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Abstract

In this thesis the exclusive electroproduction of ρ0 mesons is analyzed using the data accu-

mulated with the HERMES spectrometer in the years 2002-2005 by scattering the lepton beam

of the HERA accelerator off the internal target of HERMES filled with transversely polarized

hydrogen gas atoms. The ρ0 production mechanism and, in a model-dependent way, the struc-

ture of the nucleon are studied by measuring the spin-density matrix elements (SDMEs), which

parameterize the ρ0 production and decay angular distribution. The decomposition of the an-

gular distribution in terms of SDMEs was previously done for both polarized and unpolarized

lepton beam and unpolarized target. Recently, the angular distribution was decomposed in

terms of SDMEs also for a transversely polarized target. A first measurement of the 30 ’trans-

verse’ SDMEs is reported in this thesis, yielding information on the degree of s-channel helicity

conservation and natural-parity exchange in the case of a transversely polarized target. The

measured SDMEs are implemented into the rhoMC Monte Carlo generator, which is currently

the only one capable of fully simulating the exclusive ρ0 production and decay for both unpo-

larized and polarized beam and target. The interest in SDMEs for a polarized target arose after

it was shown that at leading twist the corresponding SDMEs can be related to the azimuthal

transverse target-spin asymmetry in the cross section of exclusive ρ0 production which is sen-

sitive to the unknown nucleon helicity-flip GPDs. Since the GPD formalism is only valid for

longitudinally polarized vector mesons produced by longitudinal photons, for the first time the

transverse target-spin asymmetry of longitudinally polarized ρ0 mesons is extracted and com-

pared to the available theoretical predictions, specifically considering possible problems with

next-to-leading order corrections.



Zusammenfassung

In dieser Arbeit wird die exklusive Elektroproduktion von ρ0-Mesonen untersucht. Dafür

werden Daten aus den Jahren 2002-2005 verwendet, die mit dem HERMES Spektrometer

aufgezeichnet wurden, während der Leptonen-Strahl des HERA-Beschleunigers an dem internen

HERMES Target streute, das mit transversal polarisiertem atomaren Wasserstoff gefüllt war.

Durch die Messung der Spin-Dichte Matrixelemente (SDMEs) werden der Produktionsmecha-

nismus der ρ0-Mesonen und die modelabhängige Struktur des Nukleons studiert. Diese SDMEs

parametrisieren den Produktionsmechanismus der ρ0-Mesonen und ihre winkelabhängige Zer-

fallsverteilungsfunktion. Die Zerlegung der Winkelverteilung mit Hilfe von SDMEs war bisher

für sowohl polarisierte wie unpolarisierte Leptonenstrahlen sowie unpolarisierte Targets durchgeführt

worden. Seit kurzem kann die Winkelverteilung als Funktion der SDMEs auch für ein transver-

sal polarisiertes Target beschrieben werden. In dieser Arbeit wird die erste Messung der

30 ”transversalen” SDMEs vorgestellt, welche Informationen liefern über das Maß der Er-

haltung der Helizität im s-Kanal und den Austausch der natürlichen Parität im Falle eines

transversal polarisierten Targets. Die gemessenen SDMEs wurden in den Monte Carlo Gener-

ator rhoMC eingebaut, dem einzigen Generator, der momentan exklusive ρ0-Produktion sowie

deren Zerfall bei sowohl unpolarisiertem als auch polarisiertem Strahl und Target vollständig

beschreiben kann. Das Interesse an den SDMEs kam auf nachdem gezeigt worden war, daß

man in führendem Twist die entsprechenden SDMEs zu der transversalen Target-Spin Asym-

metrie in exklusiver ρ0-Produktion in Beziehung setzen kann, welche von den unbekannten

Generalisierten Partonenverteilungen (GPD) abhängt welche einen Helizitätsflip des Nukleons

während der Wechselwirkung beschreiben. Der GPD-Formalismus ist nur für longitudinal polar-

isierte Vektormesonen gültig, die von longitudinalen Photonen erzeugt werden. Zum ersten Mal

wird damit die transversale Target-Spin Asymmetrie von longitudinal polarisierten ρ0-Mesonen

aus experimentellen Daten extrahiert und mit den verfügbaren theoretischen Vorhersagen ver-

glichen, letzteres insbesondere im Hinblick auf mögliche Probleme, die mit Korrekturen jenseits

führender Ordnung zusammenhängen.
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Chapter 1

Introduction
“Something unknown is doing we don’t know what.”

— Sir Arthur Eddington

Anaximenes of Miletus

(ca.585 BC - ca.525 BC)

Democritus

(ca.460 BC - ca.370 BC)

Hindu philosophy

(6th century BCE)

John Dalton

(1766 - 1844)

”The air, with its variety of contents, its universal presence, is the

source of all that exists. Everything is air at different degrees of density,

and under the influence of heat, which expands, and of cold, which con-

tracts its volume, it gives rise to the several phases of existence. In this

way was formed a broad disk of earth, floating on the circumambient air.

Similar condensations produced the sun and stars; and the flaming state

of these bodies is due to the velocity of their motions.” Anaximenes of

Miletus

The idea that matter is composed of discrete units and can not be

further divided into any tiny quantities, has been around for thousands of

years. Democritus explained matter consisting of various basic elements

that always existed and named them atoms (Greek, meaning ”indivisi-

ble”). He assigned them several properties, particularly size, shape, and,

perhaps, weight. They can be rearranged into many different forms and

the interactions between the atoms led to other properties of matter such

as color, taste, hot and cold. For Kanada (6th century BCE), a Hindu

philosopher, the atoms themselves were inactive, without physical proper-

ties and are ultimately driven by the will of God.

The earliest concepts of the atomic nature of matter were based purely

on philosophy and up until the beginning of the 19th century no scientific

basis was found. In 1803, John Dalton used the concept of atoms to explain

a number of chemistry puzzles he was pondering with his contemporaries

at that time, e.g. why elements always react in simple proportions, why

certain gases dissolve better in water than others. He proposed that each

element consists of atoms of a unique type, and they can combine to form

more complex structures.

1
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Another hint for the existence of atoms occurred in 1827 when botanist

Robert Brown used a microscope to look at dust grains floating in water

and discovered that they moved around erratically. This phenomenon,

which became known as Brownian motion, originates with the atoms which

move of themselves and cannon against slightly larger bodies (e.g. dust

grains), accelerating them in random directions.

Robert Brown

(1773 - 1858)

Dimitri Mendeleyev

(1834 - 1907)

Sir Joseph John

Thomson

(1856 - 1940)

Ernest Rutherford

(1871 - 1937)

Niels Bohr

(1885 - 1962)

In the 1860s Mendeleyev, attempting to classify the elements according

to their chemical properties, noticed patterns that led him to postulate his

Periodic Table: all known elements, if arranged according to their atomic

mass, exhibit an apparent periodicity of properties. But the variety of

basic elements and the periodicity of the structure suggest a substructure

of those elements.

The substructure of the atom was discovered in 1897, by Thomson.

He investigated the deflection of cathode rays in the electromagnetic field

of the atom and concluded that the cathode rays were made of particles,

electrons, which came from within the atoms of the electrodes themselves.

The measurement of the charge-to-mass ratio of those particles, related to

the measurements of the deflection angle and the energy carried by the

particles, suggested either the electrons to be very light or the charge to

be very high. Thus the concept of atoms as being indivisible units was

destroyed, electrons were assumed to be distributed evenly throughout the

atom, swarming in a sea of positive charge.

In 1909, Rutherford, bombarding a foil of gold with α-particles, discov-

ered that a small percentage of ions were deflected by much larger angles

than was predicted by Thomson’s model. Rutherford suggested that the

positive charge of an atom and most of its mass were concentrated in a

nucleus at the center of the atom with the electrons orbiting around, like

planets around the sun. Positively charged α-particles passing close to

this dense nucleus would then be deflected at much sharper angles.

With the advent of quantum mechanics, in 1913, Bohr suggested the

electrons to be confined in clearly defined orbits. The electrons could

jump between those orbits emitting or absorbing a photon of a certain

energy, i.e. with a specific frequency, but could not freely spiral inward or

outward in intermediate states. In 1924, de Broglie proposed the particles

to exhibit not only particle-like, but in addition also wave-like properties.

The wave-particle duality was invented to resolve problems such as the

diffraction of electrons and the photoelectric effect. As a consequence of

the mathematical model of the atom, developed in 1926 by Schrödinger,

that describes the electrons as three-dimensional wave forms, it was found
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mathematically impossible to obtain precise values for both the position

and the momentum of a particle. In our days this phenomenon is known as

Heisenberg’s uncertainty principle. In this concept, for each measurement

of a position only a range of probable values for momentum is obtained,

and vice versa. In 1928, Dirac combined quantum theory and Einstein’s

special relativity in the description of the electromagnetic interactions. He

showed that if the behavior of one particle (i.e. electron) is a solution of

the resulting equations, then the equations must also have another solution

with the same mass as that particle, but with all charges opposite in sign.

In the case of the electron, the new particle would have a positive electric

charge, and if one solution exists in the real world, so must the other. The

two particles were called antiparticles.

While experimenting with the products of radioactive decay, in 1913,

radiochemist Soddy discovered that there appeared to be more than one

element at each position on the atomic table. With the development of the

mass spectrometer, chemist Aston discovered those elements, called iso-

topes, to have different masses, but varied by an integer amount. The posi-

tively charged nuclei were shown to be consisting of positively charged pro-

tons and electrically neutral neutrons (discovered by Chadwick in 1932),

surrounded by a much larger negatively charged electron cloud. An atom

is electrically neutral if it has the same number of protons and electrons.

The number of protons in the atom defines the chemical element, while

the number of neutrons determines the isotope of the element.

Louis de Broglie

(1892 - 1987)

Erwin Schrodinger

(1887 - 1961)

Werner Heisenberg

(1901 - 1976)

Frederick Soddy

(1877 - 1956)

Francis William Aston

(1877 - 1945)

Although nucleons account for nearly all the visible mass in the uni-

verse, they have a complicated structure that is still not completely under-

stood. The first indication that nucleons have an internal structure came

in 1933 when Otto Stern measured the proton’s magnetic moment:

µp = 2.79
ep

2Mp

= 2.79µN , (1.1)

ep and Mp being charge and mass of the proton. The deviation of the

magnetic moment from unity, expressed in terms of the nuclear magneton

µN , indicates that the proton is not a pointlike particle but has an internal

structure. Afterwords the magnetic moment of the neutron was found to

be not equal to zero as well, indicating an internal structure as it carries

no net charge but still interacts with a magnetic field. The negative value

−1.91µN of the neutron’s magnetic moment implies that the neutron has

a tendency to align antiparallel to a magnetic field rather than parallel to

the field.
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Although the proton has a positive charge, and the neutron is neutral,

in all other respects they were found to be almost identical: their masses

are almost identical; the strength of the strong interaction between any

pair of nucleons is the same, independent of whether they are interacting

as protons or as neutrons. In addition, the masses of the pions π+, π− and

π0, which were believed to mediate the strong interaction between the nu-

cleons, were found to be almost the same, too. A quantum number related

to the strong interaction, isospin, was introduced by Heisenberg to explain

these symmetry properties. The neutron and the proton were assigned to

the doublet of a symmetry group SU(2). The discovery of additional par-

ticles, both mesons and baryons, made it clear that the concept of isospin

symmetry could be broadened to an even larger symmetry group. Once

the kaons and their property of strangeness became better understood, it

started to become clear that these, too, seemed to be a part of an en-

larged, more general symmetry that contained isospin as a subset. The

larger symmetry was named Eight-fold Way by Gell-Mann. It organizes

subatomic baryons and mesons into octets, and was promptly recognized

to correspond to the adjoint representation of SU(3). The principles of

the Eight-fold Way were also applied to the spin-3/2 baryons, forming a

decuplet. The variety of baryons and mesons, similar to the elements in

the Periodic Table, was seen as an indication for their substructure.

Historically, the structure of the nucleon was studied in lepton-nucleon

scattering processes where, to a good approximation, a lepton scatters off

a nucleon via exchange of a virtual photon which is considered to probe

the structure of the nucleon. The four-momentum transfer q = p′ − p to

the nucleon with p and p′ being the nucleon four-momenta before and after

the interaction, determines the resolution of the probe. The wavelength of

the virtual photon is inversely proportional to its squared four-momentum

Q2 = −q2. So with increasing q different scales of the nucleon can be

probed, from the integral properties such as the charge radius, to proper-

ties of its internal constituents.

Sir James Chadwick

(1891 - 1974)

Murray Gell-Mann

(1929)

Otto Stern

(1888 - 1969)

Sir Neville Francis Mott

(1905 - 1996)

Wolfgang Pauli

(1900 - 1958)

The simplest process to probe the structure of the nucleon, measur-

able already at low beam energies, is elastic lepton-nucleon scattering:

lN→ l′N ′. Would the nucleon be pointlike, the lN cross section would

be equal to the Mott cross section [1] describing the scattering of a rela-

tivistic spin1-1/2 particle in a pointlike potential. The experimental re-

sults [1] show that the elastic lN cross section is smaller than the Mott

1Spin is the intrinsic angular momentum of a particle.
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cross section. This was explained by the nucleon being not-pointlike, i.e.

having distributed electric-charge density ρe and magnetic-moment den-

sity ρµ. The electric-charge and normal magnetic-moment distributions

are described by the Dirac form factor F1(q), and the anomalous magnetic

moment κ by the Pauli form factor F2(q),

F1(q) =
1

e

∫

V

ρe(r)e
iqrdV , F2(q) =

∫

V

ρµ(r)eiqrdV . (1.2)

An overview of nucleon form factor measurements can be found in [2].

In the 1960s and 1970s, the attempts to understand the inner structure

of the nucleon were continued on both the experimental and theoretical

sides. In 1964, Gell-Mann [3] and, independently, Zweig [4] postulated

the quark model introducing quarks, the particles that the hadrons are

composed of. Another model was proposed in 1978 by Feynman [5], who

described the nucleon being composed of pointlike constituents, named

partons. Experimentally, the inner structure of the nucleon was further

studied by probing the nucleon with lepton beams of higher energy, which

became available at SLAC in the early 1970s. Here, the inclusive scat-

tering process e + N→ e′ + X, in which only the scattered electron e′

was detected, showed only a weak dependence of the cross section on the

four-momentum transfer q to the nucleon [6]. This result indicated that

the lepton is scattered off a pointlike constituent inside the nucleon and

provided the first convincing evidence of an inner structure of nucleons,

which up until then was only a purely mathematical hypothesis. Partons

and quarks were recognized to be the same and the Quark-Parton Model

(QPM) was developed [7–9].

Paul Dirac

(1902 - 1984)

George Zweig

(1937)

Richard Feynman

(1918 - 1988)

James Bjorken

(1934)

Enrico Fermi

(1901 - 1954)

In the QPM, the nucleon is considered as an object moving with infinite

momentum and built of quarks having momentum distributions q(x) where

x is the longitudinal momentum fraction of quark with respect to the

nucleon momentum. The momentum distribution q(x) multiplied by the

differential momentum fraction dx gives the probability to find a quark

of a certain flavor q carrying a fractional momentum in the range [x, x +

dx]. At large squared four-momentum transfer Q2, the lepton-nucleon

scattering process is viewed as deep inelastic scattering (DIS) off a nucleon

or, equivalently, as elastic scattering off one of the constituents inside.

While in the elastic scattering process the kinematics of the event can

be fully described by the scattering angle θ, for the inelastic event there

exists an additional degree of freedom due to the mass difference between
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the final hadronic state and the target nucleon. As such an additional inde-

pendent quantity e.g. the energy transfer ν or the squared four-momentum

Q2 transfer can be chosen. The cross section of the DIS process describes

the inner structure of the nucleon similar to the cross section of elastic

scattering, but this time introducing non-elastic form factors, which are

called structure functions F1(x) and F2(x) = 2xF1(x) [8]:

F1(x = Q2/2Mν) =
1

2

∑

q,q̄

e2q q(x) . (1.3)

Within the QPM, for a fixed value of x and at large enough values of Q2,

Bjorken predicted a Q2-independence of the cross section, called scaling be-

havior, of the virtual photon scattering off the pointlike constituents inside

the nucleon. The scaling behavior of structure functions was experimen-

tally established in 1970 at SLAC. However, more precise measurements in

later years at FNAL have shown small deviations. These scaling violations

can not be explained within the QPM.

Satyendra Nath Bose

(1894 - 1974)

Albert Einstein

(1879 - 1955)

David Jonathan Gross

(1941)

Hugh David Politzer

(1949)

Frank Wilczek

(1951)

Due to conservation of angular momentum, a spin-1/2 quark can absorb

a virtual photon if only their relative spin orientations are opposite. The

quark momentum distribution can be separated into two parts, for quarks

with parallel (+) and antiparallel (−) spin orientations with respect to the

nucleon spin: q(x) = q+(x) + q−(x). Here, q+(−)(x)dx is the probability

to find a quark of flavor q in the nucleon within the fractional momentum

range [x, x+dx] with its spin oriented parallel (antiparallel) to that of the

nucleon. If the lepton beam and the nucleon target are both polarized, the

quark helicity distribution ∆q(x) = q+(x) − q−(x) can be probed. In this

case the spin-dependent structure function g1(x) is related to the quark

helicity distribution:

g1(x) =
1

2

∑

q,q̄

e2q ∆q(x) . (1.4)

In 1987 at CERN, the EMC collaboration measured that only a small

fraction of the nucleon spin (10 − 20%) is made up by the spin of the

quarks [10, 11]. This was in unexpected strong contrast to the naive QPM

in which the nucleon spin is completely carried by valence quarks. Hence,

this discovery was called ’spin crisis’.

Today our knowledge of the ’micro world’ is contained in the Standard

model, where the fundamental constituents of matter are six quarks (see

Table A.1) and six leptons (see Table A.2), together with their antipar-
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ticles. Quarks are the only elementary particles that interact through all fundamental forces:

electromagnetic, weak and strong2. A lepton is a particle that does not experience strong in-

teraction. Quarks and leptons have half-integer spins and obey Fermi-Dirac statistics, hence

called fermions (named after Enrico Fermi). According to the Pauli exclusion principle only one

fermion can occupy a quantum state at a given time. Thus fermions exhibit space-occupying

behavior, otherwise the universe would collapse into a single point! This results into solidness

of matter, and fermions are referred to as the constituents of matter. In addition, four gauge

bosons are elementary particles not known to be composed of other particles. These are pho-

ton, W ± and Z0 bosons, and gluons (see Table A.3). Bosons (named after Satyendra Nath

Bose) have integer spin and obey the Bose-Einstein statistics, i.e. they can occupy the same

quantum state. Therefore bosons are usually related to radiation and are force carrier particles,

corresponding to one of the three fundamental interactions (see Table A.3).

The massless photon is the gauge boson mediating the electromagnetic interaction between

electrically charged particles which is well-described by the theory of quantum electrodynamics

(QED).

The massive bosons W ± and Z0 mediate the weak interactions between particles of different

flavors. While W ± mediate the weak interactions between left-handed particles, the electrically

neutral Z boson interacts with both left-handed particles and antiparticles.

The eight massless gluons carry the strong nuclear interactions between color-charged quarks.

The quantum number color (red, green, blue), originally introduced to satisfy the Fermi statis-

tics for the spin-1/2 quarks, provides a tool to disentangle the gluons by various combinations

of color and anticolor charges. Quarks and gluons are the only particles that have an effective

color charge, the particles that are composed from them are color-neutral. In contrast to QED,

where the electrically neutral photons can not couple to each other, gluons interact among

themselves due to the effective color charge. Nowadays, the strong interactions of quarks and

gluons are described by a field theory of quantum chromodynamics (QCD) which was developed

in the late 1970s and successfully describes the experimental results, e.g. the scaling violation.

Bjorken scaling was observed to be only approximately valid in a small kinematic region,

1 < Q2 < 10 GeV2 or 0.18 < x < 0.25. The scaling violation was explained [8] by the

interactions of quarks with each other via the electrically neutral gluons, thus the scaling of

the free QPM was broken by the interactions. As a consequence, quarks are considered to be

surrounded by a cloud of gluons and virtual quark-antiquark pairs, called sea quarks. Since

Q2 defines the resolution the nucleon is probed at, a parton which is not seen at low Q2 can

be resolved at larger values of Q2 as a quark plus a gluon from the virtual cloud. Hence there

will be a depletion of high momentum partons and an increase in the low momentum parton

distribution, as Q2 increases. In addition, due to resolved gluons, there is an enhancement

of partons at small x, as Q2 increases. While at low Q2 a photon does not interact with the

2The gravity is not included in the Standard model.
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electrically neutral gluon, the gluon can be resolved in a quark-antiquark pair at sufficiently

large Q2 and the photon can interact with one of them. This feature explains the Q2 dependence

of the structure functions. In contrast to QPM, in QCD the structure functions F1(x,Q
2) and

g1(x,Q
2) are related to Q2-dependent quark momentum distributions q(x,Q2), and respective

helicity distributions ∆q(x,Q2), called altogether parton distribution functions (PDFs):

F1(x,Q
2) =

1

2

∑

q,q̄

e2q q(x,Q
2) , g1(x) =

1

2

∑

q,q̄

e2q ∆q(x,Q2) . (1.5)

TheQ2-evolution of PDFs is described by the Dokshitzer-Gribov-Lipatov-Altareli-Parisi (DGLAP)

equations generalizing the quark number densities to include the gluon contribution [12, 13].

Since quarks and gluons interact, i.e. quarks can radiate and absorb gluons, gluons can

fluctuate into quark-antiquark pairs, etc., these processes cause a scale dependence of the

strong interaction coupling constant αs,

αs(Q
2) =

12π

(33 − 2nf)ln(Q2/ΛQCD)
, (1.6)

where ΛQCD is the QCD scale that depends on the number of quark flavors nf and the renor-

malization scheme. The value of ΛQCD is of the order of 200 − 300 MeV. With increasing Q2,

the coupling decreases and vanishes at Q2 →∞ (equation (1.6)). This feature is called asymp-

totic freedom3. Asymptotic freedom implies that within fast moving nucleons the quarks move

mostly as free non-interacting particles. For αs � 1 the method of perturbative expansion is

applicable in QCD (pQCD). No search for free quarks or fractional electric charges has returned

convincing evidence. The absence of free quarks has therefore been incorporated into the notion

of confinement, a property that, as it is presently believed, the theory describing quarks must

possess. Confinement means that the more quarks are separated from one another, the greater

is the attraction due to the strong force, thus it is impossible to separate the quarks into free

particles. For small values of Q2 ∼ 1 GeV2, αs ≥ 1 is not small anymore, so that a perturbative

expansion becomes impossible. Instead, phenomenological models have to be used.

In QCD not only quarks, but also gluons contribute to the properties of the nucleon, such

as momentum and spin. Besides their intrinsic spin contributions, quarks and gluons may also

carry orbital angular momentum. All the contributions should add up to the nucleon spin of

1/2,

Sz =
1

2
=

1

2
∆Σ(µ2) + Lq

z(µ
2) + Jg(µ2) , (1.7)

where 1
2
∆Σ is the net integrated contribution of the quark spins, and Lq

z is the z component

of the quark orbital angular momentum, while J g represents the total angular momentum

carried by gluons. The individual terms in the sum are µ-scale dependent where µ is the

physical scale at which quarks are resolved. Possible non-vanishing contributions from gluon

3Asymptotic freedom was discovered in 1973 by David Gross, Frank Wilczek and David Politzer.
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total and quark orbital angular momenta could explain the ’spin crisis’. While the quark orbital

angular momenta are still unmeasured, one possible access to them is through measurements

of Generalized Parton Distributions (GPDs).

The term ’generalized’ is referred to the fact that GPDs embody nucleon form factors and

parton distribution functions as integrals and limiting cases, respectively. GPDs reflect the 3-

dimensional structure4 of the nucleon independently of the reaction which probes the nucleon,

i.e. they are universal as PDFs. They are involved in the description of exclusive processes

such as real photon production (known also as Deeply Virtual Compton Scattering (DVCS))

and scalar or vector meson production. Leading order pQCD predicts [14] that real photon

production is sensitive to the quark GPDs: Hq, Eq, H̃q and Ẽq. Hard exclusive vector meson

production is sensitive to both quark and gluon GPDs H q,g and Eq,g, while pseudo-scalar meson

production is only sensitive to H̃q and Ẽq.

The second moment of the sum of the GPDs H and E can be related to the total angular

momenta carried by quarks and gluons in the nucleon [15] (see Section 2.4.5). While the GPDs

Hq are already somewhat experimentally constrained, the GPDs H g and Eq,g are completely

unknown. The interplay between the GPDs Hq,g and Eq,g was shown [16] to lead to a cross

section asymmetry of exclusive ρ0 production with respect to the transverse target polarization

(transverse target-spin asymmetry).

The formalism of GPDs has been introduced quite recently. More than 40 years ago, vector

meson electroproduction was related to virtual photoproduction and many of its basic features

have been successfully reproduced in terms of the Vector Meson Dominance (VMD) model.

VMD relates the photoproduction cross section of vector mesons to those of purely elastic

hadronic processes, which are parameterized in Regge theory by a sum of two terms: one

due to the Pomeron (gluon) exchange and the other due to Reggeon (quark) exchange. The

difference between VMD and GPD formalisms is conceptual: in contrast to GPDs, the VMD

model does not yield information on the spin structure of the nucleon since the internal structure

of the target is not resolved. Both GPD and VMD formalisms are applicable in the intermediate

energy range typical for HERMES. The interpretations suggested by the GPD and VMD models

will be discussed in the context of this thesis.

One of the interesting features of ρ0 production, the helicity transfer from the virtual photon

to the produced vector meson can be studied through the ρ0 production and decay angular

distribution which is parameterized by spin-density matrix elements (SDMEs). This description

was previously done for an (un)polarized lepton beam and an unpolarized target. The interest in

SDMEs for a polarized target [17] arose after it was shown that ρ0 production on a transversely

polarized target is sensitive to the unknown nucleon helicity-flip GPD E [16, 18–20].

In this thesis measurements on the transverse target-spin asymmetry of exclusive ρ0 mesons,

as well as first results on the extraction of SDMEs for a transversely polarized hydrogen target

4The three dimensions are the transverse localization of partons in the longitudinal momentum structure.
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at HERMES using the 27.6 GeV HERA positron beam are reported. A brief discussion of

both VMD and GPD models is presented in Chapter 2. The HERMES spectrometer is briefly

discussed in Chapter 3. The selection of exclusive ρ0 production is described in Chapter 4.

Chapter 5 contains the discussion and improvement of two Monte Carlo generators, PYTHIA

and rhoMC, used to simulate exclusive ρ0 production and background processes. The interest

in measurements of transverse target-spin asymmetry and SDMEs in exclusive ρ0 production is

motivated in Chapter 6. Their extraction is described in Chapter 7. The results are compared

to theoretical predictions in Chapter 8 and conclusions are given in Chapter 9.



Chapter 2

Phenomenology of exclusive ρ0 production
“Imagination is more important than knowledge...”

— Albert Einstein

Exclusive ρ0 production in lepton-nucleon scattering can be described by various theoretical

models. Many of its basic features are reproduced by the Vector Meson Dominance (VMD)

model. The virtual photon fluctuates into an intermediate hadronic state which scatters off

the target nucleon by a strong interaction similar to hadron-hadron scattering. The strong

interaction itself can be described by the exchange of trajectories in the phenomenological Regge

theory. In the context of pQCD, the formalism of Generalized Parton Distributions (GPDs)

has been introduced. This formalism is of special interest since it also allows to interpret the

results in terms of the spin structure of the nucleon. In the following a brief discussion of both

formalisms is presented.

The ρ0 mesons are unstable particles that decay predominantly into two pions. Since the ρ0

meson is a spin-1 particle and the pions are spin-0 particles, the ρ0 spin is completely carried by

the orbital angular momentum of the pions. Thus the angular distribution of the decay pions

with respect to the initial momentum of the ρ0 meson will have a strong correlation with the

polarization of the ρ0 meson. The latter is correlated with the polarization of the initial virtual

photon through the angular distribution of the ρ0 production. These correlations are reflected

in the helicity amplitudes, from which the spin-density matrix elements are constructed. In the

following the decomposition of the angular distribution in terms of SDMEs is discussed.

2.1 Kinematics

Throughout this thesis, the exclusive ρ0 production is considered,

e(l) + P (p) → e′(l′) + P ′(p′) + ρ0(v) , (2.1)

where l = (E, l) and P = (Ep,p) are the four-momenta of the initial lepton e and proton P ,

and l′ = (E ′, l′), P ′ = (E ′
p,p

′) and v = (EV ,v) are those of scattered lepton e′, recoiling proton

11
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P ′ and produced ρ0 meson. To a very good approximation, the lepton-nucleon interaction is

mediated by the exchange of one neutral virtual boson, γ or Z0. If the lepton-nucleon system

center-of-mass energy
√
s, where

s = (l + p)2 lab≈ M2 + 2ME , (2.2)

is much smaller than the Z0 mass (mZ0 ≈ 91.2 GeV/c2), the weak interaction can be neglected.

HERMES is a fixed-target experiment, so that the target nucleon is at rest (P = (M, 0)) and

the center-of-mass energy is defined by the lepton beam energy E = 27.6 GeV:
√
s = 7.3 GeV.

It is much smaller compared to the Z0 mass, thus the electromagnetic interaction is the only

relevant one. This process is depicted in Figure 2.1.

e′

W

P′

ρo
γ ∗

t

2

Q2

P

e

Figure 2.1: Schematic view of exclusive ρ0 leptoproduction with t-channel exchange.

The measure of the spatial resolution q, can be used to calculate the squared invariant mass

of the virtual photon:

Q2 = −q2 = −(l − l′)2 lab
= 4EE ′ sin2 θ

2
. (2.3)

The Bjorken scaling variable xB is defined as

xB =
Q2

2p ·q
lab
=

Q2

2Mν
(2.4)

with the energy transfer ν to the target

ν =
p ·q
M

lab
= E − E ′ . (2.5)

The squared center-of-mass energy W 2 of the photon-nucleon system is given by:

W 2 = (q + p)2 lab
= M2 + 2Mν −Q2 = M2 +Q2 1 − xB

xB
. (2.6)

In the case of elastic scattering, the target nucleon remains intact, W 2 = M2, which implies
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xB = 1. In the case of inelastic scattering, when the target breaks up, the mass of the final

hadronic state is larger than the target mass, W > M , resulting to xB < 1. The variable y is

the fractional energy transfer from the lepton to the nucleon (0 < y < 1):

y =
p ·q
p · l

lab
=

ν

E
. (2.7)

The squared four-momentum transfer t to the target or from the virtual photon to the produced

meson is defined as

t = (p− p′)2 = (q − v)2 lab
= 2M(M − Ep′) , (2.8)

where Ep′ is the energy of the recoiling proton.

2.2 Particle’s polarization, helicity and spin

As there are several confusing definitions of what is referred to as polarization, it seems useful

to fix the naming conventions used in this thesis. Spin-1 particles are considered as the most

relevant for this work.

The polarization of a particle, represented by the helicity λ, is defined as the projection of

the spin ~s onto its momentum direction p̂. If the spin is parallel (antiparallel) to the momentum,

the particle is called longitudinally polarized with helicity λ = 1 (λ = −1), while if the spin

and the momentum are perpendicular to each other, the particle is called transversely polarized

with helicity λ = 0.

However, the photon polarization definition, originating from optics, differ from the one

given above. In the classical electrodynamics, photon polarization is derived from the descrip-

tion of the plane electromagnetic wave. There, the Maxwell equations have a solution in terms

of sinusoidal plane waves with the electric ( ~E) and magnetic ( ~B) field directions orthogonal to

each other and to the direction of propagation (~k). Such a wave is called transverse. Individual

photons are fully polarized. Depending on the orientation and on the magnitude of ~E and ~B

field vectors along the path, they can have a elliptical, linear, or circular polarization (the latter

two being extreme cases of the elliptical one).

The photon, being a spin-1 particle, can have either one of the helicity states: λ = +1, 0,−1.

As opposed to the usual definition for particles (see above), the polarization state of the photon

is called transverse if λ = ± 1, otherwise it is longitudinal. While the real photons can only be

transverse, the virtual photons can be also longitudinal (λ = 0).

It is often convenient to have the ρ0 meson polarization definition similar to that of the

photon. The ρ0 meson, being a spin-1 object, is called transverse, if its spin is parallel (antipar-

allel) to the momentum, corresponding to the helicity states λ = ± 1. The ρ0 meson is called

longitudinal, if its spin and momentum are perpendicular to each other, corresponding to the

helicity state λ = 0.
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2.3 Vector meson dominance model

In the Weizsäcker-Williams approach, the lepton-nucleon interaction is factorized into two

subsequent processes. The first one is described by the probability of emission of a virtual

photon γ∗ by the lepton, and the second one is its subsequent absorption by the nucleon (see

left panel of Figure 2.2). The lepton-photon vertex is calculable in QED and can be represented

by a flux of virtual photons. The virtual-photon absorption cross section can be separated into

transverse and longitudinal virtual-photon contributions. The resulting lepton-nucleon cross

section can hence be written as a sum of fluxes of transverse ΓT and longitudinal ΓL virtual

photons, each multiplied with its corresponding absorption cross section [21]:

dσeN

dΩe dE ′
= ΓT (E,E ′, θe) σ

γ∗N
T (Q2,W ) + ΓL(E,E ′, θe) σ

γ∗N
L (Q2,W ) . (2.9)

For exclusive vector meson production the same approach is used in VMD. The lepton-

nucleon interaction is reduced to the interaction between virtual photon and nucleon depicted

in the right panel of Figure 2.2.

e/

e

γ*

Xp

γ*

p’p

V
γ∗

Figure 2.2: Left: Schematic view for the Weizsäcker-Williams factorization where the interaction
is separated into two subsequent processes of emission and absorption of the virtual photon. Right:
Vector meson production in the VMD model.

In QCD the photon is a massless, neutral gauge boson which couples to charged particles

and mediates the electromagnetic interaction. In quantum field theory the electromagnetic field

couples to all particles carrying electromagnetic current, enabling a photon to fluctuate into

more complex virtual particle states such as fermion-antifermion pairs. Such a pair interacts

strongly with the nucleon and is thought to be responsible for the major part of the γp total

cross section [22]. The fluctuations can be split into a low and high-virtuality parts. In this

chapter1 only the low-virtuality fluctuations are considered, mainly fluctuations into hadronic

states. This phenomenon indicates a hadronic structure of the photon. Thus the photon can

be represented by a superposition of a direct-coupling bare photon |γB〉 and various virtual

hadronic states |γh〉 [23]:

|γ〉 = cbare |γB〉 + ch |γh〉 , (2.10)

1More details about the structure of the photon can be found in Section 5.1.1.
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where coefficients cbare and ch represent the relative fractions. While ch is well defined (see

equation (2.12)), cbare secures the correct normalization (see Section 5.1.1). The bare photon

accounts for the cross section contribution of the purely electromagnetic interaction between

the photon and nucleon. This contribution is several orders of magnitude smaller than the cross

section of the hadronic interaction[22] and is neglected in further discussions. Since the hadronic

states |γh〉 have to conserve the quantum numbers of the photon (JPC = 1−−, Q = B = S = 0),

the hadrons are restricted to be spin-1 vector mesons: ρ0, ω or φ. VMD is based on the

assumption that these three mesons are the only hadronic constituents of the photon. The

formation time tf of a virtual vector meson with a mass MV is given by [23]:

tf ≈ 2ν

Q2 +M2
V

. (2.11)

If tf is large enough that the virtual meson is formed, the interaction occurs between virtual

meson and nucleon. Thus in the context of VMD model the photon-nucleon interaction itself

is related to hadron-hadron interactions [24] (see right panel of Figure 2.2). Correspondingly,

the hadronic term in equation (2.10) is represented by vector meson states [25]

ch |γh〉 =
∑

V

e

fV

|V 〉 . (2.12)

The factor e/fV , with e =
√

4παem, describes the strength of the coupling between the virtual

photon and various vector meson states. The coupling constant fV is related to mass MV and

leptonic decay width ΓV
ee of the vector meson [23]:

4π

f 2
V

=
3ΓV

ee

α3
emMV

. (2.13)

In the context of the VMD model the interaction between the vector meson states and the

nucleon is referred to as diffractive elastic scattering [22] based on wave-particle duality in high-

energy scattering. The term diffractive for exclusive ρ0 production is derived from classical

diffraction in optics. There, diffraction which combines the features of a particle and the wave-

like nature of interactions, is a process where a light wave is incident upon an obstacle and a

resulting interference pattern with minima and maxima is formed behind the object. Similar

patterns are observed in hadron-hadron interactions at low values of squared four-momentum

transfer t. There, when the incident particles are left intact after the collision (called elastic

scattering), the differential cross section is dominated by an exponential peak at very small t,

followed by a dip. Such a behavior of the photoproduction cross section is expressed by:

dσ

d|t| =
dσ

d|t|

∣∣∣∣
|t|=0

e−b|t| . (2.14)
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The exponential slope b describes the strong interaction between two extended hadronic objects

which can be written as the quadratic sum of the Gaussian widths of both interacting objects:

b ∝ R2
1 +R2

2 . (2.15)

Since the probability for the transition of the photon into a certain vector meson is given

by e2/f 2
V , the photon-nucleon cross section for vector meson production can be related to the

cross section of diffractive vector-meson-nucleon scattering by

dσγN →V N

d|t|

∣∣∣∣
t=0

=
e2

f 2
V

dσV N →V N

d|t|

∣∣∣∣
t=0

. (2.16)

According to the optical model which relates any elastic cross section to the corresponding total

cross section [22],
dσV N →V N

d|t|

∣∣∣∣
t=0

≈ 1

16π

(
σV N

tot

)2
, (2.17)

and using the assumption of an exponential behavior of the elastic photoproduction cross section

(see equation (2.14)), the latter becomes:

σγN (s) ≈
∑

V

1

b

dσγN →V N

d|t|

∣∣∣∣
t=0

≈
∑

V

1

b

e2

f 2
V

1

16π

(
σV N

tot (s)
)2
. (2.18)

The fractional contributions of various vector mesons to the total photoproduction cross section

σγN
tot are: ρ : ω : φ = 65% : 8% : 5%, adding up to 78%.

Equation (2.16) is valid for real photons only. It can be extended to virtual photons by

assuming that the Q2 dependence of the photon-nucleon cross section is fully determined by

the propagation of a single vector meson state with a propagator (1 +Q2/M2
V ). Real photons

(Q2 = 0) are strictly transverse while virtual photons (Q2 > 0) may also have a longitudinal

component. The longitudinal σγ∗N
L and transverse σγ∗N

T cross sections (see equation (2.9))

σγ∗N
T (W,Q2) =

∑

V

e2

f 2
V

(
1 +

Q2

M2
V

)−2

σV N →V N
T (W ) (2.19)

σγ∗N
L (W,Q2) =

∑

V

e2

f 2
V

(
1 +

Q2

M2
V

)−2

ξ2
V

Q2

M2
V

σV N →V N
T (W ) (2.20)

are different [26] by the factor ξ2
V

Q2

M2
V

that represents the ratio between both:

R =
σL

σT
= ξ2

V

Q2

M2
V

. (2.21)

The VMD model predicts ξ2
V to be of the order of unity. However, the experimental re-

sults [27, 28] on vector meson production indicate lower values. Combining the equations above,
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the virtual-photon-nucleon cross section predicted by the VMD model is given by:

σγ∗N(W,Q2) =

(
1 +

Q2

M2
V

)−2 (
1 + ξ2

V ε
Q2

M2
V

)
σγN →V N(W,Q2 = 0) , (2.22)

where ε is the photon polarization parameter, representing the ratio between longitudinal and

transverse photon fluxes: ε = ΓL/ΓT .

2.3.1 Regge theory

The open point left from the previous section is the hadron-hadron interaction in equation (2.16).

In the VMD model, the strong interaction between the virtual meson and the nucleon is de-

scribed by Regge theory.

In Regge theory the angular momentum l is treated as a complex variable. Therefore

the elastic scattering amplitude at a fixed energy as a function of l is analytically continued

into the complex angular momentum plane [29]. The Regge poles, which are singularities in

the scattering amplitudes found in the complex plane, correspond to either bound states or

resonances depending on the angular momentum value.

In the Regge approach, using the non-relativistic quantum mechanics the angular momen-

tum l is described via a Regge trajectory α(E) that is a complex function of the total energy:

l = Re α(E). The behavior of such a trajectory is depicted in the left panel of Figure 2.3.

Each time the trajectory passes an integer value n in Re α(E), i.e. l = n, the value E = En

corresponds to the energy of real bound or a resonant state. The amplitude f(E, l)

f(E, l = n) = −R(E)

ε

1

(E − En) + iΓ/2
(2.23)

where R(E) is the residual and

ε ≡ d

dE
Re α(E)

∣∣∣∣
E=En

, Γ = 2/ε Im α(E) , (2.24)

has a pole. It represents a Breit-Wigner formula for a scattering amplitude near a resonance

with angular momentum l and total energy E. In this way a Regge trajectory connects bound

states and resonances with momentum l, being the interpolating curve between them. The

number of bound states and resonances depend on the energy of the interaction. All quantum

numbers, apart from angular momenta, are the same for all poles of the trajectory. The

neighboring poles are spaced by ∆l = 2, fixing the parity of the trajectory.

If plotted in the (l, E)-plane, the hadronic states possessing the same quantum numbers such

as isospin, baryon number and strangeness, lie on a straight line, when the angular momentum

of each state is plotted against the square of its mass E2 = M2. Thus Regge trajectories appear

to be straight lines. An example of such plots are the Chew-Frautschi diagrams (see right panel
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Figure 2.3: Left: Behavior of a Regge trajectory in angular momentum space in non-relativistic
quantum mechanics. At energies E < Eth there exists a bound state (E1, l = 1) corresponding to
the point Im α(E) = 0, Re α(E) = 1 on the Regge trajectory. With increasing energy, the trajectory
attains a positive imaginary part. Right: Chew-Frautschi plot for few Regge trajectories. The dotted
line represents the trajectory corresponding to Pomeron exchange. The solid line indicates almost
identical trajectories for isospin-1 and isospin-0 particles which are fits to experimental data points
with a function given by equation (2.25). The dashed line is the extension of the fit to t < 0 with the
points from π−p→π0p scattering data on it.

of Figure 2.3). The model makes use of the principle of crossing symmetry (see Appendix B):

the exchanged poles in the t-channel of the original reaction become resonances in the s-channel

of a crossed reaction. In the t-channel the total energy of the system is given by
√
t, where

t > 0 (see equation (B.2)). Adding to this Chew-Frautschi diagrams the experimental results

on diffractive scattering processes, which have negative momentum transfer t, the data points

seem to align along the extensions to t < 0 of the Regge trajectories. The quantum numbers

of the trajectories match possible resonances that could be exchanged in the crossed processes.

With slope α′ and intercept α(0) the Regge trajectories are parameterized as

α(t) = α(0) + α′t , (2.25)

relating the squared four-momentum transfer t to the angular momentum of the exchanged

object. An additional trajectory represents the exchange of vacuum quantum numbers: isospin,

baryon number, and strangeness are equal to zero. This Pomeron trajectory has no hadronic

states lying on it. Its intercept is slightly greater than unity. In Regge theory, the hadron

interactions are assumed to be mediated by an exchange of resonances in the t-channel whose

interpolation is given by a Regge trajectory or Reggeon α(t).

An example is depicted in the right panel of Figure 2.3 for the reaction π−p→π0n. The

parity transfer ∆P = (−1)JP with J and P being the angular momentum and parity of the

object exchanged in the t-channel, is positive. Conservation of the relevant quantum numbers

requires the reaction to proceed via ρ, a2 or ρ3 exchange with JP = 1−, 2+ and 3−, all lying
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on the Regge trajectory passing through the measured data points. This Regge trajectory is

almost identical to the ω/f trajectory, which is also shown in the same figure.

The straight trajectories are a phenomenological observation and they cannot be calculated

from first principles. This means that Regge theory can not explain the nature of the strong

interaction. Nevertheless, Regge theory delivers the correct energy dependence of the strong

interaction cross section in powers of α(t)

dσV N →V N (s)

d|t| ∝ e−b0|t|

(
s

s0

)2α(t)−2

= e−b|t|

(
s

s0

)2α(0)−2

=
dσV N →V N

dt

∣∣∣∣
t=0

e−b|t| , (2.26)

where s0 is a scale factor of the order of 1 GeV2 and b is an energy dependent slope:

b = b0 + 2α′ ln

(
s

s0

)
. (2.27)

The slope of the forward diffractive peak increases with energy, causing a ’shrinkage’ of the

diffractive forward peak, i.e. the peak becomes more narrow. There are no predictions for the

values of b0, s0 and α′ from Regge theory. These parameters have to be obtained experimentally.

Together with optical model (see equation (2.17)), the Regge theory describes also the energy

dependence of the total cross section:

σV N
tot ∝ sα(0)−1 . (2.28)

This means that at high center-of-mass energies s, the behavior of the total cross section is

dominated by the highest-lying Regge trajectories, i.e. the ρ/a2 and ω/f trajectories. The

result of a measurement of their intercepts, αρ,ω(0) ≈ 0.5, requires that the total cross section

behaves according to s−1/2. This is in conflict with the observed behavior of the hadron-proton

scattering total cross section at high energy which remains approximately constant with energy

and exhibits a slow rise above s ≈ 10 GeV. In order to explain this observation in terms of

Regge pole exchange, a trajectory with α(0) ≈ 1 is needed. All known particles have α(0) < 1.

In addition, the exchanged particle needs to have the quantum numbers of the vacuum. This led

to the invention of the Pomeron trajectory. The slope of the Pomeron trajectory is determined

in pp and pp̄ scattering: α′
P = 0.25 GeV−2 [30].

Assuming that the vector-meson-nucleon cross section exhibits the typical behavior of the

hadron-hadron cross section, the intercepts of the Regge and Pomeron trajectories can be

described by the sum of two terms,

σV N
tot = Xsε + Y s−η , (2.29)

where X and Y are arbitrary normalizations. The exponents ε and η refer to Pomeron and

Reggeon exchange respectively and can be determined from fits to experimental data. Corre-
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spondingly, the first term stands for one or multiple Pomeron trajectories, while the second

term corresponds to the highest-lying Regge trajectory. The exponents are assumed to be in-

dependent of the interacting hadrons, while X and Y depend on a certain process. The values

for the exponents ε and η can be determined from fits to experimental data. Applying fits to

pp and pp̄ data [31], they were found to be ε = 0.0808 and η = 0.4525. The model of Donnachie

and Landshoff [31] provides a good description of the energy behavior of the total ρ0p cross

section using

σρ0p
tot = 13.6s0.08 + 31.8s−0.45 . (2.30)

2.4 Generalized parton distributions

In the infinite momentum frame, where the nucleon moves fast in the z-direction, the transverse

charge distribution of the nucleon [32] is given by the Fourier transform of form factors (see

equation (1.2)). Thus, the form factors are interpreted as describing the transverse localiza-

tion b⊥ of partons in a fast moving nucleon, irrespective of their longitudinal momenta and

independent on the resolution scale (see left panel of Figure 2.4).

On the other hand, the ordinary parton distributions (PDFs) represent the probability den-

sity to find a parton with a given longitudinal momentum fraction x of the nucleon, containing

no information on the transverse position of the parton [32] (see right panel of Figure 2.4).

Both form factors and PDFs reflect only one-dimensional ’slices’ of the nucleon structure.

The two orthogonal dimensions, the transverse localization of partons in the nucleon and the

longitudinal momentum fraction carried by quarks, are described simultaneously by the GPDs

(see middle panel of Figure 2.4).
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Figure 2.4: Probabilistic interpretation of form factors, GPDs and parton densities in the infinite
momentum frame [32].

PDFs (in deep-inelastic scattering processes) and form factors (in elastic-scattering pro-
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cesses) appear as the limiting cases and integrals of GPDs, respectively. GPDs are used for

the description of many hard exclusive processes, like DVCS, exclusive meson production, etc..

The detected final states can be used as a filter for spin and flavor of the emitted and reab-

sorbed quarks. GPDs are universal distribution functions which allow to relate various hard

processes to each other. However, GPDs are still not very well known which is related to the

fact that measurements of exclusive processes are experimentally challenging. High luminosities

are required to compensate for small cross sections, and also detectors capable of ensuring the

exclusivity of the final state.

