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Abstract 
A minimum bias dataset was analysed for transverse hyperon polarisation in 
pA - y A / A I events. The data were taken in the commissioning phase of 
the H E R A - B detector at HERA, DESY, using the proton beam of 920 GeV 
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 pt € [0.2,2.2] GeV/c and Feynman variable 
Xp G [—0.19,0.03] and roughly 1350 As were found in the range of pt € 
[0.12,1.64] GeV/c and xF e [-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 XF < 0. Concluding, the possible significant contribution 
to the field of hyperon polarisation physics of the H E R A - 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 inpA —> A / A X Ereignissen analysiert. 
Die Datennahme erfolgte wahrend der Inbetriebnahme des H E R A - B Detek-
tors am H E R A Speicherring des D ESY unter Verwendung des Protonen-
strahls einer Energie von 920 GeV in Wechselwirkung mit Draht-Targets 
unterschiedlicher Materialien. 

Im kinematischen Bereich von Transversalimpuls pt € [0.2,2.2] GeV/c 
und Feynman Variable xp G [—0.19,0.03] wurden hierbei ca. 2900 As rekon-
struiert; weiterhin wurden ca. 1350 As im Bereich von pt £ [0.12,1.64] GeV'jc 
und Xp G [—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(A) : 0.006 ± 0.129 (stat) ± 0.0381 (syst). 

Dieses Resultat ist mit der einzigen im Bereich xp < 0 verfugbaren inklu-
siven Messung vertraglich. Abschliefiend wird ausgefiihrt, dafi das H E R A - B 
Spektrometer aufgrund seines kinematischen Bereiches und der Moglichkeit, 
unterschiedliche Targetmaterialien einzusetzen, einen wesentlichen Beitrag 
zum Gebiet der Hyperon-Polarisation leisten konnte. 
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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 Mot ivat ion 
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. According to their hierarchy in mass, quarks and 
leptons are assigned to three "generations". 

charge [e] generation charge [e] 1. 2. 3. 

quarks 

up 
1 - 5 MeV/c2 

charm 
1.15 - 1.35 GeV/c? 

top 
174.3 ± 5.1 GeV/c2 

quarks 
1 
3 

down 
3 - 9 MeV/c2 

strange 
75 - 170 MeV/c2 

bottom 
4.0 - 4.4 GeV/c2 

leptons 
0 < 3 eV/c2 < 0.19 MeV/c2 

vT 
< 18.2 MeV/c2 

leptons 
-1 e 

0.511 MeV/c2 105.658 MeV/c2 
r 

1777 MeV/c2 

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

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 
to 

affected 
particles 

exchange 
boson 

mass 
\GeVfc2] 

electric 
charge \e] spin 

strong colour 
charge 

quarks, 
gluons gluon (g) 0 0 1 

weak flavour quarks, 
leptons 

W+, W~ 
z° 

80.419 
91.188 

+1 , -1 
0 

1 
1 

electro
magnetic 

electric 
charge 

electrically 
charged photon (7) 0 0 1 

gravitation mass, 
energy all graviton 

(unobserved) 0 0 2 

Table 1.2: The fundamental interactions and their properties [GroOO]. 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 C P T 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 C P T 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
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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 H E R A - 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 H E R A - 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 
H E R A - 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 H E R A - B is oriented to the measure
ment of CP violation in the so-called "Golden Decay" B°/B° J/^K®, 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 C P violat ion in the Standard Mode l 
The neutral current (g, 7, Z°) eigenstates of the quarks, also called flavour, 
are not the eigenstates of the charged currents (W+

: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 VQKM which operates on the negatively charged 
flavour states d, s and 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 

(1.1) 



4 1. Introduction 

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 C K M matrix is necessary to implement CP 
violation in the Standard Model: If the C P T 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 C K M matrix as introduced by 
Wolfenstein [Wol83] in terms of powers of A = Vus « 0.22 since this shows 
nicely the hierarchy of quark transitions: 

/ 1 - |A2 A A 3 ^ ( p - i r / ) \ 
V c k m = - A 1 - | A 2 \2A + 0 ( A 4 ) (1.2) 

V AM(1 - p - i r j ) -X2A 1 J 

This parametrisation contains four real parameters A , p, 77, A, where A is 
the sine of the Cabibbo angle sin 9C. 

