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From CP violation in primordial baryogenesis to the role of
detector alignment in the HERA-B spectrometer

Joao Miguel Nobre Batista

Resumo

Um dos grandes desafios actuais para a Fisica de Particulas e para a Cos-
mologia é a explicacdo de uma constatacao tao fundamental quanto impor-
tante: o Universo possui apenas matéria, ou pelo menos esta é bastante mais
abundante que a anti-matéria. O objecto de estudo central das teorias de
bariogénese é explicar a evolugdo de um Universo “
um estado “quase vazio” e ligeiramente assimétrico, com base no conheci-
mento daquelas duas areas da Fisica.

Um requisito fundamental dos processos bariogénicos é a violacao da
conservagao de simetria CP em interacgoes de particulas fundamentais. A
medicao deste fenémeno em experiéncias de Fisica Experimental de Particulas,
concebidas para o efeito, é dificil por duas importantes razoes. Em primeiro
lugar, as incertezas associadas a medicao dos parametros que descrevem a
violagao de CP sao, geralmente elevadas, apesar da qualidade e rigor em-
pregues na concepgao, construgao e operacao dos detectores usados nessas
experiéncias. Em segundo lugar, os eventos de interesse para o estudo do
fenémeno sao bastante raros. Para minimizar os erros de medicao, é im-
portante um bom conhecimento da resposta do detector. Nomeadamente,
importa saber em que medida a deslocacao de partes do detector influi na
reconstrucao dos eventos que servem de sinal.

A experiéncia HERA-B foi concebida para estudar a violagao de cp
no decaimento de mesoes B. O software de reconstrugao de eventos em
HERA-B foi usado para estimar a ordem de grandeza de deslocamentos do
detector que influem na reconstrucdo de decaimentos B°/B? — J/y K3,

vazio” e simétrico, para

0s quais sao um importante canal na medicao de violacao de CP. O foco
deste trabalho é a reconstrucao de trajectérias de particulas para diferentes
disposigdes geométricas do detector de HERA-B, para eventos simulados
daquele canal de decaimento. Foi também estudado um pequeno conjunto de
eventos, simulados e medidos, para verificar os resultados da reconstrugao.

PALAVRAS-CHAVE: Bariogénese primordial; violagao de C’P; experiéncia
HERA-B; reconstrucgao de eventos.
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Abstract

One of the current major challenges for Particle Physics and for Cosmology
is explaining a realization as fundamental as it is important: the Universe
has only matter, or at least it is much more abundant than anti-matter. The
central subject of the theories of baryogenesis is explaining the evolution of
a “empty” symmetric Universe, to an “nearly empty”, slightly asymmetric
state, based on the knowledge of those two major bodies of Physics.

A fundamental requirement of baryogenic processes is the violation of
conservation of C'P symmetry in the interactions of fundamental particles.
Measuring this phenomenon in High Energy Physics experiments, created
for this purpose, is difficult for two reasons. Firstly, the uncertainties asso-
ciated to the CP-violation parameters’ measurement are generally high, in
spite of the quality and rigor employed in the conception, construction and
operation of the detectors used in those experiments. Secondly, the events
of interest for C'P-violation studies are quite rare. To minimize the mea-
surement errors, it is important to have a sound knowledge of the detector
response. Namely, it is important to know how the displacement of detector
parts influences the reconstruction of signal events.

The HERA-B experiment was conceived to study CP violation in B
meson decays. The event reconstruction software of HERA-B was used to
estimate the magnitude of detector displacements with influence on the re-
construction of B%/BY — J/¢KY decays, which are important channel of
CP violation measurements. The focus of the present work is the recon-
struction is the of particle tracks for different alignment dispositions of the
HERA-B detector, in simulated events of that decay channel. A small set of
events, simulated and measured, was also studied, to check the reconstruc-
tion results.

KEYWORDS: Primordial baryogenesis; cp violation; HERA-B experiment;
event reconstruction.
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CHAPTER 1

Introduction

One of the Great Questions posed by Mankind refers to the origin of the
Universe, namely how it was created. Apart from those cosmogonies where
the Universe has “always” existed (which therefore immediately puts away
any creationist investigations), many others admit that some knowledgeable
entity was the driving force behind the creation of the raw materials of the
Universe — and also much of the finished product. But the attempts to
find out the manner by which something (or everything), regardless of its
complexity, can be created out from — for all practical purposes — nothing
was often put out on accounts of begin too complicated to solve and, on
some occasions, avoided althogether.!

Even until very late into modern science, the origin of matter in the
Universe was not properly addressed due to the lack of proper theoretical
tools. Only in the past 40 years or so has there been enough knowledge
gathered to concretely define a scientifically meaningful paradigm for the
creation of matter in the primordial Universe. In spite of this, the full and
satisfactory answer is still veiled, if only partly. The modern theories for
the creation of matter in the early Universe borrows from the both the very
small (Particle Physics) and the very large (Cosmology). The first hint to
the nature of matter came about in the first quarter of the XX century.

1.1 The discovery of anti-matter

The existence of anti-matter was proposed by Paul Dirac in 1927 [47], based
on his relativistic wave equation of the electron, which describes the quantum
state of a free, point-like (i.e., without internal structure) spin—% particle
that couples with the electromagnetic field. Dirac coped with the negative-
energy solutions in his “hole theory”, where they describe a class of particles
having quantities symmetric to those of the electron — such as electric
charge, momentum, and also energy. In Dirac’s model of vacuum, the £ < 0
energy levels are completely filled by an undetectable “sea” of electrons and

Tt is reported that, when asked what God did before creating Heaven, St. Augustine
ominously replied that “He was creating Hell for those who ask that question.”
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are therefore inacessible due to the Pauli exclusion principle. A detectable
E > 0 electron can be created by exciting one of the sea electrons. This
leaves a “hole” in E < 0 levels, which is physically indistinct to creating
a particle with charge opposite to the electron but with negative energy.
The energy required to excite both the electron and the “hole” so that both
have E > 0 is at least 2mec®. Dirac’s hypothesis for the existence of these
“anti-electron” particles was successfully verified in 1932 by Carl Anderson
[18], who found experimental evidence for the existence of the then-named
“positrons”; however, Anderson’s suggestion of renaming the electron to
“negatron” did not catch on [157].

It should be mentioned [82] that Dirac’s interpretation of the vacuum,
as a completely-filled sea of E < 0 particles, was abandoned after 1934, at
which time Pauli and Weisskopf [126] introduced a more sensible interpre-
tation of the negative energy free particle solutions of Dirac’s equation, by
reviving the probability density from Klein—-Gordon equation through the
definition of a electron charge-current density,?

JH = —ie(y oty — pOHyY™) | (1.1)

with = 0,...,3, 0* as the u-th component of the four-vector differential

operator <%, a%’ a%, %) (when written in cartesian coordinates), and the

electron wave function in the form
O(Z,t) x e P

In this form the current density J* is applicable to bosons (integer-spin
particles) and fermions (half-integer spin particles). Later on, Stiickelberg
(1941) and Feynman (1948) separately [147] [60] prescribed a formalism
based on the current density J#* — which is ultimately at the crux of the
introduction of Feynman diagrams, used on difficult calculations involving
current densities. In the Stiickelberg—Feynman interpretation, the positron
current density solutions J#(et) with energy —F and three-momentum —p
are equal to electron current densities J#(e~) with energy E and three-
momentum p. In this scheme, a system emitting a positron with energy —F
would behave as if absorbed an electron with energy E. This symmetrization
in terms of time can be easily understood attending that e i(=E)(=1) — o—iEt,

After the discovery of the positron, an increasing number of particles and
anti-particles were both produced in laboratory and found in cosmic rays.
There is now overwhelming evidence to the existence of anti-particles, and
therefore they are now recognized as entities in their own right, as are also
their particle counterparts. The anti-particles were found to have exactly
the same (absolute) intrinsic values — mass, spin, charge, etc.— as their
respective particles, as far as experimental accuracy allows it.

2Throughout the text, the natural units system ¢ = i = kg = 1 system will be used
unless stated otherwise.
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1.2 Matter in our Universe

It is well known that the matter permeating the Universe is not solely com-
posed of electrons; we must include the nucleons (protons and neutrons,
each of them being composed of three quarks), that together with the elec-
trons aggregate to build the atoms of which matter is made of. A full
description of these particles require more than electromagnetism.? Quan-
tum Electrodynamics (QED) is a very good description of the dynamics
involving electrons and positrons, and of the force’s carrier particle, the
photon; this theory is the simplest and earliest quantum field theory. The
Glashow—Salam—Weinberg (GSW) model of electroweak (electromagnetic +
nuclear weak) interactions may be written as an extension to QED — see,
for example, reference [21, chapter 2]. The GSW model incorporates QED,
but it also presents many other advances in the prediction of measurable
quantities — cross sections, decay widths, lifetimes, particle masses, etc. —
making it a more complete and very successful scenario for the interpreta-
tion of current High Energy Physics (HEP) results. One other theory is used
to describe the quark—quark interactions, namely Quantum Chromodynam-
ics (QCD). The GSW and QCD theories compound the current knowledge
of particle interactions, called the Standard Model (SM). The two theories
together are widely accepted within the scientific community on account of
their proven success in the result-prediction efforts within HEP experiments.
The measurements quoted in literature are often at the 0.1% error level.

The Standard Model lagrangian is the sum of the electroweak’s and the
QCD’s own lagrangians — see for example in references [82, chapter 15]
and [40, chapter 13]. In quantum field theories such as these, the laws
of conservation of certain dynamic quantities (like momentum or energy)
result from certain symmetries in those theories’ lagrangian, as ensured by
Noether’s theorem. Additional symmetries in the theory’s lagrangian may
exist, denouncing the existence of more conserved quantities. In either case,
the quantum operator of those quantities should commute with the theory’s
hamiltonian operator. An alternative way of expressing the conservation of
those quantities comes in terms of conserved currents, whose field divergence
would vanish; one example is the electric charge. experimentally verified by
the absence of experimental evidence for the violation of such laws. If those
conservation laws were disproved, it would not surprise much that it would
emerge from the nuclear weak sector of the Standard Model Lagrangian,
since past experience has revealed it to be at the origin of significant, albeit
small, violation effects.

At its core, the Standard Model imposes that the theory’s Lagrangian
be invariant under local gauge transformations, in order to ensure renormal-

3Gravity is left out from this frame due to its feeble strength (at our energy scale) in
relation to electromagnetism and nuclear interactions.
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izability — i.e., that any measurable quantity be finite. The effort to obtain
a renormalizable theory of those three interactions resulted in the present
Standard Model of particle physics, which has revealed to be very fruitful
in predicting several results. The gauge invariance principle, which started
as a way to describe Quantum Electrodynamics as a model quantum field
theory, has lend itself to such fruitfulness that it is nowadays at the basis
of extensions to the Standard Model theory. These extensions are sought
based on the belief that the Standard Model, in spite of its success in HEP,
is not a complete and final theory; a few theoretical* details (such as the
need for a significant number of parameters, to be input by hand) hint that
there should be a better theory, described by a single symmetry group that
incorporates the SM’s three fundamental interactions.

The motivation to extend the Standard Model comes also from scientific
areas beyond the Particle Physics realm. One may qualify the observation
of the Universe in two sentences [32]:

1. the Universe is not empty;
2. the Universe is almost empty.

Notwithstanding its success in the HEP community, it is not evident how
one uses the Standard Model to depict the particle interactions that origi-
nated the matter content of the Universe, under the Big Bang cosmology.
The Standard Model already incorporates some conditions necessary for gen-
erating matter — and anti-matter — at different rates (from annihilation
and recombination reactions X + X = 2v for example). These conditions
come from the violation of the discrete symmetries of charge conjugation
C:q— —q, parity P : 7 —7, and the operation of both C' P, which
would ultimately lead to a given reaction having a different rate from its in-
verse; this will be further discussed in the following chapter. However, since
in principle nothing prevents the particle interactions from being reversible
at the microscopic level, one expects that, under thermal equilibrium, some
given matter—creating interaction might cancel with its reverse, and conse-
quently (given enough time) dissolve the generated asymmetry between the
matter and anti-matter content. One other crippling fault to this scenario
remains in the Standard Model. If we assume the Universe to start out per-
fectly symmetric (no matter and no anti-matter, therefore no dominance of
one over the other), there is no obvious way under the Standard Model on
how to violate that symmetry. In effect, the SM’s Hamiltonian commutes
with both the baryon number and lepton number operators — which give
the number of baryons (three-quark particles like the nucleons) and lep-
tons (like the electron), respectively — making the corresponding quantities
conserved with time. Only quantum corrections might destroy those con-
servation laws, but the problem persists that it may not be strong enough

4Some might say “aestethical”. ..
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to recreate the extent of symmetry breaking. These arguments together are
strong motivators to look for extensions of the Standard Model where the
matter—anti-matter asymmetry might emerge naturally.

The set of those HEP scenarios, together with the standard or the infla-
tion Cosmology models, constitute the theories of baryogenesis. The major
objectives for the theories of baryogenesis are, on one hand, the prediction
— or better yet, “postdiction” — of the observed asymmetry parameter
71, which quantifies the extent of primordial matter generation, and on the
other hand the explanation of the causes behind the asymmetry. The com-
mon thread joining these theories is the Sakharov conditions [136], which
will be further discussed in chapter 2. One of these conditions is the vio-
lation of C'P-symmetry in particle interactions; the great interest on this
phenomenon lies in the fact that, along with C- and P—Symmetry violation,
it is the only aspect of the Sakharov conditions that has been measured in
controlled laboratory conditions so far and is passible of measurement in
today’s HEP experiments. Nuclear weak interactions typically violate those
three symmetries. Although the C and P symmetries’ violation is rather
conspicuous — as demonstrated in the results from Wu et al. (1957) and
from Goldhaber et al. (1958) — CP violation is comparably much weaker.
Besides the importance of C and CP violation for cosmology, in terms of
contributing for a baryon-asymmetric Universe through baryogenesis, they
are also significant for the HEP community as e.g. a means to measure the
electric dipole moment of elementary particles: its detection would hint that
these particles would, in fact, be composite [36].

It is currently believed that the decay modes of B? mesons exhibit larger
CP asymmetries than on the K° meson system, where CP violation was
originally measured [42]. The relative strength of C P violation is related to
the parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The
decay represented in figure 1.1,

BY — J/ip+ K2 | (1.2)

is a preferred channel since [108] it does not involve poorly known hadronic
elements of the CKM matrix in the former’s transition amplitude. In this
system, C P violation manifests as a time-dependent difference between the
B° and B (its anti-particle) transition rates.

1.3 Purpose and overview of this dissertation

The bulk of the work presented in this Dissertation concerns the analysis
and validation of a limited set of HEP events that were detected, recorded
and reconstructed within the HERA-B experiment. This experiment was
designed to “study C P violation in the B meson system”, as stated in its
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Figure 1.1. One of the

T tree-level Feynman dia-

gu  grams for the BY me-

b w son “golden” decay (1.2).
c The blobs represent the

initial- and  final-state

By particles.  Their quarks
(straight lines) are as-
5 sumed unbound at decay,
d K2 and hadronize at the final
state.

proposal [108], with the “golden decay” (1.2) as one of its prime CP vi-
olation channels. Although measuring CP violation-related parameters is
beyond the scope of this Dissertation, I investigate the extent to which the
alignment of the HERA-B detector influences the reconstruction of a given
event. This becomes even more important in a situation where limited statis-
tics is available. In such case, it is important, and feasible, to thoroughly
investigate the individual software-reconstructed events constituting the sig-
nal. This Dissertation will present how a few candidate events to (1.2) are
reconstructed with HERA-B’s software.

The remainder of this Dissertation is structured as follows. Chapter 2
synthesizes some important elements of primordial baryogenesis scenarios.
It will present concepts of Cosmology and equilibrium thermodynamics rel-
evant to an adequate motivation of the subject in terms of the standard def-
inition of the requirements of baryogenic interactions, called the Sakharov
conditions. The same chapter will skim through one fundamental aspect
of the Sakharov conditions in terms of the interactions between particles,
namely the violation of CP symmetry conservation in nuclear reactions. In
chapter 3, HERA-B is presented as an experiment conceived to precisely
measure C' P violation using specific and clear physics channels, such as the
golden decay (1.2). Chapters 4 and 5 delve into the event reconstruction
of BY meson decay candidates in HERA-B, first using Monte-Carlo events
with simulated reconstruction for this experiment, and next from a sample
of selected events recorded during the experiment’s physics data acquisition.
Finally, Chapter 6 summarizes the main findings of this Dissertation.



CHAPTER 2

Primordial baryogenesis and
C'P violation

“As excepgoes tém sido o ludibrio dos mais assisados pensadores,
tanto no especulativo como no experimental.”

— Camilo Castelo Branco (1825-1890) [35]

The theories of baryogenesis, which where introduced in the previous chap-
ter, describe the plausible mechanisms for creating matter and anti-matter
at different rates to lead to an asymmetry, in the form of matter “residue”
after those reactions cease. These theories seek then to explain the final
quantity of matter of the Universe relative to the cosmic radiation back-
ground. The main focus of these theories is often on baryons (bound states
of three quarks) instead of leptons (electron, muon, tau, and respective neu-
trinos) or mesons (quark-antiquark pair particles). The reasons for this are
the following:

e The present-age Universe is matter dominated, as is described in the
standard cosmology [101]. In other words, the main contribution to the
Universe’s energy density comes from matter — whether from atoms
or exotic particles.

e Disregarding the possible existence of exotic long-life particles, the
main contribution to the matter content of the Universe should be
from atomic matter.

e For atomic matter, the main mass contribution comes from nucleons
— they are much heavier than electrons and typically more numerous.

As stated in the previous chapter, in face of the Sakharov conditions, the
conservation of the baryon number in the Standard Model makes a strong
case for the search of alternative quantum field theories. Nevertheless, some

1 “Exceptions have been the deceit of the most knowledgeable thinkers, both in the
speculation and in the experimentation.”
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theoreticians also look for clever mechanisms that lead to a baryon number
violation within the SM, spe(nﬁcally under the context of electroweak baryo-
genesis. However, it is found that C' P violation in the SM might be too weak
to generate enough baryon asymmetry if quantum field phase transitions are
not sufficiently abrupt, see e.g. [59]. Therefore, alternative scenarios to the
SM are investigated, such as supersymmetric models (also involving elec-
troweak baryogenesis) and Grand Unification Theories, although they too
have their own shortcomings. These theories describe new channels for Cp
and baryon number violation occurring at energies higher than the elec-
troweak scale 0 (100GeV).

2.1 Baryon asymmetry parameters

2.1.1 Baryon-to-photon ratio

To quantify the assertion “the Universe is almost empty”, we will center the

discussion around the Universe’s baryon—to—photon ratio, also called the

asymmetry parameter

ng —np
nyo

n (2.1)
In this expression, np —np is the difference of baryon and anti-baryon num-
ber densities and n., is the density of cosmic microwave background (CMB)
photons; these densities are given as the species’ quantity per comoving vol-
ume unit. It is believed that at our era the typical energy density is too
low for baryogenesis at the cosmological scale, therefore np — nji should
reasonably remain constant. Furthermore, since there is no definite proof
of large concentrations of anti-matter in the large-scale Universe (following
pages), it is customary to make np —ng ~ np for our era. Accordingly, we
define 19 = np,/n4,0 as the asymmetry parameter measured at our era.
The current estimate [62] for the baryon—to—photon ratio is

2.6 < np x 1010 < 6.2 (2.2)

and has been inferred from primordial nucleosynthesis (the deuteron—to—
hydrogen ratio, [°H/*H]), as opposed to direct observations of baryonic mat-
ter — which account for roughly one third [49] of the quoted value for 7.
The abundances of light elements produced in the first stages of the Uni-
verse are sensitive indicators of the baryonic number density at that epoch.
In other words, for each ~ 10'° baryon-antibaryon pair? that annihilated
to create the presently observed CMB radiation, one baryon does (did) not
annihilate! It is assumed that the asymmetry is not significantly modified
at and after the nucleosynthesis era.

2In rigor, all flavors of fermions should be accounted. However, at the present cosmo-
logical age the asymmetry derives mainly mainly from nucleons.
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The baryon—to—photon ratio 7y is related to the ratio of baryon—to—
critical densities Qg = pp/p. by [62]

Qp = 3.66 x 10" e H 2 | (2.3)

with Hy = 71 £+ 7km s~ Mpc~! as the present-era Hubble expansion rate
and

3H?2

pe = g = 276 10°H2MoMpce ™ =1.88 x 1073 H?g em ™3 (2.4)
TGN

as the critical density of the Universe. The baryonic matter density of the
Universe Qp = (0.023 4 0.001)/(Hy/100)? amounts to roughly 17% of the
matter density Q,, = (0.134 £ 0.006)/(H,/100)? [144].

The CMB photon density n-(7T) can be written as

1 (keT\® T a2
n7:_< B )/ T e ~20.373 K3 cm™? (2.5)

w2 \ hc et —1

(kp is the Boltzmann constant, & is the Planck constant, and ¢ is the speed of
light in vacuum). The integral evaluates as 2¢(3) ~ 2.404, with ((n),n € N
as the Riemann zeta function. The expression for n, may also be written in
the natural units system?

2.404
Ny =—>5

T3 . (2.6)
T
Given the current average CMB temperature 7' = 2.725 £ 0.002K [120], we
then get

n,(T = 2.725K) = 411cm ™ . (2.7)

Calculating the baryonic number density is more tricky, though. Naively,
one could attempt counting the galaxy density in the largest region observ-
able, and from assumptions on the typical mass of those galaxies obtain
a ballpark value for np — nz from the number of nucleons. Making such
estimate is, expectingly, very difficult: it would require deep field surveys of
extensive portions of the sky, with exposition times long enough to reveal
the faintest and farthest galaxies. This has been done, though for small sky
areas, which naturally have different galaxy densities. At small cosmological
scales, the Universe is very inhomogeneous, with high density regions like
the Virgo cluster, with about 2000 galaxies within a 15 Megaparsec radius,
interspersed with regions comparatively void of galaxies such as the Bootes

3In this units system, useful in High Energy Physics and Cosmology, ¢ = i =k = 1
are adimensional constants. Consequently, many expressions are considerable simplified
and measurable quantities come in units of e.g. energy: cross sections are given in GeV ™2,
coordinates and time in GeV'/2 temperature in GeV (1GeV = 1.0080 x 10'°K), etc..
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void, with a radius of 100 Megaparsec [39]. Using typical values for galaxy
density (Virgo cluster), number of stars per galaxy (our own has 10'!) and
star mass (2 x 10*'kg for our Sun), we get 2 x 10*'kg (intergalactic matter
is disregarded). Assuming this mass is entirely composed of atomic mat-
ter, the average atomic number is around A = 76% x 1 4+ 24% x 4 = 1.72
(the percentages are respective abundances of hydrogen and helium in the
Sun). Correspondingly, the nucleon density of the Virgo cluster should be
7.0 x 1057 /(47 /3 x (10%cm)3) ~ 1.7 x 10~8ecm ™3, and the resulting asym-
metry parameter (ng —njg ~ np ~ Nuucleons) 1S just one order of magnitude
below the quoted value:

1.7 x 1078
4 x 102

It must be noted that however close this estimate is to the measured value of
no for the whole Universe (2.2), and even in face of the observed homogeneity
of the Universe in terms of its cosmic background radiation distribution, this
is still a fortunate coincidence — as it pertains only to the Virgo cluster.
Nevertheless, to measure the effective baryonic number density ng —n g one
must still somehow count the number of nucleons in the Universe. For atomic
matter, it suffices to count only atoms of light elements, since heavier atoms
from e.g. stellar synthesis have a diminute contribution to the cosmological
abundances.

It so happens there is no evidence of significantly large domains of anti-
matter in the Universe: it is assumed that some physical process produced
this matter—antimatter asymmetry at early times, which produced a matter
excess after the antimatter annihilation, finally leading to nz < np and

n(Virgo cluster) ~ ~4x107H . (2.8)

n ~ 19 = np/n~. The fraction of anti-protons to protons in cosmic rays is
nz/ny ~ 3 x 107* [101] and consistent with the hypothesis of cosmic rays
collisions with the interstellar medium. The fraction of light anti-nuclei to
nuclei in the nearest 10 Megaparsec is nyg/ny, < 107° [39]. There is also
no strong evidence of regions dominated by anti-matter farther than the
Mpec scale. If they existed, it is expected that the strongest sign of pres-
ence of such domains would be a flux of annihilation radiation from the
interface with matter domains; assuming negligible interface dynamics, this
would show as energy spectrum peaks around or at e.g. the proton rest mass
and/or electron rest masses (938MeV /c? and 0.511MeV /c? respectively), or
at [49] twice the proton rest mass (p + p — N, followed by 70 — 27).
These facts point to a maximal baryonic asymmetry at the galactic scale.
For very large scales the evidence for whether the baryon asymmetry
persists or not is more scarce. Suppose that the Universe is locally baryon
symmetric. In this situation, the nucleons and antinucleons are in thermal
equilibrium down to ~ 22MeV when they tend to aggregate as atomic nuclei.
At that point, the baryon-to-entropy ratio (described in the next section)4 is

“For now we may use s ~ Tn., see (2.6) and (2.9).
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ny/s = np/s ~ 7 x 10720 [101] [134], which is around 9 orders of magnitude
lower than the observed value. To prevent the catastrophic annihilation,
the separation of matter and antimatter should occur when ny,/s = nj/s ~
8 x 10710 which corresponds to a temperature around 38MeV [101]. At this
energy the Universe was t ~ (1MeV /T)~2 = 0.7ms old, with a corresponding
causal comoving element of size ¢t ~ 107"Mpc encompassing ~ 1077 M,
[134]. On the other hand, no significant domains of antimatter are found
in patches containing 102M to 10'4M,, which contradicts the original
supposition of local baryon symmetry.

Remarkably, the elemental abundances of primordial light elements de-
pend almost solely on 79 [34]. As will be described in the following sections,
at the nucleosynthesis and lower energy scales at a time scale — correspond-
ing to a time later than ¢t ~ (T/IMeV -s'/2)=2 ~ 1s — the reactions gener-
ating baryon asymmetry have stopped and 7 remains reasonably constant.
The constancy of the n parameter is not, however, maintained throughout
the Universe’s history. Indeed, the particle annihilation processes increases
the number density n. for low enough temperatures 7' S m. For this effect,
the baryon-to-entropy ratio ns = np/s is the parameter of preferential use
in the subject of baryogenesis.

2.1.2 The baryon-to-entropy ratio

In the expanding Universe [101], the second law of thermodynamics applied
to a unit comoving volume with physical volume V = R? implies that

TdS = d(pV) +pdV = d[(p+ p)V] — Vdp ,

where p and p are the equilibrium energy density and pressure, 1" is the
equilibrium temperature and S is the entropy. Moreover, the integrability
condition,

%S B 0?8
orov — ovorT
relates the energy density and pressure:
dp
T— =
or equivalently,
T

It follows that

1 dr  [(p+p)V
dsS = fd [(p+p)V]—(p +p)Vﬁ =d T + const.
The entropy density s is [101]
S p+p 2n?
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where

s = Y 4 <§>3+§ > w (%)3 (210)

i=bosons j=fermions

is the number of degrees of freedom of “massless” (m; < T') particles® and
T is the thermal bath temperature. The approximation in (2.9) results
from the dominant contribution of relativistic particles such as photons and
neutrinos [134]. Assuming 3 massless neutrino species, and considering that
at T < m, only the photons are in equilibrium, we have®

gxs(today) :2—i-Z X 2% 3 X i =3091.
8 11

During most of the Universe’s history, the entropy per unit comoving vol-
ume s has remained reasonably constant due to local thermal equilibrium.
Then, since s o« R~3 (R is the time-dependent scale factor for distances in co-
moving coordinates), gs(T)T>R? remains constant as the Universe expands.
Therefore, the number of a species X in a comoving volume, Nx = R?nyx
varies with the inverse of s, i.e. Nx o nx/s. The “good” parameter is in-
stead the baryon number density per entropy density (again, measured in a
given comoving volume),
np —npg

. .

0 (2.11)

2.2 The Sakharov conditions

Prior to the publication of Sakharov’s paper in 1967 [136], the bulk of the
scientific community believed that, at the beginning of the Universe, either:

1. all quantum numbers were cancelled — hence there was “nothing”
before the Big Bang; or

2. some quantum numbers were not zero — therefore there was “some-
thing” before the beginning of the Universe.

The second scenario had the advantage that, having the adequate quantum
numbers (e.g. the total baryonic number of the Universe) different from zero,

5The relative factor 7/8 accounts for the different equilibrium densities for the Fermi—
Dirac and and the Bose-Einstein statistics [101]. The particle species’ temperatures are
not all the same, although their assemble is at a local equilibrium temperature 7. For
neutrinos and photons [34] at kT < me, entropy conservation yields T, = g,/(gy + %ge) =
(4/ 11)1/ 37T,; at this temperature scale, neutrinos have decoupled from the remaining ther-
mal bath consisting of v,e*. On the other hand, for higher temperatures my 2 kT 2 me,
the additional relativistic degrees of freedom from electrons and positrons yield T, = T7.

5The factor 4/11 comes from the ratio of entropies for two states of the system
et +e” = 27. See e.g. [101].
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offered a way out of a catastrophic annihilation of matter into radiation af-
ter primordial stages of the Universe — some process would translate those
quantum numbers into matter, albeit the number density of the radiation
field would predominate as it is at present. This scenario uncomfortably
suggests, however, the existence of a mechanism outside the Universe that
would generate the presence of non-zero quantum numbers before the Big
Bang; the “discomfort” comes from the generalized philosophical belief that
the Universe contains everything (space, time, and matter/energy density
with given quantum numbers) and therefore nothing else exists outside of it
— the perspective that the “region outside” the Universe had any baryonic
number (or other quantum number for what matters) seems at least strange
under such point of view. The first scenario, however, passes over this discon-
certing hypothesis: the single problem remains in finding the set of physical
properties that leads from a perfectly symmetric Universe (a balance be-
tween matter and anti-matter through the radiation field, X + X = 2v) to
one where either matter is predominant.”

In his ground-breaking publication, Sakharov describes the set of prop-
erties required by eligible matter-generating processes. Those properties are
now known as the Sakharov conditions. Under these, the set of physical
processes that enable baryogenesis must:

1. Violate the conservation of total baryonic number B.
2. Violate the conservation of both C' and C'P discrete symmetries.
3. Occur away from a state of thermal equilibrium.

In the first two conditions the term “violation” means that the physical
system has different values for the enumerated quantum numbers before and
after the responsible physical process. All these three conditions must be
met concomitantly for baryogenesis to happen. Sakharov’s work remained
mostly unnoticed for about seven years, until the hypothesis for baryon
number violation found a suitable theoretical paradigm in the form of the
Grand Unification models; for an in-depth description of the investigation
in baryogenesis see [49]. The work volume on the subject of baryogenesis
has grown steadily over time. Presently, the depth and complexity of the
investigation is only matched by the scarcity of related publications from
those early years.

Though evidence points out that the matter—antimatter asymmetry is
maximal, at high temperatures the quarks and anti-quarks existed in large
quantities coupled with the thermal bath, n, = ng ~ n,. Therefore, given

"The choice for naming the baryogenesis-favored mass content of the Universe as “mat-
ter” is anthropomorphic. However, this convention does not affect the writing of the
physical laws, as matter and anti-matter behave differently under C' and C'P symmetries.
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the present asymmetry, this points out that a very small asymmetry must
have existed at remote times (¢t < 107%s), with [101]
Nq

1~ 3% 1078,
Uz

The rest of this section describes the so-called out-of-equilibrium de-
cay scenario as an example of baryogenesis model [101]. In an expand-
ing Universe, the abundance of massive baryogenic particles is thermal,
nx = ng ~ n,. However, for T" < mx an overabundance of X and X
arises, and finally for 7" < myx these particles freely decay and their regen-
eration is thermally surpressed. The final baryon number—to—entropy ratio
is given by (2.23). Still in [101], a more realistic model is worked out (but
not developed here), which involves the Boltzmann equations to study the
evolution of baryon asymmetry. What is most remarkable about those equa-
tions is how the Hubble constant H, typically showing up in Cosmology (the
“Very Large”) appears along with quantities related to Particle Physics (the
“Very Small”). For example, the equation for the evolution of the number
density nx of a heavy boson X (e.g. decaying as X — bb) can be written as

d?”LX 4 4 de dﬁx
—_— H = E 2 — ¢ =
i +3Hnx / |M, ] )8 (px g p$z> 3By | | 28,

= —F§?C'(nx —ny) (2.12)

with px and p,, as the four-momenta of X and its decay products z;,
fr(E) = exp(—(F — u,)/T) as the phase space densities of the particle
species 7 = X, z;, I’glfc as the thermally-averaged decay width of X, n{" as
X’s equilibrium number density, and the integration symbol running through
the three-momenta elements dpx and dpy,.