2.4.1 Factorization theorem

In inclusive DIS processes, a rapidly moving hadron is treated as a bundle of quasi-real partons

moving almost collinear. In the Bjorken limit, i.e., when the photon virtuality Q2 and the

squared hadronic center-of-mass energy (p + q)2 both become large for fixed values of xB ,

the cross section of the process is given as a convolution of a hard partonic subprocess that

is calculable in perturbative theory, and a parton distribution function that represents the

probability density to find a parton with a certain momentum fraction x. Such a factorization

approach, which separates the process into short-distance and long-distance subprocesses, is

also valid for reactions where the momentum transfer to the target is finite. In the particular

case when a light meson is produced (see Figure 2.5), the production amplitude A consists of

two long-distance subprocesses: the structure of the nucleon is parameterized by the GPDs Fi

(F = H,E, H̃, Ẽ) and the structure of the produced meson by the distribution amplitude (DA)

Φj [14]:

A ∝
∑

ij

∫
dz

∫
dx Fi(x, ξ, t;µ

2) · Kij(x, ξ, z; log(Q2/µ2) · Φj(z;µ
2) . (2.31)

The functions K ij contain the ’perturbative physics’, they describe the short-distance stage of

the reaction that corresponds to the interaction of the virtual photon with a parton. The GPDs

and the DA depend on the renormalization scale and on the factorization scale µ. In order to

reduce NLO corrections, the scale µ is usually chosen to be equal to Q2. The diagram depicted

in Figure 2.5, represents the exclusive meson production at lowest order in αs.

GPDs depend upon two longitudinal momentum fractions, x and ξ, and in addition on the

invariant four-momentum transfer t to the nucleon. They are subject to QCD evolution, i.e.

depend on Q2. The light-cone momentum fraction x is defined by k+ = xP+, where k is the

quark loop momentum2 and P is the average nucleon momentum P = (p + p′)/2, x runs from

-1 to 1. In the region [0, 1], the longitudinal momentum fractions are those of quarks, and in

2For any four-vector v the light-cone coordinates v ± = (v0 ± v3)/
√

2 and vT = (v1, v2) are used and light-
cone gauge A+ = 0 is assumed.
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t
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Figure 2.5: The factorization approach for meson production.

the region [−1, 0] of antiquarks. The skewness variable ξ is given as

ξ =
(p− p′)(q + v)

(p+ p′)(q + v)
. (2.32)

The transformation of a virtual photon into a meson requires a finite longitudinal momentum

transfer3. The momentum lost by the proton is determined by xB. If the momentum fractions

x and ξ are parameterized in a symmetric way (see Figure 2.5), in the Bjorken limit a relation

holds:

ξ ≈ xB

2 − xB

. (2.33)

According to the factorization theorem, the four-momentum transfer t between the initial

and final nucleons (equation (2.8)), is assumed to be much smaller than the hard scattering

scale Q2. In general, t has longitudinal and transverse components,

t = ∆2 = −4M2
p ξ

2 + ∆2
⊥

1 − ξ2
, (2.34)

where the longitudinal one is given by

t0 = −4M2
p ξ

2

1 − ξ2
. (2.35)

The DA describes the coupling of the qq̄ or gluon pair to the meson. It depends on the

longitudinal momentum fraction z carried by a parton and can be parameterized as:

Φ(z;µ) = 6z(1 − z)fρ , (2.36)

with the meson decay constant fρ = 0.209 GeV [33].

3’Longitudinal’ refers to the direction of the initial proton momentum in a frame where the proton moves
fast.
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In the factorization approach depicted in Figure 2.5, the momenta of proton and parton are

no longer the same before and after the interaction. Therefore a GPD no longer represents a

squared amplitude, but instead an interference between amplitudes describing various quantum

fluctuations of the nucleon.

For meson production, in contrast to real photon production, the prove of the factorization

theorem is presently restricted to longitudinal virtual photons, and in the particular case of ρ0

production, to longitudinally polarized ρ0 mesons induced by longitudinal virtual photons [14].

However, the cross section for transversely polarized virtual photons is predicted to be smaller

by a factor of 1/Q2 compared to that for longitudinally polarized ones [34].

2.4.2 Definition of GPDs

GPDs can be defined through non-forward matrix elements of quark and gluon operators. The

generalized quark distributions, defined according to the convention of reference [35],

F q =
1

2

∫
dz−

2π
eixP+z− 〈 p′, s′ | q̄(−1

2
z)γ+q(

1

2
z) | p, s 〉

∣∣∣∣
z+=0, z=0

(2.37)

=
1

2P+

[
Hq(x, ξ, t, µ2) ū(p′, s′)γ+u(p, s) + Eq(x, ξ, t, µ2) ū(p′, s′)

iσ+a∆a

2MN
u(p, s)

]

F̃ q =
1

2

∫
dz−

2π
eixP+z− 〈 p′, s′ | q̄(−1

2
z)γ+γ5 q(

1

2
z) | p, s 〉

∣∣∣∣
z+=0, z=0

(2.38)

=
1

2P+

[
H̃q(x, ξ, t, µ2) ū(p′, s′)γ+γ5 u(p, s) + Ẽq(x, ξ, t, µ2) ū(p′, s′)

γ5∆
+

2MN
u(p, s)

]

parameterize the Fourier integrals (first lines of equations above) along the light-cone distance

z− of bilocal quark field operators, sandwiched between the initial and final nucleon states. The

off-forwardness of the defining hadronic matrix elements, p′ 6= p, allows for hadron helicity non-

flip and helicity flip contributions, enlarging the number of independent functions per quark

flavor q. At (leading) twist-two, there are four quark helicity conserving GPDs: H q(x, ξ, t),

Eq(x, ξ, t), H̃q(x, ξ, t) and Ẽq(x, ξ, t). The GPDs Hq and H̃q describe hadron helicity non-flip

matrix elements (s = s′), while Eq and Ẽq describe hadron helicity flip matrix elements (s 6= s′).

For the projections with γ+ and γ+γ5 there are twice as many GPDs than corresponding PDFs.

Similarly, by exchanging the quark operators with gluon operators, the gluon GPDs are

defined [36]:

F g =
1

P+

∫
dz−

2π
eixP+z− 〈 p′, s′ |G+µ(−1

2
z)G+

µ (
1

2
z) | p, s 〉

∣∣∣∣
z+=0, z=0

(2.39)

=
1

2P+

[
Hg(x, ξ, t, µ2) ū(p′, s′)γ+u(p, s) + Eg(x, ξ, t, µ2) ū(p′, s′)

iσ+a∆a

2MN

u(p, s)

]
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F̃ g = − i

P+

∫
dz−

2π
eixP+z− 〈 p′, s′ |G+µ(−1

2
z)G̃+

µ (
1

2
z) | p, s 〉

∣∣∣∣
z+=0, z=0

(2.40)

=
1

2P+

[
H̃g(x, ξ, t, µ2) ū(p′, s′)γ+γ5 u(p, s) + Ẽg(x, ξ, t, µ2) ū(p′, s′)

γ5∆
+

2MN

u(p, s)

]
.

There are several observations indicating the kind of additional information on the nucleon

structure carried by GPDs compared to the ordinary PDFs:

• Since GPDs depend on the momentum transfer t which has both longitudinal and trans-

verse components, GPDs carry information on the transverse structure of the nucleon in

combination with the longitudinal momentum distribution of partons in the nucleon.

• Both momentum and helicity of the target nucleon can be changed during the interaction

which may reveal information about the spin structure described by GPDs. The GPDs

Eq(x, ξ, t) and Ẽq(x, ξ, t) describe reactions with hadron helicity flip while the quark

helicity is conserved. This can happen only if quarks carry orbital angular momentum.

Thus GPDs Eq(x, ξ, t) and Ẽq(x, ξ, t) contain also information about the orbital angular

momenta carried by quarks.

• Instead of one-parton emission and absorption, the scattering can proceed via emission

of quark-antiquark or gluon pairs, thus probing the qq̄ and gluon contents of the nucleon.

In this way GPDs contain information on sea quarks, as will become clear in the next

section.

2.4.3 Interpretations

The GPDs do not correspond to squared amplitudes (see Figure 2.5) and can hence not be

interpreted as probabilities. Instead, they parameterize the interference between amplitudes

that describe, e.g., removing a parton from the nucleon with one momentum and inserting it

back with another[37, 38]. GPDs are defined in three consecutive intervals of x (see Figure 2.6).

ξ−x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

Figure 2.6: The distributions in three x-intervals:[−1,−ξ], [−ξ, ξ] and [ξ, 1] [36].

• x > ξ: in this case GPDs describe the emission of a quark with longitudinal momentum

fraction x + ξ and subsequent reabsorption of the quark with longitudinal momentum

fraction x− ξ.
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• −ξ < x < ξ: GPDs represent the emission of a quark-antiquark pair with longitudinal

momentum fractions x+ ξ and ξ − x, respectively.

• x < −ξ: this is the case of emission and reabsorption of antiquarks with momentum

fractions ξ − x and −ξ − x.

Geometrical interpretations

Since GPDs contain information on the longitudinal momentum fraction, Heisenberg’s un-

certainty principle does not allow a simultaneous determination of the parton’s longitudinal

position. Instead, determining the distribution of partons in impact parameter space is pos-

sible. It has been shown [39] that for the special case ξ = 0, GPDs are Fourier transforms of

PDFs in the transverse ’impact parameter space’:

H(x, ξ = 0, t = −∆2
⊥) =

∫
d2b⊥e

−i∆⊥b⊥f1(x,b⊥) , (2.41)

i.e. GPDs can be interpreted as densities of partons with longitudinal momentum fraction x

and transverse distance b⊥ from the proton’s center:

f1(x,b⊥) =

∫
d2∆⊥

(2π)2
H(x, ξ = 0, t = −∆2

⊥)ei∆⊥b⊥ . (2.42)

Thus GPDs have an geometrical interpretation. Inside the nucleon, a parton i is transversely

localized at b⊥i (see Figure 2.7).
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Figure 2.7: Geometrical interpretation of GPDs [39].

The transverse center of momentum b⊥ is given as

b⊥ =
N∑

i=1

xib⊥i , (2.43)

where each parton i contributes to the transverse center of momentum with its impact parame-

ter weighted by its momentum fraction xi. The generalization of the geometrical interpretation

of GPDs in the case of ξ 6= 0 is given in [38].
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2.4.4 Properties

GPDs are a ’hybrid’ objects because they combine the properties of ordinary PDFs and elastic

form factors.

Relation to PDFs

The nucleon helicity conserving GPDs Hq,g and H̃q,g reduce to ordinary PDFs in the forward

limit (ξ→ 0, t→ 0):

Hq(x, 0, 0) =





q(x) for x > 0

−q̄(−x) for x < 0
H̃q(x, 0, 0) =





∆q(x) for x > 0

∆q̄(−x) for x < 0

Hg(x, 0, 0) = xg(x) for x > 0 H̃g(x, 0, 0) = x∆g(x) for x > 0

(2.44)

In the forward limit no corresponding relations exist for the nucleon-helicity non-conserving

quark and gluon GPDs Eq,g and Ẽq,g. These GPDs are defined (see equations (2.37) - (2.40))

using a multiplicative factor ∆ (∆2 = t), and therefore vanish in the forward limit. For this

reason, the GPDs E and Ẽ are accessible only in exclusive reactions.

In analogy to the forward limit, the distributions H and E are referred to as ’unpolarized’,

and H̃ and Ẽ as ’polarized’.

Relation to form factors

Form factors constitute boundary conditions for GPDs. Integration over x relates the matrix

elements defining the GPDs to the matrix elements of local quark-antiquark or gluon operators,

thus the Mellin x-moments of GPDs are related to form factors. The lowest moments of GPDs

are related to elastic form factors,

1∫

−1

dxHq(x, ξ, t, µ2) = F q
1 (t) ,

1∫

−1

dxEq(x, ξ, t, µ2) = F q
2 (t) ,

1∫

−1

dxH̃q(x, ξ, t, µ2) = Gq
A(t) ,

1∫

−1

dxẼq(x, ξ, t, µ2) = Gq
P (t) ,

(2.45)

where the Dirac and the Pauli elastic form factors, F q
1 and F q

2 , as well as the axial and pseu-

doscalar form factors, Gq
A and Gq

A, are defined for each quark flavor. The full form factors F

(equation (1.2)) are obtained by summing over all quark flavors:

F (t) =
∑

q

eqF
q(t) , (2.46)
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with eq being the quark charge for flavor q. The proton (p) and neutron (n) form factors are

normalized such that:

F p
1 (0) = 1 , F p

2 (0) = κp = 1.793 , Gp
A(0) = gp

A = 1.267 , Gp
P (0) = 4gp

AM
2
p/M

2
π ,

F n
1 (0) = 0 , F n

2 (0) = κn = −1.913 , Gn
A(0) = gn

A = −1.267 , Gn
P (0) = 4gn

AM
2
n/M

2
π ,

where κ is the anomalous magnetic moment of the nucleon (equation (1.1)), gA the nucleon

axial charge, Mp, Mn and Mπ are the masses of proton, neutron and pion, respectively.

2.4.5 Angular momentum

After it was found that the nucleon spin is not only made up by the spins of quarks and

antiquarks (see Chapter 1), it became clear that the ’missing’ angular momentum originates

from the quark orbital angular momentum and/or gluon total angular momentum. It has been

shown that there exists a gauge-invariant decomposition of the nucleon spin into quark and

gluon total angular momentum [15]:

1

2
= Jq(µ2) + Jg(µ2) . (2.47)

The quark total angular momentum J q(µ2) allows a gauge-invariant decomposition into spin

∆Σ(µ2) and orbital angular momentum Lq
z(µ

2) contributions:

Jq(µ2) =
1

2
∆Σ(µ2) + Lq

z(µ
2) . (2.48)

The gluon angular momentum Jg(µ2) does not allow a further gauge-invariant decomposi-

tion [15]. Various measurements at CERN [40], SLAC [41] and DESY [42] provided information

about the quark polarization, confirming the EMC result, that the quark spin only contributes

a small amount to the nucleon spin: ∆Σ(Q2 = 5GeV2) = 0.330± 0.039 [42].

It has been shown [15] that the total angular momenta of quarks of a flavor q and gluons,

Jq and Jg, are related to the second x-moment of the GPDs H q,g and Eq,g:

Jq(µ2) =
1

2
lim
t→ 0

1∫

−1

dx x [Hq(x, ξ, t, µ2) + Eq(x, ξ, t, µ2)] ,

Jg(µ2) =
1

2
lim
t→ 0

1∫

0

dx [Hg(x, ξ, t, µ2) + Eg(x, ξ, t, µ2)] . (2.49)

These relations are referred to as Ji’s sum rules. An experimental evaluation of them is com-

plicated since separate knowledge of the GPDs H q,g and Eq,g as functions of x at fixed values

of ξ and in the limit of vanishing t is required for each parton flavor. However, this is the only
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presently known way to access experimentally the total angular momentum carried by quarks

and gluons in the nucleon.

2.4.6 Modeling GPDs

At present the only known way to learn about GPDs from measurements is to assume a func-

tional form of GPDs with a number of adjustable parameters, and to fit these parameters

by comparing the resulting observables with experimental data. Most commonly, GPDs are

parameterized using an ansatz based on double distributions [43, 44] complemented with the

D-term [45]. Factorizing out the t-dependence (factorized ansatz),

Hq,g(x, ξ, t) = Hq,g(x, ξ) ·F q
1 (t) , (2.50)

Eq(x, ξ, t) = Eq(x, ξ) ·F q
2 (t)/κq , (2.51)

the GPDs can be related to the ordinary PDFs and the nucleon elastic form factors [16].

The t-independent parts of the GPDs Hq,g(x, ξ) are related to quark and gluon densities in

the nucleon. In contrast to helicity non-flip GPDs, the t-independent parts of the GPDs Eq(x, ξ)

can not be related to the spin-flip parton densities. In some models [16, 18], the total angular

momenta carried by u- and d-quarks enter directly as free parameters in the parameterization

of Eq(x, ξ) and can be used to investigate the sensitivity of hard electroproduction observables

to variations in Ju and Jd in a model-dependent way.

The parameterization of the GPD Eg is much more complicated since there is no information

about its forward limit. There is an expectation that Eg is small compared to Eu and Ed. This

expectation is based on the sum rules for the conservation of momentum,

1∫

−1

dxx
∑

q

Hq(x, 0, 0) +

1∫

0

dxHg(x, 0, 0) = 1 , (2.52)

and angular momentum,

1

2

1∫

−1

dxx
∑

q

(Hq(x, 0, 0) + Eq(x, 0, 0)) +
1

2

1∫

0

dx(Hg(x, 0, 0) + Eg(x, 0, 0)) =
1

2
, (2.53)

which can be combined into the sum rule [38]

q∑ 1∫

−1

dx xEq(x, 0, 0) +

1∫

0

dxEg(x, 0, 0) = 0 . (2.54)

Lattice QCD calculations[46, 47] obtain a cancellation of the contributions from u- and d-quarks
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(
1∫

−1

dx xEu vs.
1∫

−1

dx xEd). Barring an unexpectedly large contribution from s-quarks, the gluon

contribution
1∫
0

dxEg should be relatively small compared with the u- and d-quark contributions.

An example of the t-independent part of the quark and gluon GPD parameterizations are shown

in Figure 2.8, where the GPDs Eu and Ed tend to cancel each other, implying Eg = 0. This is

in contrast to the gluon GPD Hg which is not small compared to the quark GPDs Hu and Hd.
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Figure 2.8: t-independent part of quark and gluon GPDs at Q2=4 GeV2, ξ=0.1 [18].

The factorized ansatz is the simplest way of modeling GPDs, but recent experimental studies

of elastic diffractive processes indicate that the t-dependence of the cross section is correlated

with its dependence on the photon-nucleon invariant mass [29]. This is taken into account in

the non-factorized Regge ansatz, based on a Regge-type parameterization of the t-dependence.

In this case the t-dependence is modeled as:

Hq(x, ξ = 0, t) =
1

xα′t
q(x) , Hg(x, ξ = 0, t) =

1

xα′t
xg(x) , (2.55)

where α′ is interpreted as the slope of a Regge trajectory with α′ = 0.8 GeV−2 for quarks and

α′ = 0.25 GeV−2 for gluons [18].

More details about the GPD parameterizations and the theoretical predictions for the trans-

verse target-spin asymmetry based on these parameterizations, are given in Section 8 and Ap-

pendix G.

2.5 Vector meson polarization and decay

The virtual photon and the vector meson have the same quantum numbers. The helicity

transfer from the virtual photon to the vector meson is one of the interesting features of the

production mechanism. The ρ0 meson, being a spin-1 object, carries a total angular momentum
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J = L+S = 1 in its rest frame. The ρ0 meson is an unstable short-living particle that decays into

two pions (ρ0 → π+ +π−) shortly after its formation. Due to angular momentum conservation,

the system of decay products should also have J = 1. The decay particles are spin-0 objects,

so that the angular momentum of the system L = 1. This implies that the spin-state of the ρ0

is reflected in the orbital angular momentum of the decay particles (see Figure 2.9).

Figure 2.9: Schematic view of decay of exclusive ρ0 into two pions.

The information on the photon and vector meson polarization states is encoded in the angu-

lar distribution of ρ0 meson production and decay [48]. This 3-dimensional angular distribution

is parameterized in terms of helicity amplitudes which construct the spin-density matrix ele-

ments (SDMEs). Since the exclusive ρ0 production may proceed via an exchange of particles

through the t-channel (e.g. in VMD model), the helicity amplitudes and the SDMEs contain

information also on the parity of the exchanged particle.

The angular distribution depends on three angles: the azimuthal production angle Φ and

decay angles φ and θ (see Figure 2.10). More details about the definition of these angles is

given in Section 5.2.6. In the following the decomposition of the angular distribution in terms

of SDMEs is discussed in the notation by Schilling-Wolff [48].

2.5.1 The spin-density matrix elements

Similar to the DIS cross section [49], the cross section of diffractive vector meson production

can be factorized into a leptonic and a hadronic part:

dσeN → eNV

dE ′ dΩ dΦ dt
∝ 1

4

∑

spins

|M |2 =
1

4
LµνT

µν , (2.56)

where dΩ is the solid angle of the scattered lepton and M is the matrix element describing the

scattering process.
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Figure 2.10: Definition of production and decay angles in elastic ρ0 meson production.

The photon spin density matrix

The emission of the virtual photon is described by the leptonic tensor Lµν representing the

photon spin states, and therefore called photon spin density matrix. It can be decomposed in

terms of an orthogonal set of hermitian matrices Σa,

ρ(γ) =
1

2

8∑

a=0

Π̃aΣ
a , (2.57)

where Π̃a is a known normalization vector. Each of the nine hermitian matrices describes a cer-

tain photon polarization state. The matrices Σ0...3 describe unpolarized (0), linearly polarized

(1,2) and (in the case of polarized lepton beam) circularly polarized (3) transverse photons, Σ4

corresponds to longitudinal photons and Σ5,6 (Σ7,8) represent the transverse and longitudinal

interference terms for an unpolarized (polarized) lepton beam.

The vector meson spin density matrix

In contrast to DIS, the hadronic tensor T µν representing the production of the vector meson

γ∗N→V N , is not constructed of structure functions. Instead, the vector meson production is

described by a vector meson spin density matrix:

dσγ∗N →V N

dΦ dt
∝ 1

4

∑

spins

|M |2 ∝ 1

2
Tr(ρ(V)); , (2.58)
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The matrix ρ(V ) is related to the photon spin density matrix ρ(γ) via the helicity flip amplitudes

TλV , λN′ , λγ , λN
describing the helicity transfer from the virtual photon (λγ) to the vector meson

(λV ):

ρ(V ) =
1

2
(Tρ(γ)T+)

/ ∫
dΦ

2π
Tr(Tρ(γ)T+) . (2.59)

The vector meson spin density matrix can also be decomposed in terms of hermitian matrices:

ρλV λ′

V
(V ) =

8∑

a=0

Πaρ
a
λV λ′

V
, (2.60)

with the matrix elements

ρa
λV λ′

V
=

1

2Na

∑

λN′ , λN , λγ , λ′
γ

TλV , λN′ , λγ , λN
Σa

λγ , λ′
γ
T ∗

λ′

V
, λN′ , λ′

γ , λN
. (2.61)

The Na and Πa are known normalization functions. If an unpolarized target is considered [48],

the helicities λN of the initial and λN ′ of the scattered target nucleon are summed over. The

hermitian 3× 3 matrices Σa represent the photon density matrix ρ(γ) and determine which

helicity flip amplitudes contribute to a certain matrix element.

2.5.2 The angular distribution

The ρ0 vector meson is observed through the products of its two-body decay: ρ0 →π+π−. The

decay is described in the vector meson rest frame by two angles that are the azimuthal angle φ

between its production and decay planes and the polar angle θ of the positively charged decay

particle, with the z-axis of the vector meson rest frame aligned opposite to the direction of the

scattered nucleon (see Figure 2.10).

In the ρ0 rest frame the decay angular distribution W (cos θ, φ) is given by

dN

d cos θ, dφ
= W (cos θ, φ) =

∑

λV λ′

V

〈 θ, φ|M |λV 〉 ρλV λ′

V
(V ) 〈λ′V |M+|θ, φ 〉 , (2.62)

with M being the decay amplitude. The terms 〈θ, φ|M |λV 〉 are expressed in terms of Wigner

rotation functions Dj
mm′ representing the probability of transformation from quantum state

|j,m > into |j,m′ >:

D1
10(φ, θ,−φ) = − 1√

2
e−iφ sin θ ,

D1
00(φ, θ,−φ) = cos θ ,

D1
−10(φ, θ,−φ) =

1√
2
eiφ sin θ . (2.63)

In terms of SDMEs ρα
λV λ′

V
, the 3-dimensional ρ0 meson production and decay angular dis-
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tribution W (cos θ, φ,Φ) reads [48]:

W (cos θ, φ,Φ) =
3

4π

∑

λV λ′

V

D1
λV 0(φ, θ,−φ)∗ρ(V )λV λ′

V
D1

λ′

V
0(φ, θ,−φ)

=
3

4π

8∑

α=0

Πa

[ ∑

λV λ′

V

D1
λV 0(φ, θ,−φ)∗ρa

λV λ′

V
D1

λ′

V
0(φ, θ,−φ)

]
, (2.64)

where the Φ dependence enters through the vector meson density matrix ρ(V ).

The angular distribution can be decomposed into terms WXY describing various polarization

states of target (S) and beam (P),

W = WUU + PLWLU + SLWUL + PLSLWLL + STWUT + PLSTWLT , (2.65)

where in WXY X specifies the lepton beam polarization, and Y the target polarization. The

lepton beam and the target can be unpolarized (U), longitudinally (L) or transversely (T)

polarized. The case of a transversely polarized lepton beam is omitted here, since it does not

provide any additional information compared to the case of longitudinal beam polarization.

In the case of a longitudinally polarized beam and an unpolarized target the 3-dimensional

angular distribution W (cos θ, φ,Φ) is a function of 26 independent matrix elements. For fixed

beam energy, the polarization parameter ε is a constant at given values of E ′ and Q2 (see

equation (5.19)). Measurements at different values of the ratio ε for the same values of E ′ and

Q2, called Rosenbluth separation, are experimentally not feasible. This implies that for fixed

beam energy the contributions from transverse and longitudinal photons are not distinguishable.

The SDMEs ρ0
λλ′ and ρ4

λλ′ are now expressed in terms of the combinations r04
λλ′ :

r04
λλ′ =

ρ0
λλ′ + εRρ4

λλ′

1 + εR
. (2.66)

The elements rα
λλ′ are also redefined as

rα
λλ′ =





ρα
λλ′

1 + εR
α = 1, 2, 3,

ρα
λλ′

√
R

1 + εR
α = 5, 6, 7, 8 .

(2.67)

Here R is the longitudinal-to-transverse cross section ratio (see equation (2.21)). From now on

the elements r04
λλ′ and rα

λλ′ are called SDMEs.

The first term WUU(cos θ, φ,Φ) in equation (2.65) corresponds to the case of unpolarized
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beam and target:

WUU(cos θ, φ,Φ) =
3

4π

[
1

2
(1 − r04

00) +
1

2
(3r04

00 − 1) cos2 θ

−
√

2 Rer04
10 sin 2θ cos φ− r04

1−1 sin2 θ cos 2φ

−ε cos 2Φ
(
r1
11 sin2 θ + r1

00 cos2 θ −
√

2 Rer1
10 sin 2θ cosφ− r1

1−1 sin2 θ cos 2φ
)

−ε sin 2Φ
(√

2 Imr2
10 sin 2θ sin φ+ Imr2

1−1 sin2 θ sin 2φ
)

+
√

2ε(1 + ε) cos Φ
(
r5
11 sin2 θ + r5

00 cos2 θ −
√

2 Rer5
10 sin 2θ cos φ− r5

1−1 sin2 θ cos 2φ
)

+
√

2ε(1 + ε) sin Φ
(√

2 Imr6
10 sin 2θ sin φ+ Imr6

1−1 sin2 θ sin 2φ
)]

. (2.68)

It is parameterized via 15 ’unpolarized’ SDMEs, with photon polarization states indicated as

0, 1, 2, 4, 5, 6 (see Section 2.5.1). These 15 unpolarized SDMEs were already measured in various

experiments [50, 51].

For a longitudinally polarized beam, the term WLU(cos θ, φ,Φ) in equation (2.65) provides

8 additional (’polarized’) SDMEs with photon polarization states 3, 7, 8:

WLU(cos θ, φ,Φ) =
3

4π

[√
1 − ε2

(√
2 Imr3

10 sin 2θ sin φ+ Imr3
1−1 sin2 θ sin 2φ

)
+

√
2ε(1 − ε) cos Φ

(√
2 Imr7

10 sin 2θ sin φ+ Imr7
1−1 sin2 θ sin 2φ

)
+

√
2ε(1 − ε) sin Φ

(
r8
11 sin2 θ + r8

00 cos2 θ −
√

2 Imr8
10 sin 2θ sin φ− Imr8

1−1 sin2 θ sin 2φ

)]
. (2.69)

These 15+8 SDMEs are measured at HERMES [52].

The normalization of the angular distribution is given by [17]

∫
dΦ

2π

∫
d cos θ dφ W (θ, φ,Φ) = 1 . (2.70)

The measurement of SDMEs on a polarized target, and in particular on a transversely

polarized target (term WUT in equation (2.65)) is one of the topics of this thesis and is discussed

in Section 6.7.3.

2.5.3 s-channel helicity conservation and natural/unnatural parity ex-

change

Two main ordering principles are observed in spin-dependent vector meson production, s-

channel helicity conservation (SCHC) and the dominance of natural-parity exchange (NPE).
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s-channel helicity conservation

SCHC implies that the vector meson conserves the helicity of the virtual photon γ∗. In this

case the transitions γ∗ → ρ0 involving a helicity flip vanish,

T01 = T10 = T0−1 = T−10 = T1−1 = T−11 = 0 , (2.71)

compared to those which conserve helicity. Only the three helicity non-flip amplitudes4 T00,

T11, T−1−1 for ρ0 production by a longitudinal or a transverse photon, and consequently the

SDMEs related to those amplitudes do not vanish.

In the case of SCHC the angular distribution can be written as a function of cos θ and

Ψ = φ− Φ:

W (cos θ,Ψ) =
3

4π

[
1

2
(1 − r04

00) +
1

2
(3r04

00 − 1) cos2 θ

]

+ εr1
1−1 sin2 θ cos 2Ψ − 2

√
ε(1 + ε) Re r5

10 sin 2θ cos Ψ

+ 2Plε(1 − ε) Im r7
10 sin 2θ sin Ψ . (2.72)

Natural- and unnatural-parity exchange

In Regge theory the diffractive production of vector meson proceeds via an exchange of a

particle through the t-channel. The exchanged particle may have natural parity P = (−1)J or

unnatural parity P = −(−1)J , where J and P correspond to the spin and parity of the particle,

respectively. Thus NPE is associated with exchanging natural-parity particles, like ρ, ω, f2, a2,

and unnatural-parity exchange (UPE) with exchanging unnatural-parity mesons, like π, a1, b1.

The pomeron exchange corresponds to the NPE, since the pomeron has the same quantum

numbers as the vacuum (thus the intrinsic parity is equal to 1). Substantial UPE contributions

can be expected only at lower values of W , since the reggeon exchanges with unnatural parity

are suppressed by a factor ∝ (M/W )2, while the exchanges with natural parity only by a factor

∝M/W [53].

Both the helicity amplitudes and the SDMEs can be split into a contribution of natural and

unnatural parity exchange. If NPE and SCHC are assumed, only two independent amplitudes

are left, T00 and T11. With a phase difference δ introduced between these two amplitudes, the

angular distribution reads:

W (cos θ,Ψ) =
1

1 + ε

3

8π

[
sin 2θ(1 + ε cos 2Ψ) + 2εR cos2 θ

−
√
ε(1 + ε)R cos δ sin 2θ cos Ψ + Pl

√
ε(1 − ε)R sin δ sin 2θ sin Ψ

]
. (2.73)

4The nucleon helicity states are omitted.



Chapter 3

The HERMES experiment at HERA
“You see things; and you say, ’Why?’ But I dream things that never were; and I say, ”Why

not?””

— George Bernard Shaw

HERMES was one of the four experiments located at the HERA storage ring (see Figure 3.1)

at DESY in Hamburg, Germany. HERA was operated from 1992 until 2007. It has a circum-

ference of 6.3 km and lies about 10 to 25 m under ground. The HERA machine consisted of

two storage rings where leptons1 and protons were accelerated in opposite directions to energies

of 27.5 GeV and 920 GeV, respectively. HERMES, located in the East Hall of the ring, was

a fixed-target experiment that used only the lepton beam of HERA, sharing it with the two

collider experiments H1 and ZEUS located in the North and South halls, respectively. The

fourth experiment, HERA-B, located in the West hall, had the proton beam interacting with

a fixed target until the year 2003.

HERMES was designed to study the spin structure of the nucleon, in particular the individ-

ual quark contributions to the nucleon spin. Due to unique properties of HERA and HERMES,

the scope of HERMES was expanded. HERA was the only machine able to accelerate and store

both electrons or positrons. The HERMES target had the flexibility to be operated with lon-

gitudinally or transversely polarized hydrogen and deuterium gases as well as with unpolarized

gases (H, D, 3He, Kr, Ne, Xe). The HERMES spectrometer had a good momentum resolution

and excellent particle identification capabilities. Data taking was started in summer 1995 and

stopped in 2007. In this chapter a short overview of the experimental setup is given.

3.1 The polarized HERA beam

Hera provided an electron or positron beam consisting of up to 220 bunches with a length of

27 ps, separated by 96 ns. The beam current, initially close to 50 mA, decreased exponentially

during the 12−14 hours of the beam life time. The beam life time was limited due to interactions

with residual gas in the storage ring and collisions with the proton beam.

1Hearafter leptons stands for either electrons or positrons.

36
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Figure 3.1: Schematic view of the HERA accelerator in the setup of the years 2001-2007 with the
four experiments. Spin rotators around H1, HERMES and ZEUS turn the lepton spin orientation from
transverse to longitudinal and back.

The beam was transversely self-polarized due to the Sokolov-Ternov effect [54], a tiny asym-

metry of the spin-flip amplitude in the synchrotron radiation in favor of an anti-parallel (par-

allel) spin-orientation for electrons (positrons) relative to the field direction of the bending

magnets. As soon as the initially unpolarized beam has been ramped up to its final energy of

27.6 GeV, the polarization began to build up. After a rise time of about 30 minutes typical

polarization values of about 50 − 60% were reached in the years 1996-2000. The theoretical

possible value of 92% was not reached due to lepton-proton beam interactions, depolariza-

tion effects as misalignment of magnets and deviations of the beam from the designed orbit.

Upstream of the HERMES target the transverse beam polarization was transformed into a

longitudinal one by a set of magnets acting as spin rotators. Another spin rotator returned it

back to transverse polarization downstream of HERMES (see Figure 3.1). The polarization was

permanently monitored by two polarimeters, one of them measuring the longitudinal polariza-

tion [55] downstream of the HERMES spectrometer, and another one measuring the transverse

polarization [56] of the beam at the opposite side of the ring. Both polarimeters made use of a

cross section asymmetry in Compton backscattering of circularly polarized photons off polar-

ized leptons. The measurement of both polarimeters usually agreed, as shown in Figure 3.2.

Until the year 2001 the spin orientation of the beam was rotated only in the HERMES exper-

imental section and the maximum longitudinal polarization of the beam was about 60%. In

2002, two additional pairs of spin rotators were installed in front and behind the H1 and ZEUS

experiments, after which the maximum polarization value achieved was 50%.
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Figure 3.2: The beam polarization build-up due to the Sokolov-Ternov effect vs. the beam life
time, as monitored by two polarimeters measuring the longitudinal and transverse polarization of the
beam.

3.2 The polarized HERMES target

HERMES used a gaseous target internal to the lepton storage ring. The advantage of such a

target was that high polarization values could be achieved without dilutions due to unpolarized

materials typical to liquid and solid-state targets. Although the achieved densities of the gas

target were much lower compared to the latter, they were still two orders of magnitude higher

than those obtained with a gas jet target.

The HERMES target [57] consisted of four main components (see Figure 3.3): an atomic

beam source (ABS) producing polarized hydrogen or deuterium atoms2, a windowless storage

cell installed in the vacuum of the beam pipe and two diagnostic devices which measure the

polarization (Breit-Rabi Polarimeter (BRP) ) and the atomic fraction of the gas (Target gas

analyzer (TGA) ).
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collimator
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2nd sexp. magn. syst.

SFT / WFT
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beam shutter
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QMS
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sexp. magn. syst.

beam blocker
nozzle

injection tube

Figure 3.3: Representation of the HERMES target setup.

2Unpolarized gases can also be injected into the target cell through a separate capillary near the ABS outlet.



The HERMES experiment at HERA 39

3.2.1 The atomic beam source

The polarized gas was produced by an ABS [58] (see the left-hand side of Figure 3.3) making

use of the Stern-Gerlach effect. First, the molecules of hydrogen were dissociated into atomic

hydrogen by a radio frequency (RF) discharge in the glass tube with a dissociation degree of up

to 80%. Then the hydrogen atoms flew through a cooled nozzle with a temperature of 100 K

(which surface was covered with a layer of ice to prevent the recombination), a set of collimators

and entered a sextupole magnet system. If no external magnetic field is present, there are only

two hyperfine states for the hydrogen atoms corresponding to the energy difference between

the states with total spin F = 0 and F = 1. In the external magnetic field of the sextupole

magnet with a gradient perpendicular to the direction of motion of the hydrogen atoms, the

latter ones split into four hyperfine energy levels (see Figure 3.4) and experience different forces

according to their magnetic moments. The four states are the combinations of the nucleon (I)

and of the shell electron (s) up and down spin states: mI = ± 1/2 and ms = ± 1/2. Those

atoms having the electron spin orientation +1/2 were focused toward the axis of the magnet,

those with a negative magnetic moment were deflected. A set of RF fields permits to attain a

nuclear polarization by interchanging the occupation numbers of hyperfine states. While the

weak field transition (WFT) exchanged the occupation numbers of hyperfine states |1〉 and

|3〉, the strong field transition (SFT) acted on states |2〉 and |4〉. The SFT and WFT were

operated independently providing atoms in the hyperfine state combinations of either |1〉+ |4〉
or |2〉+ |3〉. Thus the electron polarization vanished and the nucleon spin projection was either

+1/2 or −1/2. During the data taking with transversely polarized target the spin state was

flipped every 90 s and fluxes of up to 6.5× 1016 atoms/s were injected into the storage cell.
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Figure 3.4: Hyperfine energy levels of hydrogen atoms as a function of the strength of an external
magnetic field. Field values are given in units of the critical magnetic field BC defined as external
field strength which caused the energy differences between the states |1〉 and |3〉 to be equal to the
hyperfine splitting EHFS . The energy values are shown in units of EHFS .
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3.2.2 The storage cell

The polarized atoms from the ABS were injected through an injection tube to the center of the

storage cell [59]. The cell was constructed from 99.5% pure aluminium and was made as thin

as possible (75µm) to minimize multiple scattering and bremsstrahlung of the particles passing

through its walls. The cell had an elliptical cross section of 21× 8.9 mm2 and usable length

to 400 mm limited by the spectrometer acceptance. The interior of the cell was coated with

Drifilm and the walls were cooled to a temperature of 100 K to minimize the gas recombination

and depolarization caused by wall collisions. Opposite to the injection tube through which the

polarized gas was fed in, there was another sample tube installed that led to the TGA and

BRP with 5% of the target gas for diagnostic measurements.

3.2.3 The target gas analyzer

The TGA[60] measured the atomic and molecular contents of the gas sample extracted from the

storage cell. The differentiation between molecules and atoms was necessary as their nuclear

polarizations were different. The main component of the TGA (the right-hand side of Fig-

ure 3.3) was a 90◦ off-axis quadrupole mass spectrometer (QMS) with a cross beam ionizer and

a channel electron multiplier (CEM) for single ion detection. In order to avoid interferences

with the BRP measurements, the TGA was tilted by 7◦ with respect to the sampling tube.

In front of the QMS a chopper periodically blocked the sample beam in order to distinguish

between particles from the sample beam and those from residual gas. Particles entering the

detector were ionized by 70 eV electrons, mass filtered with the QMS and detected by the CEM.

The measured atomic and molecular signals in the TGA were proportional to the corresponding

particle fluxes of atoms Φa and of molecules Φm. The degree of dissociation of the sample beam

is given by:

αTGA =
Φa

Φa + Φm
. (3.1)

Using this measurement together with various calibration measurements, two quantities can be

calculated [57]: the initial atomic fraction α0 in the injected gas and the fraction of atoms αr

surviving the recombination in the cell.

3.2.4 The Breit-Rabi polarimeter

The gas sampled in the storage cell was analyzed also for its atomic polarization using a BRP[61]

which applied the same principles as the ABS but in reverse order. The strong and medium

RF field transitions and a sextupole magnet separated opposite electron spin states. A beam

blocker was installed in front of the magnet to prevent the atoms entering the sextupole magnet

system on the symmetry axis where the field gradient was zero. Atoms with a selected state

entered the QMS and were counted with the CEM. The polarization P BRP
a was calculated by
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measuring the relative occupation of the four hyperfine states. The BRP measured the gas

polarization in the center of the storage cell. The polarization Pa averaged along the cell was

obtained by applying the sampling correction CP :

Pa = CP ·PBRP
a , (3.2)

which was estimated with the help of Monte Carlo simulations of the stochastic motion of

the particles in the storage cell. The uncertainty of this factor is part of the total systematic

uncertainty of the target polarization.

3.2.5 The target polarization

Using the results of the TGA and BRP measurements, the effective target polarization PT can

be calculated:

PT = Paα0[αr + (1 − αr)β], (3.3)

where β is the relative polarization of molecules with respect to the polarization of atoms. As

the BRP could measure only the polarization of the atoms, a direct measurement of β was not

possible. Dedicated studies have restricted the value of β to be in the range of β = [0.45 :

0.83] [62]. The uncertainty on β is another part of the systematic uncertainty of the target

polarization measurement.

The HERMES target group provided an average target polarization value for each data

taking period, as shown in Table 3.1.

data taking period average target polarization

2002 (Apr 2002 - Mar 2003) 0.783 ± 0.041

2003 (Sep 2003 - Dec 2003) 0.795 ± 0.033

2004 (Jan 2004 - Aug 2004) 0.737 ± 0.055

2005 (Aug 2004 - Dec 2005) 0.706 ± 0.065

2002-2005 0.724 ± 0.059

Table 3.1: Average target polarization values for different data taking periods using
a hydrogen target. The statistical uncertainties are neglected compared to the listed
systematic uncertainties.

3.2.6 The target magnet

A uniform magnetic holding field of B = 297 mT along the beam axis, surrounding the storage

cell, was generated by a superconducting magnet providing the spin quantization axis and
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effectively decoupling the electron and nucleon magnetic moments. It also suppressed the spin

relaxation due to the splitting of the hyperfine energy levels.

The magnetic force F caused by the external magnetic field B, on a beam particle of charge

q moving with a velocity v is given by the Lorentz formula:

F = qv×B. (3.4)

In case of a longitudinally polarized target, the holding field was parallel to the beam and

thus had no effect on the incoming lepton. Since the angular acceptance of the HERMES

spectrometer was about ± 140 mrad vertically and ± 180 horizontally, all accepted particles

were also nearly parallel to B. Thus the holding field of the target magnet had a marginal

effect on the trajectories of scattered particles. In case of a transversely polarized target, the

transverse holding field deflected both the beam and the scattered particles, since they were

moving perpendicular to B, so that the vertex position and the scattering angles must be

corrected for the deflection (see Section 7.7.2).

3.3 The HERMES spectrometer

After the interaction of the beam lepton with the target nucleon, the scattered particles were

detected in the HERMES forward magnetic spectrometer[63] built of two identical halves above

and beneath the beam pipes (see Figure 3.5). The spectrometer consisted of a magnet and sets

of tracking and particle identification (PID) detectors.

The axes of the HERMES right-handed coordinate system are defined in a way that the z

direction is along the beam axis, x points towards the center of the HERA ring and y points

upwards. The center of the target storage cell is the origin of the HERMES coordinate system.

This section briefly describes the individual components of the detector.

3.3.1 The spectrometer magnet

A dipole magnet with a vertical deflecting power of
∫

B dl = 1.3 Tm bent the tracks of the

charged particles in the horizontal plane. The influence of this field on the HERA beam was

shielded by an 11 cm thick septum steel plate enclosing the beam pipe. The aperture given

by the magnet defines the upper limits of the spectrometer acceptance of ± 170 mrad in the

horizontal and of ± 140 mrad in the vertical direction. The steel plate limited the lower vertical

acceptance to ± 40 mrad. In combination with tracking detectors, the spectrometer magnet

permitted a precise measurement of the charged particles’ momentum.
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Figure 3.5: Side view of the HERMES spectrometer in the setup of the years 2001-2005. The
beam enters from the left side and traverses the target cell centered at position (0,0). The tracking
detectors are shown in red and the particle identification detectors in green.

3.3.2 Tracking detectors

The tracking system consisted of tracking chambers in front of, inside and behind the magnet.

Except the silicon detector, installed right after the target, all the other tracking detectors were

wire chambers, each consisting of several planes oriented in three directions: vertical and tilted

by ± 30◦ with respect to the vertical axis. Each wire chamber module consisted of six layers

where half of the planes were offset by half a cell width, to resolve right-left ambiguities.

The silicon detector (Lambda Wheels) [64] was installed in 2002 in order to increase

the acceptance for long-living particles which decay outside of the target region, like Λ, Λc, Ks.

This detector is mentioned here for completeness as it is not used for the analysis discussed in

this thesis.

The drift vertex chambers (DVC) were installed 1.1 m downstream of the target and

used the gas mixture Ar/CO2/CF4. The planes had a wire spacing of 6 mm and the resolution

was 200 µm per plane. DVCs were supposed to improve the momentum resolution. How-

ever, in practice it was improved only slightly and the DVCs are not used for the front track

reconstruction.

The front chambers (FC)[65] were the main detectors used for the front track reconstruc-

tion. They were installed in front of the spectrometer magnet, at about 1.6 m from the target

center. The two modules of the FC drift chambers had drift cells of 7 mm width and 8 mm

depth. They were filled with the same gas as the DVCs. The resolution per plane was 225 µm

and the efficiencies per single plane varied between 97% − 99% depending on the position in

the cell.
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The magnet chambers (MC) [66] were three set of proportional wire chambers installed

in the gap of the spectrometer magnet and used to determine the momentum of low energy

particles that did not reach the back part of the detector. The MCs are also not used in the

analysis described in this thesis.

The back chambers (BC) [67] were two pairs of drift chamber modules located in front

of and behind the RICH detector and used for track reconstruction behind the spectrometer

magnet. Each BC plane had a drift size of 15× 16 mm and was filled with the same gas mixture

as FCs and DVCs. The resolutions were 210 µm for a BC1/2 plane and 250 µm for a BC3/4

plane. The efficiency for positrons was above 99% while for hadrons was slightly smaller (97%)

due to lower ionization density.

The reconstruction

Based on the hits in the FCs and BCs, the front and back tracks are reconstructed by a fast

tree-search pattern recognition algorithm used by the HERMES reconstruction program (HRC).

These partial tracks are straight lines which are combined to full tracks if they intersect in the

magnet center within a defined tolerance. At the first step a larger tolerance is taken. Then,

fixing the matching point of the higher quality back partial track at the magnet, the front track

parameters are recalculated. In an iterative procedure the momentum resolution is improved.

This method is called force bridging when the front track is forced to match the back track in

the center of the magnet. In the next step the momentum of the track is determined comparing

the front track position and the slopes in front and behind the magnet with numbers in the

look-up tables [68]. There the particle momentum is given as a function of track parameters.

For the data taking period from 2002 to 2005 years a momentum resolution of ∆P/P < 2.6%

and an angular resolution of ∆θ < 1.4 mrad is achieved3.

As the transverse target magnet changed the vertex position and the scattering angles of

the produced particle (see Section 3.2.6), these reconstructed quantities have to be corrected.

The reconstructed partial tracks in front of the spectrometer magnet do not yield the correct

vertex positions and scattering angles when they are extrapolated into the target cell by a

straight line. The scattering angle at the vertex must be determined from the track positions

in the FCs and DVCs, and a correction must be applied to account for the deflections of the

trajectory between the vertex point and the FCs and DVCs. This requires knowledge about

the magnetic field which was modeled for the 2002 data taking period and measured for the

other years starting from 2003. Two different target magnet correction (TMC) methods [69]

are available to calculate the interaction point and the scattering angles, before the track was

deflected by the transverse field.

3The resolutions were better for data taken before 1998 when a gas Čerenkov detector was installed instead
of the RICH detector which introduces more material along the particle path.
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3.3.3 The particle identification detectors

There were four different PID detectors: a dual-radiator ring-imaging Čerenkov (RICH) detec-

tor, a transition radiation detector (TRD), a preshower detector and a lead-glass electromag-

netic calorimeter. The responses of these detectors give a very clear separation between leptons

and individual hadron types.

The RICH detector [70]. Charged particles which traverse a material with a velocity

v higher than the speed cm of the light in that material, emit electromagnetic (Čerenkov)

radiation in a cone around their trajectory with a characteristic opening angle θc:

cos θc =
1

βn
, (3.5)

which depends on the refractive index n = c/cm of the material and the velocity v of the particle

(as β = v/c where c is the speed of light in vacuum). The particle’s threshold velocity to radiate

Čerenkov light is given by the refractive index of the material : v >= cm ≡ c/n. According to

equation (3.5), the particles with the same momentum but different masses emit Čerenkov light

with different opening angles. This phenomenon enables the discrimination between various

hadrons and leptons.

