

3.1.2 Additional Prodution Mehanisms

Several other proesses besides the photon-gluon fusion exist in whih harm quarks an be

produed. However, as these mehanisms have a negligible ontribution to the total ross-

setion near threshold, they will only be briey mentioned here.

Non-perturbative (Intrinsi) Charm

Cross-setion measurements for the hadro-prodution of harm performed in �xed target exper-

iments at the end of the seventies ould not be explained with leading order QCD alulations.

A model introduing a non-perturbative  -ontent of the nuleon was suggested to explain the

surplus in the measured ross-setion for large values of x [BHPS:80, BPS:81℄. In this model,

the Fok representation of the proton wave funtion

jpi = � juudi+ � juudi+ : : :

inludes a small but non-zero probability �

2

for an intrinsi harm quark pair. A value of �

2

= 1%

was hosen to explain the original data, also supported by theoretial estimates [HM:83, VBH:92℄.

In this model, the harm quark distribution as a funtion of x peaks around 0:25 and is the same
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for quarks and anti-quarks. When additional data fromH1 and Zeus as well as NLO alulations

beame available, the measured ross-setions ould be explained without intrinsi harm.

In an alternative to the intrinsi harm model desribed above, the harm sea is assumed to arise

from quantum utuations of the nuleon to a virtualD

0

+�

+



on�guration [NNNT:96, MT:97,

PNN

+

:98℄. A natural predition of this model is that the harm and anti-harm distributions are

not symmetri. This meson loud model for the long-range struture of the nuleon has been used

extensively to desribe various avour symmetry breaking phenomena observed in deep-inelasti

sattering and related experiments. It o�ers a natural explanation of the exess of the d- over

u-distributions in the proton in terms of a pion loud, whih itself is a neessary ingredient of

the nuleon by hiral symmetry. It also provides an intuitive framework to study the strangeness

ontent of the nuleon, through the presene of the kaon loud. Whether the same philosophy

an be justi�ed for a loud of heavy harmed mesons and baryons around the nuleon is rather

questionable given the large mass of the utuation.

Resolved Proesses

Besides the diret interation with a parton of the nuleon, the photon an also interat as a

partile with partoni sub-struture (resolved or hadroni omponent of the photon). Similar to

the nuleon, the sub-struture of the photon an be desribed with struture funtions. In LO

QCD, harm quarks then an be produed via gluon-gluon fusion or quark{anti-quark annihilation

of a parton inside the photon and a parton inside the nuleon:

g + g !  +  ;

q + q !  +  :

These proesses are { as the diret proesses in LO { of order O (� � �

s

).

The ontribution of the hadroni omponent of the photon to harm photoprodution is shown in

Fig. 3.4, where NLO QCD preditions for the total harm photoprodution ross-setion are given

as a funtion of the photon-nuleon entre of mass energy [FMP

+

:97℄. While at high energies

the resolved proesses beome important and depend strongly on the hosen parametrisation for

the photon struture funtions, at lower energies suh ontributions an be negleted.

Fragmentation

Beause of their large mass, the reation of harm quarks in the fragmentation is highly suppressed

[MN:92, Sey:94, Sey:95℄. The average multipliity per event for the reation of a  -pair by gluon

splitting (g !  ) was measured in e

+

e

�

ollisions at Lep for hadroni Z

0

deays to be roughly

2% [Opal:95℄.

Bottom Deays

As bottom quarks deay predominantly into harm quarks they are a potential soure for harm

prodution. The entre of mass energy at Hermes however is well below the threshold for the

prodution of a b b-pair where E

th

= 2m

b

>

�

8GeV.



34 3 Charm Prodution Near Threshold

Figure 3.4: Total ross-setion for the photoprodution of harm quark pairs as a funtion of

the photon-nuleon entre of mass energy. Shown are NLO QCD preditions from [FMP

+

:97℄ for

various struture funtion sets of nuleon and photon versus experimental results. Additionally,

the theoretial unertainty due to the hoie of the renormalisation sale �

R

is given by the band

of predited urves.

3.1.3 Gluon Density

Sine photon-gluon fusion is the dominant proess for harm prodution, the measurement of

harmed partiles in the �nal state an be used to get aess to the gluon density funtions of

the nuleon.

For real photons, the unpolarised ross-setion for the photoprodution of  -pairs an be fa-

torised in a onvolution of the gluon distribution funtion and the hard photon-gluon sattering

sub-proess

�

N! X

(�) =

Z

2M�

4m

2



dŝ �̂

g! 

(ŝ) g(x

g

; ŝ) ; (3.1)

and analogously in the polarised ase for the ross-setion di�erene of anti-parallel and parallel

photon and nuleon spin on�gurations

��

N! X

(�) =

Z

2M�

4m

2



dŝ��̂

g! 

(ŝ)�g(x

g

; ŝ) : (3.2)

In these expressions denote ŝ = s(g) the square of the entre of mass energy of the photon-gluon

system and x

g

the frational gluon momentum with respet to the nuleon momentum

x

g

=

s(g)

s(N)

=

ŝ

2M�

: (3.3)
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The hard photon-gluon sattering sub-proesses for the prodution of a  -pair an be expressed

in LO QCD as

�̂

g! 

(ŝ) = e

2



2� ��

s

(ŝ)

ŝ

"

��

�

2� �

2

�

+

1

2

�

3� �

4

�

ln

1 + �

1� �

#

; (3.4)

��̂

g! 

(ŝ) = e

2



2���

s

(ŝ)

ŝ

"

�3� + ln

1 + �

1� �

#

; (3.5)

with � =

q

1� 4m

2



=ŝ being the entre of mass veloity of the harm quarks [Wat:82, GR:88℄.

In the ase of lepton-nuleon sattering the inoming lepton beam is assumed to be equivalent

to a broad-band beam of virtual photons, where the photon distribution in the eletron is al-

ulable in QED (Weizs�aker-Williams approah) [vW:34, Wil:34℄. While real photons an only

be transversely polarised, virtual photons may also have longitudinal polarisation and the dou-

ble di�erential unpolarised ross-setion for lepton-nuleon sattering an be expressed as the

sum of the absorption ross-setions for transversely and longitudinally polarised virtual photons

weighted with the orresponding uxes � (see Se. 2.1)

d�

`N

dQ

2

d�

(Q

2

; �) = �

T

(Q

2
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�

N

T

(Q

2

; �) + �

L

(Q

2

; �) �



�

N

L

(Q

2

; �) ; (3.6)

= �

T

(Q

2

; �)

h

1 + � R(Q

2

; �)

i

�



�
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T

(Q

2

; �) ; (3.7)

� �(Q
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�

N

T

(Q

2

; �) : (3.8)

As a reminder, R = �

L

=�

T

is the ratio of the photo-absorption ross-setions and � = �

L

=�

T

the ratio of the virtual photon uxes (see Eqs. 2.24 and 2.37). Comparison with the previous

expression Eq. 2.29 for the di�erential ross-setion allows the identi�ation

�(Q

2

; �) =

�

�

� �

Q

2

2M

Q

2
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1�
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2

`

Q

2

!#

: (3.9)

In this formula terms proportional tom

2

`

=Q

2

{ whih were negleted in the deep-inelasti satter-

ing ase { have been kept as they an beome important in the photoprodution limit (Q

2

! 0).

The extrapolation to the ross-setion for the photoprodution with real photons is possible by

using a modi�ed propagator term

�



�

N

T

(Q

2

; �) =

 

1 +

Q

2

M

2

0

!

�2

�

N

(�) ; (3.10)

where the mass sale M

0

has to be adjusted to the proess under investigation. For open harm

prodution it has been extrated from a �t to experimental data to be in the range 3:4GeV to

4:1GeV for � values between 70GeV and 200GeV [Em:83a℄.

This formalism has been used in NLO QCD to extrat the unpolarised gluon density from the

prodution of D

�

mesons in deep-inelasti eletro- and photoprodution [H1:99℄. The very good
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agreement in Fig. 3.5 is a nie veri�ation of the theoretial understanding of this proess in both

kinematial regimes. The remarkably good agreement also in omparison to the results obtained

from the Q

2

evolution of the inlusive struture funtions (Se. 2.2) an be understood as an

important on�rmation for the appliation of perturbative QCD and the universality of the gluon

distribution in these proesses.

3.2 Formation and Deay of Charmed Partiles

Up to now only the prodution of harm quarks has been onsidered. However, quarks are oloured

objets and have to fragment into olour neutral objets due to the on�nement property of QCD.

After fragmentation, harmed partiles an possess a non-zero harm quantum number (open

harm) or ontain the same number of - and -quarks (hidden harm).

Even though the photon-gluon fusion model is appliable for both open and hidden harm pro-

dution, the formation of the �nal state hadrons might be very di�erent. The hidden harm

prodution is ommonly disussed in the framework of the olour singlet model (CSM) and the

olour otet model (COM). There, the produed - and -quarks are bound into a olour singlet

objet by the subsequent emission of one or more hard (CSM) or soft (COM) gluons. How-

ever, hidden harm prodution is not in the sope of this thesis. More about the olour singlet

and otet models and their appliation to unpolarised and polarised hidden harm prodution at

Hermes an be found in [Mei:00℄.

In lepton-nuleon sattering, the  -pair from the photon-gluon fusion proess dominantly leads

to harmed meson{anti-meson pairs or assoiated harmed baryon{anti-meson prodution. For

open harm, the fragmentation is usually desribed in the standard shemes, but uses a harder

fragmentation funtion to aommodate the higher mass of the harm quark. The fragmentation

of a fast moving harm quark into a hadron H = (q) and a light quark q an be desribed

phenomenologially with the Peterson fragmentation funtion [PSSZ:83℄

D

H



(z) =

N

z [ 1� 1=z � �



= (1� z) ℄

2

; (3.11)

where z is the energy fration of hadron H with respet to the harm quark and N is a nor-

malisation suh that

P

R

dzD

H



(z) = 1. The free parameter �



has to be extrated from �ts

to data. Typial values for �



range from 0:025 to 0:075 for whih the orresponding fragmen-

tation funtions are shown in Fig. 3.6. The smaller the value for this parameter, the harder the

fragmentation proess beomes.

Sine the �rst disovery of the J=	 meson and the lightest harmed mesons, many more harmed

partiles have been found and their properties have been studied in detail. In the following only

those harmed hadrons will be disussed whih an be identi�ed in a �xed target lepton-nuleon

sattering experiment suh as Hermes. This exludes the harmed baryons with the exeption

of the �



. The quark ontents and the masses for the { at Hermes { interesting harmed

hadrons are listed in Tab. 3.2. The typial mass sales for harmed partiles are around 2GeV

for open and 3GeV for hidden harm.
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Figure 3.6: Peterson fragmentation funtion

D

H



(z) for di�erent values of the phenomeno-

logial parameter �



.

While the D

�

vetor mesons an deay strongly or eletromagnetially into the pseudo-salar D

mesons (see also Tab. 3.3), the D mesons themselves are the lowest mass eigenstates for harm

and an only deay weakly with typial lifetimes of O ( ps). In the weak interation a -quark an

turn into a lighter s - or d-quark when radiating o� a W

+

boson. The large mass di�erenes of

the D mesons ompared to mesons whih ontain only the light u, d, and s quarks lead to many

possible deay modes with rather small branhing frations and typially large multipliities. A

seletion of interesting deay modes is listed in Tab. 3.4.

Partile Quark Mass Full Width Mean Lifetime

Content (MeV) (MeV) ( ps)

D

� 0

, D

� 0

u , u 2006.7 � 0.5 < 2:1

D

�+

, D

��

d , d 2010.0 � 0.5 < 0:131

D

�+

s

, D

��

s

s , s 2112.4 � 0.7 < 0:19

D

0

, D

0

u , u 1864.6 � 0.5 0.415 � 0.004

D

+

, D

�

d , d 1869.3 � 0.5 1.057 � 0.015

D

+

s

, D

�

s

s , s 1968.5 � 0.6 0.467 � 0.017

�



  2979.8 � 2.1 13:2

+3:8

�3:2

J=	   3096.88 � 0.04 0.087 � 0.005

�

+



, �

+



ud, ud 2284.9 � 0.6 0.206 � 0.012

Table 3.2: Partile properties for a seleted list of harmed partiles [C

+

:98℄.
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M(D

�+

) - M(D

0

) = 145.4MeV

M(D

�+

) - M(D

+

) = 140.7MeV

M(D

� 0

) - M(D

0

) = 142.1MeV

M(D

� 0

) - M(D

+

) = 137.4MeV

m(�

�

) = 139:57MeV

M(D

�+

) - M(D

� 0

) = 3.3MeV

m(�

0

) = 134:95MeV

M(D

+

) - M(D

0

) = 4.7MeV

Table 3.3: Mass di�erenes between various ombinations of D and D

�

mesons. As a referene

the masses of the lightest mesons �

�

and �

0

are additionally given [C

+

:98℄. Only the �rst three

ombinations orrespond to physially possible strong deays. The lower three ombinations

would involve hanges in the harge but are below the �

�

mass threshold.

Deay Branhing Final State

Channel Fration (%) Partiles

D

0

! K

�

�

+

3.85 � 0.09 2

! K

0

�

0

2.12 � 0.21 4

! K

0

�

+

�

�

5.4 � 0.4 4

! K

�

�

+

�

0

13.9 � 0.9 4

! K

�

�

+

�

+

�

�

7.6 � 0.4 4

! K

+

K

�

0.43 � 0.02 2

! �

+

�

�

0.15 � 0.01 2

! K

�

`

+

�

`

3.50 � 0.17 2

D

+

! K

0

�

+

2.89 � 0.26 3

! K

�

�

+

�

+

9.0 � 0.6 3

! K

0

�

+

�

0

9.7 � 3.0 5

! K

�

�

+

�

+

�

0

6.4 � 1.1 5

! K

0

�

+

�

+

�

�

7.0 � 0.9 5

! K

+

K

0

0.74 � 0.10 3

! K

+

K

�

�

+

0.88 � 0.08 3

! �

+

�

0

0.25 � 0.07 3

! �

+

�

+

�

�

0.36 � 0.04 3

! K

0

`

+

�

`

6.8 � 0.8 3

D

� 0

! D

0

�

0

61.9 � 2.9 � 4

! D

0

 38.1 � 2.9 � 3

D

�+

! D

0

�

+

68.3 � 1.4 � 3

! D

+

�

0

30.6 � 2.5 � 5

! D

+

 1:1

+2:1

�0:7

� 4

Table 3.4: Seleted deay hannels for the D and D

�

mesons [C

+

:98℄. The harged onjugate

deays are also possible. The last olumn of the table gives the number of partiles to be

reonstruted. In this number, the deays �

0

!  and K

0

;K

0

! K

0

S

! �

+

�

�

(K

0

L

are not

detetable with the Hermes spetrometer) are impliitly assumed, while for the semi-leptoni

deays the neutrino is not ounted.
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3.2.1 Monte Carlo Simulations

All Monte Carlo studies for open harm prodution presented in the following are based on

the Aroma event generator whih simulates the prodution of heavy quark avours in lepton-

nuleon sattering through the boson-gluon fusion proess [IRS:96℄. Sine the involved energies

are moderate, eletroweak proesses are exluded in the simulations. For the hadronisation,

Jetset is used whih supports several fragmentation models [Sj�o:94℄. The most important ones

are the independent fragmentation and the Lund string model. Fragmentation funtions have

to be used in both models to desribe the momentum and energy sharing between a newly formed

hadron and the remaining quark or diquark system. A large number of di�erent fragmentation

funtions are available, sine they annot be derived from �rst priniples.

For the light quarks the Lund symmetri fragmentation funtion has been hosen. Its default

parameters in Jetset are adjusted to desribe data at high energies where hard parton showers

are important. At the muh lower energies ofHermes the need for a softer fragmentation arises

and a better desription of the data an be obtained with retuned parameters. In the following

the two parameter sets for the Lund symmetri fragmentation funtion will be denoted as the

Default and the Hermes set respetively.

For the harm quarks, the default mass value of Jetset is hosen (m



= 1:35GeV) and

two alternatives are studied for their fragmentation: a modi�ation of the Lund symmet-

ri fragmentation funtion aording to the Bowler spae-time piture of string evolution and

the phenomenologial Peterson fragmentation funtion introdued in the previous setion whih

results in a harder fragmentation for the heavy quarks.

The independent fragmentation model does not a priori onserve energy, momentum or avour

and the handling of gluon fragmentation is not unique. Here, an algorithm has been hosen whih

obeys the onservation laws by ompensating any imbalane aording to the partile energies.

Gluons are assumed to fragment like a light quark{anti-quark pair, sharing the gluon energy

aording to the Altarelli-Parisi splitting funtion.

If not expliitely stated otherwise, for all results presented in the following setions the Lund

string model together with the Peterson fragmentation funtion using �



= 0:050 has been

used. For further referenes to the fragmentation models and the tuning of the fragmentation

parameters to the Hermes data, see also Se. 2.3.1.

Prodution Probabilities

For the most prominent partiles, the prodution probabilities per open harm event in lepton-

proton sattering are presented in Fig. 3.7 as a funtion of the lepton beam energy. In this �gure

also partiles from possible subsequent deays of the primarily produed harmed baryons and

mesons are inluded. The underlying mehanisms however an be better studied when looking

at the primarily produed harmed partiles only.

As an be seen in Fig. 3.8, large di�erenes in the primary prodution probabilities for harmed

partiles and their anti-partiles are predited, both for the absolute values and the energy de-

pendene. While for the anti-partiles the probabilities hange only slowly with the beam energy,
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Figure 3.7: Charmed partile prodution probabilities per open harm event for photon gluon

fusion in lepton proton sattering as a funtion of the lepton beam energy E

B

. Shown are

the results of Monte Carlo simulations based on the Aroma event generator for the Peterson

fragmentation set with �

s

= 0:050 (see text). For a better visibility, the results for partiles and

anti-partiles are plotted with solid and dashed lines respetively.

they are strongly energy dependent espeially for the harmed baryons and D

�+

, D

� 0

mesons.

Charmed baryons are primarily produed in about 60% of the open harm events at Hermes

energies; anti-baryons almost never our. At beam energies of 100GeV this fration dereases

to about 25%, but still about a fator ten less anti-baryons than baryons are produed.

The suppression of anti-baryons an be explained through the onservation of the baryon number

in the sattering proess. The proton target has a positive baryon number, whih { not only for

harmed baryons { naturally leads to an exess of baryons over anti-baryons in the �nal state.

For eah anti-baryon an additional baryon is neessary to keep the balane. SuÆient energy has

to be available in the �nal state to allow the prodution of the two rather massive partiles. The

inrease in the prodution threshold from 2:3GeV for �



-prodution to 3:2GeV for �



N redues

the available phase spae and leads to the observed suppression of the harmed anti-baryons,

espeially at low energies.

The fat that a large fration of events ontains harmed baryons at all is a onsequene of strong

orrelations between the - and -quarks produed in the hard interation and the remnants of the

struk nuleon present in the Lund string model. The strength of the orrelations dereases with

inreasing entre of mass energy, explaining the redued baryon prodution probability at higher

lepton beam energies. Another onsequene are the asymmetries between the harmed mesons

and anti-mesons whih are largest at small energies. The -quark an only form a meson with an
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Figure 3.8: Prodution probabilities of primarily produed harmed partiles per open harm

event for photon gluon fusion in lepton-proton sattering as a funtion of the lepton beam energy

E

B

.

anti-quark from the nuleon sea or from a virtual q q-pair produed in the fragmentation proess.

The -quark on the other hand has additional phase spae through the valene quarks from

the struk nuleon. This piture is furthermore supported by the asymmetry in the prodution

rates for the D

��

and D

� 0

mesons whih both have the valene quark avours of the proton

as the light quark partner of the -quark. This asymmetry an be understood in terms of the

exess of the u- over d-quark distributions in the proton with a dilution due to the symmetri

prodution of these avours in the fragmentation proess. In the small x-region mainly probed in

the harm prodution, this exess is smaller than the fator 2 for the integrated distributions. In

this kinematial region the sea quark distributions are very similar, leading to basially idential

prodution probabilities for the D

�+

and D

� 0

mesons whih do not ontain a valene quark

avour of the proton.

In other models, suh as longitudinal exitation, the prodution of harmed and anti-harmed

hadrons is expeted to be exatly symmetri. Experimentally however, large asymmetries in

the prodution of harmed and anti-harmed hadrons have been observed [A

+

:86, A

+

:87,

Na14/2:93℄.

Sine the valene quarks an arry a large fration of the nuleon momentum, di�erenes are

also expeted for the energy spetra of the various harmed partile types. This will be studied

in the next setion.
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Energy Spetra

The following studies are for a lepton beam energy of E

B

= 27:5GeV, mathing the experimental

onditions at Hermes.

As expeted, the - and -quarks produed in the photon-gluon fusion proess have the same

energy distributions (Fig. 3.9a). After the hadronisation however, signi�ant di�erenes are ob-

servable between the energy spetra for the primarily produed harmed hadrons and anti-hadrons

(Fig. 3.9b). To understand these di�erenes, it is best to distinguish the two dominantly ourring

harmed �nal state types: harmed meson{anti-meson pairs and assoiated harmed baryon{anti-

meson prodution. In the ase of pair prodution, the -quark energy is on average higher than

the -quark energy (Fig. 3.9e). The opposite behaviour is observed for the assoiated baryon

prodution where not only the mean of the distribution is shifted but also ompletely di�erent

shapes are obtained (Fig. 3.9). As for the prodution probabilities, these energy spetra an be

understood qualitatively by the di�erene between sea and valene quarks and the orrelations

with the target remnants. In this piture, the prodution of harmed baryons is favoured at

low -quark energies sine the orrelations with the target remnants are largest when both have

similar veloities (Fig. 3.9). As both diquarks from the target remnant and quarks from the

fragmentation are typially low energeti, most of the binding energy neessary for the formation

of harmed hadrons has to be provided by the -quarks. This leads on average to lower energies

after the hadronisation ompared to the -quark energies. For the -quarks on the other hand,

the valene quarks represent additional phase spae and their relatively high energy (ompared

to quarks from fragmentation) allows lower energeti -quarks to fragment into open harm

anti-mesons (Fig. 3.9e).

