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Abstract

The Trigger Control System of the COMPASS experiment at
the CERN SPS distributes the first level trigger together with
a unique event identifier and a very precise reference clock,
that synchronizes the readout electronics, over a passive op-
tical fiber network to 152 front-end modules. All signals are
transmitted over a single optical fiber. The system in addition
generates the readout dead-time and provides advanced man-
agement functions.
The second part presents an analysis of the transverse polar-
ization of Λ and Ξ hyperons in quasi-real photo-production
based on COMPASS data. Averaged over the whole kinemat-
ical range the Λ shows a significantly positive polarization of
+3.38 ± 0.32(stat.) ± 0.13(sys.) %. The Λ exhibits a slightly
negative polarization of −1.51 ± 0.39(stat.) ± 0.10(sys.) %.
Both polarizations are studied in dependence on the kinemati-
cal variables xF, pT, y, and Q2. Ξ− and Ξ

+ are within the errors
unpolarized.



Kurzfassung

Das Trigger Control System für das COMPASS Experiment am
CERN SPS verteilt das Triggersignal zusammen mit einer ein-
deutigen Ereigniskennung und einem hochpräzisen Taktsig-
nal zur Synchronisation der Ausleseelektronik über ein pas-
sives optisches Netzwerk zu 152 Auslesemodulen. Alle Sig-
nale werden dabei über eine einzige optische Faser übertra-
gen. Das System generiert außerdem die Auslesetotzeit und
verfügt über erweiterte Managementfunktionen.
Der zweite Teil präsentiert eine Analyse der COMPASS Daten
zur Messung der transversalen Polarisation von Λ und Ξ Hy-
peronen in quasi-reeller Photoproduktion. Über die gesamte
Kinematik gemittelt zeigt das Λ eine signifikant positive Po-
larisation von +3.38 ± 0.32(stat.) ± 0.13(sys.) %, das Λ mit
−1.51 ± 0.39(stat.) ± 0.10(sys.) % eine leicht negative. Beide
Polarisationen werden in Abhängigkeit von den kinematis-
chen Variablen xF, pT, y und Q2 untersucht. Ξ− und Ξ

+ sind
im Rahmen der Messungenauigkeit unpolarisiert.
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Chapter 1

Introduction

In our current understanding of nature we think, that on the microscopic level matter
is composed out of two types of particles: leptons and quarks. These particles interact
with each other via the exchange of different kinds of bosons, that belong either to the
electro-weak or to the strong interaction. This so-called standard model describes the
subnuclear phenomena with amazing precision. Nevertheless many questions are not or
only insufficiently answered.

One of these still not fully understood fields is the structure of hadronic matter. The
theory of strong interaction, which describes the interaction of quarks via the exchange
of gluons, in its current form cannot be applied to the low energy, so-called non-
perturbative, region, which includes bound hadronic states. From experiment it is known
that free quarks cannot exist; up to now only systems consisting of a quark and an anti-
quark (qq mesons) or of three quarks (qqq baryons) were observed. This is referred to as
confinement and the details of this mechanism are a field of current research.

Another open question is the role of the spin in high energy reactions. Contrary to the
naïve expectation experiments showed that the dynamics of high energy interactions de-
pends significantly on the spin degrees of freedom. This is a very active field of research
and at almost all accelerators spin experiments are performed or planned. Beside the
measurement of the nucleon spin structure also data on polarization effects in hyperon
production are of great interest.

COMPASS is a modern high-luminosity fixed target experiment to investigate the hadron
structure at different scales using various beams and targets. Chapter 2 introduces the
setup and also dwells on some items of the broad physics program, which covers all of
the aforementioned issues.

COMPASS measures cross section asymmetries with high precision and plans to search
for rare processes which demands high interaction rates. The resulting high particle
rates required not only the development of novel detector technologies but also major
advancements in the readout and the recording of the detector data. Therefore the COM-
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1 INTRODUCTION

PASS data acquisition system employs LHC type technologies to allow high trigger and
data rates at minimum dead-time.

The thesis consists basically of two parts: The first part describes the Trigger Control
System (TCS) of the COMPASS experiment, which is an essential hardware component
that connects the trigger system with the data acquisition system. The TCS distributes
the trigger decision and synchronizes the readout electronics of the various detectors in
the experiment. Chapter 3 introduces the data acquisition system thereby following the
data flow from the front-end electronics at the detectors via the readout computers to
the tape storage in the computing center. Chapter 4 explains which trigger conditions
are applied and how the trigger decision is generated from hodoscope and calorimeter
signals. Finally chapter 5 describes the Trigger Control System starting with a system
overview and then detailing the hardware and software components.

The second part presents the analysis of the transverse polarization of inclusively pro-
duced Λ and Ξ hyperons that is based on the COMPASS muon beam data of the years
2002, 2003, and 2004. After an experimental and theoretical overview in chapter 6 chap-
ter 7 describes the event selection criteria that were applied to the data sample and ex-
plains the method utilized to extract the hyperon polarization. Chapter 8 finally presents
the results of the analysis.
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Chapter 2

COMPASS Experiment

The Common Muon and Proton Apparatus for Structure and Spectroscopy (COM-
PASS) [COM96] is a multi-purpose state-of-the-art fixed target spectrometer at the
CERN1 SPS2. COMPASS has a multifaceted physics program that utilizes muon as well
hadron (π, p, and K) beams with high intensity on nuclear targets. The name of the
experiment reflects that it is actually a merger of two originally independent projects –
the Hadron Muon Collaboration (HMC) and the CHarm Experiment with Omni-Purpose
Spectrometer (CHEOPS).

The proposed HMC project [HMC95] was standing in the tradition of a series of success-
ful muon-scattering fixed target experiments at CERN. The EMC, NMC, and SMC (Euro-
pean, New, and Spin Muon Collaboration) experiments made important contributions to
the measurement of the spin structure of the nucleon. The muon program of COMPASS
will continue these efforts by studying the scattering of polarized muons off polarized
nucleons.

The COMPASS hadron program is rooted in the CHEOPS proposal [CHE95] and covers
the search for exotics, the study of the hadron structure and the spectroscopy of charmed
baryons.

After a commissioning run in 2001 COMPASS took first physics data in 2002. Apart
from a hadron beam pilot run end of 2004 all physics data up to now were taken with a
polarized muon beam.

Section 2.1 first gives a brief introduction into the COMPASS physics thereby focusing
mainly on the muon program. Afterwards section 2.2 introduces the beam, the spec-
trometer, and the polarized target.

1European Laboratory for Particle Physics, Geneva, Switzerland
2Super Proton Synchrotron (SPS)
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2 COMPASS EXPERIMENT

2.1 Physics Program – A Brief Overview

2.1.1 Muon Program

In the Quark-Parton Model (QPM) the nucleon consists of point-like spin-1/2 particles
that interact strongly via the exchange of gluons. The quantum numbers of the nucleon
are determined by three so-called valence quarks that are embedded in a sea of quark-
antiquark fluctuations. QCD calculations of Ellis and Jaffe [Ell74] showed that in the
QPM 60 % of the nucleon spin is due to the valence quarks. However, in the late 80’s the
EMC experiment [EMC89] discovered that in reality only a small fraction of the nucleon
spin originates from the quarks, which gave rise to the so-called spin crisis. The result was
confirmed by other experiments and today we know that the contribution of the quark
spins is about 25 %.

The main goal of the COMPASS muon program is to improve the understanding of the
decomposition of the nucleon spin in terms of contributions of its constituents. The fol-
lowing subsections will outline some of the measurements that are currently performed
or that are planned for the future. Further information can be found in the COMPASS
proposal [COM96] and the references therein.

2.1.1.1 Spin Dependent Deeply Inelastic Scattering

In COMPASS a longitudinally polarized muon beam (see subsection 2.2.1) impinges on
a fixed nuclear target (see subsection 2.2.3) that can be polarized either in longitudinal
(parallel to the beam) or in transverse direction (perpendicular to the beam). The simplest
process that can be measured is the inclusive muon scattering ~µ ~N −→ µ′ X which is
depicted in the Born approximation in fig. 2.1. The kinematics of this reaction is usually
described using the dimensionless Lorentz-scalars

(2.1) xBj ≡
Q2

2P · q
Lab=

Q2

2MN ν
and y ≡ P · q

P · k
Lab=

ν

E

where Q2 ≡ −q2 = −(k − k′)2 is the negative four-momentum squared of the virtual
photon and ν ≡ E− E′ its energy. E and E′ are the energies of the incoming and outgoing
lepton, MN is the nucleon mass.

The so-called Bjorken scaling variable xBj is related to the invariant mass W of the
hadronic final state X by

(2.2) W2 = (P + q)2 =
1− xBj

xBj
Q2 + M2

N

Conservation of energy (E ≥ E′) and baryon number (W ≥ MN) demand that both y,
which is the relative energy transfer of the photon in the laboratory frame, and xBj lie be-
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Physics Program – A Brief Overview

(P, S)

(k, s) (k′, s′)

q = k − k′γ
∗

N

ℓ

X

ℓ
′

Figure 2.1: Inclusive scattering of a lepton ` with spin s and four-momentum k = (E,~k) off
a target nucleon N with spin S and four-momentum P = (MN ,~0) into an outgoing lepton `′

and an unobserved hadronic final state X via the exchange of a virtual photon with four-
momentum q (Born approximation).

tween 0 and 1. According to eq. (2.2) xBj is a measure for the (in)elasticity of the scattering
process, where xBj = 1 corresponds to the elastic case.

In semi-inclusive scattering, where one or more additional hadrons hi are detected in the
final state, another dimensionless Lorentz-scalar zhi is defined

(2.3) zhi ≡
P · phi

P · q
Lab=

Ehi

ν

where phi and Ehi are the four-momentum and the energy of the respective outgoing
hadron. Also zhi is restricted to values between 0 and 1 and corresponds in the laboratory
frame to the fractional energy that the hadron carries with respect to the virtual photon.

The muon scattering cross sections can be calculated in the kinematical domain of
the so-called Deeply Inelastic Scattering (DIS), where the limit Q2 → ∞ is taken at
fixed xBj. This is done in order to avoid the nucleon resonances, that lie in the region
W . 2.5 GeV/c2. Since

(2.4) xBj =
1

1 +
W2 −M2

N
Q2

in the DIS limit any hadronic state with fixed mass W is shifted to xBj = 1 and can there-
fore be disregarded. In addition at large Q2 the nucleon is probed with a high resolving
power, since the wavelength h̄/

√
Q2 is short. Q2 also defines a hard scale, at which the

coupling constant αs of the strong interaction becomes small, so that it is possible to ap-
ply perturbative QCD (pQCD), that is to make a power expansion in αS. Moreover the
QCD terms can be sorted according to their powers in 1/Q2 – the so-called twist expan-
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2 COMPASS EXPERIMENT

sion.

In the quark-parton model xBj can be interpreted as the momentum fraction that the
quark carries, if the nucleon is viewed in the so-called Infinite Momentum Frame (IMF),
in which it is moving fast, so that the transverse motion of the quarks can be ne-
glected. In leading order of αs and leading twist three distribution functions q(xBj),
∆q(xBj), and δq(xBj) are needed to describe the spin structure of the nucleon: The mo-
mentum distribution q(xBj) represents the probability to find a quark with flavor q and
momentum fraction xBj in the nucleon. The helicity or polarized quark distribution

∆q(xBj) = q
→⇒(xBj)− q

←⇒(xBj) is the difference of the probability densities to find a quark
with flavor q, momentum fraction xBj and spin parallel and anti-parallel to that of the
nucleon, which is polarized longitudinally with respect to the virtual photon direction.
Similarly δq(xBj) = q↑⇑(xBj)− q↓⇑(xBj) is the transverse quark spin distribution in a trans-
versely polarized nucleon. All three distributions are of equal importance and are related
to the unpolarized structure function f1(xBj), the polarized one g1(xBj), and the transver-
sity h1(xBj), that parameterize the hadronic tensor in the DIS cross section.

f1(xBj) =
1
2 ∑

q
e2

q q(xBj), g1(xBj) =
1
2 ∑

q
e2

q ∆q(xBj),

and h1(xBj) =
1
2 ∑

q
e2

q δq(xBj)
(2.5)

where the sum goes over all quark and antiquark flavors.

The structure functions f1 and g1 are related to the measurable parallel and transverse
lepton cross section asymmetries A‖ and A⊥:

A‖ =
dσ
←⇒ −dσ

←⇐

dσ
←⇒ + dσ

←⇐
=

1
PB · PN · f

N
←⇒ − N

←⇐

N
←⇒ + N

←⇐
=

1
PB · PN · f

Ameas
‖(2.6)

A⊥ =
dσ←⇓ −dσ←⇑

dσ←⇓ + dσ←⇑
=

1
PB · PN · f

N←⇓ − N←⇑

N←⇓ + N←⇑
=

1
PB · PN · f

Ameas
⊥(2.7)

where ←→ indicates the longitudinal spin direction of the beam lepton and ⇐⇒ that of the
target nucleon. ⇑ and ⇓ represent the two directions of the transverse spin of the target
nucleon. dσ stands for the differential cross section of the respective inclusive reaction.
In the experiment the cross section asymmetries A‖ and A⊥ are determined from the
particle number asymmetries Ameas

‖ and Ameas
⊥ , which are reduced by the muon beam

polarization PB ≈ 0.75, the target polarization PN ≈ 0.5, and the fraction of polarized
material in the target f ≈ 0.4. An up-to-date review of the theoretical and experimental
status in deeply inelastic scattering is given by Filippone and Ji in [Fil01].

6



Physics Program – A Brief Overview

2.1.1.2 Gluon Polarization

As already mentioned above, experiments showed that the polarization ∆Σ of all quarks
and antiquarks inside the nucleon is only a small fraction of the nucleon spin. Possible
other contributions could arise from the gluon helicity ∆G and the angular momenta of
quarks and gluons, Lq and LG:

(2.8)
1
2

=
1
2

∆Σ + Lq + ∆G + LG where ∆Σ = ∑
q

1∫
0

dxBj ∆q(xBj)

All terms in the above sum have a clear physical interpretation, but apart from the quark
spin they are gauge and frame dependent.

One of the primary goals of COMPASS is the measurement of the contribution ∆G of
the gluon spin to the nucleon helicity. In muon scattering the virtual photon cannot
interact directly with the gluons in the target nucleon. This requires at least a second
order process where the γ∗ couples to the gluon via an intermediate quark line. The
so-called Photon-Gluon Fusion (PGF) process γ∗ G −→ q q is depicted in fig. 2.2. From
the PGF process the gluon polarization ∆G/G can be extracted by measuring the cross
section helicity asymmetry

(2.9) APGF
‖ =

dσ
←⇒
PGF−dσ

←⇐
PGF

dσ
←⇒
PGF + dσ

←⇐
PGF

=
d∆σ

‖
PGF

dσPGF

γ
∗

G

N

ℓ

X

q

q

ℓ
′

Figure 2.2: The photon-gluon fusion diagram.

In the experiment the PGF reactions have to be selected via the final state, that is one has
to perform a semi-inclusive measurement. The “golden channel” is the production of
open charm [Glü88], where a cc pair is produced and one of the charm quark fragments

7



2 COMPASS EXPERIMENT

into a D0 or D∗+ meson or the respective anti-meson, which finally is detected in the exper-
iment. The mesons are reconstructed via their invariant mass in the decays D0 −→ K− π+

and D∗+ −→ D0 π+
soft plus the respective charge-conjugated decays. Since in leading or-

der heavy quarks are produced predominantly via PGF and contributions from the sea
quarks or from the fragmentation of light quarks are small, open charm allows a nearly
background-free measurement of the gluon polarization via the cross section asymme-
try of cc production for target polarization parallel and anti-parallel to that of the muon
beam

(2.10) Aγ∗ N→cc
‖ =

d∆σ
γ* N→cc
‖

dσγ* N→cc
=

∫ 2MN ν
4m2

c
dŝ ∆σ

γ∗ N→cc
‖ (ŝ) ∆G(xG, ŝ)∫ 2MN ν

4m2
c

dŝ σγ∗ N→cc(ŝ) G(xG, ŝ)
≈ âγ∗ N→cc

‖
∆G
G

where ŝ is the squared invariant mass of the cc pair and xG = ŝ/(2MN ν) the momen-
tum fraction carried by the gluon in the limit of quasi-real virtual photons with small Q2.
Q2 is not required to be large, because the hard scale is set by the charm mass, so that
the asymmetry can be factorized into the hard asymmetry âγ∗ N→cc

‖ and the soft asymme-
try ∆G/G. This in addition allows to calculate the polarized photon-gluon cross section
∆σ

γ∗ N→cc
‖ in pQCD, so that ∆G/G can be extracted directly and without model depen-

dence. The disadvantage of this channel is that open charm has a small cross section and
is in addition experimentally difficult to detect.

Another possibility of tagging PGF events are hadron pairs from the current fragmenta-
tion region with large transverse momenta pT with respect to the virtual photon [Bra98c].
Here the cross section is much larger and the hard scale is defined by pT. On the other
hand the measured cross section asymmetry of high-pT pair production

(2.11) Aγ∗ N→h+ h− X
‖ = RPGF âPGF

‖
∆G
G

+ ABG
‖

includes non-negligible background contributions ABG
‖ from non-PGF processes. The

dominant background contributions come from leading order DIS, where the D0 meson
is produced in the fragmentation of the scattered quark, furthermore from QCD Comp-
ton, in which a gluon and a quark jet are produced, and from resolved photons, where
the quark substructure of the photon enters into the process. Since the background con-
tamination ABG

‖ and the fraction of PGF events RPGF cannot be measured independently
of the gluon polarization, they have to be calculated in Monte-Carlo simulations. Conse-
quently the results for ∆G/G are model-dependent. A first analysis based on the 2002
and 2003 data gives a gluon polarization of ∆G/G = 2.4 ± 8.9(stat.) ± 5.7(sys.) % at
〈xG〉 = 0.095 [COM05a]. According to model calculations the result favors low gluon
polarization.

2.1.1.3 Transversity

The transversity distribution is the last missing fundamental piece of the polarized nu-
cleon structure. Although the transverse spin structure function h1 is of leading twist, it

8



Physics Program – A Brief Overview

cannot be accessed in DIS, because it is a chiral odd object. h1 involves helicity flips of
the quarks which are suppressed, since chirality is conserved in hard interactions. In po-
larized Semi-Inclusive DIS (SIDIS) with transversely polarized target h1 can be combined
with an also chiral odd fragmentation function. In this case the transversity shows up
in the azimuthal distribution of single hadrons and of the plane containing hadron pairs
as well as in the transverse polarization of spin-1/2 baryons, e.g. Λ hyperons (see sub-
section 2.1.1.4). An in-depth review of the present knowledge concerning transversity is
given by Barone, Drago, and Ratcliffe in [Bar02].

In inclusive single hadron production µ← N⇑ −→ µ′ h X with transversely polarized tar-
get two entirely different mechanisms, the Collins and the Sivers effect, give rise to single-
spin azimuthal asymmetries. The Collins effect predicts an azimuthal asymmetry in the
fragmentation q↑ −→ h X of a transversely polarized quark into a spinless hadron with
finite transverse momentum ~pT with respect to the quark direction. Since the polariza-
tion of the struck quark correlates with the transverse momentum, the quark prefers to
fragment in a certain direction.

The fragmentation of a quark q with momentum ~pq and transverse polarization ~Pq, where
~pq · ~Pq = 0, into a hadron h with momentum ~ph, is described by the fragmentation func-
tion

(2.12) Dh/q(~pq, ~Pq; zh,~pT) = D̂h/q(zh, pT) +
1
2

∆Dh/q↑(zh, pT)
~Pq · (~pq × ~pT)∣∣~pq × ~pT

∣∣
where D̂h/q(zh, pT) is the unpolarized fragmentation function and ∆Dh/q↑(zh, pT) the
Collins function, that describes the spin dependent part of the hadronization [Ans00b].
Since in the quark-parton model zh is the fraction of the quark momentum carried by the
hadron, the hadron momentum is ~ph = zh ~pq + ~pT, where ~pq · ~pT = 0.

If the fragmentation process is invariant under parity, only the quark polarization compo-
nent perpendicular to the plane defined by ~pq and ~pT contributes to the spin dependent
part of Dh/q, so that in general

(2.13)
~Pq · (~pq × ~pT)∣∣~pq × ~pT

∣∣ = Pq sin(ϕh − ϕs′) = Pq sin ΦC

where ϕh,s′ are the azimuthal angles of the outgoing hadron and of the spin of the frag-
menting quark around the ~pq direction (see fig. 2.3). ΦC is the so-called Collins angle.
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Figure 2.3: Definition of Collins and Sivers angle. (from [COM05b])

With fragmentation function (2.12) it is possible to define a single quark spin asymmetry
for the process q↑ −→ h X

(2.14) Ah/q =
Dh/q(~Pq)− Dh/q(−~Pq)

Dh/q(~Pq) + Dh/q(−~Pq)
=

∆Dh/q↑(zh, pT)

2D̂h/q(zh, pT)
· sin ΦC

In leading order and neglecting the intrinsic motion of the quarks inside the target nu-
cleon, the photo-absorption process γ∗q −→ q′ can be described in the Breit-frame as a
head-on collision of photon and quark, where the struck quark bounces back and frag-
ments into a jet that contains the detected hadron. The polarization of the fragmenting
quark is determined by the initial quark polarization and the orientation of the lepton
scattering plane. Since the transversity describes the transverse quark polarization in a
transversely polarized target nucleon, it connects the single quark spin asymmetry Ah/q

with the single target spin asymmetry AC
h/N that is accessible in the experiment.

(2.15) AC
h/N =

dσµ N⇓→µ’ h X −dσµ N⇑→µ’ h X

dσµ N⇓→µ’ h X + dσµ N⇑→µ’ h X
= PN · f · DT · AC · sin ΦC

with DT =
2(1− y)

1 + (1− y)2 and AC =
∑q e2

q δq(xBj) ∆Dh/q↑(zh, pT)

2 ∑q e2
q q(xBj) D̂h/q(zh, pT)

where DT is the transverse spin transfer coefficient from the initial to the struck quark
and AC the Collins asymmetry. To enrich hadrons that originate from the struck quark
only the leading hadron is considered. From eq. (2.15) it is clear, that in SIDIS only the
product of transversity and Collins function, which are both unknown, can be accessed
directly.

The Sivers effect [Siv90] is caused by the intrinsic motion of the quarks inside the nu-
cleon. It predicts an azimuthal modulation of the intrinsic transverse momentum~k⊥ of
the unpolarized quarks in a transversely polarized nucleon. The transverse momentum
of the struck quark, which is correlated with the nucleon polarization through the Sivers
function, is inherited by the produced leading hadron. The Sivers function f⊥1T describes
the unpolarized quarks in a transversely polarized nucleon and requires quark orbital
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angular momentum. Since the photon scatters off unpolarized quarks, the orientation of
the lepton scattering plane is irrelevant and the fragmentation of the scattered quark is
described by the known unpolarized fragmentation function D̂h/q(zh, k⊥).

(2.16) AS
h/N =

dσµ N⇓→µ’ h X −dσµ N⇑→µ’ h X

dσµ N⇓→µ’ h X + dσµ N⇑→µ’ h X
= PN · f · AS · sin ΦS

with AS =
∑q e2

q f⊥q
1T (xBj, k⊥) D̂h/q(zh, k⊥)

∑q e2
q q(xBj, k⊥) D̂h/q(zh, k⊥)

where AS is the Sivers asymmetry and ΦS = ϕh − ϕs the azimuthal angle between the
outgoing hadron and the transverse target polarization (see fig. 2.3).
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Although they appear in the same process, it is possible to disentangle the Sivers and the
Collins effect. First results based on the 2002 data [COM05b] show, that both asymmetries
are small and within the errors compatible with zero, which is in good agreement with
existing phenomenological models.

2.1.1.4 Λ and Λ Polarization

COMPASS also studies the muo-production of polarized Λs and Λs. In the simplest pro-
cess µ N −→ µ′Λ⇑ X, the inclusive production of polarized Λ s by scattering of an un-
polarized beam off an unpolarized target, the polarization is related to properties of the
hadronization process and is still not fully understood. The measurement of the Λ po-
larization in this reaction is a main topic of this thesis and is described in detail from
chapter 6 on.

With the polarized beam and target of the COMPASS setup it is in addition possible to
study the dynamics of the spin transfer from partons to Λ hyperons. The longitudinal
spin transfer from the target to the outgoing Λ hyperon can be measured with longi-
tudinally polarized target in the semi-inclusive reaction µ→ N⇒ −→ µ′Λ⇒ X. In the
current fragmentation region of SIDIS the spin transfer is related to the fragmentation
functions D̂Λ/q and ∆DΛ/q, where in particular the latter is only poorly known. The
unpolarized fragmentation function D̂Λ/q(zh) describes the spin-independent fragmen-
tation of a quark with flavor q into a Λ hyperon with momentum fraction zh. The he-
licity transfer from the quark to the Λ is given by the polarized fragmentation function
∆DΛ/q(zh) = DΛ⇒/q→(zh)− DΛ⇐/q→(zh).

In leading order of pQCD and neglecting the intrinsic motion of the quarks inside the
target nucleon the longitudinal Λ polarization is given by

PΛ
L =

dσµ→ N⇒→µ’ Λ⇒ X −dσµ→ N⇒→µ’ Λ⇐ X

dσµ→ N⇒→µ’ Λ⇒ X + dσµ→ N⇒→µ’ Λ⇐ X

=
∑q e2

q
[
PB · DL(y) · q(xBj) + PN · f · ∆q(xBj)

]
∆DΛ/q(zh)

∑q e2
q
[
q(xBj) + PN · f · PB · DL(y) · ∆q(xBj)

]
D̂Λ/q(zh)

with DL(y) =
1− (1− y)2

1 + (1− y)2

(2.17)

where DL(y) is the amount of longitudinal polarization transferred from the incident
muon beam to the virtual photon [Ans00a].

Beside the measurement of the polarized fragmentation function one can combine the in-
formation about the Λ and the Λ to test the quark-antiquark symmetry of the strange sea
quarks in the nucleon, that is whether s(xBj) = s(xBj) and ∆s(xBj) = ∆s(xBj) [Ans01d].

The transverse polarization transfer can be studied in the semi-inclusive reaction
µ N⇑ −→ µ′Λ⇑ X with transversely polarized target. This gives information
about transversity and about the transversity fragmentation function ∆TDΛ/q(zh) =

12



Physics Program – A Brief Overview

DΛ⇑/q↑(zh) − DΛ⇓/q↑(zh), that is – like the Collins function (see previous subsection) –
a chiral odd object and defined analog to the longitudinal case [Ans02a].

PΛ
T =

dσµ N⇑→µ’ Λ⇑ X −dσµ N⇓→µ’ Λ⇑ X

dσµ N⇑→µ’ Λ⇑ X −dσµ N⇓→µ’ Λ⇑ X

= PN · f · DT(y)
∑q e2

q δq(xBj) ∆TDΛ/q(zh)

∑q e2
q q(xBj) D̂Λ/q(zh)

with DT(y) =
2(1− y)

1 + (1− y)2

(2.18)

Also here both functions, the transversity and the transversity fragmentation function,
are unknown, so that one can directly access only the product of the two. But compared
to the Collins function, the transversity fragmentation function does not depend on the
transverse momentum pT and might be easier to model. DT is the same spin transfer
coefficient as in the Collins asymmetry (2.15).

2.1.2 Hadron Program

The hadron program will probe the structure of hadrons at low and very low Q2 using
high intensity beams of pions, kaons, or protons. One of the first reactions that will be
studied is the Primakoff scattering, where a pion beam scatters in the Coulomb field of a
high Z nucleus thereby producing a real photon. From the interaction of the pion with
the electromagnetic field of the virtual photon one can extract the electric and magnetic
polarizabilities of the pion, which are related to the forces that keep the quark and the
antiquark together. COMPASS will significantly improve the existing data on the polar-
izability of the pion and moreover will be able to make a first measurement of the kaon
polarizability.

Another field is the spectroscopy of light mesons, where COMPASS wants to search for
exotic states, that is for states that do not (only) consist of quark and antiquark. These
states may arise from the excitation of gluonic degrees of freedom in bound quark sys-
tems, which are the so-called hybrids, or may consist of pure glue, the so-called glueballs.
Some models also predict the existence of multi-quark states. Exotic states can be identi-
fied unambiguously, if they have quantum numbers that cannot be realized by qq states.
The expected mass of these exotic states lies in the range between 1.0 and 2.2 GeV/c2,
which makes their observation challenging, because this mass region is already popu-
lated by many conventional meson states with different radial and angular excitations.
In order to extract the quantum numbers, in particular spin and parity, of the various
produced states from the data, the angular distributions of three- or more-body final
states are measured and are then subject to a Partial Wave Analysis (PWA). This analysis
technique decomposes the final state in terms of partial waves and allows to identify the
resonances and their quantum numbers, but requires data samples with large statistics.
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In a later stage COMPASS plans to search for doubly charmed baryons, which only re-
cently were observed by the SELEX experiment [SEL02]. Charm systems are interesting,
because of the heavy mass of the c quark, which lies between 1.15 and 1.35 GeV/c2. The
large charm mass introduces a hard scale, which allows to apply pQCD in the form of
the so-called Heavy Quark Effective Theory (HQET). Similar to the charmonium case,
the measurement of the mass spectrum of the doubly charmed baryons gives informa-
tion about the confining potential. Experimentally this is a very challenging project and
will require major upgrades of the apparatus.

2.2 Setup

COMPASS is a two-stage forward spectrometer with high momentum resolution and is
able to detect particles in a large angular and momentum range. The layout of the detec-
tors and the employed technologies are optimized for high particle rates, so that the spec-
trometer is capable of detecting the scattered muon in a large kinematical range down to
very small angles. This is necessary, because the virtual photon has to be reconstructed
also at low Q2, where the cross section for PGF events is enhanced. The semi-inclusive
measurements require in addition a large hadron acceptance and a good particle identi-
fication, which is performed by electromagnetic and hadronic calorimeters plus a Ring
Imaging CHerenkov (RICH) detector.

After a description of the COMPASS beam in subsection 2.2.1 subsection 2.2.2 introduces
the spectrometer layout with a short characterization of the various detector components.
Finally subsection 2.2.3 explains the polarized target.

2.2.1 Beam

The COMPASS physics program utilizes of a variety of beams on different target types.
All beams are created out of the primary 400 GeV/c proton beam delivered by the
CERN SPS with a rate of up to 1.2 · 1013 protons per cycle. The SPS accelerator cycle, also
called spill cycle, consists of injection, acceleration, and extraction and is in total 16.8 s
long. The duration of the beam extraction, the so-called on-spill time, is 4.8 s. By switch-
ing off the acceleration elements shortly before extraction, the protons are debunched, so
that their flux has a random and more or less uniform time distribution.

This analysis uses data obtained with a beam of longitudinally polarized positive muons.
To produce this tertiary beam, the SPS proton beam is directed onto the production tar-
get T6 [Ath80], which is situated at the beginning of the M2 beam line [Dob94] (see
fig. 2.4). Out of the created secondary particles, which are mainly pions and kaons, the
bending magnets B1 to B3 select positively charged particles at forward production an-
gles with a momentum in the range of ±10 % around 177 GeV/c.

This secondary beam enters the 600 m long decay line, where part of the π+ and K+ de-
cay weakly via π+, K+ → µ+ + νµ. In the rest frame of the spin-0 meson the spins of the
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Figure 2.4: Schematic side-view of the M2 beam line at the CERN SPS as used for the muon
program. The scrapers are special collimators made of magnetized iron that deflect low
momentum particles away from the beam (from [Hod02])

outgoing µ+ and νµ have to be aligned in opposite directions. The neutrino is always left-
handed and practically massless. Consequently it has negative helicity which means that
its spin is aligned oppositely to its momentum, so that the direction of the muon spin is
fixed. The longitudinal muon polarization depends on the angle between the muon mo-
mentum and the meson direction in the meson rest frame. By setting a lower limit for the
muon momentum one can thus choose the sign and magnitude of the beam polarization.
Beam flux and energy considerations lead to a selection of forward muons with a mo-
mentum of 160 GeV/c in the laboratory frame. The muons arrive at the experiment with
a longitudinal polarization of −75± 4 %, a value obtained from simulations which were
confirmed to be sufficiently precise by measurements of the SMC experiment [Ada00]
that used the same beam line.

At the end of the decay line a 9.9 m long beryllium absorber filters out the hadronic com-
ponents while minimizing the multiple coulomb scattering for the muons. The muon
momentum selection is performed by the bending magnets B4 and B5 that are part of the
double-bend structure which lifts the beam from the SPS underground level to that of the
experimental hall. At the end of the line the beam is focused onto the COMPASS target
by a quadrupole magnet.

The resulting 160 GeV/c polarized muon beam has an intensity of 2.8 · 108 µ+/spill
with a momentum spread of about 3 % r.m.s. The divergence of the beam is 0.7 mrad
in the horizontal and 0.9 mrad in the vertical plane leading to a beam spot size of
8.9 × 7.6 mm2 r.m.s. in the target. The large spot size is not only due to the tertiary
nature of the beam, but also because of the large penetration ability of the muons, which
hampers the beam collimation and which is also the reason for the pronounced muon
halo, which consists of muons that deviate from the nominal beam trajectory and pass
through elements of the beam optics.

By moving out the beryllium absorber and adjusting the currents of the bending magnets
the beam line can also bring the secondary hadron beam into the experimental area. A
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clean meson beam of 95 % π− and 4.5 % K− with intensities larger than 107 particles/spill
is obtained by selecting negatively charged particles in the first magnetic filter B1 to B3
thereby removing the beam protons. For the hadron pilot run in 2004 a meson beam with
190 GeV/c momentum was used.

By using a lead converter it is also possible to generate a low intensity tertiary electron
beam with a momentum of 30− 60 GeV/c for calibration purposes.

The momentum of the beam particles is measured by the so-called Beam Momentum
Station (BMS). This detector system consists of four planes of horizontal hodoscope slabs
with a height of 5 mm and two planes of horizontal scintillating fibers. The planes are
arranged around the bending magnet B6 60 to 140 m upstream of the target and allow to
track the beam particles in the vertical plane, so that for each projectile the momentum is
measured with a resolution of about 0.5 %.

2.2.2 Spectrometer

To provide both a large acceptance and a good momentum resolution, COMPASS was
designed as a two stage spectrometer in which the first stage measures the particles with
lower momentum and the second one the remaining high momentum particles. The two
stages have a similar layout: A dipole magnet, surrounded by tracking detectors, is used
for momentum measurement followed by electromagnetic and hadronic calorimeters,
which determine the energy of the particles, and at the downstream end of the stage a
muon identification and tracking system (see fig. 2.5). The absorbing detectors of the first
stage have a central hole that matches the acceptance of the second stage. The first part
of the spectrometer additionally is equipped with a ring imaging Cherenkov detector
for particle identification. As the RICH information is not used in this analysis (see also
subsection 7.2.1), the description of this detector is omitted here. Details may be found in
[Alb04].

2.2.2.1 Magnets

Two dipole magnets, SM1 and SM2, generate magnetic fields whose main component is
aligned vertically downwards, so that they deflect charged particles in the same direction
thereby enlarging the dispersion and thus the angular separation of particles with differ-
ent momenta. This property is used by the trigger system, which selects events based
mainly on geometrical criteria, one of them being the deflection of the scattered muon in
the magnetic fields (see section 4.2).

The magnet SM1 of the first spectrometer stage has a field integral along the beam axis
of 1 Tm and a large angular acceptance of ±180 mrad. Particles with a momentum of
& 0.4 GeV/c are able to pass through the magnet and can be detected by the tracking
devices on both sides of SM1. The poles of SM1 are slant towards the target to change
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the field shape such, that tracks from the target are perpendicular to the field lines. Be-
cause the gap of the magnet is rather large (width 152.5 cm, height 172 cm) compared to
its depth (110 cm), SM1 has a quite far reaching fringe field. The field of SM1 was mea-
sured using a Hall probe with a resolution of 4× 8× 8 cm3 and the result was stored in a
field map consisting of three-dimensional measurement points with the associated three-
dimensional field vectors, which is interpolated linearly to get the field at an arbitrary
position.

The dipole magnet SM2 of the second spectrometer stage has a bending power of 4.4 Tm
and an aperture of ±30 mrad, so that particles with a momentum of & 4 GeV/c can be
reconstructed. The field of SM2 is quite smooth, which allows for polynomial parameter-
ization.

There is an additional solenoid in the target of the spectrometer, which creates a field
of 2.5 T along the beam axis, that is needed to preserve the longitudinal polarization of
the target (see subsection 2.2.3). The fringe field of the solenoid interferes with that of
SM1, which complicates the track finding in the region between the target and SM1 (see
subsection 7.1.2). Because of the symmetry of the solenoid field, the field map stores only
the radial component and the one along the beam axis. For transverse target polarization
and to rotate the polarization of the target there is an additional dipole magnet with a
field of 0.5 T in vertical direction.

2.2.2.2 Tracking System

Like in any fixed target experiment the particle flux in COMPASS is highest at the beam
center and decreases going outwards. To cope with the high intensities near the beam
and to cover at the same time a large acceptance, the tracking system consists of several
specialized detector types with different rate capabilities and resolutions. The tracking
detectors are categorized into three classes: the Very Small Area Trackers (VSAT) with
active areas of 16 to 150 cm2, the Small Area Trackers (SAT) with 1000 to 1600 cm2 and the
Large Area Trackers (LAT) with 1.4 to 13.5 m2. The different detector types are combined
to staggered arrangements in which the central inactive areas of the larger detectors are
covered by smaller detectors with higher rate capability and better resolution. This way
the different detectors complement one another which also leads to a more homogeneous
angular and momentum resolution.

The beam tracking is done by VSAT detectors before the target: Two stations of scintil-
lating fiber detectors together with a silicon microstrip telescope provide the beam defi-
nition, where the fibers mainly contribute the timing and the silicons the precise spatial
information.

The silicon telescope [Ang05b] consists of three detector stations each made up of two
silicon wafers which have an active area of 5× 7 cm2 and a double sided readout, so that
each wafer measures two orthogonal projections. The two detectors of a station provide
projections with horizontal (0 ◦), vertical (90 ◦), 5 ◦, and 95 ◦ orientation. The fine strip
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pitch of the silicon wafers of only 50 µm results in a spatial resolution of better than 14 µm.
The time resolution is below 2 ns per projection.

The scintillating fibers [Bis02, Hor02, Web04] have a lower spatial resolution of 130 to
250 µm but provide a precise time tag for the event with a time resolution of 350 to 500 ps
per plane. Apart from the two fiber stations before the target another six stations with
different geometrical configuration measure the beam trajectories in the spectrometer.
Depending on their position the detectors use radiation hard scintillating fibers of dif-
ferent diameters ranging from 0.5 to 1 mm and have active areas between 4× 4 cm2 and
12 × 12 cm2, where the dimensions increase towards the downstream end of the spec-
trometer. The fibers have orientations in the horizontal, vertical, and +45◦ direction.

Further away from the beam trajectory the particle flux is lower, so that micropattern
gaseous detectors can be employed as SATs. In COMPASS two novel types of gaseous
detectors are used: the Micro Mesh Gaseous Structure (MicroMeGaS) and the Gas Elec-
tron Multiplier (GEM). Both combine a high rate tolerance with a good spatial resolution,
which makes them usable down to a distance of 2.5 cm away from the beam center.

The MicroMeGaS [Ber05a] are located between the target and the first spectrometer mag-
net SM1, a region with a large number of hadrons from the interactions in the target.
The three stations have in total 12 planes with projections in the vertical, horizontal, and
±45 ◦ direction. The active area is 40× 40 cm2 with a central dead zone of 5 cm diameter,
a spatial resolution of about 70 µm, and a time resolution of 9 ns.