The RICH detector consisted of two radiators with different refractive indices. The first one

with refractive index of 1.0304, was a 5.5 cm thick wall of aerogel tiles (10.5× 10.5 cm2) stacked

in 5 layers with 5 horizontal rows and 17 vertical columns, installed right after the entrance

window of the detector. The second radiator with refractive index of 1.0014, was a heavy

gas (C4F10) filling the volume of the detector. The particles traversing the detector emitted

Čerenkov photons in two radiators if their velocities were above the respective thresholds. The

photons, reflected from a spherical mirror, were detected by a photon detector which was an

array of photo multiplier tubes (PMTs). The threshold behavior in both radiators as well as

the opening angle information are used for discrimination between pions, kaons and protons in

the momentum range of 1 < p < 15 GeV (see Figure 3.6).

The RICH information is used for lepton/hadron separation as well which is quite important

in the low momentum (p < 4 GeV) region where the other PID detectors were not optimized.

A lepton with a momentum4 of p > 0.5 GeV emitted photons in both radiators at angles close

to the maximum: θA ' 250 mrad in the aerogel and θG ' 50 mrad in the gas. The pions,

having the threshold of about p > 0.6 GeV in the aerogel, emitted less photons in smaller

average opening angle while the threshold for pions to radiate Čerenkov light in the gas was

p > 2.8 GeV. Thus the RICH is used for lepton identification by analyzing the number of hit

PMTs and the characteristic Čerenkov angles in both radiators.

The transition radiation detector, located between the two hodoscopes H1 and H2,

4The momentum of 0.5 GeV is the threshold below which the charged particles were bent out of the detector
by the spectrometer magnet.
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Figure 3.6: The dependence of Čerenkov angles on momentum for aerogel (upper curves) and gas
(lower).

was used to distinguish between leptons and hadrons. It employs the emission of transition

radiation by a charged particle with a Lorentz boost factor of γ = 1/
√

1 − β2 > 500 when it

crosses the boundary between two materials with different dielectric constants. The radiator

material of the TRD, a mesh of thin polyethylene/polypropylene fibers, was chosen in a way

that only leptons produce transition radiation at HERMES energies. Other particles could

deposit energies due to ionization losses. The fiber arrangement provided many boundaries

increasing the intensity of radiated photons. At high energies this radiation mainly consisted of

X-rays which were emitted in a narrow cone with an opening angle of θ∼ 1/γ. The deposited

energy of X-ray photons was detected by multi-wire proportional chambers (MWPC) with a

mixture of Xe and CH4 gases having good sensitivity to X-ray photons, one MWPCs connected

to each of six 6.35 cm thick modules of TRD in each detector half. The combined information

from six modules permits to identify positrons of about 5 GeV with a hadron rejection factor

(the number of pions divided by the number of pions misidentified as positrons) > 100 at a

lepton identification efficiency of 90%.

The preshower detector. HERMES had three sets of hodoscopes among which only H2,

the preshower detector, provides PID information. An 11 mm thick lead plate (corresponding to

2 radiation lengths) in front of the hodoscope initiated electromagnetic showers for leptons. The

H2 itself was built of 42 vertical plastic scintillator paddles (9.3× 91× 1 cm3) and connected

to PMTs for readout. Adjacent paddles were overlapping for maximum efficiency. While

traversing the lead plate, hadrons deposited only 2 MeV in the scintillators due to ionization

losses, while the energy losses of leptons were larger due to showering in the lead and varied

between 10 and 100 MeV.

The electromagnetic calorimeter [71] being the last PID detector on the particle’s way,

was built in a way that the leptons lost almost all of their energy by showering in the 50 cm
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depth of the calorimeter blocks (equivalent to 18 radiation lengths). The calorimeter had two

identical halves each with 420 lead-glass blocks (9× 9 cm2), coupled to PMTs measuring the

amount of Čerenkov light produced by the showers. The ratio of the energy E deposited in

the calorimeter blocks and the momentum P of the leptons peaks around E/P ∼ 1. As for the

hadrons, they deposited only a fraction of their kinetic energy through ionization energy losses

and nuclear interactions, resulting in an average ratio of E/P ∼ 0.4 − 0.5. For PID the ratio

of E/P of the particle is considered. Besides the lepton/hadron separation, the calorimeter is

also used for detection and energy determination of photons.

The particle identification scheme

The final PID decision is done by a highly efficient algorithm developed in [72]. In each PID

detector i, for each particle a logarithmic likelihood ratio PIDi of probabilities to find a positron

P (Se, p) or a hadron P (Sh, p) with a momentum p causing a specific signal S,

PIDi = lg
P (Se, p)

P (Sh, p)
, (3.6)

is constructed. These probabilities from each PID detector, called parent distributions, are

combined in different ways and assigned to each particle.

PID3 = PIDcalo + PIDpreshower + PIDRICH (3.7)

PID5 ≡ PIDTRD =
6∑

i=1

PIDTRDi
.

As seen from Figure 3.7, this algorithm gives a clear separation between leptons and hadrons.

The individual hadron identification is done by the RICH detector discussed in the beginning

of the section.

3.4 The luminosity measurement

For cross section measurements a precise determination of the luminosity is necessary. The

luminosity is the product of the target-gas density and the beam current, integrated over the

time of the measurement, corrected for the dead time. The luminosity measurement is based

on the observation of the elastic scattering of beam leptons off target gas shell electrons. In

case of an electron beam Möller scattering e−e− → e−e− takes place while in case of a positron

beam two processes contribute to the e+e− interaction: Bhabha scattering e+e− → e+e− and

e+e− annihilation into photon pairs e+e− → γγ. In both cases the precise cross sections are

known from QED.

Both the scattered lepton and the hit electron were detected by the luminosity monitor [73].

It consisted of two small calorimeters, located at about 7.2 m downstream the target, mounted



The HERMES experiment at HERA 48

-25
-20

-15
-10

-5
0

5
10

0

5

10

15

20

25

30

35

40

45

50

0

50

100

150

200

250

300

 

TR
D 

Si
gn

al 
[ke

V]

log
10 (likelihood(3-dets))

HadronsHadronsPositronsPositrons

 
 

Figure 3.7: The HERMES particle identification: PID3 vs TRD.

as close as possible to both sides of the beam pipe, as the scattered angles of the leptons and

photons were small. The calorimeters consisted of 3× 4 arrays of radiation resistant Čerenkov

crystals (22× 22× 200 mm3), connected to PMTs. The resulting horizontal acceptance was

4.6 − 8.9 mrad. The particles from desired reactions were detected in coincidence in the two

calorimeters with the requirement of high (at least 4.5 GeV) energy deposition in both of them

as most of the background events had a high energy deposition in only one detector.

The absolute luminosity is given by the ratio of the event rates R and the integrated cross

section of the processes folded with the detector acceptance ∆Ω and efficiency ε :

L =
R∫

dσ
∆Ω

ε ∆Ω
. (3.8)

The resulting luminosity is determined with an accuracy of ∆L/L ≈ 6%.

For cross section asymmetry measurements it is sufficient to use only the rate R, the relative

luminosity, since the denominator in equation (3.8) cancels when asymmetries are constructed.

In this case the uncertainty is much smaller, ∆R/R ≈ 0.9−1.5%, since the main contribution to

the systematic uncertainty of the absolute luminosity measurement is coming from the denom-

inator of equation (3.8), mainly from the estimation of the luminosity monitor’s geometrical

acceptance.

3.5 The trigger system

The trigger system was designed to select potentially interesting events and reject background

events, thus decreasing the dead time of the data acquisition system (DAQ). In addition to the
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described detectors, there were two hodoscopes, H0 and H1, used in the trigger system. The

H1 had the same construction as H2 except the lead sheet in front. The H0 was installed right

before the FCs, built from a single sheet of 3.2 mm thick plastic scintillator and read out with

PMTs. It was meant to suppress triggers caused by showers originating from the proton beam

pipe. The difference in time at which a signal in the front and rear hodoscopes was registered

permitted to discriminate between forward and backward going particles.

The first level trigger (Trigger 21) for a scattered lepton was formed by the coincidence of

signals from all these hodoscopes, H0, H1, H2, and the calorimeter where an energy deposition

in two adjacent columns of lead-glass blocks was required to be larger than the threshold energy

Ethr. The Ethr value was set to 1.4 GeV (3.5 GeV) for data taken with polarized (unpolarized)

target. This trigger was required to appear in coincidence with the bunch signal from the

accelerator. In addition various triggers were used for photoproduction events, calibration and

detector monitoring.

Not all the generated triggers could be accepted by the HERMES DAQ system. During

the time needed for readout, newly generated triggers could not be accepted, leading to a dead

time of the DAQ system. As the latter influenced the number of selected events, it has to be

taken into account in the normalization of the measured data. The dead time is defined as a

ratio of the number of rejected trigger requests to the total number of generated triggers. The

trigger decision was made within about 400 ns for each event and the maximum trigger rate

handled by the DAQ system was about 500 Hz.

3.6 The data structure

For an accepted trigger the values of all detector channels digitized by analog-to-digital con-

verters (ADCs) and time-to-digital converters (TDCs) were collected and stored on hard disks

and on tapes for backup. An amount of raw data of about 450 MB was grouped together as a

run. These runs were further divided into time pieces of ∼ 10 s, called bursts. For every burst

the detector, beam and target characteristic quantities like beam currents, target and beam

polarizations, dead time of the spectrometer, etc. were read out. These quantities were stored

separately in the SLOW data tables.

The raw data containing the ADC and TDC values have to be transformed into physical

values. This transformation is performed by the HERMES Decoder (HDC) system. Using

general geometry and alignment information, the HDC calculates the hit positions in every

detector part separately and assigns to each hit a coordinate in the HERMES coordinate

system. Afterwords, in the first step of the data production chain, the HRC chain reconstructs

the tracks assigning momentum and charge to each particle. The above mentioned SLOW data

is synchronized with the HRC tables and all is written as ADAMO[74] tables in µDSTs. These

tables contain the full physical information necessary to perform the data analysis.



Chapter 4

Data selection
“The first step to getting the things you want out of life is this: Decide what you want.”

— Ben Stein

4.1 Data quality

In parallel to the data taking the trigger and event rates as well as the condition of detectors

(SLOW control) are used to monitor the quality of the taken data. However, since the re-

quirements on the detector performance and data taking conditions, like the target and beam

polarizations, may differ for various analyses, a detailed offline study of the data quality is

necessary. The final data production is done after all detector calibrations and additional cor-

rections have been performed. During the final data productions the detector responses as

well as the SLOW information are distilled into a 32-bit number pattern created per burst and

detector half reflecting the conditions under which the burst has been taken. Those numbers

are stored in a special burstlist and are compared to a bit pattern defined in accordance to the

purposes of the specific analysis, thus ensuring a high quality of the analyzed data. The de-

tailed information about the definition of the bits can be found on the HERMES Data Quality

page [75].

For the following analysis, data with a transversely polarized hydrogen target and an unpo-

larized beam is required. The data were accumulated during the running period 2002-2005. The

2002 and 2003 data is a small fraction of the whole data, the main statistics is from 2004 and

2005 data taking periods. The positron (2002-2004) or electron (2005) beam was scattered off a

transversely polarized hydrogen target with an average polarization of 0.72 (see Section 3.2.5).

The latest data productions are used: 02c0, 03c0, 04c1 and 05c1.

4.2 ρ0 event selection

To each track in the burst that passed the above mentioned data quality criteria, characteristic

quantities, e.g. event number, particle type, its momentum and scattering angles are assigned.

50
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Since the transverse holding field of the target magnet changes the vertex position and the

scattering angles of the charged particles (see Section 3.3.2), these reconstructed quantities

are corrected for the deflections of the trajectories. Two different target magnet correction

methods [69] are available for 2004 and 2005 data taking periods, while only one is available for

2002 and 2003 data productions.

As the HERMES spectrometer is sensitive to a wide variety of processes, a further set of

criteria must be applied to select the events of particular interest. For the analysis described

in this thesis, the events of exclusive ρ0 meson production will be selected (see Section 2.1):

e(l) + P (p) → e′(l′) + P ′(p′) + ρ0(v).

A ρ0 meson (see Table 4.1) is an unstable short-living resonances that decays in τ =

4.4 10−24 s after its formation. For a particle with a velocity close to the speed of the light

this time is not sufficient to reach the spectrometer. The distance it will fly before decaying is

approximately the size of a nucleon. Thus only the ρ0 decay particles may occur in the HER-

MES spectrometer. Since a ρ0 meson decays into two pions with a branching ratio of 100%,

ρ0 → π+ +π−, the experimental signature of ρ0 are two oppositely charged pions reconstructed

in the HERMES acceptance.

mass (MeV) full width (MeV) decay mode

ρ0 (770) 770± 0.8 150.7± 1.1 π+π−(100%)

Table 4.1: ρ0 meson properties from particle data book [49].

4.2.1 Lepton/hadron separation

For the analyzed data the HERMES spectrometer had no means of recoil particle detection1.

Since most of the recoil protons didn’t enter the HERMES acceptance, the desired events are

expected to consist of three particles in the final state. These are the scattered lepton and two

oppositely charged pions. As the recoiling proton is left intact, the information of those tracks

is sufficient to reconstruct the kinematics of the exclusive event.

The sum of the parent distributions from all PID detectors, denoted as PID3 + PID5 (see

Section 3.3.3), is used for lepton/hadron separation. Figure 4.1 represents the PID3 + PID5

distribution of all tracks in the HERMES acceptance. As indicated by the shaded areas, the

leptons and hadrons are identified in the regions:

PID3 + PID5 > 1 for leptons,

P ID3 + PID5 < 1 for hadrons. (4.1)

1A recoil detector has been installed in 2006.
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The statistics in the region close to PID3 + PID5∼ 1 is relatively small, resulting in minimal

contamination (< 1%) of misidentified particles in either hadron or lepton sample.

Pion discrimination can be done using the RICH information in the momentum range of

1 < Pπ < 15 GeV (see Section 3.3.3). Since ρ0 mesons mainly decay asymmetrically, one of

the pions is carrying more energy than the other, there are still quite some decay pions out

of this range. In order to gain statistics, the ρ0 meson reconstruction is performed under the

assumption of ’all hadrons are pions’. The advantages of this approach will be discussed in

Section 4.5. In the following, pions are referred to as hadrons.
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Figure 4.1: The PID3 + PID5 distribution of hadrons (< 1) and leptons (> 1) in the HERMES
acceptance.

4.2.2 Geometrical restrictions

In order to make sure that the detected lepton originates from the lepton beam scattered

inside the target cell and not from electromagnetic showers due to scattering at the collimator

preceding the target, a cut on the vertex position is imposed. As ρ0 mesons decay practically

at the production point, both pions should originate from within the target cell as well. Thus

the requirement upon the vertex position is applied also on the pion tracks.

The geometrical acceptance of the HERMES spectrometer implies additional restrictions on

the track parameters. In order to reject these tracks which might be affected by edge effects of

the detector, a set of geometrical requirements, referred to as fiducial volume cuts, is imposed

on the vertical and horizontal positions of the tracks. These cuts discard tracks which e.g. point

to edge or corner blocks of the calorimeter, thus affecting the completeness of the measurement

of the energy deposited by the particle in the calorimeter. The tracks are also checked for the

positions in several detector components where the tracks can run very close to the detector

mountings or shielding materials and cause electromagnetic showers. The list of all geometrical
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restrictions is presented in Table 4.2.

vertex position −18 < zvertex < 18 cm

position in the calorimeter |xcalo| < 175 cm

30 < ycalo < 108 cm

front field clamp position |xffc < 31| cm

septum plate position |ysp > 7| cm

rear field clamp position |yrfc < 54| cm

rear clamp position |xrc| <= 100 cm

|rrc| <= 54 cm

Table 4.2: The geometrical cuts applied on the lepton and both pion tracks.

4.2.3 Candidates of ρ0 production

On the identified lepton track, which fulfills the geometry criteria, further requirements are

imposed. A squared four-momentum transfer Q2 of more than 1 GeV2 is required to resolve

the nucleon structure and to allow a proper comparison with GPD model predictions. In order

to suppress the contribution from the nucleon resonance region, a cut on the invariant mass of

the final hadronic state of W 2 > 4 GeV2 is imposed.

The ρ0 mesons are identified by studying the invariant mass distribution M2π of the two

decay particles,

M2π =
√

(pπ+ + pπ−)2 (4.2)

where pπ+ and pπ− are the four-momenta of the decay pions. The ρ0 events show up as a

clear bump around the expected mass value (see Figure 4.2). However, due to the restricted

spectrometer acceptance, the observation of exactly two pions in the final state does not exclude

the possibility that other particles were produced in the same event in addition to the detected

particles. Although the ρ0 events can be selected by imposing a mass window cut of 0.6 <

M2π < 1 GeV, this sample is still diluted with background events of hadron pairs produced in

various processes. Since the non-exclusive events may be misidentified as exclusive ρ0 events,

further restrictions are required for background suppression.

4.2.4 Selection of exclusive events

In the elastic scattering, where the target proton stays intact, the quantity defined as

∆E = E − E ′ − Eρ + (Ep − Ep′) (4.3)
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Figure 4.2: The reconstructed invariant mass distribution M2π of two pions (left) and two uniden-

tified hadrons (right). The narrow peak in the lower mass region corresponds to K0
S production. The

shaded area indicates the mass window for the ρ0 selection used in the analysis.

should be equal to zero due to energy conservation. Here Ep and Ep′ are the energies of the

initial and recoiling proton. This quantity is referred to as missing energy and can be used as a

measure of exclusivity. According to equation (2.8), in the laboratory frame the missing energy

∆E accounts for the kinetic energy Ekin ≡ (Ep − Ep′)
lab
= −t/2M transferred to the proton,

which is assumed to be small since the proton remains intact. Therefore, the energy of the

reconstructed ρ0 meson is expected to be close to the energy of the virtual photon.

The missing energy ∆E is an invariant quantity, defined also via the missing mass squared

M2
X = (q + p− v)2 = p′2:

∆E =
(M2

X −M2)

2M
. (4.4)

For exclusive ρ0 production the missing mass is equal to the target rest mass, MX = M , the

missing energy vanishes: ∆E = 0. For non-exclusive ρ0 production, MX 6= M , resulting in

∆E > 0. In this case the target proton dissociates. The non-exclusive background events can

be suppressed requiring ∆E ≈ 0. However, a larger range of ∆E values has to be used for

selection of exclusive ρ0 event. Due to the limited experimental resolution, the reconstructed

values of ∆E are smeared to a Gaussian distribution with a width of about 500 MeV in both

positive and negative directions (see Figure 4.12).

Expanding equation (2.8) the expression for the squared four-momentum transfer t will

become

t = (Eγ − Eρ)
2 − (|q| − |v|)2 − 2|q||v| sin2(θγ∗V) , (4.5)

where θγ∗V is the angle between the virtual photon and the produced ρ0 meson in the photon-

nucleon center-of-mass system. At the minimum of four-momentum transfer, the momentum
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Figure 4.3: The ∆E distribution (left) is presented in the ρ0 invariant mass window for all values

of −t′ (the white area) and for −t′ < 0.4 GeV2 (yellow shaded area). The correlation between ∆E and
−t′ (right) of the events within the ρ0 invariant mass window is presented as well. The lines indicate
the cuts on ∆E and −t′ values which are used in the analysis and will be discussed later.

of the produced meson is parallel to the direction of the virtual photon:

t0 = (Eγ − Eρ)
2 − (|q| − |v|)2 . (4.6)

Since t0 is not a Lorenz invariant quantity, the energy and the momentum of the virtual photon

and the produced meson are defined in the center-of-mass system as:

Eγ =
W 2 −Q2 −M2

2W
, |q| =

√
E2

γ +Q2 ,

Eρ =
W 2 +M2

ρ −M2
X

2W
, |v| =

√
E2

ρ −M2
ρ . (4.7)

In the analysis, the quantity

t′ = t− t0 (4.8)

is often used. Since the t0 subtraction removes the longitudinal component of the transferred

four-momentum, t′ is the measure of the transverse four-momentum transfer. All three variables

t, t0 and t′ have negative values by definition, and |t0| is the minimum kinematically allowed

value of |t|.
As the target nucleon stays intact, with only little energy transferred to the target, t has

small values. Typically, |t0| is much smaller than |t|, resulting in t′ ≈ t. Hence, exclusive ρ0

production has its main contribution at small values of ∆E and t′.

The ∆E distribution for ρ0 candidates is presented in the left panel of Figure 4.3. Exclusive

ρ0 production shows up as a narrow peak around ∆E ≈ 0 while most of the non-exclusive

events have larger values of ∆E. The correlation between ∆E and −t′ is presented in the right
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panel of Figure 4.3 where the exclusive ρ0 meson production is located in the lower left corner

of the histogram. Restrictions imposed on the ∆E and −t′ values will reduce the background

contamination in the selected exclusive sample (see Figure 4.3). However, as it is seen from the

∆E distribution, there would be still a background contamination in the low ∆E region.

In the following sections an estimate of the background contamination as well as require-

ments on ∆E and −t′ will be discussed.

4.2.5 Beam energy correction

The comparison of ∆E distributions from various years has revealed a shift in the position

of the exclusive peak. As illustrated in the left panel of Figure 4.4, the peak positions from

the dE distributions in 2004 and 2005 data taking periods are shifted with respect to that of

the year 2000. Detailed studies have found the shift to be present not only in exclusive ρ0

production, but also in other reactions. A possible explanation was found to be the uncertainty

in the measurement of the initial beam energy [76]. The actual value of the beam energy for

the 2002-2005 data taking periods was found to be slightly smaller than the measured value.

The true values of the initial beam energy Ptrue were estimated [76] for each data taking period

(see Table 4.3).
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Figure 4.4: The ∆E distributions and mean values of the ∆E peak for 2000, 2004 and 2005 data
production periods before (left) and after (right) implementation of the beam energy correction.
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year Pmeas Ptrue

2000 27.597 27.611

2002 27.541 27.511

2003 27.619 27.587

2004 27.618 27.583

2005 27.613 27.578

Table 4.3: Measured and true values of the initial beam energies for 2000-2005 data production
period.

The missing energy ∆E is directly affected by the uncertainty in the beam energy measure-

ment (see equation (4.3)). The analysis in the following chapters is performed using the true

values of the initial beam energy Ptrue. In the resulting ∆E distributions the exclusive ρ0 peak

positions agree within statistical uncertainties for all years (see right panel of Figure 4.4).

4.3 Background treatment

For the selection of a certain physics process, the knowledge of other processes contributing

to the observed events is crucial. The selection of three-track events in the corresponding

ρ0 invariant mass window and requirements for low ∆E and −t′ values do not fully exclude

the background contamination in the exclusive sample. The latter is still diluted by semi-

inclusive, non-resonant, single- and double-diffractive background events as well as by events

from exclusive ω and φ production.

4.3.1 Semi-inclusive background contamination

Semi-inclusive events are the main source of the background contamination. The spectrometer

resolution in ∆E and the restricted acceptance are not capable of fully rejecting events that are

not exclusive but have the same topology as the exclusive ones. Together with the scattered

lepton and two pions in the ρ0 invariant mass window, additional undetected particle may have

been produced in the low ∆E region or, alternatively, an event from the higher ∆E region may

have been smeared into the low ∆E region.

The PYTHIA generator [77] contains a large variety of processes2 and the cross sections

of those processes are tuned to describe the HERMES data in the whole Q2 range. A fully

tracked PYTHIA Monte Carlo simulation3 is used to estimate the semi-inclusive background

contamination in the exclusive sample. The same kinematic and geometrical requirements

2PYTHIA does not generate elastic ep process which is irrelevant when estimating the semi-inclusive back-
ground.

3More details about Monte Carlo generators used for HERMES analyses are presented in Chapter 5.
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are imposed on both simulated and real data samples. Since in the real data, the exclusive

ρ0 mesons are selected using two unidentified hadrons, also in the simulated data exclusive

ρ0 mesons are selected using all combinations of pions, kaons and (anti)protons. The events

produced in non-exclusive processes are treated as background events.

The comparison of the ∆E distributions from data and Monte Carlo simulation gives an es-

timate of the background size. For a proper comparison of Monte Carlo and data, the kinematic

distributions have to be normalized. Depending on the purpose, various normalization meth-

ods can be used. If the Monte Carlo describes the cross section with reasonable accuracy, the

absolute luminosity can be used for normalization (absolute normalization, see Appendix C).

Otherwise, an arbitrary normalization can be used. In this case, the distributions from data

and Monte Carlo are normalized in a certain or in the whole region. For a background estima-

tion the absolute normalization method is preferable, as then the behavior of the background

distribution is not affected by the choice of the normalization region. In addition, the radiative

tail (see Figure 4.5), which reaches up to ∼ 10 GeV, would lead to an overestimation of the

semi-inclusive background at 2 < ∆E < 10 GeV region if it is not properly accounted during

the arbitrary normalization.
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Figure 4.5: Left: PYTHIA Monte Carlo simulation of ∆E distribution of semi-inclusive background

(blue histogram) and exclusive ρ0 production (yellow shaded area), compared to 2002-2005 data (black
points). Right: PYTHIA Monte Carlo simulation of ∆E distribution for various diffractive processes
compared to the whole distribution (black histogram). The yellow shaded area stands for elastic
diffractive process, while the other histograms show the contributions from single-diffractive processes.
The process 92 (93) stands for the ρ0 (proton) dissociation process. The double-diffractive process is
negligible.

Left panel of Figure 4.5 shows the absolutely normalized ∆E distributions of data (black

points) and of the semi-inclusive background from the PYTHIA Monte Carlo (blue histogram).
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The yellow area stands for exclusive ρ0 production from the PYTHIA simulation. The amount

of Monte Carlo background events in a certain ∆E region gives an estimate of semi-inclusive

background contamination.

4.3.2 Single and double diffractive background

At an energy transfer ∆E > 0, the produced ρ0 can still be the only produced particle, but

the target proton may give a rise to a resonance or dissociate into a multi-particle state whose

total quantum numbers match exactly to those of the initial proton. This is an example of a

single-diffractive event. Similarly, the momentum transferred to the ρ0 can be large enough that

it breaks up directly after the formation while the target proton stays intact. In the case that

both ρ0 meson and target proton produce a bunch of particles and a resonance, respectively,

the reaction is double-diffractive. As the final hadronic state remains undetected, these events

are indistinguishable from elastic diffractive events (see Section 2.3). The requirement ∆E ≈ 0

is imposed to suppress contaminations from single- and double-diffractive events. However,

due to the resolution and smearing in ∆E they still may contribute to the elastic diffractive ρ0

sample (see Figure 4.6).

Figure 4.6: Various types of diffraction: elastic (a), single-diffraction (b, c) and double-diffraction
(d).

In the simulation, all ρ0 events produced in processes other than elastic are treated as

background. The double-diffractive model in PYTHIA might be incomplete, showing no con-

tribution at all. However, this contribution should be less than those from single-diffractive

processes, since more energy transferred is needed to dissociate both the target nucleon and

the produced ρ0 meson. This is particularly true in the low ∆E region. In view of the consid-

erations made above, no additional correction is performed for double diffractive background

estimation.

4.3.3 Contribution from exclusive ω and φ meson productions

The ω(782) and φ(1020) light mesons may contribute to the ρ0 event sample since they have

decay modes containing two oppositely charged pions. The cross section of exclusive ω mesons
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with the decay channels

ω →





π+ + π− + π0 89.1%

π+ + π− 1.70%,
(4.9)

is estimated to be about 15 − 20% of the exclusive ρ0 cross section in the acceptance [78]. It

was shown [78] that the ω→ 3π events for which the π0 was not detected, are concentrated at

an invariant mass of 0.45 GeV with a Gaussian width of about 0.075 GeV, which means that

most of those events are rejected by imposing an invariant mass cut of 0.6 < Mρ < 1 GeV. The

contribution from the ω→ 2π decay mode is indistinguishable from the ρ0 → 2π decay thereby

implying a ω − ρ0 interference. However, this contribution is not significant (< 0.4%).
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Figure 4.7: The 2-kaon invariant mass distribution (left) where the φ mesons show up at the

expected mass value and the correlation between ρ0 and φ invariant masses (right). The solid lines on
both plots indicate the cuts used in the analysis.

Compared to exclusive ω production, the production of exclusive φ mesons is even more

suppressed. Since the ρ0 mesons are identified with the prior assumption of all hadrons to be

pions, the 2K decay mode of the φ meson:

φ→





K+ +K− 49.1%

π+ + π− + π0 15.5%
(4.10)

may also contribute to the ρ0 sample. The same data set as used for ρ0 sample is analyzed

with an assumption of all hadrons to be kaons. In Figure 4.7, the reconstructed invariant mass
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of the φ meson,

M2K =
√

(pK+ + pK−)2 (4.11)

with pK being the four-momenta of kaons, is illustrated in the left panel and the correlation

between the ρ0 and φ invariant masses in the right panel. The φ contamination can be minimized

by requiring M2K , the recalculated invariant mass of detected hadrons, to be above 1.06 GeV.

The other decay modes of φ mesons can be safely neglected due to small branching ratios.

4.3.4 Non-resonant background

The detected ρ0 signal also receives a contribution from non-resonant exclusive two-pion pro-

duction (see Figure 4.8). These pion pairs are also characterized by a missing energy ∆E ≈ 0,

but their invariant mass may not necessarily correspond to the mass of the ρ0. However, the

non-resonant π+π− pairs are indistinguishable from the ρ0 decay products as both final states

are produced coherently and hence interfere.

π−
π+

*γ *γ

(a)

N’N

V

(b)

N’N

π

π

Figure 4.8: Resonant vector meson production (a) and non-resonant π+π− pair production (b).

In PYTHIA, the process 91 includes also a contribution from non-resonant exclusive π+π−

production. The separation between resonant and non-resonant events is accomplished by

an additional requirement on the pion’s parent. The non-resonant contribution predicted by

PYTHIA is of the order of 4 − 5% (see Figure 4.11) which might be overestimated.

Experimentally, the contribution from non-resonant background events can be estimated

from data through a fit to the invariant-mass distribution. The latter has to be corrected for

the acceptance, since the invariant mass of two-pions receives non-linear distortions from the

acceptance [78]. In addition, the semi-inclusive background should be subtracted first, since it

contributes to the two-pion invariant mass distribution as well.

The invariant mass distribution can be described with a relativistic p-wave Breit-Wigner

function describing a spin-1 object decaying into two spin-0 objects,

dN

dM2π
= BW (M2π) =

2

π

M2πMρΓ(M2π)

(M2
ρ −M2

2π)2 +M2
ρ Γ2(M2π)

, (4.12)
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where Mρ is the mass and Γ(M2π) the energy-dependent width of the ρ0 resonance:

Γ(M2π) = Γρ

( q
q0

)3 2

1 +
(

q
q0

)2

q

q0
=

√
M2

2π − 4M2
π√

M2
ρ − 4M2

π

(4.13)

But the relativistic Breit-Wigner shape alone can not describe the invariant mass distribution

in the data. The skewing of the ρ0 peak to lower mass values is taken into account by using

models of Ross-Stodolsky and Söding.

Ross-Stodolsky model

In the phenomenological model by Ross-Stodolsky, to describe the skewing of the ρ0 invariant

mass, a skewing parameter nskew is invented:

dN

dM2π
= BW (M2π)

( Mρ

M2π

)nskew

. (4.14)

An additional constant parameter is added to the parameterization given by equation (4.14) to

estimate the flat non-resonant background.

The result of the fit to the invariant mass distribution with the function given by equa-

tion (4.14) is shown in the left panel of Figure 4.9. The non-resonant background contamination

is found to be 1.1%.

0

50

100

150

200

250

300

0.4 0.6 0.8 1 1.2 1.4
M2h(GeV)

Yi
el

d 
(p

b)

  13.74    /    12
P1   55.08   1.926
P2  0.1712  0.7671E-02
P3  0.7783  0.1374E-02
P4   2.471  0.2197
P5   1.144   1.137

-50

0

50

100

150

200

250

300

0.4 0.6 0.8 1 1.2 1.4
M2h(GeV)

Yi
el

d 
(p

b)

  34.60    /    26
P1  -5.925  0.6207E-01
P2  0.1691  0.5548E-02
P3  0.7752  0.2656E-02
P4   1.670  0.1187

Figure 4.9: The two-pion invariant mass distribution fitted with the Breit-Wigner distribution
using mass skewing models of Ross and Stodolsky (left) and Söding (right). The full curves are the
final fit. The red bands indicate the flat non-resonant background contamination. The dashed line
represents the interference term in the parameterization (4.15).
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Söding model

Another phenomenological approach to explain the exclusive ρ0 mass shift is done by Söding.

Here the skewing of the invariant mass is explained by the interference between two-pion reso-

nant (Areso) and non-resonant (Anr) processes:

dN

dM2π
=

∣∣∣Areso

√
M2πMρΓ(M2π)

M2
2π −M2

ρ + iMρΓ(M2π)
+ Anr

∣∣∣
2

(4.15)

The invariant-mass distribution fitted with the function given by equation (4.15) is shown in

the right panel of Figure 4.9. The non-resonant background contamination is found to be 1.6%.

Both models describe the invariant mass distribution well, the reduced χ2/n.d.f. values

being somewhat higher for Söding model. Since both models predict a small contamination of

non-resonant background compared to semi-inclusive background, in the following analysis no

correction for the non-resonant background is performed.

4.4 Exclusive Cuts

In order to suppress the background and provide a cleanest possible exclusive sample, certain

requirements have to be imposed on ∆E and t′ values. Applying tight cuts on these variables

ensures a cleaner sample but reduces the statistics while loose cuts provide higher statistics to-

gether with higher background contamination, thus introducing a larger systematic uncertainty

due to background correction. The cuts ∆E < 0.6 GeV and t′ < 0.4 GeV2 used in a previous

exclusive ρ0 analysis [78] might not be optimal due to different spectrometer acceptance caused

by the transverse target magnet and also due to different background correction methods used

in the analyses.

The optimal cuts on ∆E and t′ values are those that result in the minimum total relative

error, obtained in quadrature from the relative statistical and systematic uncertainties. The

deviation of the ratio of Monte Carlo and data ∆E distributions from unity is treated as a

systematic uncertainty on the number of exclusive ρ0 mesons. The total relative error as well

as the relative statistical and systematic uncertainties for various ∆E values at fixed value of

t′ = 0.4 GeV2 are shown in the left panel of Figure 4.10. The total relative error in dependence

on ∆E and t′ cuts is shown in the right panel of Figure 4.10. The relative total uncertainty

shows that the best ∆E cut is between 0.6 and 1 GeV. The t′ dependence of the total relative

error is weak since the t′ cut reduces the background mainly in the high ∆E region.

Although the number of exclusive ρ0 events increases with a larger ∆E requirement, also the

background contamination increases from 11% to 17% for ∆E < 0.6 Gev to 1 Gev. The angular

distribution of the semi-inclusive background is unknown, which intoduces an uncontrolled sys-

tematic uncertainty. In addition, the single- and double-diffractive background contaminations

are not completely controlled and the systematic uncertainty might be underestimated for the
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Figure 4.10: The total relative uncertainty on the number of the exclusive ρ0 events for various

choices of the ∆E cut at t′ < 0.4 GeV2 (left) and at variable t′ values (right).

larger values of ∆E. Hence the choice is made towards ∆E < 0.6 GeV and t′ < 0.4 GeV2

in order to avoid larger background contaminations. The resulting data set is calles exclusive

sample.

4.5 ρ0 meson reconstruction through two pions or two hadrons

As ρ0 production is suppressed by 1/Q2 compared to inclusive DIS production, maximizing

the statistics of the exclusive sample is very important. The RICH detector provides pion

identification in the momentum range 1 < pπ < 15 GeV. If one of the pions is out of this range,

the ρ0 can not be identified. In earlier analyses, the ρ0 candidates were reconstructed through

unidentified hadron pairs. In this case the gain in statistics with respect to the case of identified

pions is about 22%. Although most of the hadrons are pions in the HERMES kinematics, it is

worth to check that indeed the cuts on ∆E and t′ discussed above select ρ0 events only.

For such a check, a PYTHIA simulation is treated as real data. Three track events are

selected with one positron and two oppositely charged hadrons (all combinations of pions, kaons,

(anti)protons) which fulfill all the kinematic and geometrical requirements applied on real data.

All the events from elastic processes are selected which is considered to be equivalent to the

subtraction of semi-inclusive background in the data. About 99% of the remaining particles

are found to be pions. Thus reconstructing the ρ0 through two unidentified hadrons and

imposing the exclusive cuts eventually selects only the two-pion events. Besides the exclusive

ρ0 events, the sample contains a contribution from ω and ρ± mesons and also a contribution

from non-resonant background where the transition into pions starts from u and d quarks (see

Figure 4.11). The contribution from exclusive ω and ρ± mesons is less than 1% in total. The

contribution from non-resonant background is discussed in Section 4.3.4.
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Figure 4.11: PYTHIA Monte Carlo result: The parents of decay pions in elastic processes after

applying the cuts ∆E < 0.6 GeV and t′ < 0.4 GeV2. The candidates of exclusive ρ0 mesons are
reconstructed through two unidentified hadrons.

4.6 Kinematic coverage and available statistics

Summarizing the chapter, the restrictions on the relevant kinematic variables as well as the

kinematic coverage of some more variables are presented in the Table 4.4. On the identified

lepton track the requirements Q2 > 1 GeV2 and W 2 > 4 GeV2 are imposed. However, in the

HERMES acceptance most of the exclusive ρ0 events are anyway located at W 2 > 10 GeV2.

Due to the kinematics of the reaction, the fractional energy transfer y is restricted to 0.85.

The range of the Bjorken scaling variable x is determined by the HERMES acceptance and the

cuts on Q2 and W 2. Exclusive ρ0 candidates are selected requiring exactly two (unidentified)

hadrons. The cuts ensuring the exclusivity of the events are listed at the end of the table.

The available statistics from the whole data taking period with transversely polarized target

are presented in Table 7.1. The selected ρ0 candidate sample contains of about 11% of semi-

inclusive background events which includes contributions from semi-inclusive ρ0 mesons as well

as from fragmentation events with two hadrons being in the HERMES acceptance (left panel

of Figure 4.12). The ∆E distribution for exclusive events, after the background correction,

is shown in the right panel of Figure 4.12. A clear Gaussian distribution is an indication

of a proper treatment of the background contamination. The small discrepancy between the

Gaussian fit and the data of about 2− 2.5 GeV may occur from an imperfect description of the

double diffractive process in PYTHIA. However, the low ∆E region where the data is selected

as exclusive should be not affected by double diffractive background.
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Figure 4.12: Left: the invariant mass distribution of two pions obtained from PYTHIA Monte
Carlo before background correction. The red solid histogram in the bottom represents the total
semi-inclusive background which receives contributions from semi-inclusive ρ0 mesons (blue dotted
histogram) and from DIS processes (green dashed histogram). Right: the ∆E distribution of exclusive
ρ0 production after the background subtraction. The red line illustrates a fit with a Gaussian function.

negative squared four-momentum of γ∗ Q2 = −(l − l′)2
lab≈ 4EE′ sin2 θ

2 1 < Q2 < 7 GeV2

energy of the virtual γ∗ ν = p ·q/M
lab
= E − E′

squared mass of the final state W 2 = (q + p)2
lab
= M2 + 2Mν − Q2 W 2 > 10 GeV2

Bjorken scaling variable xB ≡ Q2/(2p · q) lab
= Q2/2Mν 0.023 < xB < 0.4

fractional energy transfer y ≡ (p · q)/(p · l) lab
= ν/E y < 0.85

reconstructed invariant mass of π+π− M2π =
√

(pπ+ + pπ−)2 0.6 < M2π < 1 GeV

reconstructed invariant mass of K+K− M2K =
√

(pK+ + pK−)2 M2k > 1.06 GeV

squared four-momentum

transfer from γ∗ to ρ0 t = (q − v)2 = (p − p′)2

minimum squared four-momentum

transfer from γ∗ to ρ0 t0 = (Eγ − EV )2 − (|q| − |v|)2
squared transverse four-momentum

transfer from γ∗ to ρ0 t′ = t − t0 −t′ < 0.4 GeV2

missing mass Mx =
√

(p + q − v)2

missing energy ∆E = (M2
x − M2)/2M

lab
= ν − EV + t

2M ∆E < 0.6 GeV

Table 4.4: Definitions and descriptions of most relevant kinematic variables in exclusive ρ0 pro-
duction.



Chapter 5

Monte Carlo generators
“You have to know how to accept rejection and reject acceptance.”

— Ray Bradbury

Experimental results for a special reaction rely on the ability to evaluate the influence of

various background processes, of the limited acceptance, the reliability of extraction methods

etc., which all can not be quantified in an analytical way. Instead, parameterizations and

models are implemented into Monte Carlo generators which simulate ’reality’ on a statistical

basis. In this case the results rely on the input parameterizations and models. It is hence

important to show the reliability of the Monte Carlo simulations.

In this chapter two generators are described, PYTHIA 6.2 [77] and rhoMC [79]. It has

already been mentioned (see Section 4.3.1) that PYTHIA 6.2 generates a large variety of DIS

processes with unpolarized beam and target. All those processes have been tuned to describe the

HERMES data [80, 81]. In contrast to PYTHIA, rhoMC is only capable of generating exclusive

vector mesons, but for both unpolarized and polarized beam and target. The generated particles

and their decay channels can be selected individually. For this reason rhoMC needs significantly

less time to generate the same amount of exclusive events compared to PYTHIA. The main

feature of rhoMC is the ability to generate the full angular distribution of vector mesons and

their decay products while in PYTHIA those possibilities are restricted.

While for vector meson production studies both Monte Carlo generators can be used, many

other analyses at HERMES had to use the PYTHIA Monte Carlo simulation to estimate,

e.g., the contribution of exclusive vector meson decay products in the semi-inclusive sample.

Initially, because of bugs in rhoMC code which didn’t allow to reproduce the cross section of

vector meson production, it was not possible to cross check the predictions from PYTHIA: the

rhoMC cross section was off by an order of magnitude, having kinematic dependences [82]. In

the course of actual PhD work, some parts of rhoMC had to be rewritten completely. While

fixing the bugs in rhoMC, a bug was also found in PYTHIA, and modifications were required

in PYTHIA parameterizations.

In this chapter the predictions from both generators for exclusive ρ0 production are compared

with data.

67
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5.1 The PYTHIA 6.2 generator

PYTHIA generates events according to the cross section, using the ’accept/reject’ method.

A scheme of the PYTHIA Monte Carlo simulation procedure is shown in Figure 5.1. In the

first step PYTHIA generates the kinematics of the scattered lepton (Q2 and y). If radiative

corrections have to be taken into account, the generated observed kinematics is passed to an

external program RADGEN [83] which makes a decision whether a photon is radiated or not

and recalculates the true kinematics of the scattered lepton. Next, the interaction process is

chosen and if this is not a VMD process (see Section 5.2), quark, diquark and strings1 are

generated. Because of QCD confinement, particles carrying a color charge cannot exist in free

form. Therefore they fragment into hadrons. The transformation of outgoing colored partons

into color singlet hadrons, called hadronization, is performed by the JETSET code [84] that is

based on the LUND string model [85].

PYTHIA
lepton kinematics

               
 process generation

RADGEN
radiative corrections

JETSET
fragmentation

TMC µDST

true kinematics 

quark,  di-quark, string

observed kinematics 

leptons, hadrons

HMC HRC

HSG

Figure 5.1: PYTHIA Monte Carlo production chain. The radiative corrections and the transverse
magnet corrections (TMC) are optional.

The information from the generator is fed to a GEANT[86] implementation of the HERMES

detector, called HMC. There the characteristics of generated particles are transformed into ’de-

tector information’, i.e. the track information of a particle traversing the detector material

is simulated. This detector information is passed to the HRC program that treats the Monte

Carlo simulation as real data (see Section 3.3.2) and reconstructs the particle tracks (see Sec-

tion 3.3.2). As a full GEANT simulation is very time consuming, an alternative approach can

be used instead, the HERMES smearing generator (HSG), which parameterizes all smearing

and resolution effects instead of a full GEANT simulation. If the influence of the transverse

holding field of the magnet has to be taken into account, the same TMC correction as for real

data is applied on the reconstructed particles (see Section 3.3.2). All the information from each

stage is stored in ADAMO tables of µDSTs.

The three main parts of the PYTHIA generator are described in this section: the generation

1In the LUND model the gluons are treated as field lines, which are attracted to each other due to the gluon
self-interaction and so form a narrow tube of strong color field, called string.
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of the lepton-nucleon scattering process, the radiative corrections and the hadronization of the

individual quarks and anti-quarks (strings).

5.1.1 Generation of lepton kinematics

In PYTHIA the ep cross section is represented in the one-photon exchange approximation

through the γ∗p cross section, i.e. the lepton-proton scattering is replaced by scattering of a

photon off a proton. In quantum mechanics the photon may fluctuate into a fermion-antifermion

pair. Thus the wave function of the real photon is given by a superposition of a bare photon

(direct coupling) and fluctuations of the photon into either a vector meson, a qq̄ pair or a lepton

pair l+l−:

| γ〉 = cbare| γbare〉 +
∑

V =ρ0, ω, φ

cV |V 〉 +
∑

q=u, d, s, c, b

cq| qq̄〉 +
∑

l=e, µ, τ

cl| l+l−〉 . (5.1)

The coefficients cq and cl depend on the scale µ. The fluctuations into l+l− are negligible for

γp, since this contribution is suppressed by α2
em. The probability for a photon to fluctuate

into a vector meson is proportional to c2V with c2V = 4παem/f
2
V , where f 2

V is the coupling

constant between photon and vector meson. The coefficient cbare is obtained using unitarity:

c2bare = 1 −∑ c2V −∑ c2q −
∑
c2l .

In view of considerations made above, there are three main classes of real photon-nucleon

scattering processes, shown in Figure 5.2. These are the direct photon interaction, in which the

bare photon interacts with the nucleon (γg→ qq̄, γq→ qg); the VM interaction (see Section 2.3),

in which the photon fluctuates into a vector meson (VM) before the interaction with the nucleon

(γp→V p); and the ’anomalous photon’ process, in which the photon is resolved, i.e. it splits

into a parton pair and one of these partons interacts with a parton in the nucleon (qiqj → qiqj,

qq̄→ gg, etc). The total γp cross section is written as the sum of the three contributions:

σγp
tot = σγp

direct + σγp
V M + σγp

anomalous . (5.2)
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Figure 5.2: Possible processes in hard γp interaction: a) VM, b) direct, c) anomalous.
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The three classes of processes can be distinguished by considering the virtuality scale in the

photon fluctuation, given by the transverse momentum kT of the partons emerging from the

photon. The discrimination between low- and high-virtuality processes is done introducing a

cutoff parameter k0 of the order of 0.5 GeV (see Figure 5.3). The low-virtuality fluctuations

(kT < k0) can not be described by pQCD and are approximated with the VMD ansatz (see

Section 5.2), where the low-mass vector meson states are summed over. Thus a VM process

is generated. The high-virtuality fluctuations (kT > k0) can be described by pQCD. Further

discrimination of the processes is accomplished by introducing an additional scale of transverse

momentum, namely pT of partons emerging from the nucleon. In the case of high-virtuality

fluctuations there are two possible processes distinguishable along kT = pT : direct (kT > pT )

and anomalous (kT < pT ). For real photons directly scattering off the nucleon Photon-Gluon

Fusion (PGF) γg→ qq̄ and QCD Compton (QCDC) scattering γq→ qg are allowed. If the

photon is virtual, Q2 > 0, in leading order (LO) DIS there is an additional process2 allowed

in which the photon is absorbed by partons of the proton (γ∗q→ q). The virtuality Q2 of the

photon introduces another scale dependence into the cross section. An arbitrary line Q2 = k2
T

is introduced to distinguish between the LO DIS processes vanishing at Q2 → 0 and the PGF

and QCDC processes.

kT

kT<k0

VM

kT>k0

 

kT>pT

 

kT<pT

 

Q2>kT>pT

 

kT>Q2>pT

 

QCDC

LODIS

PGF

anomalous

Figure 5.3: Classification of processes generated by PYTHIA Monte Carlo according to scales kT ,

pT and Q2.