However, the situation is more omplex as indiated by the double-peak struture visible in the

energy spetrum of the harmed mesons (Fig. 3.9f). Another lassi�ation of the �nal states is

possible through the multipliity of primarily produed hadrons ontaining the light u-, d-, and

s-quarks only (\light hadrons"). In the string model, this number an be identi�ed with the

number of string breaks. When looking at the energy distributions as a funtion of the light

hadron multipliity (Fig. 3.10), the di�erenes in the meson and anti-meson energies are mainly

due to the { for meson{anti-meson pair prodution { lowest possible multipliity of 1. Already

at multipliities of 2 for the light hadrons, the prodution is essentially symmetri for harmed

mesons and anti-mesons. Also the di�erenes between harmed baryons and anti-mesons get

smaller the higher the multipliity beomes. Sine the average multipliity inreases with the

entre of mass energy, more symmetri energy spetra independent of the harmed �nal state

an be expeted at higher lepton beam energies. On the other hand, the omplex situation for the

hadronisation at low energies makes the harm prodution near threshold a useful tool to learn

more about the details of the fragmentation proess. For ompleteness, it should be mentioned

that for the assoiated harmed baryon prodution also multipliity 0 is possible whih is not

shown in Fig. 3.10 sine the energy distributions are very similar to those for multipliity 1.

Model Dependenes

It has to be learly stated that all the Monte Carlo simulations presented here are depending on

the details of the fragmentation model used in the simulation. As an example, the dependene of

the primary prodution probabilities on the parameters of the Lund symmetri fragmentation is
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Figure 3.9: Comparison of the energy distributions for harmed partiles and anti-partiles on

the quark and hadron level. The ases of assoiated baryon{anti-meson prodution (�gures

() and (d)) and meson{anti-meson pair prodution (�gures (e) and (f)) are separately

shown.
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Figure 3.10: Comparison of the energy distributions for harmed hadrons and anti-hadrons

depending on the multipliity of primarily produed light hadrons in the �nal state. The

ases of meson{anti-meson pair prodution (�gures (a), () and (e)) and assoiated baryon{

anti-meson prodution (�gures (b), (d) and (f)) are separately shown.
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Figure 3.11: Di�erenes in the prodution probabilities of primarily produed harmed partiles

per open harm event for various fragmentation models and funtions. Shown are only the results

for open harm mesons and baryons; anti-baryons have been negleted sine due to the small

absolute probabilities large relative deviations are possible.

shown in Fig. 3.11. Further examples for the dependenes on the above disussed fragmentation

models and fragmentation funtions an be found in appendix B.1 (Figs. B.1 - B.3). Please

note, that the sometimes osillating behaviour of the di�erenes in these �gures is aused by

the statistial preision of the Monte Carlo simulations. No large dependenes of the prodution

probabilities on the fragmentation models are visible for open harm mesons ontaining the -

quark. All results agree to better than 10%. For the fragmentation of the -quark however relative

deviations up to 20% our. The reason for these larger deviations are due to the unertainties in

the relative fragmentation into mesons or baryons. The largest deviations our when omparing

estimates obtained with the Hermes set to those from the Default set for the parameters of

the Lund symmetri fragmentation funtion.

For the energy spetra, the mean and the width of the distributions for harmed hadrons and

anti-hadrons are presented in Tab. 3.5 for the di�erent fragmentation sets. These two parameters

have been hosen even though they are not suited to uniquely haraterise the partially omplex

shapes. The energy dependenes on the fragmentation sets are as expeted. The Hermes set

realises a softer fragmentation ompared to the Default set for the parameters of the Lund

symmetri fragmentation funtion. Similarly for the dependene on the Peterson fragmentation

parameter �



. The smaller the value for �



, the higher the average energy. This parameter also

ontrols the shape of the harmed meson energy spetrum at a light hadron multipliity of 1

(Fig. 3.10a). With a harder fragmentation funtion, the higher energeti peak in the distribution

beomes more and more important.
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(X) 44.71 9.83 3.51 55.29 9.78 4.16 100.00 9.80 3.89

Lund string

Hermes, Peterson

(X) 99.78 7.72 2.92 0.22 { { 100.00 7.72 2.92

�



= 0:075

all 144.48 8.37 3.26 55.52 9.77 4.16 200.00 8.76 3.59

(X) 44.68 9.81 3.50 55.32 9.70 4.13 100.00 9.75 3.87

Lund string Hermes (X) 99.77 7.42 2.69 0.23 { { 100.00 7.43 2.69

all 144.45 8.16 3.16 55.55 9.70 4.13 200.00 8.59 3.53

(X) 37.41 9.33 3.44 62.59 9.23 3.96 100.00 9.27 3.77

Lund string

Default, Peterson

(X) 99.57 8.27 3.19 0.43 { { 100.00 8.28 3.19

�



= 0:050

all 136.98 8.56 3.30 63.02 9.23 3.95 200.00 8.77 3.53

(X) 37.50 9.34 3.44 62.50 9.24 3.97 100.00 9.27 3.78

Lund string Default (X) 99.58 8.27 3.20 0.42 { { 100.00 8.27 3.19

all 137.08 8.56 3.30 62.92 9.23 3.96 200.00 8.77 3.54

(X) 43.49 9.78 3.49 56.51 9.71 4.10 100.00 9.74 3.85

Independent Hermes (X) 99.70 7.82 3.08 0.30 { { 100.00 7.82 3.08

all 143.19 8.42 3.34 56.81 9.70 4.09 200.00 8.78 3.61

(X) 36.22 9.28 3.41 63.78 9.15 3.90 100.00 9.20 3.73

Independent Default (X) 99.46 8.35 3.31 0.54 { { 100.00 8.35 3.31

all 135.68 8.60 3.36 64.32 9.15 3.89 200.00 8.77 3.55
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4 The Hermes Experiment

TheHermes detetor is loated in the east setion of theHera eletron-proton ollider faility

at Desy in Hamburg, Germany. The experiment was proposed in 1990 [Hermes:90℄ and

approved in 1993 after a signi�ant eletron polarisation ould be demonstrated. The installation

was arried out in the 94/95 Hera winter shutdown and data taking started in spring 1995.

While the Hera eletron beam an be polarised, the urrent mahine on�guration does not

allow a polarisation of the proton beam. As the primary goals of the Hermes experiment {

the measurement of the double spin asymmetries in inlusive and semi-inlusive deep-inelasti

sattering { require both leptons and nuleons to be polarised, Hermes operates in a �xed

target mode and only the 27:5GeV polarised eletron beam gets utilised, while the unpolarised

820GeV proton beam passes through the apparatus without interation. Polarised nuleons are

provided by a polarised internal gas target in a windowless storage ell. Figure 4.1 shows the

eletron storage ring of Hera with the experiments (Hermes, H1, Zeus, Hera-B) in the

four straight setions. H1 and Zeus operate in olliding mode to study unpolarised deep-inelasti

sattering at high energies with a entre of mass energy of

p

s = 300GeV in a kinematial region

that is not aessible for �xed target experiments. Hera-B only uses partiles in the halo of

the proton beam whih are sattered o� target wires at high luminosities to study CP-violation

in B-meson systems.

At Hera, eletrons or positrons an be stored in the lepton ring. During 1995, 1996, and 1997,

Hera operated with positrons; in 1998 improvements of the vauum system allowed the usage

of eletrons. As the eletro-weak proesses under study at H1 and Zeus are sensitive to the

sign of the lepton harge, the lepton harge was again hanged several times sine then. At

Hermes, where the weak proesses are negligible due to the lower entre of mass energy, most

of the physis program is insensitive to the lepton harge. An exeption is the proess of deeply

virtual Compton sattering, where a lepton harge asymmetry is expeted. Additionally, the data

with the di�erent lepton harge might be used for systemati studies.

As the data analysed in this work predominantly originate from the 1997 data taking period of

Hermes, in the following setions speial emphasis will be given to the experimental setup

during that year.
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Polarized HERA Beam:

� Self-polarization by Sokolov-Ternov e�ect

� Spin Rotators { Longitudinal Spin

� P

B

� 40� 60%

O

W

NSZEUS H1

HERA-B

HERMES

beam direction
transverse polarimeter

spin rotator 1

spin rotator 2

longitudinal polarimeter

(Parallel talk by M. Spengos, Section 11, Saturday 4:45 pm)

Figure 4.1: The eletron storage ring of Hera at Desy. While a transverse polarisation is

inherent for the storage ring, longitudinal polarisation at Hermes is ahieved by two spin rotators

in front of and after the interation point. The spin of the eletrons is symbolised by the small

arrows. The transverse and longitudinal polarisations are measured by independent polarimeters.

4.1 The Polarised Eletron Beam

In a storage ring an eletron beam builds up a transverse polarisation as a onsequene of a small

asymmetri spin ip amplitude in the synhrotron radiation (Sokolov-Ternov e�et) [ST:64℄. The

maximum polarisation is reahed asymptotially. At the 27:5GeV lepton energy of Hera, the

build-up time is approximately 40 minutes and the asymptoti value is about 90%. Due to depo-

larisation e�ets, typial maximum polarisations of 60% are reahed. To ahieve the longitudinal

polarisation neessary for the polarised physis program of Hermes, spin rotators are installed

in front and behind the detetor (see also Fig. 4.1). The longitudinal polarisation an be routinely

reversed to redue systemati e�ets while a at mahine (only transverse polarisation) is used

for systemati studies and polarisation optimisation. The beam polarisation is measured by two

Compton polarimeters sattering irularly polarised laser light o� the beam. The transverse

polarimeter utilises the fat that the Compton ross-setion on transversely polarised leptons

shows a spin-dependent azimuthal distribution. The entre of gravity of baksattered photons is

measured in a position sensitive alorimeter and a top-bottom asymmetry of the position distri-

bution an be used to derive the beam polarisation [Due:95, Oel:95℄. The laser intensity is hosen

suh that on average only 0:01 photons baksatter per eletron bunh (single-photon method).

Sine 1997 the longitudinal polarimeter measures the longitudinal polarisation of the beam

near the Hermes interation point. As measurement priniple it uses the spin-dependent angu-

lar distribution of the Compton ross-setion on longitudinally polarised leptons whih translates

into a spin-dependent energy spetrum. By using laser pulses of high intensity several thousand

photons are baksattered per bunh and with their energy-weighted spin asymmetry the beam

polarisation an be measured separately for eah individual bunh [Be:00℄.
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Figure 4.2: Shemati side and top view of the Hermes spetrometer.
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Figure 4.3: Shemati diagram of the Hermes target region. An internal storage ell is used to

inrease the target density by about two orders of magnitude ompared to a free atomi beam.

4.2 The Hermes Target Region

Traditionally �xed target experiments use external beams and solid or liquid targets, where high

target densities an be ahieved. However, suh targets are usually built of mixed materials

and the presene of heavier nulei makes it neessary to apply nulear orretions. Moreover, in

polarised experiments additionally only a small fration of the atoms in the target are polarisable,

introduing a low dilution fator. Furthermore massive ell windows might be neessary, whih

in addition to the high target density ause multiple sattering and energy loss for partiles

originating from the sattering proess.

At Hermes the tehnique of an internal gas target inside a storage ring is used instead. A

thin-walled ryogenially ooled storage ell is plaed inside a vauum hamber (see Fig. 4.3).

The ell onsists of an open-ended elliptial tube and is onstruted from ultra-pure aluminium

with a uniform wall thikness of 75�m. Feed and sampling tubes interset in the entre of the

ell. A system of movable and �xed ollimators is used to protet the ell and the spetrometer

from synhrotron light and partile showers produed in the eletron ring upstream of the target

region. To maintain the ultra-high vauum within the aelerator beam line the leaking gas atoms

are pumped at both ends of the storage ell. The target ell geometry and the ooling inrease

the target density by about two orders of magnitude ompared to a free atomi jet target.

To realise polarised proton, deuterium, and

3

He targets two di�erent setups exist. In 1995 an

infrared laser was used to polarise

3

He atoms by meta-stability exhange optial pumping in a

glass ell. Details an be found in [dS

+

:98℄. In 1996 and 1997 an atomi beam soure (ABS) of
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Figure 4.4: Shemati diagram of the polarised hydrogen target used in 1996 and 1997. An

atomi beam soure (ABS) injets nulearly polarised hydrogen atoms into the storage ell. The

omposition of the gas from atomi and moleular hydrogen as well as possible ontaminations

from heavier nulei are determined with a target gas analyser (TGA). A Breit-Rabi polarimeter

(BRP) measures the nulear polarisation of the hydrogen atoms.

polarised hydrogen was employed (see Fig. 4.4). The ABS is based on the Stern-Gerlah separation

of eletron spin in an inhomogeneous magneti �eld. Moleular hydrogen is dissoiated by radio

frequeny disharge into hydrogen atoms and an unpolarised beam is formed by a ooled nozzle

and skimmers. The atomi beam leaving the dissoiator is direted into an inhomogeneous

magneti �eld generated by a sequene of sextupole magnets. Atoms with eletron spin along

the loal magneti �eld diretion are foused while other states are defoused and subsequently

pumped. The seleted atomi beam onsists of two hyper�ne states with opposite nulear spin

diretion. Using high frequeny transitions the population of one of the hyper�ne states an be

exhanged by a state with opposite nulear spin diretion to form an atomi beam onsisting of

two hyper�ne states with parallel nulear spin. Sine 1998 the ABS provides polarised deuterium.

The polarisation of the hydrogen atoms inside the target ell is measured by a Breit-Rabi po-

larimeter (BRP). A small fration of the target gas is extrated from the storage ell into the

BRP to measure the relative populations of the hyper�ne states and thus the nulear polarisation

of the sample. In order to suppress the reombination of hydrogen atoms, the ell is oated by

Dri-�lm and a layer of ie [Bra:95, Kol:98b℄. The ell is operated at a temperature of about

100K. The target proton polarisation p

T

inside the ell is alulated from the polarisation p

BRP

of the hydrogen atoms analysed in the BRP and the atomi fration measured in the target gas

analyser (TGA) aording to

p

T

= �

0

[

�

�

R

+ (1� 

�

�

R

) �℄ 

P

p

BRP

; (4.1)

where 1 � �

0

= 0:01 � 0:01 is the fration of protons entering the ell in moleules and

1 � 

�

�

R

the fration of atoms that reombined in moleules. 

�

and 

P

are orretions
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for sampling eÆienies of TGA and BRP, respetively. The value of 

�

�

R

was 0:93 � 0:04

in 1997. The quantity � is de�ned as the ratio of the polarisation of protons in moleules

from reombination to the polarisation of protons in atoms. A �-measurement on deuterium

using a di�erent ell geometry and magneti �eld was arried out at Nikhef and a value of

� = 0:8 � 0:3 was reported [vdB

+

:97℄. From measurements at Hermes, � at present is

onstrained to 0:2 � � � 1:0. During data taking the nulear polarisation diretion has been

reversed every 45 seonds while tehnially spin ip times below one seond are feasible. The

average proton polarisation was 88% in 1997 with a frational systemati error of 4:5%.

An unpolarised gas feed system is able to deliver various gas types over a wide density range. In

general the unpolarised target density is only limited by its impat on the beam lifetime. Unpo-

larised data taking at Hermes has been performed with densities of 10

15

� 10

17

nuleons/m

2

.

4.3 The Spetrometer

TheHermes spetrometer is a onventional forward angle spetrometer ommon to �xed target

experiments. Beause of the speial environment atHera with the two storage rings the detetor

is designed in two idential halves above and below the beam plane (see Fig. 4.2). The beams are

proteted against the magneti �eld of the spetrometer magnet by a pair of iron plates (septum

plate) whih limits the vertial sattering angle aeptane. The layout of the spetrometer an

be divided in three parts, the front and bak regions separated by the main spetrometer magnet.

In the front region only traking detetors are installed to obtain a good traking and vertex

resolution. The only exeption is an additional trigger hodosope whih was added in 1996 to

redue bakground events due to partile showers initiated by the proton beam whih enter the

detetor from the bak. In the bak region detetors for traking, partile identi�ation, and

triggering are employed. The origin of the Hermes oordinate system oinides with the entre

of the target. The positive z-axis is oriented along the eletron beam axis while the positive

x-axis points to the entre of the eletron ring. For a right-handed oordinate system it follows

that the positive y-axis has to point vertially upwards. A detailed desription of the Hermes

spetrometer is given in [Hermes:93, Hermes:98℄.

4.3.1 Traking

The traking system onsists of miro-strip gas hambers (referred to as vertex hambers, VC)

and drift hambers upstream of the magnet (drift vertex hambers, DVC, and front hambers,

FC), three proportional hambers in the magneti �eld (magnet hambers, MC), and two sets

of drift hambers downstream of the magnet (bak hambers, BC). The traking detetors are

onstruted from planes that measure the position of a harged trak along a oordinate per-

pendiular to the wire respetively strip orientation and the beam diretion. The horizontal

oordinate x is measured by planes with a vertial orientation while the u and v oordinates are
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CHAMBER Vertex Drift vertex Front Magnet Bak

Detetor name VC1 VC2 DVC FC1 FC2 MC1 MC2 MC3 BC1/2 BC3/4

mm from target 731 965 1100 1530 1650 2725 3047 3369 4055 5800

Ative area

Horizontal (mm) 323 393 474 660 660 996 1210 1424 1880 2890

Vertial (mm) 137 137 290 180 180 263 306 347 520 710

Cell design Miro-strip gas Horizontal Horizontal drift MWPC Horizontal drift

drift

Cell width (mm) 0.193 6 7 2 15

A-C plane gap (mm) 3 3 4 4 8

Anode (A) material 200 �m glass(Al) W(Au) W(Au) W(Au) W(Au)

Anode wire diameter 7�m 30 �m 20�m 25�m 25�m

Potential wire mat'l Al strip Be-Cu(Au) Al(Au) Be-Cu(Au)

Potential wire dia. 85�m 50 �m 50�m 127 �m

Cathode (C) material Al on glass Al on Mylar Al on Mylar Be-Cu wires C on Kapton

Cathode thikness 200 �m 34 �m 6:4�m 90�m � 0:5 mm pith 25:4 �m

Gas omposition: DME/Ne Ar/CO

2

/CF

4

Ar/CO

2

/CF

4

Ar/CO

2

/CF

4

Ar/CO

2

/CF

4

(%) 50/50 90/5/5 90/5/5 65/30/5 90/5/5

U,V stereo angle +5

Æ

;�90

Æ

�30

Æ

�30

Æ

�30

Æ

�30

Æ

Resolution/plane (�) 65�m 220 �m 225 �m 700 �m 275 �m 300 �m

Wires in X plane 1674 2046 80 96 96 496 608 720 128 192

Wires in U,V plane 2170 2170 96 96 96 512 608 720 128 192

Module on�guration VUX XVU XX'UU'VV' UU'XX'VV' UXV UU'XX'VV'

Rad. length/module 0:8% 0:25% 0:075% 0:29% 0:26%

Number of modules 1 1 1 1 1 1 1 1 2 2

(upper or lower)

Channels/module 6014 6386 544 576 576 1520 1824 2160 768 1152

Total hannels 24800 1088 2304 11 008 7680

Table 4.1: Properties of the Hermes traking hambers.

given by planes whih are tilted by �30

Æ

to the vertial. In Tab. 4.1 the properties of the trak-

ing detetors are summarised. The magneti �eld of the main spetrometer magnet provides an

integrated �eld strength of 1:3Tm for the momentum reonstrution.

TheHermes reonstrution program (Hr) [Wan:96℄ uses a tree-searh algorithm for the trak

�nding and a look-up table for the momentum determination of the traks. Both tehniques allow

a very fast event reonstrution with small intrinsi resolutions. (The ontribution of Hr to

the preision of the trak momentum determination is better than �p=p = 0:5%.) The trak

parameters are determined separately in the forward and bakward part of the spetrometer,

whih are separated by the magnet. In eah part, whih ontains 24 ative planes, the trak

projetions (treelines) on the three oordinates u, v, x of the traking devies are determined by

an iterative pattern reognition algorithm. The hit pattern in the detetor planes are ompared to

a pattern data base and ombinations, whih annot originate from a straight trak, are rejeted.

The resolution of the hit pattern is doubled in eah iteration step and eleven iterations are used

for the trak �nding. The treelines of the u, v, x oordinates are then ombined to spatial partial

traks before and after the magnet. Mathing forward and bakward partial traks have then to

be assigned through the magneti �eld, forming full traks. This mathing an be done by a

position omparison in the entre of the magnet or with the help of the proportional hambers

inside the magnet by applying a Kalman �lter. Additionally, the magnet hambers give aess

to traks with low momenta whih experiene large deetions in the magneti �eld and do not

reah suÆient traking planes in the bakward region (short traks).

Hr is able to operate with any ombination of traking devies in the front region as not all of

them were available from the beginning of the data taking in 1995. In the original design only the

VC and FC detetors were foreseen for the front region and their use in the traking onstitutes

the standard reonstrution method (STD). The VC however su�ered from diÆulties in the
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Figure 4.5: Momentum and sattering angle resolutions in the Hermes spetrometer for the

fore-bridge method (NOVC), dedued from Monte Carlo studies.

prodution of APC readout hips, the performane of the substitute prototype hips resulted in

low plane eÆienies (60� 90%) and many \hot" hannels. They were therefore not inluded

in the reonstrution. Instead it was deided to install additional traking detetors for the front

region, the DVC, whih beame available only in 1997. To nevertheless ensure a reliable and

aurate traking in the front region despite the long lever arm and rather large resolution of

the FC, an alternative trak reonstrution method was developed. The mathing of forward

and bakward partial traks is again based on the trak positions in the entre of the magnet,

but with larger toleranes than in the STD method beause of the worse resolution. Then the

math point as de�ned by the bakward partial trak is used to re�ne the front partial trak by

pivoting it about a onserved spae point in the entre of the front drift hambers. Thus, the

forward partial trak is fored to agree at the magnet midpoint with the presumably higher-quality

information from the bakward partial trak. This fore-bridging method is refered to as the

NOVC method as it is only utilising the FC and BC detetors, and was also used suessfully for

the 1995=96 physis analysis, with approximately a fator of two loss of resolution in kinemati

quantities relative to what ould be expeted if the VC were fully operational. For onsisteny

reasons, the NOVC method was also used in the reonstrution of the unpolarised data from 1997

to allow the ombination with data sets from the previous years. In ase the DVC detetors are

inluded in the traking, the name of the orresponding reonstrution method will be modi�ed

aordingly (\STD+DVC" or \NOVC+DVC").