2.2.1 The violation of the baryon number conservation

The first Sakharov condition might seem a tautology — after all, we are
looking to describe the means by which the Universe evolves into a state
of differing baryonic number. However, to this day no definite interaction
has been measured in laboratory that registers a different net value of B
before and after its occurrence, i.e. AB # 0. In fact, the Standard Model
expects that B is globally conserved (at least at first order), which can be
written as the vanishing of the commutator of this operator with the SM
classic hamiltonian, BH — HB = 0. Surprisingly, it is still possible for
B conservation to be violated within the SM [49] [148] through anomalous
quantum mechanical effects of higher order — namely, chiral anomalies [10]
[28]. However, these electroweak-scale effects seem too faint to ultimately
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account for the observed baryon asymmetry of the Universe.® Nevertheless,
and according to the Sakharov conditions, “B violation” is essential for
baryogenesis. This shortfall of the Minimal Standard Model constitutes a
strong argument in favor of the search for New Physics.

Several alternatives have been proposed which naturally include B-violating
reactions. One such set of theories are the Grand Unified Theories (GUTs),
which describe the strong, weak and electromagnetic interactions under a
single symmetry group, in a similar way to what the Electroweak theory
does to unify the electromagnetic and the nuclear weak interactions. GUTs
accept heavy bosons with decay into quarks and leptons and for which B vi-
olation is naturally unsurpressed. Due to the great stability of the proton,
with a decay rate lower bound estimated at 75> > 5 x 103?years, the GUT
energy scale should be much higher than what is possible to attain with our
technology,

M4
Tp ~ (GéUng)fl ~ 27)(5 ~ 10%years = My ~ 10"°GeV ,
acur™p

with Ggur as the GUT-scale coupling constant and agtrong ~ aguT >~ 0.1
as the nuclear strong interaction’s coupling constant at GUT scale.” Fur-
thermore, considering couplings with the Higgs boson, the energy scale es-
timation can be brought down to 101°GeV [101], which makes for a strong
surpression of these processes at the electroweak scale. In spite of the initial
enthusiasm build around GUTs as a possible mechanism for large baryogene-
sis, its adequacy has been questioned. Riotto [134] remarks that X-mediated
interactions are adequate, but insufficient, for B violation. Other GUT the-
ories, such as the simplest theory described by the SU(5) gauge group, has
been ruled out by its prediction of the proton lifetime TSU(S) ~ 10%years.
Experimental results obtained at LEP suggest that the supersymmetric ex-
tension of SU(5) gives a viable candidate; see [134] and references therein.

Though GUTSs, beyond their simplest versions, seem the most obvious
candidates (due to naturally incorporating B-violating reactions), the super-
symmetric (SUSY) extensions to the Standard Model present another chance
for massive B-violating bosons. Currently, the most fashionable scenarios
use the electroweak baryogenesis theories [49]. These enjoy the advantage
of allowing experimental tests at the currently-accessible accelerator ener-
gies 0(100) GeV, which is much lower than the energy scale of competing

81t is estimated that the proton decay p — e™n®, which violates B conservation, has

a very large lifetime, 7, > 1033years. Would the baryon number be absolutely conserved
[128] as a result of a local gauge symmetry, and one would expect to find a long-range
field couple to it, for which no evidence has been found (the upper limit for such coupling
is less than 10™° of gravitational coupling).

9The actual energy scale estimation depends on the chosen GUT theory, and can
range from 10'*GeV-10'°GeV for non-supersymmetric GUTs to 10'°GeV-10'8GeV for
supersymmetric GUTs. See e.g. the chapter on Grand Unified Theories on [52].
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theories — for SUSY GUTs it lies in the 10'GeV-10¥GeV range. In all
these theories, the B-violating processes might also stem from lepton num-
ber violating processes, which is generically named as leptogenesis; in those
scenarios, B+ L is violated but B — L is conserved throughout. Other gener-
ators of baryogenesis were also investigated, such as black hole evaporation
and topological defects [48] [49].

2.2.2 The violation of charge conjugation, parity and charge-
parity symmetries

It is known for roughly four decades that the charge conjugation C and
the parity P symmetries are maximally violated in weak interactions [159]
[75]. As stated in section 2.3.2, in roughly eight years it was found that,
beyond parity violation, also the cp symmetry was not perfectly conserved
in nuclear reactions. The extent of C'P violation is less impressive than
that of C' or P, but is still enough to produce very significant effects. C'P
violation has been parameterized in the Standard Model of Particle Physics
through the CKM mechanism. However it is not yet completely understood
what causes C'P violation and why, which leads to assume that it may also
occur at energies above the electroweak scale 0(100GeV) attainable with
particle accelerators. A knowledge of C P violation at different energy scales
is very important for baryogenesis because it was assumedly very significant
at energies far above the electroweak scale, where processes other than quark
decays may become more significant. As stated at the end of section 2.2.3,
C'P violation does not have to be too large to produce viable B-violating
effects; the main interest lies in finding the theory that correctly predicts
the observed asymmetry.

It is known in principle that antiparticles are not mere mirror reflections
of particles — they have essentially distinct interactions and are produced
with different probabilities in C’—conjugated processes. The “C'PT theorem”
was formulated by Schwinger and Zumino, and later on was demonstrated
by Liiders [109] and Pauli; refer to e.g. [80] and [36] for details. In reference
[163], Zumino and Liiders investigate some consequences of Nature’s invari-
ance under CPT symmetry. Due to this theorem — which implies that
all interactions remain symmetric under the operation of C, P and time-
reversal T— the different behavior introduced by a C P-transformed system
Corresponds to a difference under the time reversal operatlon As a result
of CPT symmetry, the masses and total decay widths'® must be equal for
particles and anti-particles. However, the probabilities of specific channels
should be different for charge-conjugated processes if both the C and CP
symmetries are broken. As noted in reference [49], this effect involves at
least next-to-leading order (NLO) terms in a perturbation theory, in the

"The decay width of a particle is related to the inverse of its lifetime, T' = h/7.
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form of corrections of the inelastic rescattering of the decay products. This
contributes to suppress C and CP violation.

Next is reproduced a toy model described in reference [101]; see a sim-
ilar analysis in [134]. Consider two massive bosons X and Y which have
B-violating decays. For simplicity, we may consider the bosons to have
only two decay channels each, with quark and lepton final states — e.g.
X — qq and X — g [, which respectively have final state baryon numbers
Byq = 2/3 and By = —1/3 and branching ratios r = I'(X — ¢q) and
1—r=T(X — ql). For a general definition of the decay width I" refer to
section B.6 in appendix.

The antiboson X decays as X — g (Bzz = —2/3 and branching ratio )
and X — ¢l (By = 1/3 and branching ratio 1 —7). Though the decay widths
of X and X must be equal because of the CPT theorem, no assumptions are
made for r and 7 a priori. In fact, it happens that C and CP are violated
if the asymmetry parameter esp = r — 7 # 0, defined from the average
baryonic number of the X X system,

2 1 1
BX—§T+<—§>(1—T’): ’I"—g,
2 1 1
BX:<—§>f—|—§(1—f):—’F+§.

A similar reasoning can be applied to the Y'Y system. Generalizing for an
arbitrary number of final states f, the asymmetry parameters would be

- :ZBfF(X — f)—=T(X — f) (2.14)
f

T'x ’

. :ZBfF(Y — f)r—yr(if - f) , (2.15)
f

with I'x and I'y as the respective total decay widths of X and Y. In this
simple model the total asymmetry is € = ex + ey

Given the bosons’ decay modes!! X — fifo, X — f3fs, Y — f1f3 and
Y — fofy for fermion states fi, f2, f3, f1, the lagrangian can be written as'?

L=gXfifi+aXfifs+aYflf+uYfif, +he, (2.16)

with (possibly complex) coupling constants g1, g2, g3, g4 at each decay vertex
and X, Y, and the f; and f;r representing the particles’ currents in the
respective decay modes. The tree-level processes do not contribute to e
since

DX = fif2) = g Ix =T(X — fif2) = |91 L%

" The final state particles are hereon, and to the end of this section, indexed to allow
easier evaluation of the subsequent expressions.
12The abbreviation “h.c.” stands for “hermitian conjugate” of the preceding sumation.
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with Ix = I; as kinematic factors obtained from the phase space integrals
(see e.g. the discussion on equation (B.39) in appendix B). The lowest-
order non-vanishing contribution to € comes from terms corresponding to
tree-level graph interferences with one-loop correction terms (see figures 2.2
and 2.3). The interference terms are given by

DX — f1f2) =195939: xy + (91959391 xy )" (2.17a)
D(X — fif2) =91929394xy + (91929394 xy)" (2.17b)

with Ixy as the kinematic factors for these diagrams. For example, for
diagram (a) in figure 2.3, Ixy accounts for the integration over the final
state phase space of fo and f; and over the momenta of the internal states
f1 and f3. As explained in [134], Jm Ixy # 0 if any internal line propagates
on mass shell,'? thereby picking the pole of the propagator,

1
P2 —m? +ie

1

with € — 0 and P.V. standing for the Cauchy principal value (equation (2.18)
is derived elsewhere, see e.g. [78]). This happens if Mx > m; + my and
Mx > mg + my — as is the case for light fermions.

The difference between (2.17a) and (2.17b) gives

D(X — fif2) —=D(X — fif2) =21IxyTm (g9,959391) + 21 xyTm (g7 929594) =
=4Tm IxyIm (g1 929394) -
(2.19)

For the remaining decays of X and Y the expressions are similar. The
baryon asymmetry is then

4 .
Ex = aJmIXYJm (91929394) [(By, — By,) — (B, — Byy)] . (2.20a)

Repeating the calculations for Y, we have

4 o
gy = _EJm Iy xJm (91929394) [(By, — Byy) = (B, = By,)l - (2:20b)

Three conclusions may be extracted from this simple model. In the first
place, it requires that a X, Y pair of B-violating bosons exist, each with mass
greater than the sum of masses of final state fermions, to give Jm Ixy # 0.
Secondly, we see that C and CP violation manifests at second and upward
orders, which results in that the processes are suppressed by factors of a!¥
for a coupling constant « and N loops. Thirdly, X and Y must not be
degenerate mass states, I'x # I'y, otherwise the baryonic number of the
products of X would cancel with the baryonic number of the products of Y.

13 A particle is said to propagate “on mass shell” if its four-momentum satisfies oy =
E? — 5% = m?; otherwise, it is said to propagate “off mass shell”.
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Figure 2.1.

Figure 2.3. Some interference terms between the diagrams 2.1 and 2.2 for the
squared amplitudes of X decay. The vertical dotted line cutting through the fermion
lines represents a unitary cut applied to them — it means the corresponding prop-
agators are evaluated on mass shell.

2.2.3 Departure from thermal equilibrium

The third condition — namely, the system’s departure from thermal equi-
librium,'* — is required so that matter-anti-matter asymmetries (generated
by B—, C- and C’P—violating processes) are not dissipated. Under thermal
equilibrium, any asymmetry caused by a given reversible reaction ¢ = f is
inevitably diluted by its inverse reaction, even if the direct reaction’s rate is
higher than the inverse’s, 7,y # 7y_;. To prevent the thermalization of the
reaction products f of an arbitrary asymmetry—generating reaction, those
products should be drawn apart faster than the time required to restore
local equilibrium through recombination f — ¢. This condition is satisfied
by the expansion of the Universe. For the departure from thermodynamic
equilibrium to occur, the space-time expansion rate H should be greater
than the direct reaction’s rate 7;_,; = Fl_i £ i.e. we have 7;_,y < H, leading

to an overabundance of particles from the initial state i.

Kolb and Turner point out [101] that, in the scenario of the “hot Big Bang” Standard
Cosmology, the Universe cannot achieve a rigorous state of thermal equilibrium; however,
in most of its history it is in a state close enough to equilibrium.
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Taking again the toy model from the previous section [101], in local ther-
mal equilibrium the number densities of bosons X and X follows separate
regimes according to the thermal bath temperature,

Ny T2z mx
nx =ng ~ . (2.21)
(mx /T)%2e=mx/T T <mx

The equilibrium holds as long as the creating and annihilation rates of X and
X are greater than the rate of expansion of the Universe. The X + X — 2
annihilation process is “self-quenched”, since its rate Tann. = F;nln. X nx;
therefore, only the decays of X and X are considered. For high temperatures
T z myx the rates 7x_.y ~ 7/ x ~ amgf/T, and for low temperatures
T < mx we have 7x_,y < amx and Tr_x ~ amX(mX/T)g/Qe_mX/T;
a ~ g%/4r is the coupling strength of the X boson. For 2 = 2 B-violating
scattering processes mediated by X and X, the scattering rate is 7, ~ no ~
T3 /(T? +m%)2. The rate of expansion is given by H ~ gi/QTQ/mpl for a
Planck mass mp;. At high temperatures the decay rates are further inhibited
by the usual time dilation factor. For low temperatures the inverse decays
f — X are suppressed by the Boltzmann factor e ™x/T_ The scattering
cross section o for the 2 = 2 processes is oc 772 for T > my and o T? for
T < mx. It should also be noted that the reaction rates 7 depend on mx,
but not H.

The most significant reaction rate for baryogenesis comes from the decay
width 7x_.; due to its influence on the regulation of the bosons’ number
density. The parameter

TXf ampj

K= (2.22)

2H IT=mx - 3-391/2mx

measures the decay effectiveness for the temperature scale T' ~ mx at which
the gauge bosons X, X must decrease in number if they are to stay in equilib-
rium. If K < 1, for T ~ mx we have 7x_y < H (equivalently: 7x 2 t) and
the bosons do not reach thermal equilibrium. Below the threshold T ~ mx
the bosons are overabundant until they decay, nx = ng ~ n, and there is
no exponential suppression. For an average baryonic number ¢, the result-
ing baryonic density is enx ~ en,. The entropy density is s ~ g.n, and
consequently we have
npg ENy 93

Ng X —— ~ ~— . (2.23)
s 9xMy  Gx

The inverse decay of X (i.e. creation of X, X) and 2 = 2 B-violating scat-

tering processes are suppressed for 7' < my and can therefore be ignored.
Using 10? < g, < 103, we see that for K < 1 only a small C P violation

amplitude is necessary: 1078 < e < 1077 is enough to give ny/s ~ 10719,
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The massive bosons’ mass is very high in this scenario, mx > «a/10? x
10'6GeV and results from the condition K < 1. The coupling constant
a = agur ~ 1/45 is lowered if we consider the coupling to the Higgs boson,
and my may be as low as 10!°GeV. For K > 1, we get Tx—f > H for
T ~ myx and the departure from thermal equilibrium is suppressed. The
intermediate regime K ~ 1 is more interesting but is not abridged here —
see e.g. [101].

2.3 An overview of CP symmetry violation and of
quark flavor mixing

This section summarizes a few important concepts related with C P violation
in the Standard Model and its measurement. Historically, the discovery of
this phenomenon (1964) precedes the invention of the Cabibbo-Kobayashi—
Maskawa (CKM) matrix as a means to write the probabilities of transitions
between quark families. Nevertheless, because the CKM matrix incorporates
well the C'P violation in quark decays, its formalism is presented foremost.
Next, a resumé of the discovery of C'P violation is presented and it is de-
scribed in one of the first systems where it was found, the neutral K meson.
At last, a transition to the B meson system is done from the former, final-
izing with the general concept used to measure CP violation in neutral B
decays in an experiment designed for the effect, HERA-B (chapter 3).

2.3.1 The CKM quark-mixing matrix and CP violating phase

In the electroweak sector of the Standard Model, both the quarks and leptons
are assigned as three families of left-handed doublets and right-handed sin-

glets;' for quarks, they are respectively <Zi> , (gi) , <Zi) and dg, SR, br.
Quark and lepton family transitions are suppressed, whereas transitions be-
tween doublet partners e.g. u;, = dj are allowed and can be described in
terms of Feynman diagram vertices with a charged weak boson W*; see
e.g. the two vertices with the W™ boson in figure 1.1. The quark mass
eigenstates are not equal to the weak eigenstates, and the matrix relating
these eigenbases is defined in the Standard Model lore for six quarks in the
three families, as given in an explicit parameterization by Kobayashi and
Maskawa in 1973 [100]. The Kobayashi-Maskawa (KM) ansatz generalizes
the four-quark (two quark families) case, where the matrix is described by a
single parameter, the Cabibbo angle [41], which was introduced in 1963 as a
means to accommodate the particle doublet picture for the different particle
families.

151n the lepton sector, this translates as the inexistence of right-handed (massless) neu-
trinos. The extension to the quark sector can be gathered from the hypothesis of univer-
sality of weak interactions.
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The Cabibbo angle 6¢ appears in a rotation matrix applied to the d and
s quarks’ mass eigenstates [82],

d\ [ cosbc sinfc d (2.24)
s’ —sinfe cosfc) \s/ ' '

and the weak interactions involving charged currents (W= weak bosons) are
then described using doublets of “rotated” quark states

) ) e

The weak transition amplitudes are then written as'® M = 4—\/%J “J):, with

G = v2e?/(8M3Z, sin? ) ~ 1.17 x 107°GeV ~° as the Fermi constant,

Jh = (a a) MUC <d> , (2.25)

S

as weak currents and Uc as the quark rotation matrix from (2.24). Favored
(intra-family) transitions such as u = d and ¢ = s contribute to M with
factors proportional to cosfc, whereas suppressed (inter-family) transitions
give contributions proportional to sin fc.

In a generalized complex matrix U of dimension n x n, the number of
real parameters is 2n?. However, given the requirements of orthogonality
and quark phase arbitrarity, the matrix should have a lesser amount of
independent parameters. Because a rotation matrix should be orthogonal,
it has only %n(n— 1) real parameters, and the quark phase arbitrarity further
restricts the number of independent parameters — %n(n — 1) Euler angles
and 1 (n —1)(n — 2) complex phases [82] [32]. In the Cabibbo ansatz n = 2,
therefore we have one single real parameter — the Cabibbo angle — and no
complex phases. However, for the n = 3 quark generations in the Standard
Model we have three angles, and a complex phase which is responsible for
C P violation in the quark sector.

By convention, the quark mixing is often expressed in terms of a 3 x 3
unitary matrix V', called the Cabbibbo-Kobayashi-Maskawa (CKM) matrix.

This matrix operates on the charge —e/3 quark mass eigenstates d, s and b:

d Vud Vus d
S| = [ Ved] [Ves] Voo | |5 (2.26)
b Via| [Vis| Vi | \b

16 N.B.: Hereon we use the natural units system ¢ = h = k = 1 unless otherwise

explicitated.
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The matrix elements in the diagonal are related to the favored (interfamily)
quark transitions and therefore are close to 1. The values of individual
matrix elements can, in principle, all be determined from weak decays of the
relevant quarks. C'P violation arises from a single (complex) phase factor
e'% that appears in the boxed matrix elements in (2.26), see e.g. [21]; the
remaining (unboxed) elements of the CKM quark-mixing matrix are real.
Defining c;; = cosf;; and s;; = sinf;; for the three family mixing angles
0i; (i,j =1,2,3, i > j), the standard parameterization of the CKM matrix
Vokw appears as [81] [79]

1 0 0 1 0 0 C13 0 S13 C12 512 0
VCKM =10 C23 S923 01 0 0 1 0 —819 c12 O
0 —S893 (93 0 0 ei(S —S513 0 C13 0 0 1
—is
c12€13 $12€13 size” "
JE— '6 .6
= | —s12c¢13 — C12523513€"°  C12C23 — 512523513¢€" $23C13

is is
512523 — C12€23513€'°  —C12523 — S12C23513€"°  C23C13
(2.27)

The matrices involving the parameters ¢;; and s;; in the first line each rep-
resent the quark mixing between the families of order ¢ and j. The mixing
angles satisfy the hierarchy 013 < 3 < 612 < 1 [54]. As part of the CKM
scheme, the C’P—violating phase €% becomes possible only with the introduc-
tion of the third doublet family. For energies scales below the mass threshold
of the quarks from the third family, the CKM matrix can be approximated
by the Cabibbo mixing matrix, which has no C’P—violating phase angle §.
Above the b mass threshold the kinematic suppression vanishes, and so does
the suppression on CP violation. This makes the B meson physics a very
attractive testground for cp physics.

In the context of B meson physics, it is useful to write the CKM matrix in
a form suggested by Wolfenstein [158], with real-valued parameters A = sin 0,
A, p and n:

2 .
1- )‘7 )\)\2 AX3(p —1in) )
V= Y - A AN2 +o0 (X)) . (2.28)
AN (1 —p—in) —AN? 1

Whereas the parameters A = 0.2205 £+ 0.0018 and A = 0.824 + 0.075 [36]
are relatively well known, the parameters p and 7 are much more uncertain.
The main goal of C'P-violation experiments [36] is to over-constrain these
parameters and, possibly, to find inconsistencies suggesting the existence of
new physics beyond the Standard Model.

The unitarity conditions for the CKM matrix elements describe triangles
in the complex plane, called unitarity triangles [32] [36]. In figure 2.4 one

1
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Figure 2.4.  Representa-
tion of the unitarity tri-
angle (2.30) in the (p,n)
plane of the CKM matriz’s
Wolfenstein parameteriza-
tion [108]. The vertices at
(0,0) and (1,0) are fived;
the sides are normalized to
[VeaVi| =~ [AVey|. The blob
[181] depicts the 95% con-
fidence level bound for the
(p,m) triangle vertex, given
present knowledge of sin 23
measurements.

Vudi
Voo

such triangle is represented. CP violation is possible when the area of the
triangle is different from zero (i.e. conventioning V.4V as real and negative,
n # 0) and its effect grows with the area. The unitarity condition applied
to the first and second columns of the CKM matrix yields

wdVus + VegVes + VigVhs =0 . (2.29)
The parcels in the equation are related to the lengths of the triangle’s sides.

The first two parcels are o (A) and the third one is o ()\5). Because the last

parcel is very small, the triangle is strongly flattened and the C P violation
effect on the K meson system is small. The unitarity condition associated
to B meson decays is

VuaVay + VeaVep + ViaVip =0 . (2.30)

The three parcels of the left member of equation (2.30) are o ()\3), so the
triangle’s sides should have comparable lengths and the C' P violation effects
on this system should be relatively high. This is one of the main motivations
to study C'P violation in the B meson system. After dividing (2.30) by
VeaVy, the triangle takes a particularly simple form in the (p,n) plane of
the Wolfenstein parameterization, see figure 2.4. The triangle’s tip is at
VudV
b — 5y (2.31)
chvcb|
with p=p (1 — )‘72> and =17 <1 — )‘72> The triangle’s angles by definition
verify a4+ 8+ =7 mod 27,'7 and are given by e.g. [36]

thV*> < \% *) Vud V5
tb cdVch ud Vyp
a=arg | ———= g =arg | ——=2 y=arg | ———=2 | . (2.32)
< VudVii )’ ViaVii )’ VeV

'"This may not be true for theories beyond the Standard Model, and therefore its
violation is a sign for New Physics.




2.3. An overview of cpP symmetry violation and of quark flavor mizing

25

It is possible to relate p and 77 to the angles 8 and « by using (see e.g. [22])

tanﬂ:L and tanvy =

— . (2.33)

RIS

Experimentally, the coordinates (p,n) — or, in alternative, (p,7) —
of the unitarity triangle’s tip is constrained by e.g. measurements of CP
violation in K° decays, or by the rate of B’-B" mixing (related to Vig).
Unfortunately, the relations between observational quantities and the basic
CKM parameters involve large uncertainties due to poorly known hadronic
elements.

In B meson physics the angles of the unitarity triangle are often pre-
sented in the form of a sine or cosine of twice the angle, e.g. sin23; this
is seen in the expressions (2.40).!% Although the unitarity angles can be
used to draw the shape of the unitarity triangle in (p,7) coordinates, it is
instead the quantities sin 2 and sin 23 that have physical significance; the
third angle can be calculated from tan~y = tan(m — (a+ (3)) in the Standard
Model. The angle v represents the C’P—Violating phase angle § in the CKM
matrix appearing in the boxed elements of (2.26).

2.3.2 The violation of the C’, P and CP symmetries

The concept of parity was first introduced in the context of atomic physics
by Wigner in 1927 [156]. For almost 30 years it was tacitly assumed that
the microscopic laws of nature, and in particular nuclear reactions, were
invariant for the inversion of a quantum state’s electric charge oF q— —q,
spatial reflection (or parity) P : 7+ —7 and time reversal T : t — —t. In
Classical Mechanics, as well as in early formulations of Quantum Mechanics,
measurements done on a unperturbed system yield the same results as a
“mirrored” copy of that system, even though their states evolve differently.
In particular, it is said that the system’s hamiltonian operator commutes
with each of those (global) symmetry operations; in turn, Noether’s theorem
ensures that such symmetries of the system’s lagrangian signals the presence
of one (or more) conserved quantities.

However, in 1956 Lee and Yang argued [104] that there were no experi-
mental confirmation of the conservation of C' and P symmetries in nuclear
reactions. Their work was primed by the observation of the violation of
P symmetry violation in meson decays KT — 7770 and K+ — 7tatr.
This was known as the “7-0” puzzle,'” see e.g. [32] [31]. The evidence from

80One might interpret this choice based on the fact that the measurable quantities are
real numbers, with transition amplitudes calculated from the matrix elements in the CKM
matrix. This is hopefully evident in equations (2.39) and (2.40).

9The 7 and # were the names attributed to the (charged) particles seeding the two
decays. The “puzzle” had to do with the fact that the invariant mass of the two decay
products were experimentally indistinguishable.
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their experiments suggested a strong violation of these symmetries — as
seen, for example, in the Wu experiments in 1957 [159] — as a complete
symmetrization of nuclear reactions in terms of helicity. They found that,
concerning nuclear weak interactions, there are no “right” helicity particles
(specifically, neutrinos and electrons) and no “left” helicity anti-particles
(specifically, anti-neutrinos and positrons). The fact that no (anti-)particles
of “forbidden” helicity were found made this a “strong” symmetry break,
both for €' in the case of the Wu experiments and also for the P case in
the Goldhaber experiments in 1958 [75]. However, it should be noted that
the verification of 7 symmetry conservation is more tricky; it has been at-
tempted in many ways, such as measuring the presence of a permanent
atomic electric dipole moment [118].

To illustrate the neutrinos’ helicity asymmetry, it is now often said that
“there are no right-handed neutrinos” and “there are no left-handed neu-
trinos”. Because neutrinos are spin—% particles, a priori their helicity may
take only two values h = £1 — usually denoted in the literature by an
indices “L” (left, h = —1) and “R” (right, h = +1). However, it is now
known that neutrinos are emitted with left-handed helicity, and their right-
handed counterparts are suppressed; similarly, Nature prefers right-handed
anti-neutrinos to left-handed ones. Concretizating, given that C |v.) = |74)
and P |vy) = |vg), the [v4) and |7_) states were strongly suppressed. This
is a very strong effect — these symmetries are said to be “maximally vio-
lated” because there are no left-over “wrong”-handedness neutrinos. How-
ever, since |v_) and |v;) were the only “allowed” states, it was believed
that the weak nuclear force intervening in these reactions was symmetric
under the operation of C' and P in tandem, CP|v_) = C |vy) = |7,), even
though it was not symmetric for each of those two operations individually.
Therefore, at the time C' P seemed to be a “good” symmetry. It was later dis-
covered that even this symmetry is not conserved although, as described in
section 2.3.3 and following, this effect is rather weak. Incidentally, as stated
in [31], the discovery of C P violation in “strange particles” (e.g. K mesons)
led to postulating the existence of a third quark family.

The CPT “theorem” [36] is believed to be always valid, since it is solely
founded on two general assumptions, namely Lorentz invariance and the
spin-statistics theorem — so that evidence of CPT violation would cause
suspicion on the validity of those two general laws! This theorem states
that all quantum system’s hamiltonian are invariant under the simultaneous
operation of those symmetries, C, P and T, even if the invariance does not
hold under one or two of those symmetries. Under CPT invariance, C'P-
violation implies a violation of time-reversal invariance 7. This intrinsic
distinction between past and future on the microscopic level is beyond mere
statistical considerations — it is a fundamental and remarkable aspect of
Nature.
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2.3.3 The ansatz: CP violation in the neutral kaon system

The neutral K meson, or kaon, was labeled a “strange” particle, shortly
after its discovery, for several reasons. Firstly, because of the unusually
long lifetime (as high as o (10*88));20 secondly, because the produced kaon
beams show two distinct nonleptonic decay modes, 7w and 77w, at separate
distances from the source and therefore with different lifetimes (by a factor
of ~ 600); and thirdly, because of the proximity of the invariant mass of the
products of the two decays?!, which caused some suspicions that a single
particle could have those two decay modes. To distinguish between the
short- and long-lived Ks, they are indexed respectively with a “S” and
a “L”. The corresponding decay modes are Kg — 7 and K% — T,
respectively with odd and even final state parity: because pions are parity-
odd systems, P |r) = — |r), we have P |n7) = |n7) and P |nn7) = — |nn7).
The longer lifetime of the Kg is foreseeable given its more restricted phase
space: 3m, ~ 420MeV /c? compared to my ~ 500MeV /c?, which barely
gives enough mass to allow this decay mode.

The conservation of both charge conjugation C and parity Pina par-
ticle’s decay, i.e. cp conservation, would in principle ensure that each su-
perposition state would always decay in the same fashion, since the 27 and
3 states are C'P-distinct. However, the first evidence of CP violation was
found on Kg — 777~ decays and reported by Cronin, Fitch and collabo-
rators in 1964 [42]. They observed that one out of every ~ 500 K? decays
would have the Wrong 7w final state. This anomaly is the sign of a viola-
tion, albeit small, of CP- symmetry conservation in neutral kaon decays.

The neutral kaon system can be described by a quantum superposition
of CP eigenstates {K2> and ‘Kg>; this is useful also in explaining e.g. the
regeneration of the Kg component of the kaon beam when it transverses
nuclear matter. An alternative base for the neutral kaon is the mass eigen-
states ‘K 0 and |R’ 0 which behave differently under the strong interaction
(they have symmetrlc isospin and strangeness) but can mix, under the weak
interaction, through K° = 77 = K.

The general relation between the mass and cp eigenbases is given by

|K7) = pi |K%) +axc |[K) (2.34a)
|K§) = p |K°) — qx | K°) (2.34b)

with |pi|® + |gx|> = 1. The two states |K?) and |K) may be projected

20This has to do with the suppression of decays that violate the conservation of the
strangeness quantum number — associated to the quark strange content.

21The mass asymmetry [Marns — Mar|/(Mrrs + Mrr) is below 10718 [34]. The mass
difference Amg = o (nsfl) of the kaon system’s mass eigenstates K° and K° makes for
a oscillation between the two states which is slower than on heavier systems like the B°.
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into C'P-odd states using the operator 3(1 + C'P) [79], to obtain

2
(1+CP)|KY) = (hx — ax) (|K°) — |KO)) | (2.35a)
1+ CP)|KY) = (pk +ax) (|K°) — |K®)) . (2.35b)

The ratio R of transition amplitudes of the decays K? — mr and Kg — T
is then

R = = — = .
AKY — nm)  (an| (1 +CP) |K2)  pr+ax 2

(2.36)
Would the CP symmetry be invariant, and we would have qx = px and
R = 0. However, CP asymmetry does exist, although it is quite small,
R = (3.01 £0.05) x 1073 [81].