The unitarity of the C K M 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: 

vudv:b + v^v;, + vtdvtt = 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,rj) as shown in figure 1.1. 
CP violation is thus implemented in the Standard Model for any 7/ / 0. The 
three angles of this "unitarity triangle" are defined as: 

a = arg (^4tH ^ = arg (^%) , J = arg • (1.4) 

\vudv:J \VuV*) \vcdvriJ 

The Golden Decay B°/B° J/^K® 
The measurement of CP violation is difficult in many physical processes 
since the amplitudes containing products of the C K M matrix elements are 
modified by strong interaction corrections. In the decay channel B°/B° —> 
J/^K°S 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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Figure 1.2: (a): Tree diagram for the golden decay (b): Penguin contributions 
to the golden decay. 
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experimental signature, as the J/^ can decay immediately into two leptons 
and the KQ

S will decay mainly into two charged pions, yielding the following 
decay chain: 

B°/B° -+ J/^K°S -+ 1+1-TT+71-. 

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 oc \A\2. 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 j3 can be determined by the measurement of the time dependent 
asymmetry ACP of the decay rates for B°/B0 decaying into the same final 
state: 

Acp(t) = — ~, ^ r=-n i XV = sin(20) sm(xt). 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 
j3 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 Jf^R®, 
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 
H E R A - 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 i / i = 41.57 GeV) 
and produce a rate of about 10 - 6 bb quarks per interaction1. Taking also 
into account the following branching fractions [GroOO] for the Golden Decay 
as shown in figure 1.3 and the probability Pb^B° to produce a B° (B°) from 
a b (b) quark: 

1 Assuming a abi of 12 nb, see [HB95]. 
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920 GeV 

signal b quark 

p 

tagging b quark ^ A 

Figure 1.3: The golden decay B° J/^K®. 

• 2 P b ^ B o ft 0.8, 

• Br(B°/B° ->• J/^>K°S) ft 0.5 • 8.9 • 10"4, 

• B r ( J / # e+e'/n+tr) ft 0.12, 

• Br(ifs
0 ->• tt+tt") ft 0.69, 

one yields a rate for golden decays of about 2.9 • 10 - 11 per interaction. In 
order to get sufficient statistics, H E R A - 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 MHz. Thus, in a year 
of operation (ft 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(2/3) ft 0.1, (9(1000) reconstructed and 
tagged J/^K°S would be needed [HB94]. 

The high interaction rate necessary to fight against the hadronic back
ground leads to particle fluxes inside H E R A - B as they are expected for LHC: 
(30 MHz • cm2)/r2 minimum ionising particles per cm2 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, H E R A - 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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B° 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(2/3) = 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 Exper imental 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 effect2 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 [Bro81]. 

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 K E K [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 (E~ : [Tro89], 
~° : [Hel83], E " : [Wah85], E° : [Duk87] , E+ : [Wil87]). The found polarisa
tions follow roughly the scheme (see e.g. [Hel85, Wil87] for a more detailed 
discussion): 

P ( A ) « P ( H " ) « P(H°) « - P ( E - ) « - P ( E ° ) « - P ( E + ) . 
2That is, if the expectation value of the projection of the spin a onto a direction vector 

ft is non-zero: < a • ft >^ 0. 
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A S 
n P N ( 9 3 9 ) 

-1 0 

.0 
2 + 2 ( 1 1 9 3 ) 

A ( 1 1 1 6 ) A 0 

- - 2 o 
H(1318) 

Figure 1.4: The spin-parity Jp = \ baryon octet. Strangeness S is drawn 
versus the third component of isospin 73. 

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: 

• pt'. Transverse component of the total momentum of the hyperon rela
tive to the proton beam direction. 

• XF'. Feynman x of the hyperon: XF = „ s ~ ^ t , with pi 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 

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

• The A hyperons are polarised transverse to the production plane along 
— (Pbeam ><PA) while the polarisation of A hyperons is compatible with 0, 
see figure 1.5. 

pA AX. 

• The magnitude of the polarisation increases linearly with the A pt , see 
figures 1.5 and 1.6 (a). 