The quasi-real photoproduction cross section has contributions from all above described

processes:

σγ∗p
tot = σγ∗p

PGF + σγ∗p
QCDC + σγ∗p

LODIS︸ ︷︷ ︸
σγ∗p

direct

+σγ∗p
V M + σγ∗p

anomalous . (5.3)

The transition between the cross sections for real and virtual photons is accomplished by

introducing reduced probabilities given by factors

(
m2

V

m2
V

+Q2

)2

and

(
4k2

T

4k2
T

+Q2

)2

for vector meson

states and qq̄ pairs, respectively. At HERMES center-of-mass energy
√
s ≈ 7 GeV, the contri-

bution of the anomalous process is smaller compared to the direct and VM interactions. The

2The similar process γq→ q in the photoproduction regime is forbidden.
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semi-inclusive background in the exclusive ρ0 sample (see Section 4.3.1) is mainly coming from

direct processes.

The γ∗p cross sections are converted to ep cross sections by weighting with the virtual-photon

flux factor ΓT ,
dσep

d log y d logQ2
= ΓT (1 + εR)

dσγ∗p

d log y d logQ2
, (5.4)

where R = σL/σT (see Section 2.3) is the longitudinal-to-transverse cross section ratio for each

process and

ΓT =
αem(1 − x)

2πQ2y

[
y2
(
1 − 2m2

e

Q2

)
+

2

1 + γ2

(
1 − y − Q2

4E2

)]
,

ε =
[
1 +

1

2

(
1 − 2m2

e

Q2

) y2 +Q2/E2

1 − y −Q2/4E2

]
. (5.5)

5.1.2 Radiative corrections

Any Monte Carlo generator simulates the ep cross section at Born level (see Figure 5.4, a) ),

i.e., neither the radiation of a real photon by the incoming ( b) ) or outgoing ( c) ) lepton

nor the loop corrections coming from effects of vacuum polarization ( e) ) and exchange of an

additional virtual photon ( d) ) are taken into account.
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Figure 5.4: Feynman diagrams contributing to the Born (a) and the radiative correction (b-e)

cross sections in lepton-nucleus scattering at O(α2
em).

The real photon from initial or final state radiations can be detected while in the case of

loop corrections there is no photon emitted. The observed cross section is the quadratic sum

of all contributions where the processes with the same final state may interfere. The difference

between observed and Born cross sections, called radiative corrections, have to be included in

the Monte Carlo simulation since the experimental data contains contributions from both the

Born process and from QED radiative effects. The measured cross sections and asymmetries

possibly contain large contribution from radiative corrections, which have to be estimated and

corrected.

At Born level the values of Q2 and y for each event are given by the scattering angle and

the energy of the lepton. Radiation of a photon changes the kinematics of the whole reaction,
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because the reconstructed (observed) kinematics of the lepton (Q2
obs, yobs) is somewhat different

due to the losses caused by the emitted photon. In this case the energy Eγ and the scattering

angles θγ and φγ of the emitted photon are independent quantities. In order to reconstruct the

true kinematics, the energy Eγ of the radiated photon has to be included in the calculation of

kinematic variables. In general, the radiative corrections are due to three different processes:

the elastic (el) scattering of the lepton off the nucleon as a whole, in the case of a target heavier

than hydrogen the quasi-elastic (q) interaction of the lepton with one of the nucleons inside the

nucleus, and the inelastic (in) scattering of the lepton on a single quark inside the nucleon. The

total radiative correction at lowest order is obtained as the sum of these contributions together

with the loop corrections σν:

σrad.corr. = σin + σq + σel + σν . (5.6)

Since PYTHIA does not generate the inclusive cross section, the corrections for elastic and

quasi-elastic contributions are not used. The probability of a photon radiation is estimated

according to the cross section of a certain event. The observed cross section can be represented

as

σobs = σnon−rad(∆) + σin(∆) . (5.7)

A cut-off parameter ∆ of the order of 100 MeV splits the observed cross section into a non-

radiative and a radiative part[87]. The part σnon−rad contains not only the Born cross section but

also the contributions from loop corrections σν and from multiple soft photon production with

a total energy not exceeding the cut-off parameter ∆. The reason to include those corrections

together with the Born cross section is to account for interferences between the processes where

there is no a real photon radiated. In the case the event is radiative, the radiative corrections

are computed using the code RADGEN [83]. The emitted photon is generated and the values

of the kinematic variables are recalculated to get the true kinematics,

W 2
true = W 2 − 2Eγ(ν +M −

√
ν2 +Q2 cos θγ) , νtrue = ν − Eγ ,

Q2
true = Q2 + 2Eγ(ν −

√
ν2 +Q2 cos θγ) , xtrue =

Q2
true

2Mνtrue
.

(5.8)

5.1.3 The hadronization

After the lepton-nucleon scattering process is generated and the radiative corrections are per-

formed, some more effort is needed to produce the outgoing, final state particles. The generation

of outgoing particles in the case of the VM scattering process will be described in Section 5.2.

Below a brief description of hadronization in the case of direct or anomalous scattering processes

is given.

The phenomenological fragmentation models bridge the gap between the short time scale,
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hard scattering process and the transformation of outgoing partons into hadrons. There are

three main categories of fragmentation models: string, cluster and independent fragmenta-

tion [88].

PSfrag replacements

t0

t1

t2

t3

t4

tt

xx
2 ·E02 ·E0

q0q̄0

A

qA q̄A

B

qB

q̄B

Figure 5.5: The massless relativistic string in the Lund model. The left hand side illustrates a
bound state of two particles. At the turning points of the particles (t1, t3) the complete energy of the
system is contained within the string spanned between the two particles. The process of fragmentation
in the Lund model is shown on the right hand side: New qq̄ pairs can be produced along the string,
causing a breakup into separate bound states which contain different fractions of the total original
energy.

The HERMES Monte Carlo generators use the LUND [85] model which is based on the

massless relativistic string model. It describes the QCD color force fields between quarks and

gluons. If a qq̄ pair is produced at a single point in the space-time (left panel of Figure 5.5),

carrying the energy obtained in the original process, the quark and anti-quark move apart in

opposite directions. The attractive force due to the color field between them is represented by

the massless relativistic string spanned between two objects. The constant force k caused by

this string gives rise to a linear potential. Thus a stable meson configuration is produced in

which the system oscillates between states where all energy is contained in the momentum of

the particle (t0, t2) or in the turning points (t1, t3) where the energy is contained in the string.

At sufficiently high energies, new qq̄ pairs can be produced along the direction of the force field.

This corresponds to creating new end points and thus to the breakup of the string into two

parts. As there is no force field between the new particles but an attractive force towards the

original ones, the two systems immediately separate and can be treated as isolated. Several

string breaks can occur, until the individual system reaches a cut-off energy threshold. In right

panel of Figure 5.5 an example with two string breaks at the vertices A and B is shown. In

this case the final state would consist of three mesons.

5.2 The rhoMC Monte Carlo generator

In this generator the mechanism of event generation and reconstruction is similar to that of

PYTHIA (see Figure 5.6). The simulation of the final state particles is done in the generator

itself, so no fragmentation models are required. The radiative corrections are not yet imple-
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mented in the generator. This issue will be discussed in Section 5.3.3. The produced events

pass through the same chain of reconstruction, HMC, HRC (or HSG) and, if the transverse

magnet correction is needed, through TMC. In the end the results are written to µDSTs.

rhoMC
exclusive vector meson 

generation

HMC HRC
TMC µDST

HSG

Figure 5.6: RhoMC Monte Carlo production chain. TMC is used only to simulate the deflections
by the transverse magnet.

The VMD model is implemented in the rhoMC Monte Carlo generator, although it uses

parameterizations different from the ones in PYTHIA. While PYTHIA generates the events

according to the cross section, for most of the kinematic variables rhoMC generates flat distri-

butions in a kinematic box and weights each event with the corresponding cross section, called

weight. So, in contrast to PYTHIA, the weight always differs from 1 in rhoMC.

In the case of an unpolarized or longitudinal polarized beam and an unpolarized target, the

exclusive electroproduction and decay of ρ0 mesons3 is described by 8 independent variables

listed in Table 5.1. In the following the more natural choice φ = Ψ − Φ is used instead of the

generated angle Ψ.

E′ (GeV) Q2 (GeV2) φe t (GeV2) Mρ (GeV) Φ cos θ Ψ

[0 : 27.57] [0.1 : 30] [0 : 2π] [tmin : tmax] [Mmin : Mmax] [0 : 2π] [−1 : 1] [0 : 2π]

Table 5.1: 8 independent variables to generate a ρ0 meson and its decay.

The cross section of exclusive ρ0 production can be factorized in terms of angle-independent

and angular dependent parts:

dσ

dE ′ dQ2 dt dMρ dΦ dφ d cos θ
∼ dσ

dE ′ dQ2 dt dMρ
W (xB, Q

2, t,Φ, φ, cos θ). (5.9)

The angle-independent part is the diffractive ρ0 electroproduction cross section depending on

negative squared four-momentum of the virtual photon Q2, the momentum E ′ of the scattered

lepton and on the four-momentum transfer
√−t to the proton at a fixed value of the ρ0 mass

Mρ.

The angle-dependent part is the angular distribution W (xB, Q
2, t, cos θ, φ,Φ) of the ρ0 and

its decay products, which for fixed values4 of xB , Q2 and t depends on three angles Φ, φ and

3Hearafter only ρ0 is referred. However, the principles of the VMD model are true for all vector mesons.
4For simplicity hereafter xB , Q2 and t are omitted.
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θ (see Figure 2.10). For an unpolarized target and longitudinally polarized lepton beam the

angular distribution reads:

W (cos θ, φ,Φ) = WUU(cos θ, φ,Φ) + PlWLU(cos θ, φ,Φ) . (5.10)

In the following the details of each generation step are given. In this section the main focus

is on rhoMC, however the differences between two Monte Carlo generators are highlighted.

5.2.1 Cross section σγp of ρ0 production by a real photon

Both Monte Carlo generators first generate the cross section for the real photon scattering off

the nucleon, σγp.

For the simulation of photoproduction cross section, the generator rhoMC uses a parame-

terization suggested by a fit to the world photoproduction data [89]:

σγp(W ) = Aγ
2Mp

W 2 −M2
p

+Bγ , (5.11)

with Aγ = 29.4 µb GeV and Bγ = 9.5 µb.

In PYTHIA the photon-nucleon cross section σγp
V M for vector meson production (see equa-

tion (5.2)) is related to the cross section of vector meson scattering off the nucleon:

σγp
V M(W ) =

∑

V

4παem

f 2
V

σV p
tot (W ) . (5.12)

The elastic diffractive vector meson (in particular ρ0) production given by equation (2.18)

is only one of the processes generated by PYTHIA. PYTHIA generates also the single- and

double-diffractive vector meson productions, as well as the extensions to the VMD model which

for instance include the off-diagonal, or non-resonant couplings between the different vector

meson states or a continuous mass spectrum of vector mesons, called Generalized Vector Meson

Dominance (GVMD) model.

The hadronic cross section σV p
tot is given by the Donnachie and Landshoff parameteriza-

tion [31] (see equation (2.30)). In contrast to rhoMC (see Section 5.2.5), in this case the t

dependence of the cross section is not factorized and is given by the parameterization of σV p
tot .

Single and double diffractive processes are modeled by a pomeron-type parameterization while

the elastic cross section contains also the Regge behavior for small energies.

5.2.2 Cross section σγ∗p of ρ0 production by a virtual photon

The photoproduction cross section (Q2 = 0) of exclusive ρ0 mesons has a contribution from

transverse photons only. The ρ0 production cross section from a virtual photon (Q2 > 0) has

contributions from both transverse and longitudinal photons. By imposing a Q2 dependent
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propagator
(

M2
ρ

Q2+M2
ρ

)m

, the cross section of ρ0 production by a real photon is extended to a

cross section of ρ0 production by a virtual photon. The contributions from transverse and

longitudinal photons are expected to have different W and Q2 dependences:

σγ∗p(Q2,W ) = σγ∗p
T (Q2,W ) + ε σγ∗p

L (Q2,W ) . (5.13)

The longitudinal and transverse cross sections, σL and σT , are distinguishable in the σγ∗p cross

section introducing a cross section ratio R = σL/σT (see Section 2.3). The cross section of ρ0

production by a virtual photon reads:

σγ∗p(Q2,W ) = σγp(W )

(
M2

ρ

Q2 +M2
ρ

)m

(1 + εR(W,Q2)) . (5.14)

The VMD model predicts the exponent m to be equal to 2 (see Section 2.3), while the data

from E665 [28] and H1 [51] as well as from HERMES [90] yield a different value. At an average

W value of about 5 GeV at HERMES kinematics, m is found to be m = 2.575 [78] which is

in agreement with the results 2.51± 0.07 and 2.24± 0.09 from E665 (W ≈ 17 GeV) and H1

(W ≈ 75 GeV).

For the cross section ratio R a parameterization of the form

R(W,Q2) = c0(W )

[
Q2

M2
ρ

]c1

(5.15)

is used, which is suggested by the boundary condition R(Q2 → 0)→ 0 and by several model

predictions assuming the longitudinal and transverse cross sections differ by some power of Q2.

Both Monte Carlo generators were using the values of parameters c0(W ) and c1 obtained from

a fit to the world data at center-of-mass energies above and below W = 7 GeV (left panel of

Figure 5.7) where the full cross section of the ρ0 production is supposed to have a transition

between the Reggeon and Pomeron exchange mechanisms [91]:

c0 =





0.33± 0.03, 4 < W < 7GeV

0.48± 0.03, W > 7GeV

c1 = 0.61± 0.04 . (5.16)

The parameters for the low center-of-mass energy range 4 < W < 7 GeV were obtained from

HERMES He3 data. Data from DESY and Cornell at 2 < W < 4 GeV were not included in

the fit. Recent results from hydrogen and deuterium data of HERMES suggest higher values of

R compared to the He3 results (right panel of Figure 5.7). Also the low center-of-mass energy

data from CLAS [92] shows a better agreement with high center-of-mass energy data. While

theoretically the cross section ratio R is expected to have a W dependence, at low Q2 region
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Figure 5.7: The ratio R = σL/σT determined from various experiments. Left: The dashed (dotted)
line represents a fit to the data above (below) 7 GeV data which are shown as open (filled) points. The
DESY and Cornell data are not included in the fit. All error bars are statistical only, the shaded area
indicates the systematic uncertainty of He3 HERMES data. The plot is from reference [91]. Right:
recent results from various experiments. As before, only statistical error bars are presented.

the possible W -dependence seems to be not confirmed experimentally. Using the recent results

from various experiments, a new fit to the world data is performed covering a wide range of

center-of-mass energies resulting in

c0 = 0.48± 0.02

c1 = 0.68± 0.02 . (5.17)

Currently these values of the parameters c0 and c1 are used in both PYTHIA and rhoMC.

5.2.3 Electroproduction cross section σep of ρ0 mesons

The cross section of ρ0 production by a virtual photon, σγ∗p, is related to the electroproduction

cross section σep through the virtual photon flux factor ΓT (see Section 2.3),

dσ

dΩe dE ′
= ΓT (E,E ′, θe) σ

γ∗p(Q2,W ) , (5.18)

where (see also equation (5.5))

ΓT =
αem

4π2

W 2 −M2
p

Mp

1

Q2

E ′

E

1

1 − ε
, ε =

1 − y −Q2/4E2

1 − y + y2/2 +Q2/4E2
. (5.19)

The variables E ′ and Ωe are the ones commonly used in the literature [89]. Since RhoMC does

not generate the angle θe of the scattered lepton, instead it generates the invariant Q2, the
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cross section is rewritten in terms of E ′ and Q2. The two cross sections are related to each

other using the corresponding Jacobian:

dσ

dQ2 dE ′
=

dσ

dθe dE ′

1

2EE ′
(5.20)

5.2.4 Generation of mass distribution

In order to produce an exclusive ρ0 meson, the center-of-mass energy W calculated through

the generated values of Q2 and E ′ (see equation (2.6)), should be larger than the sum of the

masses of the vector meson (Mρ) and of the recoiling proton (Mp′):

W 2 > (Mρ +Mp′)
2. (5.21)

As the ρ0 meson is a broad resonance, there is a large variety of ρ0 mass values at fixed values

of Q2 and E ′, i.e. the mass of the produced vector meson is an independent variable that has

to be generated.

There are several options to generate the ρ0 mass distribution in rhoMC, in particular

the non-relativistic or relativistic Breit-Wigner distributions (see equation (5.23)). The best

description of the real data is achieved by a skewed Breit-Wigner distribution proposed by Ross

and Stodolsky [78],

dN

dM2π
∝ M2πMρΓ(M2π)

(M2
ρ −M2

2π)2 +M2
ρ Γ2(M2π)

(
Mρ

M2π

)nskew

(5.22)

with a skewing factor nskew = 2.2 and an energy dependent width Γ(M2π) of the ρ0 resonance

(see equation (4.13)). In the calculation of the energy dependent width Γ(M2π), the values

Mρ = 0.770 GeV, Γρ = 0.1507 GeV (see Table 4.1) and Mπ = 0.134 GeV have been used.

In PYTHIA two options exist to generate the ρ0 mass distribution, the non-relativistic and

relativistic Breit-Wigner distributions:

dNnon−rel

dM2π
∝ Γρ/2

4(Mρ −M2π)2 + Γ2
ρ

,
dN rel

dM2π
∝ M2

ρ Γρ

4(M2
ρ −M2

2π)2 +M2
ρ Γ2

ρ

. (5.23)

5.2.5 Generation of t dependence

Typical for diffractive processes (see Section 2.3), the t dependence is expected to have a steep,

exponential-like fall-off with increasing |t|:

dσ

d|t| ∝ e−b|t|. (5.24)

The value of the diffractive slope parameter b may be interpreted in the terms of combined

size of the strongly interacting hadrons (see equation (2.15)). The values of b measured in
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Figure 5.8: The measured values of the diffractive slope parameter b from ρ0 and J/Ψ production as

a function of Q2. For comparison the parameterization given by equation (5.26) is presented by various
lines (solid, dashed, dotted and dashed-dotted), calculated for average W values (W = 90, 84, 47 and
25 GeV) of each measurement [93].

collider experiments at HERA (see Figure 5.8) indicate for a Q2 dependence. The average

value of b = 6.76 GeV−2 at HERMES kinematics was previously used as a default parameter

in both generators. Alternatively, a parameterization [93] can be used to express the b slope as

a function of Q2,

b(Q2) =
b0/M

2
ρ

1 +R(Q2)
+ b∞, (5.25)

where b0 = 3.9± 0.8 GeV−2, b∞ = 5.0± 0.4 GeV−2. The first term is interpreted as a measure

of the size of the hadronic component of the photon, while b∞ represents the size of the proton.

This parameterization is based on the fact that the qq̄ pairs from the longitudinal virtual

photon γ∗L prefer to have a symmetric momentum configuration and large relative transverse

momentum kT . They are expected to have a smaller spatial configuration than the qq̄ pairs from

a transversely polarized virtual photon γ∗
T , which have an asymmetric momentum configuration

and small kT . Therefore the effective size of γ∗L is expected to be smaller than that of γ∗T , which

should be then reflected in the value of the b slope. Indeed, a decrease of the b slope with Q2

is observed. However, the values of b slopes of the differential cross section in t, extracted as

a function of Q2 for two samples, γ∗L and γ∗T samples, do not show significant differences. This

implies that the effective sizes of γ∗L and γ∗T are similar. Therefore, the slope b and SDME r04
00

(r04
00 = σL/σtot) must be correlated by their dependence on Q2. A linear correlation is observed

between them [93].

Furthermore, the parameterization given by equation (5.25) may be modified by adding also

a W dependent term,

b(Q2,W ) =
b0/M

2
ρ + ln(W/W0)

1 +R(Q2)
+ b∞, (5.26)

with W0 = 90 GeV [93]. The HERA collider data (see Figure 5.8) and the parameterization
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given by equation (5.26) indicate that at HERMES kinematics the W dependence of the b slope

is not strong, so the parameterization given by equation (5.25) is used with b∞ = 4.5 GeV−2

and b0 = 3.46 GeV−2 [94].

5.2.6 The 3-dimensional angular distribution

The production and decay angles Φ, φ and θ can be defined in several reference frames. The

frames used in rhoMC and PYTHIA generators are defined following the reference [95].

Definition of Φ, θ and φ angles

The coordinate system of the γ∗p center-of-mass system (γ∗(q) + P (p)→P ′(p′) + ρ0(v)) is

defined through the orthogonal set of unit vectors (see Figure 2.10),

Z =
q

|q| Y =
q×v

|q×v| X = Y ×Z . (5.27)

All vectors refer to the γ∗p center-of-mass system which Z-axis points along the direction of the

virtual photon. The ρ0 decay distribution is described in the ρ0 rest frame with a coordinate

system defined as (see Figure 2.10):

z = − p′

|p′| y = Y x = y× z , (5.28)

where the z-axis is opposite to the direction of the outgoing proton in center-of-mass system,

i.e. preserves the positive direction of the produced ρ0.

The angle Φ is defined through unit vectors l̂, l̂′, q̂ and v̂ referring to the center-of-mass

system and pointing along the direction of the incident and scattered leptons, virtual photon

and produced ρ0, respectively,

sin Φ =

[
(q̂× v̂)× (̂l× l̂′)

]
· q̂

|q̂× v̂| · |̂l× l̂′|
cos Φ =

(q̂× v̂) · (̂l× l̂′)

|q̂× v̂| · |̂l× l̂′|
. (5.29)

This angle represents the angle between the ρ0 production and the lepton scattering planes (see

Figure 2.10) which is equal to the azimuthal angle φρ of the ρ0 in the center-of-mass system up

to the sign: Φ = −φρ.

The angles θ and φ are defined according to

cos θ = (v̂ · π̂+)

sin φ = −
[
(q̂× v̂)× v̂

]
· (v̂× π̂+)∣∣(q̂× v̂)× v̂
∣∣ · |v̂× π̂+| cosφ =

(q̂× v̂) · (v̂× π̂+)

|q̂× v̂| · |v̂× π̂+|

(5.30)
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with all the unit vectors referring to the ρ0 rest frame and p̂′ and π̂+ point along the direction

of scattered proton and decay product π+. The angles θ and φ are the polar and azimuthal

angles of the positively charged pion in the ρ0 rest frame.

Generation of angular distribution

• In the case of an unpolarized target and a longitudinally polarized beam, rhoMC is

capable of generating the angular distribution W (cos θ, φ,Φ) given by equation (5.10).

The angular distributions WUU(cos θ, φ,Φ) (see equation (2.68)) and WLU(cos θ, φ,Φ) (see

equation (2.69)) are parameterized with 15 unpolarized and 8 polarized SDMEs. These

SDMEs, previously extracted from HERMES data [52], are fed to the rhoMC generator

that generates the three independent angles and calculates the 3-dimensional angular

distribution. The value Pl of the beam polarization is an input parameter that can vary

between −1 and 1.

Only rhoMC can simulate the 3-dimensional angular distribution W (cos θ, φ,Φ) which

gives the best description of the real data.

• The other possibility is to generate the angular distribution W (cos θ) integrated over the

angles Φ and φ. The polarized angular distribution WLU(cos θ, φ,Φ) does not survive

the integration over these angles. The unpolarized angular distribution WUU(cos θ, φ,Φ)

reduces to

W (cos θ) =
3

4

[
1 − r04

00 + (3r04
00 − 1) cos2 θ

]
=

3

4

[
sin2 θ − r04

00 + 3r04
00 cos2 θ

]
, (5.31)

where only the terms associated with the SDME r04
00 are left. Here the value of SDME r04

00

is not an input parameter. Assuming s-channel helicity conservation, the cross section

ratio R is related to r04
00 as:

R =
1

ε

r04
00

1 − r04
00

(5.32)

The ratio R is calculated using the parameterization given by equation (5.15) and is used

to compute the value of r04
00.

Both PYTHIA and rhoMC are capable of generating the angular distribution W (cos θ).

• There are cases when it is important to estimate the distortions of the angular distribu-

tion caused by the limited acceptance. In such a case the angular distribution can be

generated isotropically (flat) and all the distortions observed after the reconstruction give

an estimate of acceptance effects.

Both generators can simulate the isotropic angular distribution.

• A simulation, assuming SCHC, can be performed by rhoMC. In this case the angular

distribution is generated according to equation (2.72).
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• RhoMC is capable of generating some more particular cases, namely only longitudinally

or transversely polarized ρ0 mesons.

5.2.7 Generation of final states

The generated angles Φ, θ and φ are used to reconstruct the 4-momenta of the produced ρ0 and

the decay pions. Note that this is different from the simulation of the direct and anomalous

processes in PYTHIA where a fragmentation model is used for generation of the final state

products.

Generation of ρ0 meson

In the frame where the axes are defined according to equation (5.27), the four-momentum of

virtual photon and ρ0 meson are defined as q(ν, 0, 0, |q|) and v(Eρ, |v| sin θρ, 0, |v| cos θρ) (see

Figure 5.9 right panel), respectively, where

Eρ = ν +
t− (Mp′ −Mp)

2Mp

|v| =
√
E2

ρ −M2
ρ

θρ =
t +Q2 −M2

ρ + 2νEρ

2|q||v| . (5.33)

The generated angle Φ, defined by equation (5.29), can be treated as the azimuthal angle φe′ of

the scattered lepton in the XY Z system. The same angle can be treated also as the negative

azimuthal angle −φρ of the produced ρ0 in the X ′Y ′Z system where the Z-axis is aligned along

the virtual photon direction, the Y ′-axis points along the normal nll′ to the leptonic frame and

the X ′-axis points along the positive direction of the incoming or outgoing lepton. In rhoMC

the angle Φ together with Eρ, |v| and θρ is used to reconstruct the 4-momentum of the produced

ρ0 in the X ′Y ′Z system. Transitions between this system and any other system (e.g. ρ0 rest

frame or laboratory system) are performed by two rotations along the corresponding axes and,

if necessary, by a Lorenz boost.

Generation of decay pions

The momentum of the produced ρ0 is equal to zero in its rest frame. Thus the momentum of

the decay pions have to be of the same size but oppositely directed, so that their sum is equal

to zero as well. Since both decay products are pions, this means that the energy of the ρ0

meson is equally shared between the two pions:

Eπ = Eρ/2 (5.34)
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Figure 5.9: Definition of generated Φ (left) and φ (right) angles.

The magnitude of the pion momentum π± can be reconstructed as:

|π± | =
√
E2

π −M2
π . (5.35)

The θ and φ angles defined as in equation (5.30), are the polar and azimuthal angles of the

positively charged pion (see Figure 5.9 left panel). Thus the 4-momentum of the π+ can be

calculated. The 4-momentum of the π− which flies opposite to the π+ in the ρ0 rest frame, is

then given as:

Eπ− = Eπ+ , π−
x = −π+

x , π−
y = −π+

y , π−
z = −π+

z . (5.36)

5.2.8 The weight

RhoMC is a mixed-mode generator: the variables t and Mρ are generated using the ’ac-

cept/reject’ method, the other independent kinematic quantities are generated flat in corre-

sponding kinematic boxes (Table 5.1). Each event is weighted by its cross section, weight.

In order to be independent of the generation box, the weight is corrected for the size of the

generation box:

weight = ∆E ′∆log(Q2) ∆φe∆ cos θ∆Ψ︸ ︷︷ ︸
8π2

× d3σep

dQ2dE ′dφe

× W (cos θ,Φ, φ) . (5.37)

Since the normalization of the angular distribution is given by equation (2.70), the weight is

already corrected for the size of ∆Φ.

5.3 Kinematic distributions from PYTHIA and rhoMC

In this section the kinematic distributions generated by the Monte Carlo generators PYTHIA

and rhoMC are compared. First, the kinematic distributions generated in the full solid angle
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4π are shown, and then the distributions reconstructed in the acceptance are compared to the

data.

5.3.1 Generated distributions

For a proper comparison of kinematic distributions generated in 4π, both simulations, when

possible, are performed under the same conditions. Since PYTHIA generates the 1-dimensional

angular distribution W (cos θ) (see equation (5.31)), the rhoMC simulation is also performed

generating W (cos θ). In addition, as rhoMC is not able to account for radiative effects, the

PYTHIA simulation is performed at the Born level.

The dependences of the exclusive ρ0 production cross section on the lepton kinematic vari-

ables, as well as on the characteristic variables of produced ρ0 and decay pions are compared

between PYTHIA and rhoMC (see Figure 5.10). The absolutely normalized (see Section 4.3.1)

distributions are shown for Q2 > 0.1. The generated values of ∆E at the Born level, as ex-

pected, peak around 0 GeV. The t′ and Mρ distributions are presented in the whole generated

region while other distributions correspond to the sample restricted by exclusive requirements

(see Table 4.4). As the cross section is integrated over the angles φ and Φ, the correspond-

ing distributions are flat. From equation (5.31) it is obvious that for photoproduction regime

(Q2 = 0 GeV2), when the SDME r04
00 = 0, only transverse ρ0 mesons are produced, with the

characteristic sin2 θ behavior. At the moderate Q2 values of HERMES, the angular distribution

is a superposition of longitudinal and transverse ρ0 contributions which is reflected in the cos θ

dependence of the cross section.

All distributions in 4π are mostly similar, however there are some differences, since the

models in both generators are not identical. The same holds true also for the generation in the

acceptance. The differences are more clearly seen in the ratio plots (see Figure D.2). Due to

the limited experimental acceptance, the distributions in 4π do not provide a preference within

models. The discrimination between the models can be done by comparing to real data in the

acceptance.

5.3.2 Reconstructed Monte Carlo distributions compared to data

In order to compare the reconstructed Monte Carlo distributions with the data, the statistical

precision of the Monte Carlo simulation should be at least of the same order of magnitude as

that of the data, it would be even better if the statistical uncertainty of the generated sample

is negligible. For the generation of exclusive events, where the acceptance is of the order of

a few percent, the simulation in 4π is time consuming. If the properties of events in 4π are

not as important, as the ones in the acceptance, preferentially reconstructed distributions are

compared. Thus the simulation can be performed inside a geometrical box defined by the

acceptance. In order to avoid any edge effects introduced by such an artificial box, the borders
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Figure 5.10: The absolutely normalized kinematic distributions from rhoMC (blue dashed his-
tograms) and PYTHIA (magenta solid histograms) Monte Carlo simulations generated in 4π.
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of the geometrical box are taken wider than the actual experimental acceptance suggests.

The reconstructed distributions are almost the same when comparing PYTHIA and rhoMC.

The absolute yields from PYTHIA (see Figure 5.11) and from rhoMC (see Figure 5.12) are

compared to that of real data in various observables.

For this comparison both Monte Carlo simulations are treated in the same way as the data.

After selection of a hadron pair and applying the requirements described in Table 4.4, the ex-

clusive ρ0 sample of the real data still contains contributions from background processes (see

Section 4.3). PYTHIA is capable of simulating the background processes, while rhoMC gener-

ates the exclusive elastic ρ0 production only. Thus, the reconstructed distributions generated

by PYTHIA are directly compared to the ones of real data. In order to have a better agree-

ment with data, the PYTHIA simulation is performed including radiative corrections. As for

the reconstructed distributions generated by rhoMC, the background distributions predicted

by PYTHIA are added to those of pure exclusive ρ0 and then compared to real data.

Absolute yields of PYTHIA compared to data

For lepton kinematic variables the differences between absolute yields of PYTHIA and data

are of the order of 20 − 30 % (see Figure D.3). On the edges with low statistics (e.g. Q2 > 4)

the discrepancy is larger which can be explained by lack of statistics. The invariant mass, ∆E

and t′ distributions are well reproduced. The agreement for the kinematics of the decay pions

and of the angular distributions is not perfect, mainly because there is no complete description

of the angular distribution in PYTHIA. For instance, the angle Φ being generated flat, it is

not flat anymore after the acceptance led to ’distortions’ in the distributions. The generated

cross section versus cos θ (see Figure 5.10) also suffers from ’distortions’ by the acceptance.

Comparing of the cos θ distribution from PYTHIA and data it is obvious that the SDME r04
00

(see equation (5.31)) alone is not able to reproduce the shape of the data distribution. This

means that momentum and the fractional energy z = Eπ/ν of the pions, which are correlated

to cos θ, are not fully reproduced.

Absolute yields of rhoMC compared to data

Compared to PYTHIA, the agreement between absolute yields of rhoMC and data with respect

to the lepton kinematics is worse, of the order of 30 − 40 % (see Figure D.4). On the other

hand, generating the full angular distribution5 (see equation (2.68)), rhoMC well describes the

full kinematics of decay pions. The shape of the generated cos θ distribution shows that rhoMC

is able to better simulate the more complicated superposition of longitudinal and transverse

ρ0 contributions, than PYTHIA does (see Figure D.1). However, the reconstructed cos θ dis-

tribution and that of real data are too different from the generated cos θ distribution. This

acceptance effect can be explained in the following way. The transverse ρ0 mesons (sin2 θ)

5Here only the unpolarized angular distribution is generated and compared to unpolarized data.
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Figure 5.11: The absolutely normalized reconstructed kinematic distributions from PYTHIA
Monte Carlo simulation (magenta solid histograms) and data (black points).
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Figure 5.12: The absolutely normalized reconstructed kinematic distributions from rhoMC Monte
Carlo simulation (blue solid histograms) and data (black points).
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prefer to decay to pions which leave under 90◦ with respect to the ρ0 direction in the ρ0 rest

frame. In the laboratory system this translates to equally shared pion momenta, each carrying

roughly half of the ρ0 momentum. If the ρ0 meson momentum in the laboratory system is small,

the transverse component of the momentum of such pions is comparable to the longitudinal

component and the decay pion escapes the acceptance. Thus the cos θ shape has a dip in the

region close to 0 (corresponding to θ ≈ 90◦). This explains also why the ρ0 mesons with low

momenta generated in 4π (see Figure D.1) do not appear in the reconstructed distribution.

The longitudinal ρ0 mesons (cos2 θ) prefer to decay in a way that one of the pions preserves

the direction of the ρ0 in its rest frame while the other one flies backward. In the laboratory

system, one of the pions takes almost all of the ρ0 momentum, the other one is very slow.

The bending in the spectrometer magnet reduces the chances for slow pions to reach the back

chambers, which would allow to reconstruct both pions in the spectrometer. This is reflected

by low statistics at the regions ± 1 in the cos θ distribution. To complete the discussion about

the reconstructed distributions from rhoMC, the pion momentum and z distributions are well

reproduced.

5.3.3 Radiative corrections

The radiative corrections discussed in Section 5.1.2 are implemented in the PYTHIA generation

chain while rhoMC generates only Born level cross sections. In this section the effect of radiative

corrections is discussed.

The lepton kinematics, thus the missing energy ∆E defined as in equation (4.3), are affected

by the radiation of a real photon. For both initial and final state radiations the values of ∆E get

larger. This implies that for exclusive ρ0 production the radiative corrections mainly smear the

events out of the ∆E peak. This is clearly seen in Figure 5.13 comparing the ∆E distribution

with and without radiative corrections. The radiative-corrected cross section is smaller in the

∆E < 0.6 GeV region, which means there is a loss of events. Only those events stay inside

the peak for which a low-energy photon was radiated that does not considerably change the

lepton kinematics. Instead the Born cross section is smaller in the ∆E > 0.6 GeV region, which

implies that the events which are smeared out from ∆E < 0.6 GeV region, appear in the higher

∆E region. The loss of events from the ∆E peak yield to a smaller observed cross section of

exclusive ρ0 production versus other kinematic variables (see Figure 5.13). As expected, the

Q2 and W 2 Born level distributions are higher compared to radiative-corrected distributions

showing almost no kinematic dependences within statistics. A possible influence of radiative

effects to the angles Φ, φ and cos θ is of special interest, as this may influence the calculation of

the angular distribution. The values of the angle Φ may be changed by the radiation of a real

photon, while neither φ nor cos θ depend on the lepton kinematics. The distributions with and

without radiative corrections indicate a marginal effect caused by radiative corrections as they

are identical within statistics. The overall differences are of the order of 10 − 20 % showing
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Figure 5.13: Comparison of kinematic distributions from PYTHIA simulations with and without
radiative corrections.

almost no kinematic dependences.

5.4 The resolution

The analysis to be discussed in the following chapters, presents the kinematic dependences of

asymmetries and SDMEs on Q2, xB or −t′. In general, the bin width for a certain kinematic
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quantity should not be smaller than the spectrometer resolution, i.e. the precision in the

measurement of that quantity.

The resolution δ can be obtained from Monte Carlo simulations as the absolute (or relative)

deviation between the generated and reconstructed values of a certain kinematic quantity. For

this purpose the PYTHIA Monte Carlo simulation with radiative corrections is used. The width

of a fit with a Gaussian shape to the absolute deviation gives the estimate of the resolution of

that quantity.

The left panels of Figure 5.14 represent the absolute resolution δ in Q2, xB and −t′. A

relative resolution of about 2.5% is obtained for Q2 which is reconstructed through the scattered

lepton momentum and the scattering angle. The resolution in xB, determined from Q2 and

E ′, is correlated to their resolutions and is about of 6 %. The four-momentum transfer −t′ is

computed from the lepton kinematics and the reconstructed ρ0 kinematics. Thus the relative

resolution of −t′ of about 20 % is worse than the ones for Q2 and xB.

Since the resolution varies with Q2, xB and −t′, it is investigated in equidistant bins for

0.5 < Q2 < 7 GeV2, x < 0.25 and −t′ < 0.4 GeV2. The right panels of Figure 5.14 show the

absolute resolution in each Q2, xB and −t′ bins. The binning used for the following analysis

(see Section 7.2) is suggested by the resolution estimates obtained here.
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Figure 5.14: The spectrometer resolution in Q2, xB and −t′. The upper plots represent the average
resolution while the lower plots show the resolution in various bins of a certain kinematic quantity.
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5.5 Summary

Summarizing the discussion about the two available Monte Carlo generators, the ρ0 lepto-

production cross section is well reproduced by PYTHIA, which uses the Donnachie-Landshoff

parameterization of the photoproduction cross section and is able to account for radiative cor-

rections. A considerable underestimation of the cross section is observed for the Monte Carlo

simulation by rhoMC that uses the parameterization of the world data for the photoproduc-

tion cross section. Radiative corrections are not implemented in the rhoMC generation chain

yet. Compared to PYTHIA, the angular distribution and the decay pion properties are better

reproduced by rhoMC which simulates the whole angular distribution of the ρ0 and decay pions.

So far only an unpolarized target has been considered. The first attempts of enhancement

of rhoMC for transversely polarized target is discussed in Section 8.1.3.



Chapter 6

Transverse target-spin asymmetry and

transverse SDMEs
“The nice thing about standards is that there are so many of them to choose from.”

— Andrew S. Tanenbaum

In the analysis by Diehl-Sapeta [33], the polarized lepton-proton cross section is derived in

terms of various virtual-photon-proton cross sections and interference terms. In the specific

case of exclusive ρ0 production, at leading-twist some of these terms are related to the GPDs

Eq,g and Hq,g. While extracting the asymmetry of longitudinally polarized ρ0 mesons, the

interference between various ρ0 helicity states is not considered.

Alternatively, the transverse target-spin asymmetry of longitudinally polarized ρ0 mesons

can be extracted analyzing the full angular distribution which is parameterized in terms of

SDMEs. It allows to take into account the interference between various ρ0 helicity states

in the measurement of the asymmetry. In Section 2.5.2, mainly an unpolarized target was

considered, and the SDMEs were defined in the Schilling-Wolf formalism [48]. In this chapter,

also a transversely polarized target is considered and the SDMEs are defined in the recently

developed formalism by Diehl [17].

In this chapter the transverse target-spin asymmetry and the SDMEs in exclusive ρ0 pro-

duction on a transversely polarized target are discussed.

6.1 Motivation

It has already been mentioned in Chapter 1 that hard exclusive vector meson production is

sensitive to the GPDs Hq,g and Eq,g, which are related to the total angular momentum J q and

Jg of quarks and gluons in the nucleon, respectively (see Section 2.4.5). The GPD H is already

constrained by the PDFs q(x) and the Dirac form factor F1 (see Section 2.4.4). The GPD

E is still unknown since there is no corresponding relation to PDFs in the forward limit (see

Section 2.4.4) and it is much harder accessible in exclusive processes.

In the case of a transversely polarized target, the interference between the form factors H

93
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and E gives rise to a transverse target-spin asymmetry in exclusive ρ0 production [16],

Aγ∗

UT (φ, φs) =
1/MN

√
t0 − t

√
1 − ξ2 Im

(
E∗H

)

(1 − ξ2) |H|2 −
(
ξ2 + t/(4M2

N)
)
|E|2 − 2ξ2 Re

(
E∗H

) . (6.1)

Here, the form factor F = H, E is the convolution integral over the distribution amplitude

φρ(z) and the GPDs H or E [33],

F =
4παs

9

fρ√
2

∫ 1

0

dz
φρ(z)

z(1 − z)

∫ 1

−1

dx

[
1

ξ − x− iε
− 1

ξ + x− iε

]

×
(
euF

u(x, ξ, t) − edF
d(x, ξ, t) + egF

g(x, ξ, t)/x

)
, (6.2)

where eu = 2/3, ed = −1/3 and eg = 3/8 for u-, d-quarks and gluons, respectively. The meson

decay constant fρ is equal to fρ ≈ 209 MeV (see Section 2.4.1) and the light-cone distribution

amplitude φρ(z) is normalized in a way that
∫ 1

0
dz φ(z) = 1. In equation (6.2), the form factors

H and E are decomposed into quark and gluon contributions. There is no kinematic suppression

of gluon GPDs, since gluons and quarks contribute to exclusive ρ0 meson production at the

same order of αs (see Figure 6.1). From the behavior of the usual quark and gluon densities, ρ0

production is expected to be dominated by gluons at smaller xB and by quarks at larger xB. At

the intermediate energies of HERMES, both contributions were shown [96] to be comparable,

thus providing information about gluon GPDs as well.

γ∗

 

(q)

p(p’)p(p)

ρ

Figure 6.1: Diagrams for hard ρ0 meson production with quark and gluon GPDs [96].

In addition, the transverse target-spin asymmetry in exclusive ρ0 production has the advan-

tage to be one of the rare observables1 where the asymmetry depends linearly on the helicity-flip

GPDs Eq,g [16, 33] with no kinematic suppression of their contributions with respect to the GPDs

Hq,g.

The concept of GPDs applies to hard exclusive ρ0 production in the limit of large Q2

and small t [14], if the longitudinally polarized ρ0
L meson is induced by a longitudinal virtual

photon γ∗L (see Section 2.4.1). The factorization theorem [14] also suggests the transition from

1Other observable that was shown to be sensitive to the GPD E is the asymmetry with respect to transverse
target polarization in DVCS.
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longitudinal virtual photon to longitudinal ρ0 (γ∗L → ρ0
L) to dominate, with the helicity-flip

transitions being suppressed at least by 1/Q [33]. Theoretical calculations in the context of

GPD models are available mainly for the transition γ∗
L → ρ0

L.

The measured values of the ratio R = σL/σT of longitudinal and transverse cross sections

(see Figure 5.7) is not large at Q2 values of a few GeV2, typical for the HERMES kinematics.

This implies that the kinematic suppression by 1/Q2 of the transverse photon amplitudes,

predicted by the factorization theorem, is not yet very effective in these kinematics. Therefore

in this kinematic domain the contribution from longitudinally polarized ρ0 mesons induced by

longitudinal virtual photons has to be separated from the experimental results.

6.2 Definition of the transverse target polarization

Experimentally, the target polarization PT is defined with respect to the lepton beam direction,

while theoretically it is more natural to define the target polarization ST with respect to the

direction of the virtual photon. In order to relate the experimentally and theoretically defined

cross sections and cross section asymmetries, two coordinate systems are introduced in the

target rest frame (left panel of Figure 6.2).

ST
φ

φ

S

l l’

q

z’

x’y’

z

x
y

z’’

x’’

hadron plane

lepton plane

P

P

ρT

ρ

y’’

l
q

θγ

z’
l’

z

x

lepton plane

x’

Figure 6.2: Left: kinematics of ep→ epρ0 in the target rest frame. Right: the two coordinate
systems of the lepton plane. The y and y′ axes point out of the paper plane [33].

The first one is C ′(x′, y′, z′), which corresponds to the coordinate system of the experimental

setup (see Section 3.3), in which z′ points along the incoming lepton beam direction l. The

second one is C(x, y, z), in which z points along the virtual-photon direction q. Both systems

are chosen in a way that the scattered lepton l′ lies in the xz or x′z′ plane and has a positive

x or x′ component. The y and y′ axes are then fixed, they point out of the paper plane. The

relation between the two coordinate systems is a rotation around the y axis by the angle θγ

which is the angle between the directions of the incoming lepton beam l and the virtual photon
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q (right panel of Figure 6.2):

sin θγ = γ

√
1 − y − 1

4
y2γ2

1 + γ2
, with γ = 2xBMp/Q . (6.3)

The target spin vector S is parameterized in the two coordinate systems as:

S
C
=




ST cosφS

ST sinφS

−SL


 , S

C′

=




PT cosψ

PT sinψ

−PL


 , (6.4)

where SL and ST , or PL and PT , specify the magnitudes of the longitudinal and transverse target

polarizations with respect to the virtual photon or lepton beam directions, respectively. The

longitudinal target polarizations SL and PL vary between -1 and 1, while the transverse target

polarizations ST and PT vary between 0 and 1. The angles φs and ψ are the azimuthal angles

of the target spin vector around the virtual photon and lepton beam directions, respectively.

The relation between the angles φs and ψ is given as:

sinψ =
cos θγ sinφS√

1 − sin2θγ sin2φS

, cosψ =
cos φS√

1 − sin2θγ sin2φS

. (6.5)

Only the case of longitudinal target polarization was considered in the previous sections.

In this case the target polarization vectors PL and SL are not very much different in the two

coordinate systems, since

SL = cos θγPL (6.6)

and the angle θγ is small, resulting in SL ≈ PL.

In the case when a target is polarized transversely with respect to the lepton beam direction,

the target polarization vectors ST and PT are related to each other as [33]:

ST =
cos θγ√

1 − sin2θγ sin2φS

PT , SL =
sin θγ cosφS√

1 − sin2θγ sin2φS

PT . (6.7)

The third coordinate system C ′′(x′′, y′′, z′′), also shown in Figure 6.2, is used to describe

the γ∗p center-of-mass system. The z′′ axis points along the opposite direction of q, the x′′ axis

is chosen in a way that Pρ lies in the x′′z′′ plane and has a positive x′′ component. In this case

the target spin vector is parameterized as

S
C′′

=




ST cos(φ− φS)

ST sin(φ− φS)

SL .


 (6.8)
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6.3 Definition of ρ0 production and decay angles

The definitions of the ρ0 production and decay angles are the conventional ones. The definitions

of Φ, φ and θ established in the analysis of Schilling-Wolf [48, 95] and so far used in the previous

sections (see equation (5.10)), are presented in Section 5.2.6.

In a recent analysis by Diehl [17], the azimuthal angle φ (see Figure 6.2) of the produced ρ0

meson is defined according to [97] :

sin φ =
(q̂× l)× (q̂×v)

|q̂× l| · |q̂×v| , cos φ =
(l×v) · q̂

|q̂× l| · |q̂×v| . (6.9)

The ρ0 meson decay angles ϕ and ϑ are defined in the ρ0 rest frame similar to [48, 95]. The

relation between the two conventions is

φ [17] = −Φ [48] , ϕ [17] = φ [48] , ϑ [17] = θ [48] . (6.10)

In the following the angles φ, ϕ and ϑ are used.

6.4 Cross section for ρ0 production on a polarized target

The complete expression for the polarized lepton-proton cross section is given in [33] (Diehl-

Sapeta formalism). There the cross section is presented as a superposition of unpolarized and

polarized cross sections with various polarization states of target and beam:

σ = σUU + PLσLU + SLσUL + PLSLσLL + STσUT + PLSTσLT . (6.11)

Here, the same notations hold as in equation (2.65). The individual contributions to the total

cross section are written in terms of photoabsorption cross sections or interference terms σ ij
mn,

where the subscripts m,n = 0, ± 1 stand for the polarization states of the photon and the

superscripts i, j = ± 1/2 for those of the proton.