The momentum and sattering angle resolutions for the fore-bridging method are shown in

Fig. 4.5. The results are dedued from Monte Carlo studies using a detailed desription of the

detetor geometry based onGeant [B

+

:93℄. The momentum resolution�p=p for the sattered

lepton is in the range of 1 � 3%, depending on the kinematis. A large part of this smearing

is aused by multiple sattering in the detetor material a partile has to traverse. The amount

of material inside the aeptane is illustrated in Fig. 4.6. On the left hand side the integrated

radiation length for a partile originating from the entre of the target and passing under a vertial

angle of �

y

= 50 mrad through the entre of the detetor (�

x

= 0 mrad) is given as a funtion
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Figure 4.6: Integrated radiation length of the Hermes spetrometer as the result of a detailed

simulation of the detetor geometry based on Geant [B

+

:93℄. See text for a desription of the

plots.

of the position along the beam axis. The integrated radiation length is everywhere well below

10% of a radiation length. The vertial angular aeptane in the entre of the spetrometer an

be seen on the right hand side where the integrated radiation lengths at the z-positions before

the �rst and after the last traking detetor in the front (z = 0:7m; 2:0m) and bak part (z =

4:0m; 6:1m) of the spetrometer are shown as a funtion of the vertial sattering angle. The

angular aeptane is determined by the frames of the proportional hambers inside the magnet

gap. For a partile originating from the entre of the target, sattering angles projeted on the

vertial and horizontal axes of 40 mrad � j�

y

j � 140 mrad and j�

x

j � 170 mrad respetively

are aepted, giving aess to a sattering angle in the range of 40 mrad � � � 220 mrad.

4.3.2 Partile Identi�ation

Eletron Hadron Separation

In order to keep the eletron identi�ation eÆieny above 95% and the ontamination of hadrons

in the eletron sample below 1% over the entire kinemati range, a hadron rejetion fator of

better than 10

4

is neessary sine the rate of low momentum hadrons from photo-prodution is

muh higher than the rate of DIS eletrons with the same momentum. This goal was ahieved

by the ombination of four di�erent types of partile identi�ation (PID) detetors: a lead-glass

alorimeter, two plasti sintillator hodosopes, one of whih is preeeded by two radiation lengths

of lead and whih ats as a preshower detetor, a transition radiation detetor, and a threshold

�

Cerenkov detetor. The spei�ations of these detetors and further details an be found in

[Hermes:98℄; the detetor responses to hadrons and eletrons from these devies are presented

in Fig. 4.7 exemplary for the 1997 data.
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Rather than imposing hard uts on the individual detetor signals, the responses are onverted

into onditional probabilities L

i

D

whih give the probability that a given signal is reorded by

detetor D when a partile of type i passes the detetor. These onditional probabilities are

derived by omparing the detetor response funtions for leptons and hadrons generated either

from test beam data, from lean partile samples obtained from restritive uts on the other

PID detetors, or from Monte Carlo simulations. The individual onditional probabilities for eah

available PID detetor are ombined to overall onditional probabilities

L

i

�

Y

D

L

i

D

; (4.2)

whih are related to the probabilities P

i

that a trak originated from a partile of type i through

the inident partile uxes �

i

P

i

=

�

i

L

i

P

j

�

j

L

j

: (4.3)

For the separation of leptons from hadrons the quantity PID is introdued as the logarithm of

the ratio of onditional probabilities that the partile is a lepton l or a hadron h

PID � log

10

L

l

L

h

: (4.4)

This quantity is related to the true probabilities P

l

and P

h

by

PID = log

10

P

l

P

h

+ log

10

�

h

�

l

: (4.5)

As the TRD detetor onsists of six modules, the responses from these individual modules are

ombined into the logarithmi likelihood PID

TRD

[Men:98℄

PID

TRD

� log

10

L

l

TRD

L

h

TRD

� log

10

Q

6

m=1

L

l

TRD ;m

Q

6

m=1

L

h

TRD ;m

; (4.6)

while the responses of alorimeter, threshold

�

Cerenkov detetor, and preshower ounter are om-

bined into the logarithmi likelihood PID

3

[Kai:97℄

PID

3

� log

10

L

l

CAL

� L

l

CER

� L

l

PRE

L

h

CAL

� L

h

CER

� L

h

PRE

: (4.7)

These two quantities are then usually joined into

PID � log

10

L

l

CAL

� L

l

CER

� L

l

PRE

� L

l

TRD

L

h

CAL

� L

h

CER

� L

h

PRE

� L

h

TRD

= PID

3

+ PID

TRD

: (4.8)

Distributions for these quantities from the 1997 data are shown in Fig. 4.8.
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Figure 4.7: Responses of the partile identi�ation detetors to semi-inlusive events with a

positron and at least one hadron for 1997 data: ratio of alorimeter energy and momentum,

preshower signal, trunated mean value for the transition radiation detetor, number of photo-

eletrons deteted by the threshold

�

Cerenkov ounter (from left to right). The ounts on the

y-axes are in arbitrary units for all plots.
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Figure 4.8: PID parameters for all partile traks from 1997 data: PID

3

from the ombined re-

sponses of alorimeter, threshold

�

Cerenkov detetor, and preshower; PID

TRD

from the responses

of the individual TRD modules, and the sum of the two parameters. The dashed lines in the

bottom plot indiate possible uts to separate hadrons (PID

3

+ PID

TRD

< 0) from leptons

(PID

3

+ PID

TRD

> 2). The ounts on the y-axis are in arbitrary units.
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Pion Kaon Separation
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Figure 4.9: Pion identi�ation eÆieny as a

funtion of the pion momentum. Shown is the

average eÆieny for the 1997 data set.

The weight of the threshold

�

Cerenkov detetor

in the likelihood analysis for the lepton-hadron

separation is rather small. The main funtion

of this detetor is to distinguish pions from

other hadrons. An adjustable gas mixture at

atmospheri pressure of nitrogen and peruo-

robutane, C

4

F

10

, is used as radiator. During

the �rst year of operation, the radiator was

pure nitrogen, while in 1996 and 1997 a mix-

ture of 70% nitrogen and 30% peruorobu-

tane was used, for whih the

�

Cerenkov mo-

mentum thresholds for pions, kaons, and pro-

tons are 3:8, 13:6 and 25:8GeV, respetively.

For the determination of the pion identi�a-

tion eÆieny, a lean sample of pions ould

be obtained through the deay of di�ratively

produed �

0

into two pions: �

0

! �

+

�

�

.

Sine no suÆient statistis for a reliable ex-

tration an be obtained in this hannel at Hermes, the pion identi�ation eÆieny is instead

parametrised in terms of the average number N

0

of photoeletrons observed for a partile with

� � 1 and the pion momentum threshold

� = 1� e

�N

0

�

1�



2

t



2

�

; (4.9)

with  = (1� �

2

)

�

1

2

and � = p=E. N

0

and the momentum threshold an be determined using

high statistis eletron and hadron samples, respetively. The thus obtained pion identi�ation

eÆieny as a funtion of the pion momentum averaged for the 1997 data taking period is plotted

in Fig. 4.9 [dSHJ

+

:00℄. The pion identi�ation eÆieny is for momenta of 4:5GeV around 80%

and inreases asymptotially to unity. For momenta larger than 7:5GeV eÆienies above 99%

are ahieved.

4.3.3 Luminosity

For a �xed target experiment the luminosity L an be de�ned as the produt of the ux �

B

of

beam partiles and the number N

T

of target partiles within the beam ross-setion

L � �

B

N

T

: (4.10)

It is therefore possible to dedue the luminosity from the beam urrent I

B

and the target density

n

T

only (L / I

B

n

T

). However, these quantities are diÆult to measure to the required

preision. To ahieve a better auray, the luminosity measurement is based on the elasti
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sattering of beam eletrons from target gas eletrons e

�

e

�

! e

�

e

�

(Moller sattering). In

ase of a positron beam, Bhabha sattering (e

+

e

�

! e

+

e

�

) and the annihilation into photon

pairs (e

+

e

�

! ) are used. The ross-setions are known preisely from QED, inluding

radiative orretions. The sattered partiles are deteted in oinidene by two alorimeter

modules mounted 7:2m downstream the interation region to the left and right side of the

beam pipe [Ben:98a℄. Due to the high radiation bakground in the region very near to the

beam, eah alorimeter module onsists of 12NaBi (WO

4

)

2

rystals, whih have a very high

radiation hardness. The oinidene rate R

L

is about 130Hz for a beam urrent of 20mA

and an areal target density of 10

15

nuleons/m

2

. This allows to measure the luminosity with a

statistial unertainty of about 1% within 100 s. From the oinidene rate the luminosity an

be determined using the relation

L =

_

N

�

=

R

L

R

�


d
 �(
)

d�

Bhabha

d


� R

L

C

Lumi

: (4.11)

The loss of part of the ount rate due to the �nite size of the luminosity monitor is reeted

by restriting the integral over the Bhabha ross-setion to the angular aeptane �
 of the

detetor. Furthermore, a orretion for the detetion eÆieny �(
) is applied. The normalisation

onstant C

Lumi

was determined with the help of a Monte Carlo simulation to be [Ben:98b℄

C

Lumi

= 0:448�b

�1

: (4.12)

Beause of the strong dependene of the Bhabha ross-setion on the sattering angle, the aep-

tane represents the dominant ontribution to the systemati error of 6:4% for the determination

of an absolute luminosity [Ben:98a℄. For many measurements suh as ross-setion ratios and

asymmetries only relative luminosities are needed. In this ase the aeptane of the luminosity

monitor beomes irrelevant and the systemati unertainty dereases below 1:5%. However, an

additional ompliation ours for the polarised measurements due to the spin dependene of

the Bhabha ross-setion. Even though the polarised target is operated in a mode to deliver

only nulear polarisation and no polarisation for the shell eletrons, small ineÆienies in the

high frequeny transitions for the hyper�ne states as well as a transfer of the nulear spin to

the eletron shell in atomi spin exhange ollisions lead to a remaining eletron polarisation of

1 � 2% in the target ell [Wei:98℄. To avoid a bias in the luminosity measurement due to the

Bhabha asymmetry, it has therefore been deided to �t the luminosity over time intervals muh

longer than the typial spin-ip time of the target. As the luminosity is proportional to the beam

urrent and the target density (Eq. 4.10) and the target density is normally kept onstant during

polarised data taking, the time dependene of the luminosity should therefore be given by the

time dependene of the beam urrent, whih follows an exponential funtion

L(t) = exp

�

�

1

�

(t� t

0

) + �

�

: (4.13)

The lifetime � of the beam was here assumed be onstant. Besides for the highest beam ur-

rents, where additional interations of beam partiles within one bunh our, this assumption is

justi�ed. Typially a �t extends over a whole �ll, whih in average lasts several hours. Only in

ase of instabilities in the beam urrent beause of partial beam losses or in the target density,

a �ll is split into up to three separate �t intervals. A typial example for a �t an be seen in

Fig. 4.10.
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Figure 4.10: The Bhabha oinidene rate R

L

as measured by the luminosity monitor for a

typial �ll during polarised data taking in 1997. The statistially varying single measurements

have been �tted by an exponential funtion. The start of the data taking in the �ll has been

taken as the origin on the time axis for this �gure.

As ross-setions for heavier nulei are ommonly quoted per nuleon, it is best to adopt this

onvention also for the luminosity. Then a orretion fator f

A

, given by the ratio of nuleons to

shell eletrons in the nulei, has to be applied for eah target gas type A

f

A

�

8

>

<

>

:

1:0 :

1

H ;

1:5 :

3

He ;

2:0 :

2

D;

14

N :

(4.14)

4.3.4 Trigger

The funtion of the trigger system is to distinguish interesting events from bakground events and

to initiate the digitisation and readout of the detetor signals. The Hermes trigger hierarhy

is potentially apable of four levels, for whih the tehnial prerequisites are available. Up to

now, however, only the �rst-level trigger was implemented. This �rst-level trigger deision is

made within about 400 ns of the event using prompt signals of the sintillator hodosopes, the

alorimeter, and a few wire hambers. The main physis triggers orrespond to deep-inelasti

sattering and photo-prodution proesses (where no lepton is deteted). All physis triggers

are required to be in oinidene with the aelerator bunh rossing signal (Hera lok). In

addition to the physis ones, triggers for detetor monitoring and alibration are available.
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The DIS trigger selets events ontaining an eletron or positron by requiring hits in the sintillator

hodosopes, H0, H1, and H2 (see Fig. 4.2) together with suÆient energy deposited in a luster

in the alorimeter. During unpolarised running the alorimeter threshold was set to 3:5GeV while

for polarised running it was lowered to 1:4GeV to inrease the aessible y-range and improve

the aeptane for semi-inlusive partiles.

The photo-prodution trigger detets hadrons that are typially produed at low Q

2

and deay

to two or more harged partiles. The trigger requires at least one harged trak in both the

upper and lower detetor halves, as identi�ed by the three hodosopes and the �rst bakward

drift hamber (BC1).

4.3.5 Data Aquisition

The Hermes data aquisition system (DAQ) is divided in two spatially separated parts. The

front-end eletronis is loated in a trailer lose to the experiment. It is onneted to the online

workstation luster via two SCSI interfaes realised as a �bre optial link. The bakbone of the

front-end is based on Fastbus tehnology with Cern Host Interfaes (CHI) as masters whih are

equipped with DSP-based Struk Fastbus Readout Engines (FRE) to improve their performane.

The drift hamber signals are read out by LeCroy Time to Digital Converters (TDC), while the

vertex and magnet hambers use APC and PCOS4 based readout systems, respetively, without

timing or analog information. Eah photomultiplier tube as well as TRD hannel is fed to TDCs

and ADCs (Analog to Digital Converter). The olleted event information is proessed by the

FREs and an be ompressed by almost a fator of two before an event is built and sent to the

distributing online workstation (Alpha 5/266) loated in the ounting room. During data taking

the inoming events are written as Epio �les (Experimental Physis Input Output Pakage

[M

+

:93℄), to a 56GB disk array hosted by further workstations linked via FDDI. Between two

Hera �llings the raw data �les are then transfered via a FDDI onnetion to a taping robot

loated in the omputing entre at theDesy main site. Additionally the data is loally written to

tape for bakup purposes. The maximal DAQ throughput is 5:0MB/s orresponding to an event

rate of 500Hz. Despite these high rates the deadtime during standard data taking is typially

well below 10%.

To ease data storage and proessing, the data taking is split into the reording of individual

runs orresponding to a �xed amount of data. Usually, runs span about 10 minutes during

polarised data taking, while for unpolarised running they are typially shorter beause of the higher

ahievable target densities and the orrespondingly higher trigger rates. In a run, the readout of

the omplete spetrometer for the aepted triggers (events) gets stored together with additional

information for the synhronisation with the external slow ontrol data. This synhronisation

usually happens with a preision of one seond, while a muh faster synhronisation is possible

with saler events in the order of 10� s. Salers are internal ounters of the DAQ system,

whih store the numbers of generated and aepted triggers. They are read out every ten

seonds, de�ning a burst.
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4.4 Software

The software used at Hermes an be generally grouped in two parts. While the online system

is used to run the experiment and reord the raw data, the o�ine software proesses this data

and transforms it into a form more suitable for physis analyses. The latter uses a very modular

and data-struture driven layout. The following list gives a short (and inomplete) overview of

the main software pakages in use at Hermes. The interplay of some of these pakages an be

seen in Fig. 4.11, where an overview over the data prodution sheme is shown.

Adamo (\Aleph Data Model"):

is the entral database used at Hermes. Through highly organised data struture and

desription based on the entity-relationship model [Pro:94℄ it allows safe and portable data

handling. The logial struture of the data is stored and passed along with the data.

Various formats are supported for data storage (generi Adamo �le, GAF).

Dad (\Distributed Adamo Database"):

This lient-server extension to Adamo was developed at Hermes to allow entral main-

tenane and distribution of the data by implementing eÆient interproess ommuniation

mehanism in Adamo format [WAD

+

:95℄. Dad allows eÆient storage of the data

through on-the-y (de)ompression.

Pink (\Pink is not Kuip"):

is an interfae to the Tl/Tk pakage [Ous:94℄ whih is useful for the rapid implementation

of utility programs for data heking and analysis [ADF

+

:95℄. It also allows the easy

reation of Graphial User Interfaes (GUI) for the visualisation of the data.

Hd (\Hermes Deoder"):

onverts the raw data from Epio format into information in Adamo format suitable for

the further proessing in the reonstrution phase. It makes use of various time-dependent

mapping, geometry, and alibration data whih is provided by entral Dad prodution

servers.

Hr (\Hermes Reonstrution"):

uses a tree-searh algorithm for the trak �nding and a look-up table for the momentum de-

termination of the traks [Wan:96℄. Both tehniques allow a very fast event reonstrution

with small intrinsi resolutions.

Gm (\Generator Monte Carlo"):

is a modular frame to provide �nal states from various external Monte Carlo generators in

a ommon format suitable to be proessed by the Hermes analysis hain. It furthermore

allows a standardised and easy ontrol over all parameters of the generators [DGMV:97℄.

Hm (\Hermes Monte Carlo"):

traks the �nal states generated by Gm through a detailed model of the Hermes

detetor geometry based on Geant [B

+

:93℄. Calibration data and detailed models allow

a realisti simulation and digitisation of the detetor responses similar to the output of
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Hd [DGMV:97℄. This allows to proess both real and Monte Carlo data with Hr

without the need to distinguish between the input type of the data.

Hanna:

is an event-driven analysis frame whih is able to synhronise slow ontrol data with the

event stream [Fun:98℄.

Ae (\Alignment, Calibration and EÆieny"):

alulates alibration and eÆieny data for the traking detetors [Kol:98a℄.
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Figure 4.11: O�ine data prodution sheme. The ylinders represent data �les stored on disk and/or tape, small boxes data proessing

programs. A hierarhial grouping into the phases of data summary tape (DST), slow ontrol, �DST, and nDST prodution are indiated by

the bigger boxes (after [Fun:98℄). An iterative proedure an be applied to improve the alibration data. Physis analyses are usually performed

on the �DST event data �les. Additional improvements onerning data size and proessing time an be obtained by pre-�ltering the data on

global event topologies (nDST). The idential software hain is used to proess Monte Carlo data whih allows to test the prodution software

and analysis programs.
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5 Extration of Cross-setions

To measure the ross-setion assoiated with a ertain proess, one usually exploits the propor-

tionality between the ross-setion � and the ount rate

_

N

d

_

N

dp

(t;p) = L(t)

d�

dp

(p) ; (5.1)

where the proportionality is given by the luminosity L(t). Here, t denotes the time and p any set

of kinematial variables. The luminosity has been assumed to be independent of the kinematial

variables p whih is the ase for Hermes.

For a real experiment however, detetor e�ets ompliate the situation. As will be explained in

more detail in the following setions, aeptane and detetion eÆieny e�ets have to be taken

into aount. Denoting the orretion funtions with A and E respetively, whih an depend

on both t and p, Eq. 5.1 beomes

d

_

N

dp

(t;p) = A(t;p) E(t;p)L(t)

d�

dp

(p) : (5.2)

The time dependent parts of the orretion fators are often ombined with the luminosity into

the so alled e�etive luminosity

L

e�

(t) = A

0

(t) E

0

(t)L(t) : (5.3)

After integrating over the time dependene, the ross-setion is given by the expression

d�

dp

(p) =

1

A(p) E(p)

R

dt

d

_

N

dp

(t;p)

R

dtL

e�

(t)

�

1

A(p) E(p)L

e�

dN

dp

(p) : (5.4)

The time integrals have to be evaluated separately for the e�etive luminosity and the ount rate.

Otherwise, espeially in the ase of low ount rates, statistial utuations would be unneessarily

enhaned and at times of zero ount rate all orretions be negleted.

The primary tasks of the ross-setion measurement therefore are the determination of the o-

urrenes N of the proess under investigation and of the time integrated e�etive luminosity

L

e�

within the same time period. In a seond step the inuene of the detetor aeptane has

to be taken into aount.
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5.1 Detetion EÆienies

Many requirements have to be onsidered in the design of a spetrometer for a high energy

physis experiment. The physial requirements are adjusted to the main physis measurements

whih are in the ase of Hermes double spin asymmetries in inlusive and semi-inlusive deep-

inelasti sattering. Additional onstraints due to the laboratory environment as well as ost and

time reasons typially result in a limited spetrometer aeptane and not all of the physially

ourring events an be deteted with the spetrometer. Several e�ets an ontribute to these

detetion ineÆienies and the losses have to be orreted for in a ross-setion measurement.

The separation between the various e�ets is however not unique.

5.1.1 Aeptane and Smearing

The Hermes spetrometer has a limited aeptane beause of the speial environment at

Hera (see also Se. 4.3). Partiles an ompletely miss the ative aperture of the traking and

partile identi�ation detetors (most notieably for sattering angles below 40mrad) or be bend

outside the aperture by the main spetrometer magnet due to too low momenta (important for

momenta below 2GeV). The aeptane funtion A denotes the probability that an event with

given kinematis is detetable with an { besides the aeptane { ideal detetor. The aeptane

funtion is best parametrised as a funtion of the momentum vetors of the partiles to be

deteted

A = A(fj~p

i

j ; #

i

; '

i

g) ; (5.5)

but an be spei�ed for any suitable set of kinematial variables. Beause of the omplexity of the

problem, the aeptane funtion is usually determined with the help of Monte Carlo simulations.