2.3.4 CP violation in the B*"t golden decay

The quantum superposition similar to (2.34) can be applied to the B%-B°
system. In this case, the heavy and light mass eigenstates are, respectively,

‘B?{> :p‘BO>—|—q‘BO> , (2.37a)
|B?) =p|B°) —q|B°) (2.37b)
(in the p and ¢ parameters, the B index was dropped for simplification).
It can be shown [36] [32] [124] that, in the case of Bj*" mesons present in

golden decays (1.2), the p and g parameters are related to the CKM matrix
elements and unitarity angle G by

a . ViVia | (1—p)*—2in(1—p) -7’
P Vi Vi (1—p)2+n?

; (2.38)

the minus sign comes from the system’s CP parity. This quantity is very
sensitive, since |Vy| ~ 1 and |Vi4| ~ 0. The rigorous equality includes addi-
tional phase factors, which denounce further phenomena; see [36].

A special class of B""" meson (BY, or its antiparticle BY) decays where
the final state is a C P eigenstate, are predicted to show strong C'P asymme-
tries directly related to the shape of the unitarity triangle, without involving
poorly known hadronic amplitudes. The two amplitudes, which interfere
to generate a particle—antiparticle asymmetry, come from the direct decay
BY% — X and the decay through mixing B — B — X. Examples of the
direct decay modes are the golden decay (1.2) and, to a lesser extent (due
to spoiling “penguin”?? contributions), B® — 77~ and B? — pOKg.

22For an amusing illustration of the naming origin of these Feynman diagrams, see page
134 of reference [32].
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The amplitude of CP asymmetry is given by the angles of the unitarity
triangle, which in turn are best measured in a few key decays — « (the
decay BY — 7777), 8 (B® — J/YK?2) and v (BY — p°K2). For example,
the golden decays of B (and B°) to J/¥ K yield [32]

QA(BO - J/l/’Kg) ~ _Vtz%d Ven Vs — 20 .
pABY = J/UKS) — VaViy ViV 7

(2.39)

the quotient of the decay amplitudes, |A(BO — . )JABY - .. )| =1 (ie.,
it only contributes with a complex phase factor). The rates of golden decays
from B° and B® mesons are given by [108] [36]

n(t) oc e UBY(1 + sin(23) sin(xt)) | (2.40a)
A(t) oc e 1B (1 — sin(20) sin(xt)) (2.40b)

respectively, with I'p as the B’s decay width (see section B.7 in appendix),
which experimentally is found to be very close to the B’s [81]. The mixing
parameter x = AM/I" = 0.71 £0.06 [32] [81], where AM is the mass differ-
ence of the mass eigenstates and I' = 1/7 and 7 the particle’s lifetime. The
time ¢ is measured in units of B lifetime. The factor sin(23) accounts for
the C P asymmetry, and sin(zt) is related to BY = B mixing (with a rate
2T ~ 5.3ps~! [81]). Because r is relatively large, the mixing of B® and B°
is an significant effect.

To detect CP violation in the golden decay mode, one needs samples
of pure BY and B° mesons, and measures of their decay widths. A recon-
structed J/ ng decay could result from either a BY or a BY, therefore the
initial flavor of a reconstructed B needs to be determined from the sec-
ond B in the event (the “tagging B”). If B and B are produced equally
and detected with equal efficiency, the observable asymmetry Aj,; of time-
integrated rates is then

N - N o A
TN+ N 14a270P
(the last equality holds for ¢ = 0), with N = [n(t)dt, N = [#(t)dt and
App = sin(28) in the case of perfect tagging. Direct C P violation (i.e.,
not involving B-BY oscillation) has been recently measured in B® — K*r~
and B — K7t decays in the BABAR experiment, obtaining a decay
asymmetry of (Ng—+ — Ngt+r-)/(Ng-r+ + Ng+,-) = —0.13 £ 0.01 [20].

Experimentally, one requires a minimum separation between the primary
vertex and the B decay vertex, in order to suppress background. This
requirement, normally called a “detached verter”, may be approximated by
a cut in the proper decay time, t > tg. The asymmetry for ¢ > ¢ is then

(2.41)

int

N(to) = N(to)

sin(ztg) + x cos(ztp)

A (t) = ) ZV0) _ pry VAL with M(tg) =
t(fo) N(to) + N(to) (to)dep. Wi (to) 1+ 2

(2.42)
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Mixing in the B meson system, and therefore CP asymmetries, are governed
by time scales ¢t ~ w/(2z) ~ 2; the contribution of early decays to Ajy is
small. This property can be used to improve statistical accuracy, by fitting
the time-dependent asymmetry

n(t) —n(t

a(t) = m = Appsin(at) .
Since the CP asymmetry builds up slowly, the cut in the B decay time
at to costs little in terms of statistical significance. By cutting away all
events below ¢y = 0.7, the statistical errors are almost unaffected [108].
This property simplifies C'P experiments considerably, and allows to select
clean B samples by a cut on vertex separation.

Nevertheless, the tagging of the initial B meson flavor is unfortunately
never perfect, and the observable asymmetry Agps < Aing. Two effects dilute
the tagging:

e Mixing of the tagging B.

e Wrong tags due to particle misidentification, ambiguous tagging sig-
natures, etc.

The effects of mixing in the tag are only relevant if B or B? tags are used.
If no lifetime cuts are applied for the tagging B, the probability that it
xT

has changed its flavor when it decays is fay = ) For B one finds

far ~ 0.16, compared to fi; &~ 0.5 for BY. The detectable (integrated) C' P
asymmetry is reduced by a dilution factor Dy = 1 — 2fy = 1/(1 + 22),
yielding
Aobs = DMM(to)AC,]_:, .

For the typical case of lepton tagging, the net dilution factor Dy, = (ﬁ)
0.67. Mistagging with a probability fr due to other reasons will reduce the
observable asymmetry by another dilution factor Dp = (1 — 2fr). For
example, a lepton from the decay chain b — ¢ — [ + X will carry the
wrong sign compared to a direct lepton and will cause mistagging. The final
observable asymmetry is therefore

Aobs = Dy DrM(to)Agp (2.43)

~
~

and the error on App is

N 1 1
CP ™ M(to)P /Ngo ’
where Npgo is the total number of reconstructed BY mesons after all cuts,
the “tagging power” factor is

P = Dy Dr/érag (2.45)

and €g,g is the probability to finding a tag. All studies yield similar results
of P ~ 0.3 for HERA-B [1].

AA (2.44)
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2.4 Rounding-up: from the measurement of CP
asymmetry to baryogenesis

As stated in the previous section, the strength of CP violation in the
hadronic sector of the Standard Model can be described by a pair of param-
eters — either (p,n), or two of the three angles from the unitarity triangle
(with o + 8+ v = 7). In particular, the golden decay (1.2) is favorable
for measuring the angle 3. Knowledge of the quark mixing matrix (2.28)
requires two additional parameters A and \; however, the fundamental CP-
violating effects originate from a complex phase factor, expressible in terms
of those angles. The prediction of e.g. decay widths makes use of transition
amplitudes, which themselves incorporate complex factors with symmetric
phases for particles and anti-particles, and ultimately leads to different rates,
ie. (X — f) #F(X — f)

For the past two decades or so some attempts were made to clarify
whether the Standard Model is a sufficient source for the observed baryon
asymmetry of the Universe 107! < ng/s < 10719, The findings are, how-
ever, contradictory: on one hand, positive results were obtained [57] [58],
where asymmetries as high as 107! are assumed to appear under optimal
conditions; on the other hand, the negative results obtained in [67] [69] [68]
[88] tell how several factors conspire to bring down the expected asymmetry
to values not higher than 1072° [141]. The outlook on the Standard Model
of particle physics is that it is likely not the best framework for scenarios of
baryogenesis, and this motivates the search of alternatives. In either case,
it is obvious that those estimates require actual experimental results.



CHAPTER 3

The HERA-B experiment

“A modern detector like HERA-B is about as complicated as a fighter jet.”
— in HERA-B Technical Design Report [83], pg. 428

The HERA-B detector was proposed in 1994 as an “Experiment to study CP
violation in the B meson system” [108]. This chapter is devoted to describing
the detector apparatus and the data reconstruction chain. Most of the
information compiled here was extracted from the experiment’s Proposal
[108] and Technical Design Report [83]. The last section of this chapter
briefly overviews some important results obtained at HERA-B.

3.1 The HERA proton beam

The HERA accelerator is installed in the 6.3km-long toroidal HERA (Hadron
Electron Ring Anlage) ring accelerator, at the DESY (Deutsches Elektron
Synchrotron) facility in Hamburg, Germany; see figure 3.1. In side the
HERA tunnel, 27.5GeV /c electrons and 920GeV /c protons circulate in sep-
arate vessels, guided by distinct sets of dipole (bending) and quadrupole
(focusing) magnets for each beamline. Beam steering is achieved with con-
ventional 0.165T-electromagnets in the electron beamline (HERA-e), and
superconducting 4.65T-magnets in the proton beamline (HERA-p). The
two beams cross the four distinct experiment sites installed in the HERA
halls — H1 (North hall), ZEUS (South hall), HERMES (East hall) and
HERA-B (West hall). The proton beam is of use to the two later experi-
ments; HERA-B does not use of the electron beam. The particle beams are
injected into the HERA storage ring in stages, each providing more beam
kinetic energy than the last. This chapter will focus on the description of
the HERA-B detector.

The generating and controlling of the HERA proton beam is independent
of the experiments that are served by it. The proton beam is sourced from
H™ ions. The ions are created from molecular hidrogen with a magnetron
and are then directed into a “stripping foil” that removes the ions’ electrons
[102]. The resulting proton stream is then accelerated in radiofrequency
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Figure 3.1. The HERA (left) and PETRA (right) storage rings [131]. The proton
beam circulates counter-clockwise. HERA-B is installed in the West Hall.
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resonator cavities and injected into the DESY storage ring by a linear accel-
erator (LINAC III), at the end of which the particles have a nominal kinetic
energy Fy = 50MeV. The RF cavities give the beam a bunch-like structure,
with o (1011) protons per bunch. In the DESY III storage ring, ten protons
bunches are stored and accelerated up to an energy Ey = 7.5GeV. Upon ob-
taining a stable circulating beam, it is injected into the next stage, a larger
storage ring called PETRA (Positron Electron Tandem Ring Accelerator),
where the beam energy is increased to Ey = 40GeV. PETRA collects six
DESY III fills, in a total of 60 bunches. Once again, after obtaining a stable
beam, it is then injected into the next stage, the HERA ring. HERA stores
three PETRA beam trains, and accelerates them to the final beam energy
Eyx = 920GeV + 0.2MeV [81]. The proton bunch structure is depicted in
figure 3.2.

The rate at which the bunches transverse the HERA-B target region
is called bunch crossing (or “bx”), and has a nominal value of 1/96ns =
10.4MHz; the bunch length is about 8.5cm [81]. The stable HERA proton
beam holds 6.3km/(c x 96ns) ~ 220 “buckets”, out of which 180 are filled
with proton bunches. Therefore, the bx rate of filled proton bunches is
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~ 8.5MHz. Two sets of scintillators (VETO counters) placed upstream of
the target, at z = —34cm and z = —100cm, detect background events origi-
nated by beam protons lost upstream — therefore giving means to validate
events from beam—target collisions. The typical proton beam current is of a
few 10mA, wherefore each (filled) bunch has typically o (10'°) protons.! It
has also been observed that the bunches’ size increases with time so that, af-
ter a typical maximum of 10 to 20 hours running, the proton beam develops
an enveloping continuous current called coasting beam [51]; electron—proton
collisions in other experiments in HERA also create a slow growth of the
proton beam’s transverse emission [108]. The coasting beam grows in time
to form a population of beam particles whose orbits are unstable; those par-
ticles, which have energy deviations |[AE/E| 2 10~% [1], eventually abandon
the designed beam orbit and are lost. The transverse density distribution
of beam particles is gaussian relative to the design trajectory; the typical
transverse r.m.s. size scale of the beam is o = o (1) mm [83], with an elipsoid
shape wider in the horizontal axis. Additional information about HERA
(both particle beams) is summarized in reference [81].

Two important reasons for using protons as beam particles in HERA-B
are: higher beam energies can be achieved with a storage ring of a given
radius; and also, energy losses due to synchrotron radiation AE m];;lam
[117] are lower when compared to electrons, for example. From the first
aspect one gains a higher center-of-mass energy (than using electrons, for
example), see equation (B.27):

Ecm = \/m% +m3 + 2E1my & \/2E1my if By > my,my (3.1)

(indexes 1 and 2 are for a beam and a target particle, respectively); one
may also conclude that higher Fcy values are achieved when using massive
particles, such as nucleons, for target — i.e. the CM energy contribution from
a proton—electron collision is negligible when compared to proton—nucleon
collisions. From the second aspect one gets a stable beam environment, with
shorter delays between data-taking periods for beam refills.

3.2 The HERA-B detector

The HERA-B detector occupies a volume of 20 x 9 x 9m? in the HERA
West Hall, see figures 3.3 and 3.4; this relates merely to the room for the de-
tector’s sensitive and support surfaces and radiation shielding, and excludes
the volume required for data processing electronics, manual controls and
gauges, computer farm and hardware and personnel access. The hardware
is remotely managed from a control room detached from the detector hall.

! Actually, the proton current is set to somewhat lower, in order to reduced undesired
radiation backgrounds in HERA-B.
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Figure 3.8. Top view of the HERA-B detector in the HERA west hall [108].

Figure 3.4. Isometric view of the HERA-B detector with the year 2001 configu-
ration. The Magnet is cutout to show the High-pT trigger chambers, described in
section 8.2.11. The proton beam enter from the left side.



36 Chapter 3. The HERA-B experiment

MU04 MUO3 MUO2 MUO1 TC02 TCO1 PC04 - 01 MC08, MC06 - 01 SLO8 - 01
-— " » -
. 220mrad MS13 - 10 MS07 - 01
[ Main Tracker
1 .
250 mrad PT3PT2 PT1 TOp view
‘ Al beat
pipe | Proton beam
B —— = -
Electron beam
Si-strip
Vertex  Target
L Detector jire
| (VDS)
- L Inner/Outer Tracker I
Ring Imaging (ITR/OTR)
- Muon detector— Calorimeter Cherenkov counter Magnet Vertex vessel
(ECAL) (RICH) .
1 1

20 13 om
L 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1

Photon . .
__, 160 mrad detector, . Side view

Proton beam
-4

-
Electron beam

!
Spherical
mirrors

Planar The HERA-B experiment
mirrors at DESY

Figure 8.5. Schematic overview of the HERA-B detector in its 2002 configuration.

The composition of the detector is similar to other fixed target particle
detectors, with instruments specialized in measuring specific particles’ prop-
erties, see figure 3.5. For example, the use of a Silicon Vertex Detector close
to the interaction region is an idea adapted from the P238 collaboration
— an experiment in the CERN SppS hadron collider that demonstrated
the feasibility of operating such device inside the accelerator’s storage ring
vacuum proposal. HERA-B’s instruments are basically classified as either:

Tracking devices: 2 Silicon Vertex detector (VDS); Microstrip Gas Cham-
bers (MSGC) detector (Inner Tracker, or ITR); straw /honeycomb drift
chambers (Outer Tracker, or OTR). The ITR+OTR combination is
also known as the main tracker in HERA-B.

Particle identification devices: Ring Imaging Cerenkov detector (RICH);
Transition Radiation detector (TRD); Electromagnetic Calorimeter
(ECAL); and Muon detector chambers.

Each of these instruments will be discussed in detail in subsequent sections.
The tracking devices’ sensitive surfaces are responsible for detecting the

2Also called hodoscopes— which literally translates from greek as “pathviewer” [34].
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particle flux and convert it into recordable electronic signals. These surfaces
must have the highest possible interaction length, in order to detect the
particles’ passage while disturbing them minimally. On the other hand, some
of the particle identification (PID) devices, namely the ECAL and Muon
detector, intentionally convert most (or all) of the particle’s kinetic energy,
so it is measured (ECAL) or its passage detected (Muon). The electronic
signals from the tracking and PID instrumentation are digitized and used in
an online event reconstruction chain to ascertain that individual events are
eligible for detailed physics analysis. The rejected events are discarded, and
the events flagged for analysis are stored in magnetic tape at the end of the
event reconstruction chain.

The electronic readout from the different subdetectors is used in the full
event reconstruction, but since the number of channels times the event rate is
too high (0 (0.5 x 10%) x 0 (MHz) = 0 (TB/s)) to be handled by any commu-
nications and magnetic storage hardware, many events must be discarded.
The candidate physics events go through a series of four selection stages, or
trigger levels, where gradual refinements in the online event reconstruction
find out which events are suitable for detailed (offline) analysis and physics
studies. These trigger levels are discussed in more detail in sections 3.3.4
through 3.3.7. The first two levels are called First Level Trigger (FLT) and
Second Level Trigger (SLT), respectively. The FLT is implemented with fast
hardware electronics, and the SLT in a hibrid of electronics for data buffering
and software. These trigger levels look for suitable decay candidates — such
as two muon candidates whose invariant mass make them a possible decay
J/p — ptu~. Such triggering events, selected by the FLT and the SLT, are
fully reconstructed and classified in a PC-based networked computer farm,
which implement the Third and Fourth Level Trigger (TLT and 4LT). Each
event passing all selection criteria implemented in the triggering scheme is
finally stored in magnetic tape from the 4LT for offline physics analysis.
Figure 3.6 presents an overview of the HERA-B trigger system. The se-
quential event filtering reduces the data flow at each stage to a suitable rate
and improves the signal-to-background ratio by eliminating obviously unfit
events: the ratio of bb-quark to inelastic events is 045/ Oinelastic ~ 1075, and
the “golden decay” (1.2) branching ratio is o (10~%) [108]. The 4LT output
rate is around 1Mb/s, which corresponds to roughly 10 HERA-B events per
second. The total number of b-quark events with opposite-charged dilep-
tons (e*e” or putp~) in the J/¢ mass range (m;s, ~ 3.1GeV) found in
the year 2000 data-taking was 40 [5]; the reduced statistics is largely due to
the fact that during that year some relevant detector parts were still being
commissioned.

All tracking detectors consist of layers which form planes perpendicular
to the proton beam axis. Many layers appear in pairs called “double lay-
ers” where the two single layers have the same (TRD) or different (VDS,
MSGC) projections, or “stereo angles”. Several neighbouring layers of var-
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ious detector types and of various stereo angles form a detector unit called
“superlayer” — a unit in mechanical sense, concerning the construction,
as well as in logical sense, concerning the trigger and offline reconstruction
strategy. Layers and superlayers cannot be built as one mechanical rigid
piece because the enclosed beam pipe would not allow removal of detector
parts. Consequently, one layer has to consist of several layer “segments”
which can be moved apart from each other. Due to frames and in order to
avoid dead angular regions, the segments must overlay slightly. Such over-
lap can be achieved only if the segments are set up in two or even three
consecutive planes along the beam axis.

The HERA-B coordinate system is defined by a direct orthogonal triedron
(z,x,y); see representation in figure 3.7. By convention, the z coordinate has
the orientation of the proton beam; the x axis and y axis have the horizontal
(towards the HERA inner radius) and vertical directions, respectively. The
choice of the frame’s origin is arbitrary and not too important. However, it
is not possible to define it as the point where beam—target collisions occur,
since it is a finite volume (assumed to be inside the target material) rather
than a point.

3.2.1 Internal target

HERA-B is described as a “fixed target” detector, in the sense that the
beam particles collide with a target that is stationary in the detector frame.
Rigorously, the target is not “fixed”; rather, its position in the beam halo
environment is controlled by stepping motors, which respond to instructions
from HERA-B’s Slow Control system. The target position is changed at a
rate of 10Hz; the stepping motors precision is of the order of 1um [86].
During data-taking, the Slow Control system adjusts the target position to
maintain a constant beam—target interaction rate o (MHz). Nevertheless, the
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Figure 8.7. Left: schematic view of the HERA-B target, consisting of eight wires
mounted on independently movable forks, which group in two stations with a beam-
wise separation Az ~ Sem and move radially into the beam halo (transversing
arrow). Adapted from [108]. Right: reconstructed vertices while all eight target
wires are operated simultaneously at the beam [1].

frequency of target placement corrections (and the target’s speed in motion)
is negligible when compared to the beam, so it is perfectly acceptable to
consider the target as stationary.

The HERA-B embedded internal target consists of a set of eight wires
made of different materials: three wires made of carbon, two of titanium,
and the remaing are each of tungsten, alluminium and palladium. The
wires are very thin (with a diameter ~ 500um for carbon and =~ 50um
for the remaining materials) and mounted on fork-like supports that move
perpendicularly to and from the beam. The different materials are used to
study the dependence of b quark production cross section on the target’s
atomic number, 0,5 oc A%, with « close to 1; see e.g. [153]. Using several
target wires at once results in higher interaction rates. The choice of massive
target wires instead of a gas stream target also reduces the interference with
HERA operation. The target wires are placed in the beam halo, where they
“clean up” the beam from protons in unstable orbits, on the verge of being
lost and no longer necessary for beam luminosity; a gas stream target would
intersect the whole beam instead. The target wires not used in a data-taking

run are retracted. The scheme in figure 3.7 depicts the target concept of
HERA-B.

The important reason for choosing a fixed target detector configuration
has to do with its improvement on the separation of production and decay
vertexes of heavy, short-lived particles [36]. If one such particle moves slowly
in the center-of-mass frame (§ < 1), the distance covered in one particle
lifetime is often much less than the detector’s spacial resolution, and this
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results in not being possible to separate the particle’s production and de-
cay space points. However, the Lorentz boost from the center-of-mass to
the detector frame stretches the separation of these vertexes and eases the
reconstruction of the decaying particle track. HERA-B was concieved for
adequate primary vertex separation and its association with individual tar-
get wires. Simulations show that an average of one interaction per bunch
crossing occurs for each wire [23]. The main disadvantage of the fixed tar-
get configuration is the lower available center-of-mass energy for a given
ring accelerator, see equation (B.27). The ZEUS experiment, for example,
measures proton—electron collisions of the two HERA beams, at a center-of-
mass energy of 332GeV. Higher CM energies in such scattering experiments
becomes important when the creation of new particles (E = mc?) and/or
resolution (E = he/A) in finding the nucleons’ parton distribution are being
studied.

The fixed target proton-proton collisions in HERA-B occur at a total
center-of-mass energy Ecv ~ 41.57GeV (see equation (3.1)). The lower
Ecwm (than ZEUS for example) is of lesser importance in HERA-B: the in-
terest is focused on properties of intermediate-mass particles such as the BY
(with a mass mp ~ 5.2GeV /c?), and it outperforms most other experiments
in its high interaction rate (up to 10MHz) for obtaining a significant number
of those rare particles.

The Lorentz boost from the center-of-mass frame to the laboratory frame
has boost parameter v = Ecy/(2myp) = 22.16 (see equation (B.28)). This
corresponds to a pseudo-rapidity (equation (B.34)) nurra-p = 3.79; there-
fore, a B < 1 particle right-angle-deflected in the CM frame has a deflection
angle of § = 45.2mrad (equation (B.32)) in the laboratory frame. HERA-B
has an angular acceptance from 10 up to 220 milliradians in the horizontal
plane, and 10 to 160 milliradians in the vertical plane, yielding CM pseu-
dorapidity coverages —1.59 < Mo, < 1.51 and —1.26 < nyert < 1.51 in the
horizontal and vertical planes, respectively. This translates as a center-of-
mass angular coverage with horizontal and vertical plane angles (relative to
the beam direction), respectively, from roughly 25° up to 157° (or 435mrad
up to 2740mrad), and from 25° to 148° (435mrad to 2590mrad). The CM
solid angle coverage is then, approximately,

(2.740 — 0.435) x (2.590 — 0.435)
2

- ~ 50% . (3.2)
Figure 3.8 presents the laboratory angular distribution of 1000 Monte Carlo
minimum bias events; the HERA-B geometric acceptance under these con-
ditions is similar to (3.2). The Vertex Detector’s (section 3.2.4) geometric
acceptance was found to be 59.8%; the fraction of particles with azimuthal
angles 6 < 10mrad and 6 > 250mrad are 25.4% and 14.8% respectively.
The HERA-B internal target is placed inside the VDS vessel under vac-
uum. It consists of two stations with four target wires each, positioned at
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Figure 3.8. Left: Azimuthal angle distribution of charged particles emitted from
fized-target 920GeV proton—proton collisions, from 10° events generated with the
PYTHIA Monte Carlo event generator [143]; the beam orientation corresponds to
the angle 0 rad. Right: pseudo-rapidity coverage of the charged particles from the
same events. The dash-filled histogram (red) corresponds to tracks within a conical
trunk apperture equal to the VDS horizontal acceptance.

The dash-filled (red) region is approzimately 60% of the left histogram’s area and
corresponds to a conic apperture given by HERA-B’s Vertex Detector System (hor-
izontal) geometric acceptance, 10mrad < 0y, < 250mrad. The unshaded regions
f < 10mrad and 6 > 250mrad are occupied by, respectively, 25% and 15% of the
particles.

z ~ —5cm (station II) and z ~ Ocm (station I). Each wire is positioned at
the top, bottom, inner (i.e., towards the HERA curvature radius) and outer
positions.

3.2.2 Dipole magnet

The HERA-B dipole magnet design is depicted in figure 3.9. Its purpose
is the generation of a static magnetic field that bends the trajectory of
transversing charged particles. In association with the tracking system,
this makes it possible to measure each charged particle track’s momentum
from their curvature radius inside the magnetic field. The momentum p (in
GeV/c) of a beam particle of charge ¢ (in units of electron charge) is related
to the curvature radius p (in meters) of the particle’s trajectory in a (static,
uniform) magnetic field of intensity B (in Tesla) by [117]

p=0.3¢Bp . (3.3)

The HERA-B dipolar magnetic field is generated by 10 piled-up elec-
tromagnet coils, with 32 turns each, with a current of 4.5kA per turn
and per coil. The magnetic field is a cyllindrical region, of approximately
Zmax — Zmin = 2.7m base diameter and 2.4m height, centered at z = 4.5m
downstream from the target, with the field lines flowing vertically, from top
to bottom. A 5.8 x 10°kg iron yoke shields the region outside the magnet
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against the magnetic flux inside. The field intensity is usually expressed in
terms of a quantity called field integral, which for HERA-B is

e / Bdz = 0.635GeV /c=2.12Tm . (3.4)

Zmin

Because the magnetic field is static, 0B/0t = 0 and the track’s momentum
is conserved. Therefore, a track of length zpax — Zmin inside the magnetic
field gets a transversal (relative to the original trajectory in the bending
plane) component of momentum equal to 0.635GeV /c.

The HERA-e beam transverses the detector, parallel to the proton beam
pipe and approximately 90cm away from it. All components, except the
Vertex detector, have acceptance “blind spots” where the beam pipe cuts
through them for passage. But, the presence of the HERA-B magnet makes
it also necessary to shield the electron beam from the magnet’s influence. For
this effect, the HERA-e beam is surrounded by an array of superconductors
running parallel to the beam at the magnet location. These superconductors’
currents will adjust themselves during the ramping of the magnet to the
proper values required to shield the field [108]. The presence of the magnet
also requires the compensation of the HERA-p beam. For this purpose, two
additional beam magnets are used, one just before the target (with a field
integral of about 2.5T m) and a second one behind the spectrometer (field
integral of about 0.8T m). The peak beam deflection from its nominal orbit
occurs in the center of the spectrometer magnet and amounts to ~ 5mm.
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3.2.3 Proton beam pipe at HERA-B

The HERA-B proton beam pipe is divided in three major sections, con-
nected by all metal sealed flanges: the vacuum chamber housing the Vertex
Detector System (3.2.4); a 0.5mm-thick, 12m-long alluminium pipe extend-
ing downstream to the Electromagnetic Calorimeter (section 3.2.9); and
a 11-15cm diameter stainless steel beam pipe transversing the Muon De-
tector System (section 3.2.10). The sectioned pipe has greater diameter
downstream from the target, widening with an half-angle of 7mrad [1]. The
interaction length of these materials are typically a few decimeters. The
HERA-B beam pipe is designed to satisfy these major requirements: mini-
mal secondary-particle production in the beam pipe; sectioned pipe to allow
step-by-step installation of the different detector parts; and a good 10~ 8mbar
vacuum, which is required by the HERA machine group to prevent any im-
pact on the proton beam lifetime and emmitance. Two vacuum pumps are
installed upstream and downstream of the HERA-B detector; one additional
pump is installed 15m downstream of the target.

3.2.4 Silicon vertex detector

The Silicon Vertex Detector, or VDS in HERA-B jargon, is arguably the
most important detector component of this experiment, since its main task
is to allow the reconstruction of the production and decay vertexes of the
short-lived particles that are the experiment’s object of study. The VDS
vessel is shaped as a conical trunck, approximately 2.6m long and 1.4m wide
at its greater radius, and it covers the first 2m downstream of the target. Its
internal diameter starts at an inner radius of 10mm upstream that extends
to about 70mm downstream. Since the vessel acts as a resonant field cavity
for the beam, four 5pum-thin, 13mm-wide steel bands are positioned at 7Tmm
from the beam to reduce the wake fields and shield the beam from this
negative effect. The vessel also incorporates the HERA-B internal target,
which remains in the beampipe vacuum environment.

The detecting surfaces of the Silicon Vertex Detector are 50mm x 70mm
areas centered on the face sides of 52mm x 72mm x 280um silicon wafers.
Those surfaces are etched with 25um-pitch strips of doped p-type semicon-
ductor on one side and n-type on the opposite side. Every second diode
strip is capacitively couple to one alluminium strip, laying on top of it; the
resulting readout pitch is 50pum. The alluminium strip corresponds to one
readout channel. A thin SiOs layer insulates the alluminium and semicon-
ductor strip layers. Lastly, the polarization is achieved with bias voltage of
over 300V applied between the two sides of the wafer with regularly spaced
“guard ring” structures. Figure 3.11 depicts the transversal cut of a VDS
silicon wafer. The p- and n-type sides hold 1024 and 1280 readout channels
respectively. The strip orientation on the wafer surfaces’ planes are almost
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Figure 3.10. Schematization of a VDS module (far right) for superlayers SL5/6 (see
fig. 3.13); the envolving dotted line is the alluminium foil isolating the module from
the beam vacuum [140]. The detector (middle views) sits on a support structure (far
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Figure 8.11. Transversal cut of the VDS silicon wafer — Figure 8.12. Four VDS
(courtesy of Klaus Ehret). A thin layer of p-type modules and their caps
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Figure 3.15. Left: The VDS vessel (left) [38] contains the target system and silicon
strip detectors. The superlayers SL1 through SL7 are steered into the beam halo
inside the roman pots. The eight superlayer, SLS8, is placed outside the vessel, right
after the exit window (far left). Right: The eight silicon superlayers [99]. The
detached plane (409) is a set of two back-to-back modules; their strip orientations
form angles of £90° 4+ 2.5° with the HERA-B xy plane orientation. The target
system (not shown) is in front of SLI.
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perpendicular; on one side, it is 2.5° (relative to one edge), on the opposite
side it is 92.5°.

The passage of ionizing particles through the silicon wafer produces
roughly 2 x 10% electron-hole pairs, and each charge drifts to the doped
strips of adequate polarization. The charge accumulation then produces a
pulse signal on the aluminum strip lying on top of the corresponding semi-
conducting strip. Depending on the incidence angle with the module’s silicon
surface, the ionising particles can elicit a measurable signal within one or
more neighbouring strips (called clusters in this context) of each side. More
than half the clusters have a width of two strips, and one quarter of clusters
are one strip wide; only 5% of hits are signaled with cluster of more than 4
strips [155]. The measured signals from the strips laid on both sides of the
active area of a module allows the determination of the coordinates of the
transversing particle. In a worst case scenario, only around 6 x 103 electrons
are collected as signal; the conservative expectancy of the signal-to-noise ra-
tio was S/N 2 9 [108], but values of around 20 were obtained, dropping to
14 for the most radiation-damaged strips [155] — those closer to the beam.
For each (z,y) coordinate set of the passing particle on one plane, the signal
of each strip from a cluster of activated strips is weighted for higher location
precision. The resulting error in hit position measurement is estimated to
be within 15um [108] [155]. The geometric efficiency determined in simula-
tion is quite high [83] — around 96% for electrons and leptons, and 89% for
K mesons.

