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Abstract

A minimum bias dataset was analysed for transverse hyperon polarisation in
pA — A/A X events. The data were taken in the commissioning phase of
the HERA-B detector at HERA, DESY, using the proton beam of 920 G'eV
energy to collide with fixed target wires of different materials.

A sample of approximately 2900 As was obtained in a kinematical re-
gion of transverse momentum p; € [0.2,2.2] GeV/c and Feynman variable
zr € [—0.19,0.03] and roughly 1350 As were found in the range of p; €
[0.12,1.64] GeV/c and zF € [—0.13,0.01].

These samples were analysed for transverse polarisation using extensive
Monte Carlo studies for acceptance determination, yielding:

Pol(A) : 0.073 £ 0.073 (stat) £ 0.0095 (syst)

Pol(A) : 0.006 = 0.129 (stat) £+ 0.0381 (syst).

The found result is compatible with the only other inclusive measurement
that is available at zz < 0. Concluding, the possible significant contribution
to the field of hyperon polarisation physics of the HERA-B spectrometer due
to its unique kinematical range and possibility to study A dependencies is
pointed out.

Zusammenfassung

Im Rahmen dieser Arbeit wurde ein ” Minimum Bias” Datensatz im Hinblick
auf transversale Hyperon-Polarisation in pA — A/A X Ereignissen analysiert.
Die Datennahme erfolgte wihrend der Inbetriebnahme des HERA-B Detek-
tors am HERA Speicherring des DESY unter Verwendung des Protonen-
strahls einer Energie von 920 GeV in Wechselwirkung mit Draht-Targets
unterschiedlicher Materialien.

Im kinematischen Bereich von Transversalimpuls p; € [0.2,2.2] GeV/c
und Feynman Variable 2y € [—0.19, 0.03] wurden hierbei ca. 2900 As rekon-
struiert; weiterhin wurden ca. 1350 As im Bereich von p; € [0.12,1.64] GeV/c
und zp € [—0.13,0.01] gefunden.

Die Polarisationsanalyse dieser Hyperonen ergab unter Verwendung von
detaillierten Monte Carlo Studien zur Akzeptanzbestimmung folgendes Ergeb-

nis:
Pol(A): 0.073 £ 0.073 (stat) £ 0.0095 (syst)

Pol(R) : 0.006 £ 0.129 (stat) + 0.0381 (syst).

Dieses Resultat ist mit der einzigen im Bereich xr < 0 verfiigbaren inklu-
siven Messung vertriglich. Abschliefend wird ausgefiihrt, dafl das HERA-B
Spektrometer aufgrund seines kinematischen Bereiches und der Mdglichkeit,
unterschiedliche Targetmaterialien einzusetzen, einen wesentlichen Beitrag
zum Gebiet der Hyperon-Polarisation leisten kénnte.
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“The story so far:
In the beginning the Universe was created.
This has made a lot of people very angry
and been widely regarded as a bad move.”
Douglas Adams,
The Restaurant at the End of the Universe






Chapter 1

Introduction

1.1 Motivation

One of the oldest questions mankind ponders on is what our world and the
universe is actually made of and what its building blocks might be.

There have been many different answers so far as science explored matter
to smaller and smaller dimensions to find its fundamental constituents. The
present knowledge of the fundamental fermions (particles with half integral
spin) synthesising matter described in the so called ”Standard Model” is

reflected in table 1.1.

leptons are assigned to three ”generations”.

According to their hierarchy in mass, quarks and

charge [¢] . ge2nerat10n .
12 up charm top
uarks 3 1-5MeV/c? | 1.15-1.35 GeV/c? | 174.3 + 5.1 GeV/?
4 1 down strange bottom
3 3-9 MeV/c? | 75-170 MeV/c? 4.0 - 4.4 GeV/c?
0 Ve Yy Uy
| <3eV/e? < 0.19 MeV/c? < 18.2 MeV/c?
eptons o m pm
5 0.511 MeV/c? | 105.658 MeV/c? 1777 MeV/c?

Table 1.1: The known fundamental fermions and their masses [Gro00].

Within the Standard Model, the fundamental forces are described by
gauge theories where interactions are mediated by exchange of the respective
gauge bosons (particles with integral spin) as illustrated in table 1.2. One
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interaction couples | affected exchange mass electric <oin

to particles boson (GeV/c?] | charge [¢] | P
colour quarks,
strong charge elions gluon (g) 0 0 1
weak favour quarks, Wt W- 80.419 +1, -1 1
leptons A 91.188 0 1
electro- | electric | electrically
magnetic | charge | charged photon (7) 0 0 1
o mass, graviton

gravitation energy all (unobserved) 0 0 2

Table 1.2: The fundamental interactions and their properties [Gro00]. Grav-
itation is shown separately as it is not included in the Standard Model.

fundamental property of the used gauge theories is their symmetry under
the combined application of the discrete symmetries C (Charge conjugation,
flipping the sign of all charge like, additive quantum numbers), P (Parity,
flipping the sign of all space coordinates) and T (Time, flipping the sign of
the time direction). This symmetry is also called CPT invariance.

Originally, it was assumed that the interactions described by the Stan-
dard Model are also invariant under the application of each single symmetry
operation C, P and T. However, in the 1950’s it was found, that both C and
P symmetry are violated. In 1964, Christenson et al. discovered the violation
of combined CP in the K° system. If CPT invariance holds, this discovery
corresponds to a violation of T.

The discovery of CP violation triggered the evolution of the Standard
Model into the present state, since Kobayashi and Maskawa [Kob73] had to
postulate the existence of at least six quark flavours in order to accommodate
CP violation in the Standard Model at a time where only three quarks were
known. The later discoveries of the missing three quarks were important
confirmations to the model and laid the foundation to its success.