The 22 GEM detectors [Ket02, Wei03] are distributed over both stages of the spectrometer
and are organized in 11 stations. The GEM detectors have a two-dimensional orthogonal
readout which not only provides two projections per detector, but in addition informa-
tion about the correlation of the two projections via the signal amplitudes, which can be
used to reduce ambiguities in the track reconstruction. A station consists of two detectors
that are rotated by 45 ◦ with respect to each other, providing one projection in horizon-
tal, vertical, and ±45 ◦ direction, respectively. The detectors have a spatial resolution of
approximately 50 µm, a time resolution of about 12 ns, and an active area of 32× 32 cm2

with an insensitive area of 5 cm diameter in the center. The GEMs cover the dead zones
of the large area trackers (MWPC, Straw, and DC; see below) to which they are directly
mounted. At the far downstream end of the spectrometer one GEM station improves the
tracking of muons with very small scattering angles that passed through the holes of the
MWPCs situated after the second muon filter µF2.

Upstream of SM1 the large area tracking is done by one station of Drift Cham-
bers (DC) [Per01]. The modules have a sensitive area of 1.2 × 1.2 m2 with an inactive
zone of 30 cm diameter. A station consists of eight layers providing two projections in
horizontal, vertical, and ±20 ◦ direction with a spatial resolution of about 200 µm.

Another two drift chamber stations are situated downstream of SM1 followed by a pair
of Straw drift tube stations with the RICH detector in-between. The Straw tube cham-
bers [Pla05, Ilg03] are the main large area trackers and provide the large acceptance and
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high resolution needed to track the slow hadrons in this region which are strongly de-
flected by SM1. The detector stations are organized in double-layer planes, in which the
second layer is shifted by one tube radius with respect to the first, which helps resolv-
ing left-right ambiguities. The active area is about 3.2× 2.6 m2 with a 20× 20 cm2 hole
in the center. The nine planes provide horizontal, vertical, and ±10 ◦ projections, which
have a spatial resolution of approximately 270 µm. Another pair of Straw stations with
six planes in total serves as LAT in the second spectrometer stage after SM2, where it
improves the reconstruction of muons, which are scattered at large angles.

Refurbished Multi-Wire Proportional Chambers (MWPC) [Bar98] from the CERN
OMEGA spectrometer with an active area of 1.7 × 1.2 m2 and a spatial resolution of
about 580 µm provide in total 34 planes which support the large area tracking in the
second part of the first spectrometer stage (three stations) as well as in the second stage
(eight stations). The wires have vertical, horizontal, and ±10 ◦ orientation. The diameter
of the central dead zone increases with the beam cross sectional area from 16 cm to 22 cm
for the more downstream chambers.

The last component of the large area tracker system are the six stations of drift chambers
which were formerly used by the EMC/SMC experiments [Bra76, Cer02]. With a drift
cell size of 4 cm they provide a spatial resolution of 2 mm over a large sensitive area of
5.2× 2.6 m2. The total 24 detector planes have wire orientations along the horizontal, the
vertical, and ±30 ◦ direction. To reduce the occupancy the insensitive area was enlarged
to diameters of 0.5 m and 1 m, respectively.

2.2.2.3 Calorimetry

After the tracking detectors the electromagnetic calorimeters (ECAL) measure the energy
of photons an electrons. Although it is intended to have ECALs in both stages of the
spectrometer, up to 2004 only the second stage was equipped. As of 2004 ECAL2 con-
sists of 3000 lead-glass blocks from the GAMS calorimeter3 [Bin86, Ald85] with a size of
3.8 × 3.8 × 45 cm3. It has an energy resolution of (5.5/

√
E[GeV] ⊕ 1.5) % and a spatial

resolution of (6/
√

E[GeV]⊕ 0.5) mm. The ECAL information is not used in this analysis.

The energy of hadrons is measured by hadronic calorimeters (HCAL) which are of the
sampling type with several alternating layers of iron and plastic scintillator. HCALs are
installed in both spectrometer stages. They are required to have a good energy resolution
and have to cope with counting rates of 105 to 106 s−1 per block. HCAL1 [Gav04] has an
active area of 4.2× 3.0 m2 with a central hole of 1.2× 0.6 m2 and is made of blocks with
a size of 15× 15× 100 cm3. The sensitive area of HCAL2 has a size of 4.4× 2.0 m2 and a
central opening of 0.4× 0.4 m2. It consists of cells with a dimension of 20× 20× 120 cm3.
The energy resolution is (60/

√
E[GeV] ⊕ 7.6) % for HCAL1 and (65/

√
E[GeV] ⊕ 5) %

for HCAL2. Due to the smaller block size, HCAL1 provides a better spatial resolution
between 4 and 14 mm.

3The GAMS project consisted of two hodoscope spectrometers, GAMS2000 at IHEP (Protvino) and
GAMS4000 at CERN.
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The HCAL’s short response time and good time resolution of the order of 1 ns allows
to use them in the trigger decision to enrich events with hadrons in the final state (see
section 4.3).

In addition to the energy measurement the calorimeters are part of the particle identifica-
tion. The HCALs are shielded by ECAL2 or a lead wall equivalent to 18 radiation lengths,
respectively, thus separating the electromagnetically and strongly interacting particles.

2.2.2.4 Muon Identification and Tracking

The precise identification and tracking of muons is essential for the trigger decision and
for the reconstruction of the primary interaction (see chapter 4 and subsection 7.1.2). To
this end two sets of muon tracking detectors are installed, both of them screened from
hadrons and electrons by calorimeters and passive absorbers, so-called muon filters.

The first muon filter µF1, a 60 cm thick iron layer, is located at the end of the first spec-
trometer stage in front of SM2 and is sandwiched between two muon detector modules
made of Iarocci type chambers [Iar83] operated in proportional mode with an active area
of 4.8 × 4.1 m2 and a large central hole of 1.4 × 0.9 m2. Each module has four double-
layers providing horizontal and vertical projections. Because of the multiple coulomb
scattering in the iron absorber, the tracking does not have to be very precise, so that the
spatial resolution of about 2.9 mm is sufficient.

The second muon filter µF2 is a 240 cm thick concrete absorber which is followed by two
Muon Wall stations constructed out of steel drift tubes [Ant90] with a diameter of 3 cm.
The chambers have a sensitive area of 4.4× 2.1 m2 with a dead region of 0.9× 0.7 m2 in
the center. A station is made of six double-layers with projections in horizontal, vertical,
and −15 ◦ direction.

The trigger hodoscopes at the end of the spectrometer (see chapter 4) are shielded by
the muon filters µF2’, an iron wall of 50 cm thickness, and µF3, a 160 cm long iron block,
where the latter absorbs the hadrons that passed through the beam opening of µF2 and
µF2’. Both µF2’ and µF3 are not illuminated by the beam in order to not contaminate
the trigger with secondaries from the interaction of the beam muons with the absorber
material.

2.2.3 Polarized Target

The muon program requires both a polarized beam and a polarized target. The data
used in this analysis were taken using solid 6LiD as target material. The smallness of
the nuclear magneton does not allow to polarize the nucleons directly by Zeeman split-
ting, because even for strong magnetic fields of several Tesla the interaction energy of the
hyperfine splitting is much lower than the thermal energy at temperatures realizable at
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moderate cost, which are in the order of some hundred mK. In COMPASS the target ma-
terial is polarized via Dynamic Nuclear Polarization (DNP) [Abr78] using two separate
microwave systems.

The simplest possible system that may be subject to dynamic nuclear polarization con-
sists of an electron spin ↑ and a proton spin ⇑. In a strong external magnetic field the
energy level of the electron is split into two pairs of levels (see fig. 2.6). The separation
of the two pairs is given by the Larmor frequency of the electron’s magnetic moment ωe

L,
which is nearly three orders of magnitude larger than the splitting of the two upper and
lower levels, that is determined by the Larmor frequency ω

p
L of the magnetic moment

of the proton. At temperatures below 1 K only the lower two states, in which the elec-
tron spin is aligned opposite to the external magnetic field, are populated. By irradiating
the material with resonant microwaves of the frequency ωe

L + ω
p
L

(
ωe

L −ω
p
L
)

transitions
|↓⇑〉 → |↑⇓〉 (|↓⇓〉 → |↑⇑〉) can be induced in which both spins are flipped. The electron
spin relaxes after a short period of the order of milliseconds, whereas the relaxation time
of the proton is about 106 times larger. This leads to an increased population of one of the
lower energy levels and thus to a negative (positive) polarization of the proton.
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Figure 2.6: Dynamic nuclear polarization in an electron-proton spin system: In a strong
external magnetic field B the energy level of the electron splits into four levels, which cor-
respond to the different possible spin alignments of the electron (↑) and the proton (⇑).
(from [Mal96])

The simplified scenario described above does not explain why the actually forbidden
double spin-flip transitions are feasible. The reason is, that due to a dipole-dipole inter-
action of the protons and the electrons, the so-called “solid effect”, the pure states are
mixed, so that each level contains contributions from both proton spin alignments.
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Until 2004 COMPASS used the target magnet system of the SMC experiment (see fig. 2.7).
The microwaves polarize paramagnetic centers4 in the target material, which transfer
their polarization with the help of the DNP mechanism to the polarizable nucleons. The
nucleons of the atoms around the paramagnetic centers are polarized by spin diffusion,
due to spin-spin interactions of the nuclei.

To build up and sustain the polarization, the target material is surrounded by a supercon-
ductive solenoid which creates a very homogeneous field of 2.5 T. Thermal relaxation is
avoided by cooling the 6LiD down to temperatures of 80 to 100 mK using a 3He−4He di-
lution refrigerator. At this low temperatures the target operates in the so-called frozen
spin mode with relaxation times larger than 1000 h. The polarization is measured by
means of Nuclear Magnetic Resonance (NMR) and it usually exceeds the design value
of 50 %.

The target is split up into two cylindrical cells each 60 cm long with a diameter of 3 cm
(see fig. 2.7). The cells are polarized in opposite directions, so that both relative align-
ments of target and beam polarization are measured at the same time. To neutralize the
effect of different acceptances of the up- and downstream target cells, the target polar-
ization is inverted every 8 h. Additional systematic influences of the solenoid field are
suppressed by reversing the orientation of the target cell polarization with respect to the
direction of the solenoid field in larger time intervals, which is done by exchanging the
microwave frequencies in the two cells. The data taking is organized in a way that all
possible combinations of polarization and field direction are of equal statistics.

In order to be able to invert the direction of the polarization an additional dipole magnet
with a maximum transverse field of 0.5 T in vertical direction is integrated into the target.
The fields of the solenoid and the dipole magnet are ramped in a coordinated way, so that
the total field vector is slowly rotated by 180 ◦ taking along the target spins. The dipole
magnet is also used to keep the target in transverse polarization, which is needed for
the transversity measurements (see subsection 2.1.1.3). Data taken with transverse target
polarization are not considered in this analysis.

In future measurements with NH3 as target material (proton target) are planned, which
in combination with the 6LiD data (deuteron target) will allow to extract information
about the neutron spin structure.

4Impurities with a single valence electron.
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Chapter 3

Data Acquisition System

The main challenge for the design of the COMPASS Data AcQusition (DAQ) was to build
a system, that reads out a large number of channels, distributed over the various detec-
tor systems of the approximately 50 m long spectrometer setup, at a maximum on-spill
trigger rate of 105 s−1 and with a dead-time as low as possible. To cope with the expected
high peak data rates of up to 4 GByte/s, the system has a pipelined architecture and the
signals are digitized and concentrated as close to the detectors as possible, which not
only simplifies the processing and transport of the detector data, but additionally lowers
the readout noise. Most of the data links utilize optical fibers, which provide high data
bandwidths, are insensitive to electromagnetic noise, and simplify the electrical ground-
ing of the apparatus. Moreover the system was demanded to be upgradable, so that it
can be adapted to the requirements of the different physics programs. This led to a mod-
ular system design, in which the modules, that are connected by a tree-like hierarchical
network, merge the digital data streams of the various equipments at different levels.

The COMPASS DAQ [Sch04] consists of several subcomponents (see fig. 3.1): The front-
end electronics (see section 3.1) processes and digitizes the analog detector signals. The
digital data are accumulated in concentrator modules (see section 3.2) and are sent via op-
tical fibers to ReadOut Buffer computers (ROB) (see section 3.3), where they are cached
in order to take advantage of the SPS spill cycle. The EVent Builder computers (EVB) (see
section 3.4) receive the data fragments of the various sub-detector systems, that belong
to the same trigger, from the readout computers and assemble them to event data blocks.
Before the events are transferred to the Central Data Recording (CDR), where they are
written to tape, they are preselected by the online filter (see section 3.5), a software run-
ning on the event builder PCs.

The high performance of the DAQ system is achieved by a cost-effective combina-
tion of custom made modules with standard off-the-shelf components. The custom
modules are based on reconfigurable logic devices, so-called Field Programmable Gate
Arrays (FPGA). FPGAs are multipurpose reconfigurable circuits that were introduced
in 1985 by Xilinx [Xil]. They consist of a regular array of configurable logic blocks, which
are interconnected by a routing network. The logic blocks are able to perform simple
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Figure 3.1: General structure of the COMPASS data acquisition system. The data flow from
the front-end electronics to the central data recording is indicated by the arrows. The given
numbers represent the setup as of 2004.
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Front-End Electronics

logical operations using look-up tables based on static RAM. Switching boxes determine,
how the routing network connects the different logic blocks. By configuring the look-up
tables and the switching boxes the FPGA can be adapted to perform specific algorithms.
The algorithms are usually formulated in a high level hardware description language
like VHDL1 and then translated by vendor specific logic synthesis tools into a firmware
file that is downloaded into the FPGA device. The complexity of the algorithm is only
constrained by the available hardware resources (number of logic blocks) and by the re-
quired speed.

3.1 Front-End Electronics

The detectors in COMPASS use different types of front-end electronics chosen according
to the special requirements of the particular detector type. The photon chambers of the
RICH detector are read by the GASSIPLEX chip, whose analog signals are digitized by the
BORA board. All gas drift type detectors and the scintillation detectors use the F1 TDC2

for measuring their signal times. The signals of the gas drift detectors are amplified,
shaped, and discriminated either by the MAD4 [Gon01], the ASD8 [New93], or by the
SFE16 chip [Del00], whereas the trigger hodoscopes use a custom made discrimination
logic (see section 4.5). The GEM and silicon microstrip detectors share a common readout
electronics based on the APV25 chip, which is read by an ADC3 card. The signals of the
calorimeters are digitized by classical fast integrating ADCs. In 2004 part of the ECAL2
was equipped with a newly developed sampling ADC readout.

With its 83,000 channels the RICH is the detector with the largest number of chan-
nels in COMPASS. It utilizes MWPCs with segmented CsI-coated cathodes to detect the
Cherenkov photons. The pads are read by the GASSIPLEX chip [San94], an analog signal
processor ASIC4 developed at CERN and especially modified for COMPASS. The chip
has 16 input channels of which each is equipped with an analog amplifier, a filter, and a
shaper with a peaking time of 1.2 µs. The 16 channels are multiplexed to an analog out-
put line which introduces some noise. To prevent that this multiplexer noise disturbs the
measurement, a minimum dead-time of 5 µs is required. The analog data are digitized
with a 10 bit dynamic range by the BORA boards [Bau03], which also perform a zero
suppression by threshold subtraction.

The F1 TDC [Fis00, Fis99] is a joint development of the University of Freiburg and the
company ACAM for COMPASS. The F1 is an ASIC manufactured in a 0.6 µm sea-of-
gates process with a pipelined architecture and a dead-time-free readout. The central

1The VHSIC Hardware Description Language (VHDL), where VHSIC is an acronym for Very-High-Speed
Integrated Circuit, is a strongly typed high level language comparable to C, but specialized in describing
concurrently interacting processes.

2A Time to Digital Converter (TDC) converts input pulses into a digital representation of their time in-
dices.

3An Analog to Digital Converter (ADC) converts continuous analog signals into a sequence of discrete
digital values that correspond to the signal amplitude.

4Application Specific Integrated Circuit (ASIC)
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part of the TDC is an asynchronous ring oscillator made of 19 identical delay elements
that are controlled by a PLL5, which stabilizes the individual gate propagation delays
and thus the oscillator frequency.

The F1 can be operated in three different modes: In the standard mode the chip offers
eight input channels with a digitization unit of about 120 ps at a dynamic range of 16 bit.
This mode is used for the 12,500 MicroMeGaS channels and the 22,100 channels of LAT
other than MWPC. The 25,600 MWPC channels require less precise time information and
therefore use the latch mode, which provides 32 input channels split into groups of four.
Each group is connected to an input register that stores the hits, which arrive within
a programmable time window, whose start is defined by the first arriving pulse in the
group of channels. At the end of the time window the F1 writes out the hit pattern in the
input register together with its time stamp, that has a precision of about 5 ns. For very
precise time measurements at high rates the F1 provides a third mode, that is used by
most of the 5600 scintillating fiber channels. In the high resolution mode the digitization
time is only 60 ps and the hit buffer depth is doubled. The number of input channels
on the other hand is reduced to four. The F1 is able to perform data sparsification by
writing out only those hits, that were found to be coincident with the trigger pulse within
a programmable time window.

The GEM and silicon tracking detectors use the APV256 [Fre01, Jon99] chip, a develop-
ment of the CCLRC7 for the silicon tracker of CMS8, which is a LHC experiment currently
under construction at CERN. The APV25 has 128 input channels, each of them equipped
with a shaping amplifier and a pipeline able to store the analog signals for up to 4 µs. A
multi-event buffer renders the readout dead-time free, but limits the average trigger rate
to 10 triggers in 200 µs9. At the output stage the 128 channels are multiplexed into one
analog output line, which makes the readout system for the in total 45,000 channels very
compact.

The analog signals from the APVs are digitized with a 10 bit dynamic range by
ADC cards, that also apply the channel calibration, the so-called pedestal subtraction,
and perform a zero suppression with common mode noise correction (see [Gru01a]). A
striking feature of the APV based readout is its ability to not only extract the amplitude
but also the timing of the signal by reading three consecutive samples at the rising edge
of the signal pulse. This way the very precise spatial information of the double sided
silicon microstrip detectors is complemented by a time information with a resolution of
better than 2 ns per projection [Ang05b].

5A Phase Locked Loop (PLL) is a closed-loop control system that maintains a fixed phase relationship
between a generated signal and a reference signal (see also section 5.2).

6The Analog Pipeline Voltage type (APV) chip is manufactured in a radiation hard 0.25 µm Complemen-
tary Metal-Oxide-Semiconductor (CMOS) process.

7Council for the Central Laboratory of the Research Councils (CCLRC), Great Britain
8Compact Muon Solenoid (CMS), see [CMS]
9This value may be improved by a factor of two and thus reaching the 105 s−1 design value by operating

the output multiplexer of the APV at 40 instead of 20 MHz.
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The signals of the calorimeters are digitized by gated Fast Integrating ADC (FIADC)
modules [Kon05], which have 12 bit dynamic range and are able to handle up to three
consecutive events within 30 µs.

3.2 Concentrator Modules

The concentrator modules are a central part of the readout chain. They process the dig-
ital data of the detector front-ends and provide the interface to the trigger control sys-
tem which supplies the trigger signal, the reference clock, and the event labels (see sec-
tion 5.4). The clock is distributed to the connected front-ends, so that they operate syn-
chronously and may use it as a reference for time measurements. In the same way the
trigger signal is forwarded to initiate the readout in the front-end electronics.

The concentrator modules buffer the data, that arrive after each trigger from the front-
ends, and packetize them into well-defined blocks [Fis03]. The blocks are labeled with
additional header information, which include the unique event identifier provided by
the TCS, and are sent via optical fibers to the readout computers in the counting room.
The event label is used later at the event building stage to assemble the data frag-
ments that belong together (see section 3.4). The optical links have a typical length of
100 to 200 m. They follow the S-Link10 standard [vdB97] developed at CERN and of-
fer data bandwidths of 100 MByte/s (fibre channel implementation), 128 MByte/s (single
G-Link), and 160 MByte/s (double G-Link).

Furthermore the concentrator modules provide a common interface to load firmware
and configuration data into the various types of front-end modules. The configuration
data and firmware files are handled by the ConfigServer software [Kuh06], which re-
trieves its information from a central database. The concentrator modules are housed in
crates, which beside power and cooling, provide a VMEbus11 interface for communica-
tion. Each crate is equipped with a VMEbus controller, a special computer through which
the VMEbus devices may be accessed. A client process, that runs on the VME computers,
communicates with the ConfigServer via standard local area network and provides an
interface to the concentrator modules connected to the VMEbus. In combination with a
web front-end for the configuration database this system allows an efficient management
of the large amount of configuration data.

COMPASS uses two types of concentrator modules (see fig. 3.2): the COMPASS Accu-
mulate, Transfer, and Control Hardware (CATCH) and the GEM and Silicon Control
and Acquisition module (GeSiCA). The CATCH is a development of the University of

10The Simple-Link interface specification defines a protocol for simple buffered data transmission. As
the standard only specifies the logical interface, several implementations using different physical layers are
available.

11The VERSAmodule Eurocard bus (VMEbus) is a standard maintained by the Institute of Electrical and
Electronics Engineers (IEEE) and is defined in ANSI/IEEE 1014-1987 [IEE]. VMEbus uses an asynchronous
signaling scheme, the connected modules do not share a common clock. The VMEbus implementation used
in COMPASS supports 32 bit wide data transfers and 24 bit addressing.
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Freiburg [Sch02, Grü02]. The front-end specific components sit on separate mezzanine
cards, that communicate with the CATCH motherboard via well-defined links. This
makes the CATCH a rather versatile module and it is used for nearly all front-end types,
except for those that are based on the APV chip. The APV front-ends of the GEM and
silicon detectors are read by GeSiCA modules [Gru01b, Gru01a]), which provide sim-
ilar functionality, but are adapted to the special requirements of the highly integrated
APV readout.
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Figure 3.2: (a) Schematic of the CATCH module. (b) the same view of the GeSiCA.
(from [Fis00] and [Gru01a], respectively)

Because the data rates produced by the various detectors are quite different an additional
S-Link multiplexing device was developed. The S-Link Multiplexer [Kon05, Ang05a]
merges the S-Link data streams of up to four concentrator modules into one S-Link out-
put stream, which allows to lower the number of required optical connections by exploit-
ing the available bandwidth of the S-Links more efficiently.

3.3 Readout Computers and Data Buffering

The readout computers are equipped with custom made PCI12 extension cards, so-called
Spillbuffers (see fig. 3.3), that receive the data from the concentrator modules via the
optical S-Links. To take advantage of the SPS spill cycle (see subsection 2.2.1) the cards
have large buffer memories, from which the data are transferred to the event builder
computers via Gigabit Ethernet13. The SPS has a duty cycle with 4.8 s of beam extraction,
during which detector data arrive at a high rate, and a 12 s long off-spill period, where
the beam is off. The buffers lower the bandwidth requirements for the event building

12The Peripheral Component Interconnect (PCI) bus is an industry standard maintained by the PCI Special
Interest Group [PCI]. Depending on the hardware the bus offers bandwidths from 133 MByte/s (32 bit,
33 MHz) to 533 MByte/s (64 bit, 66 MHz). Nowadays practically all personal computers use this bus, or its
designated successor PCI Express, to connect the CPU with extension devices like mass storage controllers,
network adapters, graphics cards, and the like.

13Ethernet is a widely used communication standard for Local Area Networks (LANs) specified in
IEEE 802.3 [IEE]. The standard defines various communication speeds (Fast Ethernet with 100 Mbit/s, Giga-
bit Ethernet with 1 Gbit/s, and 10 Gigabit Ethernet with 10 Gbit/s) using various physical media like twisted
pair cable (e.g. 100/1000BASE-T) and multi-mode fiber (e.g. 100BASE-FX and 1000BASE-SX).
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network (see section 3.4) to about 30 % of the mean on-spill data rate by averaging the
input rate over a whole SPS cycle.
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Single G-Link S-Link card
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for frimware

Figure 3.3: The Spillbuffer card with an unmounted single G-Link S-Link mezzanine card.
(from [Sch04])

The S-Link transceiver, that provides the interface to the concentrator modules, sits
on a separate mezzanine card, which is connected to the Spillbuffer card via an
IEEE 1386 Common Mezzanine Connector (CMC). This way the Spillbuffer is indepen-
dent of the utilized S-Link implementation (100, 128, or 160 MByte/s).

The data flow is controlled by a Xilinx FPGA which receives the incoming S-Link data
from the mezzanine card and writes them into the buffer memory. The buffer is a stan-
dard SDRAM DIM module14 with a capacity of 512 MByte, so that the altogether 66 Spill-
buffers provide a buffer of 33 GByte size, which is sufficiently large to store more data

14The Synchronous Dynamic Random Access Memory Dual In-line Memory Module (SDRAM DIMM) is
a widely used industry standard developed by the Joint Electron Device Engineering Council (JEDEC) [JED]
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than arrive during one spill. The FPGA accesses the memory as a FIFO15 buffer, from
which the host computer reads the data via standard PCI bus. The PCI interface is based
on an AMCC chip, that is controlled by the FPGA and that allows to transfer the data via
DMA16 from the Spillbuffer memory directly into the memory of the host PC.

The 18 readout buffer PCs consist of standard server components and are optimized
for data throughput. They are equipped with two PCI busses: One bus with 32 bit
and 33 MHz connects the four Spillbuffer cards mounted per ROB, the other one with
64 bit and 66 MHz the Gigabit Ethernet interface. This separation allows the reading from
the Spillbuffers and the writing of the data to the event building network to be performed
simultaneously without additional overhead or loss of bandwidth. The data streams are
controlled by two Intel Pentium III CPUs which are equipped with altogether 1 GByte of
ECC SDRAM memory.

3.4 Event Building and Filtering

The event building is the last stage of data concentration. In this process each ROB sends
its sub-events to a single EVB, which is chosen in a round robin scheme, so that all data
fragments, that belong to the same event, arrive at the same event builder, where they
are assembled to event data blocks. The consistency of the data fragments is insured by
means of the TCS event labels, which were added to the data stream by the concentrator
modules.

For the event building it is necessary that each EVB communicates with each ROB, which
requires an event building network that provides sufficient bandwidth and avoids colli-
sions by balancing the network traffic. This is achieved by a hierarchical network struc-
ture in which a backbone switch interconnects the three front-end switches that connect
all DAQ computers (see fig. 3.4). To each front-end switch four EVBs are attached, match-
ing the number of backbone uplinks and thus equalizing the network load. A further load
balancing is achieved by connecting the ROBs according to their average data output. In
total the event building network offers 36 1000BASE-T ports for DAQ computers and
provides a bandwidth of 12 GBit/s.

The 12 event builder PCs are equipped with two AMD Athlon MP CPUs at 1.6 GHz with
1 GByte of ECC DDR-SDRAM plus an IDE RAID 5 storage system17 with a net capacity
of 640 GByte. The altogether 7.68 TByte of disk space are used to buffer the data before

15The First In First Out (FIFO) buffer is a special kind of data buffer, that conserves the order the data are
coming in. It is normally used to decouple data processing units.

16The Direct Memory Access (DMA) allows certain hardware components to directly read from or write
to main memory areas. Because the CPU is not involved, DMA transfers are very efficient.

17A Redundant Array of Independent/Inexpensive Disks (RAID) is a system that connects multiple hard
disks to increase capacity, fault tolerance, data integrity and/or throughput with respect to a single disk.
There are different so-called RAID levels that determine how the data are distributed over the disks thereby
favoring some of the aforementioned aspects. RAID 5 is the most widely used level. It distributes the data
evenly over all disks and generates additional parity information that is stored on a separate disk. RAID 5
thus increases both performance and fault tolerance.
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Figure 3.4: The event building network. (from [Sch04])

they are transferred asynchronously via a Gigabit uplink to the central data recording
in the CERN computing center, so that in case of problems with the tape recording the
experiment is able to keep taking data for up to two days.

3.5 DAQ Software

The data flow in the acquisition system is controlled by the DATE software [DAT01],
which was developed by the ALICE DAQ group. DATE provides a complete framework
for distributed network based data acquisition with software components for readout of
detector data, event building, run control, information logging, and event sampling. The
various software components were adapted to fit the COMPASS environment.

The DATE Local Data Collector (LDC) software, which runs on the readout buffer PCs,
reads the sub-event data from the Spillbuffer cards, checks and reformats the data, before
it sends them to an event builder computer, that is determined in a round robin scheme
based on the unique TCS event label. The Global Data Collector (GDC) software, running
on the EVBs, receives the sub-events and re-packetizes them to event data blocks, which
then a daemon transfers to the central data recording, where they are stored on tape by
the CASTOR hierarchical storage manager18. The meta-data are managed by an Oracle 9i
database.

Since the bandwidth to the central data recording and also to the tapes itself is limited,
higher trigger and thus data rates are only achievable by filtering the data stream after
event building and before it is written to disk and tape. The online filter is essentially

18The CERN Advanced STORage Manager (CASTOR) is a hierarchical storage management system devel-
oped at CERN [CAS], in which the high-capacity but slow tape storage is complemented by a fast hard disk
storage of lower capacity. CASTOR manages the files in a directory structure and automatically migrates
them between the front-end disks and the back-end tape system.
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a software trigger, that discards events which are uninteresting for the physics analysis,
thus increasing the purity of the trigger, while at the same time keeping the efficiency
practically unchanged. The purity is defined as the ratio between the number of good
events and the total number of recorded events, whereas the efficiency is the ratio of the
number of recorded good events to the number of all good events. The online filter also
helps to lower the dead-time introduced by the veto system, as part of the veto can be
shifted to the software stage. Last but not least the purification of the data also leads to a
more efficient utilization of the storage space on tape.

For the COMPASS experiment the online filter software Cinderella was devel-
oped [Kuh06, Nag05]. As the event building uses only about 20 % of the available CPU
time on the event builder machines, the first generation of Cinderella exploits the remain-
ing computing power of the altogether 24 CPUs. At a trigger rate of 50,000 events/spill
each event builder PC has about 4 ms time to make a decision. This low tight time bud-
get permits only simple operations like decoding of the detector information and time
correlation of some detectors.

The Cinderella filter software is implemented as a multithreaded19 application in which
the various tasks are performed by separate threads (see fig. 3.5), so that Cinderella is able
to scale in multiprocessor environments. The input thread reads the DATE data stream
via a TCP/IP socket20 and writes it into a large buffer memory that decouples Cinderella
from fluctuations of the incoming data flow. The events in the buffer are read by the
filter thread, which tags them with the filter decision, made by a configurable chain of
filter modules. The output thread waits for tagged events and writes the good ones into
an output buffer after adding some meta-information, which allow to reconstruct the
filter decision for offline performance monitoring. The filter thread is monitored by the
watchdog thread, which restarts the filter in case it got stuck and ensures that the decision
time does not exceed a certain limit.

The muon beam physics requires the knowledge of the primary interaction point of the
beam muon with the target nucleon, which renders events, where no beam trajectory
could be reconstructed, useless. In addition to the existence of the beam track also its
momentum must be known and the time of the trajectory has to match the trigger time
in order to ensure that the triggered event was caused by the beam particle. The beam
reconstructability criterion combines the information of the beam momentum station, the
scintillating fiber detectors, and the silicon beam telescope, all of them situated upstream
of the target (see subsections 2.2.1 and 2.2.2). The filter decision is implemented by means
of a conditional coincidence algorithm.

In the hadron pilot run Cinderella cleaned up the diffractive trigger by applying a mul-
tiplicity cut on the tracks after the target. In diffractive production the scattering of the

19In a multithreaded application multiple threads of execution run in parallel either on one CPU using
time slicing or on multiple CPUs by multiprocessing. Modern operating systems have a scheduler that
manages the threads and usually supports both schemes.

20A TCP/IP socket implements the communication between two processes utilizing the TCP network
transport layer. Using this kind of sockets makes it possible to run the two processes on different machines.
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beam particle creates short-lived hadrons, which decay already in the target. Due to
charge conservation and since the production of doubly charged particles is very improb-
able, the number of charged tracks after the target is always odd and larger than one. The
track multiplicity is estimated based on the hit multiplicities in the silicon detectors, that
were situated right after the target, by a coincident multiplicity algorithm.

Online
Filter

DATE

Harddisk

Input

Output

Watchdog

FilterFilterBuffer

Figure 3.5: Architecture of the online filter. (from [Sch04])

A positive side-effect of Cinderella is, that it provides a real-time feedback of the qual-
ity of the recorded data by means of the filter reject rates, that are calculated after each
SPS spill and that instantaneously indicate detector problems, thus complementing the
standard online monitoring.

3.6 Performance

The muon program requires only moderate trigger rates: In the 2004 beam-time typically
50,000 events were recorded per spill corresponding to a trigger rate of 104 s−1 at a read-
out dead-time of about 5 %. With an average event size of 35 kByte [Kuh05] this equals to
an on-spill data rate of 365 MByte/s which due to the buffering results in a sustained data
rate of 104 MByte/s before the online filter. Cinderella was employed to enrich events
with reconstructible beam trajectories for circa 80 % of the recorded 13.6 · 109 events of
which it discarded 23 % at an efficiency of 99.6 % thus reducing the data rate to tape to
80 MByte/s.

For the comparatively short 2004 hadron pilot run the trigger rate was adjusted such, that
the Gigabit Ethernet link to the CDR, which provides a bandwidth of 120 MByte/s, was
saturated. With an average event size of 25 kByte [Kuh05] trigger rates of 1.8 · 104 s−1 or
86,000 per spill were reached corresponding to on-spill data rates of 450 MByte/s and a
sustained rate of 130 MByte/s before the filter. The multiplicity condition of the online
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filter was applied to part of the recorded data and reduced the number of diffractive
events by 45 % thereby lowering the total data rate to tape by 10 % to 117 MByte/s.

Tests demonstrated that the full DAQ system is able to sustain data rates of up to
180 MByte/s to disk.

In the future it is planned to have a dedicated Cinderella computer farm with much more
computing power providing processing times in the order of 100 ms per event. This will
allow to implement elaborate calorimetric triggers and tracking in the target region, thus
rendering reduction factors of ten and larger possible, so that trigger rates close to the
design value of 105 s−1 may be reached. In addition the connection to the central data
recording will be upgraded to 10 Gigabit Ethernet, which will not influence the tape
writing speed, but will make the data transfer easier.

36



Chapter 4

Trigger System

The trigger system stands at the beginning of the readout chain. It makes the decision,
whether an event is read out or whether it is discarded. Typically trigger systems have
several levels, which use different kind of information to generate the trigger decision.
COMPASS uses two trigger levels: The First Level Trigger (FLT) is implemented in hard-
ware and if an event fulfills a certain logical condition, the trigger condition, it initiates
the readout of the front-end electronics of the detectors. The FLT discards uninteresting
events and enriches certain wanted classes of events. In addition it provides time infor-
mation, so that the scattered muon can be unambiguously associated with the incoming
beam muon. A further selection of the events is performed by the online filter software
Cinderella, which runs on the readout computers (see section 3.5). Since it has the full
information about the event at its disposal, the online filter is able to make more elaborate
decisions, which a hardware trigger would not be capable of.

This section is intended to give a short introduction into the COMPASS first level trigger
system with the focus on the basic principles. A more detailed description can be found
in [Ber05b], [Leb03] and [Leb02].

Since the data of all detectors have to be buffered until the trigger arrives, the first level
trigger decision has to be generated within a short time. Apart from two exceptions
the detector front-ends have a pipelined architecture, which allows them to cope with
large trigger latencies. The main limitation for the trigger latency is set by the hadronic
calorimeters, which use a classical readout scheme where the analog data are stored in
delay cables, thus limiting the trigger latency to values smaller than 500 ns. The second
exception is the RICH detector, which employs integrating amplifiers with a peaking time
of about 1 µs for the readout of its photon chambers. Both detectors are supplied with a
dedicated fast trigger signal with a latency smaller than 500 ns.

The trigger is formed by (anti)coincidence of the signals of various detectors. This re-
quires detectors that have a short response time and a good time resolution. For this rea-
son plastic scintillation counters with photo-multiplier readout were chosen. They have
a response time in the order of 30 ns and a time resolution of better than 1 ns. The signals
of these detectors are combined by a custom made coincidence logic (see section 4.5).
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The trigger system for the muon program mainly uses information about the scattered
muon to generate its decision. High energy muons are well suited for trigger purposes,
because they are able to penetrate large amounts of material. They therefore can easily
be separated from other particles by absorbers, the so-called muon-filters (see subsec-
tion 2.2.2). The trigger selects two classes of muon scattering events: deeply inelastic
scattering events (see subsections 2.1.1.1, 2.1.1.3, and 2.1.1.4) and photon-gluon fusion
events (see subsection 2.1.1.2). In both cases the goal is to reach a high trigger efficiency
in combination with a high purity in order to collect as many interesting events as possi-
ble. Purity and efficiency are, on the other hand, conflicting goals, so that compromises
have to be made for the relevant physics channels, which also take into account the avail-
able bandwidth and rate capability of the data acquisition system.

In DIS events the virtual photon has a negative four-momentum squared Q2 of at least
0.5 (GeV/c)2. The DIS trigger (see section 4.1) selects these type of events over a xBj range
as large as possible. The maximum measurable Q2 is limited by the dimensions of the
opening of the second spectrometer magnet SM2 to values below 60 (GeV/c)2. Events
with larger Q2 can only be reconstructed in the first spectrometer stage.

Beside the DIS physics the main goal of the muon program is the extraction of the gluon
polarization ∆G/G from photon-gluon fusion events. For PGF events the hard scale, that
allows to apply perturbative QCD, is not the Q2 of the virtual photon but the center of
mass energy

√
ŝ of the photon-gluon system. For small Q2 the flux of virtual photons

and thus the PGF cross section is proportional to 1/Q2. This means that PGF events are
predominantly reactions, where a quasi-real photon with Q2

min ≈ m2
µ y2/(1− y) < Q2 <

0.5 (GeV/c)2 is exchanged resulting in small scattering angles of the scattered muon.

The production of open charm in PGF events requires a center of mass energy
√

ŝ of the
photon-gluon system larger than twice the charm quark mass mc. For quasi-real photons
the center of mass energy is related to the energy ν of the virtual photon and the Bjorken
scaling variable xG of the gluon by ŝ ≈ 2MN ν xG > 4m2

c . This condition implies, that
the photon must have a minimum energy νmin of 32 GeV for xG < 0.1 corresponding to a
minimum relative energy loss ymin

B of the incoming muon of about 0.2. Cutting on larger y
in addition selects the more interesting PGF events with larger polarization of the virtual
photon. The main background processes are Bremsstrahlung, elastic muon-electron scat-
tering, and halo muons. Their contribution is suppressed by using information from the
hadronic calorimeters in the trigger, which on the other hand may introduce a bias in the
event selection, because of the different acceptance for positive and negative hadrons.

The COMPASS trigger system selects the full Q2 range including the region of quasi-real
photo-production (see section 4.2) and in addition looks for final state hadrons in the
forward region (see section 4.3). The whole acceptance is covered by four hodoscope sys-
tems named “Inner”, “Ladder”, “Middle” and “Outer” (see fig. 4.1). Each subsystem has
an optimized granularity to fulfill the resolution and rate requirements. The background
caused by halo muons is suppressed by an additional veto system (see section 4.4) which
introduces dead-time. The logical condition, which connects the information from the
different subsystems to form the trigger, is a compromise between the conflicting re-
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quirements of minimum bias (no hadronic information), minimum dead-time (no veto),
and maximum allowed data rate to CDR.
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Figure 4.1: Top view of the trigger hodoscope setup: The vertically segmented “Inner” and
“Ladder” hodoscope systems perform the energy loss trigger, the horizontal segments of
the “Outer” hodoscopes are used for the geometrical DIS trigger. The “Middle” hodoscopes
have vertical as well as horizontal segments and thus contribute to both triggers. Each sub-
system consists of two planes. The “Inner” hodoscopes have the most fine grained structure,
because they measure the smallest deflection angles. The boxes show geometry and dimen-
sions of the different hodoscopes. (from [Leb02])

4.1 DIS Trigger – Target Back-Pointing

The hodoscope system of the DIS trigger selects events with a Q2 between 0.5 and 50
(GeV/c)2 in the full y-range from 0 to 0.9. To distinguish between scattered and halo
muons, the system singles out events in which the scattered muon has crossed the target.
This geometrical trigger, that determines the position of the scattered muon in the target
region, can be implemented in a straightforward way only in the yLab-direction perpen-
dicular to the bending plane of the spectrometer magnets by requiring the coincidence of
two horizontal hodoscope segments (see fig. 4.2).
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Figure 4.2: Selection of DIS events with geometrical trigger: By requiring the coincidence of
pairs of horizontal hodoscope segments the origin of the scattered muons is constrained to
the field of view which includes the target. (from [Leb02])

The field of view of the two hodoscope segments defines the volume, which the trigger
cannot distinguish from the target. Its size is given by the size of the hodoscope slabs,
which is limited by the multiple scattering caused by the absorbers, that the muons have
to cross before they reach the hodoscopes.