Each wafer defines a (single- or double-sided) layer, and with its readout
electronics it constitutes one 138mm x 72mm module. Figure 3.10 shows
the front and back views of a detector surface, as well as the side view of an
assembled double-side module. The readout electronics is a set of 8 and 10
specialized radiation-resistent chips (HELIX), respectively for each 1024 or
1280 strips on opposing sides of a silicon layer. Each readout chip amplifies
the analogic signal of one batch of 128 neighboring strips, and temporarily
stores it in a read-write pipeline buffer with a depth of 128 samples/channel.?
The strip readout and buffer sampling is synchronized with the proton bunch
crossing. The analogic output of these readout chips is piped with Kapton
cables, one for each side. A module may hold either one or two layers, with
their respective electronics and thermal drains mounted in a module support.
Double-layered modules have one 1mm-thick berillium slice between them
for additional structural strength and cooling. The back-to-back disposition
of a pair of layers in a module gives strip orientations of —2.5°, 87.5°, 2.5°
and 92.5°; the resulting redundancy of hit’s plane coordinates is sufficient for
adequate reconstruction demands. Each module is placed inside one shield-

3The buffer depth of the HELIX chips, used in the VDS and ITR, is slightly higher:
141samples/channel. These subdetectors have are subject to the highest track densities,
therefore have the highest channel numbers. The extra buffer depth is present to satisfy
the requirements for a sufficient readout time after the 128samples x 96ns = 12.3us period.
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ing cap in partial vacuum (10~®mbar), separated from the beampipe’s own
10~¥mbar vacuum; the cap is made of a thin (around 150um) alluminium
foil that isolates its contents from the electromagnetic medium of the beam.
The caps intrude the vessel in a “roman pot” system, which allows the detec-
tors to come closer to the beam (with positive influence on impact parameter
resolution [108]) and minimize the matter to be crossed by particles from
the interaction point with the beampipe that would otherwise be in place.
The roman pots move into place for data-taking and are retracted ~ 30cm
for beam fills to minimize radiation damage on the modules. Four modules,
placed perpendicularly to the beam direction (above, below, and inside and
outside beam radiuses) group as a superlayer — see figure 3.12.

The VDS has a total of 8 superlayers (one more than originally proposed
[108] [83]) holding 28 modules, with 112 single-sided layers; see figure 3.13.
The superlayers are positioned to allow uniform coverage in rapidity. A
particle from the target region typically crosses 6 to 7 (super)layers [108].
It has a high spatial granularity, at a total of about 176 x 103 electronic
readout channels.

3.2.5 Inner tracker system

In face of the large forward boost, it is important to track the particles
that travel close to the beam and correspond to a significant fraction of the
forward hemisphere in the beam—target center of mass. The detector units
of the ITR are Microstrip Gaseous Chambers (MSGCs), each coupled with
a foil of Gas Electron Multiplier (GEM). They were designed to withstand
particle fluxes of up to 10°mm=2s~!. The ITR has 135 x 10% channels.

The inner tracker system, or ITR for short, covers the range of distances
between 7cm and 20cm from the proton beam — corresponding to an angular
range between ~ 10mrad and = 100mrad — with the forward superlayers
placed right after the VDS at z ~ 2.0m and the most downstream layers
in front of the ECAL, at z = 12.9m. Each layer consists of four L-shaped
independent detectors which overlap in their sensitive regions by ~ 4mm
to cover the full area. The overlapping also guarantees full efficiency and
commonly-measured tracks for relative alignment. The geometric placement
of the detectors is done to reduce the radiation length seen by particles
(around 0.03% per module [129]) and detectors’ occupancies (below 10%);
for example, the vertical subdivision of the layers at the beam height reduces
the occupancy per strip by a factor of two [83], and the horizontal subdivision
allows the extraction of layers without removal of the beam pipe.

Each detector module is a 23cm X 25cm unit, with a sensitive area enclos-
ing a ~ 19.4cm x 13.0cm region, cut out at one corner to allow placing it by
the beam pipe; the remaining module area is occupied by electronics. The
MSGC volume is a glass box made of 400pum-thick glass substrate, with a
gaseous mixture of 70% argon and 30% COs at 10N/m? (i.e., ~ 1072% of the
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Figure 8.14. Left: illustration of the MSGC' chamber with GEM technique [1581].
Right: view of the sensitive areas of four MSGCs surrounding the proton beam
[140]. The covered area is about 40 x 40cm?; two layers (0° and +5°) are shown.

atmospheric pressure). Inside the MSGC, the detector’s readout structure
lays on the opposite surface of the common drift electrode, made of cop-
per and placed ~ 6mm away from it. The readout structure of the MSGC
consists of a microelectrode structure of 500nm-thick gold cathodes and an-
odes, which are litographically laiden on the glass wafer. The anodes and
cathode widths are 10pum and 170um respectively, with a 60um gap between
them; therefore, the pitch is 300um. The anode and cathode voltages are
respectively 0V and —465V; the drift cathode voltage is —3kV. Finally, the
MSGCs are complemented with Gas Electron Multipliers (GEMs), which
allows lower electrode voltages while keeping the total multiplication factor.
The GEM is a 50um-thick kapton foil, clad with 7pm-thick layers of cop-
per on both sides. The GEM has a regular grid of 55um-diameter holes,
staggered with a pitch of 140um.

During the design fase it was found that if the field strength is adjusted
to provide sufficient signals for minimum ionizing particles, then heavy ion-
izing particles (such as « particles) will often produce sparks that destroy
the delicate struture of the MSGC. The intermediate gas amplification is
introduced by the GEM layer, which allows for a reduction of the cathodes’
voltages. A minimum ionizing particle transversing the MSGC-GEM ionizes
the gas mixture and produces about 30 electrons in the 3mm gap between
the drift electrode and the GEM, where primary ionization typically occurs
[53]. The electrons drift through the holes in the GEM layer, which multi-
plies the electron avalanche. The gas amplification works in two stages, with
gains significantly depending on the gas mixture conditions and electrode
voltages: the MSGC yields a gain factor between 100 and 1000, and the
GEM step contributes with another factor of 15 to 50.

The MSGCs are positioned perpendicularly to the proton beam, except
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Figure 3.15. Spacial view of the
OTR modules, with upper right
quadrant cutout for visibility [121].
The layers MC2-MC8 were re-
moved for the 2002/2003 running
period due to large production of
bremsstrahlung [98].

inside the magnet where they’re tilted by a small angle (up to 8°) to com-
pensate for the magnetic dipolar field. In the plane perpendicular to the
beam, the MSGCs are aligned so that the electrode strips lie in angles of 0°
and £5° relative to the vertical. The resulting spacial resolution is better
than 100pum horizontally and 1mm vertically. This design is used because
the magnetic field bends charged particles in the horizontal plane and pre-
cision is needed for the momentum measurement. The spacial resolution,
granularity, and track separation capabilities are fully sufficient for the track
density in the region occupied by the ITR.

3.2.6 Outer tracker system

The outer tracker system, or OTR for short, complements the ITR accep-
tance coverage for the track reconstruction downstream of the magnet. It
has the same number of superlayers than the ITR, except for the magnet
where it has three additional superlayers. The chambers inside the mag-
net are commonly called magnet chambers, or “MC”. Downstream from the
magnet there are six superlayers — four in front of the RICH, labeled PC01-
PC04 (the pattern chambers), and two behind it labeled TC01 and TCO02
(trigger chambers). The OTR chamber layers are situated in the region
210cm < z < 1320cm; see figure 3.15. The magnet and pattern chambers
are used for track finding, momentum measurement and reconstruction of
Kg decays; the trigger chambers are primarily dedicated to hardware event
triggering, and are also used for track matching with the calorimeter and
muon detector. The OTR stations are placed at the roughly the same down-
stream position as the ITRs’. Each OTR plane encompasses an angle greater
than the ITR coverage. The use of the same technology as the ITR’s for
the wide area covered by the OTR would make it expensive — the costs per
unit area are about 60 times as much for the ITR as it is for the OTR [108].
Nevertheless, the performance requirements for the OTR-~covered region of
the detector makes it acceptable the use of its less costly technology.

The OTR detector units consist of planar layers of drift tubes arranged
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Figure 3.16. Left: the honeycomb structure of OTR drift chambers [181]. Right:
downstream perspective of the sections in superlayer TC02 [85].

perpendicularly to the proton beam; those tubes form collections of Honey-
comb Drift Chambers (or HDCs), so called because of the tubes’ hexagonal-
shaped section. The tubes are grouped in 32cm-wide modules, and within
each superlayer they are arranged in twelve sections characterized by dif-
ferent tube lengths. The innermost sections are placed slightly in front of
the surrounding outer sections and overlap them to avoid dead space and
to satisfy the space requirements of HDCs of different orientations — 0°,
+5° and —5° relative to the vertical. The choice of tube widths takes into
consideration a balance between acceptable channel occupancies (below the
20% level at 40MHz interaction rate) and number of channels (one tube per
channel, in a total of 96 x 10 channels for the OTR system [83]); the sections
closer to the beam pipe have HDCs of smaller diameter (5mm) than those
further away (10mm). The orientation of the HDCs are relevant for track
reconstruction in the bending plane (perpendicular to the dipolar magnetic
field), and are ideal for track momentum measurement. The TC chambers
are double-layered (with wires paired as logical OR), whereas the remaining
are single-layered. The double-layered chambers used for triggering pur-
poses consist of double layer 0° wires sandwiched by double layers of +5°
wires. The thinnest superlayers (MC2-MC9) have transverse thicknesses of
Az = 11.5cm whereas the thickest superlayers (used for triggering) are up
to ~ 26cm thick.

Each hexagonal tube is assembled from folded foils of 50um-thick poly-
carbonate (Pokalon-C), with an thin gold coating on the inner surface which
serves as cathode. The anode wire is a 25um-thick gold-plated tungsten wire
mounted at the tube length before the cells are closed by two merged Pokalon
foils. The result is a single layer of HDCs. The voltage applied between tube
electrodes is 0 (2) kV [83]. The drift gas is a mixture of Ar/CF4/CO4 at nor-
mal pressure. The passage of charge particles through the HDCs ionizes the
gas mixture, and the resulting electrons drift to the anode at fast enough
speeds 0(100) um/ns [83]. This allows higher precision of position deter-
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Figure 3.17. Left: schematic side view of the HERA-B RICH detector [129]. The
HERA-B target is to its right. Right: example of the observed RICH hits in an
inelastic event. The Cerenkov photons, caused by charged tracks with v > c/n,
are focused into the planar mirrors by the RICH’s spherical mirror array, and the
detected photon hits are projected as a circle with apperture related to the particle’s
Cerenkov angle.

mination by measuring the drift time (between bunch crossing and a tube
signal); the left/right ambiguity in the drift charges’ origin within a tube
is obviously unavoidable, but e.g.double-layered OTR planes have enough
redundancy to allow accurate track reconstruction by relating hits in con-
secutive layers. Up to year 2000 the hit resolution was at ~ 0.2mm [161].
The cell hit efficiencies were between 90% and 95%, which has significant
impact on the hardware triggering efficiency — the reduction from the ex-
pected 98% to 94% produces a drop in the First Level Trigger efficiency by
approximately a factor of three [89].

3.2.7 Ring imaging Cerenkov detector

The Ring Imaging Cerenkov detector, or RICH for short, is the forwardest
component of the HERA-B detector used in charged hadron identification,
namely for distinguishing protons and kaons. It consists of a stainless steel
vessel with a volume of 108m? [162], placed downstream of the OTR’s PC
chambers and in front of the two OTR Tracker Chambers layers. The vessel
houses a gas volume serving as the detector’s active medium, two sets of
mirrors, and photodetectors. The particle entry and exit windows are made
of Imm-thick alluminium instead of the steel used in the remainder of the
vessel. The vessel is transversed by the proton and electron beam pipes,
with necessary cutouts.

The RICH’s function is based on the phenomenon of Cerenkov radiation,
the coherent electromagnetic radiation emission of a charged particle that
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Figure 3.18. At left and at center: molecular dipole distribution in dielectric medium
caused by the passage of a low- and a high-velocity charged particle, respectively
[129]. On the right: the Cerenkov wave front construction by superposition of ele-
mentary spherical waves produced by a v > ¢/n charged particle along its trajectory.

transverses a dielectric medium at a speed greater than the speed of light
in it. The fast transversing particle produces non-isotropic polarization in
the dielectric’s atoms along its path, and causes those atoms to emit light
when they de-excite. If the particle’s speed is less than the light’s speed in
the medium, the light is destroyed by destructive interference; if, however,
the particle’s speed is greater than the light’s in the medium, then light is
emitted by constructive interference in the medium. The Cerenkov photons
are emitted at an angle f¢ relative to the particle track, given by

1
cos Oc = B (3.5)

with § = v/c as the particle’s speed in units of ¢ and n as the medium’s
refraction index for Cerenkov photons of a given energy. Therefore, for
each particle type there exists a certain threshold momentum below which
1/(Bn) > 1 and for which there is no Cerenkov radiation emission. For
pions, kaons and protons, the threshold momenta are, respectively, 2.5GeV /¢
~ 9.5GeV /c and ~ 18GeV /c; see e.g. [76]. The number of Cerenkov photons
of wavelength A, emitted per unit path length, is [117]

1\2d\
N(A)dA = 27a <1 - %> - (3.6)

After measuring the Cerenkov angle of photons produced by a charged
track, the corresponding particle’s velocity is determined. From this the
particle may be identified, in the form of a constraint on its mass obtained
from the velocity 6 and the linear momentum p found by tracking techniques
(using the vertex detector and the main tracker). At high momenta (pc >
mc?) the velocity difference between two different particles decreases with
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the squared momentum and the separation is more difficult [129]:

m%( — m?r)c4

ag =t o (3.7)

The choice of this technology is more adequate than e.g. time-of-flight mea-
surement solutions because of the tiny time difference (below o (10) ps in a
flight path of a few meters) between kaons and protons of typical momentum
(a few 0(10) GeV) in HERA-B [129].

The adequate choice of radiator gas (the dielectric medium) is deter-
minant [129] for good resolution on #c measurements: on one hand the
refractive index must be close enough to unity (n —1 < 1073) to allow suffi-
cient ring apperture resolution at high momenta (0.2mrad around 50GeV /c
[108]); and on the other hand, the hadron’s (specifically, protons and kaons)
threshold momenta should be as low as possible, which dictates n—1 > 1073.
The chosen radiator is perfluorbutane C4F1g at standard temperature and
pressure conditions: it combines a refractive index in the adequate range
Ny 30y —1 = 1.3x 1072 and low dispersion (An/AE)|; 3.y = 3x107%eV 1.
The STP C4F;( radiator produces around 10 photons per meter of radia-
tor path for a 3 ~ 1 particle,* of which around 30 are detected [1]. The
approximate threshold momenta for different particles are the following:
electrons 10MeV /c, muons 2GeV /c, pions 3GeV/c, kaons 10GeV/c, and
protons 18GeV /c. The error contribution of single photon to the Cerenkov
angle of a 50GeV /c track is below 2mrad [129].

The Cerenkov photons are reflected and focused, by four sets of mirrors,
onto the photodetector array inside the RICH vessel: two sets, placed above
and below the horizontal beamline plane, consist of a tiling of hexagonal-
shaped spherical mirrors with 11.4m curvature radius covering a total are of
6m x 4m; the two other sets are planar mirrors made of rectangular tiling,
facing the spherical mirrors. The tile separation is kept in the Imm range
[83]. The spherical mirror tile collection is made of 104 units of 70cm diago-
nal. The spherical mirror set focuses the incoming photons, which distribute
as concentric rings, into a single ring of aperture 6c, and the planar set of
mirrors directs the light to an array of photodetectors. The photodetectors
have an high quantum efficiency of 20% in the visible range of spectrum, and
are coupled with 2240 high-gain (current amplification o (107)) multi-anode
photomultiplier tubes [19] operating at gain voltage below 1kV. One field
perspex lens and one condensor perspex lens per photodetector produces
the required demagnification to fit the later’s photocatode window surface.
The central (i.e. closer to beam) regions are occupied by photocathodes of
smaller area than those outside, therefore the inner regions have a position

“The average yield of Cerenkov photons is given by N, = NoLsin? ¢, where L is
the path length in radiator and the “figure of merit” Ny incorporates efficiencies and
reflection/transmission factors, see [108]. For HERA-B, No = (43 + 4)em™" [1].
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resolution of 9mm x 9mm and the outer regions have 18mm x 18mm [129].
The total number of channels is about 160 x 103 [83], and the typical channel
occupancy is at the 10% level.

The Cerenkov photons are emitted at the same polar angle relative to
the particle’s track. The mirror array in the RICH vessel focuses the pho-
tons from one track into a ring pattern with angular apperture fc. Ring
reconstruction is performed by sophisticated patter-recognition and optical
correction algorithms. For a given ring pattern, the orientation of a candi-
date trackresponsible by the ring is given by a coordinate pair (A, ¢), defined
in the plane of the photomultipliers’ surface at z >~ 1180cm, which repre-
sent the horizontal (azimuth) and vertical (declination) angles of the track
direction relative to the beam orientation.

3.2.8 Transition radiation detector

The transition radiation detector, or TRD for short, is used to distinguish
electrons from hadrons in the region of highest occupancy in front of the
electromagnetic calorimeter, covering the pseudo-rapidity interval 3 < n <
4.7. The transition radiation is produced by relativistic charged particles
when they cross the interface of two media with different dielectric constants.
The total energy loss of a charge particle depends on its Lorentz factor
v = E/mc® and mostly directed forward, peaking at o(1/7). The TR
photons produced by electrons is in the X-ray range of 5-15keV. However,
the number of produced photons per interface crossing is very small: for
particles with v = 2 x 10% about 0.8 X-ray photons are detected [108].
Therefore, several layers of interleaving materials are necessary to produce
an adequately measureable signal. The particle identification proceeds from
counting the number of TR clusters produced by a given track — electrons
typically produce up to four times more TRD counts than pions of the same
momentum [138]. Altough the hardware was fully installed, the TRD was
not used during the data-taking runs of year 2000.

The TRD is placed between the OTR’s TCO01 and TCO02 superlayers and
surrounds the proton beam pipe, leaving an area of 22cm x 22cm free for its
passage. Its transversal area is 134cm x 89cm and extends in the interval
1200cm < z < 1280cm. The TRD has close to 16 x 10® channels [83]. It is
made of eight blocks placed in two parts, one in front of the other as seen
from the target, aligned at angles of +30° and —30° relative to the horizon-
tal plane. Each block is composed of alternating layers of radiator material
and straw tubes. The radiator is made of 20um-thick polypropylene fibers
bunched in a 1.6cm-thick layer. The straw tube layers are the detecting ele-
ment of the TRD. They are made of rows of 5Smm-diameter cylindrical tubes,
all glued together, with groups of five straws separated by a 0.2mm-thick
10mm-wide carbon fibre strip placed lengthwise to give rigidity to the layer
structure. A transversal 3mm-deep into the radiator material allows the cir-
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Figure 3.19. Left: isometric view of the Transition Radiation tracker (left). The
darkened cylinder crossing the TRD layers represents the proton beam direction.
Right: transversal section of a TRD block [108] [83].

culation of cool, dry air to keep the radiator and the straws from overheating.
The straw tubes are 6mm-diameter cylinders with a 50pum four-layered wall,
with a centrally-placed lenghtwise anode wire with 50um diameter. They
have different lengths, ranging from 65c¢m to 135cm, according to the block’s
size and straw tube orientation. The tube cathode is embedded in the wall in
the form of two concentric 2000A-thick alluminium layers. The gas mixture
inside the straw tubes is 70% Xe + 20% CF4 + 10% COg; the xenon is used
for the X-ray detection and the other gases adjust the electron drift time so
it is below the bunch crossing rate [124]. The gas mixture proportions are
kept within the percent level. Since the xenon gas is expensive and difficult
to produce, it circulates in a closed circuit. The HERA-B TRD has 32 straw
tube layers.

3.2.9 Electromagnetic calorimeter

The electromagnetic calorimeter, or ECAL for short, is used to identify elec-
trons and photons based on their energy deposition and the cluster shape.
Photons do not create a reconstructible track, so the ECAL provides the
only possibility to detect them. The event’s primary electrons and positrons
should have E//p ~ 1 due to their high momenta (in the GeV/c range). The
ECAL is also responsible for the electron trigger signals that initiate the First
Level Trigger (FLT) algorithm.The ECAL has 5800 electronic channels.
The ECAL occupies the region 1325cm < z < 1411cm and its transversal
dimensions are || < 312cm and |y| < 234cm, with a central 22.3cm x 22.3cm
hole for the proton beam and a second hole at (x,y) ~ (44.6cm, —78.0cm) of
the same area for the electron beampipe. It is composed of 2344 calorimeter
modules with a transverse area of 11.15cm x 11.15¢m. Each modules holds a
set of a sampling scintillator /absorber sandwich structures ( “shashlik”), cou-
pled to photomultiplier tubes for scintillation readout. Each module has 25,
4 and 1 photomultiplier tubes for the corresponding inner (156cm x 89cm),
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Figure 3.20. Left: the “shashlik” structure of one ECAL module [108], showing
the 5 x 5 photomultiplier tube (PMT) array of a outer ECAL module with their
wavelength shifter (WLS) fibers. Right: schematic back (downstream) view of the
ECAL regions [131]. The granularity grows towards the center. The central and
lower right holes make room for the proton and electron beam pipes, respectively.
The structure is enclosed by a support frame.

middle (446cm x 245c¢cm) and outer (624cm x 468cm) sections of the ECAL,
with corresponding cell sizes of 2.23cm x 2.23cm, 5.575c¢cm x 5.575cm and
11.15cm x 11.15cm respectively. The differing number of PM tubes per
module is related to granularity requirements, which are highest closer to
the beampipe regions, where particle flux is also highest. The PM high
voltage supplies are 1.5kV Cockroft-Walton bases. Each module’s shashlik
is enveloped in an alluminium layer to improve light collection. The shash-
lik structure is different for the inner section and for the middle and outer
sections of the calorimeter. In the inner section, there are alternating layers
of 40 2.2mm-thick W-Ni-Fe metal alloy plates, 0.lmm-thick white reflect-
ing paper sheets and 41 1mm-thick polystyrene-based scintillator tiles. The
middle and outer sections have alternating layers of 37 3mm-thick lead ab-
sorber plates, white reflecting paper and 38 6mm-thick scintillator plates.
The scintillator /absorber tiles are orthogonally oriented relative to the beam
direction. The shashliks’ radiation lengths are 20Xy and 22X, for the in-
ner and for the middle/outer modules, respectively. The scintillation light
is conducted to the PM tubes by 1.2mm-thick wavelength shifter (WLS)
fibers that penetrate the entire length of shashlik, through holes arranged
on a square lattice with center-to-center spacing of 11.lmm. Each inner
ECAL tower (corresponding to one readout channel) has 4 WLS fibers con-
necting to the corresponding PM tube. The middle/outer ECAL modules
have 72 u-shaped WLS fibers inserted in the holes of its scintillator /absorber
stack. The bending radius of the loop is ~ 14mm, so each fiber penetrates
through the holes separated vertically by two holes. The middle and outer
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modules yield, per 1GeV of deposited energy, ~ 10* photons [105] in the
scintillator stack, yielding ~ 1600 photoelectrons in the PM; the inner mod-
ules have a light yield smaller by a factor of 4 due to the thinner scintillator
plates [108].

The ECAL identifies particles based on their energy loss within this
detector and the shape of the energy cluster they produce.The showering
particles (photons, electrons and positrons) produce electromagnetic showers
(through bremsstrahlung and pair production) in the absorber plates; these
EM showers typically deposit energy in several neighboring ECAL cells,
which are grouped together by the ECAL pretrigger (see section 3.3.3) as
clusters upon event reconstruction and used as candidates for electrons/posi-
trons and photons. The shower particles have less energy than the seeding
particles, and they yield light in the scintillator by exciting that material’s
atoms. The de-excitation photons are conducted by internal reflections in
the WLS fibers into the PM tube.

The ECAL energy resolution is parametrised as o(E)/E = A/VE + B
[108]; the sampling term A reflects fluctuations in the fraction of energy
measured in the active medium and also photoelectron statistics, whereas
the constant term B is due to non-uniformity, calibration errors, energy
leakage and instability of response. The design values for the inner ECAL
are A = 17%, B = 1.6%, and for the middle and outer are A = 9.5%,
B = 1% [83]. Prior to the first data-taking runs of year 2000, it was found
[1] [152] that these parameters for the inner ECAL were A = (22.5 +0.5)%
and B = (1.7£0.3)% in the region 12GeV < E < 60GeV. Spacial resolution
was estimated to be o, = 0.2cm and linearity better than 0.5% in the
12GeV < E < 80GeV range. Newer measurements [72], done after the
2002/2003 run period, put only slight improvements in energy resolution.
The spatial resolution has an average of 0.5cm [73].

3.2.10 Muon detection system

The muon detection system, or MUD for short, is used to discriminate be-
tween muon and hadron tracks. This system plays a key role in the detection
and tagging of golden decays (1.2) — in particular through the reconstruc-
tion of muon pairs with an invariant mass in the J/1) meson mass range
— as well as selecting semileptonic decays for B meson flavor tagging. The
MUD’s information is also used in event triggering, and in offline analysis for
background rejection due to hadron misidentification, with rejection factors
above 100 [108]. As with most other subdetectors in HERA-B preceeding
it, room is needed for the crossing proton and electron beam pipes. The
number of channels for the MUD is about 31 x 10 [83].

The MUD detector components are in four superlayers, labeled MU1
through MU4, perpendicular to the beam direction. In front of the first
three superlayers are three o (1m) beampipe-wise thick steel blocks, labeled
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Figure 8.22. Cross section views of the Muon detector elements [181]. The tube
chambers form double layers in MUOI and MUO02. The pad chambers also form
double layers in MUO3 and MUO04, with cathode planes between the two layers.
The pizel chambers are the detector elements in the region closer to the proton
beam. The proton beam direction (not shown) is transversal for the tube and pad
schematics (left and center), and along the sensing and potencial wires in the pizel
chamber representation (right).

MF1 through MF3, which function as absorbers; since the muons rank as the
highest penetrating (long-lived) charged particles, it is tacitly assumed that
the signals present in the downstream superlayers should belong to muons
crossing them — all other particles suffer multiple scattering in the absorber
and do not emerge from it. There is no absorber between MU3 and MU4
as in between the other superlayers — only a modest amount surrounding
the beampipe to shield the detector from the beam background. The MU4
is used to measure track directions unimpeded by multiple scattering, and
is mainly used in the hardware triggering. To limit the amount of readout
channels, the signals from 2 x 2 cells in MU1 and MU2 and 1 x 4 cells in
MU3 and MU4 are combined together in the readout [124]. Essentially, only
muons with momentum greater than 5.0GeV are able to penetrate the thick
absorbers in front of MU3 and MU4.

There are three different types of detector element used in the MUD,
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called tube chambers, pad chambers and gas pixzel chambers. Their location
depends on whether they’re close to the beampipe (pixel chambers) or, for
the outermost elements, on the superlayer they’re installed (MU1, MU2 for
tube chambers; MU3, MU4 for pad chambers).

The gas pizel chambers are planar arrays of 9mm x 9mm cells; those on
MU4 are 9.4mm x 9.4mm. They are placed behind the tube/pad chambers.
Each cell is 30mm deep beamline-wise, and contains a 30um-thick gold-
coated tungsten anode wire at its center and running at its length, and
four 0.5mm-thick cathode wires along the cell’s beamline-wise edges. The
applied voltage is around 2kV. The drift gas mixture of 80%Ar + 20%CH,
ensures a response rate below the bunch crossing rate [83]; this gas mixture
is also used in the remaining detector elements of the MUD. The gas pixel
chamber arrays on each superlayer are grouped as four 45cells x 32cells
units, disposed around the beampipe (with an inner radius of 138mm) and
slightly overlaping by 2 cells with its neighbours to minimize dead spaces
[108]. A charged particle transversing a cell ionizes the gas mixture, and the
resulting electrons drift to the anode and produce a measurable signal. The
gas pixel chambers’ spatial resolution is adequate to measure the particles’
coordinates [83].

The tube chambers are two-layered planar arrays of 16 3.5m-long, 15mm x
12mm closed alluminium drift cells, placed vertically and in +20° angles rel-
ative to the vertical. The cell wall thickness is 1mm. One layer is shifted by
half a cell relative to the other, to minimize losses due to dead space. Inside
each cell, a 40um-thick gold-plated tungsten wire is streched along the cell
length and serves as anode. The voltage difference and drift gas mixture is
the same as in the gas pixel chamber.

The pad chambers are assembled using two-sided, 15mm x 11mm u-shaped
aluminum profiles; the wall separating the two opposing sides is 3mm thick.
The pad chambers are oriented in the vertical direction. One anode wire
is streched inside each cell, similar to what is done in the tube chambers.
Placed on each side, lmm away from the cell structure and parallel to it,
a copper-covered G10 board is etched with a pad structure and is used for
readout. Finally, the 16 + 15-cell pad chamber is enclosed in alluminium
casing to isolate the gas mixture.

3.2.11 High-pr trigger

The high-pr trigger system was proposed in the detector’s Technical Design
Report [83], after the original Proposal [108]. It was designed to complement
C P physics in the B system with hadronic channels — such as B® — 77~
(whose pions have much higher transverse momentum than those coming
from proton—nucleon inelastic collisions), which measures the angle « of the
CP unitarity triangle — while triggering at a rate low enough to not over-
load the trigger processor and steal data bandwidth from the .J/v dilepton
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trigger. At pretrigger level, the filter imposes a transverse momentum pr
cut at 1.5GeV /c by selecting “stiff tracks at relatively large angles” [83].
The same source claims that this is likely to select few-body B meson de-
cays, while exponentially rejecting track combinations from other sources:
for example, the requirement that both charged tracks from that decay have
pr > 1.5GeV /c suppresses the minimum bias background by a factor of 50
from its 6 orders of magnitude higher rate than bb events. The number of
channels for the high-pr trigger is about 26 x 103, divided roughly equally
in the inner (5cm to 50cm) and outer (50cm to 200cm) sections.

For this trigger, three new pad chamber sets, labelled PT1-PT3, were
introduced during detector assembly, two of them positioned in the magnet
region (at z; ~ 4.7m and at 2o ~ 5.7m) and downstream of the magnet
(at z3 ~ 6.1m). The three superlayers enable the implementation of a co-
incidence trigger logic for track selection (figure 3.24), particularly at the
pretrigger level — see section 3.3.3. Each layer (see figure 3.23) uses differ-
ent technologies, depending on the radial beam distance; the inner regions
use gas pixel chambers like in the muon system, the outer regions use straw
chambers with resistive-cathode readout. In the pad area of each PT cham-
ber, the inner pad cells are smaller than the outer pad cells to control channel
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Subdetector Channels

Number Bitwidth Bandwidth
(x10%) | (per channel) | (per event)

VDS 176.0 8 172kbytes
ITR 135.0 8 132kbytes

OTR 95.7 8 94kbytes
High-pr 26.2 1 1kbytes
RICH 130.0 1 20kbytes
TRD 15.7 2 4kbytes
ECAL 5.8 14 10kbytes
MUON 31.3 1 4kbytes

Table 3.1. Overview of different HERA-B subdetectors in the context of the readout
system [83]. The bitwidth refers to the data size needed for each channel. The
bandwidth is simply the product of the number of channels by the bitwidth, per
event; the values are approximated to unity for readability.

occupancies and numbers [83]. The pads in PT3 are shifted by half a pad in
the horizontal direction. The sizes of pads and regions for PT2 and PT3 are
projectively increased by z2/z1 and z3/z1, respectively. In the non-bending
plane (y direction), the pretrigger roads are chosen to be projective; the
corresponding pads in PT1, PT2 and PT3 are combined in a logic AND.