Since the CP operation corresponds to the exchange of matter with an-
timatter, its violation is one premise to the obvious asymmetry between
matter and antimatter in our universe. It is thus of great interest to check
to what extent the CP violation implemented in the Standard Model is able
to describe all observed corresponding effects in nature.

Another system where CP violation is expected to occur, according to the
Standard Model, is the B° system. Measurements of different decay modes
allow to over-constrain the parameters of the Standard Model and thus to
crosscheck whether the model is still valid or something new is required to
describe the observations.


file:///GeVfc2

1.2 CP violation in the Standard Model

Several experiments have been developed to investigate the system of
B® mesons: The BaBar [Bou95] and Belle [Che95] collaborations use dedi-
cated electron-positron colliders to produce B mesons, whereas the HERA-B
[HB94] experiment collides protons of the HERA storage ring with the nu-
cleons of fixed target wires to produce B mesons in deeply inelastic reactions.

Due to the many technical challenges involved in the measurement of
heavy flavour decays in a huge hadronic background, the ambitious time
schedule of HERA-B could not be met, and the detector was still in its
commissioning phase in the year 2000 data taking period.

This thesis uses the year 2000 data to explore the physics potential of
HERA-B also for minimum bias data, especially for the study of hyperon
polarisation. Hyperon polarisation is the effect to observe spin polarised
hyperons produced in the interaction of unpolarised beam and target which
is still poorly understood theoretically.

Since the whole detector design of HERA-B is oriented to the measure-
ment of CP violation in the so-called ” Golden Decay” B°/B® — J/UK?, the
next section will sketch the basic properties and ideas of this measurement,
before the main focus of this thesis is addressed. The following sections will
outline the known experimental properties of A/A polarisation, the corre-
sponding theoretical models available at present and the basic theoretical
considerations necessary for the polarisation measurement. Finally, an out-
line of the structure of this thesis is given.

1.2 CP violation in the Standard Model

The neutral current (g,, Z°) cigenstates of the quarks, also called flavour,
are not the eigenstates of the charged currents (W1, W~). The Cabibbo-
Kobayashi-Maskawa (CKM) matrix [Kob73] describes the mixing of the flavour
eigenstates into the charged current eigenstates. By convention, this is done
by a 3 x 3 unitary matrix Vogar which operates on the negatively charged
flavour states d, s and b.

dl V;Ad V;w Vub d d
SI = Vcd V;;s Vcb S = VCKM S (1.1)
4 Vie Vis Vi b b

In principle, this complex matrix could have 18 independent parameters. To
conserve the number of states, this matrix has to be unitary which means
that only 9 free parameters remain. Additional 5 out of the 9 can be ab-
sorbed as phases in the quark wave functions. This results in 4 independent
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parameters in total. Since any rotation in n dimensional space can be de-
scribed with %n(n — 1) Euler-type angles, with three quark families there are
3 real Euler angles, resulting in the fourth parameter to be a complex phase.
The imaginary component of the CKM matrix is necessary to implement CP
violation in the Standard Model: If the CPT theorem holds, CP violation
is equivalent to T violation which means complex conjugation of the matrix
elements. If the matrix would be real, no CP violation could occur.

It is quite popular to approximate the CKM matrix as introduced by
Wolfenstein [Wol83] in terms of powers of A = V,,; &~ 0.22 since this shows
nicely the hierarchy of quark transitions:

1—2)2 A XNA(p —in)
Vekm = -A 1—2)2 NA +ONY)  (1.2)
NA(1—p—in) =MA 1

This parametrisation contains four real parameters A, p, 1, A, where X is
the sine of the Cabibbo angle sin 4..

The unitarity of the CKM matrix results in six equations of the type
A+ B+ C = 0 that can be visualised as triangles in the complex plane
having the same area that is proportional to the "strength” of CP violation.
One ”common” example is:

VdVap + VedVe + VigVip = 0 (1.3)

If we divide the above equation by the middle term V_,V;, one leg of the
triangle lies on the real axis from 0 to 1, and the triangle is then defined by
the coordinates of a single point in the plane (p,7) as shown in figure 1.1.
CP violation is thus implemented in the Standard Model for any 1 # 0. The
three angles of this ”unitarity triangle” are defined as:

VidVs VedVeh ViaVa
= —te_ = —ca_co = —ue i 1.4
a=a (%dVJb f=arg ViV )’ = VeV (4)

The Golden Decay B°/B°% — J/UK?

The measurement of CP violation is difficult in many physical processes
since the amplitudes containing products of the CKM matrix elements are
modified by strong interaction corrections. In the decay channel B°/B° —
J/UK? however, this is not true since the contributing penguin diagrams
shown in figure 1.2 (b) do not destroy the CP phase to be measured (see
e.g. [Har98]). In addition, this decay mode has a very good identifiable
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M A
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B°— J/¥ K°,

0 1 p 1 Re
B"~ p" K,

Figure 1.1: The unitarity triangle. Decays sensitive to the respective angles
are indicated (see e.g. [Che95]).
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Figure 1.2: (a): Tree diagram for the golden decay (b): Penguin contributions
to the golden decay.



1. Introduction

experimental signature, as the J/¥ can decay immediately into two leptons
and the K? will decay mainly into two charged pions, yielding the following
decay chain:

BY/B° — J/UK® — It I~ntn~.

This decay allows a very powerful means to access the 5 angle of the unitarity
triangle shown in figure 1.1 both from experimental and theoretical point of
view, earning it the name ” Golden Decay”.