Since COMPASS measures inclusive DIS events, no hadronic calorimeter information can
be used to suppress the background. Instead a special veto system rejects muons, which
cross the field of view of the DIS trigger but not the target (see section 4.4).

4.2 Quasi-real Photon Trigger – Energy Loss

The PGF trigger selects events with a certain minimum energy loss for muon scattering
angles down to zero. The trigger determines the energy loss of the muon from its hori-
zontal deflection in the magnetic field of the spectrometer magnets. Since the outgoing
muon has an additional scattering angle θ, a single measurement of the horizontal dis-
tance xLab from the beam axis in the bending plane of the spectrometer is not sufficient.
Therefore the xLab-measurements of two vertically segmented hodoscope planes posi-
tioned at z1 and z2 are combined, so that both the deflection angle α and the projection θx

of the scattering angle into the bending plane can be determined. The two spectrom-
eter magnets can be treated as one effective magnet with a field integral of

∫
Btot d` =∫

BSM1 d` +
∫

BSM2 d` situated at zM = (zSM1
∫

BSM1 d` +zSM2
∫

BSM2 d`)/
∫

Btot d`. The
bending of the scattered muon trajectory in the magnetic field equals to a momentum
kick of ∆px ≈ 0.3 GeV /Tm

∫
Btot d` in the xLab-direction at the effective coordinate zM.
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From fig. 4.3 it is evident that

x1,2 = x0 + (zM − z0) tan θx + (z1,2 − zM) tan(θx + α)

with tan(θx + α) =
x2 − x1

z2 − z1
and sin α =

∆px

p′
(4.1)

where x0 and z0 are the coordinates of the primary interaction point, x1,2 the coordinates
of the scattered muon, measured by the two segmented hodoscope planes at z1,2, and p′

the momentum of the scattered muon.
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Figure 4.3: Determination of the scattered muon energy by measuring its deflection angle
in the bending plane of the spectrometer with two vertically segmented hodoscope planes.
To simplify the calculations the two spectrometer magnets are combined to one effective
magnet at position zM. (from [Leb02])

Applying the small angle approximation to eq. (4.1) and setting without loss of generality
z0 = 0 the momentum of the scattered muon is given by

(4.2)
1
p′

=
1

∆px zM

(
x0 +

z1 x2 − z2 x1

z2 − z1

)
For large beam muon momenta p the relative energy transfer y is in good approximation

(4.3) y =
p− p′

p
with an error of δy = (1− y)

√(
δp′

p′

)2

+
(

δp
p

)2

This means that, if the beam momentum p, the momentum kick ∆px, and the coordi-
nates z1,2,M and x0 are known, the condition of a minimum energy transfer y can be
translated into a coincidence condition for certain x1,2 hodoscope segments.

The quasi-real photon trigger only looks at the energy loss. Consequently it cannot
distinguish good events from background events like elastic muon-electron scattering,
(quasi)elastic radiative scattering off target nucleons, or events where the beam muon al-
ready arrives with a lower energy. All three processes are strongly enhanced in the low-y
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region. The large-y part of the background is rejected by using the fact, that no final state
hadrons are associated with the background events (see section 4.3).

In order to suppress the low-y background the uncertainty of the energy transfer δy has
to be as low as possible in the region of y ≈ 0.2, so that the cut y > 0.2 is sufficiently
sharp. According to eq. (4.3) this requires a good resolution of the measurement of the
scattered muon momentum p′. The p′ resolution is obtained from eq. (4.2) by Gaussian
error propagation:

(4.4)
δp′

p′
=

p′

∆px zM

√
δx2

0 +
(

z2

z2 − z1

)2

δx2
1 +

(
z1

z2 − z1

)2

δx2
2

The coordinate x0, the impact parameter of the beam muon at the target position, is un-
known but limited by the target geometry and taken into account by the uncertainty δx0,
which by using the known size of the horizontal beam waist is estimated to δx0 ≈ 8 mm.
The uncertainty of the horizontal coordinates x1 and x2 is dominated by the dimensions
of the vertical hodoscope segments, whereas the effect of multiple scattering of the out-
going muons in the muon filters is negligible for most of the hodoscopes planes. In order
to optimize the p′ resolution, the widths of the segments of the hodoscope planes are
chosen to be proportional to the zLab-coordinate thus equalizing the contributions of the
last two terms in eq. (4.4).

The quasi-real photon trigger system consists of several hodoscope subsystems with dif-
ferent dimensions, granularity and zLab-positions. Since the resolution of the energy
transfer δy is proportional to 1 − y (cf. eq. (4.3)), the influence of the p′ resolution is
suppressed for larger y. This means that fine grained pairs of hodoscope planes with the
second plane close to the muon filter are only required for the region y ≈ 0.2 (“Inner”
hodoscope system; cf. fig. 4.1). In total the y-uncertainty of the system is about 27 % in
the region of y ≈ 0.2.

4.3 Hadron Trigger – HCAL Energy Deposit

Using only the information about the energy loss y of the muon the hodoscope trigger
cannot distinguish events, where the muon lost its energy in an interesting scattering pro-
cess, from those, where the lower muon energy is due to other reasons. Most background
processes have in common, that the outgoing muon looks like a scattered muon, but that
no hadrons are produced. This means that by requiring an energy deposit in the hadronic
calorimeters (see subsection 2.2.2), that is correlated with the hodoscope information, the
background is suppressed and PGF events are enriched.

Hadrons create showers in the HCAL with a typical size in the order of the hadron’s in-
teraction length (several tens of centimeters), so that the energy deposit is spread over
several HCAL cells, that form a cluster. The hadron energy is the sum of the amplitudes
of all HCAL cells that belong to the cluster. Obtaining this cluster sum for the trigger
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decision is non-trivial, because no tracking information for the charged hadrons is avail-
able and in addition the trigger must include neutral hadrons, so that the position of the
cluster center is unknown at the trigger level. On the other hand to determine the full
hadron energy by summing up cell amplitudes, the hadron must have hit the center of
the summation region. The solution to this dilemma is the subdivision of the calorimeter
into predefined blocks of several cells.

For COMPASS a summation of 4× 4 HCAL blocks was chosen, because a hadron, hitting
the center of such a block, will deposit at least 85 % of its energy. To make sure that a
hadron always hits the central region of one of these predefined blocks, the subdivision
of the calorimeter is repeated several times with a slightly shifted grid. In COMPASS four
layers of summation blocks are used (see fig. 4.4 and [DvH]).

2 × 2 Cells Layer 1
4 × 4 Cells

Layer 2
4 × 4 Cells

Figure 4.4: HCAL1 cluster summation in the hadronic trigger: To reduce the number of
signals first the responses of 2× 2 HCAL1 blocks are summed up. The resulting “sum-of-4”
signals are combined to “sum-of-16” signals, which represent 4× 4 blocks. This is done in
four different ways to cover all possible combinations. Two of these summation layers are
illustrated in the figure. (from [Ber05b])

The hadronic trigger fires, if one of the summation blocks is above threshold. The hadron
threshold is determined by the muon energy deposit, because the flux of halo muons
through the HCALs is not negligible. The threshold has to be set to a value, where
the muon background is largely suppressed without lowering the HCAL efficiency too
much.

Because of the required low trigger latency, the hadronic trigger cannot use the digitized
information from the HCALs. Therefore a separate analog system for cluster summation,
pulse height discrimination, and fast timing was built (see section 4.5).
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4.4 Veto System

Due to its tertiary nature and the large penetration ability of the muons, the beam has a
quite high emittance and a high flux of halo muons outside of the target, which under
some conditions may cause unwanted triggers. The purity of the DIS trigger (see sec-
tion 4.1) depends on the precision of the measurement of the muon position in the target,
which is limited by the length of the target and the multiple scattering in the muon-filters,
so that halo muons in the target vicinity can be mistaken as scattered muons thus causing
unwanted triggers. In case of the quasi-real photon trigger halo muons contribute to the
background, because the impact parameter x0 of the incoming muon is unknown.

Both effects are suppressed by the veto system, which signals the presence of certain
classes of halo muons and blocks the trigger through an anti-coincidence. The system is
located upstream of the target with the hodoscopes V1 and V2 as the main components
(see fig. 4.5). These two planes have a hole around the beam axis and limit the impact
parameter for incoming muons to ±2 cm and also their angle with respect to the beam
axis to θ < 6.7 mrad. Since the acceptance of the DIS trigger starts only at 4 mrad, the
scintillating fiber stations SF1 and SF2 are utilized to extend the veto down to 5.3 mrad.
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Figure 4.5: The veto system consists of three hodoscopes: two main hodoscopes V1 and V2
that are supplemented by VBL further upstream. In the vicinity of the beam axis the fiber
stations SF1 and SF2 provide additional veto information. The boxes show geometry and
dimensions of the different hodoscopes. (from [Leb02])

The veto system reduces the trigger rate, but this advantage is bought at the expense of
introducing dead-time. Under the assumption that the veto rate Rveto is approximately
constant, the dead-time is given by the product of Rveto and the duration of the veto
gate signal Tveto. Rveto is determined by the diameter of the hole, that the hodoscope
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planes have around the beam axis. This diameter has a lower limit, because otherwise
the veto rate would be too high. The minimum Tveto is limited by the time resolution of
the veto and the trigger system. To minimize the dead-time, the hodoscopes of the veto
system are segmented which allows to select individual time windows for the different
elements. Smaller segments with better time resolution are placed in the region close to
the beam axis, whereas in the outer region larger elements are used.

4.5 Trigger Hardware

The whole trigger system consists of approximately 1000 electronic channels, which are
processed by the trigger electronics, which is built out of custom made VME based mod-
ules.

The signals from the photo-multipliers, that are used to readout the scintillators, are dig-
itized by Constant Fraction Discriminator (CFD) 1 modules, developed by IPN Orsay.
Each module has two CFDs plus a mean-timer, which is used for the hodoscope elements
that are read out from both sides, to compensate the propagation time of the light in the
scintillator depending on the point of impact of the muon. 32 discriminator modules sit
on one discriminator board, that is able to process the signals of 32 scintillators, which
are read out on both sides, or of 64 scintillators with single-sided readout, corresponding
in both cases to a full hodoscope plane.

The digital information of the CFDs goes from the discriminator boards via flat cable to
coincidence matrices, which perform the y-cut (quasi-real photon trigger) and the target
pointing (DIS trigger). The coincidence matrix is implemented as a full custom ASIC
with 32 input rows and columns and sits on a VME card, that forms the coincidences for
a pair of hodoscope planes. Each of the 1024 possible coincidences between the input sig-
nals can be switched independently. The matrix patterns are computed from the known
geometry of the hodoscopes and the cut condition. A minimum pulse width of 1.2 ns is
required by the coincidence units. Accidental coincidences are suppressed by timing in
all input channels via programmable delay and pulse shaping units, that sit at each of
the 64 input channels on the matrix board. This way the time skew between the different
input channels is lowered allowing to set a narrow coincidence window. The delay may
be set in 32 steps over a range of 9 ns and is implemented using five inverter chains (2, 4,
8, 16, and 32 inverters in series).

The output of the coincidence matrices for the various pairs of hodoscope planes, the
signals from the HCAL summation logic, and the veto signal enter then the last stage
of coincidence, which finally forms the first level trigger signal, that serves as the input
signal for the Trigger Control System.

1The CFD generates a logic signal, if the amplitude of its input signal reaches a certain fraction of the
peak height. If the rise time of the signal is independent of its peak height the output of the CFD gives a
walk-free timing signal [Leo94].

45





Chapter 5

Trigger Control System

5.1 System Architecture

The trigger control system connects the trigger logic (see chapter 4) with the data acqui-
sition system (see chapter 3). The TCS fans out the trigger decision generated by the
coincidence matrices, that are located in the counting room, to each of the 152 concen-
trator modules (see section 3.2) via a passive optical fiber network with a latency below
1.5 µs1. The same path is also used to distribute the precise 38.88 MHz TCS reference
clock, that synchronizes all front-end electronics and serves as the time reference for the
TDCs. In addition the fiber links transmit the TCS event labels and other control infor-
mation. A special encoding scheme (see section 5.2) allows to send all this information
over a single optical fiber, which greatly reduces cost and improves reliability.

Fig. 5.1 shows the architecture of the trigger control system, which consists of four main
components: The central module of the system is the TCS controller (see section 5.3). It
receives the trigger signal from the trigger logic, generates the corresponding TCS event
labels, and sends both information over serial lines to the TTCex transmitter module,
which generates the serial bit stream for the laser diodes that drives the passive fiber
network (see section 5.2). The TCS event label consist of three numbers: the spill number
in the current run2, the event number in the spill, and the event type. The first two
numbers together with the run number uniquely identify each event.

The optical fibers end at the TCS receiver cards (see section 5.4) that are connected to the
back of each concentrator module. The receivers decode and deserialize the bit stream
and recover the TCS clock. The trigger and clock signals are directly forwarded to the
concentrator modules. The event labels are buffered and can be accessed by the concen-
trator modules through a well-defined interface.

1The trigger latency is dominated by the signal propagation time in the fiber.
2The term “run” denotes the time interval between the start and the stop of the data acquisition system or

the data taken during that period, respectively. Runs are counted by the DATE run control, which increments
the run number whenever the DAQ is started.
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The whole system is controlled and configured by the TCS server (see section 5.8), a
software that interfaces the TCS controller via VMEbus and that also communicates with
the DATE run control of the experiment.

In addition to the distribution of the trigger together with the associated event label the
TCS offers several other functions and features: It broadcasts the Begin Of Spill (BOS)
and End Of Spill (EOS) signals, which are used to synchronize the data acquisition with
the SPS spill structure and it ensures, that the Begin Of a Run (BOR) and the End Of a
Run (EOR) are always performed at the beginning of a spill. To synchronize the con-
centrator modules and the connected front-end electronics, in particular the TDCs, the
TCS distributes a signal that allows to synchronously reset all readout electronics. The
TCS controller also generates the readout dead-time by vetoing triggers, that cannot be
accepted by part of the readout system (see section 5.6). For calibration and monitoring
purposes the controller is able to produce artificial triggers, for which the TCS receivers
can generate an optional pre-trigger pulse that precedes the trigger with a defined tim-
ing (see section 5.7). The receivers have an identification number, so that they may be
accessed and configured individually. This way it is also possible to en/disable certain
equipments in the data taking, which is a prerequisite for the partitioning of the data
acquisition system into practically independent subsystems. This so-called MultiDAQ
mode simplifies testing and debugging (see section 5.5).

The system presented here is the continuation of a former work [Gru01a]. The TCS con-
troller hardware was replaced by a new and improved design providing much more
FPGA and I/O resources, which were utilized to extend and advance the TCS function-
ality in particular concerning the MultiDAQ mode and the vetoing of the external trigger
signals.

5.2 Optical Distribution Network and Signal Encoding

The TCS is a fan out system with one central data source, the TCS controller, from which
the data are transmitted unidirectionally to all connected receivers. Since the controller
is the only data source and as the TCS functions do not require a feedback channel, all
TCS information is transmitted over a single optical fiber, which simplifies the system
design. The optical signals from the TTCex transmitter are distributed to the connected
TCS receivers by a simple and robust passive optical fiber network. Furthermore the
receivers need to be equipped only with one opto-electronic receiver per card, which re-
duces cost and power consumption. The hardware for the optical distribution network
as well as the encoding scheme, used for the signal transmission, are based on develop-
ments of the CERN RD12 collaboration for the Timing, Trigger, and Control (TTC) system
of the LHC experiments [Tay02]

The TCS clock serves as a reference for all TDC measurements in the experiment. There-
fore its jitter3 must be well below the time resolution of the TDCs. In the high resolution

3In general the term “jitter” denominates the (in most cases unwanted) variation of one or more signal
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mode the F1 chip provides a digitization unit of 60 ps (see section 3.1), so that the design
goal for the TCS was to achieve a clock jitter below 50 ps r.m.s.

The whole fiber network is driven by ten powerful synchronously operating laser diodes
mounted on the TTCex transmitter module. The optical signals of the TTCex outputs
may be fanned out further to up to 320 destinations, dispersed over the whole length of
the spectrometer setup, using passive optical 1 to 32 splitters. The TTCex transmitter is
equipped with laser diodes of a special type4, that have a temperature-compensated bias
and modulation current control [Tay]. A feedback loop stabilizes the optical output level
against temperature changes and ageing effects.

The transmission of the reference clock, the trigger, and the event label together with
other control information over a single fiber is implemented using Time-Division Mul-
tiplexing (TDM). In the two channel TDM employed here, two bit streams denoted as
channel A and B are interleaved to one bit stream, which is encoded biphase mark at
155.520 Mbit/s. This is a rate of the standard Sonet OC-3 (CCITT SDH STM-1)5. The
biphase mark encoding uses signal transitions instead of signal levels to transmit logical
ones and zeros. A signal transition is interpreted as a ’0’, no transition as a ’1’. To allow
a precise recovery of the TCS clock on the TCS receivers, regular fixed signal transitions
are inserted in-between the data transitions. At a rate of 155.520 Mbit/s four transitions
occur during one TCS clock cycle of 25.72 ns: two fixed transitions, corresponding to the
38.88 MHz clock, and two data transitions, that allow to transport one out of four possible
symbols (see fig. 5.2). The DC offset of the biphase mark encoded signal is well bounded,
which reduces the jitter introduced by time walk.

Fig. 5.3 shows a schematic view of the encoder circuitry in the TTCex module. The cen-
tral part is a phase locked loop that stabilizes the 38.88 MHz clock signal, generated by
an on-board oscillator, and that ensures the low jitter of the TCS clock. The PLL utilizes
a Voltage Controlled Oscillator (VCO), whose frequency is tuned by a DC signal. This
phase error signal is generated by the loop filter out of a difference signal, that is pro-
vided by the phase detector which compares the phases of the external and the feedback
clock. The phase error signal shifts the feedback frequency closer to that of the external
oscillator. Because the feedback path divides the frequency of the VCO output by four,
the VCO is running at 155.52 MHz. The inherent inertia of the closed loop feedback sys-
tem levels out short-term fluctuations of the input clock thus resulting in a low jitter of

characteristics. Here the phase jitter, which describes the distribution of the clock phase, is the interesting
parameter.

4Multi-sourced InGaAsP low-threshold multiple-quantum-well hermetic-package Fabry-Perot laser with
a wavelength of 1280 to 1330 nm and a spectral width of 4 nm at -20 dBm.

5The Synchronous Optical NETwork (SONET) is a data transmission architecture, from which in 1988
the Comité Consultatif International Télégraphique et Téléphonique (CCITT, later renamed to Interna-
tional Telecommunications Union - Telecommunications Standardization Sector (ITU-TSS)) derived the Syn-
chronous Digital Hierarchy (SDH) standard. SDH defines a transmission system, which can be used as a
physical transport medium in networking applications. “Synchronous” means that all transitions of the dig-
ital signals occur exactly at the same rate and that all clock signals in the synchronous network are derived
from one primary reference clock. The Optical Carrier level 3 (OC-3) and the Synchronous Transport Module
level 1 (STM-1) are building blocks of the SDH describing the transport of data at a rate of 155.520 Mbit/s
over an optical fiber.
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Figure 5.2: The four possible symbols, that can be transmitted during one TCS clock cycle
using two-channel time division multiplexing with a biphase mark encoding. (from [Tay98])

the 38.88 MHz TCS clock output. This clock also switches the input multiplexer between
the channels A and B generating a bit stream, that is latched with the 77.76 MHz clock
generated inside the PLL. The encoder then utilizes both the 77.76 and the 155.52 MHz
clock signal to convert the logical levels into signal transitions and to add the fixed clock
transitions. The encoded bit stream goes via a driver to the laser modulator.
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Figure 5.3: TTCex encoder circuitry. (from [TTC])

The two TDM data channels transmit different information: Channel A exclusively trans-
ports the first level trigger and delivers a one bit decision every 25.72 ns. This way the
trigger latency is kept low and at a constant value, which is important for the latency
compensation in the front-end electronics.
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The triggers may arrive at any time during a TCS clock interval. The necessary synchro-
nization of the trigger pulse to the TCS clock cycle introduces an uncertainty of the trigger
time at the front-end stage of 25.72 ns. This is in particular relevant for the APV25 based
readout of the GEM and silicon detectors, which by means of three consecutively sam-
pled signal amplitudes reconstruct the time of the traversing particle [Ang05b]. The time
reconstruction is performed during the offline analysis of the data (see subsection 7.1.2)
and requires the knowledge of the trigger time within the TCS clock cycle. This so-called
TCS phase is measured by dedicated TDCs.

All other TCS information are sent completely independently from the trigger via chan-
nel B. This way the event label information can be distributed asynchronously with re-
spect to the trigger, which simplifies the communication, since the latency of the event
labels is not required to be constant. The data transmission on the B channel is performed
in terms of datagrams called “commands” (see fig. 5.4). The beginning of a command
is indicated by a start bit, that synchronizes the data transfer, and is followed by the
20 bit long command itself. The datagram is trailed by a 6 bit ECC6 checksum.

Channel B

Trigger Trigger

Channel A

TCS commandStart ECC Checksum

20 bits 6 bits

Figure 5.4: Data transferred via channel A and B. (from [Gru01a])

The TCS command set (see [Gru01a]) distinguishes broadcast commands, that are exe-
cuted by all TCS receivers, and addressed commands, processed only by receivers with
a certain ID and ignored by all others. Broadcasts are used to distribute the event label
information and to synchronize the readout modules with the SPS spill structure. Ad-
dressed commands allow to configure the TCS receivers.

5.3 TCS Controller

The TCS controller is the central part of the trigger control system. The controller pro-
cesses the SPS spill cycle signals as well as the first level trigger from the trigger logic and
generates the channel A and B bit streams, that go through the TTCex transmitter module

6With an Error Correction Code (ECC) data are encoded in a way that the decoding stage is able to detect
certain transmission errors. Here a simple Hamming code is utilized, which can be operated in two modes:
either it detects all possible triple bit errors or it corrects all single bit and detects all double bit errors.
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to the fiber network. Furthermore the module generates the readout dead-time by block-
ing the first level trigger and produces artificial triggers for calibration and monitoring
purposes (see section 5.7). A VMEbus interface facilitates the communication with the
TCS server, which initiates the starting and stopping of the system, configures the TCS,
and reads back status information (see section 5.8). The controller runs synchronously to
the TCS clock provided by the TTCex module. A schematic view of the module is shown
in fig. 5.5.

In order to transmit the trigger through channel A, the FLT processor synchronizes the
first level trigger pulses from the trigger logic to the 38.88 MHz TCS clock and vetoes
the trigger with the internal BUSY signal (see fig. 5.6), that is generated by the dead-time
logic (see section 5.6) and by other subcomponents. The FLT processor also counts the
number of events in a spill and the number of spills in a run. At each beginning of a spill
the event number is reset, so that the first event in a SPS cycle has always the number 1.
At the same time the controller sends out a broadcast command, that resets the receivers,
the concentrator modules, and the connected front-end electronics. This synchronizes
the front-ends and ensures, that at the beginning of a spill the system is in a well-defined
state, which makes the DAQ more robust: In case a non-lethal DAQ error (e.g. buffer
overflow in a front-end) happens during a spill, the above reset scheme will recover the
system at the beginning of the next spill, so that in the worst case only a fraction of the
spill data are corrupt or lost. Likewise at each start of a run the spill number is reset to 1.

The spill and event numbers are read by the command generator, which generates all
TCS commands in the controller. For each trigger a broadcast command is sent out con-
taining the 20 bit event number and a 5 bit event type. The event type allows to tag
physics events, various monitoring and calibration triggers, and special triggers, that
mark the SPS spill structure in the data stream (see section 5.7). To distinguish events of
different spills, the 11 bit wide spill number is broadcast to all receivers at the beginning
of a spill together with the reset command. The TCS receivers use the event type plus the
spill and event numbers to generate the event labels.

As mentioned in section 5.2, the data transmissions on channel B is done in form of
TCS commands, which are either of the broadcast or addressed type. To prioritize the
different commands the output interface is equipped with three FIFO buffers, each of
them able to buffer up to 512 TCS commands, before they are serialized and transmitted
via channel B. The commands from the command generator are so-called “fast” com-
mands and have the highest priority. The second so-called “slow” command buffer is
accessible via VMEbus. Whatever the TCS server writes into this FIFO, will be transmit-
ted to the receivers. Slow commands have a lower priority and are sent out only when
the fast command FIFO is empty. This way activities of the TCS server may not degrade
the system performance. The third buffer, the configuration FIFO, is intended to buffer
the addressed TCS commands, that configure the TCS receivers. Like the slow command
FIFO it is filled by the TCS server, but the buffered commands are sent out by the con-
troller only at well-defined moments (see section 5.8). This feature is required by the
MultiDAQ mode: When a SubDAQ is started while others are already running, there is
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only a short time window at the beginning of each spill, during which the receivers may
be configured such, that the system is again in a consistent state when the triggers arrive
(see section 5.5).

All processes in the controller are synchronized to the SPS spill cycle by the spill structure
state machine. This central component controls the command generation, the scheduling
in the MultiDAQ mode (see section 5.5), and the generation of calibration and monitoring
triggers (see section 5.7). It also defines, when slow commands may be sent out and at
which point the configuration FIFO is emptied.

The TCS controller hardware, as shown in fig. 5.7, is a 6U high VME card with 16 LEMO
inputs and outputs, that are all connected to a powerful Xilinx FPGA. Except for of the
signals to and from the TTCex transmitter, which use the ECL7 standard to be less sensi-
tive to noise, all inputs and outputs follow the NIM8 standard. The VMEbus interface is
provided by a CPLD9 chip, which is also able to configure the FPGA via VME. The mod-
ule is quite versatile: It may not only be used as a TCS controller but, depending on the
FPGA firmware that is loaded, it may also act as a programmable pre-scaler10 [Kon05].
Furthermore tests were performed to implement an FPGA-based TDC [Kon05, Ang05a].

7The Emitter Coupled Logic (ECL) is a standard signal format for differential digital signals.
8The Nuclear Instrument Module (NIM) logic is a standard for fast digital signals, widely used in high

energy physics.
9The Complex Programmable Logic Device (CPLD) is a reconfigurable logic device comparable to the

FPGA, but with a different internal architecture, that utilizes so-called macro cells. The big advantage of the
CPLD over to the FPGA is its non-volatile configuration memory, so that it does not have to be loaded after
each power cycle.

10A pre-scaler is a device, that lowers the pulse rate of a signal by forwarding only every nth incoming
pulse.
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If programmed with the TCS controller firmware, the module offers 12 inputs: Apart
from the ones for the TCS clock and the SPS spill cycle signals, there are eight indepen-
dent trigger inputs, which may be used in the MultiDAQ mode (see section 5.5), where
the TCS partitions the readout system into definable disjoint subsets of concentrator mod-
ules, that form independent DAQ subsystems, so-called SubDAQs. The maximum eight
SubDAQs are operated quasi-concurrently using time-sharing in which the TCS ensures
that only the receivers of the particular SubDAQ react on the trigger pulses of the respec-
tive LEMO input.

On the output side all 16 LEMO jacks are assigned to signals: Two outputs bring out
the channel A and B bit streams and are connected to the TTCex module. Each of the
eight trigger inputs has a corresponding output, which provides either the vetoed and
synchronized triggers or the artificial triggers. The former might be used to measure the
TCS phase, that is the time difference of the synchronized trigger pulse to the first level
trigger. For one SubDAQ, the so-called MainDAQ (see section 5.5), there are additional
outputs for the artificial triggers, that are generated by the controller, and for the BUSY
signal, which is used internally to veto the FLTs and which goes to a pre-scaler module.

For test and lab setups the controller is equipped with a simple pulse sequencer, which
provides three different types of pulse sequences, that may be used instead of a real
trigger source. Besides regular pulses with a configurable frequency in the range from
37.08 Hz to 38.88 MHz the controller may generate pulse patterns with configurable
length. These patterns are read from a 32 bit×512 RAM, which is accessible via the VME-
bus. Each of the maximum 16384 bits defines the output signal for a time interval equiv-
alent to the TCS clock period. The minimum period between two pulses is thus 25.72 ns,
the largest possible time interval is 421.4 µs. The pseudo-random pulses may be used as a
crude replacement for a random noise generator. The rate of these pulses may be reduced
by setting a pre-scale factor, that orders the sequencer to send out two out of n pulses,
where n may range from 2 to 224 − 1.

5.4 TCS Receiver

The TCS receiver processes the TDM biphase mark encoded data stream, sent by the
TTCex module through the optical fiber network, and provides an interface to the con-
centrator modules CATCH and GeSiCA via the VME P2 backplane. Fig. 5.8 shows a
schematic view of the TCS receiver.

In a first step the receiver recovers the clock from the 155.52 Mbit/s bit stream, that the
opto-electronic receiver gets from the TTCex transmitter. This is performed by a clock re-
covery chip that is equipped with a PLL. The chip puts out a low jitter 155.52 MHz clock,
from which the 38.88 MHz TCS clock is derived by fourfold downsampling performed
in two steps. The TCS clock is used by the receiver itself and is forwarded to the readout
modules, which fan out the clock signal to the front-end electronics. To keep the clock
jitter as low as possible, the optical receiver and the clock recovery chip are powered
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Figure 5.8: Schematic view of the TCS receiver.

separately through a DC-DC converter, which decouples them from the power supply of
the rest of the board, thus reducing the noise on the power lines. The clock processing
circuitry in addition uses differential signals to keep the low jitter level.

The clock recovery chip also performs the biphase mark decoding of the bit stream. In
order to decode the 155.52 Mbit/s still TDM encoded bit stream, the clock downsampling
circuitry is equipped with two cascaded multiplexers, that allow to switch the phase of
the intermediate 77.76 MHz clock as well as that of the 38.88 MHz TCS clock. Fig. 5.9
shows how the TDM decoding is accomplished by picking up the wanted data bits with
flip-flops, that are driven by the different clock phases.

The receiver synchronizes itself to the optical link on the channel level by identifying and
decoding the two time division multiplexed channels A and B. The identification of the
channels relies on the fact that the A channel transports only the first level trigger signal,
whereas channel B transmits all the broadcast and addressed commands, so that there
are much more ’1’s on channel B than on A. To make the channel identification possible
even when the system is idle, the TCS controller in this case regularly generates so-called
dummy commands, which just produce some traffic on the B channel, but are otherwise
ignored by the receivers. The synchronization on the command level utilizes the start bit
that precedes every command

When the receiver successfully has established the synchronization to the optical link,
it forwards the triggers from channel A via the VME P2 connector to the concentrator
module and executes the broadcast and addressed commands from the B channel. Due
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choosing the phase of the 77.76 MHz clock correctly the DTR signal will always be zero,
because it corresponds to the fixed clock transitions, which in the biphase mark encoding
stand for ’0’. The DAB signal then contains the information of the channels A and B which
is recovered by choosing the phase of the TCS clock correctly.

to requirements introduced by the MultiDAQ mode (see section 5.5), the receiver has to
be activated by a certain sequence of TCS commands before it is fully functional.

For each arriving trigger the receiver generates an event label consisting of six bytes (see
table 5.1), which are buffered in a FIFO that is able to store up to five labels. A signal
notifies the concentrator module when event labels are waiting in the FIFO. By asserting
an “enable” signal the concentrator may request the label byte by byte where the byte
number is indicated by four address lines.

Bit assignment

Byte No. 7 6 5 4 3 2 1 0

0x0 Spill # [2..0] Event type [4..0]

0x1 Spill # [10..3]

0x2 Event # [7..0]

0x3 Event # [15..8]

0x4 0000 Event # [19..16]

0x5 Error byte [7..0]

Table 5.1: Byte format of the event label generated by the TCS receiver. The definition of the
error byte is given in table 5.2.

The same address lines may be used in the opposite direction by the concentrator module
to access status information like the error register, the TCS receiver ID, and configuration
values which are summarized in table 5.3.
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Bit No. Description

0 Event label FIFO full

1 Event number overflow

2 —

3 ECC transmission error

4 —

5 —

6 TDM synchronization error

7 —

Table 5.2: Definition of the TCS error byte.

Bit assignment

Byte No. 7 6 5 4 3 2 1 0

0x0 Receiver ID [7..0]

0x1 000 ECC mode 000 Enable

0x2 Error byte [7..0]

0x3 DAQ mask [7..0]

0x4 SkipData mask [7..0]

0x5 SkipData mask [15..8]

0x6 SkipData mask [23..16]

0x7 SkipData mask [31..24]

0x8 DataMode mask [7..0]

0x9 DataMode mask [15..8]

0xA DataMode mask [23..16]

0xB DataMode mask [31..24]

0xC Coarse PreTrigger delay [7..0]

Table 5.3: Read-only status registers in the TCS receiver: The enable bit indicates whether
the receiver is in the “enabled” state (see section 5.5). The error byte is the same as in the
event label. The DAQ mask shows to which of the eight SubDAQs the receiver is assigned.
The SkipData and DataMode masks define the level of certain signals, that are associated
with the various calibration and monitoring trigger types (see section 5.7). The last register
contains the delay of the pre-trigger pulse which is used in the same context.
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To distinguish different receivers, they are equipped with an 8 bit TCS receiver ID, which
is defined by a DIL-switch on the card. Whenever the receiver decodes an addressed
TCS command, it compares the receiver ID, specified in the command, with its own ID
and executes the addressed command, if both IDs match, otherwise it is ignored.

The TCS receiver hardware, as shown in fig. 5.10, is a 3U VME card, which is plugged
into the VME P2 backplane. Apart from the VME P2 connector and the optical receiver
the card is equipped with two LEMO connectors: One brings out the TCS clock as a
NIM signal, which may be used to synchronize external equipment. The other connector
is an input for the so-called fast trigger signal and is directly connected to a pin of the
VME P2 connector. The fast trigger signal brings the first level trigger pulse on a faster
path to the readout module and is used by the readout electronics of the RICH detector,
which requires a small trigger latency.
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Figure 5.10: The TCS receiver card. (from [Gru01a])

For online calibration purposes the TCS system provides artificially generated calibration
and monitoring triggers. In this context the receiver provides several signals which are
described in detail in section 5.7.

5.5 MultiDAQ Mode

The MultiDAQ mode was implemented to simplify the testing and debugging of the
data acquisition system or of (parts of) detectors. In this mode the whole DAQ system is
partitioned into up to eight logically independent subsystems that do not interfere with
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each other. These SubDAQs are operated quasi-concurrently by using a time-division
scheme in which each SubDAQ is active for a configurable time interval, the so-called
time slice, during which it allocates the TCS exclusively. The MultiDAQ scheduler in the
TCS controller cycles through all running SubDAQs in ascending order granting them
the configured time slice. This way it is ensured, that at each instant in time only one
SubDAQ receives triggers. The eight time slices are set by the TCS server and may range
from 25.72 ns to 26.97 ms in steps of 25.72 ns.

The various SubDAQs may be stopped and started without any restrictions. One may
include/exclude SubDAQs into/from data taking while the other SubDAQs keep on
running unaffected by this action. The starting and stopping of a particular SubDAQ
is always performed at the beginning of a spill.

The SubDAQs share the TCS hardware resources, but are logically completely indepen-
dent. Every SubDAQ has its own spill and event number counters and receives only the
triggers from that TCS controller input, that is assigned to the particular SubDAQ (see
section 5.3). The only exception to this are the first and last events in the run and in the cy-
cle, respectively, plus the last event in the spill. These artificial events (see section 5.7) are
generated at the beginning and at the end of the spill, respectively, and mark the SPS spill
cycle in the data stream. They have to be received by all running SubDAQs, which causes
some complications, since the same artificial event has different event numbers in the
various SubDAQs. A similar problem arises for the broadcasting of the spill numbers of
the different SubDAQs. There are two conceivable solutions to this: Either the controller
generates multiple broadcasts, that contain the various event and spill numbers, respec-
tively, or the event and spill numbers are counted locally in the TCS receivers. Here the
second approach was implemented in a way that the spill and event numbers of one par-
ticular SubDAQ, the so-called MainDAQ, are still counted centrally in the TCS controller,
whereas for all other seven SubDAQs these numbers are counted in the TCS receivers.
This way the MainDAQ remains more fault tolerant, because there is only one source for
the event header information.

The implementation of the MultiDAQ mode required additional logic in the TCS con-
troller, that is able to freeze and save the state of certain subcomponents in the controller
at the end of the time slice of the currently active SubDAQ. The state is then replaced by
the saved state of that SubDAQ, that will be active during the forthcoming time slice. In
addition the execution of the various TCS commands had to be made either interrupt-
ible or atomic depending on the priority of the performed action, so that the state of the
controller as well as that of the receivers is well-defined before and after switching of the
SubDAQ. To prevent that external first level triggers interfere with the switching of the
SubDAQs, the triggers are blocked during the whole process. This extra dead-time can
be minimized by choosing the largest possible time slices for the involved SubDAQs.

In the MultiDAQ mode the TCS receivers have to know to which SubDAQ they are as-
signed, which SubDAQs are running, and which one is currently active. Based on this
information the receiver has to be either fully functional, when its SubDAQ is active, or
has to ignore incoming triggers and certain TCS commands. To allow in addition the se-
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lective (de)activation of certain equipments in data taking, the receiver features four acti-
vation levels: After power-up the receiver is in the “off” state in which the trigger output
is blocked and in which it ignores all TCS commands other than “reset” and “switch on”,
which are generated by the TCS server. The “switch on” command lifts the receiver into
the “enabled” state. By default the receiver is attached to no SubDAQ. When the receiver
is “enabled”, the TCS server may assign the receiver to a certain SubDAQ by an ad-
dressed command. The receiver then waits for a broadcast command from the controller,
that announces which SubDAQs are running, and goes to the “running” state, if its own
SubDAQ is in this set. In the “running” state the receiver decodes all TCS commands but
still block its trigger output and ignores event label broadcasts. This restriction is lifted,
when the controller announces the beginning of the time slice of the receiver’s SubDAQ
with a broadcast command, thus putting the receiver into the “active” state where it is
fully functional. In order to avoid complicating things by introducing a special case, this
activation procedure is performed also when only one SubDAQ is running.

5.6 Dead-time Generation

The lower limit for the readout dead-time is mainly defined by the RICH front-end elec-
tronics (see section 3.1): To prevent the noise, that is introduced by the output multi-
plexer of the GASSIPLEX chip, from affecting the detector signal a minimum dead-time
of 5 µs after each event is required, during which the TCS controller has to veto the first
level trigger. This so-called fixed dead-time after each trigger may be configured by the
TCS server in steps of the TCS clock period in the range from 51.44 ns to 1685.6 µs, so that
also test and calibration setups with high dead-time settings are supported.

Although most of the detector front-ends have a pipelined design and are thus dead-time
free, they have different rate capabilities due to differently sized buffers. To ensure that
these rate limits are not exceeded even at high trigger rates, the controller monitors the
trigger rate and is able to generate a so-called variable dead-time, that is combined with
the fixed dead-time by a logical “or”. The maximum allowed trigger rate is defined by
the number of first level triggers during a certain time interval. The number of triggers
may range from 0 to 255 and the time window may be configured by the TCS server
between 25.72 ns and 1685.6 µs in steps of the TCS clock period. If the number of allowed
triggers is bigger than one, the minimum time between two triggers is determined by the
fixed dead-time as defined above.

In the MultiDAQ mode (see section 5.5) the dead-times of all eight DAQs may be con-
figured independently. This gives more flexibility and, for example, allows to test an
equipment at low trigger share and high dead-time settings, while operating the rest of
the system at nominal conditions, or vice versa perform high rate tests on parts of the
apparatus.