3.3 Trigger system. Data acquisition system

The trigger system is a complex and essential part of the detector. Its
primary purpose is the online selection (i.e. during data-taking) of events
with clear signs of the presence of relevant decays — in the case of HERA-B,
“beauty decays” (bb quarks). Such event selection is necessary because, on
one hand the data output rate from all the detector’s channels is too high
to be handled by storage hardware, and on the other hand because the vast
majority of the beam—target interactions are irrelevant for analysis. The
precise implementation of the trigger scheme was left for the final stages of
the detector construction, and suffered significant changes since the original
proposal [108]; this is especially so for the topmost trigger levels. The trigger
and data acquisition hardware is installed in the West Hall, at the electronics
hut next to the detector, except for the Front-End Drivers (section 3.3.1).
The event analysis chain is detailed in section 3.5.

Assuming an event rate similar to the bunch crossing rate 10.4MHz and
that the detector’s 6 x 10° channels yield around 450kbytes per event (see
table 3.1), the raw data rate would then be as high as 5Tb/s. Fortunately,
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the rate of interesting decays (and the corresponding data flow rate) is much
lower than this: the fraction of events containing b and b quarks at the
HERA-B energy is 03/ Cinelastic = 0 (10_6) [108]. Furthermore, one of the
key decays channels used in HERA-B for C P violation studies follows from
the “golden decay” (1.2), whose branching branching ratio is

BR(B® — J/¢YKY) x BR(J/1) — £107) x BR(KY — nfn) ~

1
~ (5 X 8.9 x 10—4> x 12.0% x 68.6% = 3.7 x 107> . (3.8)

The 3§ factor comes from the ~ 50%/50% mixture of K3 and K in the
neutral K mesons in B® — J/9K? decays; the £T¢~ include the ete™ and
ptu~ final states [34]. The final state particles £T¢~ and 7+7~ in these
decay modes do not allow to completely identify the initial state — it could
be either a B® or a BY, with a resulting doubling in the golden decay rate
from the bb quark states. Assuming that in average one inelastic collision
occurs at each crossing rate, the bb rate events is of the order of 1Hz and the
golden decay rate is 2x 3.7x 107° x 0 (1Hz) = o (10*4Hz) i.e. in the one-per-
four-hours ballpark. Since the golden decay rate (which is still on of the best
C P violation channels in the B meson system) is so low, HERA-B depends
on the high interaction rate to collect a reasonable amount of events.

The K° mesons are very common in hadronic collisions and therefore
not well-suited for trigger purposes such as in the golden decay. But the
lepton pairs from J/1¢ decays are suitable this task, since they have high
momentum, transverse momentum and pair invariant mass, which makes it
possible to distinguish its presence from the background of the more common
mesons. The requirement for the J/1 decay vertex to be detached from the
collision vertex can be used to further enhance background rejection: given
the long lifetime 75 of B mesons, their mean path is fycrp = o (1em) before
decay, and since the J/v decays promptly (7, = h/T'j/y =0 (10729) s [34])
it can be used to signal the possible presence of golden decays. Because
O/ Tinel = 0(10_6), one J/v is produced for every oinel/0cz = 0(103)
proton—nucleon collisions at the HERA-B beam energy — see figure 3.25.

To reduce the data stream to a suitable rate, the HERA-B trigger system
has four levels of increasing analysis detail and latency time. The First Level
Trigger is essentially based on fast hardware logic that performs a coarse
reconstruction of charged tracks through pattern recognition, identification
of candidates tracks from two-body decays like J /¢ — £7¢~, and calculation
of the invariant mass of particle pair combinations. If the trigger hardware
finds particle candidate pairs which pass these tests, the data is forwarded
to the Second Level Trigger for a new and refined decision. This trigger’s
output rate is even lower than the output from the preceeding trigger level;
the input data is digital/analog signals from the detector hardware, and the
output data is the momenta of leptons (from .J/v¢ decays) and/or hadrons
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(from e.g. BY — 777~ decays) track candidates, invariant masses, and raw

detector hits (i.e., channels activated by the passage of particles). This new
stream 1is fed to the topmost trigger layers, which process the entire event
data and not just those trigger particles. The Third and Fourth Trigger
Levels fully reconstruct the event, and are the final decision stages before
an event can be deemed suitable for permanent storage in magnetic tape.
Each Trigger Level has to decide whether the event is to be descarded or to
be forwarded to the next Level for a new decision. The events kept on tape
can be further selected with algorithms designed by the physicist for his/her
own analysis purposes.

Parallel to this event selection trigger scheme, the hardware trigger sys-
tem may also be set to, on occasion, select random events at a specified rate,
without a decision from the First or Second Trigger Levels. These randomly
selected events are reconstructed by the Fourth Level Trigger, classified and
stored in tape. This minimum bias event population is of use for e.g. studies
of the rate of triggered events to background events.

3.3.1 Front-end drivers

The detector’s Front-End Drivers (FEDs) read the detector’s signal wires
with low-mass twisted pair cables, and transmit the readout to the Data
Acquisition (DAQ) system (section 3.3.8) and the pretrigger logic, using
optic fibers to reduce signal distortion related with distance. Because of
the FEDs’ purpose, they are placed next to the detector, just outside its
acceptance. The FED electronics also perform signal amplification, shaping
and digitization where necessary; the hardware is mounted on frames out-
side detector acceptance. The FED’s ASD-8° readout chips have a buffer
pipeline with a depth of 128 samples, except for the VDS and ITR custom-
made chips HELIX-128 3.1 [83], which read 128 channels and have a buffer

SEight-channel Amplifier, Shaper and Discriminator analog chips [83].
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depth of 141 samples to compensate for e.g. signal propagation delays to
other detectors, or chip readout of the VDS’s and ITR’s greater number
of channels. Therefore, the First Level Trigger’s decision period must not
exceed 128 x 96ns = 12.3us, otherwise further detector readout is disabled.
There are four kinds of Front-End Drivers for the different types of read-
out: the analog type FED, used in the VDS and ITR; the hit type FED, for
the High-pT system, the RICH, the TRD and the Muon detector; the timing
type FED, for the OTR; and the pulse height type FED, for the ECAL.

3.3.2 Fast control system

The Fast Control System (FCS) is used to synchronize the data flow from
the FEDs to the First Level Trigger, to assign detector signals to events and
to identify those events. Among the signals transmitted to the FEDs are the
HERA bunch clock, the FED-specific delay between the bunch clock and the
detector signals, the current event number tag, and event numbers of events
accepted by the FLT. The FCS also inhibits detector readouts if the FED
buffer is full. The FCS consists of one central unit, a signal distribution
system and a collection of 210 receiving boards for each FED crate.

3.3.3 Pretriggers

The track recognition algorithm requires start regions, or seeds, for pattern
search. Such procedure consumes less time than combining hits from the
tracking devices.

In HERA-B, the lepton pretrigger scheme works by searching plausible
hits on the Electromagnetic Calorimeter or the Muon System, which are
candidates from respectively J/v — ete™ and J/v — pTu~ decays. The
lepton pretriggers reduce the number of lepton (or hadron, in the case of
the High-pr system, see section 3.2.11) candidates that serve as seeds for
the First Level Trigger, without by itself making a trigger decision (i.e.,
acceptance or rejection of events). Depending on the pretrigger type, its
latency is between 1us and 4us.

The pretrigger level is hardware-based and is local to each detector sub-
system, both physical and logically. Since the First Level Trigger requires a
fast decision from the pretrigger, its operation has to be very fast. Each sub-
detector’s pretrigger is composed of several identical units, whose number is
related to the number of channels to measure and the unit’s processing time
for a given number of channels. Figure 3.26 presents a schematic overview
of the HERA-B pretrigger conditions.

The purpose [83] of the ECAL pretrigger electronics is to:

e Find the calorimeter clusters. The clusters are collections of neigh-
bouring calorimeter cells, in nonets,® that measure energy deposits

n the year 2000 run, a 3 x 3 “+” cross-shaped cluster search was used instead of the
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Figure 3.26. Illustration of the conditions that must be fulfilled in order to initiate
a pretrigger in ECAL (a), in the two rearmost muon superlayers (b), or in the
high-pr chambers (c). For (a) the smalles unit shown is a calorimeter cell, for (b)

and (c¢) is a pad [140].

above a certain threshold — e.g. 0.1GeV. The threshold reflects the
transverse momentum of the electron that generates the cluster.

e Compute the cluster energy Ecjuster = 2 Fi-
i

e Compute the cluster coordinates X juster and Yejuster-

e Apply the appropriate selection cuts. One example of selection cut
on a cluster is: its energy Fuster must be above a given threshold
value, and the central cell must be greater than half that value. The
threshold cut reflects the transverse momentum of the electron that
generated the cluster. The track bending due to the Magnet is ignored
for simplicity and the transverse energy

JXTTY?
VX2 +Y?2 4+ 272
is used instead (Z ~ 1350cm is the downstream position of the ECAL).

A cut ES* in the transverse momentum is achieveable by setting the
threshold to [124]

Eé:}lluster _ }]:jut v X2 + Y2 + Z?
res /X2 + Y2 *

The central cell energy cut avoids the generation of several seeds for
the same physical cluster.

ET = Ecluster

designed 3 x 3 square-shaped (“nonet”) clusters [131]. This was done to avoid various
problems with the pretrigger electronics, which was generating fake seeds.
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e Pass to the First Level Trigger the energy of bremsstrahlung photons
to reconstruct the correct electron energy. The photons’ trajectories
are not affected by the Magnet field, and they are visible as a cluster
in the same y position as the electron cluster, but separated in the
x direction [124]. The separation depends on the momentum of the
electron as it passes through the magnetic field and, therefore, on the
measured electron cluster energy. However, bremsstrahlung recovery
was not used during the data-taking of year 2000.

In the proposed scheme [83], a 100MHz digitized data transmission rate
within the ECAL pretrigger is enough for its decisory task.

In the Muon detector system, the pretrigger logic hardware defines track
seeds through coincidences of logic signals with the required topology, and
transforms the result to a data stream of initial track parameters. Each
pad of superlayer MU3 is put into coincidence with several pads in super-
layer MU4, which are larger by a factor equal to the ratio z4/z3 of the
z-coordinates of those two layers. To ensure efficiency, in superlayer MU4
four neighbouring pads in z and two neighbouring pads in y are connected
in a logical OR. A pretrigger road is therefore defined as a logical AND be-
tween a pad from MU3 with the OR of eight pads in MU4. In the region
closer to the beam pipe, the muons’ momenta are harder than in the farther
region, and it suffices to put each pad from superlayer MU3 in coincidence
with only four pads in superlayer MU4 [83].

The RICH system may also be used to produce a veto signal for the
pretrigger level. The RICH veto inhibits further processing of the event if
the RICH occupancy is above a chosen threshold. The RICH veto is used
to protect the Trigger and DAQ chains from data overflows.

3.3.4 First level trigger

HERA-B’s First Level Trigger (FLT) was designed as an array of fast
electronics hardware to find dilepton pair candidates from J/1 decays in
the “Main Tracker” (ITR and OTR) section of the detector. It uses the
Calorimeter and Muon detector to find candidate leptons and then match
them with hits on the Tracker chambers. The sought ECAL clusters are
selected amongst those above a certain energy threshold, and the muon can-
didates are selected amongs those whose Muon detector hits project into the
Tracker Chambers. The FLT receives hit information from a subset of the
tracking superlayers, namely PC01, PC04, TC01 and TCO02 of the Outer
Tracker, and from the muon tube chambers in layers MUO1, MU03 and
MUO4. Since all these layers are placed after the Magnet in the field-free
region, the tracks are straight lines. The electron candidates are selected
from tracks with TCO02 hits on top of calorimeter clusters; the muon candi-
dates are selected from Main Tracker segments which project into paths in
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the Muon chambers. These are the seeds for the Kalman filter algorithm,
described below. The FLT reduction factor is o(200), whereby its trigger
output rate is 50kHz for a 10MHz data input rate. A description of greater
detail on the HERA-B First Level Trigger can be found in reference [124].

The track candidates are reconstructed using a Kalman filter algorithm
optimized for fast processing in the trigger electronics. This algorithm pro-
vides an efficient iterative method to perform a least-squares fit on systems
described by time-discrete state vectors. To estimate the system’s evolution,
two iterative steps are applied on each detector layer: based on the measure-
ments in the preceeding layer, the state and error estimates are predicted
for the next measurement (prediction step); then the next measurement is
incorporated for an improved estimation of the system’s state (correction
or filtering step). To start the iterative method, a first estimation of the
system state is needed (seeding). Each fit step defines a new Region of In-
terest (Rol) region for each track in the next detector layer where detector
hits are to be sought, based on the assumption that the particles move in
a straight line in the field-free region behind (i.e. downstream) the Magnet.
A track candidate “survives” the reconstruction if at least one hit is found
at each step of the search in the Rol bounds, otherwise the track candidate
is removed from processing and is not considered in the next steps. The
processing ends when all tracks have been reconstructed through all trigger
layers.

The geometrical parameters are found in these reconstruction steps, how-
ever the FLT also implements a coarse reconstruction of the track momen-
tum. This is necessary to perform cuts on those lepton candidates that have
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very low momentum — a typical cut of 5GeV is applied. The FLT produces a
positive decision on the event if any dilepton pair is found which satisfies the
momentum cuts and the dilepton invariant mass, M = \/ 2p1p2(1 — cos )
(p1 and pg are the norms of the tracks’” momenta, 6 is the angle between the
tracks), with a cut specific of the dilepton pair — 2.0GeV < M < 3.5GeV
for dielectron and 2.5GeV < M < 3.5GeV for dimuon. The track mo-
mentum is initially estimated by hardware units named Track Parameter
Units (TPUs), which are further described below. Assuming that the track
originates from the target region — the point (z,2) = (0,0) defined in the
Magnet bending plane — the resulting momentum kick is used to obtain
the track’s momentum. See appendix B.3 for further details.

The floating point arithmetic calculations of the real parameters (track
slopes, momentum, dilepton invariant masses) are too time-consuming and
would quickly overload the FLT buffer. Instead, Look-up Tables (LUTSs)
are used; these are hardware implementations of programmable logic devices
which store the possible values of a real function (within a preset range) and
output them according to the ranges of the input values.

The trigger hardware is implemented by a series of trigger units; an
overview of the FLT network is presented in figure 3.28. The Track Find-
ing Units, or TFUs (figure 3.29), implement a Kalman filter algorithm in
hardware. They combine the hit data from 2048 channels with the messages
which represent the track candidates and perform track reconstruction. The
TFUs are incorporated in electronics board, which include messaging units
to receive and transmit messages to other units and parameter calculation
using hit coincidence logic circuitry and LUTs. If a TFU finds a hit in the
Rol of a track candidate it receives, it creates a new, refined track can-
didate and messages the information to the TFU of the next superlayer.
These 80-bit messages are forwarded through the TFU network, starting
at the pretriggers and ending at the TFUs in PCO1. Each TFU handles a
specifically assigned region of the tracking system.

The Track Parameter Units (TPUs) calculate the momenta of the found
tracks and are able to reject tracks based on kinematical cuts and on compar-
ison of tracks of one event (for clone removal). Track candidates accepted
by the TPU are forwarded to the last step of the FLT trigger chain, the
Trigger Decision Unit (TDU). This unit can base the trigger decision on
simple counting of tracks or on the calculation of the invariant masses of all
possible track pairs of each event. In case of a positive trigger decision, the
TDU notifies the FCS, which then initiates the readout of the entire system
to the Second Level Buffer, after which the event is processed by the Second
Level Trigger. The whole system comprises 60 TFUs, 4 TPUs and 4 TDUs,
all installed in five electronics racks called VME crates [83].

The latency timeslice for signal propagation between TFU layers is around
850ns (TFU processing + signal propagation) [83]. For the TPUs, this
amounts to 700ns. The processing time in the TDU is the same as in a TPU
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Figure 3.28. Overview of the FLT network [124]. The data flow within the network
is twofold: on one hand, hit data (represented by arrows pointing from the detector
layers) are sent through optical fibers from the FEDs to the TFUs; on the other
hand, the track candidate data are transported through each superlayer’s TFUs to
the TPUs and finally the TDU. The High-pt pretrigger is not shown in the figure.
The Regions of Interest (Rols) are represented by the grey triangles envolving the
tracks between consecutive detector layers.
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400ns. Therefore, the FLT tracking for the electron trigger has a latency of

0.3us

+4 x 0.85us + 0.7us + 0.4us = 4.8us (the initial 0.3us corresponds to

the signal propagation from the Pretrigger).

3.3.5 Second level trigger

The Second Level Trigger (or SLT for short) works similarly to the FLT,
i.e. using a Kalman filter algorithm. The SLT, however, performs a more
refined track search; because such refinement requires more processing time,
the SLT depends on the FLT to reject those events that have clear signs of
a background event (no J/v dilepton decays and/or no high-p particles).
The SLT algorithm has the following steps [131]:

take the track candidates data from the FLT and all detector hits;

remove ghost tracks, by requiring a minimum number of TC and PC
hits lined up on an approximate straight line;

refit the tracks behind the magnet, applying a Kalman filter in the zz
and yz planes, and rejecting tracks with too few hits or poor y?; track
parameters are improved by using the OTR chambers’ drift times,
instead of merely using OTR hits as done in the FLT;

estimate the track orientation in front of the magnet with the new
information; follows tracks through the VDS using a Kalman filter
approach, again fitting separately in the xz and yz planes; and finally,

reject the track from J/1 dileptons candidates that do not have a
common vertex, within a certain error tolerance. The vertex should
be detached from all target wires, or with a large impact parameter
relative to the target wires for semileptonic b decays, B — [y X.

The SLT has a rejection factor of 0 (100), therefore its output rate is 500Hz
for a 50kHz input rate from the First Level Trigger.

The raw data of a single event encompasses about 440kB. The readout
of FLT-accepted events from the FED pipeline at 50kHz involves thus the
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transmission of a 21GB/s data stream. The destination of the data packets
sent by the FEDs is another buffer, the Second Level Buffer (SLB) [140],
which holds the data during the SLT step and serves trigger requests for
parts of the event data. The SLB is implemented by SHARC Digital Signal
Processors (DSPs) connected to the FEDs by fast data links. The entire
SLB consists of 140 SHARC cluster boards in VME standard, each carrying
six DSPs — see figure 3.30. The SHARC cluster boards are grouped into
10 buffer blocks of 14 boards, and answers to data requests from the SLT
processing component implemented by a farm of PC nodes, described below.
On a single SHARC cluster board, a fast global bus (160MB/s) and Direct
Memory Access (DMA) capabilities allow for communication of those six
CPUs and rapid access to 512kB memory per processor. Each DSP has six
80MHz data links (SHARC-links) at its disposal, transmitting 4bit-messages
at 40MB/s. The DSPs are interconnected to the FEDs, to other DSP boards,
and finally to the SLT by appropriate cabling. In this way, the relation
between a particular FED and a SHARC cluster board is fixed, i.e. one
board stores the data from a defined detector region, but for several hundred
events. In contrast to the pipelined event storage in the FEDs, a managed
buffer system is used in the SLB. An event buffer is released and overwritten
only after the SLT rejects an event or all data were read out from the SLB.

The SLT runs as a process on each node and all processing of an event
is done inside this process, called the Second Level Process (SLP). The
event data are stored in the Second Level Buffer (SLB), which is filled with
all the detector’s hits and FLT reconstructed tracks and invariant mass of
track pairs when a positive FLT decision is performed. The SLP requests
that information from the SLB for processing on an available SLT node.
The SLT algorithm is split into several steps of increasing complexity and
required data volume. At each step, only the data from the detector inside
the Rols investigated at that step are pulled from the SLB and processed
in the SLT node. This is the opposite of the FLT strategy, where all event
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data are transfered to the processor units; the SLT treats the complete event
inside a single processor.

The SLT processing is implemented by a computer farm of 240 PCs [85],
organized in 12 processor blocks each with its own Ethernet switch. In the
PC farm, 30 nodes equipped with Intel Pentium III 300MHz processors and
64MB RAM memory, and the remaining nodes with Intel Celeron 1.3GHz
and 256MB RAM. The PCs also have each a 100Mbit Ethernet network
card and no hard disk drive. Each PC node is also equipped with one
custom-made SHARC-to-PCI I/O board for data readout from the SLB.
Communication with the SLB is done through one SHARC board for input
and another for output [1]. The GNU/Linux operating system is used in
the PC nodes because of its widespread use and the benefits of Open Source
policy. It is loaded at boot time from a server machine in the computer net-
work into each node’s memory; this facilitates eventual software upgrade in
all nodes by modifying the system image on the central server, and therefore
no hard disk is required. The Linux system is prepared to run a minimal
ammount of processes, to reduce time consumption from otherwise frequent
memory context changes.

3.3.6 Third level trigger

The Third Level Trigger (TLT) was designed to run on the same PC nodes
as the SLT, working with data from complete detector instead of limiting
itself to Rols. It starts by reading out the complete event from the Second
Level Buffer, therefore freeing the memory in the SLB for storing a new event
accepted by the FLT. The full event data readout by the TLT constitutes
the “event building”, as it is the first time in the trigger chain that the
complete event is stored in the same place. The TLT then does full track
reconstruction in the VDS and proceeds to reconstruct primary vertices from
the reconstructed tracks and searches for secondary vertices.

The primary and secondary vertices correspond to the best estimates for
the production and decay’ of massive resonances such as B mesons in the
case of HERA-B. The primary vertex is found by fitting the best vertex fit
for a series of tracks which maximize the fit probability (i.e. “bad” tracks are
not used). This vertex must also respect target location restrictions. Since
the J/1¢ has a decay rate around 12 orders of magnitude higher than the
B mesons’, it is therefore considered to decay promptly. In the presence of a

"The considered decays usually involve the weak nuclear force, and have characteristic
times greater than the decays involving electromagnetic or nuclear strong interactions. The
B mesons have lifetimes 78 ~ 1.6 x 10™'%s and, correspondingly, they travel distances
of up to ¢t ~ 0.5cm. These decay lenghts are passible of being measured, provided
the production and decay vertices are properly reconstructed. Shorter-lived particles are
considered to decay promptly after their creation, e.g. the J/4 is a narrow resonance with
a measured lifetime of 7/T";/, ~ 8 x 107%'s [81].
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J /1 decay vertex separated o (1) mm from the primary vertex, it is defined
as a secondary vertex and defines the event as a B meson decay candidate.

The TLT is now considered [1] as a system to supply additional sup-
presion for event classes where the information available at the SLT might
not suffice to bring down the event rate without impairing the efficiency for
signal events. In particular for the J/v trigger, the TLT step should be nec-
essary. The good quality vertex formed by the two trigger leptons is a strong
handle to reject background events. In addition, one can check at the SLT
whether the measured momenta of the trigger particles sum up to a vector
pointing from the vertex to the nearby target wire. The main focus of the
TLT is on event classes with fewer kinematical constraints, notably without
a vertex formed by two trigger particles. Such events occur when the trigger
particles come from different B hadrons or from different stages of the decay
chain of one B. In the VDS, the TLT tracking algorithm has been surpassed
in precision and speed by the full event reconstruction cellular automaton
algorithm CATS [8].

In the design [1], around 50 out of the 240 nodes in the SLT/TLT farm
shoud be busy with the TLT algorithm, which, with an estimated input rate
of 500Hz, would leave 100ms to read out the complete event and run the
TLT algorithm. The typical reduction factor for the TLT is between 10 and
20, therefore output trigger rates between 25Hz and 50Hz are obtained.

3.3.7 Fourth level trigger

The main purpose of the Fourth Level Trigger (or 4LT for short) is to pro-
vide complete event reconstruction, classification and selection for the events
accepted by the TLT. The online reconstruction of events, prior to their
tape archiving, allows for some immediate data analysis and avoids time-
consuming data reprocessing. The archiving rate is 20Hz [1], which for an
average event size of 100kbytes and integrated run periods of 107s/year,
leads to a data volume of 20Tbytes/year. The 4LT also serves the tasks
of Data Quality monitorization, of distribution of detector Calibration and
Alignment constants updates and of event logging to high-capacity mag-
netic tape. Additionally, the 4LT computer farm is also used for event data
reprocessing during shutdown periods.

Event reconstruction is performed inside the software framework ARTE,
which mainly provides structured access in C*Tand Fortran to event banks.
These contain information such as raw data, hits and reconstructed tracks.
The reconstruction itself is done by a long list of different packages. It
starts by reconstructing partial tracks (called segments) independently in the
different tracking detectors and electromagnetic clusters in the calorimeter.
The segments from different detectors are then matched together into long
tracks and a global refit of the tracks is done to estimate the optimal track
parameters.
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The 4LT is implemented on a farm of 100 PCs, organized in eight mini-
farms with their own Ethernet switches. The processor nodes house dual
Intel Pentium III 500MHz CPUs, with 2566 MB RAM, 13.6GB hard disk
drive, Ethernet network card and GNU/Linux operating system.

3.3.8 Data acquisition system

A run [83] is a period of time where specific hardware and software are
used to produce certain information. Beside the normal data-taking runs
are the calibration runs and the test runs — some involving electronics,
some exclusively software-related. The essential facts about each run are
registered in a run database that is accessible by the online user for event
monitoring, any authorized person on the computer network and the offline
software.

The HERA-B Data Acquisition system (DAQ) is an integral part of the
trigger system, see figure 3.31: the detector readout is forwarded through
the different buffers and processors on a positive trigger decision, and the
triggering decisions are formed based on the collected information. The 1400
FED boards used for detector readout, as well as the First Level Trigger,
are synchronized with the beam bunch crossing through the HERA clock
signal, which is recieved by the HERA-B Fast Control System. The raw
data of a single event has a volume of about 450kbytes. Thus, the readout
of events accepted by FLT from the pipeline, at an average rate of 50kHz,
involves the transmission of a 22Gbytes/s data stream.

The events accepted by the FLT are communicated to the FCS, which
then commands the transfer of the triggered event’s data from the pipeline
to the Second Level Buffer, by sending synchronized signals to all FEDs.
The SLB is implemented by 140 SHARC cluster boards, which hold the
data during the SLT decision step and answer requests for chunks of event
data. The requests for tracking through Rols (“range requests”) originate
from the 240 PC nodes at the SLT processor farm, grouped as 12 processor
blocks. Due to the restriction to Rols, the fraction of data requested per
event is smaller than 0.5% [140]. A network switch made of SHARC boards
is used for communication between the SLB cluster and the SLT processor
farm. It uses a multicast messaging protocol called RPS [131], and one
message has a maximum of around 1200bytes, including a header containing
the origin and destination of the message. The average answer period for a
SLT PC node request is about 70us [140]. In contrast to the pipelined event
storage in the FEDs, the SLB is managed by an Event Controller (EVC)
implemented by one SHARC cluster board, which keeps track of the free
buffer and node indices. This unit receives trigger signals from the FCS,
and designates available SLT nodes for event processing. An event buffer is
released and overwritten only after the SLT/TLT rejects an event, or when
all data is transferred from the SLB to the 4LT trigger nodes. If the number
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of free SLB buffers drops below around 50 [131], the Event Controller can
block the FCS from accepting triggers for a few milliseconds. The current
implementation of the EVC is able to handle trigger rates up to 70kHz. The
typical event processing time of a SLT node is around 3ms [1].

Each processing mini-farm switch in the SLT/TLT and 4LT is connected
to the trigger level’s own Fast Ethernet switch. The communication between
trigger farms goes through a central Gigabit Ethernet switch. Each 4LT
processing node buffers o (10) events in its local memory [1]. Three PC nodes
in the 4LT farm are reserved for farm services: a Network File System server
for executables, a collector of Slow Control information which broadcasts
through an HTTP server, and local event data logger. The online Database
system is discussed in more detail in section 3.4.

The Slow Control system monitors the detector’s state — such as the
gas temperature, pressure and flow in the RICH vessel, the tube chambers
in the OTR and Muon detector system, the CPU temperature and network
response of SLT processor nodes, etc.. These quantities vary slowly in time,
which allows a convenient response if an alarm is set off by quantity exceed-
ing a preset threshold. Slow Control parameters are read and updated on
time scales 0(10)s. Since the Slow Control data is not critical for detector
readout, it uses UDP network protocol, while other services require TCP /TP
communication protocol.

The logging node houses large SCSI disks which keep event data for sev-
eral hours of standard running at 2MB/s. Mass storage of events is realized
through the Gigabit Ethernet switch with the DESY Computer Center. The
event data is stored in Data Summary Tape (DST) format, which contains
0 (100) kbytes/event raw detector hits as well as o (25) kbytes/event recon-
structed elements like tracks and vertices; the typical DST file is 380MB.
With offline reprocessing of event data stored in DST files, event informa-
tion can be stored in Mini data format which contains 1% to 10% of the
DST full information by forfeiting raw data. Event data logging from 4LT
to the central logging facility could be performed at rates up to 12MB/s [1].

Since trigger efficiency and background suppression depend heavily on
the quality of calibration and alignment of the detector components, online
monitoring and updating of the constants database is implemented. During
event reconstruction, quantities which are needed for calibration and align-
ment are derived and stored in a proper database. By making use of the
data coming from the reconstruction, constants are updated. New constants
are distributed to the reconstruction processes and to the trigger system.
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3.4 The HERA-B databases

The purpose of the HERA-B Database system is to provide storage, man-
agement and read access to the detector’s hardware and software status and
configuration, as well as their validity periods in data taking. This informa-
tion is necessary during full event reconstruction, so it is used both in the
offline and online contexts.

The HERA-B databases are stored in a tabular fashion, and use index-
ing to provide table version identification, fast access and table relationing.
The older table versions are not discarded, since they are required for the
earlier configurations. The online and offline databases system has been
successfully commissioned and is presently running stably. One PC node
in the DAQ farm is reserved to run the necessary online Database servers.
Four other PC machines, detached from the DAQ farm, run offline replicas
of these servers to isolate the online servers from load fluctuations induced
by offline processing. The server software runs on the GNU /Linux operat-
ing system and is based on a number of Open Source packages, optimized
for specific tasks. The use of GNU C/C++ compilers, available on several
different platforms, removes the limitation to specific hardware and/or op-
erating system and facilitates the transition to other systems with little or
no modifications on the source code.

The following type of information is stored and managed [13] in the
HERA-B Database system:

e Basic HEP constants, including particle masses and lifetimes, which
are useful e.g. in Monte Carlo simulations.

e Setup: cabling connections and farm software configuration.

e Alignment. The parameters that describe the geometric disposition
of the target and the various subdetectors are stored as tables. The
starting point is the nominal geometry, which describes the idealized
positions and shapes of the subdetectors. The “real” geometry can
differ from the nominal values by millimeters, due to e.g. detector
reassembly after maintenance stops. The “real” geometry parameters
are computed from the analysis of large numbers of events and are
kept in a table separate from the nominal parameters’. The time
scope information of each (real) geometry tag is stored as a table; see
the “keytables” discussion below.

e Calibration, status, luminosity. This includes: any significant sta-
tus alarms; high and low voltages; gas temperature, pressure, flux and
mixture proportions, in tube chambers in the High-pt, OTR and Muon
systems, or the RICH gas vessel; HERA background status (from e.g.
VETO counter coincidences) and proton beam bunch structure; de-
tector “dead” (unresponsive) and “noisy” (with occupancy exceeding
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a chosen threshold) channels and their pedestals (quiescent voltage
value); calibration between deposited energy in calorimeter cells and
their output signal amplitude; and status of the reconstruction farm
(number of processes in PC nodes, their network occupancy and CPU
temperature).

These quantities change significantly only over extended periods of
time, therefore they can be safely monitored at low sampling rates
(of the order of one minute) so to not overload network and process-
ing activities. This Slow Control information is stored in a parallel
database system, and can be used to guide detector functioning either
automatically or through human intervention.

