
Chapter 2

Theoretical Framework

2.1 Deep-Inelastic Scattering

In the HERMES experiment at DESY leptons (electrons or positrons) are scattered off

nucleons and part of the final state particles can be observed. Under certain restricti-

ons on the event kinematics (to be discussed in section 2.1.1), deep-inelastic scattering

(DIS) events are sampled. In a DIS event an exchange boson emitted by the beam

lepton interacts with a parton in the nucleon. Due to the relatively low beam energy

at HERMES as compared to the Z and W boson mass only the exchange of virtual

photons needs to be considered.

2.1.1 Kinematics

In figure 2.1 the kinematics of a DIS event is sketched. The momentum and energy of

the incoming lepton are represented by ~k and E, respectively. After scattering over a

polar angle θ the momentum and energy of the leptons are different which is denoted by

a prime (~k′ and E ′, respectively). In inclusive DIS only the scattered lepton is detected.

In that case knowledge of the incident lepton energy E (27.55 GeV), and the quantities

E ′ and θ suffice to describe the event completely. From these variables, the negative

squared four momentum of the virtual photon Q2, the energy transfer of the lepton to

the target ν, and the square of the mass of the final state W 2 can be defined. In the

laboratory frame, these quantities are related to the measured variables according to:

Q2 lab
= 4EE ′ sin2(θ/2) > 0, (2.1)

ν
lab
= E − E ′, (2.2)

W 2 lab
= M2 + 2Mν − Q2 (2.3)
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Figure 2.1: Schematic picture of deep-inelastic lepton-nucleon scattering in the one-

photon exchange approximation. The hadron formation or fragmentation process is

represented by the dark shaded areas. The current fragmentation domain correspond

to hadrons that result from the struck quark. In the target fragmentation domain the

hadrons originate from the remnant quarks in the nucleon.

with M the mass of the nucleon. Note that the lepton mass m is neglected. The

dimensionless variables

x
lab
=

Q2

2 M ν
and (2.4)

y
lab
=

ν

E
(2.5)

can be defined. The so-called Bjorken scaling variable x is a measure of the inelasticity

of the reaction, and y is a measure of the fractional energy transfer of the photon. Their

physical ranges are given by 0≤ x ≤1 and 0≤ y ≤1. The kinematic restrictions that are

usually imposed on deep-inelastic scattering correspond to Q2 > 1 GeV2 and W > 2

GeV. The minimum value for Q2 is needed to ensure the validity of perturbative QCD,

while the minimum value for W is needed to stay away from the baryon resonance

region.
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2.1.2 Unpolarized cross section

In the one-photon exchange approximation the lepton-nucleon DIS cross section can be

expressed in terms of a leptonic tensor Lµν and a hadronic tensor Wµν :

d2σ

dΩdE ′
=

α2

Q4

E ′

E
LµνWµν , (2.6)

where α ≈ 1
137

is the electromagnetic fine structure constant. The tensor associated

with the lepton vertex Lµν is exactly calculable in Quantum Electro Dynamics (QED).

After averaging over initial spin states and summing over the final spin states it can

be written as [4]

Lµν = 2(k′µkν + k′νkµ − (k′ · k − m2)gµν), (2.7)

where gµν is the metric tensor, and m the lepton mass.

It is not possible to calculate the hadronic tensor Wµν rigorously from first prin-

ciples like Lµν . However, using symmetry arguments and QED conservation laws it

can be parametrized by writing Wµν in terms of the hadron momentum p and the

virtual photon momentum q as a sum of the structure functions W1 and W2 which are

themselves a function of Q2 and ν

Wµν = W1

(

−gµν +
qµqν

q2

)

+ W2
1

M2

(

pµ − p · q
q2

qµ

) (

pν −
p · q
q2

qν

)

. (2.8)

Using expressions 2.7 and 2.8 for the two tensors, the unpolarized cross section can

be written as [4]

d2σ

dΩdE ′
=

(2αE ′)2

Q4

[

W2(Q
2, ν) cos2 θ

2
+ 2W1(Q

2, ν) sin2 θ

2

]

. (2.9)

It is customary to replace W1 and W2 by two dimensionless structure functions F1 and

F2, which are defined as

F1(x, Q2) = MW1(x, Q2), (2.10)

F2(x, Q2) = νW2(x, Q2). (2.11)