The momentum and angular distributions of the produed partiles depend on the underlying

physis proess and their orret simulation would require the knowledge of the ross-setion to

be measured. Fortunately, an exat simulation of these distributions is not neessary to quantify

the aeptane funtion as long as the full physially possible phase spae is overed by the

simulation.

While traversing the various detetors and magneti �elds of the spetrometer, the partiles

produed in the sattering proess an undergo seondary interations. Examples are multiple

sattering, external bremsstrahlung, various other energy loss mehanisms, and deays. These

additional interations an either stop a partile or hange its momentum vetor. The kinemati

variables alulated from a reonstruted trak then di�er from the true kinematis of the asso-

iated partile at the time of its prodution. Also the reonstrution algorithm, resolutions and

misalignments of the traking hambers an ause suh smearing and have been investigated in

detail in [Wan:96℄. However, only the true kinematis give aess to the ross-setion, whih

should be measured. The impat on di�erential ross-setions is obvious, but also total ross-

setions an be a�eted. For example, the invariant mass of a deaying partile an in general not

be orretly reonstruted when the momenta of the deay produts are wrongly measured. A

similar e�et ours, when partiles are misidenti�ed. Contaminations lead to wrong assumptions
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about the properties of the partile suh as for instane the mass or the prodution proess. All

derived kinematial quantities whih are based on these assumptions are then wrongly alulated.

To derive the true kinematial distributions from the measured ones (unfolding proedure), the

kinematial plane an be segmented into bins. One orretion possibility is then to multiply the

measured distributions with the ratio of generated and reonstruted distributions from a Monte

Carlo simulation

C

MC

Smear

=

�

N

Gen

M

Re

�

MC

; (5.6)

what represents generalised eÆienies. However, this bin-to-bin orretion annot take into

aount large migrations of events from one bin to the others and neglets the unavoidable

orrelations between adjaent bins. It is only a valid approximation if the amount of migration

between bins is negligible and if the standard deviation of the resolution is smaller than the bin

size.

In a more sophistiated approah, a migration matrix M

ij

is introdued, whih gives the prob-

ability that an event whih was measured in bin i atually belongs to bin j. The measured

distribution M

i

and the true one N

j

are then onneted by the relation

M

i

=

X

j

M

ij

N

j

: (5.7)

The binning should be hosen suh that the resulting migration matrix is nearly diagonal, whih

is a sign of minimal smearing e�ets. The migration matrix an be derived from Monte Carlo

simulations and then be inverted for the unfolding. However, inversion problems an our

for singular matries or the inverse matrix may even not exist. In ase it exists, statistial

utuations in the measured distributions ould be strongly enhaned when multiplied with the

inverse migration matrix. Also, in ontrast to the ase of the aeptane funtion, a preise

knowledge of the involved ross-setions is neessary to aurately derive the migration matrix.

To ahieve a better auray, instead of the matrix inversion, the unfolding proedure an be

implemented using an iterative algorithm based on Bayes' theorem desribed in [d'A:95a, d'A:95b℄,

where the generated distributions are adjusted aording to a omparison of the measured and

reonstruted simulated distributions. Usually, the e�ets of the aeptane and uts on the

kinematial variables are also inluded in the determination of the migration matrix. This matrix

is then refered to as the detetor response funtion as it desribes how the true distributions get

distorted by the inuene of the spetrometer.

The Monte Carlo simulations used for the determination of the detetor response funtion require

a detailed desription of all detetor e�ets. Suh simulations, whih involve the traking of

partiles through the spetrometer, are very time onsuming. To ahieve enough statistial

preision, time dependent e�ets usually annot be inluded in the simulations and have to be

orreted for separately. Relevant time dependent e�ets for the studies desribed in this setion

are the ontribution of the traking detetor eÆienies to the reonstrution eÆieny and the

trigger eÆienies.
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5.1.2 Trak Finding

The ombined e�et of the traking detetor eÆienies and the requirements of the reon-

strution program Hr on the number of hits per trak is ontained in the permutated plane

eÆienies (PPE). To avoid potential biases in the determination of the eÆieny of a single

traking hamber plane i, trak samples are seleted whih ould have been reonstruted even

without the presene of the plane under investigation. The eÆieny �

i

for this plane is then

alulated as

�

i

=

# traks with hit in plane i

# traks seleted for plane i

�

N

i

suess

N

i

entries

: (5.8)

Two possible strategies an be followed to deide whether a hit in plane i is present or not

[Kol:98a℄. For the software eÆieny, hits are only aepted within the same road width

around the trak impat point on the plane as used by Hr for the trak �nding. The hardware

eÆieny on the other hand samples a wider region around the impat point. For the wire

hambers, a hit at either the losest or seond losest wire is aepted, orresponding to a road

width of a full drift ell size. The software eÆienies therefore inlude ineÆienies aused by

resolutions and/or misalignments of the traking detetors as well as multiple sattering. As

these e�ets are stable over time and inluded in the detetor response funtion introdued in

the previous setion, in the following the hardware eÆienies are used.

To quantify the impat of the hardware eÆienies f�

i

g

i=1;:::;N

of eah individual traking plane i

on the trak �nding, one has to form all possible hit patterns. In a hit pattern, eah plane i

ontributes either a fator �

i

or a fator (1� �

i

), depending on whether a hit is assigned to the

plane or whether the plane is assumed to be ineÆient. A summation over all those hit patterns,

whih ful�l the requirements imposed by Hr on the number and ombinations of hits for the

formation of treelines and partial traks then �nally yields the permutated plane eÆienies for

the forward and bakward partial traks.

The eÆieny for a full trak is determined as the produt of the eÆienies for the two partial

traks. This neglets the e�et of the bridging, whih is assumed to be independent of the

plane eÆienies. Monte Carlo studies have shown that for the NOVC reonstrution method the

extrated hardware eÆienies reprodue the true plane eÆienies and that a orretion for the

inlusive deep-inelasti sattering ross-setion based on the hardware eÆienies and negleting

the bridging eÆieny orrets the reonstrution losses due to the plane eÆienies to better

than 0:5%, even down to permutated plane eÆienies of 70% [Vol:97℄.

For the NOVC reonstrution method, the dependene of the permutated plane eÆienies �

PPE

on the plane eÆienies an be seen in Fig. 5.1 under the assumption of a ommon eÆieny h�i

for all traking planes. The lower redundany in the front region (12 traking planes ompared

to 24 in the bak) auses a strong dependene, while the bak region is insensitive to plane

eÆienies down to almost 90%.

The distributions of the permutated plane eÆienies for full traks in the unpolarised data

set of 1997, whih utilises the NOVC reonstrution method, an be seen in Fig. 5.2. A lear

dependene on the partile type is observed. The average eÆieny for hadrons is around 96:5%

while the one for eletrons is very lose to unity.
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Figure 5.1: Permutated plane eÆienies �

PPE

for forward and bakward partial traks reon-

struted with the NOVC method under the as-

sumption of a ommon eÆieny h�i for all

traking planes.

Figure 5.2: Permutated plane eÆienies of

full traks for eletrons and hadrons. Shown

are the distributions for the 1997 unpo-

larised data set after data quality uts in top

(hathed) and bottom detetors (open).

5.1.3 Trigger

The funtion of the trigger is to �lter out potentially interesting events from the huge amount

of interations ourring during data taking. Even though only highly eÆient detetors suh

as hodosopes are typially used to build a trigger deision, a remaining ineÆieny annot be

exluded. Also, sine the performane of the data aquisition system depends strongly on the

trigger rates (see next paragraph), not all generated readout requests for triggers �ring at high

rates an be sent to the DAQ system. In ase of suh pre-saling, only every N-th trigger is

proessed, leading to an additional ineÆieny.

To determine the eÆieny of a trigger, the eÆienies of all omponents ontributing to this

trigger have to be alulated. For this purpose sub-triggers are reorded, where exatly one of

the omponents in the trigger is missing. For instane, as desribed in Se. 4.3.4, the DIS trigger

selets events ontaining a positron or eletron by requiring hits in the sintillator hodosopes

H0, H1, and H2, as well as a luster in the alorimeter

T (DIS) = T (H0 � H1 � H2 � Ca) : (5.9)

The eÆieny of the hodosope H0 an be alulated from the sample T (H1 �H2 �Ca) of events

ontaining a positron, where the sub-trigger not inluding H0 �red, and the sub-sample of these

events where also the DIS trigger �red

�(H0) =

T (H1 � H2 � Ca) \ T (DIS)

T (H1 � H2 � Ca)

: (5.10)

Analogously, the eÆienies for H1, H2, and the alorimeter an be omputed. The eÆieny of

the DIS trigger is then given by the expression

�

DIS

= �(H0) �(H1) �(H2) �(Ca) : (5.11)

Details about the determination of the trigger eÆienies for both the DIS and the photopro-

dution trigger an be found in [Mei:00℄. The eÆieny of the DIS trigger as a funtion of the
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Figure 5.3: DIS trigger eÆieny as a fun-

tion of the positron momentum for the unpo-

larised data sample from 1997 with a alorime-

ter threshold of 3:5GeV. The turn on at the

threshold is learly visible.

Figure 5.4: Photoprodution trigger eÆieny

on a run-by-run basis for the unpolarised data

sample from 1997. Runs with an eÆieny

below 50% originate from periods where this

trigger was pre-saled.

positron momentum an be seen in Fig. 5.3 for the unpolarised data sample from 1997 with a

alorimeter threshold of 3:5 GeV. For the photoprodution trigger, the eÆieny is determined

on a run-by-run level and is shown in Fig. 5.4 for the same data set. Runs with an eÆieny

below 50% originate from periods where this trigger was pre-saled.

5.1.4 Data Aquisition System

The DAQ system needs a ertain time to read out the spetrometer and proess the event

information. While it is busy, the DAQ system bloks newly generated trigger requests and the

assoiated events are lost. The time to proess one event is independent of the trigger rate. The

higher the trigger rate, however, the more triggers are generated within the event proessing time

and the perentage of events, whih an be aepted, dereases above a ertain threshold linearly.

The ratio of the numbers for aepted and generated triggers of a ertain type j determines the

dead time fration Æ

j

for this trigger

Æ

j

= 1�

T

j

a

T

j

gen

: (5.12)

In priniple, a distintion of trigger types should not be neessary in ase all triggers are generated

randomly in time, but the pre-saling of triggers might introdue interferene e�ets. The e�et

of the pre-saling is not inluded in the dead time fration as only the generated triggers after

the pre-saling are reorded in T

j

gen

.

After an event was generated by the event builder of the DAQ system, it is proessed in several

stages. In ase of problems during the intermediate stages, events an get lost. As an example,
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one of the steps is to transmit the event data from the front-end eletronis loated in a trailer

lose to the experiment to an online workstation luster (see also Se. 4.3.5). For performane

reasons, the generated events are bu�ered and only bloks of events are transmitted. In ase of

transmission errors, the orrupted bloks have to be refused. Even though suh problems our

rarely, they an e�et a non-negligible fration of events within a single run due to the bu�ering.

These losses are determining the so alled arti�ial dead time fration

Æ

DAQ

= 1�

N

a

N

gen

: (5.13)

Both dead time frations are available for eah burst. As the lost events are not available during

the analysis, a orretion has to be applied on the burst-level for the eÆieny of the DAQ system

�

j

DAQ

= (1� Æ

j

) (1� Æ

DAQ

) : (5.14)

For the 1997 data taking, the values for the dead time fration typially do not exeed 10% even

at the highest throughput rates of the DAQ system of 500Hz. The arti�ial dead time fration

introdues a negligible orretion during normal operation, but is suited to detet periods with

problems in the data reording.

5.2 Time Integrated Luminosity

As desribed in Se. 4.3.3, the Hermes luminosity monitor measures the oinidene rate R

L

of lepton pairs from Bhabha- or Moller-sattering o� the shell eletrons in the target atoms. The

luminosity L is given by the expression

L(t) = f

A

C

Lumi

R

L

(t) ; (5.15)

where f

A

is a target dependent orretion fator to get the luminosity per nuleon and C

Lumi

is a

normalisation onstant taking into aount the Bhabha ross-setion and detetor e�ets. Sine

the oinidene rate R

L

is measured for eah burst, the time integrated e�etive luminosity L

e�

per nuleon an be evaluated by a summation over all aepted bursts, weighted with the burst

length �

Burst

and the ombined eÆieny orretion fator E

0

(t)

L

e�

�

Z

dt E

0

(t)L(t)

=

X

i2fBurstsg

�

Burst

(t

i

) E

0

(t

i

) f

A

C

Lumi

R

L

(t

i

) (5.16)

�

X

i2fBurstsg

L

e�

(t

i

) :
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5.3 Nulear Cross-setion Ratios

The extration of nulear ross-setion ratios is { in general { experimentally an easier task

than the measurement of an absolute ross-setion. Many of the detetor e�ets and systemati

unertainties anel or are at least suppressed sine only the di�erenes between orretions for

the di�erent target types have to be onsidered. As an example, the systemati unertainty

assoiated with the measurement of absolute luminosities at Hermes is 6:4%, while relative

luminosities an be determined to better than 1:5% [Ben:98a℄. Time dependent e�ets beome

irrelevant if the time sale for the variations is large ompared to the time inbetween exhanges

of the target gas (typially about 2 hours) and if about the same statistis is olleted for every

target within eah measurement yle.

5.4 Double Spin Asymmetries

The measurement of double spin asymmetries in deep-inelasti sattering is e�etively again the

measurement of a ross-setion ratio. The experimental asymmetry A

k

�

�

!

(

��

!

)

�

!

(

+�

!

)

for deep-

inelasti sattering of longitudinally polarised lepton o� polarised nuleons was introdued in

Eq. 2.34, where �

!

)

and �

!

(

denote the polarised ross-setions for parallel (

!

)) and antiparallel

(

!

() orientation of lepton and nuleon spins. Exploiting furthermore the relation to the unpolarised

ross-setion �

0

=

1

2

�

�

!

(

+ �

!

)

�

, one an rewrite the polarised ross-setions as

�

!

)

(

!

(

)

= �

0

"

1

(+)

� A

k

#

: (5.17)

Combining these expressions with Eqs. 5.2 and 5.16, one obtains for the number of expeted

sattering events within one burst

n(t) = A(t) E(t)L

e�

(t) �

0

h

1� p

B

(t) p

T

(t)A

k

i

: (5.18)

The possible dependene on kinematial variables has been skipped for simpliity. In addition,

a orretion for depolarising e�ets for both the leptons and the nuleons has been introdued

through the time-dependent beam and target polarisation values p

B

and p

T

.

Exluding time periods with problems in the operation of the spetrometer, the detetor aep-

tane and the detetion eÆienies show no spin dependene in the investigated data samples.

Variations in time of the detetor eÆienies our only on time sales muh longer than the

very short spin-ip times below 45 s between the polarisation states of the target nuleons. Only

the eÆieny of the data aquisition system �

DAQ

will be kept in the e�etive luminosity. A and

E an therefore be treated as time and spin independent and anel in the �nal formula for the

asymmetry.
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Abbreviating the sums over all aepted bursts in the parallel spin state by de�ning

N

!

)

�

X

i2

f

!

)

g

n

i

; (5.19)
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i

; (5.20)
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p

T

)

i

; (5.21)

and analogously N

!

(

, L

!

(

, P

!

(

in the anti-parallel spin state, one an easily derive the following

formula for the ross-setion asymmetry

A

k

=

N

!

(

L

!

)

�N

!

)

L

!

(

N

!

(

P

!

)

+N

!

)

P

!

(

: (5.22)

The statistial error ÆA

k

on the measured asymmetry A

k

is alulated from the statistial un-

ertainty of the ount rate whih follows a Poisson distribution. For suÆiently large numbers of

sattering events ÆN =

p

N and

ÆA

k

=

v

u

u

t
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5.5 Data Seletion

The Hermes experiment ontains many omplex subsystems. To allow a bias-free usage of

the reorded data in an analysis, the reliability and stability of eah individual omponent of the

spetrometer relevant for an analysis has to be guaranteed. For this purpose eah omponent

is permanently monitored during the data taking. Normally, variations in the detetor behaviour

take plae on muh longer timesales than the reording of individual events whih is in the order

of few � s. The data from the monitoring tasks is therefore usually refered to as slow ontrol

data. In ase of problems or instabilities, events olleted during the a�eted time periods have to

be exluded from the analysis. Various quality parameters for the detetion of these problemati

time periods have been de�ned o�ine from onsisteny heks. To be independent of statistial

utuations in the determination of these parameters, di�erent time intervals have to be studied,

depending on the detetor under investigation.

Sine not always all subsystems of the spetrometer are used in eah individual analysis, the data

quality riteria have to be hosen aording to the requirements of the extration formalism in

use. However, these riteria should not be orrelated to the physial proess under study. A

summary of the data quality seletion riteria for the 1997 data set is given in Tab. 5.1.
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General

The �rst stage of the data seletion uses the logbook information reorded manually during the

data taking. Time periods with systemati studies for detetor omponents, inoperable detetors

or problems related to the aelerator operation are exluded from the analysis.

Several additional soures of data quality information are available for the later stages. During

the data prodution the partially redundant information an be used for additional onsisteny

heks. Whenever these onsisteny heks are ambiguous or indiate possibly unreliable detetor

performane, the assoiated data is not used in the analysis.

Most of the data quality heks are performed independently for the upper and lower half of the

Hermes spetrometer. Even though not absolutely neessary it is required that always both

spetrometer halves are passing all seletion riteria.

In the following only seletion riteria based on physial reasons are desribed for the various

sub-systems. Besides, the requirement of reliable measurements for the detetor omponents is

a prerequisite.

Trigger

For the quasi-real photoprodution analysis only events where the photoprodution trigger �red

where aepted. Additionally, runs with an trigger eÆieny below 50% were exluded.

Data aquisition

The �rst burst of every reorded run is exluded sine at the beginning of a run initialisation

proesses do a�et the performane of the detetors and the time synhronisation. The burst

length is onstrained to 0 � �

Burst

� 11 s. To keep the size of the orretions within reasonable

limits, the deadtime orretion fators are limited to 0:6 � �

DAQ

� 1.

Luminosity

The range of the luminosity is onstrained to ensure suÆient statistis in eah run and to

exlude unphysial measurements. For the polarised data the time development of the luminosity

has been �tted additionally to an exponential behaviour to avoid problems due to the Bhabha

asymmetry and derease the statistial error in the measurements. The �tted oinidene rate L

of the luminosity monitor is required to be in the range 5Hz � L � 60Hz.

For the unpolarised data the target density was not kept onstant but rather optimised with

respet to beam lifetime onsiderations. A �t is therefore not possible and the raw oinidene

rate is required to be in the range 7:5Hz � L � 1250Hz. For few runs with very high densities

the upper limit is inreased to 1750Hz.

The gain of the alorimeter of the luminosity monitor was ontinously monitored with a laser

gain-monitoring system and the measured oinidene rates aordingly orreted. Times with

potential problems in the gains were not used in the analysis.
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Target performane

From the unpolarised data only those runs are seleted where the target gas type is uniquely

identi�able and shows no ontamination.

For the polarised data, time periods in whih the target spin diretion was hanging are exluded

from the analysis. A lower limit is set for the absolute value of the measured target polarisation

p

T

to avoid data with too low weight in the analysis (0:7 � jp

T

j). Also the allowed range for the

moleular frations �

0

and �

R

is onstrained to ensure an almost pure atomi hydrogen target

(0:97 � �

0

� 1: and 0:7 � �

R

� 1:3).

No requirements are diretly plaed on the target density; instead uts are applied on the lumi-

nosity measurements.

Beam urrent and polarimetry performane

A minimal beam urrent is required to ensure suÆient statistis in eah run (5mA � I

B

�

50mA).

For the polarised analysis the time development of the beam polarisation p

B

was smoothed to

be less sensitive to statistial utuations in the measurements. A minimum polarised value is

required as in the ase of the target polarisation to remove data with low weights (0:3 � jp

B

j �

0:8).

Traking

If the harged partile ux hitting the traking detetors gets too large (for example due to spikes

in the bakground), the urrent drawn by the detetors an exeed a ertain limit. To avoid

possible damage of the devies, the high voltage supply gets shortly interrupted. Suh trips

were monitored by the slow ontrol tasks for the high voltage system and the orresponding data

are exluded from the analysis. Beause of this trip detetion it is suÆient to ompute the

permutated plane eÆienies only for a full run. This signi�antly dereases the statistial error

in their determination. The range for the permutated plane eÆienies is limited to 0:95 �

�

PPE

� 1 for the unpolarised data and to 0:90 � �

PPE

� 1 for the polarised data.

Partile identi�ation

The performane of the PID detetors is most important for the eletron-hadron separation. The

hadron identi�ation is less sensitive sine in the analysis presented here only deaying partiles are

investigated, where the additional identi�ation through the invariant mass is possible. However,

to avoid systemati unertainties due to varying bakground onditions and ontaminations and

the problems with their orretion, eÆieny uts are imposed on the transition radiation and the

�

Cerenkov detetors. This ensures a typial eletron identi�ation eÆieny of above 95% while

keeping the hadron ontamination below 1%.