For an unpolarized lepton beam and a transversely polarized nucleon target the cross section

reduces to a superposition of unpolarized and transversely polarized cross sections:

[
αem

8π3

y2

1 − ε

1 − xB

xB

1

Q2

]−1
dσ

dxB dQ2 dφ dψ
(6.12)

=
1

2

(
σ++

++ + σ−−
++

)
+ εσ++

00 − ε cos(2φ) Re σ++
+− −

√
ε(1 + ε) cosφ Re(σ++

+0 + σ−−
+0 )

− ST

[
sin(φ− φS) Im(σ+−

++ + εσ+−
00 ) +

ε

2
sin(φ+ φS) Im σ+−

+− +
ε

2
sin(3φ− φS) Im σ−+

+−

+
√
ε(1 + ε) sin φS Im σ+−

+0 +
√
ε(1 + ε) sin(2φ− φS) Im σ−+

+0

]
,
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where the target polarization ST is defined relative to the virtual-photon direction. In the

unpolarized part of the cross section the angle-independent terms are the longitudinal and

transverse components of the cross section:

σT =
1

2
(σ++

++ + σ−−
++) , σL = σ++

00 . (6.13)

If the target polarization is defined with respect to the lepton beam direction, the polarized

cross section receives an additional contribution due to the longitudinal component of the target

polarization SL with respect to the virtual photon direction [33]:

[
cos θγ

1 − sin2θγ sin2φS

]−1 [
αem

8π3

y2

1 − ε

1 − xB

xB

1

Q2

]−1
dσ

dxB dQ2 dφ dφS

∣∣∣∣∣
PL=0

=
1

2

(
σ++

++ + σ−−
++

)
+ εσ++

00 − ε cos(2φ) Re σ++
+− −

√
ε(1 + ε) cosφ Re(σ++

+0 + σ−−
+0 )

− PT√
1 − sin2θγ sin2φS

[
sinφS cos θγ

√
ε(1 + ε) Im σ+−

+0

+ sin(φ− φS)
(

cos θγ Im(σ+−
++ + εσ+−

00 ) +
1

2
sin θγ

√
ε(1 + ε) Im(σ++

+0 − σ−−
+0 )
)

+ sin(φ+ φS)
(

cos θγ
ε

2
Im σ+−

+− +
1

2
sin θγ

√
ε(1 + ε) Im(σ++

+0 − σ−−
+0 )
)

+ sin(2φ− φS)
(

cos θγ

√
ε(1 + ε) Im σ−+

+0 +
1

2
sin θγ ε Im σ++

+−

)

+ sin(2φ+ φS)
1

2
sin θγ ε Im σ++

+− + sin(3φ− φS) cos θγ
ε

2
Im σ−+

+−

]
. (6.14)

Here the additional term arising with sin(2φ+2φs) modulation originates from the longitudinal

component SL of the target polarization vector. The coefficients of the sin(φ − φs), sin(φ +

φs) and sin(2φ − 2φs) terms contain two contributions corresponding to the transverse and

longitudinal components, ST and SL, disentangled by the cos θγ and sin θγ factors, respectively.

In the particular case of ρ0 meson production, as a consequence of the factorization theorem,

a hierarchy of the various photoabsorption cross sections and interference terms is obtained:

• The only leading-twist observables are the longitudinal cross section σ++
00 and the inter-

ference term σ+−
00 .

• Transverse-longitudinal interference terms σij
+0 are suppressed by at least one power of

1/Q compared with σ++
00 .

• Cross sections and interference terms σij
++ and σij

+− with transverse photon polarization

are suppressed by at least 1/Q2 compared with σ++
00 .

Thus at leading-twist the longitudinal cross sections σ++
00 and the interference term σ+−

00 can

be written in terms of the GPDs Hq,g and Eq,g [33], appearing as nominator and denominator
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in equation (6.1). These quantities that correspond to longitudinally polarization photons,

do not contain information about the ρ0 polarization states, since the ρ0 production cross

section (see equations (6.12) or (6.14)) is integrated over the decay angles ϑ and ϕ. The

dependence on ϑ arises if the various ρ0 polarization states have to be considered, and the ϕ

dependence describes the interference between those polarization states. Thus in this formalism,

the ρ0 production cross section can be separated for longitudinally and transversely polarized

ρ0 meson contributions, introducing an explicit dependence on ϑ (see equation (6.29)), however,

the interference between those polarization states is neglected.

6.5 Definition of the asymmetry

6.5.1 Definition of the asymmetry with respect to the virtual-photon

direction

In accordance with the Trento convention[97], the transverse spin-asymmetry for an unpolarized

beam and a transversely polarized proton target is defined as

Aγ∗

UT (φ, φs) =
1

ST

dσ(φ, φs) − dσ(φ, φs + π)

dσ(φ, φs) + dσ(φ, φs + π)
, (6.15)

with the target polarization ST defined with respect to the virtual-photon direction. A definition

of an asymmetry as in equation (6.15) results in the cancellation of the unpolarized cross section

in the nominator and of the polarized cross section in the denominator:

Aγ∗

UT (φ, φs) =
σUT

σUU
. (6.16)

The ’theoretical’ expression for the transverse target-spin asymmetry, according to the hierarchy

predicted by factorization (see Section 6.4), can be obtained at leading-twist as

Aγ∗

UT (φ, φs) =
Im σ+−

00

σ++
00

sin(φ− φs) . (6.17)

According to equation (6.17), where the denominator has no φ-dependence, the sin(φ − φs)

azimuthal amplitude of the asymmetry is of theoretical interest (see equation (6.12)).

As it was discussed in Section 5.2, the cross section of exclusive ρ0 production can be

separated into angle-independent and angular dependent parts. In the case of a transversely

polarized target the angular distribution integrated over the angles ϑ and ϕ reads,

W (φ, φs) = WUU(φ) + STWUT (φ, φs) , (6.18)

where there is an additional dependence on φs compared to the case of an unpolarized target.
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The separation of the cross section into angle-independent and angular dependent parts results

in a cancellation of the former in nominator and denominator of equation (6.16). Thus the

asymmetry Aγ∗

UT (φ, φs) reduces from the cross section ratio to the ratio of the polarized and

unpolarized angular distributions:

Aγ∗

UT (φ, φs) =
WUT (φ, φs)

WUU(φ)
. (6.19)

This allows rewriting the angular distribution given by equation (6.18) in terms of this asym-

metry:

W (φ, φs) = WUU(φ)
(
1 + STAγ∗

UT (φ, φs)
)
. (6.20)

In equation (6.17) the denominator has no φ-dependence, hence the unpolarized angular dis-

tribution can be separated into φ-independent and φ-dependent terms, ŴUU and ŴUU(φ),

respectively. This allows us to modify equation (6.20) as

W (φ, φs) = ŴUU

(
1 + AUU(φ) + STA

γ∗

UT (φ, φs)
)

(6.21)

in such a way, that the unpolarized

AUU(φ) =
ŴUU(φ)

ŴUU

(6.22)

and the transverse

Aγ∗

UT (φ, φs) =
WUT (φ, φs)

ŴUU

(6.23)

azimuthal asymmetries do not have a φ-dependence in the denominator anymore. Thus the

above introduced asymmetries, Aγ∗

UT (φ, φs) and Aγ∗

UT (φ, φs), are different by definition. In con-

trast to equation (6.23), the denominator in equation (6.19) is φ-dependent.

6.5.2 Definition of the asymmetry with respect to the lepton beam di-

rection

In the experiment, the target polarization PT is transverse with respect to the lepton beam

direction, being parallel (↑) or antiparallel (↓) to the direction of the transverse magnet field.

Then the experimental target-spin asymmetry with respect to the lepton beam direction is

defined as the cross section asymmetry for two opposite spin states of the transversely polarized

target,

Al
UT (φ, φs) =

1

PT

dσ↑(φ, φs) − dσ↓(φ, φs)

dσ↑(φ, φs) + dσ↓(φ, φs)
. (6.24)

Theoretically, only one target polarization state is defined having values between 0 and 1. The

angle φs is always calculated with respect to the positive spin direction of the target nucleon.
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The negative polarization state is then equivalent to the rotation φs →φs + π, so that:

Al
UT (φ, φs) =

1

PT

dσ(φ, φs) − dσ(φ, φs + π)

dσ(φ, φs) + dσ(φ, φs + π)
. (6.25)

In the same way as in previous section, also in this case the cross section asymmetry reduces

to the ratio of polarized and unpolarized angular distributions and the angular distribution can

be redefined as

W (φ, φs) = ŴUU

(
1 + AUU(φ) + PTA

l
UT (φ, φs)

)
, (6.26)

with

Al
UT (φ, φs) =

WUT (φ, φs)

ŴUU

, (6.27)

being the transverse azimuthal asymmetry defined with respect to the lepton beam direction.

The asymmetry Al
UT (φ, φs) (see equation (6.27)) defined with respect to the lepton beam

direction, is the experimentally accessible one, while the asymmetry Aγ∗

UT (φ, φs) (see equa-

tion (6.23)) defined with respect to the virtual-photon direction, is the one appearing in the

theoretical calculations. The asymmetries Aγ∗

UT (φ, φs) and Al
UT (φ, φs) differ by the additional

contribution of the longitudinal component of the target polarization vector SL with respect to

the virtual-photon direction:

PTA
l
UT (φ, φs) = STA

γ∗

UT (φ, φs) + SLA
γ∗

UL(φ) , (6.28)

where Aγ∗

UL(φ) is the longitudinal asymmetry with respect to the virtual-photon direction [17].

6.6 First results on ρ0 transverse target-spin asymmetry

The transverse target-spin asymmetry of ρ0 mesons originating from longitudinal photons is

of theoretical interest. Each ρ0 helicity state results in a characteristic dependence of the γ∗p

cross-section on the polar angle ϑ [33]:

dσij
mn(γ∗p→π+π−p)

d(cosϑ)
=

3 cos2ϑ

2
σij

mn(γ∗p→ ρLp) +
3 sin2ϑ

4
σij

mn(γ∗p→ ρT p) . (6.29)

The interference terms between different ρ0 helicities are canceled as the cross section is inte-

grated over the azimuthal decay angle ϕ. The angular distribution, including the dependence

on the polar angle ϑ, can be written separately for longitudinal and transverse mesons, ρ0
L and

ρ0
T :

W (cosϑ, φ, φs) ∝
[3
2

cos2 ϑ Ŵ ρL

UU

(
1 + AρL

UU(φ) + PTA
l,ρL

UT (φ, φs)
)

(6.30)

+
3

4
sin2 ϑ Ŵ ρT

UU

(
1 + AρT

UU(φ) + PTA
l,ρT

UT (φ, φs)
)]

.
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The SDME r04
00 which represents the averaged longitudinal ρL contribution to the cross

section, and 1−r04
00 the averaged transverse ρT contribution, is used to write the φ-independent

angular distributions for longitudinal or transverse ρ0 mesons:

Ŵ ρL

UU

[48]
= r04

00 Ŵ ρT

UU

[48]
= 1 − r04

00 .
(6.31)

Using equation (6.14), the unpolarized and transverse azimuthal asymmetries for longitudinal

ρ0 mesons, AρL

UU(φ) and Al,ρL

UT (φ, φs), are obtained as:

AρL

UU(φ) = A
ρL,cos(φ)
UU cos(φ) + A

ρL,cos(2φ)
UU cos(2φ),

Al,ρL

UT (φ, φs) = A
ρL,sin(φs)
UT sin(φs) + A

ρL,sin(φ−φs)
UT sin(φ− φs) +

A
ρL,sin(φ+φs)
UT sin(φ+ φs) + A

ρL,sin(2φ−φs)
UT sin(2φ− φs) +

A
ρL,sin(2φ+φs)
UT sin(2φ+ φs) + A

ρL,sin(3φ−φs)
UT sin(3φ− φs) . (6.32)

The unpolarized and transverse azimuthal asymmetries for transverse ρ0 mesons, AρT

UU(φ) and

Al,ρT

UT (φ, φs), are similar to those of equation (6.32), replacing the notation ρL by ρT . The

unpolarized asymmetries for both transverse and longitudinal ρ0 mesons, AρL

UU(φ) and AρT

UU(φ),

are related to the already measured SDMEs:

A
ρL,cos(φ)
UU

[48]
=

√
2ε(1 + ε)r5

00

r04
00

, A
ρL,cos(2φ)
UU

[48]
= − εr1

00

r04
00

,

A
ρT cos(φ)
UU

[48]
=

2
√

2ε(1 + ε)r5
11

1 − r04
00

, A
ρT ,cos(2φ)
UU

[48]
= − 2εr1

11

1 − r04
00

.

The only azimuthal amplitude of transverse target-spin asymmetry of ρ0 mesons produced

from longitudinal photons that is related to the GPDs H and E, is the sin(φ− φs) azimuthal

amplitude A
ρL,sin(φ−φs)
UT (see discussion of equation (6.17)).

The first results of the transverse target-spin asymmetry in exclusive ρ0 production, sep-

arated for ρ0
L and ρ0

T contributions, have been extracted [98, 99] using the above mentioned

characteristic dependences of the γ∗p cross-section on the polar angle ϑ. The results are pre-

sented in Figure 6.3. The panels show from left to right the integrated value and the Q2, xB

and t′ dependences of the asymmetry. For the xB and t′ dependences, Q2 is required to be

above 1 GeV2, while the Q2 dependence is shown also for Q2 < 1 GeV2. The upper panels

represent the ρ0 total asymmetries, while the middle and the lower panels represent the sep-

arated longitudinal and transverse ρ0 asymmetries, respectively. The error bars represent the

statistical uncertainties only, while the bands indicate the systematic uncertainties due to the

target polarization, the background subtraction procedure, the uncertainty resulting from the

measurement of the unpolarized SDMEs as well as the influence of the beam polarization on

the final result.
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Figure 6.3: The azimuthal amplitude A
sin(φ−φs)
UT of the transverse target-spin asymmetry in exclu-

sive ρ0, ρ0
L and ρ0

T meson productions at average kinematics and as a function of Q2, xB , or t′[99].

6.7 The angular distributions

At the time when the first results on ρ0 transverse target-spin asymmetry were obtained, it was

unclear what the influence is of the interference terms between different ρ0 helicity states on

the final result. The separation of the longitudinal and transverse ρ0 contributions taking into

account the interference amplitudes became possible using the full expression of the ρ0 angular

distributions on a transversely polarized target. From the recent analysis by Diehl [17], there is

a new concept of representation both the polarized and unpolarized angular distributions via

SDMEs.

6.7.1 The SDMEs in the new formalism by Diehl

In the notation of Diehl [17], the matrix

ρνν′

µµ′,λλ′ = (NT + εNL)−1
∑

σ

T νσ
µλ

(
T ν′σ

µ′λ′

)∗
(6.33)

is defined using the helicity amplitudes T νσ
µλ that are introduced to describe the subprocess

γ∗(µ) + p(λ)→ ρ(ν) + p′(σ) with certain helicity states of initial (µ and λ) and final (ν and σ)

state particles. According to this notation, the upper indices of ρνν′

µµ′ ,λλ′ represent the polariza-
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tion of the vector meson, while the lower indices specify the polarizations of the virtual photon

and target proton. The normalization factors

NT = 1
2

∑
λ,ν,σ

∣∣T νσ
+λ

∣∣2 , NL = 1
2

∑
λ,ν,σ

∣∣T νσ
0λ

∣∣2 (6.34)

are proportional to the differential transverse and longitudinal cross sections, dσT/dt and

dσL/dt, respectively .

If the polarization of the target is considered, then in the γ∗p center-of-mass system the

polarization state of the proton is represented by a proton spin density matrix,

τλλ′ =
1

2


 1 + SL ST e

−i(φ−φS)

ST e
i(φ−φS) 1 − SL


 . (6.35)

When the two matrices, ρνν′

µµ′ ,λλ′ and τλλ′ , are contracted,

∑

λ,λ′

τλλ′ ρνν′

µµ′,λλ′ = uνν′

µµ′ + SL l
νν′

µµ′ + ST cos(φ− φS) sνν′

µµ′ − ST sin(φ− φS) i nνν′

µµ′ . (6.36)

the result is expressed in terms of SDMEs for unpolarized (u), longitudinally (l) and transversely

(n and s) polarized targets. The SDMEs s (’sideways’) and n (’normal’) correspond to the

transverse target polarization in the hadron plane and perpendicular to it. The matrices u, l

and s are hermitian, while n is antihermitian:

uν′ν
µ′µ =

(
uνν′

µµ′

)∗
, lν

′ν
µ′µ =

(
lνν′

µµ′

)∗
,

sν′ν
µ′µ =

(
sνν′

µµ′

)∗
, nν′ν

µ′µ = −
(
nνν′

µµ′

)∗
.

The diagonal elements uνν
µµ, lνν

µµ and sνν
µµ are purely real, while nνν

µµ is purely imaginary.

6.7.2 The angular distribution in case of an unpolarized proton target

If both lepton beam and proton target are unpolarized, the angular distribution WUU is de-

composed into three terms:

WUU(φ, ϕ, ϑ) =
3

4π

[
cos2 ϑ WLL

UU(φ) +
√

2 cosϑ sinϑ W LT
UU (φ, ϕ) + sin2 ϑ W TT

UU (φ, ϕ)

]
, (6.37)

where WLL
UU , W TT

UU and WLT
UU are the angular distributions for longitudinal and transverse ρ0

meson production and of the interference between longitudinal and transverse ρ0 polariza-

tion states, respectively. The longitudinal and transverse ρ0 mesons are characterized by a

cos2-like and sin2-like distributions, while the interference between them is characterized by a√
2 cos ϑ sin ϑ behavior.
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The individual angular distributions in equation (6.37) are parameterized by the SDMEs

uν′ν
µ′µ described above, further referred to as ’unpolarized SDMEs’:

WLL
UU(φ) =

(
u00

++ + εu00
00

)
− 2 cosφ

√
ε(1 + ε) Reu00

0+ − cos(2φ) εu00
−+ ,

WLT
UU (φ, ϕ) = cos(φ+ ϕ)

√
ε(1 + ε) Re

(
u0+

0+ − u−0
0+

)

− cosϕ Re
(
u0+

++ − u−0
++ + 2εu0+

00

)
+ cos(2φ+ ϕ) εReu0+

−+

− cos(φ− ϕ)
√
ε(1 + ε) Re

(
u0−

0+ − u+0
0+

)
+ cos(2φ− ϕ) εReu+0

−+ ,

W TT
UU (φ, ϕ) = 1

2

(
u++

++ + u−−
++ + 2εu++

00

)
+ 1

2
cos(2φ+ 2ϕ) εu−+

−+

− cos φ
√
ε(1 + ε) Re

(
u++

0+ + u−−
0+

)
+ cos(φ+ 2ϕ)

√
ε(1 + ε) Re u−+

0+

− cos(2ϕ) Re
(
u−+

++ + εu−+
00

)
− cos(2φ) εReu++

−+

+ cos(φ− 2ϕ)
√
ε(1 + ε) Re u+−

0+ + 1
2
cos(2φ− 2ϕ) εu+−

−+ .

The longitudinal angular distribution W LL
UU(φ) has no dependence on ϕ, so that all the terms will

survive the integration over it. The transverse angular distribution W TT
UU (φ, ϕ) gets additional

terms that depend on the angle ϕ. The interference angular distribution W LT
UU (φ, ϕ) does not

survive the integration over ϕ, as was discussed in Section 6.6.

There are two terms that are independent of the angles φ and ϕ, namely u00
++ + εu00

00 and

u++
++ + u−−

++ + 2εu++
00 . These terms represent the production of longitudinal (u00) or transverse

(u++,u−−) ρ0 mesons and are related as

u++
++ + u−−

++ + 2εu++
0 0 = 1 −

(
u0 0

++ + εu0 0
0 0

)
. (6.38)

The representation of the angular distribution via SDMEs in the Diehl notation is equivalent

to the one given by equation (2.68) in the notation of Schilling-Wolf. The corresponding

relations between the SDMEs by Diehl, uν′ν
µ′µ, and Schilling-Wolf, ρα

λλ′ , are given in Appendix E.1.

An important feature of the unpolarized SDMEs uνν
µµ is their t0 − t behavior, when the

scattering angle of the ρ0 meson Θ in the γ∗p center-of-mass system is small. As Θ ∝ (t0−t)1/2,

it follows:

uνν′

µµ′ ∼
t→ t0

(t0 − t)p/2 . (6.39)

Here p is the value of the power that controls the t→ t0 behavior of SDMEs, which assumes

values above the minimum value pmin for each SDME:

p ≥ pmin = min
σ,λ = ± 1/2

{∣∣ν − µ− σ + λ
∣∣+
∣∣ν ′ − µ′ − σ + λ

∣∣
}
, (6.40)

The values of pmin for each SDME are given in [17].
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6.7.3 The angular distribution in case of a transversely polarized proton

target

For an unpolarized lepton beam and a transversely polarized proton target, the angular distri-

bution WUT is decomposed analogously to equation (6.37):

WUT (φS, φ, ϕ, ϑ) =
3

4π

[
cos2 ϑ WLL

UT (φS, φ)+
√

2 cosϑ sinϑW LT
UT (φS, φ, ϕ)+sin2 ϑ W TT

UT (φS, φ, ϕ)

]
,

(6.41)

where all individual distributions depend additionally on φs. Since there exist two independent

transverse polarizations relative to the hadron plane, nνν
µµ and sνν

µµ, the angular dependence

contains a larger number of independent terms. There are 16 terms with Imn and 14 terms

with Im s, further referred to as ’transverse SDMEs’.

WLL
UT (φS, φ) = sin(φ− φS)

[
Im
(
n00

++ + εn00
00

)

− 2 cosφ
√
ε(1 + ε) Imn00

0+ − cos(2φ) ε Imn00
−+

]

+ cos(φ− φS)
[
−2 sinφ

√
ε(1 + ε) Im s00

0+ − sin(2φ) ε Im s00
−+

]
,

WLT
UT (φS, φ, ϕ) = sin(φ− φS)

[
cos(φ+ ϕ)

√
ε(1 + ε) Im

(
n0+

0+ − n−0
0+

)

− cosϕ Im
(
n0+

++ − n−0
++ + 2εn0+

00

)
+ cos(2φ+ ϕ) ε Imn0+

−+

− cos(φ− ϕ)
√
ε(1 + ε) Im

(
n0−

0+ − n+0
0+

)
+ cos(2φ− ϕ) ε Imn+0

−+

]

+ cos(φ− φS)
[
sin(φ+ ϕ)

√
ε(1 + ε) Im

(
s0+
0+ − s−0

0+

)

− sinϕ Im
(
s0+
++ − s−0

++ + 2εs0+
00

)
+ sin(2φ+ ϕ) ε Im s0+

−+

− sin(φ− ϕ)
√
ε(1 + ε) Im

(
s0−
0+ − s+0

0+

)
+ sin(2φ− ϕ) ε Im s+0

−+

]
,

W TT
UT (φS, φ, ϕ) = sin(φ− φS)

[
1
2
Im
(
n++

++ + n−−
++ + 2εn++

00

)
+ 1

2
cos(2φ+ 2ϕ) ε Imn−+

−+

− cosφ
√
ε(1 + ε) Im

(
n++

0+ + n−−
0+

)
+ cos(φ+ 2ϕ)

√
ε(1 + ε) Imn−+

0+

− cos(2ϕ) Im
(
n−+

++ + εn−+
00

)
− cos(2φ) ε Imn++

−+

+ cos(φ− 2ϕ)
√
ε(1 + ε) Imn+−

0+ + 1
2
cos(2φ− 2ϕ) ε Imn+−

−+

]

+ cos(φ− φS)
[

1
2
sin(2φ+ 2ϕ) ε Im s−+

−+

− sinφ
√
ε(1 + ε) Im

(
s++
0+ + s−−

0+

)
+ sin(φ+ 2ϕ)

√
ε(1 + ε) Im s−+

0+

− sin(2ϕ) Im
(
s−+
++ + εs−+

00

)
− sin(2φ) ε Im s++

−+
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+ sin(φ− 2ϕ)
√
ε(1 + ε) Im s+−

0+ + 1
2
sin(2φ− 2ϕ) ε Im s+−

−+

]
(6.42)

Similar to the unpolarized case, the term W LL
UT (φS, φ) has no ϕ dependence. The corresponding

terms from the angular distribution W TT
UT (φS, φ) after integration over the angle ϕ are identical

to the ones given in equation (6.30) (see also equation (6.32)). Although, the representation of

the cross section is different in both equations, they can be related to one another by simple

trigonometric equations:

2 cos(φ− φs) sinφ = sin(2φ− φs) + sinφs ,

2 sin(φ− φs) cosφ = sin(2φ− φs) − sin φs ,

2 cos(φ− φs) sin(2φ) = sin(3φ− φs) + sin(φ+ φs) ,

2 sin(φ− φs) cos(2φ) = sin(3φ− φs) − sin(φ+ φs) . (6.43)

Also in the case of a transversely polarized target there are two terms Im
(
n00

++ + εn00
00

)
and

Im
(
n++

++ + n−−
++ + 2εn++

00

)
, which are independent of the angles φ and ϕ. But unlike the case

of unpolarized SDMEs, they are not independent, so that there exists no relation similar to

equation (6.38).

The prediction for the t→ t0 behavior of the transverse SDMEs nνν
µµ and sνν

µµ at small scat-

tering angles Θ is similar to that of the unpolarized case:

nνν′

µµ′ , sνν′

µµ′ ∼
t→ t0

(t0 − t)q/2 , (6.44)

where

q ≥ qmin = min
σ,λ = ± 1/2

{∣∣ν − µ− σ + λ
∣∣+
∣∣ν ′ − µ′ − σ − λ

∣∣
}
. (6.45)

The minimum values qmin for each SDME are also given in [17].

If the target polarization is defined with respect to the lepton beam direction, the angular

distribution receives also a contribution from the longitudinal component of the target polariza-

tion (see equation (E.1)). The equations of the angular distribution are much more complicated,

representing combinations of SDMEs lνν
µµ, nνν

µµ and sνν
µµ (see Appendix E.2).

6.7.4 Main features of exclusive ρ0 production

Two main ordering principles for SDMEs, SCHC and NPE, were described in the notation of

Schilling-Wolf in Section 2.5.2. In this section the SCHC and NPE features are described in

the notation of Diehl. First experimental results are presented and discussed in Section 7.4.
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s-channel helicity conservation

The information whether the SDMEs correspond to s-channel helicity conserving or non-

conserving amplitudes, is encoded in the notation of Diehl. If the SDME is a product of

two helicity conserving amplitudes, then the left and right symbols of the lower and upper

indices are the same, e.g. u00
00 or n0+

0+. If one helicity flip is involved, right or left indices are dif-

ferent, e.g. n0+
−+, and all indices are different for SDMEs describing the product of two helicity

flip amplitudes, e.g. n0+
−0.

For the unpolarized SDMEs u, both experimental results [52] and theory expectations in-

dicate that SCHC is approximately valid. Theory expectations for the transverse SDMEs n

and s are similar to those for the unpolarized SDMEs: the SDMEs involving the product of

two helicity conserving amplitudes are larger than those describing the interference between

helicity conserving and helicity-flip amplitudes, and the latter are larger than SDMEs involving

the product of two helicity-flip amplitudes. But these expectations are not proved experimen-

tally yet. Exceptions are possible, since two large amplitudes can have a small interference

term because of their relative phase. The SCHC in the case of a transversely polarized target,

involving additional SDMEs, is of special interest.

Natural parity exchange

A second ordering principle for SDMEs is the dominance of NPE which originates from the

Regge theory (see Section 2.5.3), referring to the quantum numbers of the exchanged particles.

This feature can be more generally be characterized by the symmetry properties of the NPE

and UPE amplitudes, denotes as N and U , respectively:

Nνσ
µλ =

1

2

[
T νσ

µλ + (−1)ν−µ T−νσ
−µλ

]
=

1

2

[
T νσ

µλ + (−1)λ−σ T ν−σ
µ−λ

]
,

Uνσ
µλ =

1

2

[
T νσ

µλ − (−1)ν−µ T−νσ
−µλ

]
=

1

2

[
T νσ

µλ − (−1)λ−σ T ν−σ
µ−λ

]
, (6.46)

under the helicity reversal of the virtual photon and ρ0 meson:

N−νσ
−µλ = (−1)ν−µ Nνσ

µλ , U−νσ
−µλ = −(−1)ν−µ Uνσ

µλ . (6.47)

Thus for a proton helicity the relations N ν+
µ+ = Nν−

µ− and Nν+
µ− = −Nν−

µ+ hold for NPE, and

Uν+
µ+ = −Uν−

µ− and Uν+
µ− = Uν−

µ+ for UPE. Therefore, in the description of exclusive ρ0 production

using GPDs, NPE amplitudes are related to the GPDs H and E, while UPE amplitudes are

related to the GPDs H̃ and Ẽ [100]. Since U 0σ
0λ = 0 (see equation (6.47)), unnatural parity

exchange amplitudes are power suppressed at large Q2 and the leading-twist factorization [14]

only applies to the natural parity exchange amplitudes N 0σ
0λ .

The pomeron exchange in Regge phenomenology is related to the gluon exchange in the

GPD formalism (see Figure 6.1) corresponding to NPE processes, and the reggeon exchange is
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related to the quark exchange corresponding to both NPE and UPE processes.

In terms of NPE and UPE amplitudes the SDMEs are defined as:

uνν′

µµ′ = (NT + εNL)−1
∑

σ

[
Nνσ

µ+

(
Nν′σ

µ′+

)∗
+ Uνσ

µ+

(
Uν′σ

µ′+

)∗ ]
,

lνν′

µµ′ = (NT + εNL)−1
∑

σ

[
Nνσ

µ+

(
U ν′σ

µ′+

)∗
+ Uνσ

µ+

(
N ν′σ

µ′+

)∗ ]
,

sνν′

µµ′ = (NT + εNL)−1
∑

σ

[
Nνσ

µ+

(
U ν′σ

µ′−

)∗
+ Uνσ

µ+

(
N ν′σ

µ′−

)∗ ]
,

nνν′

µµ′ = (NT + εNL)−1
∑

σ

[
Nνσ

µ+

(
N ν′σ

µ′−

)∗
+ Uνσ

µ+

(
U ν′σ

µ′−

)∗ ]
. (6.48)

The SDMEs u and n are superpositions of two products each involving only NPE or UPE

amplitudes, while l and s involve the interference between NPE and UPE amplitudes. Since

the UPE amplitudes are expected to be smaller than the NPE amplitudes, also the SDMEs l

and s are expected to be smaller compared to u and n with identical helicity indices. However,

exceptions are possible since the products N νσ
µ+

(
Nν′σ

µ′+

)∗
or Nνσ

µ−

(
N ν′σ

µ′+

)∗
may have a small real

or imaginary part due to the relative phase between the two amplitudes.

6.8 Definition of the asymmetry in the Diehl formalism

In Section 6.5 the transverse target-spin asymmetry was defined as ratio of transversely polar-

ized and unpolarized cross sections (see equation (6.16)). There, the cross section was integrated

over the azimuthal decay angle ϕ. In this section the possibilities are discussed of an asymmetry

measurement on a transversely polarized target using the full angular distribution. With the

knowledge of the latter there are two possibilities for a transverse target-spin asymmetry extrac-

tion. The first relates the transverse target-spin asymmetry to the corresponding SDMEs, and

the asymmetry measurement is based on the SDME measurement. The other possibility is the

direct extraction of the asymmetries writing the angular distribution in terms of asymmetries

(see Section 6.5).

6.8.1 Transverse target-spin asymmetry related to SDMEs

Since factorization is proved for longitudinal photons only, and the leading transitions are the

ones where both the virtual photon and the produced ρ0 are longitudinal, the only observables

to which both criteria apply are the SDMEs Imn 0 0
0 0 and u0 0

0 0 . The asymmetry, being the ratio

of polarized and unpolarized angular distributions (see equation (6.23)), is defined at leading

order in 1/Q as:

Aγ∗

UT (φ, φs) =
Imn0 0

0 0

u0 0
0 0

sin(φ− φs) . (6.49)
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Thus the transverse target-spin asymmetry can be obtained from the measured values of the

SDMEs Imn0 0
0 0 and u0 0

0 0 . These SDMEs can be measured only in the combinations u00
++ + εu00

00

and Im
(
n00

++ + εn00
00

)
, similar to the SDMEs r04

λλ′ in the Schilling-Wolf notation. The production

of longitudinal ρ0 mesons from longitudinal and transverse virtual photons is indistinguishable

without a Rosenbluth separation (see Section 2.5). However, the terms u00
++ and n00

++ are

expected to be suppressed compared to the terms u00
00 and Imn0 0

0 0 , since they are a product of

two helicity-flip amplitudes.

6.8.2 Extraction of transverse target-spin asymmetry using the angular

distributions

Asymmetry defined with respect to the virtual-photon direction

Recalling equation (6.21)

W (φ, φs) = ŴUU(1 + AUU(φ) + STA
γ∗

UT (φ, φs)) ,

in order to separate the ρ0
L contribution, the additional dependences of the angular distribution

on the angles ϑ and ϕ have to be taken into account:

W (φ, φs, ϑ, ϕ) =
3

4π

[
cos2 ϑ ŴLL

UU

(
1 + ALL

UU(φ) + ST A
γ∗, LL
UT (φ, φs)

)

+
√

2 cosϑ sinϑ W LT
UU (φ, ϕ) (1 + ST A

γ∗, LT
UT (φ, φs, ϕ))

+ sin2 ϑ Ŵ TT
UU

(
1 + ATT

UU(φ) + ST A
γ∗, TT
UT (φ, φs)

) ]
.(6.50)

The dependence of the angular distribution on the angle ϕ originates from the interference

between longitudinal and transverse contributions. In the case of a longitudinal or transverse

ρ0 meson, the φ-independent angular distribution ŴUU is given as:

ŴLL
UU

[17]
= u00

++ + εu00
00

[48]
= r04

00

Ŵ TT
UU

[17]
= u++

++ + u−−
++ + 2εu++

00

[48]
= 1 − r04

00 .

(6.51)

As for the interference angular distribution ŴLT
UU , there is no corresponding φ-independent term.

Since the unpolarized and polarized angular distributions for longitudinal ρ0 mesons do not

contain a dependence on the angle ϕ (see equation (??) and equation (6.42)), the number of

various azimuthal amplitudes of asymmetries are the same compared to equation (6.32), though

the azimuthal amplitudes themselves are different for polarized asymmetry:

ALL
UU(φ) = ALL, cos φ

UU cos φ+ A
LL, cos(2φ)
UU cos(2φ) (6.52)
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ALLγ∗

UT (φ, φs) = A
LL, sin(φ−φs)
UU sin(φ− φs) (6.53)

+ A
LL, sin(φ−φs) cos φ
UU sin(φ− φs) cosφ+ A

LL, sin(φ−φs) cos(2φ)
UU sin(φ− φs) cos(2φ)

+ A
LL, cos(φ−φs) sin φ
UU cos(φ− φs) sinφ+ A

LL, cos(φ−φs) sin(2φ)
UU cos(φ− φs) sin(2φ) .

The trigonometric modifications (see equation (6.43)) show the similarity of the equations. The

unpolarized and polarized azimuthal asymmetries for transverse ρ0 mesons contain more terms

compared to equation (6.32), associated with additional ϕ-dependent terms. The sin(φ − φs)

amplitude of the asymmetry ALL γ∗

UT (φ, φs) is of theoretical interest (see Section 6.5.1).

Asymmetry defined with respect to the lepton beam direction

Recalling equation (6.26),

W (φ, φs) = ŴUU

(
1 + AUU(φ) + PTA

l
UT (φ, φs)

)
,

the angular distribution is written in terms of asymmetries. Here the unpolarized angular

distribution ŴUU and the asymmetry AUU(φ) are the same as in previous section, but the po-

larized azimuthal asymmetry Al
UT (φ, φs) is different from Aγ∗

UT (φ, φs). The angular distribution,

decomposed into longitudinal, transverse and interference contributions,

W (φ, φs, ϑ, ϕ) =
3

4π

[
cos2 ϑ ŴLL

UU

(
1 + ALL

UU(φ) + PT A
l,LL
UT (φ, φs)

)
+ (6.54)

√
2 cosϑ sinϑ W LT

UU (φ, ϕ)

(
1 + PT A

l,LT
UT (φ, φs, ϕ)

)
+

sin2 ϑ Ŵ TT
UU

(
1 + ATT

UU(φ) + PT A
l,TT
UT (φ, φs)

) ]
,

receives additional contributions from the longitudinal component of the target polarization.

For example, the longitudinal component of the asymmetry contains an additional term A
LL, sin(φs+2φ)
UU

which is coming from only the longitudinal component SL of the target polarization:

Al,LL
UT (φ, φs) = A

LL, sin(φ−φs)
UU sin(φ− φs)

+ A
LL, sin(φ−φs) cos φ
UU sin(φ− φs) cosφ+ A

LL, sin(φ−φs) cos(2φ)
UU sin(φ− φs) cos(2φ)

+ A
LL, cos(φ−φs) sin φ
UU cos(φ− φs) sinφ+ A

LL, cos(φ−φs) sin(2φ)
UU cos(φ− φs) sin(2φ)

+ A
LL, sin(φs+2φ)
UU sin(φs + 2φ) . (6.55)

There are five more additional terms for the asymmetries ALT,l
UT (φ, φs, ϕ) and ATT,l

UT (φ, φs) com-

pared with ALT,γ∗

UT (φ, φs, ϕ) and ATT,γ∗

UT given by equation (6.50). The sin(φ− φs) amplitude of

the asymmetry Al,LL
UT (φ, φs) is the one experimentally accessible.



Chapter 7

Extraction of transverse target-spin

asymmetry and transverse SDMEs
“Never express yourself more clearly than you are able to think.”

— Niels Bohr (1885 - 1962)

Experimentally, the cross sections as well as the angular distributions are derived from the

number of events or yield dN ↑(↓), where the subscript ↑(↓) stands for a positive (negative) trans-

verse target polarization state. Neglecting radiative and smearing effects, the yield is related to

the cross section by the acceptance ε of the spectrometer dN ↑(↓) = εdσ↑(↓). The acceptance is a

multiplicative factor that does not depend on the transverse polarization state and thus should

cancel in the asymmetry definition equation (6.24). However, if the asymmetries are calculated

in bins of one kinematic quantity while integrated over the others, the effect of acceptance can-

cellation may not happen. In this case simpler asymmetry extraction methods like moments

method or fit method [101] are biased. In addition, detailed studies show that for low statistics

samples these methods are not applicable. Hence in this thesis the transverse SDMEs as well

as the transverse target-spin asymmetry are extracted using the unbinned maximum likelihood

(ML) method.

7.1 Maximum likelihood method

For a set of independent quantities x following a probability density function (p.d.f.) f(x;λ),

where λ (λ1, λ2...λn) is a set of parameters which values are unknown, the estimator for the mean

of λ is obtained by the maximum likelihood method [49]. The maximum likelihood estimators

are approximately unbiased and efficient. The parameter values are found as the point in

parameter space where the likelihood function, the joint of N univariate probability densities,

L(λ) =

N∏

i

fi(xi;λ) , (7.1)

112
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is at its maximum, or equivalently, its negative logarithm

− lnL(λ) = −
N∑

i

fi(xi;λ) (7.2)

is at the minimum. Thus the maximum likelihood estimators λ̂, i.e. the parameters, are found

solving the likelihood equations

∂ lnL

∂λi
= 0, i = 1, ...n . (7.3)

The p.d.f. is usually normalized to unity:
∫
dxf(x;λ) = 1. However, this is not always the

case. In evaluating the likelihood function, it is important to include all normalization factors

that depend on λ. Instead, any multiplicative λ-independent factor in the p.d.f. f(x;λ) may

be omitted, since the purpose of interest is the maximum of the likelihood function L.

The estimator for the inverse covariance matrix is given by the matrix of second derivatives:

(V̂ −1)ij = − ∂2 lnL

∂λi∂λj

∣∣∣∣bλ
. (7.4)

7.1.1 Implementation of the maximum likelihood method

In the case of an unpolarized beam and a transversely polarized target, the p.d.f.

dN↑(↓) = ε
(
φs, φ, ϕ, ϑ

)
W ↑(↓)

(
λ; P ↑(↓), φs, φ, ϕ, ϑ

)
(7.5)

is used to describe the yield of the exclusive ρ0 sample[102], where P ↑(↓) is the target polarization

state. Conventionally in theory, the target polarization PT is positive and varies between 0 and

1 (see Section 6.2), while experimentally the transverse target polarization is positive (negative)

when it is oriented parallel along (opposite to) the direction of the transverse magnetic field. The

existence of two experimental target polarization states reduces the systematic uncertainties

due to a possible geometric asymmetry of the detector with respect to the direction of the

target polarization. In the following, the superscript ↑(↓) is omitted.

While maximizing the likelihood function

L(λ) =

Nρ∏

i

ε
(
φsi
, φi, ϕi, ϑi

)
W
(
λ; Pi, φsi

, φi, ϕi, ϑi

)

N (λ)
. (7.6)

the SDMEs or the various azimuthal amplitudes of the asymmetry that parameterize the an-

gular distribution, are considered as free parameters λ1...λn. In fitting the parameters λ, the

acceptance efficiency in the numerator can be omitted since it does not depend on the fit pa-

rameters. However, it has to be taken into account in evaluating the normalization integral
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N [102]:

N (λ) =

∫
dP dφs dφ dϕ dϑ ε(φs, φ, ϕ, ϑ) W (λ;P, φs, φ, ϕ, ϑ) (7.7)

The further implementation of the maximum likelihood method for each particular case is

discussed in the following.

7.2 Exclusive ρ0 sample on a transversely polarized target

Information on the whole available statistics from the 2002-2005 data taking period with a

transversely polarized proton target is presented in Table 7.1. In total 9.3 million DIS events

are analyzed. In Chapter 4, the selection of exclusive ρ0 events is discussed in detail. The

SDMEs and the transverse target-spin asymmetry are extracted for the full kinematic region of

1 < Q2 < 7 GeV, 0.02 < xB < 0.35 and 0.00 < −t′ < 0.40 GeV2. The results are also presented

in bins of Q2, xB or t′, while integrating over the other two kinematic quantities. The bin limits

and the mean kinematics are listed in Table 7.2.

year production beam bursts NDIS Nρ

2002 02c0 e+ 177952 708817 549

2003 03c0 e+ 136174 427200 305

2004 04c1 e+ 433497 2764494 2000

2005 05c1 e− 848155 5452045 4536

Table 7.1: Data sample on a transversely polarized target after requirements ensuring good data
quality and exclusivity of the sample.

bin < Q2 > (GeV2) < xB > < −t′ > (GeV2)

1.0 < Q2 < 7.0 GeV2 1.95 0.08 0.13

0.5 < Q2 < 1.0 GeV2 0.82 0.03 0.12

1.0 < Q2 < 1.4 GeV2 1.19 0.06 0.13

1.4 < Q2 < 2.0 GeV2 1.67 0.08 0.13

2.0 < Q2 < 7.0 GeV2 3.08 0.12 0.14

0.02 < xB < 0.07 1.33 0.05 0.13

0.07 < xB < 0.10 1.83 0.08 0.13

0.10 < xB < 0.40 3.14 0.14 0.14

0.00 < −t′ < 0.05 GeV2 1.89 0.08 0.02

0.05 < −t′ < 0.10 GeV2 1.97 0.08 0.07

0.10 < −t′ < 0.20 GeV2 1.97 0.09 0.15

0.20 < −t′ < 0.40 GeV2 2.00 0.09 0.28

Table 7.2: Kinematic bins and mean values for Q2, t′ and xB bins.
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The requirements used for the selection of exclusive ρ0 events (see Table 4.4) do not fully

exclude the background contributions from background processes. The exclusive sample receives

contributions from double-diffractive processes, which should be negligible in the low ∆E region

(see Section 4.3.2), and from non-resonant π+π− pair production, which is of the order of 1−2%

(see Section 4.3.4). The results are not corrected for these contributions.

7.3 Background correction

The contribution of semi-inclusive processes, which is the main origin of the background con-

tamination, is discussed and presented in Section 4.3.1 for the overall kinematics. Since the

asymmetries, as well as the SDMEs are calculated in bins of Q2, xB or t′ and also the semi-

inclusive background contribution have a kinematic dependence, the background contamination

is estimated in each bin of Q2, xB or t′ (see Figure 7.1).
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Figure 7.1: The semi-inclusive background contamination in each bin of Q2, xB and t′.

For the data with Ntot = Nρ+Nbg total events, where Nρ is the number of exclusive ρ0 events

and Nbg the number of semi-inclusive background events, an unbinned maximum likelihood fit is

performed to extract asymmetries and SDMEs. The exclusive ρ0 events and the semi-inclusive

background are mixed in the data sample and they enter the maximum likelihood fit with their

characteristic φ, cos ϑ and ϕ distributions. For an background event, if it does not belong to

semi-inclusive vector meson production, the angles ϑ and ϕ have no physical meaning, since

these two angles are properties of the vector meson decay. However, as the background events

are indistinguishable from exclusive events in the data sample, the same definition of angles is

also used for all two-hadron events misidentified as exclusive ρ0 events.
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There are two possibilities to correct the measured quantities, both requiring a pure back-

ground sample. This background sample can not be taken from the real data at high ∆E, since

the angular distributions have a ∆E dependence. In Figure 7.2 the angular distributions from

the PYTHIA simulation of the background sample are shown for various ∆E regions. The φ

and ϕ distributions do not show a strong ∆E dependence, while the cos ϑ distributions are

different for low (∆E < 0.6 GeV) and high (∆E > 2.4 GeV) values of ∆E.
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Figure 7.2: The φ, cosϑ and ϕ distributions for semi-inclusive sample simulated by the PYTHIA
Monte Carlo in various ∆E regions.

The PYTHIA Monte Carlo sample in the same ∆E region as the real data, ∆E < 0.6 GeV,

is used as background sample. Ideally, the angular distributions of the background sample of

the Monte Carlo simulation should perfectly match those of the real data. However, as it is

seen from a comparison of Monte Carlo simulation and data in various high ∆E regions (see

Figure 7.3), where the data receives no contribution from exclusive reactions, the Monte Carlo

simulation does not fully describe the data. While the φ and ϕ distributions of the data are

well described by PYTHIA, the cos ϑ distributions of the Monte Carlo simulation seems to be

mirrored compared to the real data. The origin of this behavior is presently not known.

7.3.1 Background correction by assigning a negative weight to back-

ground events

Since background and exclusive ρ0 events are indistinguishable in the exclusive sample, another

independent Monte Carlo sample, namely a purely semi-inclusive sample with its own char-

acteristic angular distributions, is used to subtract the semi-inclusive background. Using the

advantages of the maximum likelihood fit, this can be done simultaneously with the estima-

tion of the λ parameters in equation (7.6). In the log-likelihood function the events from the

real data are weighted with a positive weight, while for the semi-inclusive background events a
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Figure 7.3: The φ, cosϑ and ϕ distributions for semi-inclusive sample simulated by the PYTHIA
Monte Carlo compared to real data in various ∆E regions, where the real data sample can also be
treated as semi-inclusive.

negative weight is used:

lnL(λ) =

N∑

i=1

ln W (λ;Pi, φi, φsi
, ϑi, ϕi)

ωi =

N∑

i=1

ωi ln W (λ;Pi, φi, φsi
, ϑi, ϕi) . (7.8)

Here the weight w is the absolute luminosity of the data (w = Ldata) or Monte Carlo simulation

(w = −LMC). In this case, according to [103], the covariance matrix has to be corrected:

V̂ −1 = F
(
F ′−1F

)
, (7.9)

The matrices F and F ′ are calculated similar to equation (7.4)

Fmn =
∂2 lnL

∂λm∂λn

∣∣∣∣bλ
, F ′

mn =
∂2 lnL′

∂λm∂λn

∣∣∣∣bλ
(7.10)

where L′ is given as:

lnL′(λ) =

N∑

i=1

ω2
i ln W (λ;Pi, φs, φ, ϑ, ϕ). (7.11)

7.3.2 Background correction parameterizing the background sample

Similar to the background correction method described above, a semi-inclusive Monte Carlo

sample is used to parameterize the background contamination. This implies to estimate the

vector of background parameters that parameterize the angular distribution. The angular
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distribution is defined for exclusive vector mesons only. But, since the background and exclusive

ρ0 events are mixed in the data sample, the same definition of the angular distribution is used

also for semi-inclusive data, being only a tool to correct for the background.

If the vector of the background parameters θ is known, then each event from the data

sample has a certain probability to be an exclusive ρ0 or a background event, given by the

ratio Nρ/Ntot or Nbg/Ntot, respectively. Thus each event can be treated first as an exclusive

event, and the angular distribution W (λ;Pi, φi, φsi
, ϑi, ϕi) is computed for a given set of fit

parameters λ. Then the same event is treated as a semi-inclusive event, and the angular

distribution W (θ;Pi, φi, φsi
, ϑi, ϕi) is calculated with the known background parameters θ:

lnL(λ) =
N∑

i=1

[
Nρ

Ntot
ln W

(
λ;Pi, φi, φsi

, ϑi, ϕi

)
+
Nbg

Ntot
ln W

(
θ;Pi, φi, φsi

, ϑi, ϕi

)]
. (7.12)

In this case, the covariance matrix is given by equation (7.4).