Using these expressions the unpolarized DIS cross section can be written as

d2σ

dxdQ2
=

4πα2

Q4
· [F1(x, Q2) · y2 +

F2(x, Q2)

x
· (1 − y − Mxy

2E
)]. (2.12)

The observation that F1 and F2 do not depend on Q2 for a given value of x led to the

Quark Parton Model (QPM). In this model the structure functions are written as an
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incoherent sum over inelastic contributions associated with ‘partons’, i.e. structureless

particles within the nucleon. If the spin of the partons is 1
2
, the structure functions F1

and F2 are related via the relation

F2(x) = 2xF1(x) , (2.13)

which is known as the Callan-Gross relation. The experimental confirmation of this

relation has been used as experimental evidence for the spin- 1
2

character of the quarks.

2.2 Spin structure of the nucleon

In the previous section possible spin dependencies in Lµν and Wµν were not considered.

At HERMES a polarized lepton beam scatters off a polarized target and thus the spin

dependencies should be taken into account. If one does so, two spin-dependent structure

functions g1(x) and g2(x) need to be introduced, which are the polarized analogues of

the spin-independent structure functions F1 and F2. However, for the spin-dependent

structure functions no such relation as the Callan-Gross relations exists.

Data on the spin-dependent structure functions can be obtained from a cross sec-

tion difference measurement. If longitudinally polarized leptons are scattering off a

longitudinally polarized target the longitudinal double-spin asymmetry A‖ is usually

measured. It is defined by

A‖ =
σ
→

⇐ − σ
→

⇒

σ
→

⇐ + σ
→

⇒
, (2.14)

where (
→⇐)

→⇒ denotes the case where the lepton (→) and nucleon (⇐ or ⇒) spins are

aligned (anti) parallel. If one neglects the contribution of the transverse structure func-

tion g2 (which can be measured in separate experiments using a transversely polarized

target), the measured polarization A‖ is related to the structure functions g1 and F1

through:
A‖
D

≈ g1

F1

≈ A1, (2.15)

where D represents the virtual photon depolarization factor given by

D =
y(2 − y)

y2 + 2(1 − y)(1 + R)
. (2.16)

The quantity y (= ν
E

) has been introduced before, and R represents the ratio of the

longitudinal and transverse photo-absorption cross sections in deep-inelastic scattering.
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Information on the spin structure of the nucleon is obtained from asymmetry mea-

surements (Eq. 2.14) in various event topologies. In inclusive spin dependent DIS (sec-

tion 2.2.1) the helicity distribution g1(x) is measured. If also a hadron is observed

(section 2.2.2) information on quark helicities for separate flavors is obtained. By ma-

king use of scaling violations of inclusive spin dependent DIS information on the gluon

polarization can be extracted (section 2.2.3).

2.2.1 Inclusive spin-dependent DIS

In the Quark Parton Model (QPM), deep-inelastic lepton-nucleon scattering is inter-

preted as incoherent scattering of a lepton from quarks in the nucleon. In the infinite

momentum frame, the scaling variable x corresponds to the momentum fraction carried

by the struck quark. In this framework the (un)polarized parton distributions depend

on x, and can be defined as

qf (x) ≡ q
→

←
f (x) + q

←

←
f (x) and (2.17)

∆qf (x) ≡ q
→

←
f (x) − q

←

←
f (x), (2.18)

where the terms q
→

←
f (x) and q

←

←
f (x) denote the probabilities to find a parton of type f

with momentum fraction x with its spin anti-parallel or parallel to the nucleon spin.

The (un)polarized structure functions can be written as

F1(x) = 1
2

∑

f e2
fqf (x), F2(x) = x

∑

f e2
fqf (x),

g1(x) = 1
2

∑

f e2
f∆qf (x), g2(x) = 0,

(2.19)

where the sum runs over the quark flavors present in the nucleon and ef is the charge

of a quark with flavor f .