It should be noted that for the measurement of CP violation in the Golden
Decay the interference of decay amplitudes is necessary since the probability
P for a certain transition is proportional to the squared absolute value of
the corresponding amplitude: P, o< |AJ%. If only one Amplitude would occur
instead of a sum, the complex phase would be lost for the measurement. In
case of the Golden Decay, interference occurs due to the possible mixing of
B/ B° before decaying into the same final state.

The angle 5 can be determined by the measurement of the time dependent
asymmetry Acp of the decay rates for B°/B°® decaying into the same final
state:

I'(B®— J/UK?) —T (B® — J/¥K?)

Aor() = T 505 J/uK0 4 T (BY — J/UKY)

= sin(28) sin(zt). (1.5)

x denotes the mixing parameter between B° and B° and is a measure for
the oscillation frequency between the states. A measurement of a non zero
S angle would be the evidence for CP violation in the B° meson system.

In order to distinguish whether a B or a B° has decayed into J/UK?,
the decay of the second produced B meson from the original bb quark pair
must be detected. Figure 1.3 shows a typical Golden Decay chain for the
HERA-B detector with indicated average energies and flight paths. In the
example, the charge of the decay lepton or kaon of the second produced B
meson will reveal the identity of the B meson in the Golden Decay (the so
called ”tagging”).

At HERA-B, 920 GeV/c protons interact with the nucleons of up to eight
target wires (corresponding to a centre of mass energy of /s = 41.57 GeV)
and produce a rate of about 107¢ bb quarks per interaction'. Taking also
into account the following branching fractions [Gro00] for the Golden Decay
as shown in figure 1.3 and the probability P,_,go to produce a B® (B°) from
a b (b) quark:

L Assuming a oy of 12 nb, see [HB95).



1.2 CP violation in the Standard Model

p
920 GeV

tagging b quark
Figure 1.3: The golden decay B — J/UK?.

2Pb‘>BO ~ 0-8,
Br(B°/BY — J/UK?% ~ 0.5-8.9-107%,

Br(J/U — ete™/utu~) ~ 0.12,

Br(K? — ntn™) ~ 0.69,

one yields a rate for golden decays of about 2.9 - 107! per interaction. In
order to get sufficient statistics, HERA-B was designed to operate with four
interactions on average distributed over the target wires per 100 ns bunch
crossing corresponding to an interaction rate of 40 M Hz. Thus, in a year
of operation (= 107s) one yields about 11600 golden decays to be detected.
Assuming a detection efficiency of roughly 10 % and a tagging power of 30 %,
several years of data taking would be needed for a competitive CP violation
measurement: For a precision of Asin(23) & 0.1, O(1000) reconstructed and
tagged J/VK? would be needed [HB94].

The high interaction rate necessary to fight against the hadronic back-
ground leads to particle fluxes inside HERA-B as they are expected for LHC:
(30 M Hz-c¢m?)/r? minimum ionising particles per cm? with r being the dis-
tance to the beam. The consequent demands on the detector with respect
to radiation hardness and trigger efficiency made more R&D necessary than
originally anticipated. By now, HERA-B will not be able to measure sin(2/)
competitive to the measurements already performed by BaBar and Belle.
The results of Belle and BaBar have already established CP violation in the
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BY system. The latest preliminary result from BaBar using about 62 mil-
lion T(4S) — BB decays collected between 1999 and 2001 gives as result
[Aub02]:

sin(23) = 0.75 £ 0.09 (stat) = 0.04 (syst).

The struggle for measurements of angles and sides of the unitarity trian-
gle will continue until a conclusive picture has been reached to answer the
question if the Standard Model is self-consistent and able to explain all ob-
servations or not. The next generation experiments for precise measurements
of CP violation and rare decays like LHCb [Ama98] are already being built.

1.3 Experimental observations of hyperon po-
larisation

In the middle of the 1970’s it was discovered that A hyperons created in
the interaction of an unpolarised proton beam with unpolarised target nuclei
were spin polarised transverse to the production plane [Bun76]. This was
completely unexpected since the theoretical expectation was that spin effects
should diminish and finally disappear at high energies. The reasoning went
as follows: For a significant polarisation effect? the coherent interference
between at least two large amplitudes is necessary. This gets more and more
unlikely towards higher energies due to the increasing multiplicity of final
states [Hel90].

In contradiction to this, the experimental observation shows that spin
effects play an important role in high energy particle physics and the exis-
tence of polarisation in hyperon production can be used to learn more about
the strong interaction. The correct description of spin effects has become a
critical test to any dynamical theory of hadronic phenomena [Bro8l].

By now, this polarisation effect of inclusively produced A hyperons has
been confirmed by many different experiments in a proton energy range from
12 GeV at KEK [Abe86] to the equivalent of 2000 GeV at the ISR [Erh79] on
a fixed target. Additionally, also for the other hyperons in the baryon octet
shown in figure 1.4 polarisation effects have been observed (=~ : [Tro89],
=0 : [Hel83], £~ : [Wah85], X% : [Duk87] , T : [Wil87]). The found polarisa-
tions follow roughly the scheme (see e.g. [Hel85, Wil87] for a more detailed
discussion):

PA) ~PE )~ PEY~-P(X) ~ P ~ -P(ZH).

2That is, if the expectation value of the projection of the spin & onto a direction vector
71 is non-zero: < & -7 ># 0.



1.3 Experimental observations of hyperon polarisation

AS
R o 5 N(939)
L 0 o+1 L
- ZO -
" A’ A(1116)
®....... 4.2 @
=" = =(1318)

Figure 1.4: The spin-parity J = %Jr baryon octet. Strangeness S is drawn
versus the third component of isospin 3.