The physics constants and detector Setup and Alignment constitute setup
information, and are not updated during runs: a new Setup implies stop-
ping a run to make the necessary changes. The Slow Control quantities
describe validity period information. The event data is kept outside of the
Database Management System (DBMS), and is accessed during offline anal-
ysis by specifying the required run number tag (and, optionally, specific
event numbers).

The most demanding parameter of the HERA-B database systems is
the rate of inter-process data flow, generated by update requests from the
SLT/TLT and 4LT trigger farms [16] [17]. Due to the large number (o (10%))
of client processes, the access to clusters of objects with sizes of o (Mbytes)
generates requests of Gigabyte magnitude on the database system. Such is
the case of requests for Calibration and Alignment (CnA) constants, dis-
tributed through the SLT/TLT/4LT system. The replies are broadcast
simultaneously to all SLT processor nodes, through a formatter and dis-
tributor process, and are also sent to a tree of cache databases which serves
the 4LT processor farm. Instead of having the Database servers reply di-
rectly to these requests, a distribution system pauses the data taking and
commands the distribution of the new CnA constants. When data taking
is resumed, the events are tagged with a key that identifies the new set of
CnA constants. See figures 3.33 and 3.34 for an overview.

The key used to tag CnA constants for each event, is an integer® that
identifies one record from a “keytable” [27]. The keytable contains iden-
tification keys for each table used to store the different CnA configuration
(for example, VDS alignment, RICH voltage, etc.). The run number in-
formation and time stamp for the CnA constants’ scope is also stored in
a keytable record as a table entry. Significant revisions of CnA constants,
called “keyreleases”, are submitted by each detector group through a web in-
terface [46], and the Database Administrator (DBA) commits the keyrelease
to the configuration database. The keyreleases are indexed by a numeric key

8Rather, two integers, called “major” and “minor”. These two numbers are used e.g.
within the MIZZI API.
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The CEA Manager synchronizes the distribution of the updated constants. It re-
quests the Event Controller (EVC) to pause the run and the involved formatters to
build and distribute the updated constants to the trigger processes. Once the distri-
bution is concluded successfully the EVC is contacted again to resume the run. The
4LT processes retrieve the new constants from fast memory database caches when
events with the new key arrive to the farm.
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and identify the set of CnA constants, through the keytable mechanism, for
a specific run scope.

The efficient monitorization of the detector state also poses a great chal-
lenge. In spite of the frequent monitorization, only a small parcel of the
status information changes with each update. Storing all values at each up-
date produces a huge amount of data. On the other hand, storing only the
changing values reduces the data volume but creates many small objects. To
avoid the presence of too many of these, the system can update individual
channels that are part of a large collection of objects [16]. The main part of
the work is done at server level, thus allowing a good performance. Upon
request, the history of values is re-clustered on the database server before
being sent to the clients.

The online replica is updated by the Calibration and Alignment system
from reconstructed events. It is decoupled from offline replicas, which are
used in offline analysis. The replication mechanism also provides incremen-
tal backup of the data. PC hardware today allows to run one database
process per offline server replica, altough not necessarily on the same ma-
chine. Cache servers may also be deployed for offline analysis. The cache is
used to store limited amounts of the database information that is requested
more frequently by client software. When the requested information is not
found in cache, the request is sent to the database server, which responds to
the client and forwards the information for the cache server. Prior to 2002,
the Database servers and cache servers ran on single-threaded mode, which
kept them from attending to more than one access request at a time. This
required the introduction of a “gateway” server to manage requests from ma-
chines with lower network bandwidth or from institutes outside of DESY.
The “gateway” server collected requests and forwards them to the database
server cluster, and then returns the result through a port negotiated with
the client. The multithread-aware network communication protocols now
used [84] [135] in the servers allow the spawning of multiple threads, each
dealing with a client request. This significant improvement improved the
server perfomance [26] and now places potential performance bottlenecks at
the hardware level (solved by e.g. distributing the database servers across
more than one machine), and also possibly at the operating system level. A
2.1GB server file size limitation, found to originate from the filesystems of
elder Linux kernels (2.2 and earlier), caused the database servers to crash
when that limit was exceeded [24]. This problem, which especially critical
in the functioning of the online servers, was solved by migrating to more
recent, kernel versions in 2002, and consequently eliminated the DBA task
burden of constant monitorization of the database file size [15].

The transactions with the tables stored in the Database use an index-
ing key tag which uniquely identifies the table name and its version. The
key scheme is preferable to a timestamp-based one because it avoids server
accesses for each and every event. Figure 3.35 presents and overview of
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the multi-tier Database architecture. All client/server methods are built on
top of the DAQ communication packages, with the exception of the database
gateway for slower TCP /IP access. The software layers used in the database
server application are the following [16]. The server software interface is im-
plemented on top of the key-based embedded transactional database Berke-
ley DB [30] (also used e.g. in the Netscape WWW browser and the Apache
web server), which provides a C Application Programming Interface (API)
for the upper layers. The thin Sorted Database (SDB) layer encapsulates the
Berkeley DB API and provides the infrastructure for client/server requests
of indexed unformatted objects. The MIZZI [96] C interface, used since
long in the collaboration, provides simple and efficient persistence to sets
of formatted, variable-length arrays. The schema is managed together with
the data, allowing the database servers to optimize the queries internally.
The LEDA [150] tier is a simplified object manager developed to provide
object persistence and manage associations between objects in related con-
tainers. The implemented many-to-many table associations are navigated,
with the help of iterators, using hash tables. Keys are used as object identi-
fiers that have the scope of classes. The LEDA package does not, however,
allow the database server processes to optimize queries by following object
associations.

The high event rate at HERA-B makes the efficient use of event tag
databases difficult. Furthermore, runs are extended for periods in which
conditions change several times. Therefore, tagged data sets have been in-
troduced and are the basis for the Data Quality classification. They are
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managed by the MySQL [123] Open Source relational database manage-
ment system, which is periodically updated by a process that uses available
information stored in the Berkeley DB databases. The data set properties
used as selection criteria are the run conditions for each subdetector and the
data quality assessments generated online for periods where the conditions
did not change. The classification of the data in these periods can also be
performed in relation to specific physics channels.

The database server application simultaneously provides persistence to
data and locally performs operations that require access to a large number
of objects. It notifies clients upon storage of subscribed data and provides
information on the databases and file systems.

The management of the database servers is done through special tools
that use configuration databases for the distributed system. The database
browsing/editing tools are implemented on a reused spreadsheet tool named
dbedit, written on a Tcl/Tk [125] interface, and which achieves good per-
formance by hiding the data from the scripting language.

Additional solutions were successfully deployed [14] to facilitate the Data-
base management by the DBAs, by making use of several Open Source soft-
ware applications. On one case study, the database server’s status is pub-
licated as a Web page. To this effect, a Perl script parses the information
at regular time intervals and submits it to a relational database (MySQL).
After this, a ROOT [37] script queries the MySQL database, using a spe-
cial ODBC? interface, to obtain the latest values and from them produce
histograms and a web page, which are submitted to an Apache web server.
In a second case study, it was necessary to provide a solution for complex
run queries, since the MIZZI DBMS provides only the simpliest querying
capabilities (“fetch the table registry with key X from table Y”). This was
solved as follows. The DB2 DBMS server used by the DAQ system for-
wards the run log summary to the Perl DBI: :DBD module for parsing and
storage into the MySQL runlog database. The users’ queries are submitted
via Perl CGI'Y, which interfaces with the MySQL driver for data extrac-
tion. The MySQL database sends the results back to the Perl CGI, which
dynamically generates the Web page with the formatted data to be read by
the user’s web browser.

3.5 Event reconstruction chain

The Analysis and Reconstruction Tool (ARTE) [12] is the common software
tool for full event reconstruction and analysis in HERA-B. It is a collection

9The Open DataBase Connectivity is a standard database access method that allows
the access to any database from any application, regardless of the nature of the DBMS
handler.

The Common Gateway Interface is a standard for running external programs from a
WWW server [87].
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of packages written by the HERA-B collaboration in Fortran, C and C*7.
Packages already in existence were used whenever possible; such is the case
of Monte Carlo event generators. The combined collaboration and external
source code totalizes around 5 x 10° lines of code.!!

Event simulation is mainly done by the HERA-B Monte Carlo pack-
age HBGEAN [108], which is based on the GEANT [70] toolkit used for
simulation of particle passage through matter. HBGEAN uses the output
of the PyTHiA [143] [133] and FRITIOF [132] Monte Carlo event generator
packages, which simulate heavy quark production and propagation within
nuclear matter. The high-level 2D-graphics interface HIGZ [33] is used e.g.
in the event display tool PrisM [111]. Interactive input is achieved with
the KUIP [160] user interface. The Physics Analysis Workstation [127] has
many histograming facilities and is one of the tools used for analysis. Analy-
sis with the ROOT [37] Object Oriented Framework, with its ROOTCINT
CT™ interpreter and many other features like 1D, 2D and 3D histogram-
ming facilities, is also used. ROOT can be used with analysis packages
developed in the collaboration and loaded as shared libraries — such as
GROVER [55] (Generic Reconstruction Of VERtices) for vertex finding, or
the CLUE API which is based on HERA-B’s BEE [77] data analysis frame-
work. A schematic overview of the software analysis chain is presented in
figure 3.36. A comparison between the processing of events measured with
the detector and the simulation of events is shown in figure 3.37.

3.5.1 Monte Carlo simulation

The input for the HBGEAN package comes from the results of the PYTHIA
and the FRITIOF Monte Carlo event generator packages. PYTHIA simulates
heavy quark production and decays. The initial state (proton—proton col-
lision at ppeam = 920GeV /¢ beam momentum in the target frame) is the
PYTHIA input. Since PYTHIA can only generate events with target nucleons
— but not whole nuclei — the propagation of the emerging light quarks in-
side the nuclear environment is instead simulated with FRITIOF. The heavy
quark pair momentum is subtracted from the beam momentum, and the
interaction of the resulting reduced momentum projectile with the target
nucleus is simulated in FRITIOF as a “spectator event” which superposes
with the heavy quark pair.

Minimum bias background events were completely generated with FRITIOF
[108]. A variable number of events, chosen to follow a Poisson distribution,
are merged together to form one “super-event”, corresponding to one bunch
crossing. These “super-events” are then subjected to full GEANT simulation.

"1 ine count of files under the ARTE source code tree with Unix command wc -1.
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Subdetector Resolution Hit

[pm] efficiency

VDS 12 95%

ITR 60 95%

OTR (MC) 200 98%

TRD 200 95%

MUON (pixel) 2200 99%

MUON (tube/pad) 4400 99%

Table 3.2. FExpected subdetector resolutions and efficiencies in simulated events

[108].
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3.5.2 Digitization of Monte Carlo events

The event reconstruction of simulated events requires a digitization step,
which uses the output of the simulation routines (PyTHIA, FRITIOF and
GEANT) as input, and simulates the detectors’ response to the passage of
particles. The result of the digitization step is a set of simulated detector
“hits”. The digitized hits are also smeared and merged with background
hits. This digitization step’s output is fed to the reconstruction routines.
The simulation of the detector response attempts to account for effects such
as e.g. channel response efficiency (whether it produces a signal due to a
crossing particle), noise and crosstalk (which leads to an increases in the
hits’ coordinates variances). A dead (i.e. unresponsive) channel mask is
applied when available. The resolutions quoted in HERA-B’s Proposal [108]
are presented in table 3.2.

3.5.3 Event reconstruction

An ARTE executable can be compiled by an analysis person with the code of
choice, in either of the supported procedural programming languages men-
tioned above. Typicall, one writes the routines designed for the required
analysis and makes extensive use of the libraries already provided by the
ARTE framework. The editable source code templates can be copied to a
local directory, and the customized routines are typed in those copies. The
templates already include function calls for the required startup routines,
which in turn incorporate function calls to the required initialization proce-
dures for the different subdetector software. At startup, a Kumac!? file is
read, see one example at [71]; it contains the necessary startup parameters
— DST file directories and event range, the location of the configuration
Database, and several reconstruction-related parameters.

The event reconstruction algorithms are designed to process input from
either simulated or real events with minimal changes. That input feed comes
in the form of detector hits; see scheme in figure 3.37 for comparison. The
detector hits are reconstructed from the set of detector channels producing
an output signal. Each detector component’s reconstruction software inter-
prets the channel output to generate the hits. One example of such software
package is MARVIN, which processes VDS raw output. MARVIN gathers VDS
strip current signals in clusters to identify hit coordinates on opposite sides
of a silicon wafer, while also following channel pedestals (quiescent voltage
levels) and electronic noise. The mapping of pedestal and noise levels is
useful in the context of Data Quality monitoring [25].13

Full event reconstruction proceeds from the measured or simulated hits

12K UIP macro.
1BA different package, VDSRHP, is used for online monitoring. MARVIN is used for
offline run processing.
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to obtain reconstructed tracks and vertices for the event to be studied. The
general strategy for the track finding is as follows [108]:

e find track segments (RSEGs) by pattern recognition in the ITR+OTR
chambers outside of the Magnet field, and in the VDS. The tracking
chambers downstream of the RICH are not used since in that region the
number of particles is drastically increased due to radiation processes;

e extend the track segments (found in the ITR4+OTR field-free region)
through the magnet, to determine track momentum and charge. The
sign of the track charge can be obtained from the location of the curva-
ture radius relative to the track, as seen in the Magnet bending plane,
zzx. The momentum is related to the curvature radius of the track in
the Magnet field — see section B.3;

e match track segments from the Main Tracker and the VDS at the SL8
plane, in front of the Magnet;

e refit the tracks using momentum information, for a more accurate
treatment of multiple scattering effects;

e extrapolate the track segments from the Main Tracker to the RICH,
the TC chambers and ITR chambers at the same z, the TRD, the
ECAL and the MUON system, and associate the signals from these
devices to the tracks;

e fit complete tracks and perform vertex fits;

e remove hits from well-defined tracks and repeat the whole process with
the remaining hits;

e extrapolate unmatched track segments and try to find complete tracks.

For pattern recognition, HERA-B presently employs the cellular automa-
ton CATS [8] [97] for track searching. CATS also incorporates the Kalman
filter technique to fit the sets of raw detector hits (space points) from sur-
viving cellular automaton cell combinations for track reconstruction. The
OTR-CATS algorithm is similar to the CATS used in the VDS, and is ap-
plied for pattern recognition in the four PC chambers upstream of the RICH.
The RANGER [112] [114] [115] [113] [116] algorithm is used to validate the
OTR-CATS reconstruction and for extrapolating the OTR segments to the
TC chambers, located downstream of the RICH.

Cellular automata [66] [149] are dynamical systems that evolve in dis-
crete, usually two-dimensional spaces, consisting of cells. Each cell can take
several states. In the simplest case, the cell state can be described by a
single bit, 0 or 1. The evolution laws are local, i.e. the dynamics of the
system is determined by an unchanged set of rules (for example, a table)
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Figure 8.88. A simple illustration of
the segment model: segments connect
A/ hits across one or two layers [8]. The
«( \ | filled dots are cells that represent hits
! defining a good track candidate; the
void cells are excluded from the two
tracks found in this example.

that relates the new state of a cell to the states of its nearest neighbors in
contact with the cell. The update of the states of the cells is done simul-
taneously at discrete time instants. The CATS cellular automaton defines
segments joining two space points with fixed z coordinates; each space point
represents a detector hit, which is associated with a cell — see figure 3.38.
The automaton then cycles through the segments joining all the activated
neighbouring cells, and eliminates the segment combinations that are less
likely to constitute straight lines.

The CATs and RANGER algorithms integrate the discrete Kalman filter
technique to compute track parameters and associated covariance matrices.
The Kalman filter [95] [110] [65] is a set of mathematical equations that
provides an efficient recursive solution of the least squares method. Its im-
plementation in CATS uses an optimized numerical algorithm to reduce the
computational load [56]. Figure 3.39 presents a diagramatic representation
of the overall Kalman filter technique. The Kalman filter uses as input a
seed state, e.g. a collection of hits in a detector layer and estimated direc-
tions, and propagates the expected tracks into the neighbouring layer. In
the filtering step, the track parameters are updated by minimizing the sum
of diagonal elements of an estimation error covariance ') at step k. In the
prediction step, the track’s parameters and covariance matrix are extrapo-
lated onto the next layer. The search region is limited by the knowledge of
the multiple scattering angle [81] for particles transversing a thin layer of
detector material. If a detector hit is not found in the search region for a
given iteration, the hit search ends for that track; to improve track quality,
it may be discarded if it does not have enough associated hits. At the end
of the iteration procedure, we obtain a set of tracks. Each track is defined
by a set of parameters, e.g. (z,x,y,tx,ty), where (z,z,y) is the starting (or
ending) point of the track and tx and ty define the tangent of the track in
the zx and zy planes respectively. The Kalman filter also yields the tracks
parameters’ covariance matrices. The goodness-of-fit can be estimated from
the probability associated to the x? value obtained from the Kalman filter
procedure. The number of degrees of freedom for the Kalman fit is

Na.ot. = Nyps + NTrR + NoTR — 5 — Neonstraints (3.9)
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U] of the discrete Kalman filter [56].
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with the NN; as the number of hits associated to the track in the detector
1 and 5 degrees of freedom corresponding to the spatial coordinates of a
track’s point plus two direction angles. The term Neonstraints 1S the number
of additional constraints eventually used in the fitting procedure. For fitting
N, tracks for reconstructing of one vertex, the corresponding number of
degrees of freedom is 2Ny — (3 + Neonst) for Neonst constraints (e.g. mass
constraints, bounding of coordinates to a target position, etc.) [106].14

The RICH hits are combined to form ring patters through algorithms
such as RISE (RIng SEarch)'® and RITER (RIch i TErative Reconstruction
software) [130], which implement differing techniques to reconstruct ring
patterns from Cerenkov photon hits. The main difference between the two
packages is [50] in the background treatment — RITER makes a global fit
for all given seeds (RICH photon hits, along with tracking information such
as momenta and slopes) such that photons are weighted differently if they
can belong to different rings, while the RISE package uses solely the hit
information and can run as a stand-alone package. The RITER package
uses the seeded information to produce as output the likelihoods for elec-
tron, muon, pion, kaon and proton particle identification (PID) hypotheses
[129] of the seeded tracks. The PID hypotheses are tested by [122] fitting
the hit pattern of a ring to concentric circular crowns, each with an angu-
lar apperture range corresponding to the track’s momentum under a given
PID test. The ECAL information is processed by the CARE (CAlorimeter
REconstruction) package [151] [152], which estimates calorimeter clusters’
properties (baricentric coordinates, cluster energy and shape, etc.). The
MUREC (MUon REconstruction) package [63] is used for the reconstruction
of Muon Detector hits [146].

At this point, the reconstruction information that is available is in the
form of detector hits, track segments (RSEGs) in the VDS, Main Tracker

1See also the CTT source code in file GroverVertex.C of the GROVER package.
!5 Also named RIRE, for RIng REconstruction [50].
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and Muon Detector,'® Cerenkov rings in the RICH and calorimeter clusters
in the ECAL. Full track reconstruction requires matching these elements
to identify the formers’ parameters — momentum, particle identification
(PID), etc.. The MARPLE package [91] [92] performs a recursive match of
segments from the VDS and the Main Tracker, ECAL clusters, etc., with
tighter requirements at each recursion step. The first iteration reduces com-
binatory background by requiring that all candidate Main Tracker segments
matches to VDS segments differ by [142] Ay = |yvps — YMain Tr.| < 35.7cm
for the vertical coordinate, and by Az = |ryps — Main Tr.| < 18.6cm for the
horizontal coordinate, at the center magnet coordinate z ~ 450cm. The re-
sulting momentum estimation is then used on the next iteration along with
more stringent coordinate diferences between the matching candidates, e.g.
Az < 2.6cm and Ay < 5.6cm.

The track candidates are obtained from the each segment pair match
from the VDS and Main Tracker. The tracks’ parameters are obtained by
applying a Kalman filter [110] [145] on the hits associated to the matched
segments, which adjusts and improves the tracks’ parameters. The track
candidates are picked foremost the from the one-to-one associations of VDS
and Main Tracker segments, and only then the one-to-many associations;
many-to-many and many-to-one associations of VDS and Main Tracker seg-
ments are rejected, since they do not follow a coherent multiple scattering
model. The surviving candidates are matched with calorimeter clusters with
CARE and with Cerenkov rings with MARPLE. Finally, the table of recon-
structed tracks (RTRAs) is filled from the surviving candidates.

The track reconstruction procedure excludes the lowest-momentum tracks
(below 0.2GeV/c), which constitute a substancial part of the Monte-Carlo
generated tracks (see figure 4.6). On one hand, the low-momentum tracks
decay faster and therefore are likely not to be reconstructed at all. On the
other hand, they are more sensible to multiple scattering. Since the Kalman
filter method is set to search for straight tracks up- and downstream of the
Magnet, it naturally rejects tracks with large deflection angles. The low-
momentum cut on reconstructed tracks therefore improves RTRA quality.
In the Electromagnetic Calorimeter, low-energy clusters are too not recon-
structed, since they would fall below the photomultipliers’ response region.
The thresholds are set at'” 0.05GeV, 0.10GeV and 0.15GeV, respectively for
the Inner, Middle and Outer ECAL cells. The muon track reconstruction
cuts out tracks with momentum below 5GeV /¢, since those would not have
enough energy to punch through the iron absorbers in the Muon Detector
system.

The last step in the event reconstruction chain is the identification of
vertices. Vertex fitting packages can run either in an ARTE executable, or

16The TRD was never used in event reconstruction in HERA-B.
1"Values obtained from ARTE output, provided by the CARE package initialization.
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also as a shared library inside ROOT, such as GROVER [55]. Those packages
use track parameters and covariance matrices as input, along with geometric
and kinematic constraints to augment the output quality. The vertex fit
further improves the parameters of tracks associated with vertices, by using
the common vertex hypothesis as constraint. GROVER proceeds iteratively:
it begins by looking for position-averaged track clusters in the target region
and selects the clusters that intersect the target wire to within 3 standard
deviations of the tracks’ coordinates at that location. This is used to reject
the contributions from tracks that reduce vertex position resolution. Then,
a new Kalman fit is performed to improve the vertex fit’s x2, and the tracks
which contribute with X2RTR A > 20 are rejected from the vertex association.
This procedure is iterated to minimize the vertex fit’s x2, and it has a 10%
rejection rate for legitimately-associated tracks [142].

3.6 ARTE table information

The input for the ARTE event reconstruction routines comes from detector
configuration and from simulated /measured hits in the detector. The detec-
tor configuration is stored in tables and its scope spans over compact sets
of events, whereas hits have the scope of one event and are streamed from
tape. This section describes the relevant ARTE table information that was
used in event reconstruction.

The input for full event reconstruction in ARTE is the set of detector
hits measured for each event. The hits’ coordinates are computed from the
index numbers of the activated detector channels. Naturally, this results in
the necessity of knowing the detector geometry, specifically in terms of the
position and orientation of the detector layers relative to a chosen reference
(in this case, close to the second target station, see section 3.2.1). The
validity of the detector configuration tables is specified by time scope, or an
index related to the time interval; the production and release of version of
the configuration tables is based on the analysis of a multitude of events.
The hit information is streamed from an input file and has the scope of one
event. For simulated events, the Monte Carlo particles computed in ARTE’s
GEANT-like package, HBGEAN, is also streamed from an input file stored
on tape.

The geometry configuration is kept in two sets of tables; one set con-
tains the nominal values of the detector components involved in particle
detection (i.e., cabling and support structures are not used in event re-
construction and/or simulation if they do not contribute to effects such as
multiple scattering), and the other set contains the same values, updated
from the nominal tables, by the reconstruction of several events. In other
words, to obtain the geometry description of the “real” detector and to
reconstruct the individual events, an iterative processing is required: pro-
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Figure 3.41. The relations of particle properties data (left) and Monte Carlo parti-
cles data (right) to geometry configuration objects [103].

cessing several events allows to improve knowledge on the real location of the
detector elements, and this in turn improves the quality of reconstruction.
The name format of tables containing the nominal values is “Nzzx”, where
the “xxzax” has to do with the nature of the information stored in the table;
the “real” values are stored in tables named like “Gzza”. The nominal po-
sitioning of the detector elements (their encompassing volumes) is stored in
table NEDE (Nominal DEscription); the nominal positioning of superlayers
is stored in table NESL; the nominal beam geometry is described in table
NBEA; the nominal positioning and orientation of the target wires is kept
in table NTAR; etc.

The measurement quantities for each simulated/reconstructed event is
also kept in tables, and has the scope of that event; see figure 3.40 and
reference [103]. The streamed input fills specific table structures in the
computer process’ memory. Digitized hits are kept in a table called “HITB”,
with the exception of calorimeter hits which fill up another table called
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“HITC”. The Monte Carlo particles’” ARTE tables are named as “Mzzx”,
where the “zxz” pertains to the nature of the elements stored in the table
— points in the particle track, the tracks themselves, or vertices where on
Monte Carlo particle branches (decays) into two or more other particles.
The most used tables are named MTRA (Monte Carlo particle tracks) and
MVER (Monte Carlo vertices). Table MIMP pertains to the particle impact
points on the detector, as simulated with HBGEAN. The reconstruction-side
tables store the data elements from the event reconstruction (tables with
name format “Rzxx”). These tables contain information such as a track’s
point coordinates, its direction and momentum, quality of reconstruction
(number of hits used for the track reconstruction and a y? from the Kalman
filter algorithm) and relation with other table elements (segments, vertices,
etc.). The relations between the reconstruction objects and the geometry
configuration is represented in figure 3.41.

The tabular information can be listed through the interactive prompt im-
plemented in the KUIP user interface. Data processing is achievable through
routines written in C/C** and/or Fortran using ARTE’s library routine set.
In either case, the binary program is compiled and executed within the
HERA-B computer framework. The output from the user’s routines can be
directed as ASCII output, to ROOT file or to HIGZ ntuple.

3.6.1 The PrisMm event display

ARTE’s PRISM package was used as “visual aid” in the events’ interpretation;
see figures 3.42 and 3.43. Some of PRISM event display’s elements are [111]:

e the relevant detector elements (i.e., their sensitive surfaces), such as
VDS planes and Outer Tracker cells, the target wires (thick blue lines),
the Magnet dipole region (pink circle in zz projection) and the RICH
vessel (yellow trapezoid);

e the MTRA Monte Carlo tracks (red-painted lines), and their inter-
sections with the calorimeter (xy projection), with markers used for
PID — electrons (4), muons (V), pions (o), kaons (A), protons (),
photons (x) and anything else (¢);

e detector hits as green-painted wires (for the OTR cells, the drift time
information is represented by one wire-centered isochrone circle in the
zx projection);

e RHIT reconstructed detector hits from HITB digitized detector hits;
e RSEG reconstructed segments (green);

e RTRA reconstructed tracks (blue);
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e RVER reconstructed vertices (black ovals represent 1o bound of the
vertices’ positions);

e color-coded calorimeter cell energy measurements —red (E > 3.33GeV),
yellow (1 < F < 3.33GeV), green (0.33 < E < 1GeV), medium green
(0.11 < E < 0.33GeV) and light green (E < 0.11GeV) — and RCCL

reconstructed calorimeter cluster bounds from HITC calorimeter hits;

e if the event passes the SLT algorithm cut (e.g. a dilepton with invariant
mass close to the J/1), the respective Main Tracker segments are
enclosed by cyan-colored wire rectangles to represent the approximate
direction of the SLT-reconstructed track.

3.7 A summary of status and physics results at
HERA-B

The construction of the HERA-B detector was finished in February 2000,
roughly five years after its approval, with a two year delay. Physics data was
collected from mid-April 2000 to late-August that year, and was followed
by a prolonged shutdown for HERA upgrade which allowed detector access
for improvements and repairs. HERA-B resumed data taking in November
2002 and shut down in March 2003. Overall, the 2002-2003 epoch’s data
have much higher quality than the year 2000’s.

The physics program goals were changed after the 2000 run epoch, in
face of both the over-optimistic expectancy on the detector performance and
on the preliminary measurements of C P violation in the golden decay mode
obtained by competing experiments BELLE and BABAR (ete™ machines
installed in the KEK and SLAC accelerators). The renewed physics program
of HERA-B seeks to make the best use of this detector’s phase space range
(see section B.5.3 in appendix) and good PID capabilities.

The targeted physics program after the year 2000 run epoch includes
e.g. the decay B® — utpu~K*° [1], By~ B, mixture and the dependance
of b quark production cross section with atomic number A of the target
nuclei, O'l;%. The original program to study CP violation in golden decays
was abandoned in face of the loss of competitiveness with other experiments’
results. The status on repairs and results prior to the 2002 run period are
described in reference [44]. After the 2003 shutdown the physics program
and prospects of HERA-B were evaluated [45]; however, it was decided that
data taking would not be resumed and at the moment the collaboration is

focused on producing results from the collected data [153].
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3.7.1 Run period of year 2000

The technologies proposed for the Main Tracker in HERA-B [108] were
proven to fail quickly when confronted with the high radiation environment
required for the detector’s operation [1]. This caused a two-year delay for
detector completion and comissioning, during which a research and devel-
opment program was implemented to design more robust technologies for
the ITR and OTR. The First Level Trigger did not operate to full design
specifications either, and it was required that the Target system operated
at rates lower than the original specification, and the Second Level Trigger
operate as a makeshift FLT. Because the SLT is not designed to operate
at the rejection rates of the FLT, the Target had to operate at rates much
lower than the design values of 20MHz—40MHz. The VDS, RICH, ECAL,
DAQ, SLT and 4LT systems were installed and operated close or at the
design specifications during that period; the remaining systems faced prob-
lems that were, for the most part, solved or at least improved by the year
2002. See reference [1] for a detailed evaluation of the HERA-B detector
performance during this period.

The Target system was in operation during 94% of HERA luminosity
periods, usually at rates of 5-10MHz, though with some background contri-
bution from e.g. the unbunched beam. The VDS achieved overall efficiencies
above 97%, but with secondary vertex resolutions a factor of two worse than
expected (630pm vs. 300pum). The ITR endured low voltage power supply
problems and significant GEM gain variations. To prevent ITR failure rate,
the bias voltages had to be lowered which caused a drop of output rate. The
OTR suffered many problems, found during regular operation. These prob-
lems included gas leaks, 2% of dead readout boards and 6.9% of high voltage
group fails due to e.g. “shorts” from residue solder. Part of the failure rate
was due to deficient mechanical stability, which after corrected decreased
the failure rate by a facter of 10. The thresholds of all FLT OTR layers
had to be raised due to noise induced by trigger electronics. A 240-300um
hit resolution was obtained, compared with 500-700um from tracking meth-
ods; the discrepancy was attributed to the preliminary alignment knowledge
available at the time. The high-pT system experienced effiency losses of up
to 30% of the design value in its inner chambers. The RICH ran stably. The
TRD was installed but not used, since only a few channels were connected
due to budgetary limitations. The ECAL was fully installed and the energy
and spacial resolutions are close to design values. The Muon Detector sys-
tem suffered from low pad chamber efficiency, which were of 75% and 68%
in the MU3 and MU4 pad layers respectively. This yields a dimuon track
pretrigger efficiency of just 26%. The FLT did not operate satisfactorily,
which was attributed to varying optical link stability caused by different
attenuations, temperature drifts and other effects. Hardware adjustements
require ‘in situ’ corrections, which are not possible during beam operation.
Therefore, the SLT had to be used in place of the FLT, with a random trig-
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ger to sufficiently reduce input rates to levels supported by the SLT. The
DAQ/SLT endured stable operation for periods of many hours at input rates
of up to 22kHz. The TLT was not used since it was found that the 4L'T had
sufficient performance to cope with the SLT output rate.

In 116 days of operation in the year 2000 run period, 18.1 x 106 B —
J/pX — €70~ X events were accumulated. The trigger efficiency for these
channels was much lower than expected: at an average bMHz trigger rate,
the trigger rate was of 1.0f8:§/h0ur and 0.2 + 0.2/hour respectively for the
dielectron and dimuon channels, compared with the design rates of 10/hour
and 15/hour [1]. The reconstruction efficiencies of golden decay events are a
factor of two lower than the design values: 7.1% and 3.3% for the dimuon and
dielectron channels, compared to 16% and 8.3% respectively. The tagging
power (see equation 2.45) is [1]

P =D\e~0.3,
with € as the b quark tagging efficiency, D = 2Pr{®"*®* —1 is the dilution
factor and Pr§®™** is the probability of correctly measuring the b quark
charge.