It is possible to determine g1(x) for the proton or the neutron (from polarized deute-

rium or 3He data) by measuring the asymmetry given by Eq. 2.14. As can be seen from

Eq 2.19 such data only give information on the sum of the quark polarizations over all

flavors. If SU(3) symmetry is assumed and the integral of the structure function g1(x)

over x for the proton is combined with data on hyperon decays, it is possible to extract

the first moments (
∫ 1

0
∆q(x)dx) of the flavor separated spin-dependent quark distribu-

tions, ∆qf (x), which are also often represented as ∆u(x) = ∆qu(x), ∆d(x) = ∆qd(x),

etc. However, the full x-dependence of ∆qf (x) for the various quark flavors including

information on possibly polarized sea quarks, requires the use of semi-inclusive data,

which is the subject of the next subsection.
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2.2.2 Semi-Inclusive spin-dependent DIS

In semi-inclusive deep-inelastic scattering (SIDIS), a high-momentum hadron is detec-

ted in coincidence with the scattered beam lepton. Depending on the momentum of

a hadron in the final state a separation into two distinct kinematic regions can be

made, i.e. the current fragmentation region and the target fragmentation region. In the

current fragmentation region the final state hadron contains the quark struck by the

virtual photon, and in the target fragmentation region the final state hadron originated

from the spectator remnants of the nucleon. After imposing requirements on the event

kinematics it can be made fairly probable that the observed hadron is a fragmentation

product that carries the struck quark, i.e. it is a current fragmentation product. In

order to quantify these requirements two dimensionless variables are introduced

z
lab
=

Eh

ν
and (2.20)

xF ≈ 2p‖/W, (2.21)

where z is the ratio of the energy Eh transfered from the virtual photon to the hadron

over the virtual photon energy ν, and xF is the Feynman scaling variable. The latter

is approximated by taking the longitudinal momentum component p‖ of the hadron in

the γN center of momentum frame. A fast-forward hadron produced a DIS event has

a very high probability to contain the struck quark [5]. In ref. [6] hadrons with high

forward momenta in the γ?N center of mass system are selected imposing z > 0.2 and

xF > 0. In contrast, low momentum hadrons from the target fragmentation region are

have xF < 0.

In semi-inclusive deep-inelastic scattering the spin-dependent functions ∆qf (x) can

be measured for individual quark flavors f because the quark hadronization process

can be modeled [7] which makes it possible to evaluate the probabilities that quarks

of a given flavor were struck. Using these probabilities, it is possible to decompose the

quark spin into its different flavors, provided that both polarized leptons and polarized

targets are used. At HERMES such a complete flavor decomposition [6] of the nucleon

spin, in leading order QCD, has been performed on the basis of a set of measured

semi-inclusive asymmetries. The measured asymmetries Ah
‖ for various hadrons h are

related to the polarized quark distributions ∆qf according to

Ah
‖(x, Q2)

D
≈

∑

f e2
f ∆qf (x, Q2)

∫

dz Dh
f (z, Q

2)
∑

f e2
f qf (x, Q2)

∫

dz Dh
f (z, Q

2)
, (2.22)

where the fragmentation function Dh
f (z, Q

2) represents the probability density of a

quark of flavor f to produce a hadron h with an energy fraction z of the energy of
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the virtual photon. Energy conservation implies that the fragmentation functions are

normalized such that
∑

h

∫ 1

0

dz z Dh
f (z, Q

2) = 1. (2.23)

Using iso-spin invariance and charge conjungation invariance the total number of in-

dependent fragmentation functions can be reduced. If, for example, only the u, d and

s quarks are considered three fragmentation functions remain in the case of pions:

D+ ≡ Dπ+

u = Dπ+

d̄ = Dπ−

d = Dπ−

ū ,

D− ≡ Dπ+

d = Dπ+

ū = Dπ−

u = Dπ−

d̄ ,

Ds ≡ Dπ+

s = Dπ+

s̄ = Dπ−

s = Dπ−

s̄ ,

(2.24)

with D+ the favored fragmentation function as the pion produced by each quark has

that quark in its ground state wave function. The unfavored fragmentation function

and strange quark fragmentation functions are described by D− and Ds.

The fragmentation functions cannot be calculated from first principles. If the cross

section is factorized into nucleonic parton distributions, partonic cross sections and the

unknown fragmentation functions, the fragmentation functions can be obtained from a

fit through cross section data. They can also be obtained from a fragmentation model

like the Lund String Model. In this model, the confinement potential of the struck

quark is assumed to originate from an initial qq̄ string. This potential increases as

the string is stretched. After a certain increase in potential energy the string breaks

forming a qq̄′ and a q′q̄ string. Subsequently, these strings may break as well. After the

remaining energy reaches a certain minimum this process is stopped and hadrons are

formed. In this hadronization process a qq̄ pair will result in the formation of mesons,

while initial strings of the type q(qq̄) need to be considered to allow for the formation

of baryons.