The PID detetors are also inluded in the trip detetion system and the gains of the preshower

and main alorimeter are ontinously monitored with the laser gain-monitoring system.
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Criterion Unpolarised Data Polarised Data

Logbook OK

�DST prodution OK

Reonstrution method NOVC

Target Gas H

2

, D

2

, N

2

~

H

Target Data Quality OK

HV Trips Exluded

GMS Lumi/H2 OK

GMS Calorimeter OK

TRD OK

�

Cerenkov OK

First Burst Rejet

Burst Length 0 s � �

Burst

� 11 s

Beam Current 5mA < I

B

< 50mA

Luminosity Trigger Rate 7:5Hz � L � 1250Hz 5Hz � L

fit

� 60Hz

DAQ EÆieny 0:6 � �

DAQ

� 1

Trigger EÆieny 0:5 � �

Photo

� 1:

Traking EÆieny 0:95 � �

Front

� �

Bak

� 1: 0:90 � �

Front

� �

Bak

� 1:

Beam Polarisation 30% � jp

B

j � 80%

Target Polarisation 70% � jp

T

j

Atomi Fration 0:97% � �

0

� 1:

Degree of Dissoiation 0:7% � �

R

� 1:3

Table 5.1: Summary of the data quality riteria for the 1997 data set.
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6 Quasi-real Photoprodution

of D

�

Mesons

Reonstrution of open harm events atHermes is a non-trivial task sine the harm prodution

near threshold is almost negligible ompared to the quasi-real photoprodution ross-setion for

light quarks. Even though ombinatorial bakground typially dereases rapidly for inreasing

invariant masses, the invariant mass spetra in the region of the D meson masses are still

dominated by ombinatorial bakground. Partiles in bakground events at high invariant masses

an be orrelated or unorrelated. Correlated partiles originate from deaying partiles with

lower masses where at least one of the deay produts is misidenti�ed as a heavier partile. The

wrongly assigned partile mass shifts the omputed invariant mass to higher values. Unorrelated

partiles an be diretly produed in the fragmentation proess or result from independent deays.

While in the deays of lighter partiles and in the fragmentation proess predominantly pions are

produed, in most of the deay modes of harmed partiles the harm quark deays weakly into

a strange quark leading to one or more kaons in the �nal state. A signi�ant redution of the

ombinatorial bakground an therefore be ahieved with an identi�ation of kaons.

The low entre of mass energy at Hermes { whih implies low momenta for the deay produts

{ together with the forward spetrometer of Hermes and its limited aeptane ause the

fration of reonstrutable open harm events to be very small. As a rule of thumb, the fration

of reonstrutable events dereases due to the aeptane and detetor e�ets by about one

order of magnitude for every additional partile requested in the �nal state. Also, the bakground

situation gets typially worse the more partiles are requested in the �nal state. Thus only deay

modes with low multipliities are promising andidates for the open harm searh. Unfortunately,

the D mesons have many possible deay modes with rather small branhing frations and large

multipliities [C

+

:98℄. This is aused by the large mass di�erenes between the D mesons and

mesons whih only ontain the light u, d, and s quarks.

Even though more partiles are involved in the �nal state than for the diret searh of the D

mesons, many other advantages are assoiated with the deay hain D

�

! D� . The di�erene

between the D

�

and the D masses is just above the � mass to allow this strong deay (see also

Tab. 3.3). The energy

Q = M(D

�

)�

X

i

M

i

(6.1)

available in the deay is very small and the momentum of the � is at the very lower edge of the

phase spae. Sine the ombinatorial bakground is spread more evenly over the phase spae, a

rather strong bakground suppression an be ahieved. Seond, the di�erene between the D

�
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and D masses an be measured experimentally with a muh higher auray than the masses

themselves as most experimental unertainties anel. Finally, due to the intermediate D meson

state, the additional kinematial requirement of the D mass an be used to furthermore redue

the bakground. In priniple, also the separation between the prodution and deay vertex of the

D meson ould be used to improve the bakground situation. Sine the lifetimes related to the

weak deays are of order 1 ps (orresponding to deay lengths of order 100�m), the seondary

deay verties are however not resolvable with the Hermes spetrometer.

Following the arguments given above, the most promising andidates for the open harm searh

are the deay

D

�+

! D

0

�

+

s

! (K

�

�

+

) �

+

s

and its harge-onjugate hannel

D

��

! D

0

�

�

s

! (K

+

�

�

) �

�

s

.

To be able to distinguish the two pions in the �nal state, the subindex s has been added to the

pion from the D

�

deay. This onvention has been hosen as { due to the limited phase spae

for its momentum { this pion is in general muh slower than the pion from the D

0

deay. In

the following the two above mentioned deay hannels will be abbreviated through the shorter

notation D

��

! (K

�

�

�

) �

�

s

.

6.1 The Deays D

��

! (K

�

�

�

)�

�

s

Sine it is neessary to use kinematial information in the reonstrution of these deays to

ahieve a suÆient bakground suppression, the expeted behaviour of the D

��

mesons and

their deay produts was studied with the help of Monte Carlo simulations. As mentioned earlier,

the Monte Carlo studies presented in this setion are based on theAroma event generator whih

simulates the prodution of heavy quark avours in lepton-nuleon sattering through the boson-

gluon fusion proess [IRS:96℄. The hadronisation was performed within the Lund string model

as implemented in Jetset. For the light quarks, the Lund symmetri fragmentation funtion

for the light quarks with parameters tuned to the Hermes data was used. To aomplish

a harder fragmentation for the heavy harm quarks, the Peterson fragmentation funtion with

�



= 0:050 was hosen for this quark avour. The generated events were traked with Hm

through a detailed model of the Hermes spetrometer in its 1997 setup and then reonstruted

with Hr using the NOVC reonstrution method.

6.1.1 Monte Carlo Studies

Kinemati distributions

The energies of the D

�

and D

0

mesons in the deays D

��

! (K

�

�

�

) �

�

s

are strongly

orrelated. The D

0

always arries between 90 and 95% of the D

�

energy due to the small



6.1 The Deays D

��

! (K

�

�

�

) �

�

s

79

0

500

1000

1500

2000

2500

3000

2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

E ( GeV )

C
o

m
b

in
a
ti

o
n

s
 /
 0

.5
 G

e
V

D
✱ -

< E > = 9.81 GeV

D
✱ +

< E > = 8.17 GeV

0

1

2

3

4

5

6

7

8

2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

E ( GeV )

R
e
c
o

n
s
tr

u
c
ti

o
n

 e
ff

ic
ie

n
c
y
 (

 %
 )

Figure 6.1: Generated energy distributions

for the D

�+

and D

��

mesons in the deays

D

��

! (K

�

�

�

) �

�

s

.

Figure 6.2: Reonstrution eÆieny as a

funtion of the D

�

energy in the deays

D

��

! (K

�

�

�

)�

�

s

.

mass di�erene between the two partiles. The opening angle in the laboratory frame is gen-

erally below 1

Æ

and both partiles reet the diretion of the primarily reated harm quark.

Due to these orrelations it is suÆient to study the energy distributions of the D

��

mesons

whih are shown in Fig. 6.1. As already disussed in Se. 3.2.1, signi�ant di�erenes are vis-

ible between the energy spetra of the D

�+

and D

��

mesons. However, within errors the

reonstrution eÆieny for a given D

�

energy is the same for both partiles. This reonstru-

tion eÆieny reveals a strong energy dependene (Fig. 6.2) and e�etively only deays with

a D

�

energy larger than approximately 8GeV an be reonstruted. Besides the reonstru-

tion eÆieny whih inludes the aeptane of the spetrometer and the e�ets of the trak
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Figure 6.3: Reonstruted momentum distri-

butions for the deay produts in the deays

D

��

! (K

�

�

�

) �

�

s

.

reonstrution also the event seletion rite-

ria ontribute to the total detetion eÆieny.

The detetion eÆieny and its orretion in

the ross-setion determination will therefore

be revisited in more detail after the event se-

letion uts have been disussed.

For the reonstrutable deays, the reon-

struted momentum distributions of the deay

produts are shown in Fig. 6.3. A large fration

of the kaons and pions from theD

0

deay have

momenta in the range 4:5 � 13:5GeV where

the

�

Cerenkov detetor an eÆiently identify

pions. The momenta of the slow pions �

s

from the D

�

deay do not exeed 2:5GeV. It

is worth mentioning that this is not an e�et

of the aeptane of the Hermes spetrom-

eter, but rather again the onsequene of the
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Figure 6.4: Resolutions for the D

�

mass (left), D

0

mass (middle) and the mass di�erene

�M =M(D

��

)�M(D

0

) in the deays D

��

! (K

�

�

�

)�

�

s

.

small mass di�erene between the D

�

and D

0

mesons. A large fration of the �

s

has even suh

small momenta that the partiles annot pass through the Hermes magnet. Due to the large

deetions in the magneti �eld these partiles get bend out of the aeptane of the traking

and partile identi�ation detetors in the bakward region of the spetrometer. However, a

momentum determination down to 0:3GeV for part of these partiles is possible with the help

of the traking hambers installed inside the magnet. This trak type, the so alled short traks,

ontributes about 45% to the sample of reonstrutableD

��

deays. For theD

�+

{ whih have

a lower average energy { this fration is with about 55% even higher. Sine all partile identi�-

ation detetors of Hermes are loated in the bakward part of the spetrometer, no partile

identi�ation an be performed for this trak type. The ontamination from other partiles than

pions in this kinematial regime however is expeted to be less than 10%.

Mass resolutions

The expeted resolutions for the reonstruted masses of the D

�

and D

0

mesons as well as the

mass di�erene �M =M(D

��

)�M(D

0

) are presented in Fig. 6.4. Shown are the deviations

of the reonstruted values from the true masses together with Gaussian �ts to the distributions.

For both the D

�

and D

0

mesons the resolution is around 14MeV, but a muh better resolution

of about 1MeV is obtained for the mass di�erene. No systemati shifts are expeted for the

reonstruted masses. Also, no signi�ant di�erenes in the mass resolutions are seen between

D

�+

and D

��

.

6.1.2 Event Seletion

The event seletion riteria used in the analysis of the deays D

��

! (K

�

�

�

)�

�

s

will be

desribed in the following. Here, those uts are motivated whih have not been disussed in the

preeding setions. The exat ut values an be found in Tab. 6.1.
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Criterion Quantity Range Unit

Aeptane j#

x

j [0; 180℄ mrad

j#

y

j [40; 140℄ mrad

K andidate: trak type full trak

harge �1 (+1)

PID PID

3

+ PID

TRD

� 0

momentum p(K) [4:5; 13:5℄ GeV

�

Cerenkov signal Cer(K) � 0:35 NPE

� andidate: trak type full trak

harge +1 (�1)

PID PID

3

+ PID

TRD

� 0

momentum p(�) [4:5; 13:5℄ GeV

�

Cerenkov signal Cer(�) � 0:6 NPE

�

s

andidate: trak type full or short trak

harge +1 (�1)

PID (full traks only) PID

3

+ PID

TRD

� 0

(K�) system: (K�) invariant mass

signal

�

�

�M

(K�)

�M

D

0

�

�

� � 2 �

D

0

M

sideband

�

�

�M

(K�)

�M

D

0

�

�

� [4:; 8:℄ �

D

0

M

vertex jz

V TX

j � 25 m

t

V TX

� 0:75 m

(K��

s

) system: vertex jz

V TX

j � 25 m

t

V TX

� 0:75 m

Signal: mass di�erene

�

�

�M

(K��

s

)

�M

(K�)

�

(M

D

��

�M

D

0

)j

� 2 �

�M

Table 6.1: Event seletion riteria used in the analysis of D

��

! (K

�

�

�

) �

�

s

deays. All uts

are idential for D

�+

and D

��

, only the harges of the partile andidates are di�erent. The

listed harges are for the D

�+

deays with the opposite harges for the D

��

in brakets.

Aeptane Cuts

A reliable usage of the traking and partile identi�ation detetors is only possible inside the

sensitive area of these devies. A suÆient distane from the edges of the detetors has to

be ensured to avoid losses in the detetion and identi�ation eÆienies and to guarantee an

homogeneous distribution of these quantities over the used area. For this purpose, uts on the

horizontal and vertial projetions of the sattering angle are imposed for all reonstruted traks

by requiring j#

x

j � 180mrad and 40mrad � j#

y

j � 140mrad. The projetions of the sattering

angle # are given by the expressions #

x

= atan(p

x

=p

z

) and #

y

= atan(p

y

=p

z

) respetively,
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where p

x

, p

y

and p

z

denote the horizontal, vertial, and longitudinal omponents of the partile

momentum.

Partile Identi�ation

All reonstruted traks have to be identi�ed as hadrons to be aepted as andidates for the

partiles in the �nal state. This is aomplished by requiring PID = PID

3

+ PID

TRD

� 0

for the PID parameter whih was introdued in Se. 4.3.2. An exeption is made for the short

traks whih are always onsidered to be a andidate for the slow pion. As mentioned before, no

partile identi�ation is available for those traks but Monte Carlo studies show that about 90%

of these traks are indeed pions.

To ahieve a suÆient bakground suppression pions have to be exluded from the kaon andidate

sample. For this purpose, the

�

Cerenkov detetor information has been used. For the 1997

setup the

�

Cerenkov momentum thresholds for pions and kaons are approximately 3:8GeV and

13:6GeV respetively. The pion identi�ation eÆieny for momenta of 4:5GeV is around 80%

and inreases asymptotially to unity. For momenta larger than 7:5GeV eÆienies above 99%

are ahieved [dSHJ

+

:00℄. By limiting the momentum of the kaon andidates to the range of

4:5 � 13:5GeV and requiring that the number of photo-eletrons ( NPE ) is below 0:35, pions

an therefore be exluded to a large extent. However, at momenta below 6GeV the large pion

ux and the ineÆieny of the

�

Cerenkov detetor ause a signi�ant pion ontamination in the

kaon sample. Additionally, a real kaon identi�ation is not possible this way sine also protons

ful�l the requirements.

Another redution of the bakground is possible by also limiting the momenta for the pion

andidates to the range 4:5�13:5GeV. Requiring a

�

Cerenkov signal above 0:6NPE thus results

in a lean pion sample. Sine most of the proesses ontributing to the bakground do not

ontain two high energeti partiles, the requirement of a positive pion signal together with the

less lean kaon \identi�ation" suppresses bakground events very e�etively.

Deay Verties

The D

�

deay vertex is approximated by the point of losest approah between all traks in the

�nal state and analogously for the D

0

using the kaon and pion andidates only. As mentioned

before, at Hermes the prodution and deay verties for harm events an not be separated.

However, onstraints on the deay verties an ensure that the sattering proess oured inside

the target. Only when exluding the possible sattering of the target ell walls and the ollimating

system in front of the target, the measured luminosities are meaningful. To math the size of the

target ell and the expeted vertex resolutions, the longitudinal and transverse vertex positions

were onstrained to jz

V TX

j � 25 m and t

V TX

=

q

x

2

V TX

+ y

2

V TX

� 0:75 m.

Kinemati Cuts

Besides the limitations for the momenta of the kaon and pion andidates disussed above for the

partile identi�ation, uts are applied on the reonstruted invariant masses of the (K�) and
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Figure 6.5: Mass di�erene spetra for the

D

��

deay andidates (solid line) and a bak-

ground sample obtained with the sideband

method (dashed line).

Figure 6.6: Bakground subtrated mass dif-

ferene spetrum for the D

��

deay andi-

dates. A lean signal an be observed near

the expeted mass di�erene.

(K��

s

) systems, where the invariant mass of a system is de�ned as the absolute value of the

sum of the four-momentum vetors over all partiles ontained in the system. All ut values are

hosen as multiples of the expeted resolutions whih are taken aording to Fig. 6.4 as

�

D

��

M

= �

D

0

M

= 14:0MeV ; (6.2)

�

�M

= 1:1MeV : (6.3)

6.1.3 Extrated Signals

To use the entire data set for the extration of a possible signal, in a �rst step no data quality

uts have been applied and all available data from 1997 reonstruted with the NOVC method are

analysed. For the ross-setion determination however, only data whih passed the data quality

riteria are used. Sine an improvement in the resolution of more than one order of magnitude is

expeted for the resolution in the invariant mass di�erene �M �M

(K��

s

)

�M

(K�)

ompared

to the invariant mass of the (K��

s

) system, all results will be presented as a funtion of �M .

The spetrum of the mass di�erene for both the D

�+

and D

��

andidates together are shown

in Fig. 6.5. A lean signal an be observed near the expeted mass di�erene �M

0

�M

D

��

�

M

D

0

= 145:4MeV. The region �M

0

� 2 �

�M

is highlighted through the shaded area and a

bakground estimate obtained from the sidebands of the (K�) mass spetrum is overlaid (dashed

histogram). When subtrating the estimated bakground, the distribution above the signal region

satters reasonably well around zero (Fig. 6.6). However, { when �tting the distribution with
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Figure 6.7: Mass di�erene spetra for the

D

�+

deay andidates (solid line) and a bak-

ground sample obtained with the sideband

method (dashed line).

Figure 6.8: Mass di�erene spetra for the

D

��

deay andidates (solid line) and a bak-

ground sample obtained with the sideband

method (dashed line).

a Gaussian for the signal and a onstant for the bakground { there is some indiation of an

overestimate of the bakground ontribution. A total number of 11D

��

andidates is suggested

by this �rst extration.

Sine Monte Carlo studies suggest di�erent yields forD

�+

andD

��

mesons, the separate signals

are shown in Figs. 6.7 and 6.8. While a lear signal is seen in the D

��

sample, no statistially

signi�ant signal is visible in the D

�+

! K

+

�

�

�

�

s

deay hannel.

6.1.4 Bakground Subtration

To extrat the prodution ross-setion setions for theD

��

mesons, the bakground underneath

the observed signal has to be estimated. Beause of the required high invariant masses and the

tight uts on the D

0

mass no other bakground soures than the ombinatorial one is expeted.

Several di�erent shemes are possible to determine the ombinatorial bakground.

In the �rst approah, the invariant mass of the (K�) sub-system is onstrained to a region suÆ-

iently o� the D

0

mass to not ontain any ombinations from true D

0

deays. To nevertheless

reprodue the kinematis of the bakground in the signal region, this mass window, the sideband,

should not be too far o�. To improve the statistial auray, twie the signal width has been

hosen with the region 4 �

D

0

M

�

�

�

�M

(K�)

�M

D

0

�

�

� � 8 �

D

0

M

.

Another way to determine the bakground is to �t the mass distribution with separate funtional

forms for signal and bakground. The integral over the bakground funtion an then be used

as a measure for the bakground. Sine the mass di�erene for the D

��

deays is lose to the

edge of the phase spae, it is very diÆult to �nd an appropriate funtional form to desribe the
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bakground whih an be �tted reliably. It is therefore preferable to onstrain the mass di�erene

�M to the signal region and look instead at the invariant mass of the D

0

andidates where a

muh smoother behaviour of the bakground an be expeted. The same event seletion riteria

as before are applied, only the D

0

mass ut gets replaed by the requirement j�M ��M

0

j �

2 �

�M

. In the resulting distribution the bakground an be �tted with a straight line or an

exponential funtion. For the signal funtion a Gaussian has been hosen. Due to the limited

statistis the mean and width of the Gaussian were �xed to the expeted values from the Monte

Carlo studies. While the normalisation for the Gaussian hanges dramatially, no signi�ant

hange in the number of bakground events is observed when releasing one or both onstraints.

In priniple, a third bakground model may be obtained by onsidering the wrong harge sign

ombinations K

+

�

�

�

+

s

, K

�

�

+

�

�

s

, K

+

�

+

�

�

s

or K

�

�

�

�

+

s

, whih all annot stem from a

physial D

��

deay. For a reliable bakground desription however it would be required that the

partile uxes for positively and negatively harged partiles are the same. Sine this is not the

ase at Hermes, this method will not be used.

The number of andidates before and after the bakground subtration using di�erent models

are summarised in Tab. 6.2. Very similar results have been obtained in a ompletely independent

analysis [Bro:98℄. Due to the low statistis in the D

�+

hannel the bakground in the ombined

D

��

deays has been determined instead. The bakground for the D

�+

sample an then be

approximated by the di�erene of the estimates for the D

��

and D

��

bakground. In this

table also the signals obtained when hanging the uts on the D

0

mass and the mass di�erene

independently from two to three � are given. All bakground subtration shemes agree very

niely and also the variations of the mass uts show no inonsistenies. It however has to be

noted that due to the low statistis no smooth behaviour for the various uts an be expeted

sine one andidate more or less unavoidably implies large relative hanges.

The number of andidates whih are remaining after all data quality riteria have been applied

are summarised in Tab. 6.3 separately for the di�erent targets used during data taking and in

Tab. 6.4 for the ombined data set.
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j�M ��M

0

j � 2 �

�M

no bakground sideband polynomial exponential

Channel

�

�

�M

(K�)

�M

D

0

�

�

�

orretion method �t �t

� 2 �

D

0

M

13.0 11.0 10.7 10.7

D

��

� 3 �

D

0

M

15.0 12.0 11.5 11.6

� 2 �

D

0

M

11.0 9.5 9.4 9.3

D

��

� 3 �

D

0

M

13.0 10.8 10.5 10.5

j�M ��M

0

j � 3 �

�M

no bakground sideband polynomial exponential

Channel

�

�

�M

(K�)

�M

D

0

�

�

�

orretion method �t �t

� 2 �

D

0

M

16.0 12.5 11.9 12.1

D

��

� 3 �

D

0

M

18.0 12.8 11.9 12.1

� 2 �

D

0

M

12.0 10.0 9.2 9.2

D

��

� 3 �

D

0

M

14.0 11.0 9.8 9.8

Table 6.2: Signals for the D

��

and D

��

deays before and after the bakground subtration

with the various methods desribed in the text. No data quality uts have been applied. Please

note that the D

��

and D

��

samples are not statistially independent.

all

Channel j�M ��M

0

j

�

�

�M

(K�)

�M

D

0

�

�

�

1

~

H

1

H

2

D

14

N

targets

� 2 �

D

0

M

2 1 1 2 6

� 2 �

�M

� 3 �

D

0

M

3 1 1 2 7

D

��

� 2 �

D

0

M

2 2 1 2 7

� 3 �

�M

� 3 �

D

0

M

3 2 1 2 8

� 2 �

D

0

M

1 0 1 0 2

� 2 �

�M

� 3 �

D

0

M

1 0 1 0 2

D

�+

� 2 �

D

0

M

1 2 1 0 4

� 3 �

�M

� 3 �

D

0

M

1 2 1 0 4

Table 6.3: Signals for theD

�+

andD

��

deays without bakground subtration for the individual

target types where

1

~

H denotes polarised hydrogen. All data quality uts have been applied. In

the polarised data sample, all 3 D

��

andidates are in the parallel spin state while the D

�+

andidate is in the anti-parallel state.
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T
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�
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K

�

�

�
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�

s

8
7

Con�dene Intervals

j�M ��M

0

j

�
�
�M

(K�)

�M

D

0

�
�
� NB BS BP BE Average

68:27% C.L. 90% C.L. 95% C.L.