The main physics results were published under references [5], [3] and
[4]; complementary papers dwelve into detector performance and opera-
tional experience. The b quark production cross section was measured in

B — J/¢({T47)X decays, which made use of a sample of 1.35x 10° dilepton
trigger events, yielding o5 = 32'_%3‘(8‘521‘5)fg(sys)nb/nucleon, which is com-
patible with results from other sources ([5] and references therein). The in-
clusive differential cross sections dopa/dzy and dopa/ dpgf, for VO production
of the hadrons Kg, A and A in proton-nucleus collisions at HERA-B’s CM
energy, were also measured [3], being this the first experiment to accumulate
this information in the backscattering phase space region —0.12 < zp < 0.
The x. — J/¢7y decay mode — of interest for understanding the production
of quarkonia states in hadronic collisions, for which different QCD models

exist — mode was also investigated [4].

3.7.2 Run period of 2002/2003

The size of the event sample from this period has improved by a tenfold
factor relative to the previous run period. After the 2000/2001 HERA shut-
down, most of the detector components were used in 2002/2003 [73]. How-
ever, the available beam time was only around 10% of what was expected,
with consequent limitations of accumulated statistics.

After the 2000/2001 shutdown, most!® of the detector components were
comissioned and used in the 2002/2003 epoch [73], which lasted from early
November 2002 to early March 2003. The available beam time was only a
fraction of what was expected, which severely limited the available statis-
tics. During this data taking schedule 158 x 10° dilepton trigger events

¥ The Transision Radiation Detector (TRD) was installed but not used.
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Figure 3.44. The integrated number of reconstructed J/¢ as a function of time
indicates the performance of the dilepton trigger [73] [139]. In the regions of small
increments, either minimum bias data was taken (December 2002) or no beam was

available for HERA-B.

were recorded, with 150 x 10° events fully reprocessed [142]. The remain-
ing data sample consists of 210 x 10 and 90 x 10° events, respectively for
minimum bias and for hard photon and glueball events [153]. Most runs
were reconstructed in the reprocessing number 4 (“repro 4”), and the latest
reconstruction was started in June 2004 (“repro 5”). Until September 2004
around 38 x 10% events were reprocessed unter the new repro [142], and more
are under study.

Given the accumulated N, = 3 x 10° J/% events in (figure 3.44), the
estimated number of golden decay events recorded is still very small: at
best, it should mean that there are some 10° x 045/ Oce 102 B events, with
an expectantly small fraction of these passible of producing viable golden
decay candidates. Around 90% of events accounted in b production cross
section oy lie in the J/v acceptance range —0.35 < zp < 0.15 [153]. The
bb production cross section has also improved relative to the data set from
the previous run period and is now at o; = 9.9 &+ 2.9(stat+sys)nb/N [73].
The production cross section for double semileptonic decays (B — (T X,
B’ — (= X)) was also measured, azgmﬂept = 27.0£29.5(stat) nb/nucleon [142].

In the interest of persuing the physics program alternate to the original
focus, a few results were published by the HERA-B collaboration. One sub-
ject that was investigated was the search for pentaquark (bound states of
five quarks, such as ddssu for the =~ (1862)) candidates in a minimum bias
data sample, with the first evidence for the detection of ==~ — Z~ 7~ events
as a broad resonance [6]. The upper limit levels for the 2¥+(1862)/Z°(1530)
fraction are at 0.6%-0.8% with 95% C.L.. No evidence was found for reso-
nance decays in the ©1(1530) mass region; the upper limit on the particle
yield ratio was measured ©7 /A5 < 0.02 with 95% C.L.. Another sig-
nificant result published by the collaboration was on the search for flavour
changing neutral currents (FCNCs) in D° — p*pu~ decays, for which no
evidence was found within a sample of 50 x 10° dilepton trigger events [7].
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In the D° — pup~ analysis, only three events yield a dimuon mass in the
DY mass window [153]; the branching ratio for the decay is below 2.0 x 1076
at 90% C.L., which improved relative to the result from the CDF collabo-
ration [9]. The relevance of the second work reflects upon the GIM mecha-
nism [74], which describes the strong suppression of decays in the Standard
Model, due to the presence of Cabibbo factors sinf¢ in the decay ampli-
tudes. Other physics subjects are under investigation and the results will
be published [153].



CHAPTER 4

Single event analysis

“Nao compreendo como se conseque medir a violagao de CP a partir de um
tinico evento.”
— José Mariano Gago, Jornadas do LIP (Lisbon, December 2002)

In this chapter, a sample of simulated events for B3 (Bg or Bg) golden
decays is studied with some detail (table 4.2) to find whether the recon-
structed event is consistent with the presence of a golden decay. The same
analysis techniques are also applied to a selection of events recorded with the
detector in the run periods of years 2000 and 2002; see table 4.15. Other
important subjects such as Bg,gg flavour oscillation and flavour-tagging
efficiencies are left essentially unabridged.

The flavour of the golden decay B meson is measured by the charge of the
remaining bottom quark hadron in the event. How the charge is measured
depends on the particular flavour-tagging method applied. The kaon- and
lepton-tagging method [108] [107] uses the charge of one of those particles
originating from the second B meson. Its charge gives the charge of that
meson, and in turn the flavour of the B, The particle is selected by
requiring it to have a minimum transverse momentum, impact parameter
to primary vertex, or some other combination of conditions. The kaon and
lepton tags are preferable to e.g. a pion tag, since these have higher multiplic-
ities than the previous (see figure 4.7) and are therefore harder to separate
from the spectator event. Another tagging method [107] [137] uses the to-
tal charge of a set of reconstructed tracks observing minimum requirements
such as transverse momentum and impact parameter. In this technique, the
g;-charged tracks contribute with a weight proportional do their squared
transverse momentum, w; o pgm-, to the total charge Q = ), wiq;/ Zj wj.
The sign of the charge is used as a charge tag if |Y_, wiq;| > 0.8. The
tagging methods are typically rather inneficient (~ 50% or even lower is
common); to this adds the fact that those efficiencies are further limited by
the beauty hadron production ratios of b(b) — B3°"" and b(b) — BT, which

1 . . .
“I don’t understand how you can measure CP violation from a single event.”
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are around 40%. Therefore, these tagging techiques fail for flavour identi-
fication on individual events. At most, one could calculate the likelihoods
that the flavour tag obtained with one of those methods is correct; but this
is not done in this work. Rather, a very simple tagging method was used,
based on reference [108], where the charge tag is attributed by the charge
of the reconstructed track with the highest transverse momentum; the can-
didate tracks are also required that they do not belong to the golden decay,
and that they have detector hits in the VDS and Main Tracker so that the
charge and momentum are correctly measured.

Some quantities described in this chapter are not stored in ARTE tables,
but can calculated from this information. The ARTE tables filled after event
reconstruction do not contain information which is usually presented as final
results, such as impact parameters or cross sections (this last aspect is not
characteristic of single events, although one may argue that it stems from
the laws driving the events’ unfolding). The invariant masses of RTRA sets
were measured to identify the presence of V? decays such as the J/v and
Kg in golden decays. The distances of closest approach between pairs of
RTRAs and between RTRAs and RVERSs, and impact parameters to target
wires, were also measured. Some of these quantities might still be inferred
from ARTE tables date — such as invariant mass of reconstructed vertices.

In-house vertixing packages are commonly used in other analysis work
at HERA-B; one such package is GROVER, a C*™+ API for reconstruction
of vertices from known/selected RTRAs and for event display. However, 1
chose? to calculate some of those quantities (invariant masses, distances)
directly from the output of ARTE tables, instead of using that API. The
quantities mostly studied in this chapter, such as invariant masses of RTRA
sets, RTRA distances to other RTRAs and RVERs, and impact parameters
to target wires, along with their standard deviation errors, were calculated
using the formulas in appendices B and C. The “number crunching” was
done in C language (appendix E), to produce ASCII output parsable either
by common spreadsheet software or with a ROOT parsing application; the
source code used to parse and process the ASCII output from ARTE is
presented in section E.1.

Concerning the argument quoted at the start of this chapter, I refute
it as follows. The work presented here is not about actual measurement of
CP violation, but rather how individual events might be flagged as suitable
for C P violation studies. The nature of the C'P violation measurement tech-
nique briefly described in section 2.3.4 precludes any definite measurement
from individual golden decay (or other) C P-relevant events, since each of
those events would individually give maximal asymmetry, i.e. for one event

Ajng = % = +1 (see equation (2.41)).

20ne of the main reasons for this choice was that, at the time of that decision,
the tradeof between doing the algebra (appendices B and C) and learning to use the
GROVER API seemed to favour the former. Also, I felt that actually looking at the ARTE
tables and doing the calculations would be important.
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Figure 4.1. In gluon-fusion events (4.1),
a gluon pair g',qg" from each parton in a
proton—nucleon collision creates a bb pair,
which may hadronize as a B°~B~ pair (or
the flavour-symmetric pair B°-Bt). At
HERA-B CMS energy, one possible decay
channel for the BY is the “golden decay”
(see figure 1.1). The remaining partons
produce hadron jets.

4.1 Reconstruction and selection of Monte Carlo
B° “golden decay” events

4.1.1 Description of the event sample

The directory /acs/mc4/p30520/d02.1205/w00001000/gen/run05_00052/
of the HERA-B directory tree at DESY contains 1000 DST files with Monte
Carlo events

gg — bb — J/¢(u" pu”) + anything | (4.1)

from simulated proton—carbon (inner IT wire) collisions. The geometry ver-
sion used for HBGEAN is the standard version of December 5th, 2002. Since
no information about event hierarchy was kept in the DST files, the work
sample consist on DST files numbered 0001 through 0100 in that directory,
corresponding to ~ 51 x 10> Monte Carlo events of type (4.1). The event
reconstruction was done under the ARTE-04-01-r4 version, with the settings
of the KUIP macro listed in appendix D.1.

The histogram in figure 4.6 illustrates the fraction of charged tracks
(electrons, muons, pions, kaons and protons) reconstructed by ARTE. Low-
momentum tracks (p < 0.3GeV) are not reconstructed because it would
increase the fraction of ghost (fake) tracks. For muons the cutoff momen-
tum is at 5GeV, since they are strongly stopped by the Muon detector’s
iron absorbers below that energy due to the reduced punch-through proba-
bility at low momentum [108]. The histograms in figures 4.2 and 4.3 show
the distribution of primary vertex longitudinal coordinates around the tar-
get region and the relation of the longitudinal coordinates to the vertices’
Kalman x? probabilities. Roughly half of the RVERs fall inside the target
wire (longitudinal) boundary. The figure shows that good-quality vertices
accumulate near the target wire bondary.

Three significant quantities discussed in the next sections are the trans-
verse momentum pt = Z- €, of reconstructed tracks, how close one the pass
to another track or vertex (distance of closest approach) and the longitudinal
coordinate for the point of closest approach. These quantities can be used
to reject the tracks that are manifestly unfit to reconstruct e.g. a J/v — uu
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Figure 4.2. Contour histogram of Kalman x? probability (vertical axis; see temt)
versus longitudinal coordinate of RVERs in DST 22 (horizontal axis). The good
quality tracks (high probability) accumulate within the wire boundary (vertical lines)
whereas low-quality tracks spread outside the boundaries.
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Figure 4.3. The fraction of primary vertices (DST 22) falling within the target
wire longitudinal boundaries is at the 60% level. Gaussian fits are shown for the
primary vertex entries (thick continuous line) and the vertices within the target
wire’s Z boundaries (dashed line).
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Figure 4.4. Effect of the rejection of low-pr RTRAs on the invariant mass of
RVERs built from two tracks (run 20838, with 6750 events, see text). The K° mass
signal vanishes for pr > 0.4GeV/c. The mass signal at the J/v mass (3.1GeV/c?)
was searched in MC gg — bb — J/1(ee)X events, but not found.
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Figure 4.5. Kalman x? probability for 2-track RVERs (obtained from ARTE) versus
the distance of closest approach between the two RTRAs, for an invariant mass

range of 3.1 +0.4GeV/c? of the RVER.
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l Momenta of MTRAs and RTRAs (Monte-Carlo gg — bb - J/g(u’) X, DST 22, 500 events) I

\5
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Figure 4.6. Momentum distribution of Monte Carlo charged tracks (MTRAs, red)
and reconstructed tracks (RTRAs, blue). The MTRA and RTRA momentum his-
tograms meet at 8GeV-9GeV. No RTRAs are built for p < 0.3GeV /¢, which ex-
cludes ~ 68% of MTRAs; ~ 0.57% of RTRAs have p > 920GeV /c.

decay. It is quite visible in figure 4.4 that rejecting tracks with transverse
momenta below 0.7GeV /c strongly clears out the background of track pairs
outside of the J/1 mass region without significant impact on the signal am-
plitude. Other selection cuts may be applied with the transverse momentum
cut to further improve the J/1 signal. On the other hand, figure 4.5 shows
that two-track RVERs with invariant mass 3.140.4GeV /c? with low Kalman
x? probability tend to be separated by distances over 100pum-150um.

4.1.2 Selection of Monte Carlo golden decay events

The fractions of events that pass selection criteria (“cuts”) of differing strin-
gentness are listed in table 4.1. Out of the 586 Monte Carlo golden decays
contained in the sample, 415 events were found to be suitable for the recon-
struction of the Kg vertex due to its 777~ final state.

The Monte Carlo population of B" (either B® or B°) golden decays
with final state u*pu~ 77~ was chosen due to the fact that neutral particles
— such as those from the Kg — 1979 decay mode — do not usually® gen-
erate RTRAs; therefore, the ™~ 77~ final state allows the reconstruc-
tion and search of the J/1 and K§ vertices. The choice of the exclusive
J/ — ptp~ di-muon decay mode — therefore rejecting the di-electron
mode J/1) — ete™ — was due to the fact that the muons are less subject
to bremsstrahlung radiation losses. Therefore, the u* and pu~ track recon-

3The exceptions are secondary particles produced in collisions of the neutral particles
with detector material.
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struction is “cleaner”, i.e. finding bremsstrahlung photons becomes of little
concern in face of the di-electron decay mode. The vast majority of decay
modes of the Kg produce the pairs 77~ and 797%; other decay modes are
not as significant, the sum of their branching ratios is ~ 2.5 x 1073 [81].

Table 4.1 also shows the number of events surviving progressively strin-
gent cuts applied to charged RTRAs. The association between Monte Carlo
and reconstructed tracks (MTRAs and RTRAs) is done by ARTE. For the
event sample used in this analysis it was further required that each golden
decay MTRA is associated to a single RTRA. Though these cuts eliminated
most events, they assure that a sample of superior quality is obtained: for
example, requiring that a RTRA have hits in the VDS and Main Tracker
allows a good quality measurement of its momentum.

In the Monte Carlo B2 — J/o(utp~)K2(7+m~) sample, 7 events
survived the cuts described by items 12. and 13. of table 4.1, namely: the
final state utpu~ 7w~ from the B decay must have hits on the VDS,
ITR/OTR and (for both y*) MUON detectors, without requirements as
to the existence of a RTTRA matched with a tagging particle from the sec-
ond beauty hadron. Because the tagging charged leptons/kaons are less
common than pions (see figure 4.7), they make for a better descriminator
than pions for identifying the B flavour in the golden decay [108]. The
tagging particle’s charge indicates the charge of the accompanying B me-
son — it is a B* for a ¢* or K* (or a nt) from its decays.* Identifying
the charge of the second B meson directly gives the flavour of the B in the
golden decay; see figure 4.1. An adequate choice of cuts of impact parameter
and transverse momentum cuts for the tagging particle must also be used
to descriminate the tagging particles from the background reactions that
originate from outside the interaction (primary) vertex; the “good” tagging
tracks should preferencially be those with small impact parameter and large
transverse momentum.

In the 02.1205 geometry version used to reconstruct these events, the
target wire is the inner II wire (carbon) situated at station II, which is
aligned parallel to the yy axis. The target wire’s corners are at coordinates
(z,z,y) = (—4.606 £ 0.050,0.366 + 0.010, —0.057 £+ 4.200)cm.

4.2 Validation of selected Monte Carlo events

The events listed in table 4.2 constitute the sample of Monte Carlo events
which satisfy enough conditions to allow a good reconstruction of the J/1
and Kg vertices. Only RTRAs associated by ARTE with the golden decay
MTRAs were selected; therefore, fortuitous combinations of RTRAs which

41t is assumed that the second beauty quark hadronizes as a charged B meson. The
fraction of B mesons produced in a b quark hadronization further limits the charge tagging
efficiency.
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MC processes / cuts on RTRAs ‘ Events ‘
MC events, gg — bb — J/¢(u ™) + anything 51089
Brevtr — J/ip(ptpT) + KU (anything) 1301
i, Breut 7/ (ptp) + Keutr(7070) 171
il. B — J/ah(utpT) + K () 415

pTp~ 7t~ RTRAs from MC golden decay
with > 1 hits on VDS

1. either p* 329
2. either 7 112
3. both p* 171
4. both 7t 80
with > 1 hits on ITR/OTR
5. either pu* 286
6. either 7 229
7. both p* 119
8. both 7t 124
with > 1 hits on MUON detector (for u*)
9. either pu* 264
10. both p* 94

with > 1 hits on VDS, ITR/OTR, and (for u*) MUON
11. with or without flavour tag RTRA
12. with ¢* lepton RTRA from tagging B
13. with K* kaon RTRA from tagging B
14. with 7% pion RTRA from tagging B

N O O

Table 4.1. Number of Monte Carlo gg — bb — J/(utp™) + anything events
surviving different cuts; the K™ is either K9 or K°. For items 1.-14., the
counted RTRAs are associated to a single MTRAs by ARTE.

[ MTRA multiplicity - 500MC b b - J/p(‘y) X events_|

Figure 4.7. Number of long-
lived  charged MTRAs in
a 500-event Monte Carlo
sample, from  DST file
run05_00055_0022. dst for
99 — bb — J/p(utpT) + X
events (see text).
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DST | Event | B™" | Second Charged Has tagging
flavour | b hadron | tag MTRA RTRA ?
0013 | 131 B B~ No tag —
0022 | 267 B B T No
0028 | 233 B Bt No tag —
0044 | 174 B B T No
0053 | 235 B Bt at Yes
0076 24 B Ag T Yes
0081 | 124 B B No tag —

Table 4.2. Summary description of the Monte Carlo golden decay sample,
with all particles from state pTp~ 7t~ with good RTRAs (see item 11. of ta-
ble 4.1). The numbers nnnn in the “DST” column pertain to the DST files
run05_00052_nnnn.dst. When available, the correct charge MC tagging particle
is indicated (e.g. BT — (*X ), and whether it has a corresponding RTRA.

would yield the J/1 and K™ masses were not considered in this analysis.
The events are hereon labeled by their event number, indicated in table 4.2.
To identify the neutral B flavour it is necessary to recognize the presence of
a tagging particle, originating from the tagging beauty hadron decay. The
two sample events that have a RTRA identified with a Monte Carlo charged
tag particle were studied in detail: event 235 has a golden decay of a BY,
and event 24 has a golden decay of a B.

The calculations of invariant mass of pairs of RTRASs, minimum sep-
aration between pairs of RTRAs and impact parameter of RTRAs to the
RVERs, as well as of their standard deviations, were done with routines writ-
ten in C (see equations in appendix C). The ASCII output of these routines
allows their importation into a spreadsheet program for detailed inspection,
as well as calculation of the invariant mass of selected sets RTRAs. The
plots of these quantities were done in ROOT [37] by reading and parsing
the ASCII output.

ARTE identified the u*pu~ 77~ state from the golden decays in table 4.2
with one (or more) RTRA for each MTRA in that state. The “correct”
RTRA was chosen by requiring, consecutively: the highest number of hits
in the Muon detector (for muons), in the VDS and in the Main Tracker;
and (if those numbers are equal for the candidates) the highest probability
calculated by ARTE through Kalman filter RTRA reconstruction. The events
235 and 24 of the Monte Carlo sample were studied in detail, as they have
one RTRA associated with a charged tagging track, which allows a priori to
identify the neutral B flavour. The remainder of the selection in table 4.2 was
also studied; in their case, the choice of tagging particles was investigated
and compared with the events’ Monte Carlo truth.
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The selected events’ validation was conducted by searching indicators of
golden decays through in the reconstructed tracks and vertices. Checks were
done on the following quantities:

1. The invariant mass of RTRA sets: the yTu~ and 77~ RTRA pairs;
the ptpu~7t7~; and the RTRAs used by ARTE for the primary vertex
reconstruction. The invariant masses of the RTRA sets, other than those
from the putpu~ 77~ set, were also calculated.

2. The distance of closest approach of RTRA pairs " u~ and 777, and
the impact parameter of those pairs to the primary, J/v¢ and Kg vertices.

3. RVER longitudinal (z coordinate) separations, as well as of for the sep-

aration between the vertices defined by pu™p~ and pTpu~mta .

The calculation of the errors quoted for the invariant masses and impact pa-
rameters were done using the RTRAs’ and RVERS’ covariance matrices; see
appendix C. For sets of two or more RTRA pairs with invariant masses m;,
the error on the set’s invariant mass M (see equation B.25) was calculated
with

1
o2 = e Zm?a? (4.2)
7

(this expression assumes the masses m; of RTRA pairs are uncorrelated).
This gives better results for calculating e.g. the mass of the B""" meson
compared to calculating it from the reconstructed J/1 and Kg, which would
introduce systematic errors.

The following subsections describe a detailed analysis of two of the seven
reconstructed events in table 4.2, to illustrate how the events can be inter-
preted and validated as golden decays. The remainder of the Monte Carlo
selection is next presented for comparison. Subsection 4.2.3 presents his-
tograms of all of the 7 events in the Monte-Carlo sample.

The Ring Search algorithm for RICH Particle Identification (PID) cal-
culates the likelihoods for five hypotheses — electrons, muons, pions, kaons
and protons. However, the low mass of the first two make their discrim-
ination very difficult, see (3.7). Therefore, in HERA-B the RICH system
is used to distinguish kaons from protons. The PID hypotheses were ob-
tained from the RICH likelyhood information for each RTRA and was used
to identify pions, kaons and protons. This information was used to correct
and improve the invariant masses for the J/v, K" and B""" searches.

4.2.1 Event 235

The event 235 of the DST file run05_00052_0053.dst was studied. The
Monte Carlo truth of the event reveals that the BT meson decays as

BT — 77 f3(#x%7°%) A D% (%7t~ K9) ; (4.3)
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see table 4.3 for a summary of the Monte Carlo truth on the B mesons’
decays. The v and the D° resulted from the decay D*® — vD°. The K9
produced an elaborate hadronic shower. Each 7° meson decays produced
electromagnetic showers, 7 — vy — shower. Intermediate states and fur-
ther decays are omitted for simplicity. Figures 4.8 through 4.15 show some
PrisMm displays for this event. The Monte Carlo tracks (red) and Recon-
structed Tracks (blue) are shown for comparison between the simulation
and event reconstruction by ARTE.

ARTE-reconstructed vertices. 19 vertices were reconstructed by ARTE
for this event. 9 RVERs were reconstructed with a mass in the K° region,
all with the same coordinates and mass value; however the error evaluation
was unsuccessful. The longitudinal coordinate z, masses, number of tracks,
x? and probability are shown in table 4.4 for the relevant vertices.

Momenta, transverse momenta and number of hits for RTRAs.
The event was reconstructed by ARTE, which produced 61 RTRAs of which
43 were reconstructed as charged tracks and the remaining as reconstructed
resonances. The momenta and transverse momenta pr of the RTRAs as-
sociated to the golden decay were measured with errors, respectively, at
the percent level (these RTRAs were required to have hits on the VDS and
ITR/OTR) and below 0.005GeV /c. Table 4.5 shows those quantities for
those RTRAs along with the number of detector hits and Kalman x? prob-
ability, and table 4.6 shows the momenta and pr for relevant combinations
of those RTRAs (dimuon, dipion and punn).

Invariant masses. The dimuon, dipion and pumm masses were computed
with RTRA table information from the ARTE tables for this event. The
masses of the dimuon and dipion are essentially equal to those from the
RVER table for the event; however, the pumm mass is different from the
RVER 1 mass.

The invariant masses of the u™p~, 7t7~ and p™p =
to the masses of the J/1, neutral K and neutral B mesons — which are
3.097GeV /c?, 0.498GeV /c? and 5.279GeV /c? respectively [81]. The invari-
ant mass of the RTRAs associated with MTRAs from the tagging b-hadron
was also calculated; two cases were studied, one where a PID was used for
the RTRASs’ masses, and the other where no RTRA PID was used.

The invariant masses of the pairs (assuming the massless particles ap-
proximation (C.4)) were calculated with (B.25), and (C.5) for the error.
The obtained values were My (u" ™) = 3.17140.029GeV /c? for the dimuon
pair and My(7+7™) = 0.409 £ 0.004GeV /c? for the dipion pair. This yields
a dimuon invariant mass equal to the J/v¢’s within less than 3 standard
deviations, and the dipion within 24 standard deviations of the K° mass.
The invariant mass of the (massless) 4-set is Mo(uTp " nTn~) = 5.325 +
0.025GeV /c?, which is equal to the B® mass within less than two standard

+ +

7~ were compared
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MTRA B J /1 ut wo K Tt i

p 79.359 65.263 24.297 41.040 14.189 6.247 7.948

pr 1.231 1.147 1.356 1.927 1.619 0.847 0.806

z —4.5970 —4.4352 | —4.4352 | —4.4352 | —4.4352 | 6.1381 | 6.1381
Length 0.1618 (prompt) 2186 2186 10.64 1351 1512
MTRA BT at v D° 70 at T K9

p 245.23 27.669 18.479 127.15 12.516 | 22.811 | 30.154 | 61.683

pr 2.251 0.670 0.336 1.887 0.324 0.713 0.482 0.784

z —4.5970 2104 1183 0.09548 0.0 1342 1508 1324
Length 5.235 0.63773 | 0.63773 | 0.63773 || 0.7332 | 0.7332 | 0.7332 | 0.7332

Table 4.3. Summary of the Monte Carlo truth for the BY decay (top) and tagging
BT meson (bottom) of event 235; see also the figures 4.9 and 4.13. Units: GeV/c
(momentum p and transverse momentum pr), cm (z coordinate of the MTRA’s
start), cm (MTRA length). The J/v decays promptly. The decay stages of the
BT meson (see figure 4.13) are separated by double vertical separators ||. All quan-
tities are measured in the laboratory frame.
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Figure 4.8. PRISM representation of the event 235 in the zx plane. All of the
676 MTRAs from the bb hadron shower and spectator event are shown — charged
particles (continuous lines), photons (dashed), and other neutral (dotted).
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Figure 4.9. PRISM representation of the event 235 in the zx plane. Top: B°
golden decay MTRAs. The dotted V track at the RICH is a backscattered p =~
0.2GeV neutron. Bottom: superimposition of B® MTRAs and all event’s RTRAs.
Most RTRAs are not drawn beyond the ECAL plane, since most particles are scatter
and decay at the iron absorber blocks in front of the Muon detector (not shown).
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Figure 4.10. Same as figure 4.9, but on the zy plane.
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Figure 4.11.  Top: reconstructed ECAL clusters (RCCLs) for Monte Carlo

event 235. The Monte Carlo Impact Points (MIMPs) are omitted for clarity. The
MTRAs originate from the B® golden decay. Bottom: representation of RICH hits
(green) and reconstructed rings (blue). The (p, ) coordinates represent the angle

(in miliradians) relative to the target region, in the zx and zy planes respectively.
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Figure 4.12. PRISM 3D wiews of the golden decay MTRAs and the four RVERs
found by ARTE in this event. The RVERs have their RTRAs extended to them.
Top: the target and first three VDS superlayers are shown. MIMPs are drawn as
black dots, HITBs as green segments. Bottom: magnified view of the target region.
The RVERs are drawn as ellipsoids. The dotted red line represent the B MTRA.
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Figure 4.13. The tagging B meson decay in event 235 — PRISM representation
in the zx plane. Particle name tags and MTRAs of the remainder of the event
were omitted for clarity. Bottom: all the event’s RTRAs are superimposed with the
B decay MTRAs (neutral MTRAs were omitted).
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Figure 4.14. Views similar to those of figure 4.13 are shown for event 235, but this
time in a projection on the zy plane.
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Figure 4.15. The tagging B meson decay in event 235 — PRISM representation of
the ECAL. Particle name tags and neutral MTRAs were omitted for clarity. Top:
the reconstructed clusters (RCCLs) are presented for comparison with the decay’s
Monte Carlo. Bottom: detail of the inner ECAL region.
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‘ M/GeV/c? ‘ Num. tracks ‘

X2 ‘ Pr(x?, ndof) ‘

| RVER |  z/em
1 | —4.625+0.031 | 5.020 + 0.486 12 20292 | 10.7%
2 | —4.241+0.050 | 3.178 + 0.029 1.803 17.9%
3 6.167 + 0.056 | 0.496 n/a n/a

Table 4.4. Relevant vertices in event 235; this information is presented in the ARTE
tables for this reconstructed event.

PID ut w Tt T Tag
p/ GeV/c 24.65£0.29 | 42.26£0.58 | 7.25£0.06 | 7.89 £0.08 | 9.10 £ 0.08
pr / GeV/e 1.39 1.99 0.86 0.81 0.69
VDS hits 12 12 11 13 13
OTR hits 37 34 38 34 27
Kalman x? 28.49 53.61 35.98 64.00 24.51
Pr(x2, ndof) 96.6% 9.0% 80.0% 1.6% 90.7%

Table 4.5. Momenta and transverse momenta of RTRAs relevant for the reconstruc-
tion of the golden decay in event 235. The RTRA chosen through the highest-pt
criterium is included (last column). The pr errors are all < 5MeV /c. All shown
tracks have no ITR hits. ndof = Nvps nits + N1TR hits + NOTR hits — D-

PID pwtp™ | oo™ | optpm T
p/ GeV/e || 66.83 | 14.13 80.87
pr/ GeV/e || 0.88 | 1.62 0.72

Table 4.6. Momenta and transverse momenta of golden decay particles reconstructed
in event 235. See also tables 4.3 and 4.5.

PID ut w a T Tag
D.C.A.(RVER 1) / pum || 213439 | 198+34 | 363254 | 2697+43 | 24+ 34
D.C.A.(RVER 2) / um || 39+ 39 27428 | 3268+ 65 | 2841 +47 | 291 +47
D.C.A.(RVER 3) / pum || 7717449 | 17083+92 | 17425 13422 | 9342453

byire/ptm 48 63 1797 1054 —70
RTRA set ™ T [TRNTE o
z/em —4.24140.048 | 6.168 +0.058 | —4.417 + 0.049
M/GeV/c® || 3.178 +£0.029 | 0.496 +0.003 | 5.373+0.135
DCA/um 66 + 54 31425 11+63
byire/pm —48 89 3148
bRVER 1/pm 94 4 25 186 + 38 761 + 39

Table 4.7. Vertex longitudinal coordinates, DCAs and impact parameter to wire
of golden decay relevant RTRAs (top) and RTRA sets (bottom) for event 235. All
quantities were calculated with the PI tool (section E.1). The RTRA used for flavour

tag is shown (see table 4.5).
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‘ Az ‘ Distance / cm
(141 to ppmm (—4.241 £+ 0.048) — (—4.417 £ 0.049) = 0.176 £ 0.097
RVER 2 to RVER 1 | (—4.241 4 0.050) — (—4.625 & 0.031) = 0.384 + 0.081
J/ to Brentr —4.4352 — (—4.5970) = 0.1618

Table 4.8. Longitudinal separation of the PI-reconstructed vertices, RVER and
Monte Carlo truth for event 235.

deviations. By including the mass hypotheses (m,+ = 0.1057GeV /c?) and
(my+ = 0.1396GeV /c?) for the RTRAs in the dimuon and dipion sets, equa-
tions (C.8), (C.5) and (C.9) yield the corresponding values of Mpip(utu™) =
3.178 4 0.029GeV /c? and Mpip (7T 7~) = 0.496 & 0.003GeV /c? respectively.
The invariant mass of the 4-set is Mpip(utpu~7nt7~) = 5.3734£0.135GeV /2.
These values are, then, within d,,, = |my, — myy|/Amy, = 2.8, 6rr = 0.7
and 0,7 = 0.7 standard deviations of the sought mass values, respectively.