Using the flavor tagging method described above the fraction of the nucleon spin

carried by the separate flavors has been determined at Q2 = 2.5 GeV2 in Ref. [6]. (A

similar analysis based on the first few years of data taking at HERMES was published

in Ref. [8].) In table 2.1 the resulting spin contributions carried by the separate flavors

and their combined contribution to the nucleon spin are given. From table 2.1 it is seen

that most of the nucleon spin is carried by the u and d quarks. As these contributions

are oppositely oriented, the total amount of spin carried by the quarks amounts to only

44 % of the QPM expectation.
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Table 2.1: Contribution of the various quark flavors to the nucleon spin [6]. The sum

(∆Σ) of all the flavors is also listed. The quoted measurements at Q2 = 2.5 GeV2

correspond to the first moments of the various spin distributions ∆qf (x).

∆u = 0.61 ± 0.02 ± 0.08

∆d = −0.24 ± 0.03 ± 0.07

∆ū = 0.04 ± 0.03 ± 0.07

∆d̄ = −0.01 ± 0.03 ± 0.05

∆s + ∆s̄ = 0.05 ± 0.03 ± 0.07

∆Σ = 0.442 ± 0.026 ± 0.064 .

In order to make up for the total spin of the proton it has been suggested that

the gluons are also polarized, and/or that the partons have a non-zero orbital angular

momentum.

2.2.3 Gluon polarization

A virtual photon only scatters off charged particles. It is therefore not possible to

scatter directly off the gluons present in the nucleon. It is, however, possible to access

the gluon polarization using the axial anomaly (see Ref [9, 10]). Here an anomalous

contribution arises in the axial current matrix element a0, which introduces a point-

like interaction between the flavor singlet current J0
µ and gluons. After modification

the axial-vector current element (for three quark flavors) is given by

a0(Q
2) = ∆Σ − 3αs(Q

2)

2π
∆G(Q2) . (2.25)

Using the flavor decomposition analysis described in the previous subsection it is possi-

ble to obtain experimental information on a0. Using ∆Σ and a0 as obtained from such

an analysis a value for ∆G/G can be determined. In Ref. [6] this method is applied to

the most recent spin-dependent semi-inclusive data. From this analysis a value for a0 of

0.48±0.17 on the proton and 0.27±0.17 on the neutron was found. Taking the average

value for a0 and ∆Σ = 0.442 ± 0.026 ± 0.064 as given in table 2.1 the following value

for the gluon polarization, ∆G(2.5 GeV2) = 1.08±0.76(stat)±0.81(syst) was evaluated.

It is also possible to determine the gluon contribution to the nucleon spin from a fit

to the existing inclusive data for the proton, deuteron and neutron spin-dependent
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structure functions. According to the Altarelli-Parisi evolution equations the spin-

dependent structure functions obtain a Q2-dependence due to a possibly non-zero po-

larized gluon contribution. Recently, a value for ∆G = 0.63+0.20
−0.19 at Q2 = 1 GeV2 was

determined in Ref. [11] from a fit to world data.

A more direct determination of the gluon polarization has been suggested in Ref. [12].

Photon-gluon fusion events can be identified by observing a pair of light hadrons with

relatively large transverse momentum PT . At HERMES [13] such an analysis was pio-

neered by searching for oppositely charged pion pairs with PT > 0.5 GeV. The observed

asymmetry could be related - in a model-dependent analysis - to a value of the gluon

polarization of ∆G/G = 0.41 ± 0.18 (stat) ± 0.03 (syst). The model dependence

due to the difficulty to estimate QCD Compton contribution is not contained in the

margins of uncertainty.

The value of ∆G found in the three analyses mentioned above suggests that the

gluons are positively polarized in the proton. However, the uncertainties involved are

still very large. In order to improve the precision by which this quantity is known,

quasi-real photo-production of charmed hadrons can be studied. This is the subject of

next section.