� 2 �

D

0

M

8 7.5 6.6 6.9 7.0 4.30 - 10.32 2.96 - 12.99 2.33 - 14.29

� 2 �

�M

� 3 �

D

0

M

9 8.2 6.9 7.4 7.5 4.83 - 11.29 2.91 - 13.80 2.91 - 15.27

D

��

� 2 �

D

0

M

11 10.0 8.6 8.9 9.2 5.81 - 12.82 3.91 - 15.81 3.30 - 17.29

� 3 �

�M

� 3 �

D

0

M

12 10.5 8.4 8.8 9.4 6.33 - 13.79 4.51 - 16.50 3.85 - 17.84

� 2 �

D

0

M

6 6.0 5.3 5.3 5.5 3.32 - 8.78 1.90 - 10.97 1.90 - 12.25

� 2 �

�M

� 3 �

D

0

M

7 7.0 5.9 6.0 6.3 3.75 - 9.80 3.06 - 12.02 2.27 - 13.31

D

��

� 2 �

D

0

M

7 6.5 5.4 5.4 5.8 3.25 - 9.30 2.56 - 11.53 1.97 - 12.81

� 3 �

�M

� 3 �

D

0

M

8 7.2 5.6 5.6 6.3 3.80 - 9.82 2.51 - 12.49 2.33 - 14.29

� 2 �

D

0

M

2 1.5 1.3 1.6 1.5 0.44 - 3.75 0.03 - 5.41 0.00 - 6.22

� 2 �

�M

� 3 �

D

0

M

2 1.2 1.0 1.4 1.2 0.14 - 3.23 0.00 - 4.91 0.00 - 5.72

D

�+

� 2 �

D

0

M

4 3.5 3.2 3.5 3.4 1.84 - 6.28 1.17 - 8.10 0.87 - 9.26

� 3 �

�M

� 3 �

D

0

M

4 3.3 2.8 3.2 3.1 1.34 - 5.78 0.74 - 7.60 0.37 - 8.76

Table 6.4: Signals for the D

��

deays before and after bakground subtration after all data quality uts have been applied. Here

NB denotes the observed signals without bakground orretion and BS, BP, BE the bakground subtrated signals aording to

the estimates from the sideband method, polynomial and exponential �ts, respetively. Please note that the bakground estimates

for the D

�+

have been obtained as the di�erene between the estimates for the D

��

and D

��

samples. The �nal numbers for the

signals have been obtained as the average of the estimates from the di�erent bakground models. In the last three olumns the

on�dene intervals for the Poisson signal mean for the most ommonly used on�dene levels (C.L.) are given. The numbers are

taken from [FC:98℄ for a Poisson proess with bakground where the mean of the bakground distribution has been approximated

with the average bakground value.
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6.2 Other Open Charm Channels

Even though the extrated D

��

signal is very lean, a on�rmation of the obtained results by

another open harm signal would be very valuable. As already disussed in the introdution to

this hapter on page 77, the invariant mass spetra in the region of the D meson masses are

still dominated by ombinatorial bakground sine the harm prodution near threshold is almost

negligible ompared to the quasi-real photoprodution ross-setion for light quarks. Additional

onstraints have to be found to ahieve a suÆient bakground suppression. One possible soure

for suh onstraints ould be resonant deays of the D mesons, suh as D

+

! K

� 0

�

+

!

(K

�

�

+

) �

+

for example. Several resonant deay modes have been investigated for both the

D

+

and D

0

mesons. For none of them a positive signal ould be extrated either beause the

geometrial aeptane of the Hermes spetrometer is to small for suh deays or no suÆient

bakground suppression ould be ahieved. The best prospets are found for the deays of D

�

mesons, for whih some more deay modes will be disussed in the following. If not expliitely

stated otherwise, for the rest of this setion the mentioning of a ertain deay mode always

represents the sum of the spei�ed deay mode and its harge onjugate hannel.

D

�0

! D

0

�

0

Following the arguments given before, all the advantages in the deay D

�+

! (K

�

�

+

) �

+

s

should also be present in the equivalent deay for the D

� 0

mesons

D

� 0

! D

0

�

0

s

! (K

�

�

+

)�

0

s

:

As shown in Se. 3.2.1 and App. B, the prodution probabilities are expeted to be the same

for D

� 0

and D

�+

mesons, but about a fator 1:6 higher for D

� 0

mesons ompared to D

��

mesons. The expeted inrease in the reonstrutable signal however is partially ompensated by

the predited lower average energy arried by the neutral D

�

mesons.

Monte Carlo studies have been performed to estimate the number of reonstrutableD

� 0

deays

in the same data set analysed in the extration of the D

��

signal. Sine similar kinematis are

expeted for the D

0

mesons in both deays, the D

0

andidates are seleted in analogy to the

D

��

analysis aording to Tab. 6.1. In the following, only D

� 0

deays will be onsidered where

the D

0

meson is reonstrutable with the Hermes spetrometer.

In omparison to the D

��

deays, a ompliation arises through the deay of the low energeti

pion �

0

s

. It almost instantaneously deays with a branhing fration of over 98% into two

photons. Due to the mass proportion of the heavy harmed D

� 0

meson and the light pion, the

�

0

s

energy is limited to below 2:5GeV. Sine this already rather low energy has to be shared

between the two photons in the �

0

deay, two typially very low energeti photons are ourring

for whih the aeptane of the Hermes spetrometer is a severe onstraint. This is illustrated

in Fig. 6.9, where the true energy spetra for the neutral pions and photons in the D

� 0

deays

are shown before and after taking the geometrial aeptane into aount.

Based on these energy spetra, the expeted number of reonstrutable D

� 0

deays an be

omputed. To be independent of the a priori unknown harm ross-setion setion, this number

has been normalised to the number of reonstruted D

�+

! (K

�

�

+

) �

+

s

deays in the same
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data set. The thus obtained normalised yield of reonstrutableD

� 0

deays is shown in Fig. 6.10

as a funtion of the minimal photon energy E



requested for eah photon from the �

0

deay.

At most about a fator 2 more D

� 0

than D

��

deays are expeted when aepting all photon

energies.
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Figure 6.9: Energy spetra for neutral pions and photons from the deays D

� 0

! D

0

�

0

s

!

(K

�

�

+

) () when the D

0

is reonstrutable with the Hermes spetrometer. Shown

are the distributions before (left) and after (right) taking into aount the geometrial

aeptane of the alorimeter for the photons from the �

0

deay.
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Figure 6.10: Yield of reonstrutable D

� 0

deays normalised to the number of reon-

strutable D
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deays as a funtion of the

minimal photon energy requested for eah

photon from the �

0

deay.
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Figure 6.11: Monte Carlo predition for the

reonstruted �

0

mass spetrum in the deays

of D

� 0

mesons.

Figure 6.12: Reonstruted mass spetrum

for the �

0

andidates in the deays of D

� 0

mesons.

Up to now, the estimates have been based on the true energy spetra for the photons from

the �

0

deays. Low energeti photons however su�er from large (relative) energy losses in the

detetors they have to penetrate before reahing the eletromagneti alorimeter and no good

energy resolution an therefore be expeted for these partiles. While the energy loss in the

various detetors is believed to be reliably implemented in the Monte Carlo, also a realisti

desription of the alorimeter response for low energeti photons is a pre-requisite to study their

energy resolution. For performane reasons however, the modelling of the alorimeter response is

only optimised for partile energies above few GeV mathing the main purpose of the Hermes

alorimeter, namely the triggering and partile identi�ation at higher energies. The Monte Carlo

preditions for low energeti photons have therefore to be handled with some aution.

The predited mass resolution for the �

0

is presented in Fig. 6.11. The reonstruted invariant

mass of the two photons is shifted by about 25MeV ompared to the �

0

mass. A similar e�et is

also observed in the experimental data for the reonstruted invariant mass of the �

0

andidates

(Fig. 6.12), giving some on�dene in the Monte Carlo simulations. However, more detailed

studies are neessary to understand this behaviour.

The inauraies in the �

0

mass determination are diretly propagated into the di�erene of the

invariant masses of the D

� 0

and D

0

andidates where a resolution of 10� 20MeV is expeted.

This is in lear ontrast to the ase of the D

��

deays, where a resolution of 1:1MeV is ahieved

in the mass di�erene. This worse resolution signi�antly deteriorates the bakground situation

sine the reonstrutable D

� 0

deays are spread over a larger phase spae.

In addition to these ompliations, the Hermes alorimeter does not allow to separate photons

with energies below 500MeV from eletroni noise. Moreover, to save disk spae, the ompressed

�DSTs impose an even more restritive ut of 800MeV.

Motivated by these results, the following event seletion riteria are applied in the extration of
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Figure 6.13: On the left hand side, the mass di�erene spetra for the D

� 0

deay andidates

(solid line) and a bakground sample obtained with the sideband method (dashed line)

are shown for the full 1997 data set. On the right hand side, the bakground subtrated

distribution is presented.

the D

� 0

deays in addition to the already mentioned requirements for the D

0

andidates

0:07GeV � m

�

0

� 0:25GeV ;

E



� 0:8GeV ; E

�

0

� 2:5GeV :

From the full 1997 data set, the spetra for the mass di�erene �M �M

D

� 0

�M

D

0

presented

in Fig. 6.13 have been extrated. No signal is observed in the expeted mass window below

0:2GeV, in agreement with the Monte Carlo expetations for the required high energies of the

two photons.

D

�0

! D

0



Another possibility for the reonstrution of D

� 0

deays is the deay mode D

� 0

! D

0

. Even

though the branhing fration is about a fator 2 lower than in the D

� 0

! D

0

�

0

hannel, the

geometrial aeptane of the Hermes spetrometer is in favour of this deay mode as only

one photon has to be deteted. Additionally, this photon possesses on average a higher energy

than the photons from the �

0

deay and the problems disussed in the previous setion are thus

less severe.

However, this deay mode su�ers from another severe disadvantage. In the ase of the D

�+

!

D

0

�

+

and D

� 0

! D

0

�

0

deays, the available phase spae for the pions is extremely limited

sine the di�erene between the D

�

and D masses is just above the pion mass. A substantial

bakground suppression is therefore possible, as this onstraint is not present for the ombinatorial

bakground. Unfortunately, this phase spae limitation is also not present for the D

� 0

! D

0



deays and its absene does not allow to separate a possible signal for these deays from the
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bakground. Additionally, the number of photons with these relatively low energies is very high

thus resulting in enormous bakground.

Other D

0

deay modes

Given the observed statistis in the 1997 data set for the deay hain D

�+

! D

0

�

+

s

!

(K

�

�

+

) �

+

s

and the for Hermes typial rule of thumb that the fration of reonstrutable

events dereases due to the aeptane by about one order of magnitude for every additional

partile in the �nal state, it beomes obvious that no reonstrutable signal an be expeted

for D

0

deay modes with more than two deay produts. A possible alternative with only two

harged deay produts is the deay D

0

! K

+

K

�

. In this deay hannel, the perspetives

for the bakground situation are exellent sine a good pion suppression in the kaon andidate

samples is possible at Hermes. Unfortunately, the branhing fration is about one order of

magnitude smaller ompared to the deay D

0

! K

�

�

+

and again no reonstrutable signal

an be expeted for the 1997 data set.

Sine open harm deays are haraterised by many possible deay modes with rather small

branhing frations and typially large multipliities, the number of reonstrutable events an

be signi�antly enhaned when not all of the deay produts of the D

0

mesons have to be

reonstruted. Sine the mass di�erene �M � M

D

�+

�M

D

0

in the deay D

�+

! D

0

�

+

s

is

mainly determined by the kinematis of the slow pion, the inomplete reonstrution of the D

0

deay does not seriously a�et the potential of the bakground suppression through the mass

di�erene. It an even be shown that the di�erene of the squared invariant masses �M

2

�

M

2

D

�+

�M

2

D

0

annot get larger for inompletely reonstruted D

0

deays ompared to fully

reonstruted deays.

However, for the inomplete deays no strong onstraint an be plaed on the invariant mass of

the D

0

andidates. Due to the missing partiles, the reonstruted invariant mass is shifted to

lower values and the expeted gain in the number of reonstrutable D

�

deays is vanishingly

small ompared to the inrease in ombinatorial bakground. Further bakground suppression

ould be ahieved for example through the separation of the D

�+

and D

0

deay verties whih is

unfortunately not possible with the Hermes traking system. The inomplete deays therefore

annot be used for the extration of open harm signals atHermes unless an extremely aurate

model for the desription of the ombinatorial bakground would be available.
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6.3 Cross-setion Determination

The general formalism used to extrat the prodution ross-setion for the D

��

mesons has been

desribed in detail in Se. 5. There the fundamental formula Eq. 5.4 was introdued

d�

dp

(p) =

1

A(p) E(p)L

e�

dN

dp

(p) : (6.4)

In this formula p denotes any set of kinematial variables, L

e�

the e�etive luminosity inluding all

time dependent orretions andA, E are orretion funtions for the time-independent aeptane

and detetion eÆienies.

6.3.1 E�etive Luminosity

In the determination of the integrated e�etive luminosity (Eq. 5.16), the time dependenes

in the eÆienies of the data aquisition system, the trigger and the trak �nding have been

inluded into the eÆieny orretion fator E

0

(t). While the �rst two quantities are ommon to

all photoprodution analyses, the trak �nding eÆieny has to be determined from the speial

requirements of the investigated deay hannels. Sine three harged traks are requested in the

reonstrution of D

��

mesons, the trak �nding eÆieny is omputed as the produt of the

single trak eÆienies

�

PPE

=

X

i

w

i

�

K

i

�

�

i

�

�

s

i

; (6.5)

negleting any orrelations in the trak �nding for high multipliities. The summation in Eq. 6.5

hereby takes into aount that di�erent eÆienies are possible for the independent upper and

lower detetor halves and that the pion �

s

from the D

�

deay an be either a short or a full

trak. However, negligible di�erenes in the orretion fators have been found when taking into

aount the uxes predited by the Monte Carlo.

The time integrated luminosities for eah individual target type are listed in Tab. 6.5 after all

data quality uts have been applied. The �rst row shows the measured values for the entire data

set, the seond one the measured luminosity for those data where the photoprodution trigger

was not pre-saled. Espeially for the unpolarised hydrogen and deuterium data this orresponds

to only about 50% of the full data set. The last row �nally shows the e�etive luminosity. The

additional loss of about 35% (ompared to the seond row) is mainly due to the ineÆieny of

the photoprodution trigger (around 80%) and the trak �nding eÆieny.

6.3.2 Detetion EÆieny Corretion

Many di�erent e�ets ontribute to the total detetion eÆieny for a ertain deay hannel.

While most of the detetor e�ets have already been orreted for in the de�nition of the ef-

fetive luminosity (ontribution of the traking detetor eÆienies on the trak �nding and the
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Figure 6.14: Di�erential detetion eÆieny

in the deays D

��

! (K

�

�

�

) �

�

s

after all

event seletion riteria have been applied.

Figure 6.15: Energy resolution for the D

��

mesons in the deays D

��

! (K

�

�

�

)�

�

s

.

eÆienies of the data aquisition and trigger systems), several other ontributions an not be

determined from the data but have to be estimated with the help of Monte Carlo studies. The

most important ones are the geometrial aeptane of the Hermes spetrometer, the inuene

of the detetor materials on the trak parameters, and the event seletion riteria.

The di�erential detetion eÆieny as a funtion of the D

��

energy is shown one more in

Fig. 6.14 after all event seletion riteria have been applied (see Tab. 6.1). The event seletion

riteria inrease the minimal energy for the D

��

mesons seen in the Hermes spetrometer

to about 10GeV (see also Fig. 6.2). The strong energy dependeny suggests to aomplish

the eÆieny orretion in two steps. First, the experimentally aessible energy range should

be orreted for with the di�erential reonstrution eÆienies using the unfolding proedure

desribed in Se. 5.1. In a seond step, the thus obtained ross-setion whih is orreted for all

e�ets of theHermes detetor, has to be extrapolated into the energy range not aessible with

the Hermes spetrometer. It should be noted that this extrapolation might strongly depend on

photoprodution all

trigger inluded?

1

~

H

1

H

2

D

14

N

targets

no 38.17 28.39 50.86 46.55 163.97

L

tot

yes 37.56 18.91 18.86 39.16 114.50

L

e�

yes 25.28 11.66 11.74 24.64 73.31

Table 6.5: Unorreted and e�etive time integrated luminosities in pb

�1

split into the di�erent

target types where

1

~

H denotes polarised hydrogen. All data quality uts have been inluded

revealing the big impat of the pre-saling on the unpolarised hydrogen and deuterium samples.



6.3 Cross-setion Determination 95

the model used in the Monte Carlo simulation of the proess. In ontrary, for the �rst step the

knowledge of the exat energy distribution is not a neessary pre-requisite to the Monte Carlo

simulations. In priniple, the obtained unfolded results ould even be used to distinguish between

di�erent prodution mehanisms and thus minimise the systemati unertainties assoiated with

the simulations. However, the low statistis in the observed signals for the investigated deay

hannels does not allow to measure any energy dependene in the prodution of D

��

mesons.

The unfolding therefore an only be performed after integrating out the energy dependene,

where the true di�erential ross-setion as a funtion of the energy has to be approximated by

the model used in the Monte Carlo simulation. Sine the expeted migration is small due to the

rather good energy resolution for the D

��

mesons (Fig. 6.15), the bin-to-bin orretion with

generalised Monte Carlo eÆienies as desribed in Se. 5.1.1 will be used for the unfolding. The

orretion fator is then given through the integrated eÆieny

h�i(E

min

) �

E

B

R

E

min

dE �(E)

d�

MC

dE

(E)

E

B

R

E

min

dE

d�

MC

dE

(E)

=

E

B

R

E

min

dE

dM

MC

Re

dE

(E)

E

B

R

E

min

dE

dN

MC

Gen

dE

(E)

: (6.6)

For the unfolding inside the experimentally aessible energy range, the lower integration limit

E

min

= 10GeV was hosen; for E

min

= 0GeV also the extrapolation to the full phase spae

is inluded. The orresponding orretion fators will be denoted in the following as h�i

exp

and

h�i

tot

respetively. Please note that in the determination of both these quantities only di�erential

but no absolute ross-setion estimates from the Monte Carlo are neessary.

The values for the integrated eÆienies obtained by this method are listed in Tab. 6.6 for various

intermediate steps in the analysis. The main ontribution to the detetion ineÆieny is due to

the spetrometer aeptane. For the reonstrutable deays, the momentum requirements to

math the threshold of the

�

Cerenkov detetor for an eÆient bakground suppression remove

another 50% of the andidates. In total, about 40% of the reonstrutable D

��

deays are

passing all the event seletion riteria. It is worth repeating one more that rather di�erent

detetion eÆienies are expeted for the D

�+

and D

��

mesons. For the D

��

meson, the

eÆieny is found to be higher than the D

�+

eÆieny by about a fator 1:5 before and 1:8

after the extrapolation to the full energy range, being solely the onsequene of the on average

larger energy arried by this partile ompared to the D

�+

meson (see Fig. 6.1 and Se. 3.2.1).

6.3.3 Isosalar Targets

Up to now, only proton targets have been onsidered in the Monte Carlo simulations as this is

the only target type Aroma an handle. In the experimental data, however, also deuterium and

nitrogen targets are used and it is neessary to determine the detetion eÆienies for the D

��

prodution o� these targets as well. Under the assumptions of isospin invariane and idential

gluon distributions in proton and neutron, the prodution ross-setions o� a neutron are given

by the proton ross-setions for the isospin partners of the D

��

mesons. Under an isospin
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transformation (exhange of u- and d-quarks) the D

�+

(D

��

) is onverted into a D

� 0

(D

� 0

)

and the following relations an be obtained for the neutron ross-setions

�

n

(D

�+

) = �

p

(D

� 0

) ; �

n

(D

��

) = �

p

(D

� 0

) : (6.7)

Sine the deay properties of the D

��

mesons are independent of the prodution mehanism and

the target type, the di�erential detetion eÆienies as a funtion of the energy are the same for

proton and neutron targets. The integrated detetion eÆienies for the D

��

prodution on a

neutron target an therefore be omputed aording to Eq. 6.6 using the (universal) di�erential

eÆienies and the predited di�erential ross-setions for the D

� 0

mesons. As an be seen

from the last olumn in Tab. 6.7, no signi�ant di�erenes exist between the integrated detetion

eÆienies for proton and neutron targets. This implies that the di�erenes between the u- and

d- respetively u- and d-quark distributions have a negligible impat on the energy distribution

of the produed harmed mesons. In the following, the average of the proton and neutron results

will therefore be used as the �nal values for the integrated detetion eÆienies.