Obviously, hyperon polarisation is “one of the most universal regularities
observed in the strong interactions” [Lun89]. The usual kinematical variables
used to study the polarisation effects are:

e p;: Transverse component of the total momentum of the hyperon rela-
tive to the proton beam direction.

e wp: Feynman x of the hyperon: o = o =~ 2'_\/1?7 with p; being the
longitudinal momentum relative to the proton beam direction in the
centre of mass system.

The most extensive studies so far have been performed on A hyperons inclu-
sively produced in reactions of the type

pA — AX.

The experimental signature found in those reactions can be summarised as
follows [Hel85, Mag95:

e The A hyperons are polarised transverse to the production plane along
— (Dbeam X Pa) while the polarisation of A hyperons is compatible with 0,
see figure 1.5.

e The magnitude of the polarisation increases linearly with the A p; , see
figures 1.5 and 1.6 (a).
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Figure 1.5: Polarisation of A and A in p + Be — A/A + X with 400 GeV
protons. The figure is taken from [Hel78].

e The magnitude of the polarisation grows linearly with the A zp, see
figure 1.6 (b).

e If any, there is only a very weak energy dependence. For a comparison
between 12 GeV and 400 GeV see figure 1.7.

e The dependence of A polarisation on the target mass is found to be
small. For targets with larger A, the magnitude of the polarisation
decreases as expected due to rescattering processes inside the nucleus.
The effect is on the level of a few percent [Hel85].

More detailed reviews on hyperon polarisation and references to many
related experiments can be found in [Hel85], [Pon85] and [Lac91].

Many theories have so far been developed trying to describe the observed
effects. In the beginning, the observations of polarised As and unpolarised
As supported the idea that polarisation is a leading particle effect since for
the A only one valence quark (the s quark) needs to be produced, whereas for
the A all three anti-quarks have to be created. However, later measurements
of antihyperon polarisation destroyed this simple picture: The =1 was found
to be polarised with approximately the same magnitude than the =~ [Ho90],
and the ¥~ polarisation was measured to have the same sign but smaller
magnitude than the ¥t [Mor93]. To date, there is still no conclusive theory
available that is able to describe all the observed polarisation effects. The
most common approaches will be sketched in the next section, but still more
experimental information is needed to test and develop the theories.

HERA-B can contribute to this polarisation puzzle due to the unique
kinematical range it covers: As shown in figure 1.6, inclusive measurements
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Figure 1.6: Dependency of the A polarisation on (a) p; and (b) xr. The used
references are indicated in the legend. The extrapolated runs of the statistical
errors on an assumed polarisation value of -5 % are shown for HERA-B data,
samples containing 25000 and 125000 A hyperons respectively.

are only abundant in the high positive z range, whereas the negative region
is almost uncovered except for some bubble chamber measurements. As in-
dicated in the picture, HERA-B can provide measurements of A polarisation
especially in the transition area between beam and target fragmentation re-
gion, where theories did not have experimental input so far. Provided a high
statistics data set, also polarisation measurements for other hyperons will
be possible. Additionally, A dependencies of the polarisation can be easily
measured with HERA-B due to the different available target materials (in
2002: C, Al, Ti, Pd, W).

1.4 Models of hyperon polarisation

Although the effect of hyperon polarisation in pA collisions as described in
section 1.3 is now known for more than 25 years, there is still no theoretical
description which is able to explain properly all experimental observations.

This section will introduce some of the theoretical models which have
been developed so far. A more extensive description of respective theories
can be found in [Fel99] and references therein.
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Figure 1.7: Comparison of A polarisation measurements at different energies:
(a) shows the kinematic regions covered by the data presented in [Abe86] as
hatched areas and the data of [Hel78] as a straight line. The results of the
respective polarisation analysis are shown in (b). Both figures have been
taken from [Abe86].

Many models are motivated from the SU(6) valence quark model of the
A, where it is formed out of an ud-diquark in a spin singlet state coming
from the incident proton and one s quark which then gives the A p;, spin
and polarisation. The main difference between those models is then the way
the s quark is produced (e.g. gluon bremsstrahlung or from the proton sea)
and how its polarisation is introduced. Also, depending on the time when
the theory was developed, some models do not take into account the full
experimental knowledge of hyperon polarisation we have so far. For example,
models like those from Heller or DeGrand and Miettinen do not reflect the
polarisation dependency on xr. Nevertheless, they will be presented because
they draw a vivid picture of the possible polarisation process and illustrate
the variety of available models.

It has to be noted that a theory describing all experimental informa-
tion about hyperon polarisation is still not at hand, let alone the polarising
phenomenology itself is established [Fel02].
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Figure 1.8: The gluon bremsstrahlung mechanism in A production as de-
scribed by the Heller model.

1.4.1 The Heller model

This is the earliest model that tried to describe the experimental observations
[Hel78]. It is reasoned that since polarisation requires coherence between at
least two amplitudes and the number of contributing amplitudes should be
small to yield a sizeable polarisation in an inclusive reaction, the simplest
quark model should provide an appropriate description of the process. The
simplest model to describe the A and its spin is the SU(6) quark model,
where the A consists of an u, d and a s valence quark.

The A is assumed to be formed by an ud-diquark in a spin singlet state
from the incoming proton as spectator and a s quark that is generated by a
gluon bremsstrahlung process as indicated in figure 1.8:

During the collision a gluon is emitted from the second uw quark of the
proton scattered by the target yielding a s5 pair. Since the s quark will
provide the A transverse momentum and its spin, A polarisation would oc-
cur if the gluon and thus the s5 pair is polarised, creating also the desired
correlation between polarisation and transverse momentum.

In contrast to this, in order to generate a A, additionally the @, d quarks
have to be produced that can contribute to the transverse momentum of
the A, but not to the polarisation. Thus, for a given value of transverse
momentum, the polarisation would be suppressed compared to the A which
is in agreement with the observed data.