In order to lower the readout induced dead-time, the MainDAQ is able to generate two
independent variable dead-times, that are combined by a logical “or”. This allows to
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set one variable dead-time such, that the largest front-end buffers are fully used, while
the second dead-time prevents the smaller buffers from overflowing. This way the rate
capabilities of the different front-ends are exploited more efficiently.

Another type of dead-time is generated by the so-called throttling. This TCS feature is
employed to ensure a stable operation of the DAQ system even at its limits. The throttling
blocks part of the triggers at the beginning of a spill on a spill-by-spill basis to prevent the
DAQ from aborting the run, due to buffer overflows in the ROB computers. To this end
the DATE local data collector software, that runs on the readout buffer PCs, monitors
the filling of the buffers. If on the spill-average there are more incoming data than the
system is able to transfer to the event builders, the DATE run control lowers the amount
of data for the next spill appropriately. Therefore it calculates the approximate on-spill
time interval, that corresponds to the accumulated amount of excess data in the buffers,
using the known mean trigger rate and event size. The TCS server is then ordered to write
the calculated time interval into a dedicated VME register in the controller, which then
vetoes the trigger at the beginning of the next spill. The time interval during which the
triggers are blocked may be set in steps of 200 ms ranging from 0 to 51 s. The throttling is
only active for exactly one spill and affects all SubDAQs. In case the buffers keep filling
up, the readout control has to order the throttling repeatedly.

5.7 Special Event Types
and Calibration and Monitoring Triggers

The 5 bit event type field, that is part of the event label generated for each first level
trigger by the TCS controller, allows to distinguish up to 32 different types of events. The
most important event type is the physics event. This tag is assigned to all events that
are triggered by the external first level trigger logic. All other event types distinguish
different artificial triggers generated by the TCS controller. The First and Last Event in
the SPS Cycle (FEC and LEC), and in the Run (FER and LER) as well as the Last Event
in the Spill (LES) mark the SPS spill structure in the data stream (see fig. 5.11). The
other 26 event types may be used for calibration and monitoring purposes. Table 5.4
summarizes the various event types.

The calibration and monitoring triggers are intended to be used to sample detector data at
a low rate under conditions, that allow a monitoring of the detector performance and/or
calibration. A prime example is the monitoring of the photomultiplier calibration in the
hadronic calorimeters by injecting a light pulse of known magnitude and reading the
resulting PMT response.

The calibration and monitoring triggers may be either requested one-by-one by the
TCS server via the VMEbus or may be generated more efficiently by the TCS controller
itself. In the latter case the controller allows to define for each of the 26 calibration and
monitoring trigger types an individual rate, with which this trigger type is generated
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Figure 5.11: Tagging of the SPS spill structure by artificial events. (not to scale)

Event type Description

0x00 Physics event

0x01 Calibration and monitoring event 1
...

...

0x1A Calibration and monitoring event 26

0x1B Last event in the spill

0x1C First event in the run

0x1D Last event in the run

0x1E First event in the cycle

0x1F Last event in the cycle

Table 5.4: TCS event types.
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either only during the on- or off-spill time or continuously. The periods of the calibra-
tion and monitoring triggers may be set in a range from 3.371 ms to 863.0 ms in steps of
3.371 ms. The automatic generation of calibration and monitoring triggers by the con-
troller covers the most common applications and avoids timing problems, that would
occur in a software driven scenario especially concerning the MultiDAQ mode (see fur-
ther below).

On the TCS receiver side the calibration and monitoring triggers are accompanied by
three additional signals: PreTrigger, SkipData, and DataMode. The pre-trigger function-
ality may be illustrated by the HCAL example given above. The flash LED has to be
triggered by a pulse before the calibration and monitoring trigger arrives and initiates the
readout of the front-end electronics. This pulse is provided by the PreTrigger signal.

The TCS controller ensures a fixed timing between the pre-trigger and the trigger pulse:
First the controller asserts the BUSY signal to prevent that FLTs interfere with the proce-
dure. Then it transmits the calibration and monitoring trigger command, that announces
the arrival of a certain trigger type to the TCS receivers. A fixed time interval of 6558.6 ns
after the command was received by the receivers, the controller generates the artificial
trigger. In the TCS receivers the TCS command from the controller initiates the gener-
ation of the pre-trigger pulse, which may be delayed by a configurable time period, so
that the time interval between the pre-trigger and the subsequent artificial trigger may
be set in a range from 0 to 6558.6 ns in steps of 25.72 ns. By equipping the receiver with
an optional delay chip, the step size may be decreased by a factor of 256 to 100.5 ps.

When the receiver sets the SkipData bit, the connected concentrator module is ordered
to discard the front-end data for the particular event and to only generate headers. This
allows to record data only for those detectors, for which the calibration and monitoring
trigger is useful thereby saving space on tape.

The DataMode signal may be used to switch the front-end for the calibration and mon-
itoring trigger into a different readout mode. To measure, for example, the pedestals
of the GEM or the silicon detectors so-called latch all data are needed where the zero
suppression in the ADC cards is switch off.

For each TCS receiver ID the three signals described above may be dis/enabled indepen-
dently for the 26 calibration and monitoring trigger types. Also the pre-trigger timing
can be set individually for the different IDs, but is the same for all artificial trigger types.

Some difficulties arise from the MultiDAQ mode: The switching between the different
SubDAQs is performed on the millisecond scale, so that it is nearly impossible to syn-
chronize the TCS server software with the time slices of the various SubDAQs, which,
however, would be necessary in order to request the calibration and monitoring triggers
for the right SubDAQ. To circumvent this problem, the TCS controller takes care, that re-
quests for calibration and monitoring triggers are executed at the correct moment thereby
creating a little overhead, since the controller has to wait for the right SubDAQ to become
active.
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5.8 TCS Server – Control and Configuration of the TCS

The TCS server [Sch05] fulfills two functions: In the first place it controls and configures
the whole trigger control system via the VMEbus interface of the TCS controller and
secondly it provides a remote interface via standard local area network, so that other
processes like the DATE run control are able to access TCS functions.

The TCS configuration is defined by a set of text files, that are read by the TCS server and
have a simple syntax11, where an option identifier is followed by one or more arguments.
Table 5.5 lists all valid option strings and their meaning.

Option string Argument(s)

TCScontroler VME address of the TCS controller

TCSconfig TCS controller configuration (defines register 0x24 in table A.1)

TCSreset TCS reset broadcast command

Timeslice [0-8] Time slices of the eight SubDAQs in units of the TCS clock period

DeadtimeF [0-8] Fixed dead-time of the eight SubDAQs in units of the TCS clock period

DeadtimeN [0-8] Variable dead-time: number of triggers for the eight SubDAQs

DeadtimeW [0-8] Variable dead-time: time interval for the eight SubDAQs in units of the
TCS clock period

DeadtimeSN 2nd variable dead-time of the MainDAQ: number of triggers

DeadtimeSW 2nd variable dead-time of the MainDAQ: time interval in units of the TCS clock
period

Receiver nnn [0-N] List of N − 1 addressed TCS commands for receivers with ID nnn

Include Name of the configuration file to include

Table 5.5: Supported option strings in the TCS server configuration file: If an option requires
more than one argument, the parameters are given as a zero terminated list whose length is
defined by the numbers in the brackets.

The configuration files define both the configuration of the controller as well as that of
the receivers. The controller is configurable by setting various registers, that are directly
accessible by the TCS server through the VMEbus. A complete list of the controller regis-
ters can be found in appendix A. The TCS receivers are configured indirectly by writing
a set of addressed TCS commands either into the slow command or into the configura-
tion FIFO, where the latter is the standard procedure. While parsing the configuration
files, the TCS server constructs an internal logical representation of the TCS in form of
a data structure, that is utilized for error handling and to check the consistency of the
configuration.

11The syntax is the same as for the configuration files of the COMPASS reconstruction software
CORAL [COR].
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The second task of the TCS server is to provide a network interface for other processes in
the DAQ, so that they may access the TCS status information and may issue requests to
be executed by the TCS server. The TCS server in particular executes the requests from
the run control to start and stop SubDAQs. The communication interface is implemented
in form of a network socket12 with a simple character based command interface. The
client process, which may be for example the run control or just a telnet client, opens
a connection via a certain network port on the machine, that is running the TCS server
and issues a single command character which is optionally followed by one or more
parameters. The server executes the command, eventually sends back reply data, and
closes the connection. Table 5.6 collects all the supported commands.

Command Argument(s) Description

I — (Re)configure the TCS

Z — Reset the TCS receivers and the connected front-end electronics

R N Start SubDAQ N

S N Stop SubDAQ N

P — Veto all external triggers

C — Remove the veto from all external triggers

L Period Order the controller to veto triggers at the beginning of the next spill
(throttling)

T N Activate the artificial trigger sequencer with certain event type,

event type period, and mode on SubDAQ N

period

mode

B — Returns spill status: ’1’ = on-spill, ’0’ = off-spill

N — Returns spill number of the MainDAQ

? — Returns extensive status summary

Table 5.6: Socket based remote interface provided by the TCS server.

The two most important commands are “R” and “S” which order the TCS to start and
stop a SubDAQ, respectively. The start command is issued by the DATE run control when
the user has hit the start button. When the TCS server receives this command it first waits
until the end of the SPS extraction by polling the spill status register of the TCS controller.
During the 11.7 s long off-spill time the server writes a set of TCS commands into the con-
figuration FIFO of the controller. This set contains TCS commands that reset the receivers
and their connected front-end electronics. They are followed by commands that config-
ure the particular receivers, assign them to the requested SubDAQ, and enable them. The
SubDAQ is then started by setting its time slice to a non-zero value. From this point on
the TCS controller takes over: It waits, until the start of the next SPS cycle is announced

12A socket is a software component that represents one end of a bi-directional communication link be-
tween two processes. Network sockets establish the inter-process communication utilizing the transport
layer of standard network protocols like TCP, so that the two processes may run on different machines.
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by the begin of spill signal and generates the last event in the cycle for the other running
SubDAQs (see section 5.7). Then the controller sends out the TCS commands, buffered
in the configuration FIFO, thus putting the TCS receivers into a defined state. Thereafter
the controller resets all concentrator modules and front-end electronics with a broadcast
command, before it broadcasts the new spill number. In the last step the artificial first
event in the run is generated, the controller removes the veto from the FLT input, and
waits for triggers.

When the user hits the stop button the run control sends the stop command to the
TCS server, which waits until the end of the SPS extraction and sets the time slice of the
requested SubDAQ to zero. The TCS controller waits for the next begin of the spill signal
and generates the artificial last event in the run. Then it blocks all FLTs for this SubDAQ
by setting the BUSY signal and sends a reset broadcast to all concentrator modules.

As was mentioned in section 5.5 the artificial events, that mark the beginning and the end
of a spill/run in the data stream, require a special treatment, because they have to be re-
ceived by all running SubDAQs, but the controller sends only one broadcast. Beside com-
plications related to the counting of the event and spill numbers, this also concerns the
event types, where again the MainDAQ is treated differently from the other SubDAQs.
The start and stop procedures are performed as described above for the MainDAQ or in
case only a single SubDAQ is started/stopped while all others are off. If one or more
SubDAQs are running and another SubDAQ is started/stopped, the controller generates
artificial FEC and LEC events instead of FER and LER. Vice versa running SubDAQs will
receive FER/LER events instead of FEC/LEC, when the MainDAQ is started/stopped.
This way the spill structure is always marked correctly in the MainDAQ.

5.9 TCS Performance and Summary

As the trigger control system is an essential part of the readout chain, the TCS was one
of the first electronic components, that was installed in the experiment. Since the COM-
PASS commissioning run in the year 2000, the TCS was improved and extended in sev-
eral stages and, although the core functionality of the system is quite simple, the feature
extensions, that arose from the experience of running the system, added quite some com-
plexity to the TCS, in particular on the controller side. This was the main reason why a
new controller hardware was necessary to overcome the limitations of the old hardware.

Nevertheless the TCS proved to be one of the most reliable electronics components. All
design goals were met: The trigger control system is able to handle trigger rates well
above 100 kHz and the jitter between the recovered TCS clocks of two receivers was mea-
sured to 41 ps r.m.s. [Gru01a], well below the required 50 ps r.m.s.
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Chapter 6

Transverse Hyperon Polarization

Hyperons are an ideal probe to measure polarization effects in high energy reactions.
Due to the parity violation of their weak decay, the polarization of the hyperons is re-
flected in the angular distribution of their decay daughters. This eminent property of
the hyperons, referred to as their self-analyzing weak decay, allows a direct extraction of
their polarization from the asymmetry of the angular distribution of one of its daughter
particles.

If the hyperon H is produced in an unpolarized inclusive reaction like A B −→ H↑ X and
if the interaction in the production process is parity conserving, the hyperon can only
be polarized parallel to the normal n̂ of the production plane, spanned by the incoming
beam particle and the outgoing hyperon n̂ ∝ ~pbeam × ~pH. This is referred to as transverse
polarization (see fig. 6.1).

The Λ for example is the lightest hyperon and has a non-leptonic decay mode into two
charged particles Λ −→ p π− (see fig. 6.2a) with a branching ratio of 64 %. In the rest
frame of the Λ with the z-axis along its spin direction (JΛ = 1/2, mΛ = +1/2) angular
momentum conservation allows two waves to contribute to the decay amplitude [Per87]:
a parity violating s-wave, where proton and pion have no relative angular momentum `

and where proton- and Λ-spin are parallel (mΛ = mp = +1/2), and a parity conserving
p-wave, where proton and pion have a relative angular momentum of one unit (` = 1).
The p-wave consists of two components: One with m` = +1, where the spins of proton
and Λ are anti-parallel (mΛ = −mp = +1/2), and another with m` = 0, where the spins
are parallel. Hence the total wave function is given by

(6.1) ψ = ψs + ψp with ψs = As Y0
0 χ+ and ψp = Ap

[√
2
3

Y1
1 χ− −

√
1
3

Y0
1 χ+

]

where Ym
l are the spherical harmonics, As,p the complex amplitudes, and χ± the spin

wave functions of the two possible spin states of the decay proton with respect to the
Λ spin.
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Figure 6.1: (a) Production of a polarized hyperon in the unpolarized inclusive reaction
A B −→ H↑ X. The coordinate system is defined by the reaction and chosen such, that the
y-axis is along the normal of the production plane and the z-axis along the hyperon direc-
tion. The polarization ~P of the hyperon is assumed to have an arbitrary orientation with
components Px, Py, and Pz with respect to the coordinate axes. (b) The same process after
the parity operator P was applied: It is evident, that, if the coordinate system is chosen in
the same way as in (a), the x- and z-components of the polarization flip sign, whereas the
y-component stays unchanged, because the production plane normal still points in the same
direction. If the process is parity conserving, both Px and Pz average to zero, so that the
polarization is always transverse to the production plane.
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Figure 6.2: (a) Decay of the Λ hyperon into proton and pion and (b) that of the Ξ− hyperon
into Λ and pion both via exchange of a W boson.
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Eq. (6.1) together with the orthonormality of the spin wave functions and the definition
of the spherical harmonics gives the angular distribution:

(6.2)
dN

dcos θ
∝ ψψ∗ =

1
4π

[
|As|2 + |Ap|2 − (A∗s Ap + As A∗p) cos θ

]
where θ is the polar angle of the proton with respect to the quantization axis in the hy-
peron’s rest frame. Without loss of generality one of the complex phases can be chosen
to be real: As ∈ R. This simplifies the interference term in eq. (6.2) and gives

(6.3)
dN

dcos θ
∝ (1 + α cos θ) with α ≡ −

2As <(Ap)

|As|2 + |Ap|2

The interference of the s- and p-waves, which due to parity violation are both allowed
in the weak decay, causes the decay baryon to be preferentially emitted either along or
opposite to the spin direction of the hyperon, depending on the sign of α. α is the so-
called decay asymmetry parameter and describes the details of the weak decay process.
In order to have a non-vanishing asymmetry parameter, both amplitudes As and Ap have
to be non-zero. Table 6.1 summarizes the decay asymmetry parameters of some hyperon
decays.

Hyperon Decay channel Branching ratio Asymmetry parameter α

Λ p π− 63.9±0.5 % 0.642±0.013

Λ n π0 35.8±0.5 % 0.65±0.05

Σ+ p π0 51.57±0.30 % −0.980± 0.017
0.015

Σ+ n π+ 48.31±0.30 % 0.068±0.013

Σ− n π− 99.848±0.005 % −0.068±0.008

Ξ0 Λ π0 99.522±0.032 % −0.411±0.022

Ξ− Λ π− 99.887±0.035 % −0.458±0.012

Ω− Λ K− 67.8±0.7 % −0.026±0.023

Ω− Ξ0 π− 23.6±0.7 % 0.09±0.14

Table 6.1: Decay asymmetry parameters of some hyperon decay channels: Due to the con-
vention to use the angular distribution of the decay baryon to determine the polarization,
the asymmetry parameter of the respective charge-conjugated decay has the opposite sign,
assuming CPT-invariance. (from [PDG04])

Eq. (6.3) describes the angular distribution in a frame, where the axis, with respect to
which the angle θ is defined, was chosen to be always along the spin of the hyperon. In
a measurement such a frame is not possible to realize, instead an analyzer direction n̂ is
chosen, along which the polarization P is measured. For a spin-1/2 particle the polariza-
tion is defined as

(6.4) P ≡ 〈~σ · n̂〉 =
N↑ − N↓

N↑ + N↓
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6 TRANSVERSE HYPERON POLARIZATION

where~σ is the spin operator and N↑(↓) the number of particles with spin along (opposite)
to the quantization axis. In this analysis the production plane normal is used as the
analyzer to measure the transverse hyperon polarization PH

T . Redefining the angle θ to
be taken with respect to the production plane normal n̂ gives the measurable angular
distribution, that now includes the transverse polarization:

(6.5)
dN

dcos θ
=

N0

2

(
1 + αHPH

T cos θ
)

Due to the self-analyzing weak decay, a possible transverse polarization of the hyperon
manifests itself as an up-down asymmetry of the distribution of the daughter particles
with respect to the production plane.

The production of polarized hyperons via a certain production channel can be described
in terms of spin-flip and spin-non-flip forward amplitudes AF and AN [Sof99]. According
to the generalized optical theorem the polarization is given by

(6.6) PH
T =

=(AN A∗F)

|AN |2 + |AF|2

Hence a polarization different from zero requires both amplitudes to be non-vanishing
and to have moreover a non-zero phase difference. At high energies, however, a large
number of possible reaction channels contribute to the production cross section with
comparable magnitudes and various relative phases. Therefore the polarization in in-
clusive high energy processes is expected to be small, since in the weighted mean over
all contributing channels the relative phases interfere randomly.

Moreover pQCD calculations [Kan78] show, that the quark helicity flip amplitudes van-
ish at high energies, mainly because for massless quarks the QCD Lagrangian is chiral
invariant, so that the quark helicities are conserved in hard interactions.

The following two sections will first shortly summarize the experimental results on hy-
peron polarization, gathered so far, and then introduce two of the models, that are pro-
posed to explain the data.

6.1 Hyperon Polarization Data – A brief Overview

The story of hyperon polarization in high energy reactions started over 30 years ago at
Fermilab where Λ hyperons, produced by a 300 GeV/c proton beam in the unpolarized
inclusive reaction p Be −→ Λ X, were found to have a sizeable polarization opposite to
the normal of the production plane [Bun76]. Considering the arguments given in the
previous section, this discovery came as a surprise. It was the first indication, that the
spin seems to be an important factor in high energy hadronic reactions.
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The finding of the transverse Λ polarization initiated a systematic and detailed study of
polarization effects in hyperon production. From numerous experiments, which covered
a wide kinematical range and used a large variety of beams and targets, both unpolar-
ized, one knows, that most hyperons are produced polarized along the normal of the
production plane. At present measurements of the hyperon polarization contribute the
largest data set on spin effects in high energy hadronic reactions. In the following a short
overview of the experimental results is given. More detailed information can be found
in [Pan90, Lac92, Hel96, Bra98b].

The bulk of data on hyperon and anti-hyperon polarization was collected in proton-beam
experiments, where it was found, that the various hyperons show a similar behavior: The
absolute value of the hyperon polarization rises approximately linearly with the trans-
verse momentum pT of the hyperon, starting at zero for pT = 0 GeV/c, as required by
rotational symmetry, and reaching a plateau at pT ≈ 1 GeV/c. Up to the highest mea-
sured transverse momenta of pT ≈ 3.5 GeV/c no drop of the polarization, as expected
by pQCD, was seen. In the plateau region the polarization rises almost linearly with the
Feynman variable1 xF of the hyperon. The polarization is virtually independent of the
beam energy and shows only a weak dependence on the atomic mass number A of the
target.

In particular the polarization of the Λ hyperon was studied in great detail in the current
fragmentation region by proton-beam experiments at Fermilab [Bun76, Hel78, Lun89,
Ram94] and at CERN [Erh79, Smi87, Fan99], which measured a negative polarization, that
is opposite to the production plane normal. Other proton beam experiments showed,
that nearly all hyperons are produced polarized with a comparable magnitude of the
polarization of about 20 % at large xF in the plateau region, where pT > 1 GeV/c:

PΛ
T ≈ PΞ−

T [Ram86, Dur91] ≈ PΞ0

T [Hel83] ≈ −PΣ0

T [Duk87] ≈ −PΣ+

T [Wil87] ≈
−PΣ−

T [Wah85] (cf. also fig. 6.3a). The only exception is the Ω− with PΩ−

T ≈ 0 [Luk93].
For the anti-hyperons the picture is less clear: Whereas the Λ is produced unpolar-
ized [Hel78, Lun89, Ram94, Bra98a, Fan99], Σ

−and Ξ
+exhibit a polarization with the

same sign as the respective hyperons: PΣ
−

T ≈ 10 % [Mor93] and PΞ
+

T ≈ −10 % [Ho91]
(see fig. 6.3b).

Λs produced by anti-protons [Gou86] as well as Λs produced by a neutron beam [Ale00]
show a similar behavior like Λs from proton induced reactions. The same is true for the
exclusive diffractive process p p −→ p (Λ K+), except that the Λ exhibits a remarkably
strong negative polarization below −60 % [Hen92].

The behavior of the hyperon polarization changes, if the strange quark content of the
outgoing hyperon is not produced from the sea, like in proton induced reactions, but

1The Feynman variable xF is the fraction of the incident beam momentum pz,max carried by the hyperon
in the beam direction xF ≡ pz/pz,max. xF is not Lorentz-invariant and usually defined in the center-of-mass
system of beam and target. In this system xF is given by xF ≈ 2pz,cm/

√
s, where

√
s is the center-of-mass

energy. xF may range from −1 to 1, where positive values mean that the hyperon goes into the forward
hemisphere and thus probably stems from the beam particle. Therefore this kinematical domain is called
current or beam fragmentation region. In a similar way negative xF indicate, that the hyperon production is
dominated by the target and is thus called target fragmentation region.
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Figure 6.3: Polarization of various hyperons and anti-hyperons measured in proton induced
inclusive reactions: (a) Polarization of hyperons from a 400 GeV/c proton beam as a function
of their momentum, which, due to the fixed scattering angle, is proportional to their trans-
verse momentum pT as well as to their longitudinal momentum fraction xF. (b) Polarization
of anti-hyperons in dependence of pT . For comparison the hyperon polarizations measured
by the same experiments are shown as well. (from [Bra98b])

is instead brought in by the beam particle: Λs produced by a K− beam show a sizeable
positive polarization in the current fragmentation region, opposite to the one observed in
proton data [Gou86, Chu75, Abr76]. Λs from a K+ beam [Aji83] behave similarly. The
same phenomenon was observed for Λs from a Σ− beam, where in addition a first pos-
sible hint for the breakdown of the polarization at large pT was seen [Ada04a]. Whereas
Ξ− hyperons from proton beams have a sizeable negative polarization, they were found
to be unpolarized, if produced by a beam consisting mainly of n, Λ, and Ξ0 [Woo96]. In
the same beam the Ω− showed a small positive polarization. If produced by a Σ− beam,
the Ξ− polarization on the other hand exhibits a behavior very similar to that of the proton
data [Ada04b], whereas Ξ−s produced by K−s have a large positive polarization [Ben85].

Λs from pion beams exhibit a small negative polarization [Ben83] and Λs [Bar94] are
produced unpolarized.

Two older experiments [Ast82, Abe84] studied the Λ and Λ polarizations in photo-
production with photon energies between 20 and 70 GeV. Both experiments are limited
by statistics and measured polarizations compatible with zero. Nevertheless they seem
to indicate a small positive Λ polarization. This was confirmed by a HERMES measure-
ment [Brü02, Gre02, Bel01] in quasi-real photo-production, which resulted an average
Λ polarization of +5.5% and an Λ polarization of −4.3 % (see also subsection 8.4.1).
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6.2 Theoretical Models

The previous section showed that the transverse polarization of hyperons is a complex
phenomenon. Within the current framework of perturbative QCD the polarization can-
not be calculated from first principles, because the hyperon production in proton induced
reactions in the current fragmentation region at small transverse momenta is a soft pro-
cess. A number of models try to explain the experimental data using different polariza-
tion mechanisms: [Hel78] proposes that polarized ss pairs are created by polarized gluon
bremsstrahlung. In [And83] the ss pairs originate from the breaking of a stretched color
flux tube. Since the s quark has a transverse momentum the ss pair has to have angular
momentum, which is balanced by the quark spins. In analogy to multiple Coulomb scat-
tering [Szw81] considers the polarization of massive s quarks by multiple scattering in
quark-gluon matter. [DeG81a] developed a model that explains the polarization with the
Thomas precession of the participating quark spins.

Beside these semi-classical models there are also some, that are based on Regge theory. In
the triple-Regge model [Bar92] the Λ production is described by three processes: direct
production, intermediate baryon dissociation via Σ and Σ∗, and electromagnetic decay
of Σ0. The one pion exchange model [Sof92] is based on the dominance of the pion ex-
change in hadronic amplitudes and reduces the Λ production to the reaction π p −→ K Λ

with reggeized off-shell pions.

None of the proposed theoretical models is able to describe all observed polarization
phenomena in a consistent way. Up to now the details of the mechanism, that creates the
polarization, are not understood. A more in-depth discussion of the proposed models
and the current theoretical developments is given in [Sof99, Fel99].

The following subsection 6.2.1 introduces the recombination model by DeGrand and Mi-
ettinen as a typical example for a semi-classical model. Notwithstanding its simplicity,
it is able to predict at least on a qualitative level many observed hyperon polarizations.
Subsection 6.2.2 presents a recent phenomenological approach to describe the Λ polariza-
tion in deeply inelastic scattering by applying pQCD factorization schemes, that separate
the non-perturbative polarizing process into a measurable quantity.

6.2.1 Parton Recombination Model by DeGrand and Miettinen

In the parton recombination model developed by DeGrand and Miettinen [DeG81b,
DeG81a, DeG85] the polarization in inclusive baryon fragmentation is reduced to the
polarization in the underlying partonic subprocess. The model considers the scattering
of a baryon B with momentum pB on a target, thereby producing baryon B′ with mo-
mentum pB′ . B′ carries a longitudinal momentum fraction xF with respect to B and has
a small transverse momentum pT. The polarization is measured along the normal n̂ of
the production plane, that is also the scattering plane and is spanned by the two baryons
n̂ ∝ ~pB × ~pB′ .
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The beam baryon is considered in an infinite momentum frame, where its wave function
can be decomposed into partonic wave functions. The three valence partons determine
the flavor quantum numbers and carry the major part of the baryon momentum, whereas
the numerous sea partons contribute only a small part to the momentum and possess no
net quantum numbers. The production of fast baryons with large xF is described as a re-
combination of beam valence quarks with sea quarks under the assumption of minimum
complexity of the quark transitions and SU(6) spin-flavor symmetry. This means that
B and B′ share the maximum possible number of valence quarks and that these valence
quarks have the same wave functions in the fragmenting and in the outgoing baryon.
The production of B′ via baryon resonances is neglected, so that the predictions are valid
only for “promptly” produced baryons.

There are three classes of recombination processes: If two valence partons from the beam
baryon B recombine with one sea parton to form B′, as it is the case for the Λ production
by a proton beam, where the ud diquark of the beam proton recombines with an s quark
from the sea, this is called VVS recombination. In VSS recombination B and B′ share
only one valence parton like in the Ξ− production by protons, where the d quark from
the proton recombines with an ss diquark from the sea. The case, where B and B′ have
no valence quarks in common, so that all valence partons of the outgoing baryon have
to be created from the sea, is called SSS recombination, which applies to all anti-baryons
produced by baryons.

The sea partons are supposed to be unpolarized. The polarization is built up in the pro-
cess of recombination, where certain spin directions are preferred. It turns out that nearly
all polarization data can be explained at least qualitatively by a simple rule: Slow (sea) par-
tons recombine preferentially with their spin down with respect to the production plane, while fast
(valence) partons recombine with their spin up. DeGrand and Miettinen propose that this
correlation of spin and momentum is caused by the change of the parton momentum
during the recombination process, which is not collinear to the parton momentum and
therefore leads to a Thomas precession of the parton’s spin.

An “algebraic” model for the polarization can be constructed using the standard
SU(6) spin-flavor wave functions for the baryons to describe the VVS and VSS recombi-
nations in terms of the exchange of quarks and pairs of quarks between the fragmenting
and the outgoing baryon. Considering the structure of the two recombination processes
it is convenient to represent the baryons as a combination of quark and diquark, where
the internal diquark interaction is neglected.

(6.7)
∣∣B sB mB

〉
= ∑

sD=0,1
∑

mq+mD=mB

(
D sD mD q mq

∣∣B sB mB
) ∣∣D sD mD

〉 ∣∣q mq
〉

where B, D, and q are the flavor quantum numbers of the baryon, the diquark, and
the quark, respectively. si and mi with i = B, D, q are the respective spins and their
components along the quantization axis, which is the normal n̂ of the production plane.(

D sD mD q mq
∣∣B sB mB

)
stand for the SU(6) Clebsch-Gordan coefficients.
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In the VVS recombination process one valence quark q of the beam baryon’s wave func-
tion is replaced by a different quark q’ from the sea. The model assumes, that there exists
a T-matrix amplitude for this process, which can be factorized in a valence quark term V
and a sea quark term S with T = VS, so that

(6.8)
〈

B′ sB′ mB′ ; q mq
∣∣T∣∣B sB mB; q′ mq′

〉
=

∑
sD=0,1

∑
mq+mD=mB

mq′+mD=mB′

(
D sD mD q mq

∣∣B sB mB
)(

D sD mD q′ mq′
∣∣B′ sB′ mB′

)
VD

sD mD
Sq′

mq′

where VD
sD mD

is the amplitude, that parameterizes the recombination of the diquark

state |sD mD〉 to the outgoing baryon B′, and Sq′
mq′

the respective amplitude of the sea
quark q’ with spin projection mq′ . The two brackets in the sum again represent the
SU(6) Clebsch-Gordan coefficients, that determine the contribution of the quark and di-
quark states to the initial and final baryon states. Since only unpolarized beams are con-
sidered, the Clebsch-Gordans for the beam baryon drop out, when the polarization is cal-
culated, and are therefore omitted in the following calculations. From eq. (6.8) the cross
section is calculated as the incoherent sum of the squared amplitudes over all possible
spin states of q and q’:

(6.9) σ(B → B′) ∝ ∑
sD=0,1

∑
m′q+mD=mB′

∣∣∣(D sD mD q′ mq′
∣∣B′ sB′ mB′

)
VD

sD mD
Sq′

mq′

∣∣∣2

This is a usual parton model simplification. The interference terms are assumed to be
negligible, because the outgoing spectator valence quarks have different spin states, that
do not overlap.

To describe the data the amplitudes are parameterized:

(6.10)
∣∣S↑↓∣∣2 = A(1∓ ε),

∣∣V00
∣∣2 = B,

∣∣V1mD

∣∣2 = B(1 + mD δ)

where ε and δ are small parameters, which depend on xF and pT of the outgoing baryon.
The experimental data suggest that ε ≈ δ. In the parameterization the signs of ε and δ

are chosen such, that the cross section is enhanced, if the valence partons from the beam
particle’s wave function recombine with spin up and the sea partons with spin down.

The simplest example is that of p −→ Λ (cf. fig. 6.4a): Since the valence ud diquark in
the Λ is in a spin-0 singlet state, the spin of the Λ is determined by the spin of the s quark:

PΛ
T =

σ(p → Λ↑)− σ(p → Λ↓)
σ(p → Λ)

with σ(p → Λ↑(↓)) ∝
∣∣Vud

00
∣∣2∣∣Ss

↑(↓)
∣∣2

PΛ
T = −ε

(6.11)

The VSS recombination can be described in the same way by exchanging the roles of
quark and diquark. The outgoing baryon is produced by replacing the valence diquark D
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Figure 6.4: Schematic illustration of some VVS and VSS recombination processes.

of the beam baryon by the diquark D′ from the sea, which recombines with the valence
quark, that is shared by B and B′. The corresponding T-matrix amplitude reads:

(6.12)
〈

B′ sB′ mB′ ; D sD mD
∣∣T∣∣B sB mB; D′ sD′ mD′

〉
=

∑
sD=0,1
sD′=0,1

∑
mD+mq=mB

mD′+mq=mB′

(
D sD mD q mq

∣∣B sB mB
)(

D′ sD′ mD′ q mq
∣∣B′ sB′ mB′

)
Vq

mq SD′
sD′ mD′

The cross section is again calculated as the incoherent sum of the squared amplitudes
over all spin states of D and D′.

(6.13) σ(B → B′) ∝ ∑
sD′=0,1

∑
mD′+mq=mB′

∣∣∣(D′ sD′ mD′ q mq
∣∣B′ sB′ mB′

)
Vq

mq SD′
sD′ mD′

∣∣∣2

The same parameterization as in the VVS case is used, but the signs of ε and δ are re-
versed in order to comply with the recombination rule, that sea quarks recombine as a
matter of preference with spin down and valence quarks with spin up:

(6.14)
∣∣V↑↓∣∣2 = A(1± ε),

∣∣S00
∣∣2 = B,

∣∣S1mD

∣∣2 = B(1−mD δ)
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The process p −→ Ξ− is an example for a VSS recombination (see fig. 6.4b). In the
SU(6) Ξ− wave function the ss diquark is in a spin-1 state. Using eq. (6.13) and (6.14)
the Ξ− polarization can be calculated

PΞ−

T =
σ(p → Ξ−↑)− σ(p → Ξ−↓)

σ(p → Ξ−)

with σ(p → Ξ−↑) ∝
1
3

∣∣Sss
10

∣∣2∣∣Vd
↑
∣∣2

+
2
3

∣∣Sss
11

∣∣2∣∣Vd
↓
∣∣2

and σ(p → Ξ−↓) ∝
1
3

∣∣Sss
10

∣∣2∣∣Vd
↓
∣∣2

+
2
3

∣∣Sss
1−1

∣∣2∣∣Vd
↑
∣∣2

PΞ−

T = −1
3
(ε + 2δ)

(6.15)

For SSS recombination processes like p −→ Λ the model predicts zero polarization, be-
cause the involved sea partons do not exhibit a strong momentum hierarchy. There are
equally many configurations in which the same parton is both faster and slower than the
diquark, so that the effect cancels on the average.

The same scheme also predicts the polarization of leading baryons in meson fragmen-
tation: The reaction K− −→ Λ can be described as a VSS recombination of the valence
s quark from the kaon with a spin-0 singlet ud diquark from the sea (see fig. 6.4c). In
analogy to eq. (6.11) the Λ polarization is calculated to be PT(K− → Λ) = +ε. The
same polarization is expected in the reaction K+ −→ Λ. Both predictions are in agree-
ment with the experimental findings. The VSS recombination scheme also applies to
the production of leading Λs by pion and K+ beams, where the valence quark is a u or
d quark, respectively (cf. fig. 6.4d), and predicts in all three cases a negative polarization
of PT(π± → Λ) = PT(K+ → Λ) = −δ/2.

The results for the meson fragmentation are directly related to the polarization of leading
baryons produced in quark fragmentation. Assuming that the fragmenting quarks are
produced in helicity eigenstates, the Λ polarization in s quark fragmentation should be
the same as in K− fragmentation PT(s → Λ) = PT(K− → Λ). The same is true for u/d and
π± fragmentation: PT(u, d → Λ) = PT(π± → Λ).

The above results are universal in the sense, that no assumption on the actual polarization
mechanism, that determines the two parameters ε and δ, is made. Table 6.2 compares
some predictions with experimental results and shows that for the considered reactions
at least the sign of the polarizations is predicted correctly. For part of the processes also
the relative magnitudes are reproduced.

In order to explain the rule, that fast partons recombine preferentially with spin up and
slow partons with spin down, which was used to derive the results discussed above, De-
Grand and Miettinen propose a simple semi-classical model. The simplest case is again
that of Λ production by a proton beam (p −→ Λ): The recombining s quark stems from
the sea of the beam proton and has thus only a small momentum fraction of xs

B ≈ 0.1.
During the recombination process this quark becomes a valence quark of the outgoing Λ
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Transition Predicted PH
T Observed PH

T Energy [GeV]

p −→ Λ −ε -0.1 . . . -0.2 24 . . . 2000

p −→ Λ 0 0 24 . . . 2000

p −→ Σ+ ε 0.1 . . . 0.2 400

p −→ Σ− ε/2 0.15 . . . 0.3 400

p −→ Ξ0 −ε -0.1 . . . -0.2 400

p −→ Ξ− −ε -0.1 . . . -0.2 400

K+−→ Λ ε >0.4 for xF>0.3 32, 70

K−−→ Λ ε 0.4 14

π−−→ Λ −ε/2 -0.05 18

Table 6.2: Comparison of predictions of the DeGrand and Miettinen model, where δ = ε,
with experimental data from inclusively produced hyperons by unpolarized beams as
of 1985. (from [DeG85])

in which it carries a large momentum fraction of about 1/3. Because the Λ carries a large
longitudinal fraction xF of the beam proton momentum pB, the s quark experiences an
increase of its longitudinal momentum from xs

B pB to 1/3 xF pB. The transverse momen-
tum k⊥ of the s quark on the other hand remains approximately unchanged during the
recombination process kp

⊥ ≈ kΛ
⊥ and is roughly parallel to the transverse momentum pT of

the outgoing Λ. This means that the change of momentum of the s quark is not collinear
to its momentum which, due to the fermion nature of the quark causes a Thomas preces-
sion of the s quark’s spin (see fig. 6.5).

It is assumed that the recombination process can be described by equations of motion
in a confining scalar force field. The evolution of the rest frame of the s quark can be
expressed as a series of infinitesimal Lorentz boosts without rotation. The infinitesimal
boosts are not collinear and, since the product of two noncollinear boosts is equivalent
to a boost plus a rotation (also known as Wigner rotation), the rest frame experiences an
additional rotation – the Thomas precession.

The Thomas precession is a purely relativistic kinematical effect and appears as an extra
term in the effective Hamiltonian, that describes the recombination process:

(6.16) U =~ss · ~ωT with ~ωT =
γ

γ + 1
1

ms
~F×~v

where ~ss is the spin vector, ms the mass, ~v the velocity, and γ the Lorentz factor of the
s quark. ~F is the force, that changes the quark momentum and ~ωT the angular velocity of
the Thomas precession [Jac99]. In the infinite momentum frame γ/(γ + 1) ≈ 1.