7.4 SDMEs

7.4.1 Unpolarized SDMEs

Unpolarized SDMEs of ρ0 production at HERMES had been already extracted from the 1996-

2005 data taking period using the Schilling-Wolf convention. Since the binning used in the

current analysis is different from that of the previous analysis, in the course of this thesis the

unpolarized SDMEs are extracted from the 2002-2005 data taking period using both formalisms.

In the case of unpolarized target and beam, the likelihood function is given as:

L(λ) =

∏Nρ

i WUU(λ; φi, cosϑi, ϕi)

NNρ

UU(λ)
. (7.13)

The normalization integral is computed from an isotropically generated PYTHIA Monte Carlo

simulation, reconstructed in the HERMES acceptance:

NUU(λ) =

NMC∑

i

WUU(λ; φi, cos ϑi, ϕi) . (7.14)

There the events are distributed according to ε(φ, ϑ, ϕ)WUU(λ; φ, cos ϑ, ϕ). All distortions of

the angular distribution are purely due to the acceptance since the angular distribution itself

is generated flat.

In Figure 7.4 the SDMEs are shown as calculated at the average kinematics. First the results

using the Schilling-Wolf notations are compared to the ones extracted previously from HERMES

data (see left panel of Figure 7.4). The extracted values of SDMEs from this analysis are in

good agreement with the values of SDMEs extracted previously. The observed small differences
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are due to different data samples, extraction methods and background subtraction methods.

SDME values
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Figure 7.4: The unpolarized SDMEs extracted at average kinematics in the formalisms of Schilling-

Wolf (left) and Diehl (right) separated for various helicity transfer from virtual photon to ρ0 meson.
The error bars represent the statistical uncertainties only.

The extracted SDMEs are categorized into five classes according to the hierarchy [52]:

|T00| ≈ |T11| � |T01| > |T10| ≥ |T1−1| (7.15)

The first two classes contain SDMEs that are dominated by the helicity-conserving amplitudes

T00 and T11 or their interference. These SDMEs describe the dominant transitions γ∗
L → ρ0

L or

γ∗T → ρ0
T . The other three classes correspond to SDMEs that contain contributions from the

s-channel helicity non-conserving amplitude T01, T10 or T1−1, corresponding to the transition

γ∗T → ρ0
L, γ∗L → ρ0

T or γ∗−T → ρ0
T , respectively. An overview of the SDME extraction using the

Schilling-Wolf notation at HERMES can be found in [52].

The results are also shown in the notation of Diehl (see right panel of Figure 7.4) using

the hierarchy predicted by the factorization theorem (see Section 6.7.4). Here the SDMEs

are sorted into three main classes. The first class contains SDMEs that conserve helicity in

transitions from virtual photon to ρ0 meson. The second class consists of SDMEs that are a

product of one helicity-conserving and one helicity-flip amplitude. This class is subdivided into

three parts, describing γ∗T → ρ0
L, γ∗L → ρ0

T and γ∗−T → ρ0
T transitions. The SDMEs of the third

class involve the product of two helicity non-conserving amplitudes.

The results in both conventions clearly show non-zero values for those SDMEs which are

not restricted to be zero in the case of SCHC. This suggests significant helicity conserving

amplitudes for both transitions, γ∗L → ρ0
L and γ∗T → ρ0

T , and a substantial interference between



Extraction of transverse target-spin asymmetry and transverse SDMEs 120

0

0.2

0.4

0.6

0 1 2 3
0

0.2

0.4

0.6

0 1 2 3
0

0.2

0.4

0.6

0 1 2 3

u00
++ + εu00

00 -Re (u0+
0+ - u0+

-0 )

Q2 (GeV2)

u-+
-+

0

0.2

0.4

0.6

0 0.1 0.2
0

0.2

0.4

0.6

0 0.1 0.2
0

0.2

0.4

0.6

0 0.1 0.2

u00
++ + εu00

00 -Re (u0+
0+ - u0+

-0 )

xB

u-+
-+

0

0.2

0.4

0.6

0 0.2
0

0.2

0.4

0.6

0 0.2
0

0.2

0.4

0.6

0 0.2

u00
++ + εu00

00 -Re (u0+
0+ - u0+

-0 )

-t′ (GeV2)

u-+
-+

Figure 7.5: The unpolarized SDMEs which describe the dominant transitions in the Diehl formal-

ism as a function of Q2, xB and t′. The error bars represent the statistical uncertainties only.

them. In the Schilling-Wolf notation there are five of such SDMEs, four of which should satisfy

the following relations under the assumption of SCHC:

r1
1−1 = − Im r2

1−1 Re r5
10 = − Im r6

10 . (7.16)

These relations are mostly satisfied within the given uncertainties [52].

The consequences of approximate SCHC are more explicit in the Diehl notation where there

are only three of such SDMEs, which should satisfy, e.g., the following relations:

|Re(u0+
0+ − u0+

−0)| >> |Re(u0+
0− − u0+

+0)| u−+
−+ >> u−+

+− . (7.17)

These expectations are supported by the data.

However, the data indicates values different from zero also for some SDMEs involving s-

channel helicity non-conserving transitions. In particular, the SDMEs from the third class in

the Schilling-Wolf notation, which are associated with the helicity amplitudes T01T
∗
11, are much
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Figure 7.6: The unpolarized SDMEs associated with helicity flip amplitudes in the Diehl formalism

as a function of Q2, xB and t′. Red circles are used to display transitions γ∗
T → ρ0

L, blue triangles stand
for transitions γ∗

L → ρ0
T , and green squares for transition γ∗

−T → ρ0
T . The error bars represent the

statistical uncertainties only.

smaller compared to the ones from the first two classes, but still significantly non-zero. The

SDME r5
00 is observed to be the largest element violating the SCHC hypothesis. The offset from

zero, expressed in units of standard deviations, is found to be of the order of nine. This was

already observed earlier by the HERA collider experiments [50, 51]. For the SDMEs Re
(
r04
10

)
,

Re
(
r1
10

)
and Im

(
r2
10

)
, representing significant s-channel helicity non-conservation, HERMES

observes offsets of about 2−4 times the total uncertainty. The SDMEs from the fourth and fifth

classes are compatible with zero indicating a suppression for transitions γ∗
L → ρ0

T and γ∗−T → ρ0
T .

Also in the Diehl formalism transitions with single helicity-flip are smaller compared with

dominant transitions. The SDME Reu00
0+, corresponding to the SDME r5

00 in Shilling-Wolf
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Figure 7.7: The unpolarized SDMEs associated with two helicity flip amplitudes in the Diehl

formalism as a function of Q2, xB and t′. The error bars represent the statistical uncertainties only.

notation, shows the same offset from zero. The other two SDMEs Re
(
u0+

++ − u−0
++ + 2εu0+

00

)
and

Re u0+
−+, corresponding to transitions γ∗T → ρ0

L, are of the same order. The transitions γ∗
L → ρ0

T

and γ∗−T → ρ0
T are much smaller compared with those of γ∗

T → ρ0
L.

The SDMEs of the third class, corresponding to double helicity-flip amplitudes, are com-

patible with zero that is in agreement with the predictions by the factorization theorem.

Altogether, the results for SDMEs calculated at average kinematics show non-negligible

contributions of spin-flip amplitude γ∗T → ρ0
L in exclusive ρ0 production at intermediate energies.

All SDMEs are also calculated in bins of Q2, xB or t′. In the following the results using the

Diehl notation are discussed:

• SDMEs for the dominant transitions (see Figure 7.5):

while the SDME Re(u0+
0+−u0+

−0), which corresponds to interference between the transitions

γ∗L → ρ0
L and γ∗T → ρ0

T , exhibits a weak dependence on Q2 and xB, there is an indication of

opposite behavior for longitudinal and transverse transitions, γ∗
L → ρ0

L (u++
00 + εu00

00) and

γ∗T → ρ0
T (u−+

−+), for both Q2 and xB dependences. All three elements exhibit a weak t′
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dependence.

• SDMEs involving one helicity-flip amplitude (see Figure 7.6):

this class of SDMEs is subdivided into three classes, displayed by three different colors and

symbols. For some of the SDMEs from the first class, corresponding to the transitions,

γ∗T → ρ0
L, some Q2 and xB dependence can not be excluded, while there is a prominent t′

dependence. No Q2, xB or t′ dependences are observed for other SDMEs corresponding

to transitions γ∗L → ρ0
T and γ∗−T → ρ0

T .

• SDMEs involving two helicity-flip amplitudes (see Figure 7.7):

they are found to be almost constant over the measured Q2-, xB- and t′-ranges.

The values obtained for the unpolarized SDMEs are used in the further analysis.

7.4.2 Polarized SDMEs on a transversely polarized target

In the case of a transversely polarized target and an unpolarized beam, the likelihood function

is given as:

L(λ) =

Nρ∏

i

W (λ; Pi, φsi
, φi, cosϑi, ϕi)

N (λ)
. (7.18)

The normalization integral N (λ) of the p.d.f. reduces to the normalization integral NUU(λ)

of the unpolarized p.d.f., if the unpolarized and polarized cross sections are factorized and,

in addition, if the yields for both target polarization states are equal, i.e. the net target

polarization is zero [102]:

L(λ) =

Nρ∏

i

WUU(λ; φ, ϑ, ϕ) + PTWUT (λ; Pi, φsi
, φi, ϑi, ϕi)

NUU(λ)
, (7.19)

In addition, if the normalization of the p.d.f. does not depend on the fit parameters λ, it can

be omitted. This can be done by fixing the unpolarized angular distribution by the already

measured unpolarized SDMEs. In this case the denominator of the equation above does not

depend on the fit parameters and can be omitted. Since there are two independent transverse

polarizations, the number of transverse SDMEs, thus the number of fit parameters is larger

compared to the unpolarized case.

L(λ) =

Nρ∏

i

WUU(φ, ϑ, ϕ) + PTWUT (λ; Pi, φsi
, φi, ϑi, ϕi) , (7.20)

The background subtraction is performed with both methods described above, parameter-

izing the background angular distribution and assigning a negative weight to the background

events. A maximum likelihood fit is performed in the entire kinematic region 1 < Q2 < 7 GeV2,
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Figure 7.8: The transverse SDMEs extracted at average kinematics: 1 < Q2 < 7 GeV2, 0.02 <

xB < 0.4 and −t′ < 0.4 GeV2. The error bars represent the statistical uncertainties only.

0.02 < xB < 0.4 and −t′ < 0.4 GeV2. The resulting transverse SDMEs of exclusive ρ0 pro-

duction at average kinematics corrected for the background contribution using both methods,

as well as the uncorrected values of the SDMEs are presented in Figure 7.8. Both correction

methods for all transverse SDMEs agree. In the following the method of parameterizing the

background angular distribution is used.

The exclusive ρ0 production on a transversely polarized target is related to the proton

helicity-flip amplitude which is suppressed by a factor
√−t/2Mp [19]. This suppression factor

is reflected in the absolute magnitude of the transverse SDMEs that are smaller compared to

the unpolarized ones.

The transverse SDMEs are ordered according to the same hierarchy as the unpolarized

SDMEs, divided into three classes. First, those SDMEs are displayed which involve the dom-

inant transitions γ∗L → ρ0
L and γ∗T → ρ0

T and the interference between them. Similar to the
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Figure 7.9: The transverse SDMEs corresponding to dominant transitions as a function of Q2, xB

and t′. The error bars represent the statistical uncertainties only.

unpolarized case, the second class consists of SDMEs associated with helicity-conserving and

helicity-flip amplitudes, where the three transitions γ∗
T → ρ0

L, γ∗L → ρ0
T or γ∗−T → ρ0

T are possible.

The SDMEs, involving two helicity-flip amplitudes, are displayed in the third class. The results

are discussed in details in Section 8.1.

The results are also presented in bins of Q2, xB and t′. The first bin in Q2 (Q2 < 1 GeV2) is

presented by open symbols which data is not used in the extraction of xB and t′ dependences.

The background correction is done by parameterizing the background angular distribution.

The kinematic dependences of the SDMEs from the first class are shown in Figure 7.9. All

six elements are found to be approximately constant over the measured Q2 and xB ranges.

There is an indication of a slight t′ dependence for the SDMEs Im s−+
−+ and Im

(
s0+
0+ − s−0

0+

)
.
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Figure 7.10: The transverse SDMEs associated with one helicity flip amplitudes in the Diehl

formalism as a function of Q2, xB and t′. The red circles are used to display the transitions γ∗
T → ρ0

L,
the blue triangles stand for the transitions γ∗

L → ρ0
T , and green squares for the transition γ∗

−T → ρ0
T .
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Figure 7.11: The transverse SDMEs associated with two helicity flip amplitudes in the Diehl

formalism as a function of Q2, xB and t′. The error bars represent the statistical uncertainties only.

The Q2, xB and t′ dependences of the SDMEs from the second class are displayed in Fig-

ure 7.10. With three different colors and symbols are indicated the three helicity-flip transitions

γ∗T → ρ0
L, γ∗L → ρ0

T and γ∗−T → ρ0
T . A slightly negative tendency is observed for the Q2 and xB

dependences of the SDME Im u00
0+.

The SDMEs from the third class are found to be constant over the entire kinematic region.

The SDMEs having smaller statistical uncertainties are consistent with zero, while the ones

with larger uncertainties fluctuate around zero within one standard deviation.

Since the target polarization is defined with respect to the beam direction, the existence of

a longitudinal component of the target polarization with respect to the virtual photon direction

gives rise to additional terms in the angular distribution. This makes the equation for the whole

angular distribution quite complicated (see Appendix E.2). The angular dependence of the

cross section depends on linear combinations of terms cos θγ Imn (cos θγ Im s) and sin θγ Im l.

The separation of these terms requires an additional measurement with both transverse and

longitudinal target polarizations. Since it is out of the scope of the current thesis, in this analysis
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PT ≈ ST is assumed and a systematic uncertainty is assigned to the measured transverse SDMEs

due to the admixture of the longitudinal component SL of the target polarization with respect

to the virtual-photon direction (see Section 7.7.6).

7.5 Extraction of the transverse target-spin asymmetry in

exclusive ρ0 meson production

7.5.1 Comparison of Diehl-Sapeta and Diehl formalisms

The first measurement of the transverse target-spin asymmetry in exclusive longitudinal ρ0
L me-

son production on a transversely polarized target has been performed neglecting the interference

between longitudinal and transverse ρ0 helicity states (see Section 6.6). The interference ampli-

tudes do not cancel and can be taken into account, if the cross section is not integrated over the

azimuthal angle ϕ, unlike in the Diehl-Sapeta formalism[33]. While in the Diehl-Sapeta formal-

ism (see Section 6.4) the cross section of exclusive ρ0 meson production is presented in terms

of photoabsorption cross sections or interference terms σij
mn, not emphasizing the ρ0 helicity

state, the Diehl formalism (see Section 6.8) relates the total cross section of exclusive ρ0 meson

production to angle-independent and angular-dependent cross sections. The angular-dependent

cross section, i.e. the angular distribution parameterized through SDMEs, reflects the produc-

tion of ρ0 mesons in various helicity states originating from a longitudinal or transverse virtual

photon γ∗.

The results from both formalisms are identical if the angular distribution in the Diehl

formalism is integrated over the azimuthal angle ϕ. In that case the angular distribution

W (φ, φs, ϑ, ϕ) given by equation (6.50) reduces to W (φ, φs, ϑ) given by equation (6.30). The

unpolarized asymmetry AUU(φ) has the same cosφ- and cos 2φ-dependent terms in both cases

(see equation (6.32)). These are not treated as free parameters during the fit, but instead fixed

using the values of the already extracted unpolarized SDMEs. In the Diehl-Sapeta formal-

ism, the polarized asymmetry Al
UT (φ, φs) is given by equation (6.32), both longitudinal and

transverse asymmetries, Al,LL
UT (φ, φs) and Al,TT

UT (φ, φs), contain the same number of independent

terms. In the Diehl formalism, since the longitudinal component of the asymmetry has no ϕ

dependence (see equation (6.55)), it does not change after the integration over that angle. The

transverse component of the asymmetry reduces to the same number of independent terms as

the longitudinal component, and is given by a similar equation as equation (6.55), replacing

the notations LL by TT .

A maximum likelihood fit is performed with the corresponding likelihood function,

L(λ) =

Nρ∏

i

ŴUU(ϑi)(1 + AUU(φi, ϑi) + PTA
l
UT (λ;Pi, φsi

, φi, ϑi)) (7.21)
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Figure 7.12: The sin(φ − φs) azimuthal amplitude of the asymmetry Al
UT (φ, φs) for longitudinal

(L) and transverse (T) ρ0 mesons at average kinematics as well as the Q2, xB or t′ dependences in the
Diehl-Sapeta and Diehl formalisms.

and compared to previous results (see Figure 7.12). The panels show as before (see Section 6.6),

the sin(φ−φs) azimuthal amplitude of the asymmetry at average kinematics and its dependences

on Q2, xB and t′. The upper (L) and lower (T) panels represent the asymmetries separated for

longitudinal ρ0
L and transverse ρ0

T contributions. For the xB and t′ dependences, Q2 is required

to be above 1 GeV2, while the Q2 dependence is shown also for 0.5 < Q2 < 1 GeV2.

Both results are identical, as expected.

7.5.2 Extraction of the asymmetry with respect to the virtual photon

direction

A more precise way of extracting the longitudinal component of the asymmetry is using the full

expression for the angular distribution (see Section 6.8). If the target polarization is defined

with respect to the direction of the virtual photon, there are two possibilities for the asymmetry

measurement: i) extract the transverse SDMEs and further relate the corresponding SDMEs to

the transverse target-spin asymmetry, or ii) extract the asymmetries directly, as it was done in

the previous section. In the case when the asymmetry measurement is related to the extraction

of SDMEs, the asymmetry that is of theoretical interest is computed from the measured values
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of SDMEs (see Section 6.8.1):

A
LL, sin(φ−φs)
UT (φ, φs) =

Im
(
n00

++ + εn00
00

)

u00
++ + εu00

00

. (7.22)

In the case of a direct asymmetry measurement, the full angular distribution is parameter-

ized through unpolarized and polarized asymmetries (see equation (6.50)), AUU(φ, ϕ, ϑ) and

Aγ∗

UT (φ, φs, ϑ, ϕ), and is used to extract the sin(φ− φs) azimuthal amplitude of the asymmetry.

The results are displayed in Figure 7.13. Only small differences are observed which are due to

the explicit usage of the values of ε while extracting the SDMEs.
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Figure 7.13: The sin(φ − φs) azimuthal amplitude of the asymmetry Al
UT (φ, φs) for longitudinal

(L) and transverse (T) ρ0 mesons at average kinematics as well as the Q2, xB or t′ dependences,
extracted directly or through the measured values of SDMEs.

However, since the target polarization is defined with respect to the lepton beam direction,

both results do not account for the additional terms arising from the admixture of the longi-

tudinal component SL of the target polarization with respect to the direction of the virtual

photon. The systematic uncertainty due to this admixture is estimated in Section 7.7.6.

7.6 Monte Carlo studies of the extraction method

Earlier studies[101] on asymmetry extraction methods have shown that although the various sin

and cos azimuthal amplitudes of asymmetries are independent, the limited acceptance can cause

a significant cross talk between them, e.g. sin(φ−φs) and sin(φ+φs), and only the simultaneous
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extraction of these moments suppresses such cross talks. The results on transverse target-spin

asymmetry and SDMEs described in the previous sections are extracted using the unbinned

maximum likelihood method. In this section studies of possible cross talks for this extraction

method are described. If the acceptance is taken into account correctly, i.e. the normalization

of the p.d.f. is accurate, then the cross talk between various terms should be negligible.

Since the PYTHIA Monte Carlo production is for an unpolarized target1, for this study

the target polarization is assigned randomly. For each event the sign of the target polarization

is chosen by a comparison with a random number R that varies between 0 and 1. A positive

target polarization is assigned if

0.5(1 + A(φs, φ, cosϑ, ϕ)) > R , (7.23)

otherwise a negative polarization is assigned2. In this way, to the unpolarized Monte Carlo

sample an asymmetry A(φs, φ, cosϑ, ϕ) is assigned which may be chosen on purpose. In the

case of exclusive ρ0 production, the asymmetry is given as a ratio of polarized and unpolarized

angular distributions (see Section 6.5):

A = WUT/WUU . (7.24)

In the studies performed, an ’isotropic’ PYTHIA simulation has been used which restricts the

values of unpolarized SDMEs to zero, and the value of r04
00 to 1/3, resulting in

WUU(cosϑ) =
3

4π

(
cos2 ϑ r04

00 +
1

2
sin2 ϑ (1 − r04

00)

)
=

1

4π
. (7.25)

First, the unpolarized and polarized SDMEs are extracted from the isotropic PYTHIA

simulation without the random target spin assignment. All SDMEs are consistent with zero

except the SDME r04
00 which equals 1/3 as expected. Further, various values have been assigned

to polarized SDMEs that parameterize the polarized angular distribution WUT . The difference

between assigned and extracted values of those SDMEs gives an estimate of the cross talk in

the extraction procedure. In the following figures, the polarized SDMEs corresponding to the

longitudinal angular distribution W LL
UT are marked as red circles, the ones corresponding to

the transverse angular distribution W TT
UT as blue triangles, and the interference terms as green

squares.

First, values are assigned to some polarized SDMEs corresponding to the longitudinal an-

gular distribution W LL
UT (see upper-left panel of Figure 7.14). The dashed line indicates the

assigned values. The extracted SDME values are found to be in good agreement with the

assigned values, while the other SDMEs are consistent with zero. This indicates that the corre-

1PYTHIA generates only unpolarized cross sections.
2This method is similar to the ’accept/reject’ method used in Monte Carlo generators, e.g. in PYTHIA.
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Figure 7.14: Monte Carlo studies performed on high-statistics sample testing the extraction
method for polarized SDMEs. Non-zero values are assigned to some of longitudinal (upper-left panel),
transverse (upper-right), interference (lower-left) terms and, simultaneously, to random number of
terms from all contributions (lower-right). The red circles denote the SDMEs corresponding to the
angular distribution of longitudinal ρ0

L mesons, the ones corresponding to the transverse angular dis-
tribution are marked as blue triangles, and for interference terms green squares are used. Dashed lines
denote the input values.
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Figure 7.15: Monte Carlo studies performed on low-statistics, corresponding to the available
data sample, testing the extraction method of polarized SDMEs. Non-zero values are assigned to
some of longitudinal (upper-left panel), transverse (upper-right), interference (lower-left) terms and,
simultaneously, to random number of terms from all contributions (lower-right). The red circles denote
the SDMEs corresponding to the angular distribution of longitudinal ρ0

L mesons, the ones corresponding
to the transverse angular distribution are marked as blue triangles, and for interference terms green
squares are used. Dashed lines denote the input values.
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Figure 7.16: Monte Carlo studies performed on low-statistics, corresponding to the available data
sample, testing the extraction method of the sin(φ − φs) azimuthal amplitude of the asymmetry and
its kinematic dependences. Non-zero values are assigned to some of longitudinal (upper-left panel),
transverse (upper-right), or interference (lower-left) terms and, simultaneously, to a random number
of terms from all contributions (lower-right).

lation between various terms through the acceptance is correctly taken into account. The same

test has been performed for only transverse or interference terms, as well as for some random

SDMEs (see Figure 7.14). A good agreement is observed in all cases between the assigned and

extracted values which shows the high efficiency of the extraction method.

Similar studies are performed also for samples with lower statistics, corresponding to that of

the available data. In order to reduce the fluctuations imposed by the method of random spin

assignment and also due to the low statistics, the procedure of random target spin assignment

and the extraction of polarized SDME has been performed 30 times. The averaged values of

all SDMEs as the central values, and the root mean squared (RMS) from the central values as
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the uncertainties of extracted polarized SDMEs, are presented in Figure 7.15. The averaged

extracted values of polarized SDMEs are in good agreement with the input values.

The extraction method is also tested concerning kinematic dependences. The sin(φ − φs)

azimuthal amplitude of the asymmetry for longitudinal (L) and transverse (T) ρ0 mesons as a

function of Q2, xB and t′, as well as the asymmetry at the average kinematics are displayed in

Figure 7.16. The studies have been performed using a low-statistics Monte Carlo sample, thus

the central values correspond to the averaged values of polarized SDMEs over 30 random target

spin assignments and the uncertainties represent the RMS. Similar to the previous studies,

four cases have been considered: assignment of longitudinal, transverse, interference terms

and random terms from all contributions. In all cases a good agreement is observed between

assigned and extracted values of the sin(φ− φs) azimuthal amplitude of the asymmetry.

These studies prove the high efficiency of the extraction method.

7.7 Systematic uncertainties

In this section an overview of the sources of systematic uncertainties and their effect on the

measurement are presented. While only results at the average kinematics are shown, the studies

have also been performed for each kinematic bin.

7.7.1 Target polarization

The measurement of the transverse SDMEs and transverse target-spin asymmetry requires a

transversely polarized target. The measured value of the target polarization is 0.724± 0.059

(see Section 3.2.5). This results in a scale uncertainty of about 8.1%, which is not included in

the total systematic uncertainty but quoted separately.

7.7.2 Transverse magnet correction

The transverse holding field of the target magnet that defines the polarization axis of the

target protons, causes a bending of the trajectories of scattered lepton and produced charged

particles (see Section 3.2.6). The vertex position and the scattering angles are corrected for

those deflections. There are two methods of transverse magnet corrections for 04c1 and 05c1

data productions, while only one of the methods is available for 02c0 and 03c0 data productions.

The measured values of SDMEs are compared using two transverse magnet correction methods

for 04c1 and 05c1 data productions (see left panel of Figure 7.17).

Most of SDMEs measured with both transverse magnet correction methods agree, however

for some of them the differences between two measurements are sizable. The origin of these

differences is not quite well understood. However, one may argue that the large differences

observed correspond to SDMEs involving longitudinal ρ0
L mesons. As discussed in Section 5.3.2,
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the transverse and longitudinal ρ0 mesons have different signatures not only in the ρ0 rest frame,

but also in the laboratory frame. While the transverse ρ0 mesons preferably lie in the plain

nearly perpendicular to the incoming lepton beam, the longitudinal ρ0 mesons fly nearly parallel

to it. Thus the transverse holding field of the target magnet will affect the scattering angles

stronger for the longitudinal ρ0 mesons. For this case the two transverse magnet correction

methods can give different results. This issue is under investigation. Meanwhile, the difference

between the central values of the extracted SDMEs is assigned as a systematic uncertainty due

to the transverse magnet correction.
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Figure 7.17: Left: Measurement of transverse SDMEs using two different target magnet correction
methods. Right: The transverse SDMEs measured on the 2003-2005 data set, including and excluding
the beam helicity dependent terms.

7.7.3 Residual beam polarization

In the years 2002-2005 the beam was longitudinally polarized (see Figure 7.18). In the year

2002, which contains only a small fraction of the available data, the beam polarization was

not very low, but was not measured. The resulting average polarization for 2003-2005 data
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is 33.5% for positive helicity (spin oriented parallel to the beam momentum) and 29.4% for

negative helicity (spin antiparallel to the beam momentum). Thus the two helicity states yield

a non-zero average polarization.
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Figure 7.18: The beam polarization for 2002-2005 data taking periods. The excluded peak at the
polarization value 0 corresponds to 2002 data when the polarization value was not measured.

Although the average beam polarization is small, the presence of a non-zero beam polariza-

tion gives rise to additional cross section terms associated with longitudinal beam polarization:

W (φs, φ, ϑ, ϕ) = WUU(φ, ϑ, ϕ) + P`WLU(φ, ϑ, ϕ) + STWUT (φs, φ, ϑ, ϕ) . (7.26)

The angular distribution WLU(φ, ϑ, ϕ) for unpolarized target and longitudinally polarized beam

is parameterized with 8 beam polarized SDMEs. These additional terms are discussed in

Section 2.5.2 in the notation of Schilling-Wolf. In the notation of Diehl the angular distribution

WLU(φ, ϑ, ϕ) is given as:

WLL
LU (φ) = −2 sinφ

√
ε(1 − ε) Im u0 0

0+ ,

WLT
LU (φ, ϕ) = sin(φ+ ϕ)

√
ε(1 − ε) Im

(
u0+

0+ − u−0
0+

)

− sinϕ
√

1 − ε2 Im
(
u0+

++ − u−0
++

)

− sin(φ− ϕ)
√
ε(1 − ε) Im

(
u0−

0+ − u+0
0+

)
,

W TT
LU (φ, ϕ) = − sin φ

√
ε(1 − ε) Im

(
u++

0+ + u−−
0+

)
+ sin(φ+ 2ϕ)

√
ε(1 − ε) Im u−+

0+

− sin(2ϕ)
√

1 − ε2 Im u−+
++

+ sin(φ− 2ϕ)
√
ε(1 − ε) Im u+−

0+ . (7.27)
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The relation between both notations is given in Appendix E.1.

In order to study the influence of additional terms on the extracted values of SDMEs, the

small fraction of the data with beam polarization −2 < Bpol < 2 is discarded. The 2003-2005

data is analyzed once taking into account the additional terms, and then neglecting these terms.

Only marginal differences are observed between both results, as shown in the right panel of

Figure 7.17, which indicates that the acceptance effects were treated correctly in the extraction

method, and the additional orthogonal terms did not influence the result. Hence no systematic

uncertainty is assigned due to the residual beam polarization.

7.7.4 Background subtraction

Normalization

A fully tracked PYTHIA Monte Carlo simulation is used to estimate the semi-inclusive back-

ground contamination in the exclusive sample. The absolutely normalized yields from data and

Monte Carlo simulation give an estimate of the background contribution (see Figure 7.1). In

the region 2.4 < ∆E < 5 GeV, which is 3σ away from the exclusive peak, the data distribution

can be considered not to be diluted by exclusive ρ0 events (see Figure 7.19). Thus the deviation

of the ratio of ∆E distribution for data and PYTHIA Monte Carlo simulation from unity in

that region is taken as a measure for the systematic uncertainty on the number of exclusive ρ0

events.
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Figure 7.19: Ratios of ∆E distributions from data and Monte Carlo simulation in the semi-inclusive

∆E region in each bin of Q2, x and t′.

The SDMEs, as well as the transverse target-spin asymmetry are extracted with background
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fractions Nbg/Ntot that are corrected for the deviations of the data-to-simulation ratios from

unity. Due to the small fractions of the background contamination, the results are not sensi-

tive to the varied background fractions (see left panel of Figure 7.20). Hence no systematic

uncertainty due to the background contamination is assigned.
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Figure 7.20: Left: Comparison of the transverse SDMEs after the background correction testing
the influence of the uncertainty on the background fractions. Right: Measurement of the transverse
SDMEs with released or fixed unpolarized SDMEs.

Background sample

The complication in the background correction is the unknown background angular distribution.

Although the fraction of the background contribution is predicted by the PYTHIA Monte Carlo

simulation, the angular distributions of various background processes are not fully described

by the simulation.

So far the PYTHIA background sample was used for background correction, i.e. it was

assumed that the background parameters corresponding to the transversely polarized angular

distribution WUT are zero. Since there is no Monte Carlo generator that generates all back-

ground processes contributing to exclusive ρ0 production, there is no possibility to estimate the
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background parameters for a transversely polarized target. In addition, the cos ϑ distributions

of the PYTHIA simulation seem to be mirrored compared to the real data in various ∆E re-

gions (see Figure 7.3) and there is no other generator for unpolarized events to cross check the

unpolarized angular distributions predicted by PYTHIA.

Thus the systematic uncertainty due to an imperfect background correction is estimated as

difference between uncorrected and background-corrected SDME values (see Figure 7.8). This

uncertainty is larger than the one between different background subtraction methods, hence no

additional systematic uncertainty is assigned for this source.

7.7.5 Correlation of unpolarized and polarized SDMEs

Until now the normalization of the p.d.f. was not taken into account, since the measured

values of unpolarized SDMEs have been used. In this case the normalization integral does not

depend on the unknown parameters, thus was omitted (see Section 7.4.2). The 15 unpolarized

and 30 transverse SDMEs are completely independent, however the SDMEs are correlated

through the acceptance. These correlations are not taken into account when computing the

unpolarized angular distribution with already measured unpolarized SDMEs. Therefore a study

has been performed releasing the unpolarized SDMEs and normalizing the p.d.f. as given in

equation (7.19). The normalization integral is calculated similar to equation (7.14). In this

case all 45 SDMEs are treated as free parameters.

The extracted values of transverse SDMEs from this study are in agreement with the ones

extracted with fixed values of unpolarized SDMEs (see right panel of Figure 7.22). This is

another prove that the acceptance was taken into account correctly and the additional orthog-

onal terms do not affect the result. No systematic uncertainty is assigned to account for the

correlation of unpolarized SDMEs.

7.7.6 Admixture of longitudinal target polarization SL

Systematic uncertainty on the extracted values of the transverse SDMEs

If the target polarization is defined with respect to the lepton beam direction, the angular

distribution receives an additional contribution due to the longitudinal component of the target

polarization SL with respect to the virtual photon direction:

W (φs, φ, ϑ, ϕ) = WUU(φ, ϑ, ϕ) + SLWUL(φ, ϑ, ϕ) + STWUT (φs, φ, ϑ, ϕ) . (7.28)

The two definitions of the target polarization, PT and ST , are related to each other through

the angle θγ (see equation (6.7)). Although the angle θγ is small, it results in non-negligible

values of |SL/PT |. Still, the ratio ST/PT is very close to unity (see Figure 7.21).
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Figure 7.21: From left to write: Yield distributions for the angle θγ , the ratios SL/PT and ST /PT .

The angular distribution WUL is described by 14 SDMEs:

WLL
UL(φ) = −2 sinφ

√
ε(1 + ε) Im l 0 0

0+ − sin(2φ) ε Im l 0 0
−+ ,

WLT
UL (φ, ϕ) = sin(φ+ ϕ)

√
ε(1 + ε) Im

(
l 0+
0+ − l−0

0+

)

− sinϕ Im
(
l 0+
++ − l−0

++ + 2εl 0+
0 0

)
+ sin(2φ+ ϕ) ε Im l 0+

−+

− sin(φ− ϕ)
√
ε(1 + ε) Im

(
l 0−0+ − l+0

0+

)
+ sin(2φ− ϕ) ε Im l+0

−+ ,

W TT
UL (φ, ϕ) = 1

2
sin(2φ+ 2ϕ) ε Im l−+

−+

− sin φ
√
ε(1 + ε) Im

(
l++
0+ + l−−

0+

)
+ sin(φ+ 2ϕ)

√
ε(1 + ε) Im l−+

0+

− sin(2ϕ) Im
(
l−+
++ + εl−+

0 0

)
− sin(2φ) ε Im l++

−+

+ sin(φ− 2ϕ)
√
ε(1 + ε) Im l+−

0+ + 1
2
sin(2φ− 2ϕ) ε Im l+−

−+ . (7.29)

As in previous cases, these SDMEs can be correlated with the transverse SDMEs through

the acceptance. They can not be treated as free parameters (see Section 7.4.2), instead random

values are assigned to them in ranges given by positivity constraints.

The positivity constraints are calculated for the squared sum of real and imaginary parts of

the s-channel helicity conserving SDME, l 0+
0+

(
Re l 0+

0+

)2
+
(
Im l 0+

0+

)2 ≤ u0 0
0 0 u

++
++ −

(
Reu0+

0+

)2 −
(
Im u0+

0+

)2
, (7.30)

and for the combination of two helicity-conserving SDMEs:

(
l++
++

)2
+
(
Im l−+

−+

)2 ≤
(
u++

++

)2 −
(
u−+
−+

)2
. (7.31)
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But the positivity constraints of SDMEs Im l 0+
0+ and Im l−+

−+ are required, therefore the following

relations are used:

(
Im l 0+

0+

)2 ≤ u0 0
0 0 u

++
++ −

(
Im u0+

0+

)2 (
Im l−+

−+

)2 ≤
(
u−+
−+

)2
. (7.32)

Since the s-channel helicity non-conserving SDMEs are expected to be smaller than the s-

channel helicity conserving SDMEs, the positivity constraints are also used for the other

SDMEs. Repeating the procedure of random values assignment for SDMEs l several times,

mean values as well as RMS values are obtained for the transverse SDMEs. The RMS values

represent the deviation of the SDMEs n and s from the central values due to the possible

contributions of additional terms l to the angular distribution (see Figure 7.22).
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Figure 7.22: The transverse SDMEs extracted including and excluding the terms associated with
the longitudinal component of the target polarization with respect to the virtual photon direction.
The error bars represent the RMS values of the measurement which includes the additional terms.

The RMS of the deviations is assigned as systematic uncertainty due to the admixture of

the longitudinal target polarization SL.
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Extraction of the asymmetry with respect to the lepton beam direction

The two methods of asymmetry extraction (see Section 7.5.2) are in principle also applicable

in the case that the target polarization is defined with respect to the lepton beam direction.

However, practically only the direct measurement of asymmetries is possible, since the simulta-

neous extraction of both longitudinal and transverse SDMEs, entangled with cos θγ and sin θγ

terms (see Appendix E.2), is not possible due to limited statistics and too small values of the

angle θγ . As for the asymmetries, the angular distribution parameterized through asymmetries

receives additional terms (see Section 6.8.2). The sin(φ − φs) amplitude of the asymmetry

ALL γ∗

UT (φ, φs) is extracted taking into account these additional terms. The results are presented

in Figure 7.23.
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Figure 7.23: The sin(φ − φs) azimuthal amplitude of the asymmetry, extracted with respect to

the lepton beam direction Al
UT (φ, φs) or with respect to the virtual-photon direction Al

UT (φ, φs) for
longitudinal (L) and transverse (T) ρ0 mesons at average kinematics as well as the Q2, xB and t′.

The difference of the central values is assigned as systematic uncertainty due to the admix-

ture of the longitudinal target polarization SL.

7.7.7 Radiative corrections

The effect of radiative corrections has been discussed in Section 5.1.2. Studies (see Section 5.3.3)

for exclusive ρ0 production have shown that the emission of a real photon, which affects the

virtual photon kinematics, enlarge the values of ∆E and smear the events out of the ∆E peak.

This results in a reduction of the cross section in the exclusive region (∆E < 0.6 GeV) by
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about 10%. For the events found inside the ∆E peak although a real photon was radiated, the

scattered lepton is detected with a four-momentum that does not account for the loss of energy

by the photon radiation. As a consequence also the computed values of Q2 and xB will differ

from the true kinematics. Such an event appears to have a higher energy transfer than it had

in reality, i.e. for final state radiation νobs = E − E ′ > E − (E ′ + Eγ) = νtrue. The relations

Q2
obs < Q2

true and xBobs
< xBtrue

always hold true for initial and final state radiation. The loop

corrections and vertex corrections, where there is no a real photon radiated, do not change the

kinematics of the reaction. Depending on the magnitude of the change in these variables and

also on the bin size, the events may be reconstructed in a bin that the event does not belong

to.

For exclusive ρ0 production the lepton kinematics is not affected considerably, since the

events with a radiated photon which are found inside the exclusive region (∆E < 0.6 GeV), are

the ones with a low-energy photon radiated. In addition the binning used for the analysis is

wide enough, so no sizable migration from bin to bin is observed. Since the angular distribution

receives only marginal distortions from radiative corrections (the ratios of normalized angular

distributions with and without radiative corrections are flat within statistics) the influence of

radiative corrections on the measurement of SDMEs is negligible. In the transverse target-spin

asymmetry measurement, since radiative corrections are not target-spin dependent, they should

be of equal size for both polarization states, and therefore have no effect on the measurement.

Hence no additional systematic uncertainty is applied to account for radiative effects.

7.7.8 Detector smearing

The scattered lepton can encounter multiple scattering with detector material after the scat-

tering off the target nucleon. This might change the momentum (energy) of the reconstructed

track compared with original kinematics. Detector smearing effects may cause a migration of

events into adjacent bins, hence they define the physical limit on the resolution of the spec-

trometer. Thus the minimum bin size is limited by the physical resolution of the spectrometer.

The resolution of the spectrometer for a certain kinematic quantity can be quantified by Monte

Carlo simulations (see Section 5.4). The binning used for the analysis presented in this thesis

is much larger than the actual detector resolution, therefore no large smearing effects are take

place. Hence no additional systematic uncertainty is applied due to detector smearing effects.

7.7.9 Detector misalignment

Detailed studies concerning the misalignment of the HERMES detector have shown that the

two halves of the HERMES spectrometer are not perfectly aligned to each other. The tilt and

the offset of each detector half was estimated with respect to a perfectly aligned detector [104].

The estimated misalignment does not necessarily come from the real tilt and offset of the
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spectrometer, but can be introduced by the HERMES reconstruction software that uses the

force bridge technique (see Section 3.3.2). Misalignment leads to an overall shift in the kinematic

distributions as it affects the reconstructed angles of the particles.

The measurement of azimuthal quantities can be biased by a misaligned spectrometer lead-

ing to misreconstruction of the particle tracks. The effect of the detector misalignment can

be estimated by two Monte Carlo simulations reconstructed in the HERMES acceptance using

two different sets for the detector geometry: one set corresponding to a perfectly aligned detec-

tor, and the other for a ’misaligned’ detector. The systematic uncertainty due to the detector

misalignment is the resulting difference between the extracted values of SDMEs or transverse

target-spin asymmetry from the two Monte Carlo simulations.

At the moment there is no Monte Carlo generator for a transversely polarized target. Hence

a systematic uncertainty due to detector misalignment can presently not be calculated. The

uncertainty is however expected to be small compared to statistical uncertainties, because the

effects caused by the misalignment do not depend on the polarization of the target proton

and should thus cancel in the measurements of transverse target-spin asymmetry and polarized

SDMEs.



Chapter 8

Final results and comparison with theory

predictions
“Prediction is very difficult, especially about the future.”

— Niels Bohr (1885 - 1962)

8.1 Results on SDMEs

The extraction of 15 unpolarized and 30 transverse SDMEs from the HERMES data accu-

mulated during the 2002-2005 data taking periods using the maximum likelihood method was

described in the previous chapter. Studies of the systematic uncertainties for the unpolarized

SDMEs can be found in [52]. In the course of this thesis, studies have been performed to

estimate the systematic uncertainties of the transverse SDMEs due to the target polarization

(see Section 7.7.1), transverse magnet correction (see Section 7.7.2), residual beam polarization

(see Section 7.7.3), background subtraction (see Section 7.7.4), correlation of unpolarized and

polarized SDMEs (see Section 7.7.5) and the admixture of longitudinal target polarization SL

(see Section 7.7.6). The systematic uncertainties due to radiative corrections, misalignment and

detector smearing have been considered to be negligible. The dominant systematic uncertainty

is that due to the transverse magnet correction.

8.1.1 Unpolarized SDMEs

The values of the unpolarized SDMEs that were used for the extraction of the transverse

SDMEs, are extracted from the 2002-2005 data sample and listed in Tables F.1-F.4 in the

notation of Diehl. The t′ dependence of the unpolarized SDMEs is shown in Figure 8.1, where

it is compared to the theoretical expectations suggested by the partial wave decomposition of

the transition amplitudes [17]. For each unpolarized SDME, a (−t′)p/2 dependence is expected

with a certain minimum value of the parameter p given by equation (6.40) [17]. The actual

power controlling the t′ dependence of the SDME can be larger than the minimum value pmin if

146



Final results and comparison with theory predictions 147

0

0.2

0.4

0.6

0.8

0 0.2
0

0.2

0.4

0.6

0.8

0 0.2
0

0.2

0.4

0.6

0.8

0 0.2

u00
++ + εu00

00 -Re (u0+
0+ - u0+

-0 )

-t′ (GeV2)

u-+
-+

-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2

u00
0+ Re (u0+

++ - u-0
++

 + 2εu0+
00 )

Re u0+
-+ Re (u++

0+ + u--
0+ ) Re u-+

0+ Re (u0-
0+ - u+0

0+ ) Re (u-+
++ +εu-+

00)

-t′ (GeV2)

Re u++
-+

-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2
-0.2

-0.1

0

0.1

0.2

0 0.2

u00
-+ Re u+0

-+ Re u+-
0+

-t′ (GeV2)

u+-
-+

Figure 8.1: The t′ dependence of unpolarized SDMEs ordered into three classes according to the
hierarchy predicted by the factorization theorem (notations hold as in Figure 7.10). The data are fitted
with a functional form ∝ (−t′)p/2, where p is either a constant (solid line), fixed at the minimum value
of pmin, or a free parameter pfit (dotted line). The values of pmin, pfit and the corresponding reduced
χ2/n.f.d. values of the fits are listed in Table 8.1.

there is, e.g., no helicity transferred by the t-channel exchange. The values of pmin are presented

in Table 8.1.

First, the t′ dependences of the unpolarized SDMEs are fitted according to these expec-

tations (solid lines), then the distributions are also fitted treating p as a free parameter (see

Figure 8.1). The corresponding values of the parameter p as well as the reduced χ2/n.f.d.

of the fits performed are presented in Table 8.1. The SDMEs are ordered according to the

hierarchy suggested by the factorization theorem (see Section 6.7.4). For the SDMEs involving

SCHC, the predicted values pmin and the fitted values pfit are mostly in agreement. As for the

SDMEs corresponding to the transition γ∗
T → ρ0

L, the fitted values pfit agree within statistical

uncertainties with the minimum values pmin. In other words, although these SDMEs contain

s-channel helicity non-conserving amplitudes, the actual value of the power controlling the t′

dependence of the SDMEs is not larger than the minimum value, which was not excluded by

theory. For the SDMEs corresponding to the other transitions, the t′ dependence is weak, so
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that the fit can not reveal any sensitivity to the power pfit.

transition SDME pmin χ2/n.d.f. pfit χ2/n.d.f.

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T u00

++ + εu00
00 0 1.35 0.14± 0.07 0.04

u0+
0+ − u−0

0+ 0 0.78 −0.03± 0.07 0.97

u−+
−+ 0 0.93 −0.07± 0.08 0.96

γ
∗ T
→

ρ
0 L u00

0+ 1 2.06 0.90± 0.24 3.02

u0+
++ − u−0

++ + 2εRe u0+
00 1 1.90 1.05± 0.50 2.86

u0+
−+ 1 0.60 0.54± 0.47 0.61

γ
∗ L
→

ρ
0 T

Re (u++
0+ + u−−

0+ ) 1 1.79 −0.56± 0.62 0.45

Re u−+
0+ 1 2.86 −3.33± 0.61 2.85

γ
∗ T
→

ρ
0 −

T Re (u0−
0+ − u+0

0+) 2 0.37 5.82± 2.82 0.36

Re (u−+
++ + εu−+

00 ) 2 0.82 0.87± 0.83 0.86

Re u++
−+ 2 0.88 −0.21± 0.94 0.93

d
ou

b
le

sp
in

fl
ip

u00
−+ 2 1.05 −0.81± 1.41 1.06

Re u+0
−+ 3 0.45 0.38± 1.32 0.53

Re u+−
0+ 3 0.52 3.40± 2.35 0.77

u+−
−+ 4 2.24 11.19± 1.02 2.46

Table 8.1: Minimum and fitted values of the exponent p, pmin and pfit, controlling the (−t′)p/2

behavior of each unpolarized SDMEs at t′ → 0. The reduced χ2/n.d.f. values of fits are presented in
corresponding columns.

8.1.2 Transverse SDMEs

The final results on transverse SDMEs calculated at average kinematics are presented in Fig-

ure 8.2 and listed in Table F.5. The SDMEs are ordered according to the hierarchy suggested

by the factorization theorem (see Section 6.7.4).

Although the six SDMEs of the first class are not restricted to be zero in the case of SCHC,

only for two of them, Im s−+
−+ and Im

(
s0+
0+ − s−0

0+

)
, there is an indication of non-zero values. The

SDME of special interest related to the sin(φ−φs) azimuthal amplitude of the asymmetry (see

Section 6.8.1), Im
(
n00

++ + εn00
00

)
, is consistent with zero within a large uncertainty.

In the second class, there is an indication of non-zero values for s-channel helicity non-

conserving SDMEs only for two SDMEs, Imn00
0+ and Im

(
n0+

++ − n−0
++ + 2εn0+

00

)
. The observed

value of the SDME Imn00
0+ is the strongest indication of s-channel helicity non-conservation

in the measured set of transverse SDMEs. This SDME is the polarized equivalent of the
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Figure 8.2: The transverse SDMEs calculated at the average kinematics in the entire region

1 < Q2 < 7 GeV2, 0.02 < xB < 0.4 and −t′ < 0.4 GeV2. While the inner error bars show the
statistical uncertainty only, the outer error bars represent the total uncertainty with statistical and
systematic uncertainties combined in quadrature. There is an additional 8.1 % scale uncertainty from
the target polarisation measurement.

largest unpolarized s-channel helicity non-conserving SDME Im u00
0+. However, the strength of

s-channel helicity non-conservation is smaller in the polarized case. All other transverse SDMEs

are consistent with zero.