The model also predicts the polarisations of other hyperons via the SU(6)
quark wave functions in terms of the A polarisation P,, assuming that all
qq pairs are produced with the same polarisation, for example: Pso = —%PA
and PE+ = %P A

Taking into account the last consideration, the vanishing polarisation for
the A seems not to be smoothly embedded in this theory any more: If the
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assumption that all ¢ pairs are produced with the same polarisation is used
to predict the polarisation of other hyperons, why should the respective anti-
quarks in return not contribute to a polarisation of the A?

An extension of this model thus is stated in [Fel99]: Assuming by sym-
metry arguments that the s and the 5 quark are produced with equal and
opposite polarisation, one would expect also equal but opposite polarisations
of A and A when produced simultaneously in pp reactions.

Looking at the prediction that the polarisation of the ¥ should have the
same sign than the A polarisation, this is already proven to be wrong by the
measurement of ¥ polarisation to be positive [Wil87].

1.4.2 The DeGrand and Miettinen model

This model ([DeG81a],[DeG81b]) works in the parton recombination frame-
work, using like Heller SU(6) quark wave functions to relate various hyperon
polarisations to each other. The proposed relations allow to test the re-
combination picture without stating the underlying dynamical origin of the
polarisation on the quark level which is then additionally proposed to be a
Thomas precession effect in the recombination of the quarks.

The production of hyperons is classified with respect to common (fast)
valence quarks (V) in the fragmenting and produced secondary particle. All
quarks not available as valence quarks in the fragmenting particle have to be
retrieved from (slow) sea quarks (S) that are assumed to be initially unpo-
larised. For example, the A production is referred to as VVS recombination,
and A production corresponds to SSS recombination.

All hyperons shown in figure 1.4 are treated as bound states of a diquark
and a quark, produced either via VVS or VSS recombination. The baryon
production can then be described via two amplitudes for the single quark,
At and A}, which parametrise the recombination with spin up or down with
respect to the scattering plane and four amplitudes A, ,,, that parametrise the
recombination of the diquark in one of the states j=0, m=0 or j=1, m=+1,0.
The total amplitude to produce a baryon B’ in the spin state s’ from a baryon
B in spin state s is then given by:

< BB, >= 3 (414, s + BiAA, 0y )
j=0,1

with o and 3 being Clebsch-Gordan coefficients.
From this, the polarisation of the A in the transition p—A can be ob-
tained, taking into account j=0 for the ud-diquark in the A:

AP A

Po= 8= Zrrap
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Parametrising the data by setting |4+]> = A(1 —¢) and |4;]* = A(1 +¢),
assuming a small € that is linear in p;, we get

P(p— A)=—c

Similarly, in case of the ¥ the amplitudes for the diquark recombinations
into the j=1 state are parametrised: A small asymmetry 6 of the opposite
sign compared to the single quark recombination amplitude is introduced:

|Aool* = B
’A1,1’2 = B(]_ —I— 6)
|A1o* = B

[A,_1[> = B(1 - §).

From this, the polarisation of the X in the transition p— X7 yields:

1 2
Plp = X7) = e+ =4,
(p )=get 3
which corresponds to the experimental observations if € = 4.
Regarding the signs in front of the introduced asymmetries € and §, taking
into account, that for both A and X% VVS recombination occurs with a fast
valence diquark and a slow single quark from the sea, the following rule is

phrased (see [DeG81b]):

?Slow partons preferentially recombine with their spins down
in the scattering plane while fast partons recombine with their
spins up.”

As a crosscheck, the polarisation for Z°/Z~ is derived with flipped signs in
front of € and ¢, since in this case VSS recombination occurs, yielding:
P@aE%:P@%Eﬂ:—h—z

3 3
This again corresponds to the observations if € = §. Several more relations
can be found in [DeG81b).

The semiclassical model presented for the origin of the polarisation is
based on Thomas precession® effects on the quarks’ spins being affected by
the confining force as illustrated in figure 1.9 in an example for the A:

Since the s quark in the sea of the proton will carry some transverse
momentum but less longitudinal momentum than it will have as valence

J.

3Thomas precession can be understood as a relativistic kinematic effect resulting from
the fact that the product of non-collinear boosts is equivalent to a boost and a rotation.
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Py

¢ k(P

Figure 1.9: The Thomas precession effect: The momentum vectors of the
s quark in the proton (s/p) and in the A (s/A) are shown. The trans-
verse momentum component is conserved while the longltudmal component
is boosted. &r o confining force Fx the s quark’s velocity ﬂ points out of
the paper. The figure is taken from [DeG81b).

quark in the A, its velocity vector 5 will not be parallel to the confining
force F. Thus, the quark will experience a Thomas precession, leading to an
effective interaction U = §'- &, where & o< F x 5 is the Thomas frequency
vector having the direction of the normal to the scattering plane Pyeqm X Pa
and § is the spin vector of the s quark.

The amplitude for A production A, will be inversely proportional to the
energy difference between initial state (where we have an ud-diquark and a
strange quark) and the final state (where the A has been formed):

1

X RETT

with AEy = Egiguark + Es — E5 being the energy difference in absence of spin
effects and U the Thomas precession term stated above. Consequently, the A
production is enhanced if §-Wr is negative corresponding to the s quark having
its spin down with respect to the normal on the production plane, as actually
observed. The opposite sign of asymmetry stated in the recombination rule
above for the fast partons immediately follows from the fact that the fast
V partons have to be decelerated in the recombination process, yielding the
opposite direction of W compared to the slow sea quarks.