6.3.4 D

��

Cross-setions

Sine the statistis is too small to determine the ross-setions for eah target type independently,

all target types will be ombined. To nevertheless allow a physial interpretation, a orretion

has to be applied to onvert the measured ross-setion to an eletroprodution ross-setion

for a pure proton or deuterium target. When negleting nulear e�ets, the ross-setions for

deuterium and nitrogen are the same as both are isosalar targets. Using the indies p for the

proton and d for the isosalar targets, the measured ross-setion �

mix

an be written as

N

mix

= N

p

+ N

d

) �

mix

=

L

p

e�

�

p

+ L

d

e�

�

d

L

p

e�

+ L

d

e�

: (6.8)

With the relation �

d

=

1

2

(�

p

+ �

n

) and the de�nitions

� �

�

n

�

p

; (6.9)

R

L

e�

�

L

d

e�

L

p

e�

; (6.10)

one obtains for the prodution ross-setion on a proton target

�

p

= �

mix

"

1 +

1

2

R

L

e�

R

L

e�

+ 1

(� � 1)

#

�1

� �

mix

C

p

; (6.11)

and similarly for the prodution ross-setion on an isosalar target

�

d

= �

mix

"

1 +

1

R

L

e�

+ 1

 

1� 2

�

� + 1

!#

�1

� �

mix

C

d

: (6.12)
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Cuts D

�+

D

��

Aeptane and Reonstrution 1.6456� 0.0355 % 2.2568� 0.0463 %

Partile Identi�ation 0.8552� 0.0249 % 1.2563� 0.0347 %

Vertex Cut 0.8251� 0.0245 % 1.2111� 0.0341 %

�

�

�M

(K�)

�M

D

0

�

�

� � 2 �

D

0

M

0.7673� 0.0236 % 1.1211� 0.0327 %

j�M ��M

0

j � 2 �

�M

0.7034� 0.0226 % 1.0306� 0.0314 %

h�i

exp

0.7034� 0.0226 % 1.0306� 0.0314 %

h�i

tot

0.2492� 0.0210 % 0.4398� 0.0303 %

Table 6.6: Integrated eÆienies for the detetion of D

��

deays at various intermediate steps

of the analysis. Inremental values are given. The largest ineÆieny is due to the aeptane of

the spetrometer. For the partile identi�ation mainly the momentum requirements ontribute.

The quoted errors are due to the limited statistis in the Monte Carlo simulations.

j�M ��M

0

j

�

�

�M

(K�)

�M

D

0

�

�

� (h�

p

i+ h�

n

i) =2 h�

p

i � h�

n

i

� 2 �

D

0

M

0.3826� 0.0278 % -0.0121%

� 2 �

�M

� 3 �

D

0

M

0.4019� 0.0285 % -0.0127%

D

��

� 2 �

D

0

M

0.3994� 0.0284 % -0.0127%

� 3 �

�M

� 3 �

D

0

M

0.4197� 0.0291 % -0.0134%

� 2 �

D

0

M

0.4398� 0.0303 % 0.0076%

� 2 �

�M

� 3 �

D

0

M

0.4622� 0.0311 % 0.0081%

D

��

� 2 �

D

0

M

0.4593� 0.0310 % 0.0080%

� 3 �

�M

� 3 �

D

0

M

0.4830� 0.0318 % 0.0084%

� 2 �

D

0

M

0.2492� 0.0210 % 0.0085%

� 2 �

�M

� 3 �

D

0

M

0.2611� 0.0215 % 0.0089%

D

�+

� 2 �

D

0

M

0.2598� 0.0214 % 0.0089%

� 3 �

�M

� 3 �

D

0

M

0.2720� 0.0219 % 0.0092%

Table 6.7: Integrated eÆienies h�i

tot

for the detetion of D

��

deays for the di�erent mass

and mass di�erene uts used in the analysis. The quoted errors are due to the limited statistis

in the Monte Carlo simulations.
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The quantity � is estimated for the D

��

mesons with the help of the Monte Carlo to be

�

D

��

= 1:4342 ;

�

D

��

= 1:6666 ; (6.13)

�

D

�+

= 1:0074 :

Now all neessary ingredients are at hand to alulate the D

��

eletroprodution ross-setions.

After integrating out the dependenes on the kinematial variables in Eq. 6.4, the following �nal

expression is obtained

�

p;d

D

��

=

C

p;d

D

��

N

D

��

L

e�

h�i

D

��

tot

BR(D

�+

! D

0

�

+

)BR(D

0

! K

�

�

+

)

: (6.14)

Here, N

D

��

is the number of measuredD

��

events, L

e�

the time integrated e�etive luminosity

and h�

D

��

i the integrated detetion eÆieny whih are given in Tabs. 6.4, 6.5 and 6.7 respe-

tively. BR(D

�+

! D

0

�

+

) = (68:3� 1:4)% and BR(D

0

! K

�

�

+

) = (3:85� 0:09)% are

the known branhing ratios for the D

�+

! D

0

�

+

and D

0

! K

�

�

+

deays [C

+

:98℄.

The eletroprodution ross-setions of D

��

mesons measured on a mixture of proton and

isosalar targets are summarised in Tab. 6.8. Consistent results are obtained for the various

mass and mass di�erene ut ombinations in the ases of the D

��

mesons and the ombined

D

��

signal. For the D

�+

mesons, a large spread ours in the measured ross-setions but is

found to be onsistent within the statistial errors. Therefore, the averaged ross-setions have

been used to derive the ross-setions for the eletroprodution of D

��

mesons on proton and

isosalar targets whih are presented in Tab. 6.9. It should be emphasised here that the D

��

ross-setion has been determined using separate orretion fators for the ombined signal and

that it is thus not the same as the sum of the two individual D

�+

and D

��

ross-setions.

6.3.5 Open Charm Eletroprodution Cross-setion

From the extrated D

��

ross-setions one an easily derive the total open harm prodution

ross-setion in eletron-proton sattering

�

ep! X

=

8

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

:

�

p

D

�+

BR( p ; ! D

�+

)

;

�

p

D

��

BR( p ; ! D

��

)

;

�

p

D

��

BR( p ; ! D

�+

) + BR( p ; ! D

��

)

:

(6.15)

BR( p ;  ! D

�+

) and BR( p ;  ! D

��

) denote the D

�+

and D

��

prodution probabilities

per open harm event disussed before (see Se. 3.2.1 and Tabs. B.2 and B.3). These quantities

depend on the nulear environment in whih the   -pair is produed (reeted by the index p)
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�

mix

��

stat

��

MC

stat

j�M ��M

0

j

�

�

�M

(K�)

�M

D

0

�

�

�

( pb ) ( pb ) ( pb )

� 2 �

D

0

M

949:1

+450:2

�366:1

�69:0

� 2 �

�M

� 3 �

D

0

M

968:1

+489:2

�344:6

�68:7

D

��

� 2 �

D

0

M

1195:0

+470:2

�440:3

�85:0

� 3 �

�M

� 3 �

D

0

M

1161:9

+542:6

�379:5

�80:6

� 2 �

D

0

M

648:8

+386:9

�257:1

�44:7

� 2 �

�M

� 3 �

D

0

M

707:1

+392:8

�286:2

�47:6

D

��

� 2 �

D

0

M

655:1

+395:3

�288:0

�44:2

� 3 �

�M

� 3 �

D

0

M

676:7

+378:1

�268:5

�44:5

� 2 �

D

0

M

312:3

+468:4

�220:7

�26:3

� 2 �

�M

� 3 �

D

0

M

238:4

+403:3

�210:6

�19:6

D

�+

� 2 �

D

0

M

678:9

+575:1

�311:5

�55:9

� 3 �

�M

� 3 �

D

0

M

591:2

+511:1

�335:7

�47:6

Table 6.8: Extrated ross-setions for the eletroprodution of D

��

mesons on the experimen-

tally used target mixture. Listed are the values obtained for the di�erent mass and mass di�erene

uts. The quoted statistial errors give the on�dene intervals for a on�dene level of 68:27%.

Target Mixture Proton Isosalar Target

�

mix

��

stat

��

MC

stat

�

p

��

stat

��

MC

stat

�

d

��

stat

��

MC

stat

( pb ) ( pb ) ( pb ) ( pb ) ( pb ) ( pb ) ( pb ) ( pb ) ( pb )

D

��

1068:5

+488:0

�382:6

�75:8 964:6

+440:6

�345:4

�68:4 1174:0

+536:2

�420:4

�83:3

D

��

671:9

+388:3

�275:0

�45:3 576:6

+333:2

�236:0

�38:8 768:7

+444:2

�314:6

�51:8

D

�+

455:2

+489:5

�269:6

�37:4 454:4

+488:6

�269:1

�37:3 456:1

+490:4

�270:1

�37:4

Table 6.9: Averaged ross-setions for the eletroprodution of D

��

mesons on the experimen-

tally used target mixture and the thereof derived ross-setions for sattering o� protons and

isosalar targets. The quoted statistial errors give the on�dene intervals for a on�dene level

of 68:27%.
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Proton Isosalar Target

�

ep

��

stat

��

MC

stat

�

ed

��

stat

��

MC

stat

( pb ) ( pb ) ( pb ) ( pb ) ( pb ) ( pb )

D

��

2285:5

+1044:0

� 818:4

� 162:2 2285:5

+1043:9

� 818:4

� 162:5

D

��

2110:2

+1219:4

� 863:7

� 142:1 2110:0

+1219:3

� 863:5

� 142:3

D

�+

3053:6

+3283:5

�1808:4

� 250:8 3053:8

+3283:4

�1808:4

� 250:7

Table 6.10: Total ross-setion �

ep! X

for the eletroprodution of open harm. The quoted

statistial errors give the on�dene intervals for a on�dene level of 68:27%. The results for

the isosalar target are only presented to show the internal onsisteny of the extrated results.

and the entre of mass energy available in the sattering proess. For Hermes energies, they

are determined with the help of the Monte Carlo to

BR( p ; ! D

�+

) = 14:88% ; BR(n ; ! D

�+

) = 14:99% ;

BR( p ; ! D

��

) = 27:32% ; BR(n ; ! D

��

) = 45:54% :

(6.16)

The thus obtained total ross-setion �

ep! X

for the prodution of open harm in eletron-

proton sattering at Hermes with a entre of mass energy of 7:26GeV is shown in Tab. 6.10.

6.3.6 Open Charm Photoprodution Cross-setion

While other leptoprodution measurements are available only for muh higher beam energies

[Em:83a℄, in the same kinematial regime experiments utilising real photon beams have been

performed (see Fig. 3.1). Before a diret omparison with these results is possible, the measured

total eletroprodution ross-setion has to be onverted into a photoprodution ross-setion

using the formalism desribed at the end of Se. 3.1.1. Combining Eqs. 3.8 - 3.10, the relation

between the two ross-setions is given by

d�

e p

dQ

2

d�

(Q

2

; �) = �(Q

2

; �)

 

1 +

Q

2

M

2

0

!

�2

�

p

(�) ; (6.17)

�

~

�(Q

2

; �) �

p

(�) ; (6.18)

where the modi�ed propagator term from the extrapolation of the virtual photon ross-setion

�



�

p

T

(Q

2

; �) to the photoprodution ross-setion �

p

(�) has been ombined with the virtual

photon ux �(Q

2

; �) for brevity. As a reminder, Q

2

is the negative square of the four-momentum

arried by the virtual photon in the sattering proess while � gives in the laboratory frame the

energy of the virtual photon (see also Tab. A.1 for the de�nitions of the kinematial variables).
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At Hermes, only the total eletroprodution ross-setion is aessible experimentally. Thus

Eq. 6.18 has to be integrated over Q

2

and �

�

e p

=

Z

d�

Z

dQ

2

~

�(Q

2

; �) �

p

(�) : (6.19)

As the exat energy dependene of the photoprodution ross-setion �

p

(�) is not known near

threshold, this relation has been expanded through the introdution of an arbitrary energy sale

�

0

�

e p

= � �

p

(�

0

) +

Z

d�

Z

dQ

2

~

�(Q

2

; �) [ �

p

(�)� �

p

(�

0

) ℄ ; (6.20)

where additionally the abbreviation � =

R

d�

R

dQ

2

~

�(Q

2

; �) for the integrated ux has been

used. When hoosing the energy sale �

0

suh that the last term in Eq. 6.20 vanishes, a simple

relation is obtained between the photoprodution and eletroprodution ross-setions

�

p

(�

0

) =

�

e p

�

: (6.21)

Under the assumption of a linear energy dependene for �

p

(�) near threshold, �

0

is given by

the ux weighted average energy

�

lin

0

= h�i =

1

�

Z

d�

Z

dQ

2

~

�(Q

2

; �) � : (6.22)

The integration limits, whih have been suppressed in all previous expressions for brevity, have

to be determined for the speial ase of the open harm prodution before the integrated ux

� and the ux weighted average energy h�i an be evaluated numerially. While the maximal

possible energy transfer is determined by the beam energy (�

max

= E �m

e

), the lower limit on

the energy transfer is given by the onstraint that the four-momentum transfer in the sattering

proess has to be large enough to allow the reation of a �nal state ontaining harmed hadrons.

Sine for lepton-proton sattering the harmed �nal state with the lowest invariant mass is given

by �



+D

0

, �

min

evaluates to

W

2

�

�

M

�



+M

D

0

�

2

) �

min

=

�

M

�



+M

D

0

�

2

�M

2

p

2M

p

: (6.23)

The same onstraint an be used to determine the upper limit for the Q

2

integration at a �xed

value of �

Q

2

max

= 2M

p

(� � �

min

) : (6.24)

The kinematial lower limit Q

2

min

an be derived from the de�nitions of Q

2

= � (k� k

0

)

2

and

the relative energy transfer in the laboratory frame y

Lab

= �=E

Q

2

min

= �2m

2

e

+ 2E

2

(1� y � ��

y

) ; (6.25)

where � =

q

1�

m

2

e

E

2

and �

y

=

q

(1� y)

2

�

m

2

e

E

2

.

Evaluating the integrals for the integrated ux � and the ux weighted average energy h�i

numerially, one obtains the results

� = 0:0260� 0:0013 ; (6.26)

h�i = 15:5� 1:0GeV : (6.27)
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While the quoted error for � is due to the unertainties related to the longitudinal omponent

of the photon ux and the mass sale M

0

, the error on h�i is given by a rude estimate of any

non-linearities in the energy dependene of the photoprodution ross-setion near threshold.

Together with the eletroprodution ross-setion from theD

��

hannel (Tab. 6.10), one obtains

for the total open harm photoprodution ross-setion �

p! X

�

p! X

=

�

87:9

+40:2

�31:5

stat

� 6:2

stat/MC

�

nb ;

where the quoted statistial errors give the on�dene intervals for a on�dene level of 68:27%.

6.4 Monte Carlo Dependenes

The Monte Carlo simulations are an important tool in the extration of the ross-setions pre-

sented in the previous setions. It is therefore inevitable to quantify how muh the obtained

results depend on the assumptions made in the simulations. While the detetor e�ets of the

Hermes spetrometer and their implementation in the Monte Carlo are understood to better

than 5%, not muh is known about the details of the fragmentation proess for the prodution

of harm quarks near threshold. As was shown in Se. 3.2.1, both the prodution probabilities

and the energy spetra of the harmed mesons depend on the Monte Carlo fragmentation model.

Sine the determination of the orretion funtions relies on a more or less exat desription of

these quantities, the impat of the fragmentation model on the D

��

ross-setion analysis will

be disussed in the following.

The di�erential detetion eÆienies �(E) as a funtion of the harmed meson energy are inde-

pendent of the fragmentation model sine they only desribe the aeptane and detetor e�ets

of the Hermes spetrometer. The determination of the integrated eÆienies h�i introdued in

Eq. 6.6 however requires an exat desription of the energy dependene of the D

��

prodution

ross-setions. Despite this requirement, all investigated fragmentation sets result into similar

integrated eÆienies for the prodution on proton and neutron targets. However, the extrap-

olation from the experimentally aessible energies above 10GeV to the full range introdues a

rather large orretion (Tab. 6.6). Thus it is worth to study the impat of the fragmentation

model separately for the two energy ranges. The ross-setions for both energy ranges and the

di�erent fragmentation sets are shown in the appendix in Tab. C.1. For the D

��

mesons, almost

no dependene on the fragmentation funtion for the harm quarks is observed. Nevertheless,

di�erenes of up to 10% in the experimentally aessible and 20% in the full energy range our

when hanging the parameter set used for the Lund symmetri fragmentation funtion for the

light quarks. Larger dependenes are also seen for the D

�+

mesons. Espeially when using the

Lund symmetri fragmentation funtion with the Hermes parameter set for all quark avours,

signi�antly di�erent ross-setions are extrated. This rather soft fragmentation however is not

believed to give a realisti desription sine the need for a harder fragmentation of the harm

quarks is experimentally well established. This model will therefore not be onsidered in the

following. It is worth mentioning that the the fragmentation dependenes for the D

�+

and D

��

meson ross-setions have partially opposite behaviour, resulting in smaller dependenes of 5%

in the measured and 10% in the full energy range for the ombined D

��

ross-setion.



6.5 Experimental Systemati Unertainties 103

For the open harm ross-setion as extrated from both the D

��

and D

��

signals (Tab. C.2),

dependenes of up to 20% are found, again mainly due to the fragmentation unertainties of

the light quarks. The dependene on the desription of the heavy quark fragmentation is less

than 5%. The orretions for the experimentally aessible D

�

energies above 10GeV and the

extrapolation to the full energy range ontribute about equally to this systemati unertainty.

6.5 Experimental Systemati Unertainties

Besides the already disussed dependene of the extrated ross-setions on the Monte Carlo

simulations, also the experimentally measured quantities used in ross-setion determination are

subjet to systemati unertainties. The only relevant ontributions are those assoiated with

the determination of the e�etive luminosity and the impat of the event seletion riteria on the

reonstruted signal. For the measurement of the absolute luminosity, the systemati unertainty

has been determined to 6:4% (Se. 4.3.3,[Ben:98a℄). A unertainty of 3% has been attributed

to both the determination of the trigger eÆienies [Mei:00℄ and the determination of the trak

�nding eÆienies.

The possibilities to evaluate the unertainty of the ross-setion measurement due to the event

seletion riteria with systemati studies are limited. Beause of the small statistis in the signals

whih are integer numbers, no smooth behaviour an be expeted when varying the event seletion

riteria. All ut values have been hosen independently from the analysed data itself but rather

been motivated by Monte Carlo simulations and studies of inlusive trak samples. The spetra

for all quantities whih are used in the event seletion have been investigated and it has been

ensured that the distributions show no onspiuous behaviour. Most of the uts an be varied

over a rather large range without hanging the extrated signals at all and some of them are

even redundant. As an example, the reonstruted verties for the D

�

and D

0

andidates are

strongly orrelated and it is in priniple suÆient to ensure that the D

�

vertex is loated in the

target ell. For the bakground estimates, the appliation of the uts and their variations do

ause di�erenes whih are however ompletely negligible ompared to the statistial errors of

the signals.

Besides the variation of the uts, several further studies were performed from whih only two will

be mentioned here. The Monte Carlo simulations predited a small shift in the expetation value

for the reonstruted mass di�erene ompared to the true value. The extrated ross-setions

are insensitive to the appliation of this shift.

In order to inrease the statistis, it has also been tried to release the momentum requirements

on the kaon and pion andidates. The minimal momentum aepted was lowered to 2GeV for

one or both partiles. The Monte Carlo simulations predit an inrease in the signal of about

40% for eah partile. Before the bakground subtration, gains in the signals of this order are

observed. However, a omparable inrease also ours in the bakground estimates resulting in

gains of only � 10%. The results are more onsistent with a onstant signal than the Monte

Carlo expetation but due to the low statistis there is no indiation of an inonsisteny.
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A total systemati unertainty of 9% is obtained when adding all ontributions quadratially. In

this number, the ontribution of a possibly imperfet detetor desriptions in the Monte Carlo

has been inluded but not the dependeny on the fragmentation model.
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7 Summary

The total ross-setion �

ep!D

��

X

for the eletroprodution of D

��

mesons on a proton target

and the sum of the total ross-setions for D

�+

and D

��

mesons have been measured in a �xed

target experiment with a lepton beam energy of 27:5GeV to be

�

ep!D

��

X

=

�

0:58

+0:34

�0:24

stat

� 0:05

syst/exp

� 0:12

syst/frag

�

nb ;

�

ep!D

��

X

=

�

0:96

+0:45

�0:35

stat

� 0:09

syst/exp

� 0:10

syst/frag

�

nb : (7.1)

From the D

��

measurement, the open harm eletroprodution ross-setion has been deter-

mined to

�

ep! X

=

�

2:29

+1:06

�0:83

stat

� 0:21

syst/exp

� 0:46

syst/frag

�

nb :

These results represent the �rst measurements for open harm in leptoprodution near the harm

threshold. While other leptoprodution measurements are available for muh higher beam energies

[Em:83a℄, in the same kinematial regime only experiments utilising real photon beams have

been performed. To allow a omparison with these measurements, the eletroprodution ross-

setion has been onverted into a total open harm photoprodution ross-setion for a photon

energy of E



= ( 15:5� 1:0 ) GeV

�

p! X

=

�

87:9

+40:7

�32:1

stat

� 9:2

syst/exp

� 17:6

syst/frag

�

nb :

As the detetion eÆieny and the aeptane of the Hermes spetrometer does depend on the

harm quark mass assumed in the simulation, the ross setion has been reevaluated for a harm

quark mass of 1:5GeV (as assumed in the analysis of the earlier experiments). This resulted

into an about 10% small ross-setion ompared to the value given above whih was determined

under the assumption of a harm quark mass of 1:35GeV. The orreted ross-setion

�

p! X

=

�

79:9

+37:0

�29:2

stat

� 8:4

syst/exp

� 16:0

syst/frag

�

nb

is shown in Fig. 7.1 in omparison to other open and hidden harm photoprodution ross setion

measurements. Good agreement with the previous experiment from Sla at E



= 20GeV

([A

+

:86℄) is observed. The dashed urve in Fig. 7.1 shows the LO harm photoprodution ross

setion as given by the Aroma Monte Carlo generator. The upper solid urve is the same

predition multiplied by a K-fator of 2:3 obtained from a �t to the high energy data. The fat

that this urve desribes all the data very well seems to indiate that higher order orretions in
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Figure 7.1: Cross-setions for the photoprodution of harm quark pairs as a funtion of the

photon energy E



separately for partiles with open and hidden harm. Shown are data from

Em [Em:83a, Em:83b℄, Sla [A

+

:86, C

+

:75a℄, Pe [A

+

:87℄, Hermes [Mei:00℄, and this

work with statistial and systematial errors added in quadrature. The dashed urve is a LO

predition from Aroma for the open harm photoprodution ross-setion using a harm quark

mass of m



= 1:5GeV. The upper solid line shows the same predition multiplied by a fudge

fator of 2:3 obtained in a �t to all open harm data but the one of this analysis. Similarly, the

lower solid line is a result of a �t to all J=	 data, yielding a fudge fator of 0.165.

the photoprodution of open harm are rather independent of the photon energy. It furthermore

indiates that the mass of the harm quark is not too di�erent from 1:5GeV. Finally, Fig. 7.1

also shows that the ratio of hidden to open harm photoprodution does not signi�antly depend

on the photon energy.