2.3 Quasi-real photo-production

For DIS measurements the detection of the scattered lepton is needed. Events in which

the beam leptons are scattered over an angle so small that the particles do not enter the

HERMES acceptance are labeled as quasi-real photo-production. Experimentally, the

events correspond to photo-production as no scattered lepton is observed. On the other

hand, the data may actually correspond to DIS events at very low Q2, which explains

the label ‘quasi-real’ when identifying such events. Due to the steep rise in cross section

towards lower Q2 values the yield for quasi-real photo-production is considerably incre-

ased as compared to semi-inclusive deep-inelastic scattering. However, for such events

less information on the event kinematics is available. In photo-production a beam of

real photons, which thus only have a transverse polarization component, is used. In

contrast to this, the virtual photons emitted by the lepton beam at HERMES have both

a transverse and longitudinal component. The Q2 spectrum of the virtual photon does,

however, extend to Q2 = 0, i.e. the Q2 value corresponding to real photons.

In the quasi-real photo-production regime, i.e. very low Q2, various processes may

contribute to the cross section for producing a given particle. In leading order, two

types of processes can contribute: direct photon processes, where the photon interacts
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with the nucleon as a bare photon, and hadronic photon processes, where the photon

interacts with the proton via hadronic interactions, for example, diffractive processes.

Depending on the scale set by the mass of the charm quark perturbative calculations

are possible. Photon-gluon fusion is an example of an direct perturbatively calculable

process in which a single gluon is exchanged. The fluctuation of a (virtual) photon into

a qq̄ pair is an example of the later process, which can also be calculated perturbatively

provided the transverse momenta of the quarks with respect to the photon direction is

large enough. Below this scale no perturbative calculations are possible and we enter

the non-perturbative QCD domain, where model estimates are used to evaluate the

cross section. The cross section for photo-production in the non-perturbative low-PT

regime is usually approximated by taking the incoherent sum of various direct processes

(like DIS, photon-gluon fusion and QCD Compton), Vector Meson Dominance (VMD)

contributions, and the anomalous photon process.

In the following subsections each of these processes are discussed separately. The dis-

cussion is partially focused on the way the processes are programmed in PYTHIA [14,

15], the Monte Carlo code which is mostly used to correct and interpret quasi-real

photo-production data. Furthermore, the focus is on charm production, as charm pro-

duction is used to identify the photon gluon fusion process, while hyperon production

is an important source of background.

2.3.1 Open charm production

In open charm photo-production the c and c̄ quarks fragment separately into hadrons

that either contain a c or c̄ quark. This is in contrast to J/Ψ photo-production where

a cc̄ bound state is produced (the J/Ψ meson), and which is denoted as hidden charm

production. In hidden charm production an additional gluon has been exchanged to

form the cc̄ bound state. Therefore, one cannot simply assume that photon-gluon fu-

sion is the dominant production process, which makes J/Ψ detection a less suitable

tool to study photon-gluon fusion [16]. Open charm production, on the other hand, is

thought to be a cleaner probe of photon-gluon fusion as no additional gluon is needed.

Nevertheless, also in this case contributions from various other mechanisms need to

be considered. In this subsection, an overview is given of these processes with em-

phasis on mechanisms that may contribute to Λ+
c photo-production, on which subject

experimental data are presented in this thesis.
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Photon-gluon fusion

In photon-gluon fusion the virtual photon fluctuates into a qq̄ pair of which one quark

couples to a gluon in the target. This means that PGF events are sensitive to the

gluon distribution G. The cross section for the photo-production of cc̄ pairs can be

written as a convolution of the cross section for the hard photon-gluon scattering

subprocess γg → cc̄ and the gluon structure function G(xg, ŝ). Hence, the quasi-real

photo-production cross section σ for open charm can be expressed as

σγN→cc̄(ν) =

∫ 2Mν

4m2
c

dŝ σ̂γg→cc̄(ŝ)G(xg, ŝ), (2.26)

where ŝ = (q + g)2 is the energy squared in the photon-gluon center of momentum

system with q and g the four-momenta of the photon and gluon. The fractional gluon

momentum with respect to the nucleon momentum is denoted by

xg = ŝ/2Mν. (2.27)

The integration runs from the threshold energy squared in the center-of-momentum

(2mc)
2, with mc the charm quark mass, up to the maximum W 2

max = M2+2Mν ≈ 2Mν

with ν the (real) photon energy.