As for the SDMEs of the third class, involving two helicity-flip amplitudes, no s-channel

helicity violation is observed.

According to theoretical expectations (see Section 6.7.4), the SDMEs s may be smaller

compared to the SDMEs n having the same indices, sij
kl < nij

kl, although exceptions are not

excluded. Indeed, the SDME s−+
−+ is larger compared to its counterpart n−+

−+, and the same

holds for Im(s0+
0+ − s−0

0+) compared to Im(n0+
0+ − n−0

0+). In terms of natural and unnatural-parity-
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exchange amplitudes these SDMEs read:

s−+
−+ ∝

∑

σ

[
N−σ

−+

(
U+σ

+−

)∗
+ U−σ

−+

(
N+σ

+−

)∗ ]
,

s0+
0+ ∝

∑

σ

[
N0σ

0+

(
U+σ

+−

)∗
+ U0σ

0+

(
N+σ

+−

)∗ ]
. (8.1)

Both SDMEs, Im s−+
−+ and Im

(
s0+
0+ − s−0

0+

)
, involve biggest natural-parity-exchange amplitude

N−+
−+ and N0+

0+ , respectively, and biggest unnatural-parity-exchange amplitude U++
+− . From

results on an unpolarized target [52], the unnatural-parity-exchange contribution was measured

to be non-zero [52]. In particular, the amplitude U++
+− which corresponds to the pion-exchange

in the Regge theory, was found to be sizable. The non-zero values of SDMEs Im s−+
−+ and

Im
(
s0+
0+ − s−0

0+

)
are not surprising and suggest the existence of unnatural-parity exchange also

in the case of a transversely polarized target [105].

The extracted values of transverse SDMEs in bins of Q2, xB or t′ are listed in Table F.6,

Table F.7, Table F.8.

Up to this point, in the context of the GPD formalism only the longitudinal amplitude

γ∗Lp→ ρ0
Lp

′ has been considered, since the transverse amplitude has a infrared singularity and

hence cannot be calculated. In a recent analysis by Goloskokov and Kroll [19], the quark

transverse momentum is retained in a modified perturbative approach (for a more detailed

discussion see Section 8.3) in order to be able to regularize the singularity of the transverse

amplitude. Thus the amplitude describing the transition between transversely polarized pho-

tons and mesons, γ∗Tp→ ρ0
Tp

′, is calculated. Using the GPD models by Goloskokov, Kroll (see

Section G.3), the Q2 dependence of SDMEs associated with the longitudinal and transverse

amplitudes, γ∗Lp→ ρ0
Lp

′ and γ∗Tp→ ρ0
Tp

′, are estimated for the case that the proton target po-

larization is perpendicular (i.e. ’normal’) with respect to the scattering plane γ∗p→ ρ0p′. The

model predictions obtained for W = 5 GeV and Q2 > 2 GeV2 are in good agreement with the

extracted values of SDMEs (see Figure 8.3).
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Figure 8.3: The Q2 dependence of three ’normal’ transverse SDMEs associated with the amplitudes

γ∗
Lp→ ρ0

Lp′ and γ∗
T p→ ρ0

T p′ compared to the model predictions by Goloskokov, Kroll [19].
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Similar to the unpolarized case, the partial wave decomposition of the transition ampli-

tudes [17] suggests a (−t′)q/2 dependence of the transverse SDMEs, with predictions avail-

able [17] for the minimum value of the exponent qmin (see equation (6.45)). However, due to

large experimental uncertainties, only for some SDMEs the data indicates a possible t′ depen-

dences that can be tested. These dependences are fitted with a functional form (−t′)q/2, where

q is either a constant, fixed at the minimum values of qmin suggested by[17], or a free parameter

that gives the actual power qfit that controls the t′ dependence of the SDMEs (see Figure 8.4).

The minimum values qmin, the actual power qfit with its uncertainty and the corresponding

reduced χ2/n.f.d. of the fits are listed in Table 8.2 for each SDME. Similar to the unpolarized

case, the values of the fitted parameters are in agreement with the predicted values of qmin,

although the large experimental uncertainties prevent clear conclusions.
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Figure 8.4: The t′ dependence of some transverse SDMEs. The data are fitted with a functional

form ∝ (−t′)q/2, where q is either a constant (solid line), fixed at the minimum value of qmin, or a free
parameter qfit (dotted line). The values of qmin, qfit and the corresponding reduced χ2/n.f.d. values
of the fits are listed in Table 8.2.

8.1.3 RhoMC with transversely polarized target

Another result, which will complete the discussion on SDMEs, is a Monte Carlo generator

simulating the exclusive electroproduction and decay of ρ0 mesons for both unpolarized and

polarized targets. The rhoMC Monte Carlo generator, capable of simulating such a process

in the case of an unpolarized or a longitudinally polarized beam and an unpolarized target, is

described in detail in Section 5.2. An extension of rhoMC in order to also include a transversely

polarized target would be of special interest for the semi-inclusive analysis of pion leptopro-

duction on a transversely polarized target, where the ρ0 →π+π− decay products constitute
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transitions SDMEs qmin χ2/n.d.f. qfit χ2/n.d.f.

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T

Im(s0+
0+ − s−0

0+) 1 0.58 0.75± 0.86 0.84

Im s−+
−+ 1 1.13 0.94± 0.81 1.69

γ
∗ T
→

ρ
0 L

Im n00
0+ 0 0.33 0.18± 0.49 0.45

Im n0+
−+ 0 2.31 3.23± 1.74 2.02

γ
∗ T
→

ρ
0 −

T Im(n0−
0+ − n+0

0+) 1 0.19 1.24± 1.49 0.28

Im n++
−+ 1 0.82 −0.05± 0.95 0.85

Im(s0−
0+ − s+0

0+) 1 2.06 3.30± 1.68 2.81

Table 8.2: Minimum and fitted values of the exponent q, qmin and qfit, controlling the (−t′)q/2

behavior of some transverse SDMEs at t′ → 0. The reduced χ2/n.d.f. values of the fits are also presented
in corresponding columns.

background contamination. The background fractions could then be estimated by Monte Carlo

simulations using the PYTHIA and rhoMC generators [106, 107]. However, up to now, it was

not possible to derive the asymmetry transferred from the ρ0 meson to the decay pions without

the knowledge of transverse SDMEs. In this section first attempts are presented to modify

the rhoMC generator in order to simulate exclusive ρ0 production in the case of a transversely

polarized target.

The total cross section of exclusive ρ0 production is a superposition of unpolarized and

polarized cross sections: σ = σUU + STσUT , and additionally it can be factorized in terms of

angle-dependent and independent parts (see equation (5.9)). The angle-independent part is

generated for both unpolarized and transversely polarized targets in a similar way. While in

the case of an unpolarized target the electroproduction and decay of the ρ0 meson is described

by 8 independent variables (see Table 5.1), in the case of a transversely polarized target there is

an additional degree of freedom, φs, which describes the orientation of the target polarization

with respect to the virtual-photon direction. Another difference occurring when introducing

the transversely polarized target is the definition of the ρ0 production angle. The existing two

definitions of angles (see Section 6.3) differ by sign: Φ = −φ. As discussed in Section 6.3, the

definition of the production angle φ in accordance with the Trento convention [97] is currently

used to describe the angular distribution of exclusive ρ0 production, particularly in the case of

a transversely polarized target. Thus the rhoMC generator was given the flexibility to switch

between two modes and generate the production angle in accordance with two notations used

to describe the angular distribution. If the transversely polarized target is considered, also the

unpolarized angular distribution is defined using the Diehl notation.

The shapes of the angular distributions φ, ϑ, ϕ and φs simulated by rhoMC are compared

to the ones from data (see Figure 8.5). As for the unpolarized case, the absolute cross section
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Figure 8.5: The reconstructed kinematic distributions from rhoMC Monte Carlo (blue solid his-
tograms) simulation and data (black points). Arbitrary normalization has been used.

is described by rhoMC within 30− 40%, while the shapes of angular distributions are very well

reproduced by rhoMC.

Further checks of new Monte Carlo codes are in progress. With the new enhanced rhoMC

it will be possible to estimate the systematic uncertainty in ’three in one’ approach which will

include the systematic uncertainties due to the misalignment, beam curving and transverse

magnet correction in one shot.

8.2 Final results on transverse target-spin asymmetry in ex-

clusive ρ0 production

The asymmetry of longitudinally polarized ρ0
L mesons induced by longitudinally polarized vir-

tual photons γ∗L is of special interest, since it is related to the GPDs H q,g and Eq,g and may

provide information about the total angular momenta J q and Jg of quarks and gluons in the

nucleon (see Section 6.1). In Section 6.8.1 it has been shown that at leading twist this asym-

metry is related to the SDMEs u 0 0
0 0 and Imn0 0

0 0 (see equation (6.49)) which are the only ones

describing the production of longitudinally polarized mesons by longitudinal virtual photons.

The usage of the full expression of a 4-dimensional angular distribution has the advantage that

all the other transitions, both s-channel helicity conserving and non-conserving, are described

by other SDMEs. Although experimentally these SDMEs can be measured only in the com-
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Figure 8.6: The azimuthal amplitude A
sin(φ−φs)
UT of the transverse target-spin asymmetry in ex-

clusive ρ0
L and ρ0

T meson productions at average kinematics and its dependences on Q2, xB or t′.
While the inner error bars show the statistical uncertainty only, the outer error bars represent the
total uncertainties with statistical and systematic uncertainties combined in quadrature. There is an
additional 8.1 % scale uncertainty from the target polarisation measurement.

binations u00
++ + εu00

00 and Im
(
n00

++ + εn00
00

)
, the terms u00

++ and n00
++, involving two helicity-flip

amplitudes, are expected to be negligible compared to the terms u00
00 and Imn0 0

0 0 , respectively.

According to this recipe, the sin(φ− φs) azimuthal amplitude of transverse target-spin asym-

metry has been obtained from the measured values of corresponding combinations of SDMEs.

Studies have been performed to estimate the systematic uncertainties of the transverse target-

spin asymmetry originating from the same sources as those for the measured values of SDMEs

(see Section 8.1).

Similarly the combination of SDMEs u++
++ + u−−

++ + 2εu++
00 = 1− (u00

++ + εu00
00) and Im(n++

++ +

n−−
++ +2εn++

00 ) describe the production of transversely polarized ρ0
T mesons by transverse virtual

photons. Correspondingly, the measured values of these SDMEs can be used to extract the

asymmetry of transversely polarized mesons by transverse virtual photons using an equation

similar to 6.49.

The central values of the asymmetries together with the statistical and systematical uncer-

tainties for both longitudinally and transversely polarized ρ0 mesons induced by longitudinal

and transverse virtual photons, respectively, are listed in Table 8.3 and presented in Figure 8.6

at average kinematics, as well as in bins of Q2, xB or t′. The mean kinematics for each case

are also listed in Table 8.3. For the xB and t′ dependences, Q2 is required to be above 1 GeV2,

while the Q2 dependence is shown also for Q2 < 1 GeV2. The upper and lower panels represent

the asymmetries of longitudinally and transversely polarized ρ0 productions, respectively.
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kinematic bin
〈
Q2
〉

〈xB〉 〈−t′〉 A
sin(φ−φs),ρL

UT A
sin(φ−φs),ρT

UT

(GeV2) (GeV2) ± δstat ± δsyst ± δstat ± δsyst

overall 1.95 0.08 0.13 0.048±0.089±0.107 0.025±0.059±0.026

Q
2
(G

eV
2
) 0.5 − 1.0 0.82 0.03 0.12 0.109±0.262±0.038 −0.321±0.194±0.204

1.0 − 1.4 1.19 0.06 0.13 −0.039±0.186±0.171 0.034±0.117±0.052

1.4 − 2.0 1.67 0.08 0.13 0.117±0.182±0.126 0.143±0.112±0.046

2.0 − 7.0 3.08 0.12 0.14 0.110±0.134±0.162 −0.063±0.098±0.069

x
B

0.02− 0.07 1.33 0.05 0.13 0.086±0.160±0.148 0.075±0.105±0.073

0.07− 0.10 1.83 0.08 0.13 0.103±0.168±0.101 0.020±0.111±0.065

0.10− 0.40 3.14 0.14 0.14 0.106±0.167±0.139 −0.114±0.118±0.088

t′
(G

eV
2
) 0.0 − 0.1 1.89 0.08 0.02 0.218±0.186±0.098 0.001±0.114±0.046

0.1 − 0.1 1.97 0.08 0.07 −0.025±0.211±0.186 −0.026±0.144±0.093

0.1 − 0.2 1.97 0.09 0.15 −0.024±0.190±0.233 −0.037±0.127±0.059

0.2 − 0.4 2.00 0.09 0.28 0.085±0.203±0.198 0.202±0.141±0.085

Table 8.3: The azimuthal amplitude A
sin(φ−φs)
UT of the transverse target-spin asymmetry in exclusive

ρ0
L and ρ0

T meson productions at average kinematics and its dependences on Q2, xB or t′. The presented
uncertainties do not including the 8.1 % scale uncertainty from the target polarisation measurement.

According to equation (6.1), because of the prefactor
√
t0 − t, the asymmetry as a function

of t′ is expected to vanish at t′ → 0. The data is consistent with zero within the quite large

total uncertainty in the entire region of t′, so that the data can not prove this expectation.

Further conclusions drawn from model predictions are discussed in the next section.

8.3 Predictions for asymmetry in exclusive ρ0 production

As discussed in Chapter 2, the description of ρ0 production in the context of the GPD formal-

ism requires the knowledge of the unpolarized GPDs H q,g and Eq,g. The extraction of their

dependences on the variables (x, ξ, t) from hard electroproduction data is quite challenging.

Thus phenomenological parameterizations for the GPDs have to be used, which allow one to

test their sensitivity on the parameterization variables. Two kinds of parameterizations have

been briefly discussed in Section 2.4.6, the factorized ansatz where the t-dependence of the

GPDs is factorized out, and a non-factorized ansatz based on a Regge-type parameterization,

the Regge ansatz. In the following sections model predictions for the asymmetry in exclusive

ρ0 production are discussed. The descriptions of the parameterizations used in the calculations

are given in Appendix G for each case.

For model calculations discussed in Section 8.3.1, Section 8.3.2 and Section 8.3.3, the GPD

Eg is neglected. A strongly simplified representation of the transverse target-spin asymmetry

in ρ0 production reads [18]:

AUT ∝ E

H
∝ Eq + Eg

Hq +Hg
. (8.2)
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Thus, if the measured asymmetry would be found to be large compared to the theoretical

calculations, this could imply the gluon GPD Eg, which contributes to the numerator of equa-

tion (8.2), to be not negligible, i.e. Eg 6= 0.

The model calculations discussed in Section 8.3.1 and Section 8.3.2 are performed in leading-

order (LO) of αs, using the collinear factorization approach for the leading helicity amplitudes,

i.e. γ∗L → ρ0
L, in which the intrinsic transverse momentum k⊥ of the active quark is neglected.

In this case, the hard exclusive electroproduction amplitude is written as a one-dimensional

convolution of a hard-scattering kernel and non-perturbative soft quantities which depend only

on the longitudinal momentum fraction of the quark (see Figure 2.5). The effect of the trans-

verse momentum k⊥ of partons is one of the sources of corrections at higher orders in 1/Q2,

called power corrections to the collinear approximation. It is a challenge to calculate these

power corrections, since the factorization theorem suggests these corrections to not factorize

into hard-scattering and soft parts. A consistent simultaneous treatment of gluon radiative

corrections, called next-to-leading order (NLO) correction, and power corrections is even more

challenging and up to now has not been performed for exclusive ρ0 production.

In the model calculations by Goloskokov, Kroll [19] (see Section 8.3.3), the power corrections

are modeled by employing the modified perturbative approach [108]. In this approach the

transverse momenta of the quark and antiquark defined with respect to the meson’s momentum,

k⊥, are not neglected but kept in the mesonic vertex. In this case, the meson distribution

amplitude Ψ(z;µ) (see equation (2.36)) is transformed to Ψ(z, k⊥;µ). In contrast, the partons

being emitted and reabsorbed by the proton are considered to be collinear.

In the model calculations by Diehl, Kugler [20] (see Section 8.3.4), the collinear approxima-

tion is considered, but the size of the NLO corrections has been estimated. Since the transverse

target-spin asymmetry involves a ratio of cross sections, the dependence on the strong coupling

constant αs was expected to drop out and the LO expressions were expected to be already

accurate. However, it turned out that the transverse target-spin asymmetry of exclusive ρ0

production changes dramatically from LO to NLO in a wide range of kinematics.

Another recent attempt [109] to resume higher orders seems to indicate that the sum of

all higher order corrections to the LO term is not large. In view of this unsettled situation it

seems reasonable to proceed with the available model predictions with specifically considering

possible problems with NLO corrections.

8.3.1 Asymmetry prediction by Goeke, Polyakov, Vanderhaeghen

The first prediction for the transverse spin-asymmetry in exclusive ρ0 production for an unpo-

larized beam and transversely polarized proton target was presented in [16], where the cross

section asymmetry was defined as
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A =
1

ST

π∫
0

dβσ(β) −
2π∫
π

dβσ(β)

2π∫
0

dβσ(β)

(8.3)

with the target polarization ST defined with respect to the virtual-photon direction and β being

the angle between the transverse target spin vector ST and the plane spanned by the virtual

photon and the produced meson. It differs from the asymmetry defined in equation (6.15) by

a factor −π/2:

Aγ∗

UT (φ, φs) = −π
2
A , (8.4)

where the minus sign originates from the different definition of the angle β with respect to φ

and φs: β = −(φ− φs).

Since the comparison of the electroproduction cross section of longitudinally polarized ρ0

mesons from data [28, 90] with model predictions [16] at intermediate values of xB points to-

wards the dominance of the quark exchange mechanism, the gluon contribution in exclusive ρ0
L

electroproduction was neglected for the predictions of transverse target-spin asymmetry. The

GPD models which have been used to compute the prediction for transverse target-spin asym-

metry in exclusive ρ0 production, are discussed in Appendix G.1. In this framework, the total

angular momentum Ju and Jd of u and d quarks, respectively, enter directly as free parameters

into the parameterization of the GPD Eq, so that the predictions of the asymmetry in exclusive

ρ0 production are sensitive to various values of Ju and Jd.

γ*
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Figure 8.7: Predictions for the xB-dependence of the transverse target-spin asymmetry of exclusive

production of longitudinally polarized ρ0
L mesons at t = −0.25 GeV2 and Q2 = 2.5 GeV2 which is

close to the average kinematics of HERMES. The curves show the sensitivity of the asymmetry to the
value of Ju at Jd = 0.
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In Figure 8.7, the asymmetry of longitudinal ρ0 mesons induced by longitudinal virtual

photons is shown for different values of Ju, as indicated on the plot, and at a fixed value

of Jd = 0. Nevertheless, theoretically it is possible to vary the value of J d and exploit the

corresponding dependence of the asymmetry.

However, the comparison of model calculations with the extracted asymmetry values might

be misleading, since only the contribution of quark distributions to exclusive ρ0 production has

been considered. It has been shown[96] that the gluon contribution to exclusive ρ0 production is

not negligible at intermediate energies typical for HERMES, and also the interference between

both contributions has to be taken into account. The improved predictions, taking into account

also the gluon contribution, are discussed in the next section.

8.3.2 Asymmetry predictions by Ellinghaus, Nowak, Vinnikov, Ye

Predictions for the longitudinal component of the asymmetry in exclusive ρ0 production are

available at average kinematics typical for HERMES, taking into account both quark and gluon

contributions, as well as the interference between these contributions [18]. Parameterizations

discussed in the previous section for the quark GPDs H q and Eq (see Appendix G.1) are

identical with the ones used in this theoretical calculations. The asymmetries are computed

for two cases of sea contribution for GPD H q̄, bsea = 1 or bsea = ∞ (see equation (G.5)).

The parameterization of the gluon GPD Hg is discussed in Appendix G.2. Since there was no

hint [18] how to model the spin-flip gluon GPD Eg, in this theoretical model calculations the

gluon GPD Eg is neglected: Eg = 0 (passive gluons). This is based on the expectation that

Eg is small compared to Eu and Ed (see Section 2.4.6). No large contribution is expected from

sea quarks in the valence-like xB range of HERMES, thus the sea quark contribution E q̄ is also

neglected.

As for the previous predictions, since the GPD Eq is related to the total angular momenta

Ju and Jd carried by u and d quarks, respectively, the A
sin(φ−φs)
UT azimuthal amplitude of the

asymmetry is found to be sensitive to Ju and Jd. The results show much larger sensitivity to

various values of Ju than to different values of bsea. It was also found [18] that the difference

between the results using factorized or Regge ansätze is negligible. Compared to earlier cal-

culations [16], the asymmetry is smaller in the absolute values because of the term H g in the

denominator of equation (8.2).

The longitudinal component of the asymmetry A
sin(φ−φs)
UT at the average kinematics and its

xB and t dependences1 are compared to theoretical calculations (see Figure 8.8). The various

curves represent the calculations for Ju = 0, 0.2, 0.4. The choice Jd = 0 is motivated by the

results of a recent lattice calculation [110–112].

The fact that the measured values of asymmetries and the model calculations are of the

1Since the predictions are for the t-dependence of the asymmetry, the results are also presented as a function
of t instead of t′.
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Figure 8.8: The azimuthal amplitude A
sin(φ−φs)
UT of the transverse target-spin asymmetry in exclu-

sive ρ0
L production at the average kinematics and its xB and t dependences compared to theoretical

calculations [18] based on the Regge ansatz for various values of Ju = 0, 0.2 and 0.4 and Jd = 0.
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Figure 8.9: The χ2 values calculated using the extracted azimuthal amplitude A
sin(φ−φs)
UT and

the theoretical calculations [18] for various values of Ju = 0, 0.2 and 0.4 and Jd = 0 at the average
kinematics (red circles), and for the xB (green squares) and t (blue triangles) dependences. The curves
represent parabolic fits to the χ2 values.

same order, implies that neglecting the sea quark contribution at HERMES kinematics the

helicity-flip GPD Eg is not large (see equation (8.2)). In addition, a conclusion may be drawn

by comparing the theoretical predictions with the longitudinal component of the asymmetry
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A
sin(φ−φs)
UT extracted from data. For every given value of Ju the following χ2 criterion was

constructed:

χ2 =

n∑

i=1

[
A

sin(φ−φS)
UT,i |exp − A

sin(φ−φS)
UT,i |theor

]2

δA2
stat,i + δA2

syst,i

. (8.5)

where A
sin(φ−φS)
UT,i |exp are the amplitudes extracted from the HERMES data and A

sin(φ−φS)
UT,i |theor

denote the results of the theoretical calculations, δAstat,i and δAsyst,i represent the experimental

statistical and systematic uncertainties. The total number of kinematic bins is denoted by n:

for the overall data set n = 1, while n = 3, 4 for the data binned in xB and t, respectively. The

χ2 values are interpolated by fitting with a second order polynomial to obtain the minima (see

Figure 8.9) which represent the preferred values for Ju. The minimum values of χ2 obtained

from the results binned in xB and t are in agreement with the one obtained from the result

at average kinematics, as expected. The suggested preferred value of Ju ranges between 0.08

and 0.25. The large statistical uncertainties of the data prevent a reliable determination of the

uncertainty of the value of Ju.

8.3.3 Asymmetry predictions by Goloskokov, Kroll

In the framework of Goloskokov and Kroll [19] exclusive ρ0 electroproduction is also analyzed

within the factorization scheme, based on GPDs and hard-partonic subprocesses, but in con-

trast to the previous models the hard-partonic subprocesses are calculated within the modified

perturbative approach in which the quark transverse momenta are retained. The emission and

reabsorption of partons from the proton is still treated in the collinear approximation.

The parameterizations for the sea and valence quark GPDs H qv ,q̄ and for the gluon GPD Hg

are constructed from the CTEQ6 PDFs [113] and using the double distribution ansatz [43, 44]

(see Appendix G.3). The valence quark GPD Eq is not parameterized through the total angular

momentum Ju and Jd of u and d quarks, respectively, as in previous theoretical models. Instead,

it is related to the electromagnetic Pauli form factor of the nucleon at zero-skewness[114], ξ→ 0,

and evaluated at non-zero skewness through the double distributions (see Appendix G.3). The

forward limits of GPDs for gluons (Eg) and sea quarks (E q̄) are unknown which makes the

parameterization considerably complicated. The relative importance of gluon and valence quark

GPDs is very different for GPDs E and H. It seems unlikely that Eg plays an analogously

prominent role as Hg (see Section 2.4.6). Using the sum rule [36],

∫ 1

0

dx x eg(x) = −
∑

q

∫ 1

0

dxx eqv
(x) − 2

∑

q

∫ 1

0

dxx eq̄(x) , (8.6)

and the result
∑

q

∫ 1

0
dxx eqv

(x) = 0.008± 0.007 , based on current models for the forward limit

eqv
of the GPD Eq, it has been shown [19] that the moment of eg is only about as large as

the sum of the sea quark moments, having an opposite sign. Therefore, in this framework the
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proton helicity flip is assumed to be dominated by valence quarks at HERMES kinematics.

Using the GPD models discussed above, the transverse target-spin asymmetry predictions

are available for transitions from longitudinal virtual photons to longitudinally polarized ρ0

mesons γ∗Lp→ ρ0
Lp

′ in the kinematic region Q2 > 2 GeV2 and W = 5 GeV. The Q2 dependence

of the asymmetry is compared to this model calculations (see Figure 8.10). As in the previous

section, the main conclusion that can be drawn, is the agreement of the model predictions with

the data within uncertainties which indicates that the total contribution from the GPD E q̄ ,g

of sea quarks and gluon is probably not large at HERMES kinematics.
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Figure 8.10: The Q2 dependence of the azimuthal amplitude A
sin(φ−φs)
UT of the transverse target-

spin asymmetry in exclusive ρ0
L compared to model predictions by Goloskokov, Kroll [19].

8.3.4 Asymmetry predictions by Diehl, Kugler

The model predictions discussed in this section are the only ones, for which all contributions

from valence and sea quarks, as well as from gluons are considered for both GPDs H and E.

In addition, NLO corrections are also computed.

For the proposed parameterizations [20], at zero-skewness (ξ→ 0) the GPDs are modeled

in the regions of very small and very large x and then interpolated into the intermediate x

region [114]. The t and ξ dependences are evaluated using the Regge ansatz based on double

distributions [43, 44]. The free parameters of this parameterizations are fitted to the experimen-

tal data on the Dirac and Pauli form factors of the nucleon [114]. From this analysis only the

valence quark GPDs can be constrained. Simple ansätze are used for sea quarks and gluons for

the forward limits (see Appendix G.4).

Since it turns out that the transverse target-spin asymmetry in exclusive ρ0 production is

very sensitive to the helicity-flip distributions, which are completely unknown, two models are
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considered:

model 1: the sea quark distribution eq̄ behaves similarly to the valence distributions eqv
.

model 2: the sea quark distribution eq̄ behaves similarly to the gluon distribution eg.

In model 2, both sea quark and gluon distributions are found to be close to zero, while in model

1 distributions larger in magnitude, but opposite in sign are obtained [20]. Both scenarios

of model predictions are presented in Figure 8.11 at LO and NLO for Q2 = 4 GeV2 and

t = −0.4 GeV2, somewhat higher than the average HERMES kinematics. The reason is that

according to these calculations, the NLO corrections are even larger in the region Q2 ≈ 2 GeV2.

At higher Q2 the discrepancy between LO and NLO calculations is less pronounced, and in

model 2 the corrections are quite small. The large size of the NLO corrections is due to the

numerator of equation (6.1) defining the transverse target-spin asymmetry, Im
(
E∗

ρ Hρ

)
. The

large perturbative corrections are mainly due to the large corrections to both ReHρ and Re Eρ.

These hardly affect the unpolarized cross section, which is strongly dominated by ImHρ [20].

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1

0.1 0.2 0.3 0.4

AUT at Q2 = 4 GeV
2, t = −0.4 GeV

2

LO+NLO

LO

xB

−0.04

−0.03

−0.02

−0.01

0

0.01

0.02

0.03

0.04

0.1 0.2 0.3 0.4

AUT at Q2 = 4 GeV
2, t = −0.4 GeV

2

LO+NLO

LO

xB

Figure 8.11: Predictions at LO and NLO for the xB dependence of the azimuthal amplitude

A
sin(φ−φs)
UT of the transverse target-spin asymmetry in exclusive ρ0

L production for two scenarios of sea
quark and gluon distributions. (Left: model 1. Right: model 2.)

The data from HERMES is for somewhat lower average kinematics than these model pre-

dictions. However, the large uncertainties would not allow to draw a conclusion within the

models.

In this framework, the asymmetry predictions are not directly sensitive to the total angular

momentum Jq carried by quarks. However, recalling Ji’s sum rule [15], this information can

be calculated. With the parameters obtained for the parameterization for the GPDs H q,g and

Eq,g and the CTEQ6M distributions, it was found [20]

Ju = 0.25 , Jd = −0.01 , (model 1)

Ju = 0.24 , Jd = 0.03 , (model 2) . (8.7)
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Given that the theoretical uncertainties are not available, the model 1 and 2 give essentially

the same result, i.e. the sea quarks are of little influence, as can be expected for the HERMES

valence-like kinematic region.



Chapter 9

Summary and Outlook
“Where lipstick is concerned, the important thing is not color, but to accept God’s final word

on where your lips end.”

— Jerry Seinfeld

In this thesis exclusive production of ρ0 mesons was studied using HERMES data taken on

transversely polarized hydrogen targets in the kinematic region 1 < Q2 < 7 GeV2, 0.02 < xB <

0.35 and −t′ < 0.4 GeV2. Exclusive ρ0 mesons were identified through their two-pion decay

mode in the invariant mass region 0.6 < M2π < 1 GeV, imposing requirements on the missing

energy (∆E < 0.6 GeV) and the squared four-momentum transfer (−t′ < 0.40 GeV2). Due to

experimental resolution and limited acceptance, semi-inclusive pion production contributes to

the exclusive sample. This is the main background which is well reproduced by the PYTHIA

Monte Carlo simulation and is estimated to be of the order of 11%.

Measurements of angular and momentum distributions of the scattered lepton and decay

products yield information about the ρ0 production mechanism and in a model-dependent way,

the structure of the nucleon. In the kinematic region of HERMES theoretical approaches based

on the Vector Meson Dominance (VMD) model and on the Generalized Parton Distributions

(GPD) formalism are applicable. According to the VMD model, an incoming real or virtual

photon is assumed to interact with the nucleon first resulting in a neutral vector meson. Sub-

sequently the interaction of this fluctuated vector meson and the nucleon is similar to those of

purely hadronic processes, the strong interaction of which can be described by Regge theory.

Since the cross sections of hadronic processes become equal at higher energies for particle and

antiparticle off the same target, the basic properties of these processes are independent of the

quark constituents of the interacting hadrons. Thus the VMD model do not yield information

on the structure of the nucleon. The investigation of the structure of the nucleon was the

main goal of the HERMES experiment. While the measurements of form-factors or PDFs in

elastic or deep-inelastic lepton-nucleon scattering experiments provide information about the

distribution of charge and magnetic moment or of the longitudinal momentum of partons in

the nucleon, a full picture of the nucleon structure is still missing. The formalism of GPDs

contains a wealth of information about the quark and gluon structure of the nucleon, in par-
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ticular about their total angular momentum and their spin, and provide a three-dimensional

picture of partons in the nucleon: the transverse localization of partons for a given longitudinal

momentum fraction of the nucleon. GPDs can be accessed experimentally, e.g. in exclusive ρ0

production through making highly demanding requirements on luminosity and on the detector

capabilities to ensure the exclusivity of the process. It has been shown that for longitudinal

virtual photons and longitudinally polarized ρ0 mesons, the γ∗p amplitude can be factorized

into a hard lepton-scattering part and two soft parts which parameterize the structure of the

nucleon by GPDs and the structure of the produced meson by a distribution amplitude. Hard

exclusive production of longitudinally polarized ρ0 mesons is then sensitive to the quark and

gluon GPDs Hq,g and Eq,g in the same order of αs. The same functions are related to the total

angular momenta Jq and Jg of quarks and gluons in the nucleon.

The spin-density matrix elements (SDMEs), which parameterize the ρ0 production and

decay angular distribution, describe the transitions between different initial helicity states of

the virtual photon and different final helicity states of the produced ρ0. Two main ordering

principles of SDMEs are discussed, s-channel helicity conservation (SCHC) and the dominance

of natural-parity exchange (NPE), which are valid for both VMD and GPD formalisms. SCHC

implies that the produced ρ0 meson conserves the helicity of the virtual photon γ∗. In Regge

phenomenology, NPE suggests an exchange of a pomeron or reggeons like ρ, ω, f2, a2, while the

unnatural-parity exchange (UPE) proceeds with an exchange of π, a1, b1 mesons. In the GPD

formalism NPE and UPE processes are described by unpolarized (H and E) and polarized (H̃q

and Ẽq) GPDs, respectively.

Long ago the decomposition of the angular distribution in terms of SDMEs was theoretically

available for the case of an unpolarized nucleon target and unpolarized or longitudinally polar-

ized lepton beams. The corresponding SDMEs have been determined in various experiments.

Recently, also for a transversely polarized target the angular distribution was theoretically de-

composed in terms of SDMEs. From 2002 to 2005 HERMES was running with a transversely

polarized hydrogen target which allowed the first measurement of transverse SDMEs from

the HERMES data. A good agreement has been observed between the unpolarized SDMEs

extracted from 2002-2005 data and the ones extracted from the whole data set. These unpo-

larized SDMEs were used in this thesis for the extraction of the transverse SDMEs. While the

results calculated at average kinematics clearly show non-zero values for unpolarized SDMEs

associated with the dominant transitions γ∗
L → ρ0

L and γ∗T → ρ0
T (which are not restricted to be

zero in case of SCHC), only for two such transverse SDMEs there is an indication of non-zero

values. Similarly, the results show non-negligible contributions of spin-flip amplitudes γ∗
T → ρ0

L

for unpolarized SDMEs, while for transverse SDMEs there is only an indication of s-channel

helicity non-conservation. For other single or double spin-flip amplitudes s-channel helicity

appears conserved. In addition, the results on a transversely polarized target do not exclude

the existence of unnatural-parity exchange in exclusive ρ0 production, clear indication of which

was seen for the case of an unpolarized target. The t′ dependence of unpolarized SDMEs is in
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general agreement with the theoretical expectations based on the partial wave decomposition

of the transition amplitudes. Due to large experimental uncertainties, only for some transverse

SDMEs the data indicates a possible t′ dependences, which is in rough agreement with the the-

oretical expectations, although the large experimental uncertainties prevent clear conclusions.

The Q2 dependences of three transverse SDMEs associated with the amplitudes γ∗
L → ρ0

L and

γ∗T → ρ0
T are in agreement with the GPD model predictions using the modified perturbative

approach for the calculation of the transverse amplitude.

Two Monte Carlo generators, PYTHIA and rhoMC, based on the VMD model, are described

in this thesis. Both Monte Carlo generators were modified according to the best present knowl-

edge and describe the absolute cross section of exclusive ρ0 production. Exclusive ρ0 production

is only one of the processes out of the wide spectrum that PYTHIA generates. However, it

simulates 1-dimensional angular distribution only, and thus the description of the production

and decay angular distributions together with the decay pion kinematics is not complete. In

addition, PYTHIA is restricted to simulate exclusive ρ0 production only for unpolarized beam

and target. In contrast, rhoMC is capable of generating exclusive vector mesons only, but with

the full angular distribution which yields better description of the real data. In addition, rhoMC

is capable of simulating exclusive ρ0 production for both unpolarized and polarized beam and

target. As one result of the development work on rhoMC in this thesis, the measured transverse

SDMEs were implemented into the rhoMC generator, so that it can be used in the future to

estimate the systematic uncertainty of the measured SDMEs due to the misalignment of the

HERMES detector and effects caused by the transverse holding field of the target magnet. This

development also opens for the first time a perspective to estimate the asymmetry transferred

from the ρ0 meson to the decay pions which is very important to know for the extraction of

transversity and the Collins/Sievers distributions functions.

The interest in exclusive ρ0 production, in particular in transverse SDMEs arose after it

was shown that the sin(φ − φs) azimuthal amplitude of the transverse target-spin asymmetry

is sensitive to the nucleon helicity-flip GPDs Eq,g without a kinematic suppression of their

contribution with respect to the GPDs Hq,g. For the first time the sin(φ − φs) azimuthal

amplitude was extracted from the HERMES data relating it to the measured values of SDMEs

u00
++ + εu00

00 and Im
(
n00

++ + εn00
00

)
. No s-channel non-conservation has been observed for SDMEs

involving two helicity-flip amplitudes. Therefore the SDMEs u00
++ + εu00

00 and Im
(
n00

++ + εn00
00

)

are assumed to be the once that isolate the production of longitudinally polarized ρ0 mesons

by longitudinal virtual photons.

Interpretations suggested in the context of the GPD formalism are also discussed in this

thesis, based on the available models of the quark and gluon GPDs H q,g and Eq,g. Exclusive

ρ0 production is a process with a complicated theoretical description. It involves the gluon

GPD Eg, for which the transverse target-spin asymmetry is a key observable. However, it

is difficult to parameterize it, because the GPD Eg is completely unknown and can not be

related to PDFs or form-factors. In addition, there are complications in the next-to-leading
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order (NLO) calculations. A recent study by Diehl, Kugler [20] indicates substantial NLO

corrections, while another attempt by Ivanov[109] predicts smaller corrections. A simultaneous

treatment of NLO and power corrections has not been performed yet for the transverse target-

spin asymmetry. However, the statistical accuracy of the presently available data prevents

drawing any conclusion on differences between models. Neglecting these corrections for the

moment, two main conclusions can be drawn from the first results on the ρ0 transverse target-

spin asymmetry and its comparison to the available model predictions:

i) A model-based parameterization of the GPD Eq using the total angular momentum Ju

of u-quarks as a free parameter suggests a Ju value in the range 0.08 ÷ 0.25 while its

uncertainty can not be reliably determined.

ii) As expected (see Section 2.4.6), the gluon GPD Eg should be relatively small compared

to the u- and d-quark contributions. It can only be of the same size but of opposite sign

as the sum of the sea quark contributions, which is not expected to be large at HERMES

energies. The model predictions with the sea-quark and gluon GPDs E q̄,g neglected, agree

with the extracted values of the asymmetry within large uncertainty. This suggests that

the combined contribution of sea quarks and gluons in the GPD E is indeed not large.

Given the small contribution of the sea quark at HERMES energies, the gluon GPD Eg

contribution is expected to be small as well.

The other measurement that is sensitive to the GPD E is the transverse target-spin asymme-

try associated with Deeply Virtual Compton Scattering (DVCS). This is a theoretically cleaner

process giving mainly information about the quark GPDs, as the gluon GPDs enter as NLO

corrections. Several parameterizations of quark GPDs are available that are sensitive to the

total angular momentum of u- and d-quarks, Ju and Jd. A model-dependent constraint on

the Ju and Jd is obtained using the HERMES data which suggests the values of Ju ≈ 0.2 and

Jd ≈ 0 [115].

New results on transverse SDMEs measured in exclusive ρ0 production and on the trans-

verse target-spin asymmetry for longitudinally polarized ρ0 mesons will be available soon1 from

the COMPASS experiment at CERN, which uses a muon beam with an energy of 160 GeV

that scatters off a transversely polarized solid-state 6LiD or hydrogen target. Future accurate

measurements of transverse-target data are planned at JLAB. The CLAS experiment will use

a transversely polarized HD-Ice target [117] using the CEBAF 6 GeV polarized electron beam,

and for CLAS12 an experiment is planned once the accelerator will be upgraded to a beam

energy of 12 GeV [118].

1The results for unseparated longitudinal and transverse ρ0 contributions is already available [116].



Appendix A

Standard Model

flavour electric charge (e) mass (MeV/c2)

up (u, ū) 2/3 1.5 − 4.0

down (d, d̄) −1/3 4 − 8

strange (s, s̄) −1/3 80 − 130

charm (c, c̄) 2/3 1150 − 1350

bottom (b, b̄) −1/3 4100 − 400

top (t, t̄) 2/3 170900± 1800

Table A.1: The elementary particles quarks and antiquarks with baryon number B = 1/3, lepton
number L = 0 and spin S = 1/2.

flavour electric charge (e) mass (MeV/c2)

electron (e−, e+) −1/+ 1 0.511

electron neutrino (νe, νe) 0 < 0.0000022

muon (µ−, µ+) −1/+ 1 105.7

muon neutrino (νµ, νµ) 0 < 0.17

tau lepton (τ−, τ+) −1/+ 1 1777

tau neutrino (ντ , ντ ) 0 < 15.5

Table A.2: The leptons form a family of elementary particles with three known
flavours: electron, muon, and tau. Each flavor is represented by a pair of weak doublet
particles: a massive charged particle and a nearly massless neutral particle called a
neutrino. The baryon number of each lepton is B = 0, instead the lepton number is
L = 1. Leptons are spin-1/2 particles. Charged leptons have two possible spin states,
while only one helicity is observed for neutrinos: all neutrinos are left-handed, and all
antineutrinos are right-handed.
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flavour electric charge (e) mass (MeV/c2)

photon (γ) 0 0

W− boson −1 80.39

W+ boson +1 80.39

Z boson 0 91.188

gluon (g) 0 0

Table A.3: The gauge bosons with spin S = 1. The three gauge bosons W ± and Z
together with the photon are grouped together because they mediate the electroweak
interaction.



Appendix B

Crossing symmetry in Regge theory

a

_
b d

_
ca

b d

c

Figure B.1: The crossing symmetry of the a + b→ c + d and a + c̄→ b̄ + d reactions.

In the Regge theory, an incoming particle of momentum p is regarded as an outgoing an-

tiparticle of momentum −p. This interchange is referred as crossing symmetry (Figure B.1).

The reaction a(pa) + b(pb)→ c(pc) + d(pd) has a squared center of mass energy s1 and squared

four-momentum transfer t1

s1 = (pa + pb)
2 > 0

t1 = (pa − pc)
2 < 0 . (B.1)

The scattering angle is related to t1. In the crossed reaction a(pa) + c̄(−pc)→ b̄(−pb) + d(pd),

the squared center of mass energy s2 and the squared four-momentum transfer t2 are defined

as:

s2 = (pa − pc)
2 < 0

t2 = (pa + pb)
2 > 0 , (B.2)

where the scattered angles are now realted to the t2. The kinematic variables t1 and s1 of

the original reaction correspond to the squared center of mass s2 and squared four-momentum

transfer t2 of the crossed reaction. The original reaction is referred as s-channel reaction, while

the crossed reaction is its t-channel counterpart. Both reactions are described by the same

amplitude, however, in different non-overlapping kinematical regions in s and t.
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Appendix C

Measurement of absolute luminosity

Measurement of absolute luminosity in data

The absolute yield of the data can be determined using the absolute luminosity LLumi. As it

was described in section 3.4, the absolute luminosity is the ratio of the measured e+e− or e−e−

scattering rate and the effective cross section of the process (see equation 3.8). The inverse

effective cross section, called luminosity constant LC , depends on the beam settings and on the

alignment of the luminosity monitor with respect to the target cell. Thus it can vary within

different data taking periods. The values of those constants for various data taking periods are

listed on HERMES web-page [119].

The total accumulated luminosity is the dead time and burst length corrected, integrated

rate of the luminosity monitor multiplied with the luminosity constant LC :

LLumi = LC

∑

Nbursts

g1Beam rLumiRate · g1DAQ rLength · g1DAQ rDeadCorr (C.1)

It has been found that for 2005 data the luminosity constant is estimated with 15% accuracy

leading to worse cross section description of the data.

There is an alternative absolute yield determination method, using the DIS lepton yield

NDIS. First NDIS is corrected for a charge symmetric background NCS by subtracting the

number of oppositely charged leptons which fulfill the DIS cuts. The correction amounts to 1%

of the DIS yield. In order to express the DIS lepton number in micro-barns, the latter one is

corrected for the detection efficiency εDIS of DIS leptons and the total DIS cross-section σDIS

within the HERMES acceptance:

LDIS =
NDIS −NCS

εDIS σDIS

(C.2)

where the detection efficiency was found to be equal to 0.81 and DIS cross-section to 60 nb

[120].
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Measurement of absolute luminosity in Monte Carlo

The quantities extraweight and ievgen stored in the ∗.norm.kumac files which are produced

during the generation, represent the total cross-section of the processes generated in PYTHIA

Monte-Carlo and the number of attempts to generate good events, respectively. Thus for N

Monte Carlo µDSTs the absolute luminosity is defined as:

LMC =

∑N
i=1 ievgeni∑N

i=1 extraweighti/N
. (C.3)



Appendix D

Kinematic distributions and ratios of them

generated by RhoMC
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Figure D.1: The generated kinematic distributions in 4π from rhoMC (blue dashed histograms)
with full angular distribution WUU (cos θ, φ, Φ) and from PYTHIA (magenta solid histograms) with
W (cos θ).
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Figure D.2: The ratio of the generated kinematic distributions from rhoMC and PYTHIA Monte
Carlo generators illustrated on Figure 5.10.



Kinematic distributions and ratios of them generated by RhoMC 176

E/

ra
tio

0

0.5

1

1.5

2

5 10 15 20 25

Q2

ra
tio

0

0.5

1

1.5

2

0 1 2 3 4 5 6

x

ra
tio

0

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2 0.25 0.3

W2

ra
tio

0

0.5

1

1.5

2

10 20 30 40

-t′

ra
tio

0

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

∆E

ra
tio

0

0.5

1

1.5

2

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

Mρ

ra
tio

0

0.5

1

1.5

2

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Eρ

ra
tio

0

0.5

1

1.5

2

5 7.5 10 12.5 15 17.5 20 22.5 25

Ptρ

ra
tio

0

0.5

1

1.5

2

0 0.1 0.2 0.3 0.4 0.5 0.6

cosθ

ra
tio

0

0.5

1

1.5

2

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

φ

ra
tio

0

0.5

1

1.5

2

-3 -2 -1 0 1 2 3

Φ

ra
tio

0

0.5

1

1.5

2

-3 -2 -1 0 1 2 3

Pπ+

ra
tio

0

0.5

1

1.5

2

0 2.5 5 7.5 10 12.5 15 17.5 20

Ptπ+

ra
tio

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

zπ+

ra
tio

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

Pπ-

ra
tio

0

0.5

1

1.5

2

0 2.5 5 7.5 10 12.5 15 17.5 20

Ptπ-

ra
tio

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

zπ-

ra
tio

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

Figure D.3: The ratio of reconstructed kinematic distributions from PYTHIA Monte Carlo and
data illustrated on Figure 5.11.
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Figure D.4: The ratio of reconstructed kinematic distributions from rhoMC Monte Carlo and data
illustrated on Figure 5.12.



Appendix E

SDMEs and angular distributions

E.1 Relations between SDMEs ρα
ik and uν′ν

µ′µ

The SDMEs in Schiling-Wolf and Diehl notations, ρα
ik and uν′ν

µ′µ, respectively, are related [17] to

each other as:

u0 0
++ + εu0 0

0 0 = r04
00 , Im

(
u0+

0+ − u−0
0+

)
=

√
2
(
Im r7

10 + Re r8
10

)
,

Re
(
u0+

0+ − u−0
0+

)
=

√
2
(
Im r6

10 − Re r5
10

)
, Im u0 0

0+ = r8
00/

√
2 ,

u++
++ + u−−

++ + 2εu++
0 0 = 1 − r04

00 , Im
(
u0+

++ − u−0
++

)
= −2 Im r3

10 ,

u−+
−+ = r1

1−1 − Im r2
1−1 , Im

(
u0−

0+ − u+0
0+

)
=

√
2
(
Im r7

10 − Re r8
10

)
,

Re u0 0
0+ = −r5

00/
√

2 , Im u−+
++ = − Im r3

1−1 ,

Re
(
u0+

++ − u−0
++ + 2εu0+

0 0

)
= 2 Re r04

10 , Im
(
u++

0+ + u−−

0+

)
=

√
2 r8

11 ,

Re u0+
−+ = Re r1

10 − Im r2
10 , Im u−+

0+ =
(
Im r7

1−1 + r8
1−1

)
/
√

2 ,

Re
(
u0−

0+ − u+0
0+

)
=

√
2
(
Im r6

10 + Re r5
10

)
, Im u+−

0+ = −
(
Im r7

1−1 − r8
1−1

)
/
√

2 .