The p; dependency of the polarisation also directly follows from this
model: If we choose the quantisation axis along the normal of the production
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plane, we obtain the following amplitudes for A production with spin up and
spin down:
1 1

X —— X .
T AEO + %OJT7 v AEO — %C{)T

Calculating from this the polarisation asymmetry, one gets in leading

order of wr:
wr

T AE,

Because wy will increase with p;, also the polarisation will.

The production of antihyperons according to this model has to be unpo-
larised: Since antihyperons are produced via SSS recombination, there will
be as many configurations with the single quark being faster than the diquark
than vice versa. Hence, on average wr will be zero and the polarisation will
vanish.

The last statement experimentally holds for A production, but stands in
contradiction to the observations of =t and £~ polarisation.

Plp—A)=

1.4.3 The Lund model

The Lund model by Andersson et al. [And79] is a semiclassical string frag-
mentation model for A polarisation where the process introducing the polar-
isation is soft, making perturbative QCD not applicable.

Like in previous models, the beam proton provides an ud-diquark in spin
singlet state to form the A. When the diquark is propagating away from
the central collision region with momentum § and transverse momentum ¢,
a colour field is stretched in-between. This colour field is assumed to be
spacially confined in a one dimensional flux tube without any transverse
degrees of freedom. A A is produced, if the flux tube breaks up by the
production of a s3 pair, where again the s quark will determine the spin of
the A.

As illustrated in figure 1.10, to conserve locally the transverse momentum,
the s3 pair is produced with equal but opposite transverse momenta /;5 and
—Et relative to the string. Because of the quark mass, the quark pair has
to be produced with a finite distance to each other, resulting in an orbital
angular momentum along the direction m = (§ X k;)/|7 % k| perpendicular
to the production plane, which has to be compensated by the spin of the
quark-antiquark pair.

In this model, polarisation arises from a ”trigger bias” effect: If the A
polarisation is measured versus p;, with increasing p; the probability to find k;
aligned with ¢; and thus to have a preferred spin direction is increasing, since
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Figure 1.10: String fragmentation in the Lund model: A ss pair is produced
in the breaking up of the colour force field between the scattered diquark and
the central collision zone. The transverse momenta of the s quarks generate
an angular momentum along 77, in this case pointing out of the paper, to be
balanced by their spin.

the probability for the production of a diquark is decreasing with increasing
gt

The proposed polarisation mechanism has one interesting implication for
A polarisation: in this model, A and A must have equal polarisation if they
are produced associated, in contradiction to both previous models. Polari-
sations for 3° and Z° are predicted with the right signs. The polarisation of
”indirect” As originating from a ¥ decay is estimated to be roughly % of the
polarisation of directly produced As.

A comparison between data and the predictions of this model shown in
[Fel99] illustrates the disagreement between model and A data. A polarisa-
tion dependence on zy is not included in the model.

1.4.4 The Hadronisation model

One recent model by Anselmino et al. [AnsOla] is based on perturbative
QCD using so called ”polarising fragmentation functions”:
The A polarisation Py can be expressed by the following asymmetry:

0 +
doAB-ATX _ joAB=AYX
-Z A

dO-ABAATX 1 dO-AB%AlX :

In “hard” processes with sufficiently high energy, where the fast moving
hadron can be described as a jet of quasi free collinearly moving partons, the
process AB — ATX at leading twist can be described as follows according
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to a QCD factorisation theorem:

dgABTAX = Z faya(@a) ® foyp(2s) ® d6®7°4 @ Dyr)o(2).
a,b,c,d

In the above expression f,/4(x,) and fy/p(x3) denote the unpolarised parton
densities depending on the longitudinal momentum fraction x,, z; inside an
unpolarised hadron A, B. d6% % is the partonic cross-section for the pro-
cess ab — cd, and Dy1/,(7) denominates the fragmentation function for the
process ¢ — AT+ X, where the A is produced with longitudinal momentum
fraction z. The sum ) asbed finally takes into account all possible elementary
interactions.

In the absence of intrinsic transverse momentum between hyperon and
fragmenting quark ke, (or when Fy is integrated over), the fragmentation func-
tion D+ j.(2) or also Dyyj.(2) cannot depend on the hyperon polarisation to
conserve rotational invariance. Consequently, we get dgAB=A'X = JzAB2ATX
and hence Py = 0.

The main idea of Anselmino et al. is to use new polarising fragmenta-
tion functions to describe the hadronisation process of an unpolarised quark
into a transversely polarised hyperon. This new function type takes into
account intrinsic k: in the hadronisation process. Assuming that the factori-
sation theorem still holds also when k; is included?, the usual, k; integrated
unpolarised fragmentation functions D, /c(z) are replaced® by:

AN Doz, ki) = Dt /ol k) — Dhy/a(z, )

= DhT/a(Z7 t) - DhT/a(Z7 _Et>-

The polarising fragmentation function denotes the difference between the
density numbers f)m/a(z, Et) and Dy, 1/a(7, Et) of hadrons h with spin %, mo-
mentum py, = 2p, + Et, and transverse polarisation 1 or | inside a jet origi-
nated from the fragmentation of an unpolarised parton a.

The main features of this function are:

¢ It vanishes if the transverse momentum Et of the hyperon with respect
to the fragmenting quark direction is zero.

e The fragmentation function can be viewed as effectively including the
contamination due to X%.

“The partons a and b inside the the unpolarised hadrons A and B are still assumed to
be collinear; transverse motion is only considered in the fragmentation process.

5The distribution functions f are still assumed to be spin and Ky independent.
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e Due to parity conservation in the hadronisation process, only Et com-
ponents perpendicular to the polarisation direction, i.e. lying in the
production plane, can contribute to the fragmentation function.

o Applying charge conjugation invariance to obtain § — A fragmentation
properties from the ¢ — A process, we get AN Dzy /g = AN Dyyyq.

e The polarising fragmentation function is assumed to be non-vanishing
only for A and A valence quarks u, d, s and @, d, 5.