According to eq. (6.16) the Thomas precession vanishes only, if ~F and ~v are parallel. The
force ~F is directed along the beam direction, so that the angular velocity ~ωT of the Thomas
precession points in the direction of the production plane normal n̂ ∝ ~pB × ~pΛ ∝ ~F × ~v.
The additional term U = ~ss · ~ωT in the Hamiltonian changes the energy of the final state
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Figure 6.5: Thomas precession in the semi-classical parton recombination model for p −→ Λ:
In the initial state of the beam proton the s quark has the momentum ~pp

s with a small lon-
gitudinal component xs

B pB. In the final state of the outgoing Λ hyperon the quark momen-
tum ~pΛ

s has a larger longitudinal component 1/3 xF pB. Since the transverse momentum
components kp

⊥ and kΛ
⊥ of the s quark remain unchanged, the total change of the s quark

momentum and thus the accelerating force ~F is along the longitudinal direction and is not
collinear to ~pp

s or ~pΛ
s . The angular velocity of the resulting Thomas precession is parallel to

~F×~v and points in direction of the production plane normal.

and hence the scattering amplitude: If the spin of the s quark is aligned in the direction of
the production plane normal, U is positive and the energy of the final state is increased,
so that the scattering amplitude is suppressed. For oppositely aligned spin U is negative
and the scattering amplitude is enhanced. In total a negative polarization of the s sea
quark is energetically favored. Since |~F×~v| is to first order proportional to pT, the model
also explains the dependence of the polarization on the transverse momentum.

The same arguments can be applied to the valence partons as well. In the recombination
p −→ Σ+, for example, the spin-1 uu valence diquark looses momentum, when it goes
from the beam proton to the Σ+ hyperon. The diquark is decelerated from pp

D = 2/3 pB

to pΣ+

D = 2/3 xF pB, so that the angular velocity ~ωT of the Thomas precession now is
directed opposite to the normal of the production plane. Hence the same mechanism
leads to positive polarization of the valence diquark.

Despite its simplicity the model of DeGrand and Miettinen is able to predict the relative
signs of various hyperon polarizations and for part of the transitions also the relative
magnitudes. It fails to explain the non-vanishing polarizations of the Σ

− and Ξ
+ anti-

hyperons. Whereas the pT dependence of the polarization is at least qualitatively repro-
duced by the semi-classical Thomas precession model, this is not true for the observed
xF behavior. Yamamoto et al. [Yam97] have extended the model using a relativistic for-
mulation of the parton-parton interaction, that describes the relativistic quark kinemat-
ics including the dynamics of the spin polarization. Based on experimentally extracted
momentum distribution functions for quarks and diquarks, the so-called Quark ReCom-
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bination (QRC) model is able to describe the pT as well as the xF dependence for various
transitions.

6.2.2 Polarizing Fragmentation Functions

Anselmino et al. propose a phenomenological approach to the problem of transverse
Λ polarization in the current fragmentation region of deeply inelastic scattering (see sub-
section 2.1.1.1), that is based on pQCD and factorization schemes and includes effects
from spin and from intrinsic transverse momentum~k⊥ [Ans02b, Ans01a, Ans03, Ans01c,
Ans01b]. The central idea is the introduction of a new kind of fragmentation function, the
so-called polarizing fragmentation functions (pFF), that were first described by Mulders and
Tangerman [Mul96] and that are thought to describe a universal feature of the hadroniza-
tion process, which makes them independent of the nature of the hadronic target. The
pFFs have an interpretation in the parton picture, a formal definition, and are free of am-
biguities concerning initial-state interactions. In the twist expansion, that is the expan-
sion in inverse powers of the momentum transfer Q of the virtual photon, which is the
perturbative hard scale, these functions contribute to the leading terms. One can either
extract the pFFs from experimental data in the appropriate kinematical range (i.e. from
proton-proton scattering at large center-of-mass energy and high transverse momentum
of the produced hyperon) or they can be modelled based on plausible assumptions. The
results can be used to make consistent predictions for other processes like the unpolar-
ized SIDIS reaction µ N −→ µ′Λ↑ X, that is considered here and that allows a clean test
of the universality hypothesis.

The scattering process is analyzed in the center-of-mass frame of the virtual photon and
the target nucleon neglecting the intrinsic motion of the partons inside the target nu-
cleon N. The process is considered in leading order in the power expansion of the strong
coupling constant αs and in leading twist in the 1/Q power expansion. The basic as-
sumption is, that the Λ polarization is built up during the fragmentation of an unpolar-
ized quark, which is described by the polarizing fragmentation functions. In order to not
violate the rotational invariance of the pFFs, the Λ has to have a non-zero transverse mo-
mentum~k⊥ with respect to the fragmenting quark. Due to the above simplifications the
fragmenting quark is collinear to the virtual photon and the kinematics is limited to the
beam fragmentation region, where xF > 0. The intrinsic transverse momentum ~k⊥ of
the Λ is equal to the transverse momentum ~pT of the Λ with respect to the virtual photon
(see fig. 6.6). For small transverse momenta one is thus directly sensitive to the~k⊥ depen-
dence of the polarizing fragmentation functions. For larger ~pT hard pQCD corrections
are required.

The fragmentation of an unpolarized quark q with momentum ~pq into an unobserved
rest X and a polarized Λ with momentum zh ~pq +~k⊥, where ~pq · ~k⊥ = 0, and polarization
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Figure 6.6: Illustration of the Λ production in SIDIS at leading order and leading twist: In
this approximation the intrinsic transverse momentum~k⊥ of the Λ is equal to its transverse
momentum ~pT , which is a directly measurable quantity.

direction ↑ is described by the fragmentation function D̂Λ↑/q(zh,~k⊥). The unpolarized
fragmentation function is independent of the direction of~k⊥ and is given by

(6.17) D̂Λ/q(zh, k⊥) = D̂Λ↑/q(zh,~k⊥) + D̂Λ↓/q(zh,~k⊥)

In like manner one can define the polarizing fragmentation function by taking the differ-
ence of the two density numbers:

(6.18) ∆DΛ↑/q(zh,~k⊥) = D̂Λ↑/q(zh,~k⊥)− D̂Λ↓/q(zh,~k⊥)

By requiring parity invariance it is possible to separate the dependence of ∆DΛ↑/q(zh,~k⊥)
on the direction of ~k⊥, since, due to the same reasons as given in fig. 6.1 (page 72), the
only component of the polarization vector ~PΛ =↑, that contributes to the polarizing frag-
mentation function, is the one parallel to ~pq ×~k⊥.

(6.19) ∆DΛ↑/q(zh,~k⊥) = ∆DΛ↑/q(zh, k⊥)
~PΛ · (~pq ×~k⊥)

|~pq ×~k⊥|

Because of rotational invariance of the fragmentation process around the direction of the
fragmenting quark, the density numbers for the different spin directions of the Λ are
related by:

(6.20) D̂Λ↑(↓)/q(zh,~k⊥) = D̂Λ↓(↑)/q(zh,−~k⊥)
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Applying this relation to eq. (6.17) and (6.18) the polarizing fragmentation function is
found to be antisymmetric in~k⊥, whereas the unpolarized one is, as expected, symmetric.

D̂Λ/q(zh, k⊥) = D̂Λ↑/q(zh,~k⊥) + D̂Λ↑/q(zh,−~k⊥)(6.21)

∆DΛ↑/q(zh,~k⊥) = D̂Λ↑/q(zh,~k⊥)− D̂Λ↑/q(zh,−~k⊥)(6.22)

As will be shown later, D̂Λ/q(zh, k⊥) and ∆DΛ↑/q(zh,~k⊥) can be measured and according to
eq. (6.21) and (6.22) they can be used to calculate the fundamental fragmentation function

(6.23) D̂Λ↑/q(zh,~k⊥) =
1
2

D̂Λ/q(zh, k⊥) +
1
2

∆DΛ↑/q(zh, k⊥)
~PΛ · (~pq ×~k⊥)

|~pq ×~k⊥|

Unlike e.g. the Collins function (see subsection 2.1.1.3), the polarizing fragmentation
functions are chiral even objects. Therefore the measured observable, the transverse Λ po-
larizations PΛ

T in SIDIS, cannot depend on the orientation of the lepton scattering plane,
so that PΛ

T will not average to zero, when integrated over all directions of the scattered
lepton. Another consequence is, that the polarization can be measured both in neutral
and charged current reactions.

To find an analytical expression for the transverse Λ polarization, the neutral current
SIDIS reaction µ N −→ µ′Λ↑ X is analyzed in the center-of-mass frame of the virtual
photon and the target nucleon. The coordinate system is chosen such, that the z-axis is in
the direction of the incoming virtual photon. The x-axis is taken along the transverse mo-
mentum pT of the Λ with respect to the photon. The transverse polarization is measured
with respect to the +y-axis, which is given by ~z × ~x and thus normal to the production
plane. This way~k⊥ is always perpendicular to the analyzer (cf. eq. (6.19)).

The transverse Λ polarization is measured as an asymmetry of inclusive cross sections

(6.24) PΛ
T (xBj, y, zh, pT) =

dσΛ↑ −dσΛ↓

dσΛ↑ + dσΛ↓ where dσΛ↑(↓) =
dσµ N−→µ’ Λ↑(↓) X

dxBj dy dzh d2~pT

is the differential cross section for the inclusive production of Λs, that are polarized along
the ↑ (↓) direction. By neglecting electroweak interference effects, which are very small
in the relevant kinematical region, the cross section can be factorized into two parts: One
term describes the scattering of the electroweak virtual boson on a parton. It is pro-
portional to the quark distribution function q(xBj) of the nucleon and to the elementary
cross section of the process ` q −→ `′ q′ where the pair (`, `′) can be any of (`±, `±), (ν, ν),
and (ν, ν) for neutral current reactions and (ν, `−), (ν, `+), (`−, ν), and (`+, ν) for charged
current reactions, respectively. The second factor is the polarizing fragmentation function
D̂Λ↑(↓)/q′ . In total dσΛ↑(↓) can be written

(6.25) dσΛ↑(↓) = ∑
q,q′

q(xBj)
dσ̂` q−→`’ q’

dy
D̂Λ↑(↓)/q′(zh, pT)
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where the sum goes over all allowed quark and antiquark flavor combinations q, q′,
which in the case of neutral currents requires an additional δq q′ term in the partonic
cross section dσ̂` q−→`’ q’ / dy. The above factorization relies on the universality hypoth-
esis, which postulates, that the Λ polarization from unpolarized quark fragmentation is
independent of the initial state.

With eq. (6.24) and (6.25) the transverse Λ polarization in unpolarized SIDIS with a
charged lepton beam is given by

PΛ
T =

∑q e2
q q(xBj)

dσ̂`q

dy
∆DΛ↑/q(zh, pT)

∑q e2
q q(xBj)

dσ̂`q

dy
D̂Λ/q(zh, pT)

=
4u ∆DΛ↑/u + d ∆DΛ↑/d + s ∆DΛ↑/s + 4u ∆DΛ↑/u + d ∆DΛ↑/d + s ∆DΛ↑/s

4u D̂Λ/u + d D̂Λ/d + s D̂Λ/s + 4u D̂Λ/u + d D̂Λ/d + s D̂Λ/s

(6.26)

where in the second line factors coming from the elementary partonic cross sections have
been cancelled out in the nominator and denominator.

Expression (6.26) can be simplified by assuming isospin symmetry, that is (∆)DΛ(↑,↓)/d =
(∆)DΛ(↑,↓)/u. Furthermore contributions from sea quarks can be neglected, since terms of
the form q(∆)DΛ(↑)/q are non-leading in the distribution as well as in the fragmentation

functions and are thus doubly suppressed. A good approximation for PΛ
T is therefore

(6.27) PΛ
T (`± N −→ `±Λ↑ X) ≈

(4u + d) ∆DΛ↑/u + s ∆DΛ↑/s

(4u + d) D̂Λ/u + s D̂Λ/s

The polarization of the Λ can be calculated from eq. (6.26) by assuming invariance un-
der charge conjugation, that is the fragmentation functions for Λ and Λ are related by
(∆)DΛ(↑,↓)/q,q = (∆)D

Λ
(↑,↓)

/q,q
:

(6.28) PΛ
T =

4u ∆DΛ↑/u + d ∆DΛ↑/d + s ∆DΛ↑/s + 4u ∆DΛ↑/u + d ∆DΛ↑/d + s ∆DΛ↑/s

4u D̂Λ/u + d D̂Λ/d + s D̂Λ/s + 4u D̂Λ/u + d D̂Λ/d + s D̂Λ/s

Isospin symmetry can be applied here as well, but one has to be careful with neglecting
terms, because they are all of the form q(∆)DΛ(↑)/q or q(∆)DΛ(↑)/q, which means they
combine leading valence and non-leading sea quark contributions, that are different in
magnitude depending on the kinematical region in xBj, y, and zh. Assuming that ∆DΛ↑/q
is negligibly small eq. (6.28) simplifies to

(6.29) PΛ
T (`± N −→ `±Λ

↑ X) ≈
(4u + d) ∆DΛ↑/u + s ∆DΛ↑/s

(4u + d) D̂Λ/u + s D̂Λ/s + (4u + d) D̂Λ/u + s D̂Λ/s
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Compared to eq. (6.27) there are additional terms from the non-leading contributions of
the unpolarized fragmentation functions in the denominator, which may lead to smaller
polarization for the Λ.

In a similar way expressions for the other neutral and charged current reactions can be
found:

PΛ
T (ν N −→ ν Λ↑ X) ≈

(Ku + d) ∆DΛ↑/u + s ∆DΛ↑/s

(Ku + d) D̂Λ/u + s D̂Λ/s
(6.30)

PΛ
T (ν N −→ `− Λ↑ X) ≈

∆DΛ↑/u

D̂Λ/u
(6.31)

PΛ
T (ν N −→ `+ Λ↑ X) ≈

∆DΛ↑/u + R ∆DΛ↑/s

D̂Λ/u + R D̂Λ/s
(6.32)

where K = (1 − 8C)/(1 − 4C) + O(C2), C = 1/3 · sin2 θW , and R = tan2 θC with θW,C

being the Weinberg and Cabbibo angle of the standard model.

The above equations show, that the transverse Λ polarization can in principle be mea-
sured in various unpolarized SIDIS processes and that in each process different combi-
nations of distribution functions, unpolarized fragmentation functions, and polarizing
fragmentation functions appear. In addition the various terms are modulated by factors
coming from the dynamics of the elementary partonic process or from the contribution of
the strange quarks, which depends on the chosen xBj-region. This gives the opportunity
to separate the various contributions and to study the properties of the unpolarized and
polarizing fragmentation functions utilizing the transverse Λ polarization.

Most of the experimental data on the Λ polarization contain a non-separable contami-
nation of 20-30 % of Λs produced via the decay Σ0 −→ Λ γ. The applied factorization
scheme does not separate the Λ and Σ0 fragmentation, so that the pFFs are effective frag-
mentation functions. Since the branching ratio for Σ0 −→ Λ γ is 100 %, the full Σ0 frag-
mentation function is included.

Anselmino et al. obtain qualitative and generic numerical estimates for the transverse Λ

and Λ polarization using the above formulas in combination with a Gaussian model
for the explicit k⊥ dependence of the fragmentation functions (see [Ans02b]). They fix
the hard scale to Q2 = 2 (GeV/c)2 and use SU(3)-symmetric unpolarized Λ fragmenta-
tion functions. The calculations were performed for two different scenarios with dif-
ferent weights |Nq| ≤ 1 for the polarizing fragmentation functions ∆DΛ↑/q(zh, k⊥) =
Nq f (zh, k⊥). In scenario 1 the up, down, and strange quark contributions have nearly the
same weight (Nu = Nd = −0.8 and Ns = 1), whereas for scenario 2 the weights are more
asymmetric (Nu = Nd = −0.3 and Ns = 1). Unless a SU(3)-asymmetric model is used,
where |Nu,d| � |Ns|, the Λ polarization is dominated by the contributions from up and
down quarks, because ∆DΛ↑/s is suppressed by the strange quark distribution. Fig. 6.7

shows the numerical results for PΛ
T and PΛ

T as a function of zh, averaged over pT. The
polarization is in both cases negative and increases strongly with zh.
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Figure 6.7: (a) Numerical results for the pT-averaged transverse Λ polarization PΛ
T as a

function of zh for the HERMES and E665 kinematics in two different scenarios described in
the text. (b) shows the same for the Λ. [Ans02b]
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Chapter 7

Data Analysis

This chapter describes the methods and techniques, applied to extract the polarization of
Λ and Ξ hyperons from the COMPASS muon beam data with longitudinally polarized
target.

The first section 7.1 gives a brief overview of the technical issues as well as the hard- and
software involved in the data analysis. Section 7.2 defines the data sample, that is ana-
lyzed, describes how the Λ and Ξ hyperons are identified by their decay topology, and
introduces the coordinate system. The main part of this section details the selection of
the Λ and Ξ samples by a series of cuts, which mainly aim at improving the ratio of the
hyperon signal with respect to the background in order to minimize the contamination
of the measured hyperon polarization by background processes with unknown polariza-
tion.

In order to suppress acceptance effects, which possibly give rise to false asymmetries, a
bias canceling technique is employed, which is described in section 7.3. This method is
able to correct the left-right asymmetry of the COMPASS acceptance under the assump-
tion, that the spectrometer is symmetric with respect to its mid-plane. The slope of the
acceptance corrected angular distribution is directly proportional to the polarization.

The last section 7.4 explains how the background is subtracted from the Λ and the Ξ sam-
ples in order to get the angular distributions, that are needed for the bias canceling
method. Because the Λ background consists of several components and therefore has a
quite complicated structure, an elaborate two-dimensional fitting procedure is employed
to subtract the background.
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7.1 Hard- and Software Environment for
Data Analysis

7.1.1 The ROOT Framework

ROOT [Bru97, ROO] is the basic software environment used in the analysis of COMPASS
data. It is an object oriented framework written in C++ and developed at CERN. The
project is quite successful: Starting around 1995 as a successor for the PAW package, it is
nowadays the standard tool in high energy physics and beyond.

ROOT provides routines for visualization, processing, and storage of large amount of
complex data. The analysis presented here heavily relies on ROOT’s histogramming ca-
pabilities including the fitting of histograms, which internally is handled by the classic
MINUIT package. The second main feature of ROOT, relevant here, is its optimized
data I/O, which is based on the so-called tree class. ROOT trees are used to store and
access complex data structures efficiently on an event-by-event basis.

7.1.2 CORAL – Reconstruction of
COMPASS raw Data

The COMPASS beam times in the years 2002, 2003, and 2004 resulted in 964 TByte of
raw data, which contain the digitized values (amplitude and time information, scaler
values) of all detectors of the spectrometer. The raw data files consist of event data blocks,
which again contain several subblocks with the detector-specific data. The subblocks are
identified by header words and have a particular data format depending on the type of
the readout electronics.

The data taking is subdivided into different time periods: The smallest unit of event
recording is the SPS spill (see subsection 2.2.1), which is identified by the spill number. A
period of 100 (year 2002) and 200 (year 2003/04) consecutive spills, respectively, forms a
run, that is labelled by a run number. An event is unambiguously identified by its run
number, its spill number in the run, and its event number in the spill (see section 5.1).
A run corresponds to about 1/2 and 1 hour of data taking, respectively, where exter-
nal conditions, like temperature, air pressure, humidity etc., and the properties of the
spectrometer are assumed to remain sufficiently stable. In a typical analysis a run is the
smallest considered unit.

The raw detector information as such is not very convenient for physics analysis, which
is better done in terms of particle trajectories with known charge and momentum. To
this end the raw data are processed by the COMPASS Reconstruction and Analysis soft-
ware (CORAL [COR]). This is an object oriented C++ program, that extracts the physi-
cally relevant objects like three-dimensional tracks with momentum and possibly particle
identification from the detector responses, stored in the raw data.
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This so-called reconstruction consists of several steps: First the raw data are decoded. In
this process the data are checked for consistency and the detector information is extracted
and filled into data structures, that represent the logical structure of the apparatus. This
mapping of hardware channels to logical channels introduces an abstraction from the
actual hardware realization of the detector readouts and facilitates the subsequent pro-
cessing of the channel information, since each channel can directly be accessed by the
detector plane it belongs to plus its logical channel number in this projection.

In the next step the logical channels with their digitized values are transformed into hits
with three-dimensional coordinates and, if appropriate, with additional information like
time and amplitude. For this purpose the channel information is corrected using the cal-
ibration data of the particular detectors like pedestals, zero times etc. For some detector
types this in addition involves the combination of neighboring channels, the co-called
clustering. The three-dimensional position of the hits is given by the alignment informa-
tion, which maps the logical channel number to a position in space.

The found hits are combined to tracks, which represent possible charged particle trajec-
tories. The tracking is done by the TraFDiC (Track Finding with Dictionary in COMPASS)
package and is a three stage procedure: The pre-pattern step searches for track segments
in different regions of the spectrometer, which the second step, the bridging, tries to con-
nect to full tracks. In the third step the found track candidates are fitted to find the track
parameters. In the following the basic principles of this procedure are outlined. Details,
especially the handling of fringe field tracks and of the left-right ambiguities inherent to
gas drift detectors, can be found in [Bed04].

The pre-pattern step tries to select sets of clusters, that match the pattern of a track seg-
ment. To this end the spectrometer is subdivided along the beam axis into several disjoint
zones, in which the particle trajectories are assumed to be straight lines. The zones are de-
fined by the position of the target, the magnets, and of the muon filters. The search is first
performed in projections, which are sets of planes, that have the same azimuthal angle.
Within these groups of planes a first simple search for one-dimensional track segments
is performed by a “pivot planes” algorithm. This algorithm successively takes pairs of
detector planes as pivots. Any pair of hits situated in both pivot planes defines a straight
corridor through the planes, along which the program collects hits from the other planes.
The width of the corridor, that is the maximum allowed deviation of the additional hits
from the straight line connecting the two pivot points, is defined by the spatial resolution
of the detector plane, to which the hit belongs. The set of one-dimensional track pieces,
found by this method, is cleaned up by three selection steps: First a minimum number
of clusters and a track inclination smaller than a maximum angle is demanded. Then the
remaining set of track segments is sorted according to a quality function, which takes into
account the number of clusters and their χ2. In the last step the list is processed starting
with the best rated track segments. Track piece candidates are removed, if they share too
many hits with segments of higher quality.

The one-dimensional track segment candidates from the different projections are com-
bined to track pieces in space using a similar method as described above: Successively
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pairs of projections are chosen. For each pair the track segments are combined, which
again defines straight corridors, but this time in three dimensions. Along these corridors
the algorithm collects hits from all detector planes of all projections. By going to three
dimensions the hits in the projections get assigned a coordinate perpendicular to their
projection. In addition to the hit distance criterion hits are excluded, when their perpen-
dicular coordinate lie outside of the active area of the respective detector plane. The set of
three-dimensional track segment candidates is cleaned by a three step procedure similar
to the one-dimensional case, except that no cut on the inclination angle is applied.

The last step of the pre-pattern improves the definition of the track segments and removes
fake hits. This is done using a dictionary of all possible tracks through the spectrometer,
which is obtained from Monte-Carlo simulations. The dictionary translates between the
two different representations of tracks: a track as a set of hits and a track as a vector in the
five-dimensional phase space. The dictionary is implemented as a look-up table, which
is indexed by the five phase space variables: horizontal and vertical position, horizontal
and vertical inclination angle, and charge over momentum. Each entry contains the cor-
responding set of hit coordinates. This allows a fast calculation of the χ2 of a given phase
space vector for a measured hit pattern. By interpolation also the partial derivatives of
the χ2 of the phase space vector can be calculated. Both information are used to imple-
ment a fast χ2 minimization fit for the track parameters. The dictionary fit is performed
for all track segments. If the resulting χ2 exceeds a threshold, the relevance of the indi-
vidual hits is checked and they are removed, if their contribution to the χ2 is too large.
At the end a cut on the number of hits and on the χ2 cleans up the sample.

The second step of the track reconstruction, the so-called bridging, tries to build full tracks
by sequentially connecting the up- and downstream track segments across all zone bor-
ders. In order to bridge the magnets, first up- and downstream track pieces are prese-
lected by checking the compatibility of their track parameters after extrapolating them to
the middle of the magnet. The preselected combinations of track segments are fitted and
sorted by a quality function, which mainly takes into account the χ2 of the fit. The sorted
list is processed in direction of decreasing quality and combinations, that share an up-
or downstream track piece with a higher quality track combination, are removed. The
bridging of the absorbers uses a simplified version of the above procedure, in which the
track combinations are not fitted. Instead the quality function directly acts on the sum of
the squared differences of the extrapolated track parameters.

In the last stage of the track reconstruction the optimal track parameters and error matri-
ces of the bridged tracks are calculated using a Kalman filter [Frü87, Wol93]. This iterative
method successively adds the hits to the fit of the track and calculates the optimal track
parameters and the χ2 for each step. Between the hits the tracks are extrapolated taking
into account multiple coulomb scattering, caused by the traversed material. Again χ2

cuts are applied to improve the quality of the track sample.

After the track reconstruction CORAL initiates the vertexing stage, which tries to find
the primary and secondary interaction points. To reconstruct the primary interaction
point, first the beam and the scattered muon trajectories have to be identified, since they
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constitute the anchors for the reconstruction. A track is taken as a scattered muon µ’,
if it has segments after the second muon filter, if the charge of the particle is positive,
and if the track, extrapolated to the target center, has a distance to the beam axis of less
than 2 cm. The corresponding beam muon µ is the beam track, that is closest to the
scattered muon, that has a track time matching that of the µ’ within ±1 ns, and that has a
point of closest approach with the µ’ not too far away from the target center.

The vertexing is performed in two steps starting with a fast preselection, which looks
for tracks that are likely to originate from one common point in space, the vertex, using
geometrical and kinematical criteria. The mean of the coordinates of the closest approach
of the tracks is taken as a first estimate on the vertex position.

The vertex and track parameters with the corresponding error matrices are calculated in
the second step using the method of the inverse Kalman-filter, in which first a global fit
is performed under the assumption, that all preselected tracks originate from one point
in space. Based on the fit results a χ2 value is calculated for each track. The track with
the highest χ2 is discarded and the global fit is repeated with the remaining tracks. This
procedure is iterated, until the track with the highest χ2 is below threshold. For the recon-
struction of the primary vertex the beam and the scattered muon track are not allowed to
be removed. At the end of the vertexing procedure the vertex coordinates and the refitted
track parameters are saved.

The results of the reconstruction are written into so-called Data Summary Table (DST)
files, which contain the fully reconstructed events with all their tracks and vertices (in-
cluding the respective error matrices, momenta and particle identification), the calori-
metric information, and other event-wise information like scaler values.

To limit the size of the DST files, that are used for physics analysis, they contain only a
selected non-redundant subset of the available information and only analyzable events
with at least one reconstructed vertex are stored. Hence these files are called Mini Data
Summary Table (mDST). The total size of all mDST files of the COMPASS beam times
2002, 2003, and 2004 with longitudinal target polarization is 7.491 TByte, which corre-
sponds to a reduction factor of better than 80 with respect to the raw data (cf. table 7.1).

7.1.3 Physics Analysis of COMPASS Data

The mDST files are created and analyzed using the PHysics Analysis Software Tools
(PHAST [PHA]). This C++ program provides a convenient object oriented interface to
the reconstructed data. The mDST data structures contain everything needed for anal-
ysis: an object, that represents the event, provides access to all the reconstructed tracks,
particles, and vertices. A second object contains all meta-information of the run like mag-
netic fields, material maps, detector geometry etc.

The data are analyzed by a designated function, that the user has to program and that is
executed by PHAST for every event. This function has access to all reconstructed data
in the mDST file and can use this information to select certain events. In the analysis,
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presented here, the PHAST user function selects so-called V0 events (see subsections 7.2.1
and 7.2.3) and writes all needed information of the V0 candidates into a ROOT tree. The
resulting files are called Micro Data Summary Table (µDST).

The ROOT trees in the µDSTs are processed further using so-called selector classes derived
from the ROOT framework. This second step applies further cuts to the V0 events of the
µDST sample and the result is saved in so-called Nano Data Summary Table (nDST),
which contain only the information needed for the polarization analysis of the particle
under consideration (Λ, Λ, Ξ−, or Ξ

+).

In the last step the angular distributions of the decay baryons are extracted from the
ROOT trees in the nDST files. Here last cuts, that define the different kinematical bins,
but also cuts, that define certain subsets, needed for systematic studies, are applied. The
polarization results as well as the parameters and constants needed for the various steps
of the analysis are managed by a MySQL database.

The analysis was performed on a cluster of ten PCs, two of them file servers. The eight
computing nodes provide in total 16 AMD Opteron CPUs of the 2 GHz class for data
processing, which are managed by an OpenPBS batch system.

The above multi-step procedure was chosen to fulfill two requirements: flexibility in the
cuts and fast data processing. The processing time of the mDST data is dominated by the
I/O bandwidth of the storage system of the PC cluster. Therefore the µDST generation in-
volves only very basic cuts, that are unlikely to change, so that this time consuming task
(about 10 days for all 2002, 2003, and 2004 mDST data with longitudinal target polariza-
tion) has to be done only seldom. Since the µDST cuts are more general, this advantage is
bought at the expense of a larger amount of disk space, that is needed to store the µDSTs.
They consume about 261 GByte, which corresponds to a reduction factor of better than 28
with respect to the mDSTs.

The quite general information in the µDST files is used to project out the different nDSTs,
needed for the Λ and Ξ polarization analysis. The cut set, that generates the nDST files
from the µDSTs, includes more specific and tighter cuts, which had to be changed more
frequently during the optimization process. This could be done more efficiently, because
the processing time of the µDST data is considerably lower (about 12 hours for the whole
set). The nDST files contain much more condensed information and are thus considerably
smaller compared to the µDSTs: A total of 61 GByte equals to a reduction factor of about 4.

7.2 Event Selection

As shown in chapter 6, the polarization of hyperons is measured by exploiting the parity-
violating nature of their weak decay, which leads to an asymmetric angular distribution
of the decay particles. By convention the decay baryon is chosen as the reference particle
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and its angular distribution in the rest frame of the hyperon is given by eq. (6.5):

dN
dcos θ

=
N0

2

(
1 + αH PH

T cos θ
)

where PH
T is the hyperon polarization, αH the decay asymmetry parameter of the respec-

tive decay channel, and θ the angle of the decay baryon with respect to the normal of the
production plane in the hyperon’s rest frame.

In this analysis the angular distributions of the hyperon decays Λ −→ p π−, Λ −→ p π+,
Ξ− −→ Λ π−, and Ξ

+ −→ Λ π+ are measured to extract the polarization of the respective
hyperons. For a precise polarization measurement the angular distributions have to be
corrected for apparatus effects (see section 7.3) and for background contaminations (see
section 7.4). The goal of the event selection is to extract clean Λ, Λ, Ξ−, and Ξ

+samples
with a background as low as possible without loosing too much signal.

The analysis is based on all muon beam data with longitudinal target polarization from
the COMPASS beam times in the years 2002, 2003, and 2004 (see table 7.1 for a detailed
overview). To ensure a constant data quality, “bad” runs and spills with obvious prob-
lems were excluded according to the official COMPASS lists [Kob]. These lists are gener-
ated by looking at the time evolution of the average number of primary vertices, beam
tracks, secondary tracks, and the number of tracks associated with the primary vertex. A
spill is marked as “bad”, if it deviates more than 5σ from the main band, if it has too low
statistics, or if it belongs to a group of spills, that exhibit a systematic shift with respect
to the neighboring spills in one of the aforementioned variables. Most of such deviations
are clearly correlated to detector problems or to changes of the trigger settings. The goal
of this preselection is to ensure a stable ratio of the acceptances of the up- and down-
stream target cells, which is an essential prerequisite for the asymmetry measurements of
the muon program (see subsection 2.1.1). Although the analysis of the hyperon polariza-
tion does not require a stable acceptance ratio of the target cells, it still benefits from the
exclusion of problematic data, which is bought at the expense of lower statistics. In total
about 13 % of the spills are marked as “bad”, but they contain on the average less events
than the “good” spills.

The following subsections describe the event topology of the different decays (subsec-
tion 7.2.1), the used coordinate system (subsection 7.2.2), and the event selection in more
detail. The latter is presented in three subsections, starting with the V0 pre-selection in
subsection 7.2.3, followed by the Λ selection in subsection 7.2.4 and the definition of the
Ξ sample in subsection 7.2.5, which are the two main branches of the analysis. Unless
explicitly mentioned otherwise, the histograms, that illustrate the selection cuts, are all
“raw” histograms, meaning that no background subtraction was applied. From the above
defined dataset the selection cuts extract in total 1,626,000 Λs, 854,000 Λs, 24,900 Ξ−s, and
14,900 Ξ

+s.
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Period Raw data size mDST file size Number of events

[TByte] [GByte] [10 6 ]

2002/P1C 11.5 131 112.298

2002/P2A 24.8 288 221.720

2002/P2D 18.0 174 132.367

2002/P2E 21.8 204 178.741

2002/P2F 9.2 93 82.103

2002/P2G 19.8 200 150.289

2002 105.1 1090 877.518

2003/P1A 27.0 182 113.986

2003/P1B 12.5 145 101.346

2003/P1C 15.1 161 118.994

2003/P1D 23.6 203 118.735

2003/P1E 28.5 284 188.082

2003/P1F 18.1 200 160.989

2003/P1I 22.5 272 190.069

2003/P1J 34.1 443 310.531

2003 181.4 1890 1302.732

2004/W22 46.4 558 357.351

2004/W23 29.6 363 211.769

2004/W26 22.9 376 214.748

2004/W27 13.2 215 121.716

2004/W28 17.4 232 141.682

2004/W29 16.2 213 149.199

2004/W30 20.8 315 189.594

2004/W31 22.4 293 193.569

2004/W32 30.1 416 263.554

2004/W37 32.3 450 289.969

2004/W38 35.2 547 353.968

2004/W39 19.2 307 162.321

2004/W40 19.9 229 119.779

2004 325.6 4514 2769.219

Overall 612.0 7491 4949.470

Table 7.1: Summary of the dataset used for the analysis: In contrast to the raw data and the
mDST file sizes, which still include runs and spills, that are marked as bad, the number of
events is given after applying the bad run and spill lists.

98



Event Selection

7.2.1 V 0 and Ξ Event Topology

The Λ, being a neutral particle, cannot be seen as a track in the spectrometer. The only
way to identify Λs in COMPASS is to look for their charged decay products in the de-
cay channel Λ −→ p π−, which has a branching ratio of 63.9 %. The information from
the RICH detector is not employed to identify the protons and pions from the Λ decays,
mainly because the RICH has rather high pion and proton thresholds. Pions are iden-
tified, if their momentum is larger than circa 2.5 GeV/c for protons a momentum above
18 GeV/c is required [Alb03, Soz03]. Since the momentum distributions of the pions and
protons from the Λ decays have mean values of only 2.67 GeV/c and 13.33 GeV/c (see
fig. 7.1), respectively, the majority of the decay particles, in particular the protons, cannot
be identified. Moreover the RICH acceptance was limited in the 2002 run and in 2003
the acceptance was not stable in time, which potentially violates the assumption, that the
spectrometer is symmetric with respect to its mid-plane, an essential prerequisite of the
employed analysis method (see section 7.3).

p [GeV/c]

0 5 10 15 20 25 30 35 40

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

10

20

30

40

50

3
10×

Entries 1197405

p [GeV/c]

0 5 10 15 20 25 30 35 40

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

10

20

30

40

50

3
10×

Entries 1197405

Figure 7.1: Background corrected momentum distributions of protons (light shaded his-
togram) and pions (dark shaded histogram) from Λ decays: The arrows indicate the mean
momenta, whereas the lines mark the thresholds of the RICH (pion green, proton blue).

Consequently the Λ selection relies purely on kinematical information: Events in the
spectrometer are selected, if they have two tracks of opposite charge, that within the
precision of the measurement emerge from a common point in space, the Λ decay vertex,
which has no incoming track and which is separated from the primary interaction point
(see fig. 7.2a). The Λ is not the only particle, that decays with such kind of signature,
but there is a whole class of particles, the so-called V0 particles, that exhibit the same
V-shaped decay structure.

The different particle species, that contribute to the V0 sample, are visualized best by the
so-called Armenteros-Podalanski plot, that disentangles the different V0 decays by cor-
relating the transverse with the longitudinal lab frame momenta of the decay daughters
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Figure 7.2: (a) V0 event signature: An incoming beam muon scatters off a target nucleon in
the primary interaction point P and creates a V0 particle, which is neutral and thus cannot be
seen by the apparatus. Some distance apart from the primary vertex the V0 decays into two
tracks of opposite charge. The resulting V-shaped structure defines the secondary interaction
point S. (b) Ξ event signature: An incoming beam muon scatters off a target nucleon in the
primary interaction point P and creates a Ξ hyperon, which flies some distance and decays
into a charged pion and a neutral Λ. At a certain distance from the Ξ vertex S the Λ decays
with a V0 signature as defined in (a).

with respect to the V0 direction. The transverse momentum pD
T in the V0 decay is de-

termined by the mass difference of the mother and the decay particles as well as by the
decay angle in the V0 rest frame, whereas the longitudinal momenta p±L of the daughters
in addition depend on the velocity βV0 of the V0. If the measured longitudinal momenta
of the daughters are combined to the momentum asymmetry α ≡ (p+

L − p−L )/(p+
L + p−L ),

the different V0 species accumulate on elliptic arcs, that are described by

p2
Br = (pD

T )2 +
1
4

β2
V0 m2

V0(α− αCenter)2(7.1)

with αCenter =
m2

+ −m2
−

m2
V0

(7.2)

and p2
Br =

[
m2

V0 − (m+ + m−)2
][

m2
V0 − (m+ −m−)2

]
4m2

V0

(7.3)

where pBr is the breakup momentum of the V0 decay in its rest frame. The center αCenter

of the arc, at which the transverse momentum pD
T reaches its maximum value of pBr, is

situated at α = 0, if the masses of the decay particles are equal. For asymmetrically
decaying V0s the center is shifted to positive or negative values, respectively. The arc
crosses the α-axis at αCenter ± 4pBr/(βV0 mV0).

Fig. 7.3 shows the Armenteros plot of the V0 sample, which is the basis for the further
analysis (see subsection 7.2.3). Apart from the Λ and Λ arcs two other prominent arcs
from kaons (K0

S −→ π+ π−) and from converted photons (predominantly γ −→ e+ e−) are
clearly visible. In this analysis only the short-lived weak eigenstate K0

S of the neutral kaon

100



Event Selection

is relevant, consequently the subscript “s” will be omitted in the further text. From the
plot it is evident, that the disentanglement of the four V0 species is not complete – there
are regions, where the arcs overlap and in which the different particles are kinematically
indistinguishable. Whereas the photons do only overlap in the low pD

T region – and can
therefore be excluded easily – the overlap of the Λ and Λ arcs with the kaon line is more
difficult to handle, because exactly in these regions the number of Λ and Λ is largest (see
also subsection 7.4.1).
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Figure 7.3: Armenteros-Podalanski plot of the V0 sample after V0 selection cuts (see subsec-
tion 7.2.3). Three prominent arcs from Λ −→ p π−, Λ −→ p π+, and K0

S −→ π+ π− are visible
together with two faint arcs from ρ(770) −→ π+ π− and φ(1020) −→ K+ K−. The nominal
positions of the arcs (assuming βV0 ≈ 1) are indicated by lines. The height of the arcs is
defined by the breakup momentum of the V0 decay. The decay γ −→ e+ e− has a very small
phase space leading to a prominent broad line at low pD

T .

The Ξ decays nearly exclusively into Λ and pion. Fig. 7.2b shows the event signature:
In addition to the V0 signature from the decaying Λ there is another charged track, that
originates from a vertex, which lies between the primary and the Λ decay vertex. Since
the Λ is a neutral particle, the Ξ decay vertex can be reconstructed only with a well-
defined Λ candidate by finding the location of the closest approach of the reconstructed
Λ track with that of the pion.
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7.2.2 Definition of the Coordinate System

The process under investigation is the production of a hyperon H and an unobserved
rest X by the interaction of a beam muon µ with a target nucleon N and the subsequent
decay of the hyperon.

Fig. 7.4 illustrates this process in the laboratory frame with the help of the Λ hyperon. The
incoming beam muon µ and the outgoing scattered muon µ’ define the scattering plane,
which is rotated with respect to the production plane by an angle ϕS around the direc-
tion of the virtual photon γ∗. The production plane is spanned by the virtual photon and
the outgoing hyperon. The decay particles of the hyperon form the decay plane, which
is rotated with respect to the production plane by an angle ϕD around the direction of
the hyperon. Two transverse momenta are used in this analysis: the transverse momen-
tum pT of the hyperon with respect to the virtual photon and the momentum pD

T of the
decay daughter with respect to the hyperon direction. The latter is used to generate the
Armenteros plot (see subsection 7.2.1), whereas pT is an important kinematical variable
of the hyperon production process.