The cross section difference ∆σ for PGF with parallel and anti-parallel orientations

of the target spin and fixed beam spin is given by

∆σγN→cc̄(ν) =

∫ 2Mν

4m2
c

dŝ ∆σ̂γg→cc̄(ŝ)∆G(xg, ŝ). (2.28)

In the photo-production limit Q2 → 0 the hard scattering cross sections (∆)σ can be

written in leading order QCD as [17, 18]

σ̂(ŝ) = e2
c

2πααs(ŝ)

ŝ
[−β(2 − β2) +

1

2
(3 − β4)ln

1 + β

1 − β
], (2.29)

∆σ̂(ŝ) = e2
c

2πααs(ŝ)

ŝ
[−3β + ln

1 + β

1 − β
], (2.30)

where β =
√

1 − 4m2
c/ŝ is the center of momentum velocity of the charm quark, α and

αs are the electromagnetic and strong coupling constants, and ec = 2
3

is the charge of

the charm quark.

In Ref. [19, 20] higher order contributions to the PGF charm cross section have

been calculated. Significant corrections near the threshold of the partonic subprocess
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are reported, but the kinematic dependence of the corrections is similar to that of the

LO cross section. Hence, in practice a fudge factor (K-factor) is often used to correct

the LO cross sections.

It is possible to relate the polarized gluon density ∆G to an asymmetry that can be

measured, provided charm events produced by the PGF process are identified. In that

case the measured asymmetry is related to the basic cross sections involved according

to

APGF

γN =
∆σγN→cc̄

σγN→cc̄
≈ ∆σγg→cc̄

σγg→cc̄

∆G

G
= âPGF

∆G

G
, (2.31)

where the second (approximate) equality only holds for a small ŝ bin (as applies to

HERMES1) within which ∆G nor G are expected to vary. In the r.h.s. the partonic

level asymmetry âPGF is implicitly defined. Calculations of expected PGF asymmetries

have been performed in LO (Ref. [21, 22]) as well as in approximate NLO (Ref. [23]).

Another characteristic that distinguishes PGF events from (background) photo-

production processes is the, on average, higher transverse momentum of the final state

particles. Possible backgrounds to this process come from DIS involving quarks with

high intrinsic transverse momentum, radiation of soft gluons by the struck quark, other

hard subprocesses (QCD Compton) or accumulation of PT in the fragmentation pro-

cess. Hence, Monte Carlo simulations are needed to identify the kinematical domain

where PGF dominates. As was shown in subsection 2.2.3 an analysis of data collected

on a longitudinally polarized 1H target in which the (two) final state particles were

required to have high transverse momenta led to a first determination of the gluon

polarization.

Intrinsic Charm

In principle intrinsic charm quarks in the nucleon may also contribute to quasi-real

photo-production of charmed hadrons. A model in which charm is an intrinsic con-

stituent of the proton has been proposed as a way to explain the charm cross sec-

tions in hadron-production experiments for large values of x [24]. In this model a

charm component with probability β2 is added to the proton wave function, i.e. |p〉 =

α|uud〉+β|uudcc̄〉. In the model the quark and anti-quark distributions peak at x values

of about 0.25. When compared initially to EMC data at high x some indications for

intrinsic charm were found. However, after data from the ZEUS and H1 experiments

1The ŝ-range covered by the HERMES experiment starts at the Λ+
c production threshold at

4.15 GeV and ends at the maximum value of 7.24 GeV that can be reached. As the photo-production

cross section rises steeply with ŝ, effectively the ŝ-bin has a size of only about 1-2 GeV.
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Figure 2.2: Quark Interchange pro-

cess contributing to the production

of a Λc baryon in association with

a D̄ or D̄? meson.

became available and NLO calculations became possible, intrinsic charm was no longer

needed to get agreement between data and calculations [25]. Thus, a possible charm

contribution to the proton wave function is now usually neglected, as we will also do

in the present study.

Threshold production

In the threshold regime, multi-parton subprocesses, which are normally suppressed by

powers of 1/m2
q, might dominate the contributions of the leading-twist single-gluon

subprocesses due to phase-space suppression [26]. In contrast to charm production at

high energy all the target nucleon constituents may act coherently in heavy quark

production near threshold. In Ref. [26] it is shown that a model that takes such an

enhancement due to phase-space effects into account reproduces a measurement of

the elastic J/Ψ photo-production cross section near threshold (Eγ=12 GeV). Such

calculations are presently not available for Λ+
c threshold production, but the process

may play a role as well.

Quark Interchange

In Ref. [27], the Quark Interchange (QI) process, illustrated in figure 2.2, was introduced

as a possible contamination to charm production via the PGF process. In Ref. [27] the

exclusive reaction

γ + p → D̄(orD̄?) + Λc (2.32)

is considered. In this process a cc̄ pair with small transverse momentum with respect

to the direction of the photon is created. While the c̄ quark forms a D or D
?

meson, the

c quark combines with the (ud) di-quark remnant of the proton to give a Λc baryon.