A simple parametrisation of the polarising fragmentation function con-
taining seven free parameters is finally used to fit some available data on
A/A polarisation produced in p-p and p-Be collisions. For the evaluation of
the cross section for scattering off a nucleus with A nucleons and Z protons,
a simple incoherent sum is used, neglecting nuclear effects:

dO,AB%AX — Zda_pp%AX T (A _ Z)dO’pn%AX.

The agreement of the model with the A and A data is good, exhibiting the
expected behaviour in z; and p,. This shows a description of A polarisation
in unpolarised hadronic reactions is in principle feasible using perturbative
QCD to factorise the elementary dynamics and non-perturbative spin and ke
dependent fragmentation functions. As shown in figure 1.11, these functions
are sizable with respect to the unpolarised fragmentation functions only in a
limited z range.

However, this model is only applicable in the appropriate kinematical
regions, where perturbative QCD can be used. As an example, for the zp
range of HERA-B, data with p; > 4 GeV/c would be needed in order to
be able to compare with predictions of this model [Ans01b] which seems
unreachable looking at the respective distributions shown in appendix A.
Additionally, it would be interesting to see the predictions of this model for
the polarisations of the other (anti-) hyperons in the baryon octet.
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Figure 1.11: Comparison of polarising and unpolarised fragmentation func-
tions versus longitudinal momentum fraction z. The figure has been taken
from [AnsOla).

1.5 Theory of the weak A decay

The analysis of A polarisation is possible via the parity violation in its weak
decay:

In the weak decay A — N7 the JF = %+A decays into a J¥ = %+ nucleon
N and a J¥ = 0~ pion. To conserve the total angular momentum, only decays
with the relative angular momentum [/ between nucleon and pion of 0 and 1
are allowed.

If parity would be conserved, only the decay with nucleon and pion in a
relative p-wave would be possible (P = (=1)!). Since the weak interaction
violates parity, additionally the s-wave is allowed in the above decay.

The following derivation is based on [Per82]. To study the angular dis-
tributions (¢, ®) of the A decay products, we move into the A rest frame
where we define the direction of the z-axis to point along the A spin & (see
figure 1.12).

In this coordinate system, we have Jy = £ and J, » = +3. If we define m,
to be the z-component of the proton spin vector and m; as the z-component
of the angular momentum vector [, we obtain as total wave function for the
s-wave (since [ = m; = 0):

v, = CLs>’YE)OX+7 (16)
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X

Figure 1.12: The A coordinate system in the A rest frame with A spin and
momentum vectors of the decay products.

where a, is the amplitude of the s-wave and xT denotes the proton state
with m, = +3 ("spin-up”). In this case, the proton spin and the A spin are
parallel. In the p-wave case, the equation m, +m; = J, 4 can be fulfilled by
having either m, = +1 and m; = 0 or m, = —% and m; = 1. Taking into
account the Clebsch-Gordan coeflicients for the addition 1 ®% to Jy = % and

J. A = +3, one yields:

2 _ 1
U, = ap (\/;Yl X - \/;YlOXJF> ) (1.7)

with a, as the amplitude of the p-wave and the corresponding spherical har-
monics. The total wave function ¥ is now given by the superposition of s-
and p-wave:

1 2
UV=v,4+v, = (asYOO — a/p\/g}/]_o> X+ + (ap\/;yll) X -

In principle, both amplitudes a; and a, can be complex numbers, between
which only a relative phase can be measured. Taking advantage of the or-
thogonality of the proton states x™ and x~, the angular distribution becomes

1 2 1 % x
e A e T b e IYSIQ—\@ (050, Y3 YY" + 030, Y3 YY)



1.5 Theory of the weak A decay

23

Inserting the needed spherical harmonics

1 /3 /3 .
YOI — Yoz — Y1 — —4/— «i 2P
A T 1 i cos v, ] o sin e*?,

one finally gets as angular distribution I(cos ¥) :

I(cos ¥) = YU* = % (1 +a - cos V) (1.8)
with
"
o = - 2ele) fe (2.2}) 5 (1.9)
lap[” + as]
being the so-called decay asymmetry parameter. The parity violation in the
A decay appears as up-down asymmetry of the decay proton (or pion) with
respect to the production plane. Note that this asymmetry is due to the
interference of the s and p wave: both amplitudes have to be finite to yield a
finite . The decay asymmetry parameter can be regarded as a measure for
how much of the information about the A spin "survives” the decay. If we
assume CP invariance, the absolute value of o for A and A will be identical,
since just the ¥ angle will be transformed into 7 —1, resulting in an additional
- sign in front of the cosine that can be absorbed into a. Experimentally, the
decay asymmetry parameter is measured to be oo = 0.642 £ 0.013 [Gro00].
Since the emission angle ¥ of the proton cannot be measured with respect
to the A spin & but only relative to the normal vector on the production plane,
we can redefine the angular distribution as follows:

I(cos ¥) = % (1 +a P cos ¥), (1.10)
where P denotes the average polarisation.

For a polarisation measurement, we define for every event our coordinate
system of reference in the following way (see figure 1.13): The z axis points
along the momentum of the produced A pj, the x axis is chosen as the normal
on the production plane defined by the A and the beam momentum pp, and
the y axis is selected to form a right-handed coordinate system:

S Pr L P XPr

Extending the angular distribution derived before into all three coordinates
and introducing A(cos 9;) as the acceptance of the HERA-B apparatus, the A
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P

Figure 1.13: The coordinate system of reference for polarisation measure-
ments: the momentum vectors of the proton beam and the A produced in
the target wire define the reaction plane.

polarisation P = (P,, P,, P,) can be determined by the angular distributions
of the decay proton in the A rest frame:

1
I(cos ¥;) = gy Alcos ¥;) (1 +a P; cos ¥;)
’ | (1.12)
= I A(cos %) R(cos 9;),i=x,y, 2.

Here, cos ¥; = 7i; - i, with 7, being the direction vector of the decay-proton
in the A rest frame.