Scattering Plane

Production Plane

Decay Plane

N
X

x
y z

pD
T

p

−

pT

′ S

D

γ
∗

Figure 7.4: Definition of the coordinate system in the laboratory frame on the basis of the
inclusive production of a Λ hyperon.

The normal of the production plane n̂ is defined by the directions of the virtual photon
and of the hyperon n̂ = ~γ∗ × ~H. It is taken as y-axis. The z-axis is defined by the direction
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of the outgoing hyperon. This somewhat unusual choice (normally the beam direction,
here ~γ∗, is taken) is justified by the way the background from converted photons γ −→
e− e+ is suppressed in the case of the Λ (see subsection 7.2.4). To complete the right-
handed coordinate system, the x-axis is set to ~y×~z.
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Production Plane

N

X

x
y

z
p

−
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µ′

θy

θz

γ∗

Figure 7.5: Definition of the coordinate system in the rest frame of the hyperon. The depicted
process is the same as in fig. 7.4.

Fig. 7.5 shows the same process boosted into the rest frame of the hyperon, in which
the angular distribution of the decay baryon is analyzed. The directions of the axes are
unaffected by this transformation. The angular distribution, given by eq. (6.5), refers to
the production plane normal, which is the y-axis. For the suppression of the converted
photons a second angle θz with respect to the z-axis is needed (see subsection 7.2.4). To
enhance the clarity of the notation, all values, that are defined with respect to the normal
of the production plane, will be denoted with the subscript y instead of T for the rest of
this chapter, so that the angular distribution reads:

(7.4)
dN

dcos θy
=

N0

2

(
1 + αH PH

y cos θy

)

The COMPASS main reference system is defined with the zLab-axis in the mid-plane of
the spectrometer and along the nominal beam axis. The yLab-axis is in the vertical direc-
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tion and points upwards. To complete the right-handed coordinate system the xLab-axis
points to the left (Jura direction), if looking downstream.

7.2.3 Selection of V 0 Events

A V0 event has a at least four tracks – the beam and the scattered muon plus two charged
tracks from the V0 decay – and at least two vertices – the primary and the V0 decay vertex.
This condition is fulfilled by 45.97 % of all events.

The primary vertex has to have exactly one incoming track from the beam muon and an
outgoing track, that was identified as the scattered muon. To ensure a good definition of
the kinematics of the primary interaction, the event is allowed to have only one primary
vertex. The identification of the scattered muon is improved by the requirement, that it
traversed an amount of material, which is equivalent to a radiation length of more than
30 X0. These cuts reduce the number of events from 45.97 % to 21.48 %.

The set of events is decreased further to 15.34 % by cutting on the target cell volume: The
primary vertex is demanded to lie either in the upstream (−100 cm < zPrim < −40 cm) or
in the downstream target cell (−30 cm < zPrim < +30 cm), in which its distance rPrim from
the zLab-axis has to be smaller than 1.4 cm, a value a little bit below the true target cell
radius of 1.5 cm (see fig. 2.7). This is to compensate the imperfect alignment of the target
and its movement due to the changing solenoid field. In addition the extrapolated beam
muon trajectory is required to completely traverse both target cells in order to equalize
the muon flux through the two cells in the selected sample (see fig. 7.6).
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Figure 7.6: Target cut: (a) Distribution of the zLab-coordinate of the primary vertex. The
positions of the up- and downstream target cells are indicated by the shaded bands. The
sharp peak at zLab ≈ 50 cm is caused by the window of the target microwave cavity (see
fig. 2.7 (page 24)). (b) Radial distribution of the position of the primary vertex after the cut
on the zLab-position. The circle indicates the applied cut.

The above set of cuts gives a good definition of the primary vertex. In addition to the
primary a secondary V0 decay vertex is needed, which is defined as a non-primary vertex
with no incoming track and exactly two outgoing tracks of opposite charge, that are not

104



Event Selection

identified as muons and which have to have an associated momentum. This condition
is fulfilled by 15.27 % of all events with an average number of 3.38 V0 vertex candidates
per event. Fig. 7.7 shows the Armenteros plot of the raw V0 sample together with the
mpπ− invariant mass spectrum for the Λ hypothesis, where the positive track is assumed
to be a proton and the negative one a pion. This assumption is only correct for the real
Λ decays, which form a peak at the nominal Λ mass of 1115.683 MeV/c2 [PDG04]. The
goal of the cuts in this and in the following subsections is to reduce the background under
the peak while retaining the signal in order to get as clean Λ and Λ samples as possible.
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Figure 7.7: Definition of the V0 vertex: (a) Armenteros plot and (b) mpπ− invariant mass
distribution of the raw V0 sample. The structure around α ≈ 1 in the Armenteros plot is
caused by unidentified halo muons. To better visualize the arcs, the Armenteros plot was
clipped at 60 % of its maximum value. The arrow in (b) indicates the nominal value of the
Λ mass.

The Armenteros plot in fig. 7.7 shows a prominent structure around α ≈ 1. A longitu-
dinal momentum asymmetry of α ≈ 1 means, that the longitudinal momentum of the
negative particle is negligible compared to that of the positive particle. The momentum
distributions of the positive and negative V0 daughters, as shown in fig. 7.8a and b, are
similar, except that for the positive particle the distribution has a secondary peak around
the beam momentum. This indicates, that positive halo muons (see subsection 2.2.1),
which were not identified as muons, contaminate the V0 sample. A cut at 140 GeV/c sup-
presses the halo component and reduces the number V0 events from 15.27 % to 14.67 %
and that of the V0 vertex candidates to 93.69 %.

In order to ensure a precise measurement of the momentum of the V0 decay particles,
and thus of the reconstructed V0 mass, the daughter trajectories are required to have
passed through the first spectrometer magnet SM1 by demanding a last measured point
with zLab > 360 cm (see fig. 2.5 (page 17)). Because only V0s produced in the primary
interaction are of interest, the V0 vertex has to lie downstream of the primary vertex
(zV0 > zPrim). Both cuts together decrease the number of V0 events from 14.67 % to 11.30 %
and the number of V0 vertices from 93.69 % to 49.97 % (see fig. 7.9).

The above cuts are summarized in table 7.2. They select a sample of 559,200,000 generic
V0 events each containing on average 2.29 V0 vertices.
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(c) (d)

Figure 7.8: Suppression of halo muons: (a) Distribution of the momentum of the negative
V0 daughter particle. (b) shows the same for the positive particle. A peak around the beam
momentum, indicated by the arrow, is clearly visible. The vertical line marks the cut on the
momentum. (c) Armenteros plot of the sample, that was cut away. (d) mpπ− invariant mass
distribution after the cut. The darker area shows the sample, that was cut away.
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Figure 7.9: V0 sample after selection: (a) Armenteros plot and (b) mpπ− invariant mass dis-
tribution of the final V0 sample, which is obtained by requiring, that the V0 daughter tracks
have a last measured zLab-position larger than 360 cm and that the V0 vertex lies downstream
of the primary of vertex. The darker area in (b) shows the sample, that was cut away.
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Cut Number of Events Number of V 0 vertices

[106 ] [%] [10 6] [%]

Initial data set 4949.470 — — —

NTrack ≥ 4, NVertex ≥ 2 2275.498 45.97 — —

Definition of primary vertex 1063.393 21.48 — —

Target Cut 759.077 15.34 — —

Definition of V0 vertex 755.968 15.27 2557.839 —

Suppression of halo muons 725.944 14.67 2396.499 93.69

Daughters pass SM1, V0 decay topology 559.196 11.30 1278.188 49.97

Table 7.2: Summary of the V0 selection cuts: The table lists, how the different cuts re-
duce the absolute and relative number of V0 events and vertices, respectively. In total
559,195,694 events with 1,278,188,467 V0 vertex candidates fulfill the selection criteria.

7.2.4 Selection of Λ and Λ Events

The hyperon polarization manifests itself as a small asymmetry in the angular distribu-
tions of the decay daughters. The angular distributions need to be extracted with a high
precision, that is the background corrections have to be kept as low as possible in order
to reduce the error. Based on the preselected V0 sample, the following cuts mainly aim
at extracting clean Λ and Λ samples, by removing as much background as possible with
the least loss of signal.

Tracks with low momentum are very sensitive to the traversed magnetic field. In the first
part of the spectrometer there is a region, where the fringe fields of the target solenoid
and the SM1 dipole overlap. Because of the complicated interplay of these two fields,
the description of the magnetic field is less accurate in this region, which makes the track
reconstruction and vertex finding more difficult and leads to a less precise momentum
measurement for small momentum tracks. To avoid these problems, the momentum of
the V0 daughters is required to be larger than 1 GeV/c, which reduces the number of
Λ candidates to 95.62 % of all preselected V0 vertices (see fig. 7.10).

The signal to background ratio of the Λ hyperons depends strongly on the zLab-position
of the Λ decay vertex. If the Λ decays inside the target cells, the background rises
strongly, the more upstream the decay vertex lies. A good compromise between keeping
as many Λs as possible and having a background as low as possible is to take decay ver-
tices with zV0 > +0 cm (see [Wie04]). There is also an upper limit to the zLab-coordinate
of the V0 vertex, which comes from the fact, that one wants to select those V0s, where the
daughters traversed the MicroMeGaS stations in front of the first spectrometer magnet.
In this region the MicroMeGaS are the detectors with the highest spatial resolution and
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Figure 7.10: Removal of fringe field tracks: (a) Momentum distribution of the negative and
(b) the positive V0 daughter. The cut on this variable is indicated by the vertical line. (c) Ar-
menteros plot and (d) mpπ− invariant mass distribution after the cut. The darker area in (d)
shows the sample, that was cut away.
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therefore provide a precise track definition leading to a good mass resolution. Conse-
quently zV0 is restricted to values smaller than 140 cm, which is the position of the first
MicroMeGaS plane (see fig. 2.5 (page 17)). Both cuts together lead to a reduction of the
V0 sample from 95.62 % to 42.12 % (see fig. 7.11).
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Figure 7.11: V0 decay vertex position: (a) zLab-distribution of the V0 vertex. The vertical
lines indicate the applied cut. (b) Armenteros plot and (c) mpπ− invariant mass distribution
after the cut. The darker area in (c) shows the sample, that was cut away.

Because of the finite spatial resolution of the measured charged particle trajectories,
V0 decay vertices close to the primary vertex can be the result of wrong track com-
binations. This effect is suppressed by demanding, that the V0 vertex lies more
than 20 cm downstream of the primary vertex, which decreases the number of V0 ver-
tices from 42.12 % to 11.80 % (see fig. 7.12).

The measurement of the Λ polarization has a direct interpretation in terms of the pro-
duction mechanism only, if the Λs were produced directly in the primary interaction.
On the other hand the Λ sample includes contributions of Λs from the decay of Ξ and
Σ hyperons, which are experimentally difficult to separate. The fraction of prompt Λs
can be enhanced by imposing a cut on the back-pointing of the reconstructed Λ momen-
tum to the primary vertex (collinearity). The number of vertices is lowered from 11.80 %
to 6.64 % by requiring, that the angle between the Λ momentum and the line connecting
primary and Λ decay vertex is smaller than 15 mrad (see fig. 7.13). Like the previous
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Figure 7.12: Vertex Separation: (a) Distribution of the difference of the zLab-coordinates of
primary and V0 vertex. The applied cut is indicated by the vertical line. (b) Armenteros
plot and (c) mpπ− invariant mass distribution after the cut. The darker area in (c) shows the
sample, that was cut away.
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cut on the vertex separation this one also suppresses V0 vertices that, due to the limited
spatial resolution, were formed out of wrongly combined tracks.
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Figure 7.13: Collinearity cut: (a) Collinearity angle of the V0 vertices. The vertical line indi-
cates the applied cut. (b) Armenteros plot and (c) mpπ− invariant mass distribution after the
cut. The darker area in (c) shows the sample, that was cut away.

In order to have a good definition of the production plane and thus of the direction of the
polarization analyzer (see subsection 7.2.2), the transverse momentum pT of the V0 with
respect to the direction of the virtual photon is demanded to be larger than 100 MeV/c,
which is comparable to the resolution in this variable [Kan] and reduces the number of
V0 candidates from 6.64 % to 5.80 % (see fig. 7.14).

From fig. 7.14a it is evident, that the sample still contains a lot of converted photons,
which contribute to the background under the Λ peak. This background is suppressed
by discarding those vertices, where the track of the pion candidate is associated both
with the secondary and the primary vertex, which, because of the separation of the two
vertices, is only correct for the decays, in which the pion is emitted in or opposite to the
direction of the Λ. Only a small number of true Λs is affected by the cut, since the pion
for kinematical reasons is in the most cases emitted with a larger angle with respect to
the Λ direction (see fig. 7.15). The same is not true for the proton daughter. A cut on
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Figure 7.14: Definition of the production plane: (a) Distribution of the transverse momen-
tum pT of the V0 with respect to the direction of the virtual photon. The cut on this variable
is indicated by the vertical line. (b) Armenteros plot and (c) mpπ− invariant mass distribution
after the cut. The darker area in (c) shows the sample, that was cut away.
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the proton’s association with the primary vertex would cleanup the sample further, but
would also remove a considerable amount of true Λs. In total the cut lowers the number
of vertices from 5.58 % to 2.46 %.
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Figure 7.15: Cut on pion association with the primary vertex: (a) Armenteros plot and
(b) mpπ− invariant mass distribution after requiring, that the daughter pion candidate of
the V0 vertex is not associated with the primary vertex. The darker area in (b) shows the
sample, that was cut away.

The remaining background from converted photons is usually removed by cutting away
the region of low transverse momenta pD

T , but this method has a drawback: It distorts
the cos θy distribution of the decay particles (see subsection 7.2.2), from which the po-
larization is extracted. As will be explained in section 7.3 the extraction method for the
polarization assumes, that the acceptance is symmetric with respect to the mid-plane of
the spectrometer and consequently is also symmetric in cos θy. This means that the ap-
plied cuts must not affect this symmetry, which renders the simple pD

T cut unfavorable.
But there is an alternative method to suppress the converted photons: The converted
photons have small angles θz with respect to the reconstructed V0 direction in the V0 rest
frame. Therefore they accumulate mainly at the edges of the cos θz spectrum and are sup-
pressed by cutting on angles with |cos θz| < 0.8 (see fig. 7.16a, b and c). The cut decreases
the number of V0 vertices from 2.46 % to 1.14 % and also reduces the number of Λ hy-
perons by a non-negligible amount, but fig. 7.16d shows, that still more background than
signal is discarded. Fig. 7.16e illustrates that the cos θz cut acts symmetrically in cos θy, so
that it does not disturb the mid-plane symmetry of the acceptance.

In the 2002 data taking period the acceptance of the outer and middle trigger hodoscopes
(see chapter 4) was not up-down asymmetric. Consequently events, which are exclu-
sively defined by those hodoscopes, are excluded, which has only a small impact on the
statistics and reduces the number of Λ candidates from 1.14 % to 1.12 % (see fig. 7.17).

Table 7.3 summarizes the applied selection cuts, that define the Λ and Λ samples used for
the polarization analysis. The 14,334,000 V0 vertices contain 1,626,000 Λs and 854,000 Λs.
In addition a K0 sample is extracted for systematic studies (see section 8.2) by applying
the above cut set with the exception, that the association of the daughter pions with
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Figure 7.16: Suppression of converted photons: (a) cos θz distribution of the positive decay
daughter under mpπ− invariant mass hypothesis. The distribution strongly deviates from
the uniform distribution, that one would expect for the Λ, which decays forward-backward
symmetrically in its rest frame. The vertical lines indicate the cut in this variable. In (b)
the cos θz distribution is expanded with the transverse momentum pD

T of the V0 daughters
with respect to the V0 direction (like it is also used in the Armenteros plot), so that the con-
tributions from the different V0 species are disentangled (note the logarithmic z-scale): The
symmetric arc is formed by the Λs, the photons accumulate at large values of |cos θz|, and
the Kaons make the asymmetric arc, that peaks at pD

T ≈ 0.2 GeV/c and cos θy ≈ −0.9. (c) Ar-
menteros plot and (d) mpπ− invariant mass distribution after cut on cos θz. The sample, that
was cut away, is shown by the darker area in (d). (e) Correlation of cos θz and cos θy: It is
evident, that the cut on cos θz is symmetric in cos θy.
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Figure 7.17: Λ sample after selection: (a) Armenteros plot and (b) mpπ− invariant mass
distribution of the final Λ sample after excluding events, that were exclusively triggered by
the outer or the middle trigger hodoscopes. The darker area in (b) shows the sample, that
was cut away.

the primary vertex is not checked. The resulting 10,547,000 K0s partly contribute to the
background under the Λ and Λ peak, respectively.

Cut Number of V 0 vertices

[106 ] [%]

V0 selection cuts (see subsection 7.2.3) 1278.188 —

Removal of fringe field tracks 1222.216 95.62

V0 vertex position 538.326 42.12

Vertex separation 150.798 11.80

Collinearity 84.895 6.64

Definition of production plane 74.094 5.80

Pion association with primary vertex 31.430 2.46

Suppression of converted photons, cos θz cut 14.558 1.14

Removal of outer and middle trigger 14.334 1.12

Table 7.3: Summary of the cuts, that define the Λ and Λ sample: The Table shows the ab-
solute and relative reduction of the number of Λ candidates by the different cuts. In total
14,334,458 V0 vertices fulfill the selection criteria.

Fig. 7.18 shows the invariant mass plots for the Λ, Λ, and K0 hypothesis, respectively.
Since the lifetimes of the three particles are rather long, their natural widths (ΓΛ,Λ =
2.501 µeV/c2, ΓK0

S
= 7.351 µeV/c2) practically do not contribute to the measured widths,

which therefore purely reflect the resolution of the spectrometer.

The Λ and Λ peaks still sit on a nonvanishing background, which is subtracted using two
different methods: In the polarization analysis the invariant mass histograms are fitted
by a function, that models signal and background as described in subsection 7.4.1. For all
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Figure 7.18: Final Λ and Λ samples after event selection: The upper two plots show the
mpπ− and the mpπ+ invariant mass distributions, respectively. The 1,626,000 Λs in the peak
have a mean mass of 1115.72 MeV/c2, which corresponds to a deviation of ∆m = 40 keV/c2

with respect to the PDG value. The width of the Λ peak is σΛ = 2.43 MeV/c2. The mass
of the 854,000 Λs is measured to 1115.74 MeV/c2 (∆m = 60 keV/c2) with a resolution of
σΛ = 2.38 MeV/c2. The lower plots depicts the mπ+π− invariant mass distribution. The
10,547,000 K0s are reconstructed with a mass of 498.24 MeV/c2 (∆m = 590 keV/c2) and a
width of σK0 = 7.02 MeV/c2. The fitting procedure is described in subsection 7.4.1. In all
three plots the shaded bands indicate the peak- and side-band regions used for the back-
ground subtraction.
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other distributions, like e.g. the transverse momentum pT of the Λs or their momentum
fraction xF, first the kaon background is suppressed by excluding V0s, that lie within a
±2 σK0 range around the measured K0 mass, and then the side-band subtraction method
is applied. This method combines distributions of the particular variable, taken in three
invariant mass regions: a region around the mass peak (the peak-band) and two regions
some distance apart from the peak (the side-bands). All three mass regions are disjoint
and the side-bands lie symmetric with respect to the peak. The background corrected
distribution of the variable under consideration is obtained by subtracting the side-band
distributions from the peak distribution. The side-band method is able to correct for
background contributions up to first order, because if the background is linear in the
invariant mass, the background samples in the two side-bands average exactly to the
background under the peak. For Λ and Λ a peak-band with a width of 3 σΛ,Λ is used
together with 3 σΛ,Λ wide side-bands, that are centered at ±5 σΛ,Λ from the peak, where
σΛ,Λ is the width of the fitted Gaussian (see fig. 7.18).

7.2.5 Selection of Ξ− and Ξ+ Events

The Ξ selection criteria applied in this analysis are similar to those used in the pentaquark
search analysis [Age05, DeM04]. A Ξ event has to have a V0 decay vertex and an addi-
tional pion track from the Ξ decay (cf. subsection 7.2.1). Therefore each V0 vertex, that
fulfills the general V0 selection criteria (see subsection 7.2.3), is combined with each ad-
ditional track in the event, that has a momentum associated with it and that is neither a
muon nor one of the decay particles of the V0 vertex under consideration. For each com-
bination of V0 and pion candidate the point of closest approach with the reconstructed
V0 candidate is computed. If a closest approach is found, the combination is considered
as a Ξ vertex candidate. The data set contains in total 2.007 · 109 Ξ− vertex candidates,
where the pion candidate has negative charge, and 2.376 · 109 Ξ

+ candidates, where the
pion is charged positively. Fig. 7.19 shows the Armenteros plot and the mΛπ− invariant
mass histogram of the raw Ξ sample. The mΛπ− mass histogram, like the ones further
below, is generated by assuming proton and pion mass for the V0 decay tracks and pion
mass for the additional track.

Like for the Λ contaminations from unidentified halo muons are suppressed by requiring,
that the momentum of the pion candidate is less than 140 GeV/c, which removes 0.07 % of
the Ξ− and 9.66 % of the Ξ

+ vertices from the sample (see fig. 7.20).

Due to the topology of the Ξ decay, the point of closest approach of the V0 and the pion
candidate, which is taken as the position of the Ξ decay vertex, has to lie downstream of
the primary and upstream of the V0 decay vertex. This lowers the number the Ξ− candi-
dates from 99.93 % to 30.26 % and that of the Ξ

+ candidates from 90.34 % to 27.39 % (see
fig. 7.21).

Similarly to the V0 selection the trajectory of the pion candidate is required to have a last
measured point with a zLab-coordinate larger than 360 cm, so that the particle has to pass
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Figure 7.19: Definition of Ξ vertex: (a) Armenteros plot and (b) mΛπ− invariant mass dis-
tribution for the raw Ξ sample. Due to the large background, the Ξ− and Ξ

+ arcs are not
visible, but their nominal position is indicated by lines.
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Figure 7.20: Suppression of halo muons: Armenteros plot of the sample, that is cut away by
demanding the momentum of the pion candidate to be lower than 140 GeV/c.
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Figure 7.21: Ξ decay topology: (a) Armenteros plot and (b) mΛπ− invariant mass distribution
after excluding Ξ vertices, that do not lie in-between the primary and the V0 vertex. The
darker area in (b) shows the sample, that was cut away.
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through the first spectrometer magnet SM1 (see fig. 2.5), which ensures a precise momen-
tum measurement and reduces the sample of Ξ− candidates from 30.26 % to 28.89 % and
that of the Ξ

+ candidates from 27.39 % to 26.17 % (see fig. 7.22).
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Figure 7.22: Pion passes through SM1: (a) Armenteros plot and (b) mΛπ− invariant mass
distribution after requiring, that the pion candidate flew through SM1. The darker area
in (b) shows the sample, that was cut away.

The Ξ sample is cleaned by improving the definition of the Λ vertex. To this end some
cuts of the Λ selection (see subsection 7.2.4) are applied to the V0 vertex: The V0 daugh-
ter tracks are required to have a momentum larger than 1 GeV/c to suppress fringe field
tracks. The V0 decay vertex has to be located in the range 0 cm < zV0 < 140 cm and has to
lie at least 20 cm downstream of the primary vertex. A collinearity cut is not applied, be-
cause it would suppress Ξ decays, where the Λ has a higher transverse momentum with
respect to the Ξ. The Λ vertex definition decreases the number of Ξ− vertices from 28.89 %
to 6.626 % and that of the Ξ

+ vertices from 26.17 % to 6.024 % (see fig. 7.23).
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Figure 7.23: Definition of Λ vertex: (a) Armenteros plot and (b) mΛπ− invariant mass distri-
bution after the cut. The darker area in (b) shows the sample, that was cut away.

A further cleanup of the Ξ sample is achieved by cutting on the distance of closest ap-
proach (DCA) of the pion candidate track and the reconstructed V0 track. By requiring a
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DCA of less than 0.8 cm the number of Ξ− vertices is lessened to 4.719 % and that of the
Ξ

+ candidates to 4.314 % (see fig. 7.24).
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Figure 7.24: DCA of Ξ vertex: (a) DCA distribution of all pion and V0 track before the
cut, that is indicated by the vertical line. (b) Armenteros plot and (c) mΛπ− invariant mass
distribution after the cut. The darker area in (c) shows the sample, that was cut away.

As in the Λ selection the transverse momentum pT of the Ξ with respect to the direction
of the virtual photon is demanded to be larger than 100 MeV/c. This ensures a good defi-
nition of the production plane and thus of the direction of the polarization analyzer (see
subsection 7.2.2) and decreases the Ξ− sample to 4.500 % and the Ξ

+ sample to 4.125 %
(see fig. 7.25).

A great deal of background is suppressed, if the pion candidate track is required to
not be associated with the primary vertex. Like in the Λ case this affects only a small
fraction of real Ξs, where the emitted pion is nearly collinear with the Ξ, but removes
all those candidates, where the Ξ decay vertex was not resolved (medium shaded his-
togram in fig. 7.26b). The sample is cleaned further by applying the same condition to
the pion candidate from the V0 vertex (dark shaded histogram in fig. 7.26b). The two cuts
lower the number of Ξ− candidates from 4.500 % to 1.002 % and that of the Ξ

+ candidates
from 4.125 % to 0.968 %.

An additional suppression of the contamination of the Λ vertices by converted photons
is achieved by demanding

∣∣cos θ
p
z
∣∣ < 0.8, where cos θ

p
z is the angle of the Λ decay proton
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Figure 7.25: Definition of production plane: (a) Distribution of the transverse momentum pT
of all Ξ candidates with respect to the direction of the virtual photon. The cut on this variable
is indicated by the vertical line. (b) Armenteros plot and (c) mΛπ− invariant mass distribution
after the cut. The darker area in (c) shows the sample, that was cut away.
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Figure 7.26: Cut on pion association with the primary vertex: (a) Armenteros plot and
(b) mΛπ− invariant mass distribution after excluding Ξ candidates, where the pions are as-
sociated with the primary vertex (light shaded histogram).
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with respect to the Λ direction in the Λ rest frame. This cut is similar to that in the
Λ selection (cf. fig. 7.16 (page 114)) and reduces the number of Ξ− vertices from 10.02 ‰
to 3.088 ‰ and that of the Ξ

+ vertices from 9.68 ‰ to 2.882 ‰ (see fig. 7.27).
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Figure 7.27: Suppression of converted photons for Λ daughter: (a) Armenteros plot and
(b) mΛπ− invariant mass distribution after improving the Λ definition by suppressing back-

ground from converted photons with the cut
∣∣∣cos θ

p
z

∣∣∣ < 0.8. The darker area in (b) shows the
sample, that was cut away.

A last improvement of the background is attained by cutting on the reconstructed mass
of the Λ (Λ) daughter. All V0 vertices, that have an invariant mpπ− (mpπ+) mass outside
a ±5σΛ(Λ) region around the measured Λ (Λ) mass, are excluded. This lowers the num-
ber of Ξ− vertices from 3.088 ‰ to 0.3594 ‰ and that of the Ξ

+ vertices from 2.882 ‰
to 0.2752 ‰ (see fig. 7.28).
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Figure 7.28: Cut on invariant mass of the Λ daughter: (a) Armenteros plot and (b) mΛπ− in-
variant mass distribution after the cut. The darker area in (b) shows the sample, that was cut
away.

As was discussed already in subsection 7.2.4 the acceptance of the outer and middle
trigger hodoscopes was not up-down symmetric for some data taking periods. Since
this is an essential prerequisite for the polarization extraction method, events are ex-
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cluded, if they are only defined by those two triggers. The number of Ξ− vertices is
reduced from 0.3594 ‰ to 0.3523 ‰Ṫhe number of Ξ

+ vertices decreases from 0.2752 ‰
to 0.2694 ‰ (see fig. 7.29).

α

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

 [
G

e
V

/c
]

D T
p

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0

0.2

0.4

0.6

0.8

1

1.2

3
10×

Entries 1347317Entries 1347317

]2 [GeV/c-
π Λ

m

1.24 1.26 1.28 1.3 1.32 1.34 1.36 1.38 1.4

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

3
10×

Entries 707035

]2 [GeV/c-
π Λ

m

1.24 1.26 1.28 1.3 1.32 1.34 1.36 1.38 1.4

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

3
10×

PDG

Entries 707035

(a) (b)

Figure 7.29: Ξ sample after selection: (a) Armenteros plot and (b) mΛπ− invariant mass
distribution of the final Ξ sample after excluding events, that were exclusively triggered by
the outer or the middle trigger hodoscopes. The darker area in (b) shows the sample, that
was cut away.

Table 7.4 summarizes the Ξ selection cuts, that define the Ξ− and Ξ
+ sample, used for the

polarization analysis. The final Ξ sample consists of 706,000 Ξ− candidates, that contain
24,900 Ξ−s, and of 638,000 Ξ

+ candidates with 14,900 Ξ
+s.

Cut Number of Ξ− vertices Number of Ξ
+

vertices

[106 ] [%] [10 6 ] [%]

Definition of Ξ vertex 2007.011 — 2376.271 —

Suppression of halo muons 2005.687 99.93 2146.687 90.34

Ξ decay topology 607.392 30.26 650.843 27.39

Pion passes through SM1 579.923 28.89 621.874 26.17

Definition of Λ (Λ) vertex 132.980 6.626 143.152 6.024

DCA of Ξ vertex 94.708 4.719 102.515 4.314

Definition of production plane 90.310 4.500 98.028 4.125

Pion association with primary vertex 20.114 1.002 23.002 0.968

Suppression of converted photons for Λ (Λ) 6.198 0.3088 6.849 0.2882

Cut on Λ (Λ) mass 0.721 0.03594 0.654 0.02752

Removal of outer and middle trigger 0.707 0.03523 0.640 0.02694

Table 7.4: Summary of the cuts, that define the Ξ− and Ξ
+ sample. The table specifies the

absolute as well as the relative reductions of the Ξ candidate sample by the individual cuts.
In total 707035 Ξ−and 640282 Ξ

+ vertices fulfill the selection criteria.
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7 DATA ANALYSIS

Fig. 7.30 shows the invariant mass distributions for the Ξ− and the Ξ
+ hypothesis, where

the mass of the Λ (Λ) decay daughter is set to the nominal PDG value. This improves
the Ξ mass resolution compared to the mΛπ− invariant mass plots above, that illustrate
the different cuts and that use the reconstructed Λ (Λ) mass. Also the Ξs have a rather
long lifetime and therefore a small natural width (Γ

Ξ−,Ξ+ = 4.019 µeV/c2), so that the
measured widths are dominated by the resolution of the spectrometer.
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Figure 7.30: Final Ξ− and Ξ
+ samples after event selection: The upper plot shows the mΛπ− ,

the lower one the mΛπ+ distribution of the final Ξ sample, where the Λ (Λ) mass was fixed
to its nominal value. The 24,900 Ξ−s have a mean mass of 1321.7 MeV/c2, which corresponds
to a deviation of ∆m = 400 keV/c2 with respect to the PDG value. The width of the Ξ− peak
is 3.54 MeV/c2. The mass of the 14,900 Ξ

+s is measured to 1321.8 MeV/c2 (∆m = 500 keV/c2)
with a mass resolution of 3.61 MeV/c2. The fitting procedure is described in subsection 7.4.2.
In both plots the shaded bands indicate the peak- and side-band regions used for the back-
ground subtraction.

The Armenteros plot in fig. 7.29a shows, that in contrary to the case of the Λ no other
particles interfere with the Ξ− and Ξ

+ arcs, which leads to a much simpler background.
Like for the Λs the angular distributions, which determine the polarizations, are extracted
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Extraction Method for Hyperon Polarization – Double Bias Canceling

by fitting the invariant mass histograms with a function, that models the Ξ peak and
the background (see subsection 7.4.2). In all other cases the background subtraction is
performed by applying the side-band subtraction method. For the Ξs a peak-band with
a width of 3 σ

Ξ−,Ξ+ is used together with 3 σ
Ξ−,Ξ+ wide side-bands, that are centered at

±5 σ
Ξ−,Ξ+ from the peak (see fig. 7.30), where σ

Ξ−,Ξ+ is the width of the fitted Gaussian.

7.3 Extraction Method for Hyperon Polarization – Double Bias
Canceling

The hyperon polarization is extracted from the measured angular distribution of the de-
cay baryon with respect to the production plane normal in the hyperon rest frame utiliz-
ing eq. (7.4) (see also chapter 6):

(7.5)
dN

dcos θy
=

N0

2

(
1 + αH PH

y cos θy

)
where PH

y is the hyperon polarization, αH the decay asymmetry parameter for the partic-
ular hyperon decay channel as given in table 6.1 (page 73), and N0 the total number of
hyperons. According to the above formula the polarization can be obtained by fitting the
slope of the cos θy distribution.

Unfortunately this procedure is not applicable in practice, because eq. (7.5) ignores an
important experimental complication – the acceptance. The acceptance describes the av-
erage detection efficiency and subsumes all effects, that may cause losses of events, as
there are: geometrical acceptance of the apparatus, dead-time, (varying) detector effi-
ciencies, efficiency of the reconstruction process, and cuts applied during the event se-
lection, to name only the most important contributions. Due to the dipole magnets, the
COMPASS spectrometer has an inherently left-right asymmetric acceptance. Depending
on their charge, particles are bent into or out of the acceptance, when they fly into the left
or the right part of the spectrometer.

The acceptance A enters as a factor into the angular distribution

(7.6)
dN

dcos θy
=

N0

2
A

(
1 + αH PH

y cos θy

)
A is in general a function of time and of the kinematical variables, which in the angular
distributions are, apart from cos θy, all integrated out, so that A = A(cos θy). The effect of
the acceptance is clearly visible in fig. 7.31, which shows the measured cos θy distribution
for the Λ and the Ξ− hyperons. The distortions of the angular distributions due to the
acceptance have to be corrected, because they otherwise might cause false asymmetries,
indistinguishable from the real hyperon polarization. Two different methods may be
used to perform the acceptance correction: Either the acceptance function A(cos θy) is ex-
tracted from Monte-Carlo simulations or the symmetry of the apparatus is exploited and
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bias canceling techniques are applied, which extract the acceptance correction functions
directly from the measured data by a suitable recombination of data subsamples.
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Figure 7.31: (a) Background corrected cos θy distributions for the Λ, used to extract the po-
larization. The distributions strongly deviate from a flat distribution one would expect for
small acceptance effects. Instead events around cos θy ≈ 0 are suppressed, mainly by the
cos θz cut (cf. fig. 7.16 (page 114)). (b) shows the same distributions for the Ξ−.

This analysis employs a bias canceling method, which was developed by Ohlsen and
Keaton [Ohl73] for the measurement of analyzing powers in spin-1/2 ion beams and
which was applied to the analysis of hyperon polarization by the WA89 [Ada95] and
EXCHARM [Ale00] experiments. The method corrects left-right asymmetries of the ac-
ceptance and is based on the assumption, that the apparatus is symmetric with respect to
its mid-plane, which is spanned by the beam (zLab) and the left-right direction (xLab). The
hyperon sample is subdivided into two subsamples: up-going hyperons with pH

yLab
> 0

and down-going hyperons with pH
yLab

< 0. Each of the two subsamples follows the angu-
lar distribution of eq. (7.6):

U(cos θy) =
dNU

dcos θy
=

U0

2
AU(cos θy)

(
1 + αH PH

y cos θy

)
D(cos θy) =

dND

dcos θy
=

D0

2
AD(cos θy)

(
1 + αH PH

y cos θy

)(7.7)

Provided the apparatus is perfectly up-down symmetric, the total numbers of up- and
down-going hyperons U0 and D0 are equal.

(7.8) U0 = D0

If the data set is sufficiently large, it contains for a given hyperon decay always a second
decay, that is mirrored with respect to the mid-plane of the spectrometer, like it is shown
in fig. 7.32. In the two symmetric hyperon decays the yLab-momentum components of
the involved particles have opposite signs. This may be used to establish a relation be-
tween the acceptances AU(cos θy) and AD(cos θy). Because of the sign flip in the yLab-
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momentum components of the virtual photon γ∗ and of the hyperon H, the xLab- and
zLab-components of the “up” and “down” production plane normals n̂U,D have opposite
signs as well:

(7.9) n̂U =
~pU

γ∗ × ~pU
H

|~pU
γ∗ | |~pU

H |
= (nx, ny, nz)T n̂D =

~pD
γ∗ × ~pD

H

|~pD
γ∗ | |~pD

H |
= (−nx, ny,−nz)T

xLab

yLab

zLab

Symmetry

plane

Up-going
hyperon

Down-going
hyperon

~pU
H

n̂U
θU

Lab ~pU
B

~pD
H

n̂D

θU
Lab

θD
Lab

~pD
B

~pU
γ∗

~pD
γ∗

Figure 7.32: Mid-plane symmetry of the apparatus and hyperon decay: The figure shows
two hyperon decays U and D in the laboratory frame, that are symmetric with respect to
the mid-plane of the spectrometer. For each decay the normal n̂ of the production plane is
defined by ~pγ∗ × ~pH . Because of the axial vector nature of n̂, the angle θU

Lab of the decay
baryon B in the up-going decay is related to the angle θD

Lab of the down-going hyperon decay
by θD

Lab = π − θU
Lab.

The above equation translates the up-down symmetry of the momenta into a relation
between the angles θU,D

Lab of the decay baryons of the two hyperon decays with respect to
the production plane normals in the laboratory frame:

cos θU
Lab = n̂U · ~pU

B /|~pU
B | = (nx px + ny py + nz pz)/|~pU

B |
cos θD

Lab = n̂D · ~pD
B /|~pD

B | = (−nx px − ny py − nz pz)/|~pU
B |

cos θD
Lab = − cos θU

Lab

θD
Lab = π − θU

Lab

(7.10)

The Lorentz factors of the hyperons in the two symmetric decay processes are equal.
Therefore the change of the baryon angles with respect to the production plane normals
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is also symmetric, when they are boosted into the particular hyperon rest frames. This
means that relation (7.10) also holds for the angles θU,D

y in the rest frame of the hyperons:

(7.11) θD
y = π − θU

y and thus cos θD
y = − cos θU

y

Because of the up-down symmetry of the apparatus, the two mirrored decays have the
same acceptances:

(7.12) ÃU

(
cos θU

y ; ξ
)

= ÃD

(
− cos θU

y ; ξ
)

where eq. (7.11) was used and where ÃU,D represent the basic acceptances, that depend
on the angle θU,D

y and on other kinematical variables of the decay, which are subsumed in
the symbol ξ and which, due to the symmetry, are equal for the “up” and the “down” de-
cay. In the angular distributions the parameters ξ are integrated out, thereby conserving
the symmetry of the acceptance:

(7.13) AU(cos θy) =
∫

dξ ÃU
(
cos θy; ξ

)
=

∫
dξ ÃD

(
− cos θy; ξ

)
= AD(− cos θy)

According eq. (7.7), (7.8), and (7.13) acceptance effects cancel, when the asymmetry of the
up and the down sample is calculated:

R0(cos θy) =
U(cos θy)− D(− cos θy)
U(cos θy) + D(− cos θy)

= αH PH
y cos θy

where θy ∈ [−π, π]
(7.14)

The slope of the acceptance corrected angular distribution R0(cos θy) is directly propor-
tional to the polarization.