No explicit gluon exchange contributes to this process. The authors of Ref. [27] do not

derive a cross section expression for the QI process, but conclude that the double spin
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Figure 2.3: Feynman diagrams which are evaluated for the process γ + N → Bc + D̄ in

the framework of the ELA calculation. The diagrams a, b and c represent the s-, u- and

t-channel exchange, respectively.

asymmetry is possibly affected by this process. The double spin asymmetry contribu-

tion of the QI process is estimated to be 12%2.

The QI process might be distinguished from PGF by requiring large transverse

momenta of the reconstructed charmed final state particles, i.e. the D̄-meson or the Λc

baryon. This difference originates from the required coupling of the u quark to the c̄

quark to form a D̄(?) meson, and the ud di-quark with the c quark to form a Λ+
c baryon.

As neither the u (nor the ud) quark generally has a high transverse momentum each of

the charm quarks should also not carry a large PT as this would prevent the formation

of the final D̄ and Λ+
c hadrons. Hence, by experimentally requiring a high PT value the

contribution of the QI process should be suppressed. In the absence of a cross section

calculation for this process the amount of suppression (as a function of PT ) cannot be

evaluated at present.

Effective Lagrangian Approach

An alternative method to describe quasi-real photo-production of Λ+
c baryons close

to threshold is presented in Ref. [28]. Instead of starting from the interaction at the

partonic level (as is done in the leading order QCD calculation of the PGF process)

an effective Lagrangian approach (ELA) is used for the calculation of exclusive asso-

ciative photo-production of charmed particles. In the ELA calculation the interactions

are treated at the baryon-meson level. The authors of Ref. [28] consider the exclusive

reaction γ + p → Bc + D̄, with the charmed baryon Bc = Λ+
c or Σ+

c . Three matrix

elements are calculated, corresponding to the s-, u- and t-channel exchange contribu-

2In Ref. [27] the sign convention of the asymmetry is inverted.
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tions (see figure 2.3), with s, u and t denoting the Mandelstam variables s = (k + p1)
2,

u = (k − p2)
2 and t = (k − q)2. For the pseudoscalar meson-baryon vertex they find

Ms = e
gNBcD

s − m2
ū(p2)γ5(k̂ + p̂1 + m) [QN ε̂ − ε̂k̂

2m
κN ]u(p1) ,

Mu = e
gNBcD

u − m2
ū(p2) [Qcε̂ −

ε̂k̂

2M
κc](p̂2 − k̂ + M)γ5u(p1), (2.33)

Mt = 2e QD

gNBcD

t − M2
D

ε̂ · q̂ū(p2)γ5u(p1),

where k, q, p1 and p2 are the four momenta of the γ, D̄, N and Bc, ε is the four vector

representing the photon polarization and m(QN), M(Qc) and MD(QD) are the masses

(electric charges) of the nucleon, the charmed baryon and the D-meson, respectively.

The constant gNBcD is the coupling constant describing the strength of the vertex for

nucleon-charmed baryon-D meson interactions, while κN or κc are the nucleon and

charmed baryon anomalous magnetic moments. A priori no knowledge is available on

the value of gNBcD or κc, which are thus treated as (more or less) free parameters in

the ELA calculations. It can be seen from equations 2.33 that the cross section scales

linearly with g2
NBcD, while the dependence on κc is much weaker.

The use of the effective Lagrangian approach as a low-energy approximation of

QCD is well established for threshold calculations involving light quarks. It is used in

Chiral Perturbation Theory for instance. However, its application to the charm sector

is not unambiguous as the mass of the charm quark cannot be neglected as can be done

for the u and d quarks in the case of π threshold production. Nevertheless, the approach

of Ref. [28] might be useful for us as it provides an estimate of the energy dependence

of the Λ+
c photo-production process including (effectively) many higher-order processes

which at present are difficult to incorporate in a QCD calculation.

2.3.2 Hyperon production

The internal spin structure of the Λ hyperon is of importance in order to reach a full

understanding of the spin structure of hadrons in general. The comparison between

the spin structure of the nucleon and the Λ hyperon can be used to test symmetry

relations among quarks. In the naive quark model, for instance, the spin of the Λ is

carried solely by the s quark, while a SU(3) model suggests that only 60% is carried

by the s and s̄ quarks [29]. The rest of the spin is supposedly carried by the u and d

quarks. The HERMES collaboration has studied this problem by measuring the u → Λ

spin transfer probability [30].