As illustrated in figure 1.14, the parity conservation in the strong inter-
action by which the A particle is produced forbids any polarisation to occur
in the reaction plane if the incoming proton beam is unpolarised. Thus, the
only asymmetry can occur normal to the production plane which we chose as
x coordinate. Since P, = P, = 0, the corresponding angular distributions
have to be flat which can be used to crosscheck systematic errors.

The derived angular distributions can, of course, easily be obtained also
for the other two V%" signals K? and A: The definition of the coordinate
system of reference can obviously be rewritten in a more general way:

- _ byo ., DeXpyo

= = = = . XA 1.1
z |ﬁv0‘7 n-’L’ |ﬁb Xﬁvolj ny nz nl‘? ( 3)

with V? being one of the particles K%, A or A. The angular distributions can
then be obtained by using the direction vector of the decay p for the A and
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‘_
—
Figure 1.14: Effect of the parity operation on A production

the decay 7" for the K? in the respective V? restframe: cos o; = 7, - fi; and
cos ¥; = ;- fiy+. Taking finally into account the following « parameters:
age = 1, ap = 0.642, ayx = —0.642, the polarisations for each V0 can be
obtained.

Of course, the ”polarisation” for the K? being a spinless particle has to
be zero, and by setting axgo = 1, "polarisation analysis” means checking
the flatness of the angular distributions. Due to this and parity conserva-
tion forbidding polarisation effects to occur in the reaction plane, 7 of the 9
measurements being performed have to yield zero as the result.

Using all V°® signals thus provides an inherent crosscheck for the consis-
tency of the analysis to be performed.

1.6 Layout of the thesis

In this thesis, data taken during the HERA-B commissioning in the year
2000 are used to perform an analysis of transverse polarisation of A and A
inclusively produced in pA collisions at a centre of mass energy of /s =
41.57 GeV in the proton nucleon system.

In chapter 2, the HERA-B apparatus with special emphasis on the com-
ponents crucial for the presented analysis is introduced, before in the next
chapter the used dataset and reconstruction chain is explained.

Chapter 4 illustrates the cuts and track selection criteria that were used
to reconstruct the V° signals in the data. The determination of the detector
acceptance via Monte Carlo simulations is then presented in the next chap-
ter, which is necessary for the polarisation analysis algorithm explained in
chapter 6.

The possible sources of systematic errors are investigated in chapter 7,
before finally in the last chapter all obtained results are summarised and
discussed, and an outlook with conclusion is given.






Chapter 2
The HERA-B spectrometer

The HERA-B detector [HB94] is a forward magnetic spectrometer which was
designed to study the violation of CP symmetry in the system of neutral B
mesons, especially in the golden decay B®/ B J /U K?. To make this mea-
surement feasible despite the signal to background ratio of about 2.9 - 10711,
HERA-B was planned to be capable to process interaction rates of 40 M Hz
(see section 1.2). This imposes severe requirements on radiation hardness,
detector granularity, trigger performance and DAQ bandwidth. The interac-
tions are obtained by placing up to eight target wires in the proton beam of
the HERA storage ring.

The spectrometer covers the full azimuth angle and polar angles between
10 mrad and 250 (160) mrad in the bending (non-bending) plane, as shown
in figure 2.1. This angular coverage corresponds to about 90 % of 47 in the
centre of mass system [HB95].

The right-handed coordinate system of HERA-B which will also be used
in this thesis is oriented in respect of the proton beam direction: The z-axis
points into the beam direction, the horizontal x-axis points to the centre of
HERA and the vertical y-axis processes from bottom to top.

In the following sections, the HERA storage ring and the individual com-
ponents of the HERA-B spectrometer will be briefly described. Special focus
will be put on those components which have been crucial for the analysis
presented in this thesis, namely vertex detector and main tracker.

A detailed review on the detector status in the year 2000 can be found
in [HB0O].
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Figure 2.1: Schematic drawing of the HERA-B spectrometer with its various

sub-detectors [Pyr98].
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Figure 2.2: The HERA storage ring with its accelerators at DESY [DES01].

2.1 The HERA double storage ring

The HERA-B experiment is utilising the HERA (“Hadron Elektron Ring
Anlage”) double e~ (e*)-p storage ring! at the DESY facility in Hamburg,
Germany [DES01]. The HERA ring with a circumference of 6.3 km stores
protons of 920 GeV and electrons (positrons) of 27.5 GeV energy. As shown
in figure 2.2, there are four experimental areas at HERA:

In the north and south areas, the experiments H1 and ZEUS investigate
the internal structure of the proton by colliding the e~ (e™) beam with the
proton beam. In the east, the HERMES experiment explores the internal spin
structure of proton and neutron by deep inelastic scattering of the longitu-
dinally polarised electron (positron) beam on a polarisable target. Finally,
the HERA-B experiment situated in the western experimental area uses the
HERA proton beam for interactions with up to eight fixed target wires.

For the proton beam, 180 out of 220 possible stable bunches of protons
are filled into the HERA storage ring. These bunches have a distance of 96 ns
to each other and are O(1 ns) long, which means that the data acquisition
of HERA-B is triggered with a frequency of approximately 10 M Hz.

1Tt is possible to store electrons or positrons in HERA.