Eq. (7.14) is only valid, if the assumption of equal numbers of up- and down-going hy-
perons (eq. (7.8)) is fulfilled, which, due to imperfect alignment of beam and apparatus,
is usually not the case. In order to correct also for this kind of asymmetry, the geometric
mean concept of Ohlsen and Keaton [Ohl73] is employed: The up and down samples are
subdivided once more, but this time with respect to the sign of cos θy, which results in
four disjoint subsamples:

U±(cos θy) =
dN±U

dcos θy
=

U0

2
AU(± cos θy)

(
1± αH PH

y cos θy

)
D±(cos θy) =

dN±D
dcos θy

=
D0

2
AD(± cos θy)

(
1± αH PH

y cos θy

)
where now θy ∈ [0, π]

(7.15)
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By taking the geometric mean of the U±, D± pairs with the same sign of cos θy and by ap-
plying the up-down symmetry in the form of eq. (7.13), the absolute numbers of hyperons
U0 and D0 cancel, when the asymmetry is formed using the geometric means:

√
U+D+ =

√
U0

2
D0

2
AU(cos θy)AU(− cos θy)

(
1 + αH PH

y cos θy

)
√

U−D− =

√
U0

2
D0

2
AU(− cos θy)AU(cos θy)

(
1− αH PH

y cos θy

)(7.16)

(7.17) R(cos θy) =

√
U+D+ −

√
U−D−√

U+D+ +
√

U−D−
= αH PH

y cos θy where θy ∈ [0, π]

In order to calculate the acceptance corrected angular distribution R(cos θy), the distri-
butions U±(cos θy) and D±(cos θy) have to be extracted from the data. The goal is con-
sequently to determine the number of hyperons within a certain range of cos θy with a
background as low as possible.

Since an event-by-event identification of the hyperon decays is not necessary, a bin-by-
bin method is applied: The hyperon candidates are sorted into Nθy bins in cos θy. For
each cos θy bin the sample is subdivided further into up- and down-going hyperons and
an invariant mass histogram is generated for each subsample. The number of hyper-
ons in the 2 · Nθy subsamples is determined by fitting the hyperon mass peaks, which
results in the nearly background free angular distributions U± and D± (see section 7.4
as well as fig. 7.31 (page 126)). From the angular distributions the background corrected
R(cos θy) distribution is calculated by combining the positive and negative cos θy bins
according to eq. (7.17). The polarization is finally obtained by a linear fit of R(cos θy).

The uncertainty δR of R is calculated straightforward utilizing Gaussian error propaga-
tion:

δR2 =
(

∂R
∂U+ δU+

)2

+
(

∂R
∂U−

δU−
)2

+
(

∂R
∂D+ δD+

)2

+
(

∂R
∂D−

δD−
)2

δR2 =
1(√

U+D+ +
√

U−D−
)4

[
U−D−

U+D+

(
D+2

δU+2 + U+2
δD+2

)
+

U+D+

U−D−
(

D−2
δU−2 + U−2

δD−2
)]

(7.18)

where δU± and δD± are the errors on the number of hyperons, obtained from the fit of the
invariant mass histograms of the respective subsample. If N0 is the number of hyperons
in a certain cos θy bin and if the asymmetry is small, the four samples U± and D± have
approximately equal statistics of N0/2 and their uncertainty is given by

√
N0/2. Conse-

quently the resulting uncertainty of R is δR = 1/
√

2N0. Under similar assumptions the
simple bias canceling ratio R0, as defined in eq. (7.14), has an error of δR0 = 1/

√
N0. The
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error on the extracted hyperon polarization δPH
y , however, is in both cases the same, since

the ratio R0(cos θy) is defined in the full angular range from −π to π, whereas R(cos θy)
covers only positive angles.

7.4 Background Subtraction

The bin-by-bin bias canceling method, presented in section 7.3, extracts the polarization
from the acceptance corrected angular distribution R(cos θy) and is based on the precise
knowledge of the number of hyperons in each cos θy subsample. To this end an invariant
mass histogram is generated for each subsample and the number of hyperons is deter-
mined by fitting of the hyperon’s mass peak. The challenge is to find a good description
of the background and of the hyperon peak, in particular for the Λ (Λ) case, where apart
from the combinatorial background contaminations from kaons and converted photons
play an important role. Subsection 7.4.1 describes the special fit method, that disentan-
gles these contributions. A simpler method, explained in subsection 7.4.2, is used for
the Ξs, whose background is predominantly of combinatorial origin and has a less com-
plex behavior.

7.4.1 Λ Background Subtraction

The invariant mass histogram of the final Λ sample (see fig. 7.33a) shows that the back-
ground has a quite complicated structure: One component starts at the kinematical bor-
der of mp + mπ− = 1077.84 MeV/c2. On top of it the kaons contribute for invariant masses
mpπ− & 1094 MeV/c2 and produces a rising edge in this mass region. Moreover the shape
of the background changes with the kinematical variables including cos θy, which is il-
lustrated by fig. 7.33c and d.

For the extraction of the angular distributions it would be unfavorable to exclude the K0s
by an invariant mass cut, as it is done for the side-band subtracted plots. Firstly, because
such a cut would distort the angular distributions, and secondly, it would also remove a
non-negligible fraction of the Λs. As will be shown below, the kaon contribution to the
background can be disentangled, and it moreover may be used to study the systematic
error.

Fig. 7.33a displays the result of a fit of the Λ peak region with the sum of a Gaussian and
a third order polynomial:

fG(mpπ−) =wB · NΛ ·Gauss
[
mpπ− ; mΛ, σΛ

]
+ p0 + p1 ·mpπ− + p2 ·m2

pπ− + p3 ·m3
pπ−

with Gauss[x; m, σ] ≡ 1√
2π · σ

exp
[
− (x−m)2

2σ2

]
(7.19)

where wB is the bin width, NΛ the number of Λs under the Gaussian peak, σΛ the width,
and mΛ the mean value of the peak. The fit function has in total seven free parameters.

130



Background Subtraction

 1690)± = (1625745 ΛNumber of 

]2 [GeV/c-
πp m

1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

6
10×

Entries 14334458

PDG

Entries 14334458

 2954)± = (1760941 ΛNumber of 

]2 [GeV/c-
πp m

1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

6
10×

Entries 14334458

PDG

Entries 14334458

(a) (b)

 609)± = (74434 ΛNumber of 

]2 [GeV/c-
πp m

1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

1

2

3

4

5

6

7

3
10×

Entries 696210

PDG

Entries 696210
 1085)± = (163751 ΛNumber of 

]2 [GeV/c-
πp m

1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22

N
u

m
b

e
r 

o
f 

V
e

rt
ic

e
s

0

2

4

6

8

10

12

14

3
10×

Entries 907663

PDG

Entries 907663

(c) (d)

Figure 7.33: (a) mpπ− invariant mass spectrum of the Λ sample. The peak region is fitted with
the sum of a Gaussian and a third order polynomial (function (7.19)). (b) shows the same
mpπ− invariant mass spectrum, but fitted with the sum of a double Gaussian and a third
order polynomial (function (7.20)). (c) Invariant mass distribution for up-going Λs in the
angular bin cos θy ∈ [0, 0.25]. (d) shows the respective histogram for the bin cos θy ∈ [0.75, 1].
Note the different shape of the background in the region of the K0 threshold (indicated by
the arrow) in the two plots. In all plots a fit range of mpπ− ∈ [1097.5, 1150.0] MeV/c2 was
used.
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From fig. 7.33a it is evident, that neither the background nor the peak is described well
by function (7.19), which is also reflected by the large χ2/n.d.f. value of 11844/103 = 115.
The data exceed the fit function in the center and in the wings of the peak. Due to the
incorrect peak shape of the fit function, the background is artificially enhanced under the
peak, so that the number of Λs is systematically underestimated.

The fit result improves, if the sum of a double-Gaussian and a third order polynomial if
fitted to the data (see fig. 7.33b):

fGG(mpπ−) =wB · NΛ

(
RN ·Gauss

[
mpπ− ; m, σ

]
+ (1− RN) ·Gauss

[
mpπ− ; (m + ∆m), Rσ · σ

])
+ p0 + p1 ·mpπ− + p2 ·m2

pπ− + p3 ·m3
pπ−

(7.20)

where wB again is the bin width and NΛ the total number of Λs in both Gaussian peaks.
The parameters of the second Gaussian are expressed with respect to the ones of the first:
RN is the fraction of Λs, that belong to the first Gaussian peak. Consequently 1 − RN

corresponds to the fraction of Λs in the second peak. The second peak has a width of
Rσ times the width of the first one and is shifted by ∆m with respect to the first Gaussian.
In total this fit function has 10 free parameters.

Function (7.20) fits the data much better with a reduced χ2 value of 719/101 = 7.1. The
fact, that a double-Gaussian improves the peak shape description, may be understood by
looking at the resolution of the reconstructed mpπ− mass, which depends on the resolu-
tion of the momentum and the angle measurement:

m2
pπ− = m2

p + m2
π− + 2EpEπ− − 2p+p− cos ϑ

δ
(

m2
pπ−

)2
= 4

(
Eπ−

Ep
p+ − p− cos ϑ

)2

δp2
+ + 4

(
Ep

Eπ−
p− − p+ cos ϑ

)2

δp2
−

+ 4p2
+p2
− sin2 ϑ δϑ2

where δ
(

m2
pπ−

)
= 2mpπ− δmpπ− and Ep,π− =

√
m2

p,π− + p2
±

(7.21)

The angular resolution δϑ as well as the momentum resolutions δp± are determined
by the spatial resolution of the tracking detectors, that measure the particle trajectories.
COMPASS employs a staggered tracking system (see subsection 2.2.2), in which the spa-
tial resolution increases for trajectories closer to the beam axis, thereby equalizing the
relative resolution in angle and momentum over the acceptance. The various tracking
detectors cover different regions of the phase space and define sets of tracks with dif-
ferent precision in the angle and momentum measurement. This means that the mass
peak is a sum of many different Gaussians, which reflect the different resolutions of the
various sets of measured trajectories. This sum is well approximated already by a double-
Gaussian.
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Nevertheless the use of a double-Gaussian is problematic, because if the fit parameters
are left unconstrained, it may happen, that part of the background is mistaken for signal,
which leads to a dilution of the polarization. This ambiguity of signal and background
description can possibly be resolved by identifying the track properties, that distinguish
the two sets of tracks, that belong to the two Gaussians. With this knowledge one may
reduce the number of free parameters of the fit function and consequently make it more
robust. Unfortunately no clear correlations of the peak width with simple kinematical
parameters like length or position of the track (first or second stage of the spectrometer)
or the track momentum were found, so that the precise origin of the two components of
the double-Gaussian remains unexplained here.

A different approach to improve the fit, is to improve the description of the background.
This is achieved by expanding the mpπ− invariant mass distribution with the kaon mass
hypothesis mπ+π− . The resulting two-dimensional plot in fig. 7.34 shows, that the differ-
ent background contributions are nicely separated: The Λ and the K0 form two orthog-
onal bands, that intersect in one region. The remaining background is rather flat and
slightly tends to accumulate at the kinematical border.
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Figure 7.34: Two-dimensional (mpπ− , mπ+π− ) invariant mass histogram without cut on
cos θz (cf. fig. 7.35). The vertical Λ band and the horizontal K0 band intersect in one re-
gion, where they add up. The nominal masses of the Λ and K0 the are indicated by the lines.
Part of the background accumulates at the kinematical boundary.

The fit method, employed here, is based on a previous analysis [Wie04], in which the
kaon line and the background were first fitted outside the Λ peak region and then sub-
tracted from the data in order to obtain a background free Λ sample. This approach was
extended leading to a procedure, in which the number of Λs is extracted by a full two-
dimensional fit of the histogram in the (mpπ− , mπ+π−)-plane, taking into account the two
major background components. The two-dimensional fit function models the shapes of
the various components using as few free parameters as possible. The Λ and K0 bands are
described by lines with Gaussian cross sections, that run along the mπ+π− and mpπ− co-
ordinate, respectively. The amplitudes AΛ,K0 , the widths σΛ,K0 , and the mean values mΛ,K0

133
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of the Gaussian cross sections are allowed to vary as the lines run along. They are thus
functions of mπ+π− and mpπ− , respectively:

f2D(mpπ− , mπ+π−) = AΛ(mπ+π−) ·Gauss
[
mpπ− ; mΛ(mπ+π−), σΛ(mπ+π−)

]︸ ︷︷ ︸
Λ line along mπ+π−with Gaussian profile

+ AK0(mpπ−) ·Gauss
[
mπ+π− ; mK0(mpπ−), σK0(mpπ−)

]
︸ ︷︷ ︸

K0 line along mpπ−with Gaussian profile

+ fBG(mpπ− , mπ+π−)︸ ︷︷ ︸
Background

(7.22)

where fBG describes the remaining background. From the definition of the Gaussian lines
it is evident, that their amplitudes AΛ,K0 correspond to their cross sectional area, which is
important for the calculation of the total number of Λs and K0s (see below).

The two-dimensional fit requires an analytical description of the kinematical boundary,
which for a given invariant mass mpπ− under Λ hypothesis yields the smallest and largest
possible value of the invariant mass mπ+π− for the kaon hypothesis. The kaon mass is
given by:

mπ+π− =

√
2m2

π± + 2
√(

m2
π± + p2

+

)(
m2

π± + p2
−

)
− 2p+p− cos ϑ

= fB(p±, ϑ)

(7.23)

where ϑ is the opening angle between the two daughter particles and p± are the momenta
of the positive and negative particles in the laboratory frame. These three variables can
be calculated by a boost from the Λ rest frame to the laboratory frame, if the invariant
mass mpπ− of the two particles under Λ hypothesis, the angle θz of the daughters with
respect to the z-axis in the rest frame of the Λ, and the Lorentz factor γΛ of the Λ are
known. The boundary function (7.23) may thus be rewritten as fB(mpπ− , cos θz, γΛ).

By using eq. (7.3) (page 100) with mV0 = mpπ− , the breakup momentum pBr of the two
daughter particles in the Λ rest frame is calculated. The transverse and longitudinal
momentum components p′⊥,‖ of the daughters in the Λ rest frame are determined by θz.

p′⊥ = pBr cos θz p′‖ = pBr sin θz(7.24)

which boosted to the laboratory frame

p⊥ = p′⊥ p‖,± = ±γΛ p′‖ + γΛ βΛ E′±(7.25)
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gives the momenta and the opening angle, that enter in eq. (7.23)

p2
± = p2

⊥ + p2
‖,± ϑ = arctan

p⊥
p‖,+

+ arctan
p⊥

p‖,−
(7.26)

where E′± =
(

m2
pπ− ±m2

p ∓m2
π−

)
/2mpπ− is the energy of the daughters in the Λ rest

frame.

fB reaches its maximum and minimum value for cos θz = ±1, respectively. Therefore
fB(mpπ− , cos θz = ±1; γΛ) describes the kinematical boundary of the invariant mass his-
togram in the (mpπ− , mπ+π−)-plane, which is relevant for the description of the back-
ground (see below) and is illustrated in fig. 7.35.
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Figure 7.35: Iso-cos θz lines in the (mpπ− , mπ+π− ) invariant mass histogram without cut on
cos θz. The kinematical boundary is described by the lines cos θz = ±1. The red curves show
the effective boundary of the histogram, defined by the cut |cos θz| < 0.8. The vertical lines
indicate the position of the slices shown in fig. 7.37

For Lorentz factors γΛ larger than about five, fB depends only weakly on γΛ. As the
mean Lorentz factors of the Λ (〈γΛ〉 = 14.38) and the Λ (〈γΛ〉 = 14.99) are much larger
(see fig. 7.36), the kinematical boundaries are calculated in both cases with γΛ,Λ set to 15.

According to fig. 7.35 the cut |cos θz| < 0.8, that is applied to suppress the background
from converted photons, defines an effective boundary, that determines part of the fit
range (see also fig. 7.38). Moreover the binning in cos θy, that is required for the po-
larization analysis, may limit the fit range as well: As shown in fig. 7.16 (page 114)
cos θz and cos θy are correlated, so that angular bins with large absolute values of cos θy

cause an implicit cut on cos θz, that is tighter than the one used to suppress the photons.
This effect is taken into account for the two-dimensional fit range.

The second ingredient for the fit function is the parameterization of the non-kaonic back-
ground represented by fBG. Fig. 7.37 illustrates that the background rises approximately
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Figure 7.36: Distribution of the Lorentz factors γΛ,Λ for the Λ and the Λ (darker area). The
mean values are virtually the same and are indicated by the arrow.

with 1/mπ+π− at the upper and lower kinematical borders. The flat part in-between is
approximated by an inclined plane:

fBG(mpπ− , mπ+π−) = b0 + b1 ·mpπ− + b2 ·mπ+π−︸ ︷︷ ︸
Inclined plane

+
ABG

up

fB(mpπ− , cos θz = 1; γΛ)−mπ+π−
+

ABG
low

mπ+π− − fB(mpπ− , cos θz = −1; γΛ)︸ ︷︷ ︸
Poles at kinematical border

(7.27)

where b0,1,2 and ABG
up/low are the five fit parameters. fB(cos θz = ±1), as defined in

eq. (7.23) to (7.26), describes the kinematical border, along which the poles are running.

The fit function is completed with the parameterization of the Λ and K0 lines: It is de-
sirable, that the total number of Λs and K0s, NΛ,K0 , are direct fit parameters, like it is the
case for the fit functions (7.19) and (7.20). This has the advantage, that no further error
propagation is needed, because the uncertainties δNΛ,K0 can directly be taken from the fit
result. In the case of f2D the total number of Λs and K0s corresponds to the volume under
the respective line. The Gaussians, that describe the line profile, were chosen such, that
they are normalized to the amplitude functions AΛ,K0 , which represent the cross sectional
area. Hence the volume of the Gaussian line can be calculated by integrating the ampli-
tude functions over a certain range. A second order polynomial, extended such, that it
has its own integral as a parameter, is employed to parameterize the amplitudes:

AΛ,K0(x) =
NΛ,K0 · wΛ

B · w
K0

B

x2 − x1
+ nΛ,K0

1 ·
[

x−
x2

2 − x2
1

2(x2 − x1)

]
+ nΛ,K0

2 ·
[

x2 −
x3

2 − x3
1

3(x2 − x1)

](7.28)
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Figure 7.37: (a) Slice of the (mpπ− , mπ+π− ) invariant mass histogram taken along the mπ+π− -
axis at mpπ− = 1100 MeV/c2 (cf. fig. 7.35) and fitted by a sum of two 1/mπ+π− poles at the
kinematical borders (indicated by the vertical dotted lines) and a first order polynomial.
(b) shows a slice at mpπ− = 1140 MeV/c2. Both histograms were generated without the cut
on cos θz, that is indicated by the blue vertical lines.

where x stands for mpπ− and mπ+π− , respectively. NΛ,K0 is the total number of Λs and K0s,

respectively, in the integration interval x ∈ [x1, x2]. wΛ,K0

B are the bin widths of the mpπ−-

and the mπ+π−-axis, and nΛ,K0

1,2 the normal first and second order fit parameters.

The determination of the volume under the Gaussian lines is complicated by the fact,
that the boundary of the (mpπ− , mπ+π−) invariant mass plot, described by fB, is neither
parallel to mpπ− nor to mπ+π− and moreover has a curved shape. Neglecting the curvature
of the boundary, a good approximation for the volume under the Λ line is to take the two
extremal values of fB at the nominal Λ mass as the integration limits (see fig. 7.38). The
volume of the K0 line is defined by the fit range along the mpπ−-axis. The such defined fit
parameters NΛ,K0 are only used to get a good approximation for the error on the number
of Λs and K0s from the fit result. A more precise value for the numbers itself is obtained
by numerical integration of the respective Gaussian line of the fit result taking fB as the
integration limit.

The widths σΛ,K0 and centers mΛ,K0 of the Gaussian lines are also parameterized with
polynomials:

mΛ,K0(x) = mΛ,K0

0 + mΛ,K0

1 · x

σK0(mpπ−) = sK0

0 and σΛ(mπ+π−) = sΛ
0 + sΛ

1 ·mπ+π−

(7.29)

where x again stands for mπ+π− and mpπ− , respectively. Both lines are allowed to
have an inclination in the (mpπ− , mπ+π−)-plane and the width of the Λ line can change
with mπ+π− .

In total the two-dimensional fit function f2D has 18 free parameters: five, that describe
the background, plus seven parameters for the Λ and six for the K0 line. Fig. 7.39 shows
the fit result for the total Λ sample.
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Figure 7.38: (mpπ− , mπ+π− ) invariant mass plot showing the boundaries, that determine
the fit range (continuous lines). Along the mpπ− -axis the chosen fit range is mpπ− ∈
[1095, 1150] MeV/c2. In the mπ+π− direction the range is defined by the cos θz cut and is
described by fB. The dashed lines show the integration limits, used to determine the total
number of Λs, which are parameters of the fit function f2D.

As expected the two-dimensional function f2D fits the data better than the one-
dimensional single Gaussian with a χ2/n.d.f. value of 50663/13955 = 3.6. But the avail-
able high statistics of the Λ sample also shows, that the chosen method still has short-
comings: The most striking feature is the incorrect peak description of the Λ as well
as of the K0 line. Like in the one-dimensional case (cf. fig. 7.33) the data excess the fit
function in the center and in the wings of the Gaussian, which is partly compensated by
regions in-between, where the function exceeds the data. As shown above, the fit could
be improved by taking double-Gaussian lines, which on the other hand would increase
the number of free fit parameters by six to 24. In principle the considerations, that were
brought up in the discussion of the one-dimensional double-Gaussian fit, also apply here,
but the two-dimensional background parameterization is less ambiguous with respect to
the double-Gaussian peak, because the background cannot bend into the peak.

The real problem of the two-dimensional method is, that the fit tends to fail for sparsely
populated invariant mass histograms and the increase of the number of free parameters,
when going to double-Gaussian peaks, would hamper the fitting of low statistics his-
tograms even more. Although the overall number of Λs is large, the case of low statistics
mass histograms is relevant, because the polarization is studied in various kinematical
bins. Since already the calculation of a single polarization value requires the subdivision
of the Λ sample into 2Nθy bins (see section 7.3), a further subdivision reduces the number
of Λs in the invariant mass histograms, that need to be fitted, easily by two to three orders
of magnitude compared to the total sample.

A striking advantage of the two-dimensional fit procedure is, that it allows to extract the
angular distribution and thus the polarization of the kaon background in a kinematical
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Figure 7.39: Fit result of the (mpπ− , mπ+π− ) invariant mass histogram for the total Λ sam-
ple: (a) Cut-out of the (mpπ− , mπ+π− ) invariant mass histogram, that is fitted by f2D (func-
tion (7.22)). (b) shows the fit result for f2D. (c) Difference of the histogram and the fit result.
Note the different color coding and z-scale. (d) Projection of the full mass histogram as
shown in (a) and that of the difference histogram (c) (darker area) onto the mpπ− axis.
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region similar to that of the Λ hyperons. This is used for systematic studies, which are
presented in subsection 8.2.1. Therein also the influence of the different fit methods on
the final polarization result is discussed in more detail.

7.4.2 Ξ Background Subtraction

As can be seen in the Armenteros plot of the Ξ sample (cf. fig. 7.29 (page 123)), there
are no major contributions from other particles with similar signature to the background,
which is thus mainly of combinatorial origin. Compared to the Λ the background has
no substructure and a simpler behavior in the kinematical variables. The peak region is
parameterized in the following way:

ft(mΛπ−) =
wB · NΞ√

2π · σΞ

exp

[
−

(mΛπ− −mΞ)2

2σ2
Ξ

]
+ A · (mΛπ− −mt)p0 · exp

[
−p1 · (mΛπ− −mt)− p2 · (mΛπ− −mt)2]

ft(mΛπ−) ≡ 0 for mΛπ− < mt

(7.30)

where wB is the bin width, NΞ the number of Ξs in the Gaussian peak, σΞ the width
and mΞ the mean value of the peak. The background consists of a power-law part with
exponent p0, which is modulated by an exponential part, and has a zero-crossing at the
threshold mass mt. The threshold mass is given by the sum of the daughter masses mt =
mΛ + mπ± = 1255.25 MeV/c2. The fit function has in total seven free parameters and
vanishes for invariant masses smaller than mt.

The peak shape is well described by the Gaussian and the function fits the data success-
fully with reduced χ2 values of 319/256 = 1.25 for the Ξ− and 276/256 = 1.08 for the
Ξ

+ sample (see fig. 7.30 (page 124)).

140



Chapter 8

Results

The previous chapter explained both the selection criteria, that define the hyperon sam-
ples, as well as the method to extract their polarization. The following sections present
and discuss the results of the analysis: Section 8.1 starts with the polarizations of the
Λ, Λ, Ξ−, and Ξ

+ hyperons, averaged over the full available kinematical range. Possi-
ble systematic errors, introduced by the analysis method or by the setup, are addressed
in section 8.2. After this section 8.3 presents the Λ and Λ polarization in various kine-
matical bins. Finally section 8.4 summarizes the results and compares them with other
experimental data and theoretical models.

Unless explicitly stated otherwise, all distributions, that are shown in the following sec-
tions, are background corrected using the methods explained in subsection 7.2.4 for the Λ

and in 7.2.5 for the Ξ hyperons, respectively.

8.1 Average transverse Polarization of Λ and Ξ Hyperons

The hyperon polarization is determined from the double bias canceling ratio R(cos θy)
(see section 7.3). R(cos θy) is calculated from the background corrected angular distribu-
tions of the daughter baryon in the hyperon’s rest frame, which are obtained by fitting
invariant mass histograms, that correspond to certain angular bins (see section 7.4). In
this analysis eight bins in cos θy are used, so that due to the additional up-down subdi-
vision in total 16 mass histograms are generated and fitted. The resulting 16 numbers
are combined according to eq. (7.17) (page 129) to four values of R(cos θy). If the accep-
tance is symmetric with respect to the mid-plane of the spectrometer, R(cos θy) is directly
proportional to the polarization: R(cos θy) = αH PH

y cos θy. A simple fit of the slope of
the four R(cos θy) points thus determines the transverse polarization PH

y . Fig. 8.1 and 8.2
show the results for the overall samples of the Λ and the Ξ hyperons. The measured
polarizations as well as the mean values of basic kinematical variables are summarized
in table 8.1.
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Figure 8.1: Angular distributions R(cos θy) and polarizations of the overall Λ and Λ sam-
ples: The fitted slopes are directly proportional to the polarizations which in case of the Λ
is significantly positive. The Λ polarization value is 3.9 σstat below zero. In both cases the
straight line fits the data points well with a probability of 74.6 % for the Λ and 67.8 % for the
Λ, respectively.
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Figure 8.2: Angular distributions R(cos θy) and polarizations of the overall Ξ− and Ξ
+ sam-

ples: Both polarizations are compatible with zero. Compared to the Λ the fluctuation of the
data points is larger, but with fit probabilities of 21.1 % for the Ξ− and 30.9 % for the Ξ

+ still
compatible with the straight line hypothesis.
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Λ Λ Ξ− Ξ+

NH 1645464 867324 24957 14994

PH
y [%] +3.38±0.32 −1.51±0.39 +0.06±3.46 +1.52±4.98

Fit χ2/n.d.f. 0.41 0.51 1.51 1.20

PK0

y [%] +0.13±0.28 +0.10±0.28 — —

Fit χ2/n.d.f. 0.86 4.83 — —

〈xF〉 0.190 0.183 0.202 0.191

〈pT 〉 [GeV/c ] 0.563 0.559 0.638 0.637

〈y〉 0.435 0.460 0.457 0.484

〈Q2〉 [(GeV/c)2] 0.402 0.420 0.418 0.433

〈zh〉 0.259 0.249 0.280 0.266

Table 8.1: Measured average hyperon polarizations. The meaning of the K0 background

polarization PK0

y is explained in subsection 8.2.1.

The cos θy coordinates of the four R(cos θy) points correspond to the respective bin cen-
ters, the cos θy error bars are set to 1/

√
12 times the bin width. In principle the side-band

corrected angular distributions could be used to find better estimates for the respective
cos θy values. Since the cos θy distributions are rather flat (cf. fig. 7.31) the bin centroids
are well approximated by the bin centers, but the errors in cos θy would get smaller. Con-
sequently the χ2/n.d.f. values of the fits of the four R(cos θy) points are underestimated
by the used method.

8.2 Study of Systematics

Systematic effects, that may cause false asymmetries, are of manifold origin: The fitting
procedure of the invariant mass histograms might introduce biases in particular for the
Λ hyperons, where peak and background have a nontrivial shape (see subsection 8.2.1). It
also has to be verified, whether the acceptance correction with the double bias canceling
method works correctly (see subsection 8.2.2) and whether the polarization results are
stable over the various data taking periods (see subsection 8.2.3). Possible systematic
effects might in addition be caused by the longitudinal polarization of the target material
or might result from the influence of the target solenoid field and its interaction with the
fringe field of the first spectrometer magnet, which breaks the mid-plane symmetry of
the apparatus. Both issues are addressed in subsection 8.2.4.

A good indicator for false asymmetries are the kaons, which are available in very large
numbers and also contribute to the background in the Λ and Λ invariant mass his-
tograms. As spin-0 particles the K0s by definition must have zero polarization. Fig. 8.3
shows the average false transverse K0 polarization extracted from the angular distribu-
tion of the positive daughter pion. In the calculation of the K0 polarization value the same
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decay asymmetry parameter as for the Λ decay was used, so that the K0 polarization can
directly compared to the respective Λ and Λ values.
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Figure 8.3: Angular distribution R(cos θy) and polarization for the overall K0 sample: The
polarization is small and compatible with zero. The straight line hypothesis has a probability
of 72.4 %.

The measured overall K0 polarization is about 2 % of the Λ polarization and within the
errors compatible with zero. This result already gives some confidence, that possible
apparatus effects are small and that the assumptions, made for the bias canceling, are
valid, so that the acceptance correction is working properly. Nevertheless the result has
to be interpreted with care, as the main fraction of the kaons decays symmetrically with
small absolute values of the Armenteros α, thus covering a different kinematical region
compared to the Λs and Λs, that always decay asymmetrically.

8.2.1 Systematics of the Background Subtraction

Unlike the Ξs the Λ hyperons sit on top of a quite complicated background. Subsec-
tion 7.4.1 introduced three different methods to fit the Λ invariant mass histograms: The
simplest method uses the sum of a Gaussian and a third order polynomial, but is not
able to describe the data well. It has the tendency to overestimate the background and to
underestimate the number of hyperons. The second method uses a double gaussian on
top of a third order polynomial background and agrees much better with the data, but is
problematic, because background and signal are partly ambiguous, so that this method
tends to overestimate the number of Λs in the invariant mass peak. The ambiguity is
reduced by constraining the two Gaussians to have the same mean values. In the third
method, that was finally chosen for the analysis, the invariant Λ mass histogram is ex-
panded with the invariant mass for the K0 hypothesis and fitted with a two-dimensional
function (cf. fig. 7.39 (page 139)). This way the kaon contribution to the background
is nicely separated and can also be analyzed quantitatively (see further below). Fig. 8.4
shows the results for the Λ and Λ polarizations, obtained using the three fit methods
described above.
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Figure 8.4: Λ and Λ polarizations obtained with three different fit methods: The upper three
points represent the results for the overall Λ sample using the single Gaussian, the double
Gaussian, and the two-dimensional fit. The lower three points show the same for the overall
Λ sample. In both cases a band highlights the result of the two-dimensional fit. The graph on
the right displays for each point the total number of hyperons (blue bars) and the χ2/n.d.f.
of the straight line fit to the four R(cos θy) points (red bars). The total number of hyperons is
calculated by integrating the background corrected angular distributions, that are obtained
from the invariant mass fits.
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Within the errors the results from the different fit methods are in agreement. This demon-
strates that the employed polarization extraction method is quite robust with respect to
the precision, with which the shape of the invariant mass histograms is described. Fig. 8.4
also illustrates the disadvantage of the double Gaussian fit: The number of Λs is overes-
timated, which potentially leads to a dilution of the polarization by the background, and
in addition the signal-background ambiguity increases the error on the extracted number
of hyperons resulting in a larger polarization error.

One of the advantages of the two-dimensional fit method is, that it allows to extract the
number of background K0s under the Λ and Λ peaks. This way it is possible to study the
false kaon polarization in the same kinematical region as for the Λs and Λs (see fig. 8.5).
Fig. 8.6 shows the polarization of the K0 background for the overall Λ and Λ samples.
The expected zero polarization is confirmed by the data. In the further analysis the kaon
background polarization will be used as an estimate for the systematic error.
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Figure 8.5: Armenteros plot of the two-dimensional fit regions for the overall Λ and Λ sam-
ple (cf. fig. 7.39 (page 139)).

The possible influence of the converted photon background on the Λ, Λ, Ξ−, and Ξ
+ po-

larizations is estimated by disabling the cut, that forbids the decay pion to be associated
with the primary vertex (see subsection 7.2.4). This increases the contamination of the
hyperon samples by converted photons (cf. fig. 7.15 (page 113) for the Λ and fig. 7.26
(page 121) for the Ξ), which in the two-dimensional Λ and Λ invariant mass histograms
tend to gather at the kinematical border. Fig. 8.7 shows that, apart from an expected
increase of the polarization error, the converted photon background has no systematic
influence on the results, which means that it is well described by the fit functions.
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Figure 8.6: (a) Angular distribution R(cos θy) and polarization of the K0 background for the
overall Λ sample. (b) shows the same for the Λ. In both cases the polarizations are within
the errors compatible with zero. The fit probability of the Λ background is 46.3 %, whereas
that of the Λ is only 0.2 %.
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Figure 8.7: Influence of the converted photon background on the measured hyperon polar-
ization: The four groups of points show the Λ, Λ, Ξ−, and Ξ

+ polarizations with and without
suppression of the converted photon background. The right graph displays for each point
the total number of hyperons and the χ2/n.d.f. of the R(cos θy) fit.
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8.2.2 Systematics of the Bias Canceling

8.2.2.1 Simple vs. Double Bias Canceling

The double bias canceling ratio R(cos θy) was introduced in section 7.3, because the statis-
tics of the “up” and “down” samples is not equal. Imperfect alignment of beam and ap-
paratus cause a small asymmetry ε between the total numbers of up- and down-going
hyperons

(8.1) ε =
U0 − D0

U0 + D0

With the above asymmetry the simple bias canceling ratio R0 as defined in eq. (7.14)
(page 128) may be written with eq. (7.7) and (7.13) as:

(8.2) R0(cos θy) =
U(cos θy)− D(− cos θy)
U(cos θy) + D(− cos θy)

=
ε + αH PH

y cos θy

1 + ε αH PH
y cos θy

Both |ε| and |αH PH
y cos θy| are small, which in first order approximation leads to

(8.3) R0(cos θy) ≈ (1− ε αH PH
y cos θy)(ε + αH PH

y cos θy) ≈ αH PH
y cos θy + ε

This means that the asymmetry in the total number of up- and down-going hyperons
manifests itself as an offset in the R0(cos θy) distribution.

Fig. 8.8 and 8.9 show the angular distributions R0(cos θy) for the overall Λ, Λ, Ξ−,
and Ξ

+ samples and have to be compared with fig. 8.1 and 8.2, respectively. The
R0(cos θy) distributions cover the full angular range from −π to π and have twice the
number of angular bins. According to eq. (8.3) the data are fitted by a linear function
with a nonzero offset. The polarizations, that are determined from the slope of the fit,
are virtually identical to the ones from the fit of the double bias canceling ratio R(cos θy).
The offsets of the Λ and Λ fits agree with the asymmetry values εΛ = 21.9 · 10-3 and
εΛ = 21.6 · 10-3 from the fit of the invariant mass histograms of up- and down-going Λs
and Λs. This demonstrates that the double bias canceling successfully compensates the
different size of the “up” and the “down” samples.

8.2.2.2 Verification of the Left-Right Acceptance Correction

The bias canceling technique exploits the up-down symmetry of the apparatus to com-
pensate the inherent left-right asymmetry of the acceptance, that is caused by the spec-
trometer magnets. To verify the reliability of this method the Λ, Λ, Ξ−, and Ξ

+ sam-
ples are subdivided into three disjoint subsamples according to their azimuthal angle
in the laboratory frame (similar to [Ada04a]). Each of the three samples combines four
15 ◦ segments to an up-down and left-right symmetric configuration (see fig. 8.10). If the
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Figure 8.8: Angular distributions R0(cos θy) and polarizations of the overall Λ and Λ sam-
ples: The slope of the fits is proportional to the polarization. The offset is a measure for the
asymmetry of the number of up- and down-going hyperons. In both cases the straight lines
fit the data well with probabilities of 73.6 % for the Λ and 32.2 % for the Λ.
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Figure 8.9: Angular distributions R0(cos θy) and polarizations of the overall Ξ− and Ξ
+ sam-

ples: The fit probabilities of 45.8 % for the Ξ− and 29.2 % for the Ξ
+ show that the data are

described by a straight line.
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bias canceling fails to compensate part of the left-right asymmetry of the acceptance, this
would cause systematic deviations of the polarizations in the three sectors.
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Figure 8.10: Sector definition to verify the left-right acceptance correction: The overall sam-
ple is subdivided according to the xLab- and yLab-components of the hyperon momentum.
Whereas sector A predominantly contains up- and down-going hyperons, that have a yLab-
momentum component larger than the one along xLab, sector C has a pronounced left-right
orientation.

A possible influence of the beam direction on the bias cancelling is checked by determin-
ing the polarization in four disjoint subsamples, that correspond to the four quadrants in
the (xLab, yLab) beam momentum plane.

Fig. 8.11 and 8.12 summarize the results for the Λ, Λ, Ξ−, and Ξ
+ hyperons. Neither

the hyperon momentum sectors nor the beam momentum quadrants show systematic
deviations from the average polarization.

8.2.2.3 Stability under Binning in cos θy

In order to extract the polarization the hyperon samples are subdivided into eight bins in
cos θy, which result in four bins in R(cos θy). Fig. 8.13 shows that this particular choice has
no systematic influence on the Λ, Λ, Ξ−, and Ξ

+ polarization results. The polarizations
remain unchanged within the statistical limits, if the number of angular bins is increased
by a factor of two and four. The main reason for using only eight cos θy-bins is, that this
way the invariant mass histograms still have reasonable statistics, when the sample is
subdivided into several kinematical bins (see section 8.3).

8.2.3 Stability of the Setup

Over the years the spectrometer setup was improved by adding and rearranging some
detectors. In parallel the reconstruction software evolved, so that the mDST data of the
different periods in the data set were produced by different versions of the reconstruction
program. Fig. 8.14 and 8.15 show that these changes have no systematic influence on the
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Figure 8.11: Λ and Λ polarizations in three azimuthal sectors and in dependence on the
beam direction: The weighted mean values show that the polarizations of the three sector
as well as that of the four quadrant subsamples fluctuate within statistical range and do
not exhibit any systematic deviations. The bands indicate the values of the overall Λ and
Λ polarization, respectively. The graph on the right displays for each point the total number
of hyperons and the χ2/n.d.f. of the R(cos θy) fit.
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Figure 8.12: Ξ− and Ξ
+ polarizations in three azimuthal sectors and in dependence on the

beam direction: As for the Λ hyperons the polarizations of the three sector as well as that
of the four quadrant subsamples fluctuate within statistical range and do not exhibit any
systematic deviations. The bands indicate the values of the overall Ξ− and Ξ

+ polarization,
respectively.
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Figure 8.13: Dependence of Λ, Λ, Ξ−, and Ξ
+ polarizations on binning in cos θy: In each

case the polarization is calculated using four, eight, and sixteen bins for the angular distri-
butions R(cos θy). The values show that the binning has no systematic effect on the polar-
ization. The graph on the right displays for each point the total number of hyperons and the
χ2/n.d.f. of the R(cos θy) fit.
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Λ and Λ polarizations. Due to the small number of Ξ hyperons, this check is not possible
for the Ξ− and Ξ

+ polarizations.
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Figure 8.14: Λ and K0 background polarizations for the various data taking periods: The
polarizations fluctuate within the statistical range. The weighted mean of all polarization
values agrees with the respective overall polarization, that is indicated by the band. The
right graph shows for each point the total number of hyperons and the χ2/n.d.f. of the
R(cos θy) fit.
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Figure 8.15: Λ and K0 background polarizations for the various data taking periods: Com-
pared to the Λ the Λ polarization exhibits a larger fluctuation in particular in the years 2002
and 2003. A possible reason for this behavior is, that the signal to background ratio of the Λ
is lower than that of the Λ. In combination with the low statistics of the fitted samples this
leads to only sparsely populated invariant mass histograms, for which the two-dimensional
fit of the Λ line may become unreliable. The K0 background polarization shows the expected
statistical fluctuation.
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8.2.4 Systematics due to the Setup

8.2.4.1 Influence of the Target Polarization

Up to now the target material was considered unpolarized in this analysis, but this is,
strictly speaking, only true for those events, where the target polarization vector lies in
the production plane. It is possible to estimate an upper limit for the potential influence
of the target polarization from the distribution of the angle θγ∗ of the virtual photon with
respect to the target polarization axis, which is in good approximation parallel to the
zLab-axis. As the direction of the virtual photon ~γ∗ is one of the two vectors, that span
the production plane (cf. fig. 7.5 (page 103)), the component of the target polarization
transverse to the production plane is

(8.4) Py,Target = ±PTarget sin θγ∗

Fig. 8.16a shows that the mean angle 〈θγ∗〉 of the virtual photon is smaller than 5.2 mrad,
so that the mean transverse component of the target polarization is smaller than 0.52 % ·
PTarget, a value that is comparable to the statistical error of the overall Λ polarization.
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Figure 8.16: (a) Distribution of the polar angle of the virtual photon with respect to the
zLab-axis in the Λ sample. The mean angle is indicated by the vertical line. (b) Angular
distribution of the production plane normal with respect to the zLab-axis in the Λ sample. The
azimuthal ϕ distribution is defined with respect to the xLab-axis and is modulated according
to the rectangular shape of the geometrical acceptance.