20 2.3. Quasi-real photo-production

A problem in the interpretation of these data is, however, that the Λ can also be

a decay product of the heavy (Ξ and Σ) hyperons, which means that the contribution

from these heavy hyperons to the production mechanism needs to be determined first.

In Ref. [31] it was found, for instance, from a Monte Carlo study that at z < 0.65

about 60% of the Λ hyperons may come from a heavy hyperon. This falls to about 30%

if z > 0.75. Furthermore, it was found that the majority of the Λ hyperons at xF > 0

do not contain the struck quark. For the Λ hyperons that do contain the struck quark

the simulations seem to imply that the Λ polarization is mainly due to u quarks at

z ≈ 0.6, while the s quarks are found to be dominant for z > 0.8. In order to verify

these simulations the relative contribution of the Σ0, Σ? and Ξ hyperons to Λ0 produc-

tion needs to be measured, and compared to the Monte Carlo predictions.

Another interesting aspect of hyperon production is revealed by measuring their

cross section asymmetry with respect to the target spin orientation. Depending on the

production mechanism assumed such measurements might provide information on the

sea quark polarization as some of the hyperons are all-sea3 objects.

2.3.3 Light quark production

In this subsection we discuss several light quark processes that might contribute to the

ΛπX final states studied in this thesis. The leading order DIS contribution is vanishing

in the limit of Q2 → 0, and hence only gives a small contribution to quasi-real photo-

production. In the PYTHIA calculation this is achieved through the introduction of a

phenomenological suppression factor, i.e. a Sudakov form factor.

Light quarks can also be produced in photon-gluon fusion (PGF), which is modeled

using its partonic cross section (see [15]), and the QCD Compton process, which both

are direct interactions of the photon with a partonic constituent of the nucleon.

The VMD cross section, which may also contribute, is written as a sum over low

mass vector meson states:

σγ?p
V MD =

∑

V =ρ0,ω,φ,J/Ψ

4πα

f 2
V

(
m2

V

m2
V + Q2

)2 σV p, (2.34)

where f 2
V and mV are the appropriate photon vector meson coupling constants and

masses, and σV p the vector meson photo-production cross section.

3Here it is meant that the particle does not contain quark flavors that are also present in the target

nucleon as a valence quark, i.e. u- or d-quarks.
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Figure 2.4: (a) Diagram for a hard γp process with two relevant momentum scales.

(b) The allowed phase space for the various processes contributing to quasi-real photo-

production. (Figure taken from [15])

The anomalous photon process which resembles the VMD process without an ex-

plicit vector meson intermediate state, is calculated through:

σγp
anom =

α

π

∑

q

e2
q

∫

k0

d k2
T

k2
T

σ(qq̄)p, (2.35)

and depends on the intrinsic transverse momentum kT of the partons in the photon

with a lower cut off at k0. This process can also lead to the production of Λ0 hyperons

if one of the quarks of the quark-antiquark pair originating from the photon interacts

with the quarks in the proton.

In order to avoid double counting two scales are introduced in PYTHIA that classify

the processes. The intrinsic kT of the partons in the photon, which is related to the

γ → qq̄ vertex, and the intrinsic pT of the involved parton in the nucleon are used. As

can be seen from figure 2.4 depending on the value of kT certain processes are assumed

to be dominant when simulating the requested hadronic final state in quasi-real photo-

production.
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2.3.4 Discussion

This chapter mainly served to provide a framework for the interpretation of the Λ+
c yields

and asymmetries which are presented in chapter 4. Many processes may contribute to

charm production in general and Λ+
c quasi-real photo-production in particular. How-

ever, in leading order QCD calculations, only the PGF induced Λ+
c yield is included.

On the other hand, the data may contain many NLO and non-perturbative QCD ef-

fects. For this reason, the ELA calculations or the QI process are also considered (when

possible) as these calculations might effectively include some of these non-leading pro-

cesses. But as it is unclear how the various available calculations should be combined,

and in order to ensure an unambiguous interpretation of the data, it was decided to

compare to calculations based on the LO QCD PGF process when discussing the data

in chapter 4.