While the present analysis is mainly limited by the small statistis in the investigated D

��

deay

hannels, an inrease in statistis by a fator 3 an be expeted from the very suessful data

taking of Hermes in the years 1998-2000. Additionally, for these new data, new kinematial

regimes for the D

��

mesons an be exploited; in 1998 the threshold

�

Cerenkov detetor has

been replaed by a Ring Imaging

�

Cerenkov detetor (RICH), whih allows the identi�ation of

pions, kaons and protons over almost the entire kinematial range of the experiment. With

these improvements it should be possible to get aess to the D

��

energy distributions and

gain additional information about the omplex fragmentation proess of harmed quarks near

the harm prodution threshold. An indiation for the di�erenes in the prodution of harmed

meson{anti-meson pairs and the assoiated harmed baryon{anti-meson prodution has already

been observed through the rather di�erent numbers of reonstruted D

�+

and D

��

deays.
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Appendix A

De�nition of DIS kinematis
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Basi Observables

Variable Desription

k =

 

E

~

k

!

Beam energy E and momentum of inident lepton

~

k

k

0

=

 

E

0

~

k

0

!

Energy E

0

and momentum

~

k

0

of sattered lepton

P

Lab

=

 

M

~

0

!

Nuleon mass M

P

h

=

 

E

h

~p

h

!

Energy E

h

and momentum ~p

h

of semi-inlusive hadron

Derived Quantities

Variable De�nition Desription

�

6

�

~

k

0

;

~

k

�

Sattering angle of lepton

q k� k

0

Four-momentum of virtual photon

Negative square of four-momentum

Q

2

�q

2

Lab

= 4EE

0

sin

2

(�=2)

transfer

s (k+P)

2

Lab

= M

2

+ 2EM Squared entre of mass energy

Absolute energy transfer in the

� (P � q) =M

Lab

= E � E

0

laboratory frame

x �q

2

= (2P � q) = Q

2

= (2M �) Bjorken's saling variable

Relative energy transfer inthe

y P � q=P � k

Lab

= �=E

laboratory frame

Squared invariant mass of hadroni

W

2

(P+ q)

2

= M

2

+ 2M � �Q

2

�nal state

Frational energy of hadron in the

z P �P

h

=P � q

Lab

= E

h

=�

laboratory frame

~p

k

(~p

h

� n̂

q

) n̂

q

Parallel and transverse momentum of

~p

T

~p

h

� ~p

k

hadron wrt. q in N rest frame

x

F

2

q

~p

k

� ~p

k

W

2

= (W

2

� p

h

� p

h

) Feynman's saling variable

Table A.1: De�nition of kinematial variables in deep-inelasti sattering. Formulas only valid

in the laboratory frame also neglet the squared lepton mass m

2

.
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Appendix B

Charm Prodution: Model Dependenes

B.1 Prodution Probabilities of Primary Charmed

Partiles
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t
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o
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:
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l
D
e
p
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n
d
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n

e
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Charmed Partner

Meson Baryon Meson or Baryon

Fragmentation Fragmentation p hEi � p hEi � p hEi �

Model Funtion Set (%) (GeV) (GeV) (%) (GeV) (GeV) (%) (GeV) (GeV)

(X) 44.69 9.83 3.51 55.31 9.83 4.20 100.00 9.83 3.90

Lund string

Hermes, Peterson

(X) 99.79 7.90 3.10 0.21 { { 100.00 7.90 3.10

�



= 0:025

all 144.47 8.50 3.36 55.53 9.83 4.19 200.00 8.87 3.66

(X) 44.73 9.83 3.51 55.27 9.80 4.17 100.00 9.82 3.89

Lund string

Hermes, Peterson

(X) 99.78 7.78 2.98 0.22 { { 100.00 7.78 2.98

�



= 0:050

all 144.51 8.42 3.29 55.49 9.80 4.17 200.00 8.80 3.61

(X) 44.71 9.83 3.51 55.29 9.78 4.16 100.00 9.80 3.89

Lund string

Hermes, Peterson

(X) 99.78 7.72 2.92 0.22 { { 100.00 7.72 2.92

�



= 0:075

all 144.48 8.37 3.26 55.52 9.77 4.16 200.00 8.76 3.59

(X) 44.68 9.81 3.50 55.32 9.70 4.13 100.00 9.75 3.87

Lund string Hermes (X) 99.77 7.42 2.69 0.23 { { 100.00 7.43 2.69

all 144.45 8.16 3.16 55.55 9.70 4.13 200.00 8.59 3.53

(X) 37.41 9.33 3.44 62.59 9.23 3.96 100.00 9.27 3.77

Lund string

Default, Peterson

(X) 99.57 8.27 3.19 0.43 { { 100.00 8.28 3.19

�



= 0:050

all 136.98 8.56 3.30 63.02 9.23 3.95 200.00 8.77 3.53

(X) 37.50 9.34 3.44 62.50 9.24 3.97 100.00 9.27 3.78

Lund string Default (X) 99.58 8.27 3.20 0.42 { { 100.00 8.27 3.19

all 137.08 8.56 3.30 62.92 9.23 3.96 200.00 8.77 3.54

(X) 43.49 9.78 3.49 56.51 9.71 4.10 100.00 9.74 3.85

Independent Hermes (X) 99.70 7.82 3.08 0.30 { { 100.00 7.82 3.08

all 143.19 8.42 3.34 56.81 9.70 4.09 200.00 8.78 3.61

(X) 36.22 9.28 3.41 63.78 9.15 3.90 100.00 9.20 3.73

Independent Default (X) 99.46 8.35 3.31 0.54 { { 100.00 8.35 3.31

all 135.68 8.60 3.36 64.32 9.15 3.89 200.00 8.77 3.55

T
a
b
l
e
B
.
1
:
F
r
a
g
m
e
n
t
a
t
i
o
n
m
o
d
e
l
d
e
p
e
n
d
e
n

e
s
i
n
t
h
e
p
r
o
d
u

t
i
o
n
o
f

h
a
r
m
e
d
h
a
d
r
o
n
s
.
L
i
s
t
e
d
a
r
e

t
h
e
p
r
o
d
u

t
i
o
n
p
r
o
b
a
b
i
l
i
t
i
e
s
p
a
n
d
t
h
e
m
e
a
n
h
E
i
a
n
d
v
a
r
i
a
n

e
�

2

o
f
t
h
e
e
n
e
r
g
y
s
p
e

t
r
a
.



B
.
2

E
n
e
r
g
y
S
p
e

t
r
a

1
1
5

Charmed Partner

Meson Baryon Meson or Baryon

Fragmentation Fragmentation p hEi � p hEi � p hEi �

Model Funtion Set (%) (GeV) (GeV) (%) (GeV) (GeV) (%) (GeV) (GeV)

D

��

10.32 9.87 3.31 16.97 9.99 4.13 27.29 9.94 3.84

Lund string

Hermes, Peterson

D

�+

14.84 9.33 3.35 0.01 { { 14.85 9.33 3.35

�



= 0:025

D

��

25.15 9.55 3.35 16.98 9.99 4.13 42.13 9.73 3.69

D

��

10.38 9.87 3.31 16.95 9.96 4.11 27.32 9.92 3.83

Lund string

Hermes, Peterson

D

�+

14.87 9.03 3.19 0.01 { { 14.88 9.03 3.19

�



= 0:050

D

��

25.25 9.38 3.27 16.96 9.96 4.11 42.20 9.61 3.64

D

��

10.36 9.86 3.32 16.98 9.92 4.09 27.34 9.90 3.82

Lund string

Hermes, Peterson

D

�+

14.82 8.87 3.10 0.01 { { 14.83 8.87 3.10

�



= 0:075

D

��

25.17 9.28 3.23 16.99 9.92 4.09 42.17 9.54 3.61

D

��

10.34 9.84 3.30 16.91 9.83 4.07 27.25 9.84 3.79

Lund string Hermes D

�+

14.86 8.20 2.80 0.01 { { 14.87 8.20 2.80

D

��

25.19 8.87 3.12 16.92 9.83 4.07 42.11 9.26 3.56

D

��

8.85 9.43 3.26 19.09 9.38 3.91 27.94 9.39 3.71

Lund string

Default, Peterson

D

�+

11.84 9.31 3.31 0.01 { { 11.85 9.31 3.31

�



= 0:050

D

��

20.68 9.36 3.29 19.10 9.38 3.91 39.79 9.37 3.60

D

��

8.89 9.45 3.27 19.08 9.37 3.91 27.96 9.40 3.72

Lund string Default D

�+

11.82 9.30 3.30 0.01 { { 11.83 9.30 3.30

D

��

20.71 9.37 3.29 19.09 9.37 3.91 39.80 9.37 3.60

D

��

9.99 9.78 3.28 17.24 9.85 4.04 27.23 9.83 3.78

Independent Hermes D

�+

14.31 9.06 3.37 0.02 { { 14.34 9.06 3.37

D

��

24.30 9.36 3.35 17.27 9.85 4.04 41.57 9.56 3.66

D

��

8.52 9.37 3.21 19.33 9.28 3.85 27.85 9.31 3.67

Independent Default D

�+

11.34 9.43 3.55 0.02 { { 11.37 9.43 3.54

D

��

19.87 9.40 3.41 19.35 9.28 3.85 39.22 9.34 3.63
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Charmed Partner

Meson Baryon Meson or Baryon

Fragmentation Fragmentation p hEi � p hEi � p hEi �

Model Funtion Set (%) (GeV) (GeV) (%) (GeV) (GeV) (%) (GeV) (GeV)

D

� 0

22.34 9.90 3.56 23.11 9.77 4.21 45.45 9.84 3.90

Lund string

Hermes, Peterson

D

� 0

15.04 9.22 3.34 0.01 { { 15.05 9.22 3.34

�



= 0:025

(=)

D

� 0

37.38 9.63 3.49 23.12 9.77 4.21 60.50 9.68 3.78

D

� 0

22.44 9.89 3.56 23.10 9.75 4.19 45.54 9.82 3.89

Lund string

Hermes, Peterson

D

� 0

14.98 8.96 3.17 0.01 { { 14.99 8.96 3.17

�



= 0:050

(=)

D

� 0

37.42 9.52 3.44 23.11 9.75 4.19 60.53 9.61 3.74

D

� 0

22.39 9.90 3.56 23.08 9.73 4.18 45.47 9.81 3.89

Lund string

Hermes, Peterson

D

� 0

15.00 8.80 3.08 0.01 { { 15.01 8.80 3.08

�



= 0:075

(=)

D

� 0

37.39 9.45 3.42 23.09 9.73 4.18 60.48 9.56 3.73

D

� 0

22.42 9.89 3.56 23.15 9.68 4.15 45.57 9.78 3.87

Lund string Hermes

D

� 0

14.93 8.15 2.77 0.01 { { 14.93 8.15 2.77

(=)

D

� 0

37.35 9.20 3.38 23.15 9.68 4.15 60.50 9.38 3.70

D

� 0

18.21 9.36 3.48 24.95 9.11 3.96 43.15 9.22 3.77

Lund string

Default, Peterson

D

� 0

11.96 9.23 3.29 0.01 { { 11.97 9.23 3.29

�



= 0:050

(=)

D

� 0

30.17 9.31 3.40 24.96 9.11 3.96 55.12 9.22 3.67

D

� 0

18.25 9.36 3.48 24.93 9.13 3.98 43.18 9.22 3.78

Lund string Default

D

� 0

11.94 9.24 3.29 0.01 { { 11.95 9.24 3.29

(=)

D

� 0

30.19 9.31 3.41 24.94 9.13 3.98 55.14 9.23 3.68

D

� 0

21.83 9.87 3.55 23.64 9.67 4.11 45.47 9.77 3.85

Independent Hermes

D

� 0

14.58 8.96 3.33 0.02 { { 14.60 8.96 3.32

(=)

D

� 0

36.41 9.51 3.49 23.66 9.67 4.11 60.07 9.57 3.75

D

� 0

17.65 9.33 3.48 25.52 9.05 3.92 43.17 9.16 3.75

Independent Default

D

� 0

11.56 9.31 3.47 0.02 { { 11.58 9.31 3.47

(=)

D

� 0

29.21 9.32 3.48 25.54 9.05 3.92 54.75 9.19 3.69
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Charmed Partner

Meson Baryon Meson or Baryon

Fragmentation Fragmentation p hEi � p hEi � p hEi �

Model Funtion Set (%) (GeV) (GeV) (%) (GeV) (GeV) (%) (GeV) (GeV)

D

��

4.50 12.97 2.28 7.31 13.90 3.00 11.81 13.55 2.78

Lund string

Hermes, Peterson

D

�+

5.95 12.66 2.16 0.00 { { 5.95 12.66 2.16

�



= 0:025

D

��

10.46 12.79 2.21 7.31 13.90 3.00 17.76 13.25 2.62

D

��

4.54 12.96 2.27 7.21 13.89 3.02 11.75 13.53 2.79

Lund string

Hermes, Peterson

D

�+

5.35 12.48 2.05 0.00 { { 5.35 12.48 2.05

�



= 0:050

D

��

9.90 12.70 2.17 7.21 13.88 3.02 17.11 13.20 2.63

D

��

4.50 12.98 2.28 7.18 13.86 3.00 11.68 13.52 2.78

Lund string

Hermes, Peterson

D

�+

4.99 12.37 1.99 0.00 { { 5.00 12.37 1.99

�



= 0:075

D

��

9.49 12.66 2.15 7.18 13.86 3.00 16.68 13.18 2.62

D

��

4.47 12.95 2.28 6.97 13.82 3.02 11.44 13.48 2.79

Lund string Hermes D

�+

3.52 12.17 1.93 0.00 { { 3.53 12.17 1.93

D

��

7.99 12.61 2.17 6.97 13.82 3.02 14.96 13.17 2.67

D

��

3.44 12.80 2.20 7.22 13.51 2.82 10.66 13.28 2.66

Lund string

Default, Peterson

D

�+

4.64 12.67 2.16 0.00 { { 4.64 12.67 2.16

�



= 0:050

D

��

8.08 12.73 2.18 7.22 13.51 2.82 15.30 13.10 2.53

D

��

3.49 12.82 2.21 7.19 13.52 2.82 10.68 13.29 2.66

Lund string Default D

�+

4.56 12.68 2.21 0.00 { { 4.56 12.68 2.21

D

��

8.04 12.74 2.21 7.20 13.52 2.82 15.24 13.11 2.55

D

��

4.22 12.93 2.27 7.17 13.80 2.98 11.39 13.48 2.77

Independent Hermes D

�+

5.03 12.79 2.31 0.01 { { 5.04 12.79 2.31

D

��

9.26 12.85 2.29 7.17 13.80 2.98 16.43 13.27 2.66

D

��

3.22 12.77 2.19 7.04 13.48 2.81 10.26 13.25 2.65

Independent Default D

�+

4.45 13.04 2.46 0.01 { { 4.46 13.03 2.46

D

��

7.67 12.92 2.36 7.05 13.48 2.81 14.72 13.19 2.60
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Charmed Partner

Meson Baryon Meson or Baryon

Fragmentation Fragmentation p hEi � p hEi � p hEi �

Model Funtion Set (%) (GeV) (GeV) (%) (GeV) (GeV) (%) (GeV) (GeV)

D

� 0

9.66 13.25 2.54 9.36 13.99 3.11 19.02 13.62 2.86

Lund string

Hermes, Peterson

D

� 0

5.85 12.63 2.14 0.00 { { 5.86 12.63 2.14

�



= 0:025

(=)

D

� 0

15.51 13.02 2.41 9.36 13.99 3.11 24.87 13.38 2.74

D

� 0

9.68 13.24 2.53 9.31 13.96 3.11 18.99 13.59 2.85

Lund string

Hermes, Peterson

D

� 0

5.26 12.46 2.02 0.00 { { 5.26 12.46 2.02

�



= 0:050

(=)

D

� 0

14.94 12.97 2.39 9.31 13.96 3.11 24.25 13.35 2.73

D

� 0

9.65 13.25 2.54 9.24 13.95 3.11 18.89 13.60 2.85

Lund string

Hermes, Peterson

D

� 0

4.92 12.36 1.98 0.00 { { 4.92 12.36 1.98

�



= 0:075

(=)

D

� 0

14.57 12.95 2.40 9.24 13.95 3.11 23.81 13.34 2.74

D

� 0

9.67 13.25 2.53 9.09 13.94 3.12 18.76 13.58 2.85

Lund string Hermes

D

� 0

3.44 12.14 1.90 0.00 { { 3.44 12.14 1.90

(=)

D

� 0

13.11 12.96 2.43 9.09 13.94 3.12 22.20 13.36 2.77

D

� 0

6.85 13.06 2.44 8.73 13.57 2.90 15.57 13.35 2.72

Lund string

Default, Peterson

D

� 0

4.57 12.65 2.14 0.00 { { 4.57 12.65 2.14

�



= 0:050

(=)

D

� 0

11.41 12.90 2.33 8.73 13.57 2.90 20.14 13.19 2.62

D

� 0

6.84 13.07 2.44 8.75 13.61 2.92 15.59 13.37 2.74

Lund string Default

D

� 0

4.50 12.68 2.22 0.00 { { 4.50 12.68 2.22

(=)

D

� 0

11.34 12.92 2.37 8.75 13.61 2.92 20.09 13.22 2.64

D

� 0

9.34 13.24 2.53 9.35 13.86 3.07 18.69 13.55 2.83

Independent Hermes

D

� 0

4.91 12.76 2.29 0.01 { { 4.91 12.76 2.29

(=)

D

� 0

14.24 13.08 2.46 9.36 13.86 3.07 23.60 13.39 2.75

D

� 0

6.53 13.07 2.45 8.73 13.54 2.88 15.26 13.34 2.72

Independent Default

D

� 0

4.36 12.96 2.41 0.01 { { 4.37 12.95 2.41

(=)

D

� 0

10.89 13.03 2.44 8.73 13.54 2.88 19.63 13.26 2.66
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Appendix C

Open Charm Cross-setion: Model Dependenes

C.1 D

��

Cross-setions



120 C Open Charm Cross-setion: Model Dependenes

Fragm. �

mix

exp

( pb ) �

p

exp

( pb ) �

d

exp

( pb )

Set D

��

D

��

D

�+

D

��

D

��

D

�+

D

��

D

��

D

�+

Hermes

�



= 0:025

423:4 282:9 148:2 382:1 242:8 147:7 465:4 323:6 148:7

Hermes

�



= 0:050

430:9 284:8 162:0 389:0 244:3 161:7 473:4 325:8 162:3

Hermes

�



= 0:075

433:8 285:1 171:2 391:6 244:8 170:7 476:7 326:0 171:8

Hermes 433:9 287:6 193:5 391:4 246:4 193:3 476:9 329:3 193:7

Hermes

Independent

421:6 288:5 139:8 379:6 247:4 139:2 464:1 330:3 140:4

Default

�



= 0:050

447:2 306:1 147:1 408:2 269:7 146:7 486:9 343:1 147:5

Default 444:2 303:9 146:7 405:4 267:7 146:4 483:6 340:6 147:1

Default

Independent

433:5 307:1 128:0 394:7 270:2 127:4 472:8 344:5 128:6

Fragm. �

mix

( pb ) �

p

( pb ) �

d

( pb )

Set D

��

D

��

D

�+

D

��

D

��

D

�+

D

��

D

��

D

�+

Hermes

�



= 0:025

1016:3 664:1 374:7 917:1 570:0 373:5 1117:0 759:7 376:0

Hermes

�



= 0:050

1068:5 671:9 455:2 964:6 576:6 454:4 1174:0 768:7 456:1

Hermes

�



= 0:075

1098:7 676:2 514:4 991:8 580:7 512:8 1207:2 773:2 516:0

Hermes 1199:8 691:4 825:6 1082:5 592:5 824:6 1318:9 791:7 826:5

Hermes

Independent

1069:0 695:4 405:9 962:7 596:3 404:0 1177:0 796:0 407:7

Default

�



= 0:050

1192:0 824:1 380:0 1087:9 726:1 379:0 1297:6 923:7 381:0

Default 1188:3 817:7 384:8 1084:5 720:4 383:8 1293:6 916:5 385:7

Default

Independent

1180:5 850:4 332:1 1074:9 748:4 330:5 1287:7 954:1 333:6

Table C.1: Fragmentation model dependenes of the extrated ross-setions for the eletro-

prodution of D

��

mesons. While in the upper panel the ross-setions are given for the at

Hermes experimentally aessible D

��

energy range, the total ross-setions extrapolated to

the full energy range are ontained in the lower panel.
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Fragmentation �

ep! X

Set D

��

D

��

D

�+

Hermes

�



= 0:025

2176:8 2089:0 2515:9

Hermes

�



= 0:050

2285:5 2110:2 3053:6

Hermes

�



= 0:075

2352:2 2124:1 3458:7

Hermes 2570:5 2174:7 5546:5

Hermes

Independent

2316:0 2189:8 2817:8

Default

�



= 0:050

2734:3 2598:9 3198:8

Default 2725:1 2576:3 3243:0

Default

Independent

2740:6 2686:9 2907:3

Table C.2: Fragmentation model dependenes of the extrated ross-setion for the prodution

of open harm in lepton-proton sattering.
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