The above calculation does not take into account the azimuthal angle of the outgoing hy-
peron, which rotates the production plane around the virtual photon direction, so that the
plane has various orientations with respect to the target polarization. This is illustrated
in Fig. 8.16b, which shows the angular distribution of the production plane normal with
respect to the zLab-axis. Due to the small Λ and γ∗ angles, the production plane normal
is approximately perpendicular to the zLab-axis, whereas the azimuthal distribution is
rather flat. This reduces the magnitude of the effective target polarization component
along the production plane normal, since the components along and opposite to the y-
axis cancel each other nearly completely. This effect is shown in fig. 8.17, which depicts
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the distribution of the target polarization component along the production plane normal,
which has a negligible mean value of −0.0035 % · PTarget.
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Figure 8.17: Fraction of the target polarization along the production plane normal y.

The above result is supported by the fact, that no influence of the orientation of the target
polarization on the hyperon polarization result is found (see fig. 8.18 and 8.19).

8.2.4.2 Precession in the Target Solenoid Field

Another possible systematic effect is the precession of the hyperon spin in the magnetic
field of the target solenoid. The precession leads to a systematic underestimation of the
polarization, because the direction of the hyperon polarization at its decay vertex is not
anymore parallel to the production plane normal as it is the case at the hyperon’s produc-
tion vertex. Consequently only the projection of the real polarization onto the production
plane normal is measured.

The equation of motion of the spin in the rest frame of the hyperon is[
d~SH

dt

]
RF

= ~µH × ~BRF

with ~B‖,RF = ~B‖,Lab, ~B⊥,RF = γH(~B⊥,Lab − ~βH × ~ELab/c), and ~ELab ≈ 0

(8.5)

where ~SH is the spin vector of the hyperon, ~µH its magnetic moment and ~BRF the magnetic
field in the rest frame, which is calculated from the field in the laboratory frame by a
Lorentz transformation, that involves the hyperon’s Lorentz factor γH and its velocity βH.
The magnetic moment of the hyperon is given by its relative magnetic moment µH

R and
the nuclear magneton µN by ~µH = g µH

R µN ~SH/h̄.
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Figure 8.18: Dependence of the Λ and Λ polarizations on the target polarization: The plot
on the top shows the results for the Λ, the lower one for the Λ. In each case the upper two
points represent the hyperon polarization for the two possible configurations of the target
cell polarizations (cf. subsection 2.2.3), where the sign refers to the state of the upstream cell.
Within the statistical errors the polarizations agree with the respective overall polarization,
that is indicated by the band. The next two points show, that the polarization does not de-
pend on the target cell in which the hyperon was produced. Similarly the weighted means
of the four disjoint subsamples for the two target cells and their polarization indicate no sys-
tematic influence of the polarization of the target material. The graphs on the right display
for each point the total number of hyperons and the χ2/n.d.f. of the R(cos θy) fit.
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Figure 8.19: Dependence of the Ξ− and Ξ
+ polarizations on the target polarization: The

upper plot shows the results for the Ξ−, the lower one for the Ξ
+. The definition of the

points is the same as in fig. 8.18.
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A rough upper limit for the total Λ spin precession angle is estimated by assuming, that
the solenoid field in the Λ rest frame is perpendicular to the Λ spin direction and that
the Λ sees the field for a time of tRF = 1 ns (≈ 4 τΛ) before it decays. The solenoid field
in the Λ rest frame is certainly smaller than 3 T, which leads to a precession angle of less
than 175 mrad. This would correspond to a lowering of the measured polarization with
respect to the real one by a factor of 0.98.

Fig. 8.20 shows the distribution of the total precession angles, which are obtained by a
simple iterative method [Ye01]: The straight flight path of the hyperon is subdivided into
100 steps, corresponding to a spatial resolution in the order of one centimeter, which is
comparable to the resolution of the magnetic field maps. In the center of each trajectory
element ∆~̀Lab the magnetic field vector is boosted from the laboratory frame into the
Λ rest frame and the new direction of the spin vector is calculated using eq. (8.5) and
assuming constant magnetic field:

(8.6) ~Si+1 = ~Si + ∆tRF
g µH

R µN

h̄
~Si × ~BRF,i with ∆tRF =

|∆~̀Lab|
c βH γH
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Figure 8.20: Λ and Λ precession in the target solenoid field: (a) Distribution of the angle
between the production plane normal and the calculated Λ spin direction after its precession
in the magnetic field. The mean angle is indicated by the vertical line. (b) shows the same
for the Λ.

The total mean precession angles are virtually identical for Λ and Λ and have a value of
〈αPrec〉 = 6.3 mrad, well below the 175 mrad calculated above. As the Ξ hyperons have
similar magnetic moment and lifetime their precession angles are of similar magnitude.
In principle it is possible to correct the effect of the spin precession by taking instead of
the production plane normal the calculated spin direction at the hyperon decay vertex as
the analyzer, but since the effect of the spin precession is negligibly small (0.002 % · PH

y

on the average), this is not done here.

The influence of a possible longitudinal component of the hyperon polarization, that may
be caused by polarization transfer from the target nucleon, on the spin precession can be
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neglected, since this component would essentially be parallel to the zLab-axis and thus to
the target solenoid field.

8.2.4.3 Influence of the Target Solenoid Field

The magnetic field of the target solenoid breaks the up-down symmetry of the setup. The
solenoidal fringe field interferes with the fringe field of the SM1 dipole magnet. The two
fields tend to add up either in the upper half of the spectrometer and cancel in the lower
half or vice versa, depending on the sign of the solenoid current. Moreover, since the
solenoid field is aligned with the zLab-axis, it bends the daughter tracks from hyperons,
that decay in the target region, in the (xLab, yLab)-plane, which also violates the up-down
symmetry (see fig. 8.21).

xLab

yLab

zLab

Symmetry

plane

Up-going
hyperon

Down-going
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~pU
H

n̂U
θU

Lab ~pU
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Figure 8.21: Mid-plane symmetry of the apparatus and target solenoid field: Similar to
fig. 7.32 (page 127) the figure shows two hyperon decays U and D in the laboratory frame,
that are symmetric with respect to the mid-plane of the spectrometer. The solenoid field
breaks the symmetry of the decays, because it bends the daughter tracks in the (xLab, yLab)-
plane. It is possible to restore the up-down symmetry by combining the up- and the down-
going hyperon decays from data sets with oppositely oriented solenoid fields (dashed ar-
row). The same applies to the interference of the solenoid with the SM1 fringe field.

Both effects cancel, if the angular distributions of the up- and down-going hyperons in
the double bias canceling ratio R(cos θy) are taken from data sets with oppositely aligned
solenoid fields, so that the rearranged samples are again symmetric with respect to the
mid-plane. During the operation of the spectrometer the orientation of the solenoid field
is reversed periodically and the data taking is organized in a way, that the data samples
with the two different field orientations are equalized with a precision in the order of one
percent. This balancing of the samples with opposite solenoid fields leads to an automatic
suppression of the solenoid field effects due to the aforementioned cancellation.
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Fig. 8.22 and 8.23 illustrate that the disturbance of the up-down symmetry by the solenoid
is not negligible for the Λ and Λ hyperons. The polarization results for positive and neg-
ative solenoid currents do not agree. A systematical shift to negative polarizations for
positive current and vice versa is observed for the Λ and Λ as well as for the respective
K0 background polarizations. The fluctuation of the polarization tends to be larger for hy-
perons, that are produced in the up-stream target cell. The polarization of the target cell
has no systematic influence, which is in agreement with the results of subsection 8.2.4.1.
The same applies to the zLab position of the decay vertex, but the effect of the solenoid
field seems to be larger (at least for the K0 background polarization) for particles, that
decay closer to the target. Due to the low statistics, the results for the Ξ hyperons, as
depicted in fig. 8.22, are not conclusive.

Many polarization values in fig. 8.22 and 8.23 have a very large χ2/n.d.f. of the
R(cos θy) fit, which indicates that the solenoid field distorts the R(cos θy) distributions
such, that they disagree with the straight line hypothesis. Fig. 8.25 shows how the
solenoid field influences on the R(cos θy) distribution of the Λ sample.

In particular the R(cos θy) values for the low cos θy-bins depend strongly on the direction
of the solenoid current. Fig. 8.26 illustrates that the solenoid field changes the acceptance
such, that the angular distributions of the up- and down-going Λs are distorted in a
almost anti-symmetric way: If the current changes its direction from negative to positive,
the acceptance decreases in the region around cos θy = 0.375 and increases at the same
time around cos θy = −0.375 by approximately the same amount, which leads to the
observed shift of the R(cos θy) values in the region of low |cos θy|.
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Figure 8.22: Influence of the target solenoid on the Λ polarization: The upper graph shows
the Λ polarizations, the lower one that of the respective K0 background, in each case for
various subsamples with respect to the orientation of the solenoid field. The first two points
display the results for the two directions of the target solenoid current. The next four points
show the effect of an additional subdivision with respect to the target cell in which the Λ was
produced. In the following group of eight points the samples are subdivided further with
respect to the two polarization directions of each target cell. The last six points illustrate the
influence of the position zV0 of the decay vertex. The graphs on the right show for each point
the total number of Λs and K0s, respectively, and the χ2/n.d.f. of the R(cos θy) fit.
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Figure 8.23: Influence of the target solenoid on the Λ polarization: In the upper graph
the Λ polarization is shown for various subsamples with respect to the orientation of the
solenoid field. The lower graph depicts the respective results for the K0 background polar-
ization. The definition of the bins is the same as in fig. 8.22.
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Figure 8.24: Influence of the target solenoid on the Ξ− and Ξ
+ polarizations: The upper

graph shows the Ξ− polarization the lower one the results for the Ξ
+. The definition of the

bins is the same as in fig. 8.22.
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Figure 8.25: Angular distributions R(cos θy) and polarizations of the Λ hyperon for the two
solenoid field orientations: (a) R(cos θy) distribution for positive solenoid current. (b) shows
the same for negative solenoid current. Whereas the value for the highest cos θy bin changes
only by about one σstat, the other points systematically move with the sign of the solenoid
current. Both distributions are not described by a straight line.
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Figure 8.26: Angular distribution of the protons from Λ decays for the two solenoid cur-
rent directions: The light shaded histogram shows the angular distribution for negative, the
darker histogram the one for positive solenoid current, both normalized to their integral.
The red histogram depicts the difference of the two, enlarged by a factor of ten.
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8.3 Kinematical Study of Λ and Λ Polarization

8.3.1 xF and pT dependence of Λ and Λ Polarization

The hadro-production data show a clear dependence of the transverse hyperon polariza-
tion on the hyperon’s longitudinal momentum fraction xF and on its transverse momen-
tum pT with respect to the beam (see section 6.1). In the following the xF and pT depen-
dence is studied by subdividing the Λ and Λ samples into nine bins with respect to one
of the two variables while leaving the other unconstrained. The bins are chosen such,
that they have approximately equal statistics. The results for xF are shown in fig. 8.27
and 8.28. The respective numerical values can be found in the tables B.1 and B.2. The
Λ polarization shows a clear correlation with xF: It is large in the region around xF ≈ 0,
where it reaches values of nearly 7 %, and vanishes in the current fragmentation region,
where xF is large. Due to the stronger fluctuation and larger errors, the xF dependence
of the Λ polarization is less clear: It tends to increase from negative values to zero as
xF increases. In both cases the false K0 background polarization, that is taken as an esti-
mate for the systematic error, is compatible with zero and does not show any systematic
deviations.

The results for the transverse momentum are depicted in fig. 8.29 and 8.30 (cf. also ta-
bles B.3 and B.4). Surprisingly the Λ polarization is completely independent from pT,
whereas the Λ polarization has a slight tendency to grow from negative values to zero
with increasing pT. Again the K0 background polarization behaves as expected.

Although fig. 8.31 shows that xF and pT are only weakly correlated, a true separation of
the two dependencies is only achieved, if the Λ and Λ samples are subdivided into bins
in the (xF, pT)-plane. Here a 4 × 4 subdivision was chosen, where again the bin borders
are set such, that the statistics of the bins is roughly equalized.

The results, as depicted in fig. 8.32 and 8.33 (cf. also tables B.5 and B.6), mainly confirm
the trends, already observed in the one-dimensional binning: For all pT bins the Λ polar-
ization decreases with increasing xF. The xF behavior of the Λ polarization is less pro-
nounced with a slight trend to lower polarization values with larger xF. The polarization
of the Λ is virtually independent of the transverse momentum. Only in the intermediate
xF region between 0.07 and 0.26 it exhibits a slight positive correlation. The significant
positive Λ polarization for the smallest pT bin in the low xF region is rather unexpected,
since rotational symmetry demands vanishing polarization for pT → 0 GeV/c. More-
over the four polarization values do not show a tendency to decrease with lower pT. On
the other hand in the Λ selection the transverse momentum was required to be larger
than 100 MeV/c, so that the low part of the pT spectrum does not contribute to the mea-
sured polarization. This cut was applied to ensure a good definition of the production
plane normal, since the pT resolution is in the order of 100 MeV/c. Apart from a faint ten-
dency to less negative polarizations with increasing pT, also the Λ polarization is found
to be independent of pT.
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Figure 8.27: Dependence of the Λ polarization on the longitudinal momentum fraction xF:
The upper plot depicts the background corrected xF distribution. The definition of the bins is
illustrated by vertical lines. The graph in the middle shows both the polarization values for
the Λ (filled circles) and those of the K0 background (open circles, right shifted for better vis-
ibility) at the average xF values of the respective bins. The lower plot displays the χ2/n.d.f.
values of the R(cos θy) fits for the Λ (dark bars) and for the K0 background (light bars).
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Figure 8.28: Dependence of the Λ polarization on xF: The conventions are the same as in
fig. 8.27. For the lowest xF bin the two-dimensional fit procedure partly fails, so that some
R(cos θy) values deviate strongly from the straight line resulting in a strongly negative po-
larization and a large χ2/n.d.f. value (see table B.2).
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Figure 8.29: Dependence of the Λ polarization on the transverse momentum pT : The upper
plot depicts the background corrected pT distribution. The definition of the bins is illustrated
by vertical lines. The graph in the middle shows both the polarization values for the Λ (filled
circles) and those of the K0 background (open circles, right shifted for better visibility) at the
average pT values of the respective bins. The lower plot displays the χ2/n.d.f. values of the
R(cos θy) fits for the Λ (dark bars) and for the K0 background (light bars).
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Figure 8.30: Dependence of the Λ polarization on pT : The conventions are the same as in
fig. 8.29.
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Figure 8.31: (a) Correlation of pT and xF for the Λ. The 4 × 4 bins are indicated by lines.
(b) shows the same for the Λ. The two distributions are very similar, so that in both cases the
same binning was applied.
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Figure 8.32: Λ polarization as a function of pT and xF: The upper four plots depict the
xF dependence of the Λ polarization (full circles) and that of the K0 background (open cir-
cles, right shifted for better visibility) for the four bins in pT . The lower four graphs show
the same 16 data points, but this time their pT dependence in the four xF bins. The bars
display the χ2/n.d.f. values of the respective R(cos θy) fits for the Λ (dark bars) and for the
K0 background (light bars).
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Figure 8.33: Λ polarization as a function of pT and xF: The conventions are the same as in
fig. 8.32.
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8.3.2 Q2 and y dependence of Λ and Λ Polarization

In addition to the kinematical variables of the outgoing hyperon the polarization may
also depend on the properties of the virtual photon beam, in particular on the squared
four-momentum transfer Q2 of the virtual photon and on its relative energy transfer y.
Considering that the hadro-production data do not indicate a dependence of the polar-
ization on the center-of-mass energy, one may naïvely expect, that in photo-production
Q2 and y have no influence. The dependence on the virtual photon variables is deter-
mined in a similar way as for pT and xF: Fig. 8.34 and 8.35 show the Λ and Λ results for
nine bins in Q2 (cf. tables B.9 and B.10). As expected the Λ polarization is not correlated
with Q2, which is also the case for the Λ, although it seems to exhibit a slightly more
negative polarization in the low and high Q2 regions.

As illustrated by fig. 8.36. and 8.37 (cf. tables B.7 and B.8) both the Λ and the Λ polariza-
tion do not show a significant dependence on the relative energy transfer. Only for the Λ

a weak trend to less negative values with increasing y is observed.

On the whole the above findings are confirmed by the results of the correlated binning
in the (y, Q2)-plane. Again the Λ and Λ samples are subdivided into 4× 4 bins, that are
chosen such, that they have roughly equal statistics (see fig. 8.38). Fig. 8.39 and 8.40 (cf.
also tables B.11 and B.12) show that except for the lowest y bin neither the Λ nor the
Λ polarization depend strongly on Q2. For relative energy transfers smaller than about
0.3 the polarizations seem to decrease with Q2: from about 6 to 0 % for the Λ and from
0 to nearly −7 % for the Λ. The Λ data do not exhibit a clear y dependence, which also
applies to the Λ polarization, except for the highest Q2 bin, in which the polarization rises
from about −7 to 0 % with increasing y.
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Figure 8.34: Dependence of the Λ polarization on the squared four-momentum transfer Q2

of the virtual photon: The upper plot depicts the background corrected Q2 distribution. The
definition of the bins is illustrated by vertical lines. The graph in the middle shows both the
polarization values for the Λ (filled circles) and those of the K0 background (open circles,
right shifted for better visibility) at the average Q2 values of the respective bins. The lower
plot displays the χ2/n.d.f. values of the R(cos θy) fits for the Λ (dark bars) and for the K0

background (light bars).
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Figure 8.35: Dependence of the Λ polarization on Q2: The conventions are the same as in
fig. 8.34.
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Figure 8.36: Dependence of the Λ polarization on the relative energy transfer y of the virtual
photon: The upper plot depicts the background corrected y distribution. The definition of
the bins is illustrated by vertical lines. The graph in the middle shows both the polarization
values for the Λ (filled circles) and those of the K0 background (open circles, right shifted for
better visibility) at the average y values of the respective bins. The lower plot displays the
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Figure 8.37: Dependence of the Λ polarization on y: The conventions are the same as in
fig. 8.36.
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Figure 8.38: (a) Correlation of Q2 and y for the Λ. The 4 × 4 bins are indicated by lines.
(b) shows the same for the Λ. The two distributions are very similar, so that in both cases the
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Figure 8.39: Λ polarization as a function of Q2 and y: The upper four plots depict the y de-
pendence of the Λ polarization (full circles) and that of the K0 background (open circles,
right shifted for better visibility) for the four bins in Q2. The lower four graphs show the
same 16 data points, but this time the Q2 dependence for the four y bins. The bars display
the χ2/n.d.f. values of the respective R(cos θy) fits for the Λ (dark bars) and for the K0 back-
ground (light bars).
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Figure 8.40: Λ polarization as a function of Q2 and y: The same conventions as in fig. 8.39
are used.
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8.4 Summary and Discussion

Based on the COMPASS muon beam data with longitudinally polarized target, taken in
the years 2002, 2003, and 2004, the transverse polarization of Λ, Λ, and – for the first time –
also that of Ξ− and Ξ

+ hyperons was measured in photo-production with predominantly
quasi-real virtual photons. The selected sample of V0 particles contains 1,626,000 Λs and
854,000 Λs. From the acceptance corrected angular distribution of the decay proton a
significantly positive average Λ polarization of PΛ

T = +3.25 ± 0.32(stat.) ± 0.13(sys.) %
was extracted. The systematic error was estimated by measuring the false polarization of
the K0 background under the Λ invariant mass peak in a kinematical region similar to that
of the Λ. The K0 background polarization has a statistical uncertainty of 0.28 %, which
is comparable to that of the Λ polarization. The polarization of the Λ was measured
to be independent of the transverse momentum pT with respect to the virtual photon,
which is quite astonishing, since so far the hyperon polarization was always found to
increase with pT reaching a plateau around 1 GeV/c. Moreover in the low xF region even
the lowest pT bins show significantly non-zero polarizations. The Λ polarization shows a
clear dependence on the longitudinal momentum fraction xF, reaching values of up to 6 %
for xF ≈ 0 and vanishing in the current fragmentation region where xF is large. The
squared four-momentum transfer Q2 of the virtual photon as well as its relative energy
transfer y were found to have no strong influence on the Λ polarization.

In a similar way the overall Λ polarization was measured resulting in an average value

of PΛ
T = −1.51 ± 0.39(stat.) ± 0.10(sys.) %, which is 3.9 σstat below zero. Also here the

K0 background polarization serves as a rough estimate for the systematic error and has
itself a statistical uncertainty of 0.28 %. None of the four kinematical variables shows a
clear correlation with the polarization of the Λ, except for a few kinematical regions in Q2

and y, in which the polarization exhibits some dependence at the limit of the statistical
accuracy.

Based on a slightly modified Λ and Λ selection Ξ− and Ξ
+ samples were extracted

from the data by requiring an additional pion track in the event. In total the sam-
ple contains 24,900 Ξ−s and 14,900 Ξ

+s. Using the same methods as for the Λ hyper-
ons both the Ξ− and the Ξ

+ were found to be unpolarized with measured values of

PΞ−

T = 0.06± 3.46(stat.) % and PΞ
+

T = 1.52± 4.98(stat.) %.

At present the COMPASS results constitute the most precise data set on hyperon polar-
ization in quasi-real photo-production. COMPASS also made a first direct measurement
of the xF, pT, Q2, and y dependence of the Λ and Λ polarizations in this kinematical
domain.
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8.4.1 Comparison with HERMES Results

The HERMES experiment is in its basic features quite similar to COMPASS: A longitu-
dinally polarized high energy lepton beam, in this case positrons, is shot on an internal
gas target, that is as well polarized longitudinally. HERMES measured the transverse
Λ and Λ polarizations also in the domain of quasi-real photo-production, but with a
lower beam energy of 27.5 GeV, so that the kinematical region is slightly different. But
since the hadro-production data as well as the results of this analysis indicate, that the
transverse polarization, if at all, depends only weakly on the center-of-mass energy, the
results are expected to be similar.

The HERMES results [Brü02, Gre02, Bel01] for the overall Λ and Λ polarizations of

PΛ
T = +5.5 ± 0.6(stat.) ± 1.6(sys.) % and PΛ

T = −4.3 ± 1.3(stat.) ± 1.2(sys.) % are
based on a data set, that contains 386,000 Λs and 72,000 Λs. Both polarizations have larger
magnitudes, but are within the errors compatible with the COMPASS results. The sys-
tematic error was estimated from the false transverse polarization of K0s and of hadron-
hadron pairs, that do not originate from Λ and Λ decays, which is comparable to the
measurement of the false K0 background polarization in this analysis.

Due to the small scattering angles of the beam positron in quasi-real kinematics, the scat-
tered positron cannot be detected in the HERMES spectrometer. The transverse polariza-
tion at small Q2 is measured in the inclusive reaction e+ N −→ Λ↑ X, where the kinemat-
ics of the virtual photon cannot be reconstructed, so that HERMES has no direct access
neither to the xF- nor to the pT dependence of the polarization. Instead of xF HERMES
studies the polarization in dependence on the fraction ζ ≡ (EH + pz,H)/(Ee+ + pz,e+) of
the light-cone momentum, that the hyperon carries with respect to the beam positron.
Monte-Carlo simulations show that ζ is correlated with xF (see fig. 8.41a), which allows
to distinguish between target (ζ . 0.25) and beam fragmentation region (ζ & 0.25). The
ζ dependence of the Λ polarization (see fig. 8.41b) agrees well with the results of this anal-
ysis: Not only the general behavior of decreasing polarization with increasing xF and ζ,
respectively, but also the actual polarization values are similar. The Λ polarizations mea-
sured by HERMES tend to be more negative in the low ζ- and xF-region which is not seen
in the COMPASS data.

As the transverse momentum of the hyperon with respect to the virtual photon is not
measured, HERMES studies the polarization instead in dependence on the transverse
momentum pB

T of the hyperon with respect to the beam positron. HERMES measures a
pronounced increase of the Λ polarization with pB

T both in the beam and in the target
fragmentation region (see fig. 8.42). Contrary to this the COMPASS results for the direct
pT dependence do not show any correlation of the Λ polarization with the transverse
momentum (cf. fig. 8.32 and 8.29).

Taking into account the limited comparability of the different measured kinematical de-
pendences the COMPASS results are on the whole compatible with the HERMES mea-
surements. Only the pT dependence of the Λ polarization seems to exhibit a different
behavior.
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Figure 8.41: HERMES results: (a) Correlation of the longitudinal momentum fraction xF
with the light-cone momentum fraction ζ. For events with ζ & 0.25 the hyperons are pro-
duced in the forward hemisphere with xF > 0. (b) Λ and Λ polarizations as function of ζ.
This plot should be compared to the xF dependence of the Λ and Λ polarizations that are
illustrated in fig. 8.27, 8.28, 8.32, and 8.33. (from [Brü02])
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Figure 8.42: HERMES measurement of the Λ and Λ polarizations as a function of pB
T for

(a) the target and (b) the current fragmentation region. (from [Brü02])
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8.4.2 Comparison with Hadro-Production Data

In hadro-production a positive Λ polarization in the beam fragmentation region is only
observed in the reaction K− −→ Λ. The polarization shows the typical rise with xF and pT,
reaches values larger than +50 % and is independent of the beam momentum in a range
from 8.25 to 176 GeV/c (see fig. 8.43).
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Figure 8.43: Polarization of Λs produced by K− beams in various experiments as a function
of pT and xF: Note that in contrast to the convention used throughout this text, here the
production plane normal is defined to point in the opposite direction n̂ ∝ ~pΛ × ~pK− , so that
the polarization has the opposite sign. (from [Gou86])

Fig. 8.44a shows the Λ polarization in the full xF range. If the s quark in the outgoing Λ

stems from the beam kaon (K−p −→ Λ + (π)n), the polarization changes sign in the
target fragmentation region around xF ≈ −0.5. If on the other hand the production of
the s quark from the sea is forced by requiring an additional KK pair in the final state
(K−p −→ ΛKK + (π)n), a positive polarization like in proton and pion production is
observed in the target fragmentation region (see fig. 8.44b). This is consistent with the
expectation, that in the target fragmentation region the production of the Λ should be
dominated by the target properties. As long as the s quark is produced from the sea the
Λ polarization should be independent of the beam type.

The COMPASS data cover a xF range from about −0.1 to 0.6. Due to the limited accep-
tance the interesting target fragmentation region is not accessible. The observed Λ po-
larization is in general much lower, but shows the same sign as in K− production. The
dependence on the kinematical variables xF and pT is, however, quite different.

In hadro-production the Ξ− polarization is approximately equal to that of the Λ and also
the Ξ

+ exhibits a polarization with the same sign and comparable in magnitude. Due to
the limited statistics of the Ξ samples the statistical errors of the measured polarizations
of > 3.5 % are of the same magnitude as the measured Λ polarization itself, so that the
above relations can neither be excluded nor verified for the quasi-real photo-production.
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(a) (b)

Figure 8.44: (a) Λ polarization in a 4.2 GeV/c K− beam measured over the full xF range:
Depending on whether the s quark in the Λ stems from the beam (K−p −→ Λ + (π)n) or
from the sea (K−p −→ ΛKK + (π)n), the polarization exhibits a different behavior in the
target fragmentation region. (from [Gan78]) (b) pT dependence of the Λ polarization in the
target fragmentation region: If the s quark of the Λ stems from the sea the polarization is
independent of the beam particle. (from [Ade84])

8.4.3 Comparison with theoretical Predictions

8.4.3.1 Quark Recombination Model of DeGrand and Miettinen

The previous subsection showed, that in quasi-real photo-production the Λ polarization
has the same sign as in K− production. In the region of low Q2 the interaction of high en-
ergy photons with the target nucleon is dominated by the quark sub-structure of the pho-
tons, which arises from fluctuations into quark-antiquark pairs (ρ, ω, φ mesons). These
so-called resolved photons act like mesons, hence the quark recombination model is ap-
plicable in the current fragmentation region of photo-production and the Λ polarization
is related to that in meson production processes like π± p −→ Λ X and K± p −→ Λ X.
In the quark recombination model the polarization is dominated by the valence quark
content of the beam particle. Therefore the polarization of Λ and Λ hyperons at large xF

should be equal, since in the photon quarks and anti-quarks appear on an equal footing.
The other way around Λ and Λ polarization should differ in the target fragmentation
region, because the interaction with the target distinguishes between quarks and anti-
quarks. As illustrated by fig. 8.45 and 8.46, which show the xF and pT dependence of the
Λ and Λ polarizations in the low Q2 region, both trends are confirmed by the data.

Fig. 8.45 and 8.46 also show the xF and pT dependence of the Λ and Λ polarizations in
the large Q2 region, where in addition the direct point-like interaction of the photon with
the quarks inside the nucleon becomes important. In this region the Λ polarization goes
to zero for large xF and pT. The Λ polarization drops for large pT as well, but increases
in magnitude if xF becomes large.
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Figure 8.45: xF and pT dependence of the Λ polarization for small and large Q2
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Figure 8.46: xF and pT dependence of the Λ polarization for small and large Q2
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8.4.3.2 Polarizing Fragmentation Functions

Based on a model for the polarizing fragmentation functions Anselmino et al. [Ans02b]
predict negative polarizations for Λ and Λ hyperons with a momentum fraction zh larger
than about 0.3 in the current fragmentation region of deeply inelastic scattering (see sub-
section 6.2.2 and fig. 6.7 (page 89)). For lower zh the polarization is expected to vanish.
The calculations are based on the kinematical region of the HERMES experiment with
0.023 < xBj < 0.4, y < 0.85, 1 < Q2 < 10 GeV/c2, and EΛ > 4.5 GeV. This is similar
to the COMPASS kinematics in the DIS region with 0.004 < xBj < 0.3, 0.2 < y < 0.8,
1 < Q2 < 20 GeV/c2, and EΛ > 5 GeV.

Table 8.2 shows the polarization results for Λ and Λ in the DIS region, where in addition
xF > 0 was required. The mean zh is in both cases below 0.3, so that the hyperons are ex-
pected to be unpolarized. The polarization of the Λ deviates by +2.4 σstat from zero, that
of the Λ by −3.1 σstat. Taking into account the K0 background polarization as a measure
for the systematic uncertainty, both values are compatible with the prediction.

Λ Λ

NH 105676 61410

PH
y [%] +2.40±1.00 −4.44±1.43

Fit χ2/n.d.f. 1.22 0.15

PK0

y [%] +0.82±1.04 −0.00±1.01

Fit χ2/n.d.f. 0.46 0.56

〈xF〉 0.216 0.200

〈pT 〉 [GeV/c ] 0.537 0.534

〈y〉 0.437 0.458

〈Q2〉 [(GeV/c)2] 3.399 3.393

〈zh〉 0.277 0.261

Table 8.2: Λ and Λ polarizations in deeply inelastic scattering: The DIS subsample was
selected by requiring Q2 > 1 (GeV/c)2, 0.2 < y < 0.8, and xF > 0.

8.4.4 Outlook

In 2006 COMPASS will again take data with the muon beam and longitudinally polarized
target. Based on the numbers of the 2004 run this will increase the statistics by about 50 %
thereby decreasing the statistical error of the Λ polarization down to 0.27 % and that of
the Ξ− to 2.8 %.

On the analysis side some systematical studies, in particular the change of the acceptance
by the solenoid field and the robustness of the bias canceling method, should be verified
by Monte-Carlo simulations.
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To improve the mass resolution one could implement a kinematic refit of the secondary
vertices according to the V0 hypothesis. This way it would also be possible to calculate
the error on the reconstructed invariant mass on an event-by-event basis, which could
be used to exclude badly defined vertices. If the acceptance corrections would be taken
from Monte-Carlo simulations, the refit would also allow to perform a V0 identification
event by event.

Moreover it would be interesting to study the Λ polarization in reactions with associated
strangeness production like µN → µ′Λ↑K+X. After 2006 it is planned, that COMPASS
runs with different hadron beams, which would offer the opportunity to study the hy-
peron polarization in hadro-production as well.
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Appendix A

TCS Controller VME Registers

The following sections give a complete overview over the configuration registers of the
TCS controller which are accessible via the VMEbus. The address space for the config-
uration registers has a granularity of four so that the last nibble of the address is either
0x0, 0x4, 0x8, or 0xC.

A.1 Basic Registers

Address Description Width Default

0x24 Run[0], pause[4], long broadcast[8], reset[12] — 0xFE0100

LEMO output mode for SubDAQs[23..17]

0x28 Slow command FIFO 20 0x00000

0x2C Configuration FIFO 20 0x00000

0x120 VME test register 32 0x00000000

Table A.1: Basic registers: The run bit in register 0x24 activates the TCS controller, the pause
bit blocks external FLTs, the long broadcast bit determines whether the controller always
sends out two consecutive broadcast commands to transmit the full 20 bit event number
or whether the high part is sent only when it changed. The LEMO output mode defines
whether the LEMO jacks for the SubDAQs put out all vetoed and synchronized first level
triggers (’0’) or only the artificial triggers (’1’).
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A.2 Read-only Status Registers

Address Description Width

0x30 Run[0], spill[4], configuration FIFO full[8], slow command FIFO full[12] 32

running DAQ mask[23..16], firmware version[31..24]

0xC4 Spill #[30..20] and event #[19..0] of MainDAQ 31

0xC8 Spill #[30..20] and event #[19..0] of SubDAQ 1 31

0xCC Spill #[30..20] and event #[19..0] of SubDAQ 2 31

0xD0 Spill #[30..20] and event #[19..0] of SubDAQ 3 31

0xD4 Spill #[30..20] and event #[19..0] of SubDAQ 4 31

0xD8 Spill #[30..20] and event #[19..0] of SubDAQ 5 31

0xDC Spill #[30..20] and event #[19..0] of SubDAQ 6 31

0xE0 Spill #[30..20] and event #[19..0] of SubDAQ 7 31

Table A.2: Read-only status registers: The run bit of register 0x30 indicates whether the TCS
is running, the spill bit indicates on-spill (’1’) and off-spill (’0’) periods. Bits 16 to 23 contain a
mask in which each bit indicates whether the respective SubDAQ is running (’1’) or not (’0’).

A.3 MultiDAQ Time Slices

Address Description Width Unit Default

0x44 Time slice MainDAQ 20 CLK 0x00000

0x48 Time slice SubDAQ 1 20 CLK 0x00000

0x4C Time slice SubDAQ 2 20 CLK 0x00000

0x50 Time slice SubDAQ 3 20 CLK 0x00000

0x54 Time slice SubDAQ 4 20 CLK 0x00000

0x58 Time slice SubDAQ 5 20 CLK 0x00000

0x5C Time slice SubDAQ 6 20 CLK 0x00000

0x60 Time slice SubDAQ 7 20 CLK 0x00000

Table A.3: Registers for the eight time slices that determine the time division.
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A.4 Variable Dead-Time

Address Description Width Unit Default

0x84 Number of FLTs for MainDAQ 8 — 0x0F

0x100 2nd number of FLTs for MainDAQ 8 — 0x0F

0x88 Number of FLTs for SubDAQ 1 8 — 0x0F

0x8C Number of FLTs for SubDAQ 2 8 — 0x0F

0x90 Number of FLTs for SubDAQ 3 8 — 0x0F

0x94 Number of FLTs for SubDAQ 4 8 — 0x0F

0x98 Number of FLTs for SubDAQ 5 8 — 0x0F

0x9C Number of FLTs for SubDAQ 6 8 — 0x0F

0xA0 Number of FLTs for SubDAQ 7 8 — 0x0F

0xA4 Time window for MainDAQ 16 CLK 0x97E0

0x104 2nd time window for MainDAQ 16 CLK 0x97E0

0xA8 Time window for SubDAQ 1 16 CLK 0x97E0

0xAC Time window for SubDAQ 2 16 CLK 0x97E0

0xB0 Time window for SubDAQ 3 16 CLK 0x97E0

0xB4 Time window for SubDAQ 4 16 CLK 0x97E0

0xB8 Time window for SubDAQ 5 16 CLK 0x97E0

0xBC Time window for SubDAQ 6 16 CLK 0x97E0

0xC0 Time window for SubDAQ 7 16 CLK 0x97E0

0x108 Dead-time at beginning of next spill (throttle) 8 200 ms 0x00

Table A.4: Configuration registers for the variable dead-time which is defined by the number
of triggers within a time window. The MainDAQ has a second independent variable dead-
time generator that is combined with the first one by a logical “or”.
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A.5 Fixed Dead-Time

Address Description Width Unit Default

0x64 Fixed DT MainDAQ 16 CLK 0x0184

0x68 Fixed DT SubDAQ 1 16 CLK 0x0184

0x6C Fixed DT SubDAQ 2 16 CLK 0x0184

0x70 Fixed DT SubDAQ 3 16 CLK 0x0184

0x74 Fixed DT SubDAQ 4 16 CLK 0x0184

0x78 Fixed DT SubDAQ 5 16 CLK 0x0184

0x7C Fixed DT SubDAQ 6 16 CLK 0x0184

0x80 Fixed DT SubDAQ 7 16 CLK 0x0184

Table A.5: Fixed dead-times for the eight SubDAQs.

A.6 Artificial Trigger Sequencer

Address Description Width Unit Default

0x220 Period for event type 1 8 3.371 msec 0xFF
...

...
...

...
...

0x284 Period for event type 26 8 3.371 msec 0xFF

0x2A0 Mode for event type 1 2 — 0x0
...

...
...

...

0x304 Mode for event type 26 2 — 0x0

0x320 Fine delay for event type 1 8 1/256 CLK 0x00
...

...
...

...
...

0x384 Fine delay for event type 26 8 1/256 CLK 0x00

0x3C SubDAQ activation mask for sequencer 8 — 0x00

Table A.6: The artificial trigger sequencer is configured by specifying the period, the mode,
and the fine delay for each of the 26 calibration and monitoring triggers. In case the TCS re-
ceivers are equipped with a delay chip the fine delay allows to define the timing of the pre-
trigger pulse with a precision of 1/256 CLK. The activation map defines for which SubDAQs
the sequencer generates calibration and monitoring triggers.
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Pulse Sequencer

A.7 Pulse Sequencer

Address Description Width Unit Default

0x34 Period of regular pulses 20 CLK 0x097E0

0x38 Downscale parameter for random pulses 24 — 0x009C40

0x41C (Length - 1) of pulse pattern 14 CLK 0x001F

0x420 1st row of pattern RAM 32 — 0x00000000
...

...
...

...

0xC1C 512th row of pattern RAM 32 — 0x00000000

Table A.7: Configuration registers for the pulse sequencer.
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Appendix B

Λ and Λ Polarization in kinematical
Bins

The following tables detail the results of the analysis of the Λ and Λ polarizations in
various kinematical bins, as presented in the subsections 8.3.1 and 8.3.2. Apart from the
numerical polarization values they also specify the kinematical bins and the respective
mean values of additional kinematical parameters.
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