Re
(
u−+

++ + εu−+
0 0

)
= r04

1−1 ,

Re u++
−+ = r1

11 ,

Re
(
u++

0+ + u−−

0+

)
= −

√
2 r5

11 ,

Re u−+
0+ =

(
Im r6

1−1 − r5
1−1

)
/
√

2 ,

u0 0
−+ = r1

00 ,

Re u+0
−+ = Re r1

10 + Im r2
10 ,

Re u+−

0+ = −
(
Im r6

1−1 + r5
1−1

)
/
√

2 ,

u+−

−+ = r1
1−1 + Im r2

1−1 .

The lower indices of the matrix elements ρα
λλ′ refer to the ρ0 helicity and correspond to the

upper indices of uν′ν
µ′µ. The upper indices of ρα

λλ′ represent the virtual photon spin density matrix

decomposed in terms of nine hermitian matrices Σ0...8 (see equation (2.57)) and correspond to

the lower indices of uν′ν
µ′µ, where the helicity basis for the photon are used: µ′, µ = 0; ± 1.
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E.2 Mixing between transverse and longitudinal polarization

For a target having transverse polarization PT with respect to the lepton beam, the angular

distribution recieves two contributions: from transverse ST and longitudinal SL components of

the target polarization each multipled by, respectively, cos θγ and sin θγ :

W = WUU + STWUT + SLWUL

= WUU + PT
cos θγ WUT + sin θγ cosφsWUL(

1 − sin2θγ sin2φs

)
1/2

. (E.1)

The angular distributions for separate contributions from longitudinal and transverse ρ0 mesons,

as well as the interference angular distribution are presented [17]:

cos θγ W
LL
UT (φS, φ) + sin θγ cosφS W

LL
UL(φ)

= sin(φ− φS)

[
cos θγ Im

(
n00

++ + εn00
00

)
− sin θγ

√
ε(1 + ε) Im l000+

− cos(2φ)
{

cos θγ ε Imn00
−+ − sin θγ

√
ε(1 + ε) Im l000+

}

− 2 cosφ
{

cos θγ

√
ε(1 + ε) Imn00

0+ + 1
4
sin θγ ε Im l00−+

}]

+ cos(φ− φS)

[
− sin(2φ)

{
cos θγ ε Im s00

−+ + sin θγ

√
ε(1 + ε) Im l000+

}

− 2 sinφ
{

cos θγ

√
ε(1 + ε) Im s00

0+ + 1
4
sin θγ ε Im l00−+

}]

− 1
2
sin θγ sin(φS + 2φ) ε Im l00−+ , (E.2)
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cos θγ W
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Tables of results

transitions SDME value± δstat ± δsyst

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T u00

++ + εu00
00 0.392± 0.013± 0.010

Re(u0+
0+ − u0+

−0) −0.474± 0.011± 0.028

u−+
−+ 0.525± 0.018± 0.029

γ
∗ T
→

ρ
0 L Re u00

0+ −0.072± 0.009± 0.006

Re(u0+
++ − u−0

++ + 2εu0+
00 ) 0.055± 0.012± 0.016

Re u0+
−+ −0.065± 0.014± 0.027

γ
∗ L
→

ρ
0 T

Re(u++
0+ + u−−

0+ ) 0.011± 0.007± 0.018

Re u−+
0+ −0.004± 0.006± 0.008

γ
∗ T
→

ρ
0 −

T Re(u0−
0+ − u+0

0+) −0.005± 0.009± 0.015

Re(u−+
++ + εu−+

00 ) −0.015± 0.007± 0.005

Re u++
−+ −0.019± 0.010± 0.008

d
ou

b
le

sp
in

fl
ip

u00
−+ −0.007± 0.025± 0.008

Re u+0
−+ −0.011± 0.012± 0.004

Re u+−
0+ −0.003± 0.005± 0.001

u+−
−+ 0.006± 0.014± 0.011

Table F.1: Values of unpolarized SDMEs in exclusive ρ0 production at average kinematics
( 〈

Q2
〉

=

1.95 GeV2, 〈xB〉 = 0.08, 〈−t′〉 = 0.13 GeV2
)

ordered in classes by horizontal lines according to the
hierarchy predicted by factorization theorem.
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T
a
b
le

s
o
f
re

su
lts

1
8
3

transition SDME 0.5 < Q2 < 1.0 GeV2 1.0 < Q2 < 1.4 GeV2 1.4 < Q2 < 2.0 GeV2 2.0 < Q2 < 7.0 GeV2

〈Q2〉 = 0.82 GeV2 〈Q2〉 = 1.19 GeV2 〈Q2〉 = 1.67 GeV2 〈Q2〉 = 3.08 GeV2

〈xB〉 = 0.03 〈xB〉 = 0.06 〈xB〉 = 0.08 〈xB〉 = 0.12

〈t′〉 = 0.12 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.14 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T u00

++ + εu00
00 0.391± 0.027 0.383± 0.023 0.368± 0.023 0.428± 0.021

Re(u0+
0+ − u0+

−0) −0.489± 0.034 −0.453± 0.022 −0.517± 0.019 −0.457± 0.019

u−+
−+ 0.551± 0.038 0.566± 0.030 0.545± 0.032 0.456± 0.032

γ
∗ T
→

ρ
0 L Re u00

0+ −0.071± 0.019 −0.081± 0.015 −0.050± 0.015 −0.083± 0.016

Re(u0+
++ − u−0

++ + 2εu0+
00 ) 0.135± 0.029 0.049± 0.020 0.072± 0.020 0.041± 0.021

Re u0+
−+ −0.094± 0.032 −0.062± 0.024 −0.058± 0.024 −0.071± 0.025

γ
∗ L
→

ρ
0 T

Re(u++
0+ + u−−

0+ ) 0.043± 0.016 0.009± 0.011 0.021± 0.012 0.007± 0.012

Re u−+
0+ −0.018± 0.014 0.009± 0.010 −0.014± 0.011 −0.007± 0.011

γ
∗ T
→

ρ
0 −

T Re(u0−
0+ − u+0

0+) 0.013± 0.020 −0.006± 0.013 0.002± 0.015 −0.017± 0.016

Re(u−+
++ + εu−+

00 ) −0.003± 0.017 −0.018± 0.013 −0.010± 0.013 −0.013± 0.013

Re u++
−+ −0.024± 0.021 −0.010± 0.016 −0.021± 0.017 −0.027± 0.018

d
ou

b
le

sp
in

fl
ip

u00
−+ 0.036± 0.048 −0.038± 0.040 0.036± 0.043 −0.001± 0.046

Re u+0
−+ −0.036± 0.026 0.014± 0.019 −0.034± 0.021 −0.016± 0.023

Re u+−
0+ −0.019± 0.012 −0.007± 0.007 0.009± 0.008 −0.010± 0.009

u+−
−+ −0.053± 0.032 0.017± 0.021 0.008± 0.024 −0.007± 0.026

Table F.2: Values of unpolarized SDMEs in exclusive ρ0 production in bins of Q2 ordered in classes by horizontal lines according to the hierarchy
predicted by factorization theorem.



T
a
b
le

s
o
f
re

su
lts

1
8
4

transition SDME 0.02 < xB < 0.07 0.07 < xB < 0.10 0.10 < xB < 0.40

〈Q2〉 = 1.33 GeV2 〈Q2〉 = 1.83 GeV2 〈Q2〉 = 3.14 GeV2

〈xB〉 = 0.05 〈xB〉 = 0.08 〈xB〉 = 0.14

〈t′〉 = 0.13 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.14 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T u00

++ + εu00
00 0.372± 0.020 0.409± 0.023 0.468± 0.027

Re(u0+
0+ − u0+

−0) −0.476± 0.017 −0.495± 0.020 −0.437± 0.027

u−+
−+ 0.559± 0.028 0.507± 0.031 0.459± 0.037

γ
∗ T
→

ρ
0 L Re u00

0+ −0.067± 0.013 −0.074± 0.016 −0.050± 0.021

Re(u0+
++ − u−0

++ + 2εu0+
00 ) 0.058± 0.017 0.076± 0.021 0.032± 0.026

Re u0+
−+ −0.053± 0.021 −0.084± 0.025 −0.043± 0.031

γ
∗ L
→

ρ
0 T

Re(u++
0+ + u−−

0+ ) 0.025± 0.012 0.009± 0.011 0.008± 0.014

Re u−+
0+ −0.011± 0.010 0.007± 0.010 −0.009± 0.012

γ
∗ T
→

ρ
0 −

T Re(u0−
0+ − u+0

0+) 0.005± 0.013 −0.034± 0.015 0.023± 0.020

Re(u−+
++ + εu−+

00 ) −0.001± 0.013 −0.003± 0.012 −0.038± 0.015

Re u++
−+ −0.003± 0.016 −0.017± 0.016 −0.030± 0.019

d
ou

b
le

sp
in

fl
ip

u00
−+ −0.024± 0.035 −0.004± 0.045 0.042± 0.062

Re u+0
−+ −0.025± 0.018 0.005± 0.021 −0.011± 0.029

Re u+−
0+ −0.014± 0.008 0.007± 0.007 −0.008± 0.010

u+−
−+ −0.014± 0.022 0.036± 0.022 −0.009± 0.029

Table F.3: Values of unpolarized SDMEs in exclusive ρ0 production in bins of xB ordered in classes by horizontal lines according to the hierarchy
predicted by factorization theorem.



T
a
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s
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f
re
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1
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5

transition SDME 0 < −t′ < 0.05 GeV2 0.05 < −t′ < 0.1 GeV2 0.1 < −t′ < 0.2 GeV2 0.2 < −t′ < 0.4 GeV2

〈Q2〉 = 1.89 GeV2 〈Q2〉 = 1.97 GeV2 〈Q2〉 = 1.97 GeV2 〈Q2〉 = 2.00 GeV2

〈xB〉 = 0.08 〈xB〉 = 0.08 〈xB〉 = 0.09 〈xB〉 = 0.09

〈t′〉 = 0.02 GeV2 〈t′〉 = 0.07 GeV2 〈t′〉 = 0.15 GeV2 〈t′〉 = 0.28 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T u00

++ + εu00
00 0.362± 0.023 0.394± 0.030 0.405± 0.027 0.436± 0.030

Re(u0+
0+ − u0+

−0) −0.505± 0.021 −0.460± 0.027 −0.472± 0.025 −0.500± 0.031

u−+
−+ 0.567± 0.034 0.592± 0.043 0.503± 0.038 0.539± 0.040

γ
∗ T
→

ρ
0 L Re u00

0+ −0.030± 0.015 −0.061± 0.019 −0.131± 0.019 −0.098± 0.023

Re(u0+
++ − u−0

++ + 2εu0+
00 ) 0.005± 0.021 0.036± 0.027 0.112± 0.026 0.058± 0.028

Re u0+
−+ −0.027± 0.024 −0.085± 0.033 −0.063± 0.030 −0.066± 0.038

γ
∗ L
→

ρ
0 T

Re(u++
0+ + u−−

0+ ) 0.030± 0.013 0.034± 0.015 0.010± 0.014 0.017± 0.016

Re u−+
0+ −0.019± 0.011 −0.013± 0.014 0.024± 0.013 −0.017± 0.015

γ
∗ T
→

ρ
0 −

T Re(u0−
0+ − u+0

0+) −0.005± 0.016 0.015± 0.020 −0.007± 0.018 −0.025± 0.022

Re(u−+
++ + εu−+

00 ) 0.002± 0.014 −0.019± 0.017 −0.031± 0.016 −0.013± 0.017

Re u++
−+ −0.022± 0.018 0.011± 0.023 −0.028± 0.021 −0.014± 0.023

d
ou

b
le

sp
in

fl
ip

u00
−+ −0.027± 0.042 −0.061± 0.057 −0.045± 0.054 0.060± 0.063

Re u+0
−+ −0.011± 0.023 −0.029± 0.028 0.004± 0.026 −0.031± 0.031

Re u+−
0+ −0.003± 0.008 0.010± 0.010 −0.010± 0.010 −0.011± 0.012

u+−
−+ 0.050± 0.025 0.013± 0.031 0.023± 0.028 −0.087± 0.034

Table F.4: Values of unpolarized SDMEs in exclusive ρ0 production in bins of t′ ordered in classes by horizontal lines according to the hierarchy
predicted by factorization theorem.
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transition SDME value± δstat ± δsyst

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T

Im(n00
++ + εn00

00) 0.019± 0.035± 0.038

Im(n0+
0+ − n−0

0+) 0.014± 0.023± 0.013

Imn−+
−+ 0.010± 0.046± 0.029

Im(n++
++ + n−−

++ + 2εn++
00 ) 0.015± 0.036± 0.025

Im s−+
−+ −0.099± 0.044± 0.030

Im(s0+
0+ − s−0

0+) 0.058± 0.020± 0.012

γ
∗ T
→

ρ
0 L

Imn00
0+ −0.086± 0.022± 0.024

Im(n0+
++ − n−0

++ + 2εn0+
00 ) −0.050± 0.028± 0.025

Imn0+
−+ 0.038± 0.034± 0.024

Im s00
0+ 0.022± 0.022± 0.009

Im(s0+
++ − s−0

++ + 2εs0+
00 ) 0.020± 0.026± 0.017

Im s0+
−+ −0.023± 0.034± 0.022

γ
∗ L
→

ρ
0 T

Im(n++
0+ + n−−

0+ ) 0.034± 0.018± 0.012

Imn−+
0+ −0.013± 0.013± 0.009

Im(s++
0+ + s−−

0+ ) 0.009± 0.018± 0.011

Im s−+
0+ 0.010± 0.013± 0.009

γ
∗ T
→

ρ
0 −

T

Im(n0−
0+ − n+0

0+) 0.031± 0.021± 0.014

Im(n−+
++ + εn−+

00 ) 0.025± 0.020± 0.012

Imn++
−+ 0.026± 0.026± 0.017

Im(s0−
0+ − s+0

0+) −0.034± 0.020± 0.014

Im(s−+
++ + εs−+

00 ) 0.011± 0.018± 0.016

Im s++
−+ 0.013± 0.025± 0.026

d
ou

b
le

sp
in

fl
ip

Imn00
−+ −0.073± 0.056± 0.044

Imn+0
−+ 0.006± 0.030± 0.011

Imn+−
0+ 0.000± 0.013± 0.009

Imn+−
−+ −0.006± 0.037± 0.022

Im s00
−+ 0.020± 0.058± 0.063

Im s+0
−+ −0.022± 0.029± 0.012

Im s+−
0+ 0.010± 0.013± 0.010

Im s+−
−+ −0.003± 0.036± 0.034

Table F.5: The transverse SDMEs in exclusive ρ0 production at average kinematics
( 〈

Q2
〉

=

1.95 GeV2, 〈xB〉 = 0.08, 〈−t′〉 = 0.13 GeV2
)

ordered in classes by horizontal lines according to the
hierarchy predicted by factorization theorem. The presented uncertainties do not include the 8.1 %
scale uncertainty from the target polarisation measurement.



T
a
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1
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7

transition SDME 0.5 < Q2 < 1.0 GeV2 1.0 < Q2 < 1.4 GeV2 1.4 < Q2 < 2.0 GeV2 2.0 < Q2 < 7.0 GeV2

˙
Q2

¸
= 0.82 GeV2

˙
Q2

¸
= 1.19 GeV2

˙
Q2

¸
= 1.67 GeV2

˙
Q2

¸
= 3.08 GeV2

〈xB〉 = 0.03 〈xB〉 = 0.06 〈xB〉 = 0.08 〈xB〉 = 0.12

〈t′〉 = 0.12 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.14 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T

Im(n00
++

+ εn00
00

) 0.043± 0.102± 0.016 −0.015± 0.071± 0.044 0.043± 0.067± 0.020 0.047± 0.058± 0.052

Im(n0+

0+
− n−0

0+
) −0.106± 0.075± 0.030 0.010± 0.040± 0.020 0.007± 0.044± 0.018 0.000± 0.042± 0.028

Im n−+
−+ −0.015± 0.149± 0.045 0.097± 0.084± 0.061 0.056± 0.086± 0.042 −0.088± 0.079± 0.051

Im(n++

++
+ n−−

++
+ 2εn++

00
) −0.195± 0.118± 0.071 0.021± 0.072± 0.014 0.090± 0.070± 0.029 −0.036± 0.056± 0.043

Im s−+

−+
0.035± 0.141± 0.040 −0.038± 0.080± 0.038 −0.083± 0.090± 0.046 −0.205± 0.076± 0.056

Im(s0+

0+
− s−0

0+
) 0.151± 0.070± 0.018 0.090± 0.036± 0.022 0.051± 0.040± 0.013 0.041± 0.036± 0.017

γ
∗ T
→

ρ
0 L

Im n00
0+ −0.039± 0.070± 0.008 −0.056± 0.045± 0.024 −0.080± 0.044± 0.022 −0.121± 0.038± 0.033

Im(n0+
++

− n−0
++

+ 2εn0+

00
) −0.109± 0.101± 0.028 −0.043± 0.057± 0.019 −0.035± 0.054± 0.050 −0.073± 0.046± 0.025

Im n0+

−+
0.093± 0.091± 0.021 0.084± 0.062± 0.025 0.034± 0.067± 0.057 −0.001± 0.061± 0.017

Im s00
0+ −0.013± 0.074± 0.017 0.001± 0.046± 0.008 0.059± 0.042± 0.006 0.016± 0.037± 0.006

Im(s0+

++
− s−0

++
+ 2εs0+

00
) −0.103± 0.085± 0.021 −0.012± 0.054± 0.021 0.025± 0.053± 0.021 0.022± 0.042± 0.014

Im s0+

−+
−0.123± 0.098± 0.054 −0.004± 0.064± 0.028 −0.021± 0.068± 0.046 −0.106± 0.062± 0.045

γ
∗ L
→

ρ
0 T Im(n++

0+
+ n−−

0+
) 0.000± 0.074± 0.040 0.034± 0.035± 0.010 0.036± 0.036± 0.012 0.031± 0.031± 0.011

Im n−+
0+

0.102± 0.046± 0.019 0.007± 0.023± 0.015 −0.022± 0.024± 0.007 −0.033± 0.023± 0.013

Im(s++

0+
+ s−−

0+
) 0.081± 0.068± 0.018 −0.002± 0.032± 0.009 0.010± 0.033± 0.011 0.021± 0.029± 0.012

Im s−+

0+
−0.024± 0.048± 0.007 0.045± 0.023± 0.012 −0.014± 0.024± 0.013 −0.003± 0.022± 0.014

γ
∗ T
→

ρ
0 −

T

Im(n0−

0+
− n+0

0+
) 0.064± 0.070± 0.013 0.062± 0.038± 0.031 0.056± 0.039± 0.011 −0.025± 0.039± 0.018

Im(n−+

++
+ εn−+

00
) −0.019± 0.069± 0.026 0.007± 0.040± 0.025 0.070± 0.038± 0.016 0.017± 0.031± 0.019

Im n++
−+ 0.048± 0.082± 0.037 0.044± 0.047± 0.022 0.025± 0.053± 0.026 0.025± 0.044± 0.020

Im(s0−

0+
− s+0

0+
) −0.082± 0.072± 0.056 −0.057± 0.037± 0.025 −0.022± 0.040± 0.023 −0.031± 0.037± 0.017

Im(s−+

++
+ εs−+

00
) 0.006± 0.058± 0.041 0.002± 0.035± 0.016 0.044± 0.036± 0.027 −0.014± 0.029± 0.016

Im s++
−+

−0.121± 0.073± 0.015 −0.047± 0.048± 0.036 −0.007± 0.049± 0.018 0.117± 0.044± 0.032

d
ou

b
le

sp
in

fl
ip

Im n00
−+ −0.099± 0.160± 0.042 −0.112± 0.105± 0.018 −0.152± 0.109± 0.061 0.047± 0.099± 0.053

Im n+0
−+

−0.048± 0.092± 0.014 −0.050± 0.055± 0.013 −0.030± 0.056± 0.027 0.099± 0.056± 0.043

Im n+−

0+
0.083± 0.045± 0.012 −0.002± 0.023± 0.017 −0.015± 0.025± 0.010 0.005± 0.023± 0.010

Im n+−

−+
0.021± 0.112± 0.122 −0.075± 0.066± 0.015 −0.014± 0.071± 0.028 0.094± 0.067± 0.043

Im s00
−+

0.054± 0.153± 0.060 0.062± 0.107± 0.063 0.160± 0.103± 0.024 −0.159± 0.107± 0.105

Im s+0

−+
0.003± 0.088± 0.052 0.017± 0.053± 0.014 −0.090± 0.057± 0.012 −0.009± 0.053± 0.017

Im s+−

0+
−0.085± 0.044± 0.011 0.028± 0.023± 0.025 −0.004± 0.026± 0.016 −0.002± 0.022± 0.011

Im s+−

−+
0.024± 0.110± 0.025 −0.011± 0.063± 0.019 0.058± 0.070± 0.035 −0.067± 0.064± 0.053

Table F.6: The transverse SDMEs in exclusive ρ0 production in bins of Q2 ordered in classes by horizontal lines according to the hierarchy predicted
by factorization theorem. The presented uncertainties do not include the 8.1 % scale uncertainty from the target polarisation measurement.
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1
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transition SDME 0.02 < xB < 0.07 0.07 < xB < 0.10 0.10 < xB < 0.40˙
Q2

¸
= 1.33 GeV2

˙
Q2

¸
= 1.83 GeV2

˙
Q2

¸
= 3.14 GeV2

〈xB〉 = 0.05 〈xB〉 = 0.08 〈xB〉 = 0.14

〈t′〉 = 0.13 GeV2 〈t′〉 = 0.13 GeV2 〈t′〉 = 0.14 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T

Im(n00
++

+ εn00
00

) 0.032± 0.059± 0.052 0.042± 0.069± 0.033 0.050± 0.078± 0.066

Im(n0+

0+
− n−0

0+
) 0.037± 0.038± 0.012 −0.029± 0.045± 0.013 0.046± 0.052± 0.039

Im n−+
−+ 0.022± 0.084± 0.025 0.116± 0.080± 0.076 −0.173± 0.088± 0.083

Im(n++

++
+ n−−

++
+ 2εn++

00
) 0.047± 0.066± 0.017 0.012± 0.066± 0.020 −0.061± 0.063± 0.050

Im s−+

−+
−0.031± 0.081± 0.040 −0.021± 0.076± 0.051 −0.252± 0.085± 0.056

Im(s0+

0+
− s−0

0+
) 0.074± 0.036± 0.011 0.041± 0.038± 0.013 0.063± 0.044± 0.017

γ
∗ T
→

ρ
0 L

Im n00
0+ −0.100± 0.040± 0.030 −0.088± 0.042± 0.033 −0.129± 0.049± 0.030

Im(n0+
++

− n−0
++

+ 2εn0+

00
) −0.111± 0.052± 0.055 −0.016± 0.055± 0.017 −0.033± 0.055± 0.021

Im n0+

−+
0.130± 0.057± 0.076 −0.018± 0.065± 0.031 0.018± 0.079± 0.023

Im s00
0+ 0.059± 0.039± 0.016 0.044± 0.044± 0.023 0.001± 0.049± 0.018

Im(s0+

++
− s−0

++
+ 2εs0+

00
) 0.008± 0.046± 0.020 0.009± 0.052± 0.023 0.049± 0.050± 0.021

Im s0+

−+
−0.078± 0.059± 0.037 0.070± 0.068± 0.024 −0.098± 0.075± 0.046

γ
∗ L
→

ρ
0 T Im(n++

0+
+ n−−

0+
) 0.050± 0.037± 0.008 0.032± 0.033± 0.025 0.028± 0.033± 0.012

Im n−+
0+

−0.003± 0.025± 0.009 −0.007± 0.022± 0.010 −0.024± 0.026± 0.010

Im(s++

0+
+ s−−

0+
) −0.025± 0.035± 0.013 0.024± 0.030± 0.020 0.016± 0.033± 0.020

Im s−+

0+
0.016± 0.025± 0.018 −0.001± 0.022± 0.013 0.000± 0.025± 0.016

γ
∗ T
→

ρ
0 −

T

Im(n0−

0+
− n+0

0+
) 0.029± 0.035± 0.014 0.049± 0.037± 0.014 0.046± 0.048± 0.016

Im(n−+

++
+ εn−+

00
) 0.044± 0.038± 0.011 0.045± 0.035± 0.017 −0.027± 0.035± 0.017

Im n++
−+ 0.091± 0.046± 0.015 0.037± 0.045± 0.028 −0.031± 0.048± 0.015

Im(s0−

0+
− s+0

0+
) −0.062± 0.038± 0.014 −0.015± 0.038± 0.028 −0.017± 0.044± 0.017

Im(s−+

++
+ εs−+

00
) 0.068± 0.034± 0.013 0.003± 0.034± 0.016 −0.032± 0.032± 0.013

Im s++
−+

0.001± 0.046± 0.032 −0.057± 0.046± 0.047 0.124± 0.049± 0.033

d
ou

b
le

sp
in

fl
ip

Im n00
−+ −0.232± 0.094± 0.053 −0.070± 0.108± 0.063 0.164± 0.131± 0.038

Im n+0
−+

−0.007± 0.049± 0.015 −0.024± 0.055± 0.029 0.075± 0.073± 0.065

Im n+−

0+
−0.008± 0.024± 0.009 0.007± 0.022± 0.008 −0.006± 0.025± 0.009

Im n+−

−+
0.037± 0.067± 0.019 −0.128± 0.061± 0.036 0.164± 0.073± 0.082

Im s00
−+

0.122± 0.091± 0.068 −0.006± 0.126± 0.069 −0.045± 0.134± 0.089

Im s+0

−+
−0.064± 0.052± 0.017 0.023± 0.058± 0.024 −0.005± 0.064± 0.020

Im s+−

0+
0.025± 0.025± 0.007 −0.013± 0.023± 0.009 0.011± 0.025± 0.010

Im s+−

−+
−0.095± 0.067± 0.047 0.052± 0.065± 0.035 −0.017± 0.071± 0.044

Table F.7: The transverse SDMEs in exclusive ρ0 production in bins of xB ordered in classes by horizontal lines accorind to the hierarchy predicted
by factorization theorem. The presented uncertainties do not include the 8.1 % scale uncertainty from the target polarisation measurement.
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1
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9

transition SDME 0.00 < −t′ < 0.05 GeV2 0.05 < −t′ < 0.10 GeV2 0.10 < −t′ < 0.20 GeV2 0.20 < −t′ < 0.40 GeV2

˙
Q2

¸
= 1.89 GeV2

˙
Q2

¸
= 1.97 GeV2

˙
Q2

¸
= 1.97 GeV2

˙
Q2

¸
= 2.00 GeV2

〈xB〉 = 0.08 〈xB〉 = 0.08 〈xB〉 = 0.09 〈xB〉 = 0.09

〈t′〉 = 0.02 GeV2 〈t′〉 = 0.07 GeV2 〈t′〉 = 0.15 GeV2 〈t′〉 = 0.28 GeV2

γ
∗ L
→

ρ
0 L

γ
∗ T
→

ρ
0 T

Im(n00
++

+ εn00
00

) 0.079± 0.067± 0.025 −0.010± 0.083± 0.046 −0.010± 0.077± 0.088 0.037± 0.089± 0.085

Im(n0+

0+
− n−0

0+
) 0.003± 0.042± 0.026 0.035± 0.053± 0.039 −0.042± 0.050± 0.050 0.092± 0.060± 0.062

Im n−+
−+ −0.003± 0.090± 0.065 −0.024± 0.109± 0.077 0.002± 0.098± 0.041 0.085± 0.106± 0.021

Im(n++

++
+ n−−

++
+ 2εn++

00
) 0.001± 0.073± 0.034 −0.016± 0.087± 0.057 −0.022± 0.076± 0.036 0.114± 0.079± 0.043

Im s−+

−+
0.049± 0.091± 0.029 −0.166± 0.106± 0.060 −0.239± 0.095± 0.066 −0.041± 0.106± 0.087

Im(s0+

0+
− s−0

0+
) 0.024± 0.038± 0.007 0.035± 0.047± 0.012 0.127± 0.044± 0.035 0.050± 0.055± 0.022

γ
∗ T
→

ρ
0 L

Im n00
0+ −0.076± 0.044± 0.019 −0.143± 0.053± 0.039 −0.136± 0.051± 0.057 −0.077± 0.058± 0.043

Im(n0+
++

− n−0
++

+ 2εn0+

00
) −0.081± 0.056± 0.026 0.019± 0.068± 0.017 −0.096± 0.061± 0.033 −0.069± 0.066± 0.070

Im n0+

−+
0.033± 0.070± 0.031 −0.118± 0.082± 0.029 0.164± 0.075± 0.032 0.203± 0.084± 0.115

Im s00
0+ 0.019± 0.041± 0.003 0.068± 0.053± 0.016 0.040± 0.049± 0.039 −0.001± 0.058± 0.010

Im(s0+

++
− s−0

++
+ 2εs0+

00
) −0.025± 0.053± 0.015 0.082± 0.062± 0.020 −0.018± 0.058± 0.019 0.020± 0.067± 0.037

Im s0+

−+
−0.121± 0.069± 0.060 0.060± 0.080± 0.023 −0.040± 0.075± 0.023 −0.027± 0.085± 0.031

γ
∗ L
→

ρ
0 T Im(n++

0+
+ n−−

0+
) 0.023± 0.036± 0.022 0.060± 0.043± 0.026 0.095± 0.039± 0.019 −0.019± 0.047± 0.026

Im n−+
0+

0.000± 0.024± 0.009 −0.021± 0.030± 0.009 −0.032± 0.028± 0.010 −0.013± 0.035± 0.010

Im(s++

0+
+ s−−

0+
) 0.026± 0.034± 0.018 −0.006± 0.044± 0.006 −0.020± 0.036± 0.031 0.020± 0.046± 0.011

Im s−+

0+
0.016± 0.024± 0.010 −0.019± 0.031± 0.009 0.027± 0.028± 0.010 −0.027± 0.033± 0.017

γ
∗ T
→

ρ
0 −

T

Im(n0−

0+
− n+0

0+
) 0.018± 0.041± 0.013 0.009± 0.049± 0.006 0.074± 0.043± 0.017 0.061± 0.055± 0.025

Im(n−+

++
+ εn−+

00
) 0.052± 0.039± 0.014 0.013± 0.047± 0.028 −0.025± 0.042± 0.024 0.072± 0.047± 0.026

Im n++
−+ 0.089± 0.053± 0.033 0.048± 0.062± 0.027 −0.022± 0.058± 0.013 0.019± 0.064± 0.041

Im(s0−

0+
− s+0

0+
) −0.056± 0.037± 0.039 0.085± 0.051± 0.007 −0.087± 0.045± 0.027 −0.068± 0.056± 0.059

Im(s−+

++
+ εs−+

00
) 0.054± 0.038± 0.016 0.019± 0.044± 0.027 −0.007± 0.038± 0.013 0.023± 0.044± 0.029

Im s++
−+

0.014± 0.053± 0.030 −0.052± 0.067± 0.025 −0.005± 0.054± 0.026 0.014± 0.057± 0.041

d
ou

b
le

sp
in

fl
ip

Im n00
−+ −0.055± 0.101± 0.030 −0.197± 0.134± 0.077 −0.009± 0.128± 0.073 −0.136± 0.146± 0.131

Im n+0
−+

0.077± 0.060± 0.011 −0.037± 0.072± 0.032 −0.035± 0.064± 0.017 −0.039± 0.075± 0.040

Im n+−

0+
0.005± 0.024± 0.028 0.014± 0.030± 0.014 0.024± 0.027± 0.029 −0.020± 0.034± 0.019

Im n+−

−+
0.093± 0.074± 0.027 −0.079± 0.088± 0.024 −0.064± 0.076± 0.025 0.007± 0.090± 0.028

Im s00
−+

0.106± 0.107± 0.084 0.005± 0.135± 0.062 −0.060± 0.130± 0.091 0.033± 0.143± 0.106

Im s+0

−+
−0.088± 0.056± 0.021 −0.168± 0.073± 0.031 0.077± 0.067± 0.039 0.160± 0.079± 0.058

Im s+−

0+
0.021± 0.024± 0.013 −0.018± 0.033± 0.010 0.028± 0.027± 0.021 −0.002± 0.033± 0.010

Im s+−

−+
−0.065± 0.071± 0.043 −0.039± 0.093± 0.031 0.057± 0.078± 0.040 0.023± 0.086± 0.027

Table F.8: The transverse SDMEs in exclusive ρ0 production in bins of t′ ordered in classes by horizontal lines accorind to the hierarchy predicted
by factorization theorem. The presented uncertainties do not include the 8.1 % scale uncertainty from the target polarisation measurement.



Appendix G

Modeling Generalized Parton Distributions

G.1 Parameterizations used by Goeke, Polyakov, Vander-

haeghen

G.1.1 The helicity non-flip GPD Hq

In the factorized ansatz, the main constraint on the t-dependences of the GPDs H q is the

first moment of the GPDs given by the elastic Dirac form factors (see equation (2.51)). In

this framework, the helicity non-flip GPD Hq for quarks is parameterized as a superposition of

t-independent and t-dependent parts:

Hq(x, ξ, t) =
1 − (1 + κp)t/4M

2
p

1 − t/4M2
p

Hq(x, ξ)

(1 − t/0.71)2
, (G.1)

where κp is the anomalous magnetic moment of the proton. The t-independent part H q(x, ξ)

consists of two components,

Hq(x, ξ) = Hq
DD(x, ξ) + θ(ξ − |x|)Dq

(
x

ξ

)
. (G.2)

These are the D-term [45], Dq
(

x
ξ

)
, and Hq

DD obtained from the double distribution [43, 44] F q:

Hq
DD(x, ξ) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − αξ) F q(β, α) . (G.3)

For each flavor q, the double distribution itself is related to the ordinary PDFs, q(β) [43]:

F q(β, α) = h(β, α)q(β), (G.4)

190
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where the profile function h(β, α) is given as [43]:

h(β, α) =
Γ(2b+ 2)

22b+1Γ2(b+ 1)

[
(1 − |β|)2 − α2

]b

(1 − |β|)2b+1
. (G.5)

In case of β > 0, q(β) is the ordinary quark density for the flavor q, q(β) = qv(β) + q̄(β).

The negative β range corresponds to the antiquark density: q(−β) = −q̄(β). The parameter b

characterizes the strength of the ξ dependence of the GPD H q(x, ξ). The limiting case b→∞
corresponds to the ξ-independence, i.e., Hu(x, ξ) = u(x), Hd(x, ξ) = d(x) and Hs(x, ξ) = s(x).

In the Regge ansatz, the t-dependence is modeled keeping the t-dependence of GPDs in

the double distributions, unlike equation (G.2) and equation (G.3):

F q(β, α, t) = F q(β, α)
1

|β|α′t
, (G.6)

where α′ is the slope of the Regge trajectory, α′ = 0.8 GeV−2 [18].

G.1.2 The helicity-flip GPD Eq

The parameterization for helicity-flip quark GPDs Eq is more complicated, since there is no con-

straints on its x-dependences in the forward limit (see Section 2.4.4). In the Regge ansatz, the

t-dependence is modeled in analogy to equation (G.6). In the factorized ansatz the helicity-

flip quark GPD Eq is given similarly as a superposition of t-independent and t-dependent

parts [16],

Eq(x, ξ, t) =
Eq(x, ξ)

(1 − t/0.71)2
, (G.7)

where the t-independence is constrained by the Pauli form factor (see equation (2.51)). The

t-independent part is parameterized using the double distribution ansatz with an opposite sign

of D-term with respect to Hq(x, ξ):

Eq(x, ξ) = Eq
DD(x, ξ) − θ(ξ − |x|)Dq

(
x

ξ

)
. (G.8)

The t-independent part Eq(x, ξ) has a form analogous to the helicity-non flip case:

Eq
DD(x, ξ) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − αξ) Kq(β, α) . (G.9)

In the forward limit, the double distribution Kq(β, α) reduces to the function eq(β),

Kq(β, α) = h(β, α) eq(β) (G.10)



Modeling Generalized Parton Distributions 192

which is unknown and can not be related to the DIS data. However a constraint exists for the

normalization of eq(β) [16],
+1∫

−1

dx eq(x) = κq , (G.11)

κq is the anomalous magnetic moment of quark of flavor q: κu = 2κp + κn = 1.67, κd =

κp + 2κn = −2.03. Under the assumption that the function eq has the same x-dependence as

the valence quark distributions,

eu(x) = 1/2uv(x)κu , ed(x) = dv(x)κd , es(x) = 0 , (G.12)

the Ji’s sum rule is evaluated:

Jq =
1

2

1∫

−1

dx x
[
q(x) + eq(x)

]
. (G.13)

The total fraction of momentum Mq of the proton carried by the quarks and antiquarks of

flavor q and the fraction of momentum Mqv
of valence quarks are then given as:

Mq =

1∫

0

x [qv(x) + 2q̄(x)] dx , Mqv
=

1∫

0

xqv(x)dx . (G.14)

Based on the chiral quark soliton model [16], the helicity-flip density eq is taken as a sum of

valence and sea quarks contributions with the sea part narrowly peaked around x = 0:

eq(x) = Aqqv(x) +Bqδ(x) . (G.15)

The coefficients Aq and Bq are constrained by the total angular momentum sum rule and the

normalization condition

Aq =
2 Jq − Mq

Mqv

, (G.16)

Bu = 2

[
1

2
κu − 2Ju −Mu

Muv

]
, (G.17)

Bd = κd −
2Jd −Md

Mdv

. (G.18)

In the given framework, the total angular momenta carried by u- and d-quarks, Ju and Jd,

enter directly as free parameters in the parameterization of the helicity-flip GPDs Eq(x, ξ, t)

which is exploited to probe the sensitivity of transverse target-spin asymmtery on Ju and Jd.
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G.2 Parameterizations used by Ellinghaus, Nowak, Vinnikov,

Ye

G.2.1 The helicity non-flip GPD Hg

In the factorized ansatz, for the helicity non-flip gluon GPD Hg

Hg(x, ξ, t) =
1 − (1 + κp)t/4M

2
p

1 − t/4M2
p

Hg(x, ξ)

(1 − t/0.71)2
, (G.19)

the t-independent part Hg(x, ξ)) is directly given by the double distribution,

Hg(x, ξ) = Hg
DD(x, ξ) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − αξ) βF g(β, α) (G.20)

with the same form of the profile function h(β, α) as in equation (G.5)

Fg(β, α) = h(β, α)g(β) . (G.21)

In the Regge ansatz, the t-dependence of the double distributions is modeled as:

F g(β, α, t) = F g(β, α)
1

|β|α′t
, (G.22)

with the slope of the Regge trajectory α′ = 0.25 GeV−2.
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G.3 Parameterizations used by Goloskokov, Kroll

G.3.1 The helicity non-flip GPDs Hq and Hg

The GPDs H i(x, ξ, t) for valence and sea quarks, as well as for gluons are related to the double

distributions F i(β, α, t) by the integral

H i(x, ξ, t) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(β + ξα− x)F i(β, α, t) i = qv, q̄, g . (G.23)

In this framework, the double distributions F i(β, α, t) are parameterized as:

F i(β, α, t′) = e(bi+α′

i ln(1/|β|))t′ hi(β)
Γ(2ni + 2)

22ni+1 Γ2(ni + 1)

[(1 − |β|)2 − α2]ni

(1 − |β|)2ni+1
, (G.24)

and are further decomposed into valence and sea contribution [36]:

F qv(β, α, t) =
[
F q(β, α, t) + F q(−β, α, t)

]
Θ(β) ,

F q̄(β, α, t) = F q(β, α, t) Θ(β) − F q(−β, α, t) Θ(−β) . (G.25)

The motivation for parameterizations of the double distributions given by equation (G.24) is

given below. At low x the PDFs behave as powers δi of x which are assumed to be generated

by Regge poles [121], identified with the usual Regge intercepts for valence and sea quarks,

δv = αi(0), and shifted by 1 for gluons1, δg = αg(0)− 1. In this framework, this behavior of the

PDFs is generalized, assuming the t dependence of the double distributions and hence of the

GPDs to be also controlled by Regge behavior. At small values of t, two linear Pomeron and

Regge trajectories, αi = αi(0) + α′
it, are considered. While the Pomeron trajectory is used for

gluons and sea quarks, the Regge trajectory corresponds to the valence quarks and represents

the family of the leading Regge poles that couple to the valence quarks of the proton (ρ, ω, a2

and f2). The trajectories are accompanied by Regge residues assuming to have an exponential

t dependence with slop parameters bi. So the t dependence of the double distribution is given

by the form ebit |β|−α′

i t.

In the forward limit the of double distributions are reduced to the usual PDFs:

hqv
(β) = qv(β) Θ(β) nval = 1 ,

hq̄(β) = q̄(|β|) sign(β) nsea = 2 ,

hg(β) = |β|g(|β|) ng = 2 .

1The power δg is shift by -1 since in gluon GPDs reduces to xg(x) in the forward limit.
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At low β, the expansion of the PDFs in powers of δi reads:

hi(β) = β−δi (1 − β) 2ni+1

3∑

j=0

cij β
j/2 , (G.26)

which results in a corresponding expansion of the GPDs

Hi(x, ξ, t) = ebit
3∑

j=0

cij Hij(x, ξ, t) . (G.27)

The power δg has been extracted [122] from the data on the electroproduction cross section

of Zeus and H1 experiments [51, 123, 124]. This result suggests δsea = δg + 1 for the sea quarks.

For the slope of the gluon trajectory the value α′
g = 0.15 GeV−2 is used and assumed to be

αsea(t) = αg(t). A standard trajectory is adopted for the valence quarks: αval(t) = 0.48 + 0.9t.

Keeping these results on δi fixed, the coefficients cij are fitted to the CTEQ6M gluon and quark

PDF [113] in the range 4 < Q2 < 40 GeV2 and 10−4 < β < 0.5. The resulted parameters are

listed in [19].

The parameter of the gluon residue is fixed from a fit against the HERA data for ρ [51] and

φ production [124]:

bg = bsea = 2.58 GeV−2 + 0.25 GeV−2 ln
m2

Q2 +m2
, (G.28)

The parameter of the valence quark residue is taken to be zero. This is in accordance with the

findings of the nucleon form factor analysis proposed in [114].

G.3.2 The helicity-flip GPD Eq

The construction of the GPD Eq through double distributions is analogous to that of H q, with

the only difference that the forward limit e(x) = E(x, 0, 0) (which is inaccessible in DIS) has

been determined phenomenologically [114]. The parameters of euv
and edv

expanded according

to

ei(β) = β−δ̃i (1 − β) 2ni+1
3∑

j=0

c̃ij β
j , (G.29)

are taken from [114].
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G.4 Parameterizations used by Diehl, Kugler

G.4.1 The helicity non-flip GPDs Hq and Hg

The GPDs Hq(+)(x, ξ, t) = Hq(x, ξ, t)−Hq(−x, ξ, t) and Hg are parameterized using the Regge

ansatz based on double distributions [16], where the ξ dependence is generated according to

Hq(+)(x, ξ, t) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − ξα) h(2)(β, α)Hq(+)(β, 0, t) ,

Hg(x, ξ, t) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − ξα) h(2)(β, α)Hg(β, 0, t) (G.30)

with

h(b)(β, α) =
Γ(2b+ 2)

22b+1Γ2(b + 1)

[(1 − |β|)2 − α2]b

(1 − |β|)2b+1
. (G.31)

The distributions at zero skewness (ξ = 0) are taken as

Hq(+)(x, 0, t) = qv(x) e
tfqv (x) + 2 q̄(x)etfq̄(x) ,

Hg(x, 0, t) = xg(x) etfg(x) , (G.32)

where the qv(x) = q(x)− q̄(x), q̄(x) and g(x) are the usual PDFs for valence quarks, antiquarks

and gluons, respectively, for which the CTEQ6M parameterization [113] has been used. The t

dependence of the double distributions is modeled as an exponential behavior in t with an x

dependent slope [16]:

fqv
(x) = α′

v(1 − x)3 ln
1

x
+Bqv

(1 − x)3 + Aqv
x(1 − x)2 (G.33)

for valence quarks, with parameters α′
v = 0.9 GeV−2.

Since the first Mellin x-moments of GPDs Hq(x, 0, t) are related to the electromagnetic

Dirac form factors of proton and neutron by appropriate quark flavor combinations,

F q
1 (t)

1∫

−1

dxHq(x, 0, t) =

1∫

0

dx qv(x) e
tfqv (x) . (G.34)

the parameters Auv
= 1.26 GeV−2, Adv

= 3.82 GeV−2, Buv
= 0.59 GeV−2 and Bdv

=

0.32 GeV−2 are obtained from the fits of Hq
v(x, 0, t) to the form factor data treating those

parameters as free [114].
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For gluons the t dependence of the double distributions is modeled as

fg(x) = α′
g(1 − x)2 ln

1

x
+Bg(1 − x)2 , (G.35)

with α′
g = 0.164 GeV−2 and Bg = 1.2 GeV−2 matching the recent H1 data [125] on J/Ψ

photoproduction.

For antiquarks, as an simple ansatz, their slope functions fq̄v
are taken equal to those of the

valence quarks,

fū = fuv
, fd̄ = fdv

, fs̄ = fdv
, (G.36)

since nothing is so far known about their t dependences.

G.4.2 The helicity-flip GPDs Eq and Eg

Similar to the equation (G.30), the Regge ansatz based on the double distributions have been

used to parameterize the nucleon helicity-flip distributions Eq,g:

Eq(+)(x, ξ, t) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − ξα) h(2)(β, α)Eq(+)(β, 0, t) ,

Eg(x, ξ, t) =

1∫

−1

dβ

1−|β|∫

−1+|β|

dα δ(x− β − ξα) h(2)(β, α)Eg(β, 0, t) (G.37)

with the double distributions at ξ = 0

Eq(+)(x, 0, t) = eqv
(x) etgqv (x) + 2eq̄(x) e

tgq̄(x) ,

Eg(x, 0, t) = xeg(x) e
tgg(x) . (G.38)

The forward limit of the valence distribution

eqv
(x) = κq N(αv, βqv

) x−αv (1 − x)βqv , (G.39)

with the parameters αv = 0.55 and the normalization factor

N(α, β) =
Γ(2 − α + β)

Γ(1 − α) Γ(1 + β)
(G.40)

is completely unknown. Only the absolute normalization is under the control (see equa-

tion (G.11)). The slope functions controlling the t dependence are taken with the same form
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as for the GPDs Hq
v :

gqv
(x) = α′

v(1 − x)3 ln
1

x
+Dqv

(1 − x)3 + Cqv
x(1 − x)2 , (G.41)

where α′
v = 0.9 GeV−2 is taken the same as for the GPD Hq

v . This is motivated by the fact

that at very small x the Regge exchanges contributing to H q
v or to Eq

v are the same, and

only their coupling strengths are different. The parameters βu = 3.99, βd = βu + 1.60 = 5.59,

Cuv
= 1.22 GeV−2, Cdv

= 2.59 GeV−2, Duv
= 0.38 GeV−2 and Ddv

= −0.75 GeV−2 are obtained

from the fits to the electromagnetic Pauli form factor data of proton and neutron [114].

For antiquarks and gluons the same simple ansatz are used for the forward limit of the

distributions as in equation (G.39),

eq̄(x) = kq̄ x
−αq̄ (1 − x)βq̄ , eg(x) = kg x

−αg (1 − x)βg , (G.42)

and for the t dependence in the gluon sector we set

gg(x) = α′
g(1 − x)2 ln

1

x
+Dg(1 − x)2 . (G.43)

There is no information on these distributions, but two theoretical constraints that ensure

positive semidefinite densities of partons in the transverse plane [126], which read in the current

ansatz as: GPDs reads [114]

[
eq̄(x)

q̄(x)

]2

≤ 8em2
p

[
gq̄(x)

fq̄(x)

]3 [
fq̄(x) − gq̄(x)

]
,

[
eg(x)

g(x)

]2

≤ 8em2
p

[
gg(x)

fg(x)

]3 [
fg(x) − gg(x)

]

(G.44)

The positivity condition given by equation (G.44) can be fulfilled if Dg is slightly smaller than

its counterpart Bg for Hg, Dg = 1.08 GeV−2 and α′
g as in (??), α′

g = 0.164 GeV−2.

Assuming a similar small-x behavior of the proton helicity-flip and non-flip distributions, the

values αq̄ = 1.25 and αg = 1.10 are taken in (??), which are obtained by fitting the CTEQ6M

distributions to a power law in the x range from 10−4 to 10−3.
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