For the second B meson in the event, the invariant mass was also mea-
sured using the knowledge of the RTRA-MTRA table associations filled by
ARTE, yielding Mg+ = 5.070 4+ 3.231GeV /c? (particle masses hypotheses
were disregarded). The main contribution to the very high invariant mass
error associated to these tracks originates from poor momentum estimations:
only one of the six tracks used for the calculation had hits before and after
the magnet.

The primary vertex position was reconstructed by ARTE using 12 RTRAs
(of the 61 listed in the event), of which 9 have hits on the VDS and Main
Tracker and the remaining with hits solely on the VDS; none of those RTRAs
included the ones from the pu™p~ 77~ 4-set. The vertex’s mass was found
by ARTE to be 5.020 4 0.486GeV/c?. It was also calculated with (B.25)
and found to be 4.440 + 12.824GeV /c? when using the 12 RTRAs, and
3.286 & 0.019GeV /c? when using only the primary vertex RTRAs with hits
on both VDS and Main Tracker. Using these nine RTRAs plus the RTRAs
from the uTp~7t7~ set, the invariant mass is 8.073 +0.122GeV /2.

Distances of closest approach. Impact parameters. Longitudinal
coordinates of vertices. The minimum separations between RTRAs, im-
pact parameter to wire and longitudinal coordinates of vertices, as recon-
structed with the PI tool, are shown in table 4.7. The longitudinal coordi-
nate of the point of closest approximation was also computed and are shown
in table 4.8, where they are compared with RVER table information and
Monte Carlo truth.

B™ewr flavour. Following the ideas presented in the HERA-B Proposal
[108], the B™Ur flavour was identified through the charged of the RTRA
with the highest transverse momentum emanated from the vertex region,
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excluding the RTRAs associated to the pyumm . In this analysis it was also
required that the RTRA tag candidates have VDS and Main Tracker hits,
to allow good track parameter reconstruction — namely, the charge of the
RTRA. The RTRA passing these criteria has positive charge and a RICH
likelyhood identifying it with a pion. This RTRA’s charge identifies the
tagging B meson as a BT, and consequently the B*"" as a BY. Inspection
of the ARTE Monte Carlo truth reveals that this RTRA is indeed a 7™,
however it emanates from the hadronic jet of the spectator event.

Conclusions. This event has characteristics suitable of a golden decay
candidate: for example, it has a reasonably well detached J/v vertex and
the checked invariant masses are within the nominal values of the respective
resonances. However, it is critical for CP violation measurements that the
correct B flavour is tagged; by chance, the “best” tagging RTRA has the
same charge as the accompanying B meson.” The RTRA used for charge
tag passes very close to the primary vertex. The presence of a candidate
second B meson — the accompanying decay — can also be ascertained
from the invariant mass of the remaining RTRAs with VDS hits; however,
the high associated error would preclude a definitive identification of this
decay. The RTRAS’ momenta and transverse momenta are consistent with
the Monte Carlo truth for the corresponding particles, and only diverges
for the J/1 and B° transverse momentum. The longitudinal separation
between RVER 1 and RVER 2 is greater than the B°-J/1) Monte Carlo
result; however the z,, — 2,uxr is consistent with the Monte Carlo truth.

4.2.2 FEvent 24

The event 24 of the DST file run05_00052_0076.dst was studied because
it satisfies the selection cut 11., described in table 4.1, and because the
tagging particle has hits on the VDS and Main Tracker, which allows for a
good charge sign measurement. In this Monte Carlo event, the tagging b
quark hadronizes as a Ag baryon, which decays as

AY — p~(n%77) 7T 7® WO (77T ) 70207 AT, (4.4a)
A — 370N (77 p)) vy pt (4.4b)

In this notation, the particles in parethesis represent the final state of the
decay of the particle to its left.

ARTE-reconstructed vertices. This event has 21 reconstructed vertices,
with 17 RVER reconstructed with the same mass (close to the K™*"’s) and
coordinates but different combinations of RTRA pairs. A summary of the
RVER information is shown in table 4.10.

®The correlation between the charge of the highest-pr RTRAs and the charge of the
accompanying B was not investigated.
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MTRA BO J/ ut w K} nt i
p 128.868 113.789 82.132 31.699 15.135 4.495 | 10.644
prT 3.528 3.971 2.846 1.980 1.055 0.420 0.687
z —4.6027 || —4.5979 | —4.5979 | —4.5979 | —4.5979 | 23.151 | 23.151
Length || 0.00483 || (prompt) 2186 2191 27.82 877.4 1324
MTRA AY Tt T AF ut D i
P 238.12 5.228 14.753 138.32 25.655 || 80.585 | 23.885
pr 3.210 0.052 0.239 2.595 0.918 1.284 0.444
z —4.6027 || —3.1420 | —3.1420 | —3.1420 || —2.4517 || 228.31 | 228.31
Length 1.461 1508 1503 0.6905 2185 579.5 509.6

Table 4.9. Summary of the Monte Carlo truth for the BY decay (top) and tagging
AY meson (bottom) of event 24; see also the figures 4.17 and 4.21. Units: GeV/c
(momentum p and transverse momentum pr), cm (z coordinate of the MTRA’s
start), cm (MTRA length). The J/v decays promptly. The decay stages of the A)
meson (figure 4.21) are separated by double vertical separators ||. The muon comes
from the A} decay and the last two MTRAs come from Ao (with a track length of
230.8cm); see (4.4b). All quantities are measured in the laboratory frame.
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Figure 4.16. PRISM representation of the event 24 in the zx plane. All of the
event’s 878 MTRAs from the bb hadron shower and spectator event are shown —
charged particles (continuous lines), photons (dashed), and other neutral (dotted).
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Figure 4.17. PRISM representation of the event 24 in the zx plane. Top: B°
golden decay MTRAs. The dotted V track at the RICH is a backscattered p =~
0.2GeV neutron. Bottom: superimposition of B® MTRAs and all event’s RTRAs.
Most RTRAs are not drawn beyond the ECAL plane, since most particles are scatter
and decay at the iron absorber blocks in front of the Muon detector (not shown).
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Figure 4.18. Same as figure 4.17, but on the zy plane.
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Figure 4.19. Top: reconstructed ECAL clusters (RCCLs) for Monte Carlo event 2/.
The Monte Carlo Impact Points (MIMPs) are omitted for clarity. The MTRAs
originate from the B° golden decay. Bottom: representation of RICH hits (green)
and reconstructed rings (blue). The (o, A) coordinates represent the angle (in mili-
radians) relative to the target region, in the zx and zy planes respectively.
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Figure 4.20. PRisSM 3D wiews of the golden decay MTRAs and the four RVERs

found by ARTE in this event.

The RVERs have their RTRAs extended to them.

Top: the target and first three VDS superlayers are shown. MIMPs are drawn as
black dots, HITBs as green segments. Bottom: magnified view of the target region.
The RVERs are drawn as ellipsoids. The dotted red line represent the B¢ MTRA.
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Figure 4.21. The tagging B meson decay in event 24 — PRISM representation
in the zx plane. Particle name tags and MTRAs of the remainder of the event
were omitted for clarity. Bottom: all the event’s RTRAs are superimposed with the
B decay MTRAs (neutral MTRAs were omitted).
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Figure 4.22. Views similar to those of figure 4.21 are shown for event 24, but this
time in a projection on the zy plane.
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Figure 4.23. The tagging B meson decay in event 24 — PRISM representation of
the ECAL. Particle name tags and neutral MTRAs were omitted for clarity. Top:
the reconstructed clusters (RCCLs) are presented for comparison with the decay’s
Monte Carlo. Bottom: detail of the inner ECAL region.
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‘ RVER ‘ z/cm ‘ M/GeV/c? ‘ Num. tracks X2 ‘ Pr(x?,ndof) ‘

1 —4.558 £0.025 | 11.158 £ 0.715 13 26.595 27.4%

2 —4.508 £0.063 | 3.086 + 0.027 2 0.1439 70.4%

4 23.141+0.112 | 0.496 £+ 0.005 0.49947 48.0%
Table 4.10. Summary information for the relevant reconstructed wvertices in
event 24.

PID wt uw Tt T Tag
p/ GeV/e 81.99£1.13 | 31.40£0.35 | 4.47+£0.04 | 10.60£0.11 | 10.33 £0.09
pr / GeV/e 2.84 1.97 0.42 0.68 1.45
VDS hits 16 11 8 12 8
OTR hits 34 38 28 38 38
Kalman 2 39.87 54.40 39.77 40.90 37.80
Pr(x?, ndof) 68.9% 13.5% 13.4% 64.6% 61.4%
Table 4.11. Momenta and transverse momenta of RTRAs relevant for the recon-
struction of the golden decay in event 24. The RTRA chosen through the highest-pt
ceriterium is included (last column). The pr errors are all < 5MeV/c. All shown
tracks have no ITR hits.
PID putp™ |t | ptpm et
p/ GeV/e 113.35 | 15.06 128.38
pr / GeV/c 4.03 0.51 0.72
Table 4.12. Momenta and transverse momenta of golden decay particles recon-
structed in event 24. See also tables 4.9 and 4.11.

PID ut "W a T Tag
D.C.A.(RVER 1) / um 18 +18 354+29 11084 + 137 | 4694 £ 76 33+33
D.C.A.(RVER 2) / um 3+21 10 £ 29 11058 £ 140 | 4693 £ 77 92 £ 67
D.C.A.(RVER 4) / um || 22229494 | 36333 £ 147 35+ 53 11+36 | 44767 £ 185

bwire/ ppm —68 —66 6583 2715 —68
RTRA set ™ atrT pwrpmrteT
z/cm —4.508 £0.092 | 23.141 +0.115 | —4.641 + 0.242
M/GeV/c? 3.087 £ 0.028 0.496 £ 0.003 5.265 +0.114
DCA/pm 13+14 45+ 44 1406 £+ 153
byire/ptm —64 —88 2322
brvER 1/pm 17+£16 100 + 31 12274+ 39

Table 4.13. Vertex longitudinal coordinates, DCAs and impact parameter to wire of
golden decay relevant RTRAs (top) and RTRA sets (bottom) for event 24, including
the RTRA used for flavour tag (table 4.11). The shown quantities were calculated
with the PI tool (section E.1)
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‘ Az ‘ Distance / cm
[ to (—4.508 £ 0.092) — (—4.641 £ 0.242) = 0.133 + 0.334
RVER 2 to RVER 1 | (—4.508 + 0.063) — (—4.558 £ 0.025) = 0.050 + 0.088
J/ to Brentr —4.5979 — (—4.6027) = 0.0048

Table 4.14. Longitudinal separation of the PI-reconstructed vertices, RVER and
Monte Carlo truth for event 24.

Momenta, transverse momenta and number of hits for RTRAs.
The momenta and transverse momenta pp of the RTRAs associated to the
golden decay in this event were required to have hits on the VDS and Main
Tracker. They were measured with errors of 0 (1%) and < 5MeV /¢, respec-
tively. Table 4.11 shows those quantites and the number of detector hits in
the VDS and Main Tracker and the Kalman x? probabilities. Table 4.12
shows the momenta and pr for the dimuon, dipion and punm sets.

Invariant masses. The masses computed for the dimuon and dipion can-
didates are virtually identical to the masses in the RVER table (see tables
4.10 and 4.13); however, once again the pyumm and RVER 1 masses differ.

ARTE identified four RTRAs with the MTRAs from the ™ p~ 7+ 7~ final
state of the golden decay. The invariant masses of the dimuon, dipion and
4-set were calculated and found to be, respectively, 3.078 4 0.028GeV /c?,
0.391£0.004GeV /c? and 5.17140.022GeV /2. Including the PID hypotheses
for the respective tracks improves these figures: M, = 3.08740.028GeV /2,
Myr = 0.496 £ 0.003GeV /c? and M,,rx = 5.265 £ 0.114GeV /c?.

Based on the RTR As identified with MTRAs from the tagging Ag hadronic
shower, the invariant mass of the RTRA set was calculated and found to
be 5.220 £ 4.566GeV /c?. The nominal value for the AY mass is 5.624 +
0.009GeV /c? [81]. Of the 8 RTRAs used in the calculation, 2 have hits both
before and after the Magnet and good (i.e. the error is below or at 1%)
momentum resolution.

Distances of closest approach. Impact parameters. Longitudinal
coordinates of vertices. These quantities were computed with the tool
PI and are shown in table 4.13. The longitudinal coordinates of the point
of closest approximation for the dimuon, dipion and ppumm are shown in
table 4.14, where they are compared with RVER table information and
Monte Carlo truth.

BPeutr flayour. In this event, the RTRA with highest-p7, not belonging to
the dimuon or dipion candidates, and with hits before and after the Magnet
(VDS and Main Tracker) is a 7—, which is revealed by ARTE Monte Carlo
truth to be a pion from the spectator event. The track’s charge was correctly
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identified, and the tagging method hypothesis denounces the presence of a
B~ meson. Consequently, the flavour of the golden decay B meson is B,

Conclusions. This event was reconstructed as a suitable golden decay
candidate. However, the detached vertex measurement z,r — 2, has poor
quality, in spite of having a positive value. The charge tag RTRA is con-
sistent with the hypothesis of origin from the primary vertex, and gave the
correct flavour tag. Comparing these figures with the Monte Carlo truth par-
tially listed in table 4.9, and contrary to what was measured for event 235,
the RTRAs’ momenta are substancially different from the expected values.
However, the momenta of the reconstructed resonances is very close to the
corresponding MTRAs in the Monte Carlo. As seen in table 4.14, the longi-
tudinal distance travelled by the B? meson is very small in this event, and
it is better reproduced with RVER table data than with the PI tool.

4.2.3 Remaining events

The dimuon and dipion invariant masses were calculated for the remaining
5 of the 7-event MC selection. The dimuon and dipion candidates were
selected automatically by the analysis tool PI (section appendix E.1 in ap-
pendix) according to the following criteria:

1. More than one hit on the VDS and Main Tracker, to allow good momen-
tum measurement.

2. A track with Muon detector hits is classified as a muon. The hypotheses
for pion, kaon and proton track are evaluated by selecting the highest
RICH likelyhood for each of them. The electron hypothesis is tested
if no Muon or RICH hypothesis is available by requiring the RTRA to
have ECAL hits and consistent with the highest ECAL likelyhood for the
electron hypothesis. These tags are used to improve the invariant mass
of the pairs to be searched.

3. The dimuon is searched amongst the pairs of RTRAs identified as muons
with an invariant mass closest to the J/v¢’s and with the lowest mass
standard deviation error, see equation (C.5). A similar selection is done
to search for K¢ — m 7~ among dipion candidates.

4. Additionally, the distance of closest approach between the muon (pion)
pairs is required to be below 500um for J/v¢ (Kg) candidates.

The B""" mass is reconstructed from the dimuon-dipion invariant mass.
The errors for momentum, pr, mass, distance and impact parameter quan-
tities are computed from the covariance matrices for the RTRAs generated
by ARTE.
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The B meson flavour was determined by selecting the RTRA that satis-
fies the following criteria:

1. The RTRAs must not belong to the dipion and dimuon sets attributed
to the golden decay.

2. The RTRA candidates have “good momentum” (i.e., they have segments
in the VDS and Main Tracker, thus allowing a good determination of
momentum);

3. Reference [108] gives median pr values of the lepton and kaon tags for
the other B meson, respectively at 1.2GeV /c and 0.6GeV /c. However,
given the limited event sample it was chosen to instead select the RTRA
with highest pr;

4. The RTRA must have a “good” distance of closest approach to the pri-
mary vertex, e.g. b < 500um.

The charge tag of the second B in the event is taken as the charge of the
selected RTRA. This promptly tags the flavour of the B — B0 for a
negative-charge tagging RTRA, or B° in case of a positive-charge RTRA.

Using the conditions described above and comparing with the Monte
Carlo truth, it was found that the identified B flavour was incorrect for
events 131 and 233. In the remaining events, though the flavour was cor-
rectly identified, the highest-py RTRA was not associated to an MTRA
from the second B decay. In events 233 and 267 the K™ — 77~ was
wrongly reconstructed — the RTRAs chosen by the analysis tool PI using
the previous criteria are attributed to MTRAs that do not belong to the
golden decay’s Kg. In event 233, one of the pions of the “correct” dipion
combination has no PID hypothesis formulated by PI, therefore it was not
considered a good candidate for a dipion. The RTRAs in the “correct” dip-
ion give an invariant mass M, = 0.408 4 0.003GeV /c?, and combined with
the correctly identified dimuon gives a pumm mass of M, = 5.228 £0.116.
The correct dipion has a better distance of closest approach (DCA) between
the two RTRAs, but a worse wire impact parameter (WIP) than the di-
pion proposed by PI. In the event 267, the reconstructed dipion mass is
again too far from the K™°"" mass — 1.19040.008GeV /c? given by PI, and
0.152 #+ 0.003GeV /c? for the “correct” dipion. In the last pair, one of the
RTRAs has no mass hypothesis; forcing the pion mass hypothesis on the
“bad” RTRA gives a dipion invariant mass 0.494 4 0.002GeV /c2. However,
the pumm mass would still be too low, 4.244 4 0.129GeV /c?.

4.2.4 Conclusions

It was seen that, though the selection cuts on the four RTRAs candidate
for reconstructing J/¢ and Kg decays significantly restricts the number
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Figure 4.24. Left: ratio of muon RTRA momentum to MTRA momentum, for
muons from the J/v decay. Right: Ratio of transverse momenta pr of RTRA
muons (from the dimuons selected for the Monte Carlo event sample) to the pr of
the corresponding MTRAs. The pr errors are negligible — below the percent level.
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Figure 4.25. Left: Transverse momentum of the RTRAs selected for charge tag
in each event. Right: Kalman x? probability of RTRAs selected by the PI tool as
relevant for the golden decay identification — muons (filled bars, blue and red),
pions (shaded bars, cyan and orange) and tagging RTRA (vertical fill bars, green).

of eligible events, the resulting sample has very high quality and can be
correctly identified as golden decays.

In the limited Monte Carlo sample, the event with tag 235 has the best
quality. For the second event studied in detail, though according to the
Monte Carlo truth the dipion and dimuon RTRAs in event 24 are associated
with the golden decay MTRAs, the reconstructed B® has worse quality.
Event 235 has the best distance of closest approach for the dimuon, dipion
and ppumm RTRA sets — all below 200pum — and invariant masses reasonably
close to the nominal values of the J/1, K and B respectively.

With the used flavour-tagging method, none of the highest-pr RTRAs
selected by the PI tool is associated to an MTRA from the second beauty
meson or baryon. The correct identification of the B*"" flavour is critical
for measuring C P violation asymmetry (2.41). It should also be recalled that
additional effects, such as BB flavour oscillations, contribute to dillute
the measured asymmetry. The flavour oscillation does not show up in the
Monte Carlo truth and was also disregarded.
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Figure 4.26. Reconstructed masses of the dimuon (blue circles), dipion (red squares)
and purrm (black losangles). Notice that only event 235 has all three masses near the
respective nominal values for the J/1 (dashed blue line, center), K™ (dash-dot
red line, bottom) and B¢ (dotted line, near top).
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Figure 4.27. Distance of closest approach for the dimuon, dipion and punm sets.
For event 235 all three distances are below 200um (see figure 4.5).
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Figure 4.28. Longitudinal separation of the J/v vertex to the center of the
wire (left) and to the primary RVER (right). FEvents 181, 174 and 235 are

candidates for a “detached vertex” flag.
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Figure 4.29. Contour histogram of the vertex coordinates in the zx plane, from
primary vertices in DST 22, with 501 events (see text). Figure 4.3 is the contour’s
projection in z. The seven Monte Carlo events here analysed have primary vertices
reconstructed close or within the target wire; the black square markers represent
their median positions in the zx plane. The thick dashed line represents the target
wire boundary projected in the zx plane. Note azxes’ scales are not equal.
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Run FEvent Candidate ptp~ invariant | Decay lenght | Az/o,
number number event mass (GeV /c?) Az (cm)
16014 15568 bb — ptputX 3.005 1.111 24.233
16069 172 bb — ptpt X 2.240 0.729 14.108
16078 31451 bb — ptputX 3.122 0.696 31.104
16529 13848 bb — ptpt X 2.175 0.637 9.270
16602 13060 bb — ptpt X 2.390 0.672 13.009
16605 17638 bb — ptputX 2.875 0.866 14.176
16681 52937 bb — ptpt X 3.241 0.500 11.299
16715 25940 bb — ptputX 3.200 2.202 29.108
16784 22303 bb — ptpt X 2.229 0.346 8.183
16784 86655 bb — ptputX 2.565 1.598 14.843
16798 2275 bb — ptputX 2.730 2.266 33.051
20545 | 1216003542 | BT — J/y KT 3.121 0.285 3.22
20639 373074 Bt — J/WK™T 3.042 0.355 10.3
20645 | 1528001531 | B® — J/¢Y K2 3.142 0.128 2.14

Table 4.15. Selection of events recorded with the HERA-B detector. The events with
run number 16014 through 16798 were selected from reference [2]; the remaining
are from reference [119]. The event classification, dimuon mass, decay length and

significance are from those two references.

‘ Selection ‘ Run numbers ‘ ARTE version ‘ Geometry version

“Repro” number

Year 2000
Year 2002

16xzx

20xxx

ARTE4-01-r3
ARTE4-01-rb5

01.0701

02.1205

0002
0005

Table 4.16. ARTE setup for analysis of the event selections presented in table 4.15.
“Repro” refers to the official reprocessing cycle in the offline event reconstruction.

4.3 A sample of B decay candidates measured in
HERA-B

Two selections of events recorded with the HERA-B detector were used, one
from the year 2000 epoch [2] and the other from the year 2002 [119]. The
events were recorded in DST format, and reconstructed for this analysis us-
ing different kumac setups (see one example in section D.2) for the year 2000
and the year 2002 selections; see table 4.16. Those setups were chosen to
ensure enough compatibility with the software and geometry versions used
at the time of data-taking and are presented for reference.

Analysis on the year 2000 selection is presented for comparison; greater
attention is given to the three events selected from the year 2002 run epoch.
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In this text, the events will be identified by the respective run number.%

Of the three events from the year 2002 selection, only the event from
run 20645 is a candidate for a golden decay; the other two events are candi-
date charged B decay candidates. Nevertheless, the other two events from
the selection were studied — on one hand, it makes an interesting scope
extension beyond the exclusive “golden decay” cases; on the other hand,
because the B? flavour-tagging depends on the reconstruction of the sec-
ond beauty decay, this tests for its validation. Furthermore, the self-tagging
decays of charged B mesons are of interest for the measuring of complemen-
tary parameters in CP violation, even though the branching ratios of the
alternative decay modes may be substancially lower than that of the golden
decay. Because of the conception of the HERA-B Trigger scheme, the ideal
B decays’ search includes those with a decaying J/v — €74~

4.3.1 The golden decay event candidate in run 20645

The event 1528001531 in run 20645 was identified as a candidate for a golden
decay event. The results presented here are consistent with those in refer-
ence [119], with differences amounting to o (1072).

The runlog information for run number 20645 states that the inner II
(carbon) and inner I (tungsten) target wires were in use. The two wires’
respective positions, at z;3 = —4.6lcm and z;; = —0.58cm (ARTE table
GTAR), allows good vertex longitudinal separation. The reconstruction
of this event produced 2 vertices and 29 charged tracks (plus one “hit-
less” RTRA, reconstructed by ARTE as a short decay resonance at the
J/1¢ mass range). The reconstructed vertices have longitudinal coordinates
z1 = —4.56cm and z9 = —4.46cm and were reconstructed with, respectively
7 RTRAs (corresponding to ndof = 11 degrees of freedom) and 2 RTRAs
(ndof = 1). The x? residual was calculated by ARTE, and the two ver-
tices’ x? probabilities are 2.2% and 32.6% respectively; these values pass
the probability cut used in reference [73], Pr(x?,ndof) > 0.3%, with ndof
as the number of degrees of freedom for the hits-to-track fit.

Some parameters involving combinations of two RTRAs were investi-
gated, namely: the invariant mass of the RTRA pair; the minimum separa-
tion between RTRAs; the RTRAs’ and the reconstructed resonance’s impact
parameters (minimum distance) to the wire associated with the primary ver-
tex. Since this event was a suspected golden decay event, the neutral B was
reconstructed from the information on the dimuon and dipion correspond-
ing to the reconstructed J/¢ and K° found in the event, and their invariant
mass was calculated. The values were obtained from the C program PI.c
listed in section E.1 in appendix. The following cuts were applied on the

RTRA pairs:

SFor run 16784, a letter is appended to distinguish between the two events in the
selection: 16784a for event 22303 and 16784b for event 86655, in run 16784.
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1. Both RTRAs must have hits on the VDS, Main Tracker (ITR and/or
OTR), and also on the MUON detector for muon pairs.

2. The resonance’s mass (J/¢ for dimoun, K for dipion) must lie within
less than 5 standard deviations of the measured value for the dimuon
invariant mass.

3. The minimum separation between the dimuon RTRAs must not exceed
500um, and this point should be at a longitudinal coordinate z greater
than the primary vertex’s.

4. For pions and kaons, an unequivocal PID should be established through
the likelihood hipotheses (L,+ > Ly+ + L+ + Ly, for pion Particle IDen-
tification, and Ly+ > Ly+ + L+ + Ly, for kaon).

The first criterion ensures good momenta measurement, with errors below
1%. The MUON hits requirement for muons is the only criterion applied
for muon PID. The second criterion allows to select the sought RTRA pairs.
The third criterion allows to reject the RTRA pairs which are manifestly un-
desired, eliminating some spurious invariant mass combinations. The fourth
criterion seeks to use the good PID separation granted by the RICH detec-
tor to further improve the selection quality. Although no pr cut is specified,
this is taken in consideration when searching for the relevant RTRAs.

The RTRAs from this event which have “good” momentum and a PID
tag are listed in table 4.17. The RTRAs which best satisfy the hypothesis for
a golden decay are presented in tables 4.19 and 4.21, with their respective
invariant masses, vertex longitudinal coordinate, DCA, minimum distance
to the primary vertex, and impact parameter at the target. Figure 4.30
shows two PRISM views for this event.

ARTE-reconstructed vertices. This event has only 2 reconstructed ver-
tices, and only the second RVER was reconstructed with non-zero mass;’
see table 4.18.

Momenta, transverse momenta and number of hits for RTRAs.
This event was reconstructed in ARTE and yielded 30 RTRAs, one of which
is flagged as a short decay resonance. The momenta of RTRAs with hits up-
and downstream of the Magnet were measured with errors o (1%) and the
transverse momenta were computed to be lower than 5MeV /c. Table 4.19
shows those quantities, the number of detector hits and the Kalman y?
probability of the RTRAs.

“The GROVER package, used for vertex reconstruction in ARTE, uses geometric an
kinematic constraints to add and fit tracks to a given vertex. If the resulting vertex is not
consistent with the constraints, a “less constrained” vertex (e.g. no mass) is sought.
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RTRA z/cm x/cm y/cm tx ty p/GeV - ¢! x? Pr(x2, ndof)
LricH,x | LRICH,K LRICH,p LECAL.e LECAL,A LMUON, 1 PID bRVER 1/pm

1 37.221 +2.5968 | —1.80170 | +0.054863 —0.041790 +19.370 41.75 61.1%
21.7% 10-2 10—27 10~° 87.3% 93.8% ut 114 + 52

2 62.788 —1.8365 | —0.56336 | —0.031889 | —0.0074088 —57.244 28.41 99.9%
17.9% 10—9 10—25 10~4 57.0% 100.0% p— 19 427

4 39.394 +2.4375 | 40.38276 | +0.048372 +0.010105 +7.0557 49.41 49.7%
49.4% 16.7% 16.7% 10—4 85.4% — nt 46 + 84

5 12.422 | 40.74801 | +1.65780 | +0.0044742 | +0.106900 —6.7921 52.12 1.8%

78.1% 10— 10—4 0.3% 99.6% — i 3736 + 38

6 12.422 +1.0226 +1.5865 +0.066304 +0.090906 +6.2473 37.36 84.2%
99.4% 10-8 10-8 10-5 92.7% — nt 4269 + 45

7 20.466 +0.2867 —1.5944 —0.009243 —0.060774 —4.5620 36.81 73.5%

100.0% 10-5 10-5 10-5 59.6% — i 89 + 52

8 22.480 +2.9369 +0.0491 +0.095695 —0.003866 —4.1046 39.54 9.2%

3.8% 0.7% 0.7% — — — w~ 2229 + 53

9 14.798 +2.1878 —0.0414 | +40.096250 +0.001488 —4.0896 25.78 77.3%
0.3% 10—3 10—3 — — — T 153 + 81

14 37.199 +0.2187 | +1.7023 —0.002248 +0.042587 —5.8510 44.58 69.0%
99.8% 10-5 10—5 106 52.2% — T 107 + 95

21 39.394 +2.4371 +0.3827 | +0.048440 +0.010124 —17.5380 15.794 26.0%

6.6% 108 8.9% — — — P 39 +39

4421 39.394 +2.4371 +0.3827 | +0.048475 +0.010130 —24.5562 — —
— — — — — — P 47 £ 88

Table 4.17. List of RTRAs from a golden decay candidate measured in HERA-B— run 200645,
event 1528001531. The full event was reconstructed with 29 RTRAs with hits; only those RTRAs with
hits up- and downstream of the Magnet, and with a formulated likelihood PID, are shown. The RTRAs’
covariance matrices are ommitted. The primary verter, RVER 1, in this event lies pratically inside the
corresponding target wire, |Fyire — TrRVER 1| ~ 0.5mm.

(z,z,y) are the RTRA’s first point coordinates, (tz,ty) are its tangents tx = p,/p. and ty = p,/p, in the
zx and zy planes. The signed p column indicates the measured momentum and the RTRA’s charge (positive
or negative). The PID indicates the particle identification information from RICH likelihood (for pions,
kaons and protons), or the presence of hits in the MUON detector (for muons); the charge is obtained from
tracking information (p column). Rightmost column gives the x* probability, obtained from the Kalman
filter technique, for this hits used to build the RTRA. On the second line are the RICH likelihoods for the
pion, kaon and proton hipotheses (the likelihoods for the electron and muon hypotheses are omitted), the
ECAL likelihood for electron and hadron hipotheses (the minimum-ionizing particle likelihood is the com-
plement of these two), and the MUON likelihood for muon hipothesis; the likelihoods are evaluated only at
the presence of associated hits for the corresponding detector(s). The next-to-last column give the resulting
PID decision; this is useful to improve invariant mass calculations. The last column gives the extrapolated
distance of closest approach to the reconstructed primary vertex (see appendiz E.1).

Entry “4+217 represents the add-up of RTRA directions from RTRA 4 and RTRA 21. The two RTRAs
are estimated to meet at z ~ 45cm, with a distance of closest approach of 0.5 + 17.7um.



Chapter 4. Single event analysis

[ prism 4.26/00 HERA
host=hb-af36 date= 17/11/04 BX= 80
r I gT] artevss  4.0105 time= 16.37.57 EVtRunExp = 152800153120645 4
picture= 1 event= 1 B
X

400
200
— R
T i L1 e
e 1 I T
—
— 200
— 400
—so0=l [ [ [ | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 Z

[ prism 4.26/00 HERA
host=hb-af36 date= 17/11/04 BX= 80
r I S’n artevss  4.0105 time= 16.42.35 EvtRunExp = 152800153120645 4
picture= 24 event= 1 B

Figure 4.30. Top: zx projection of event 1528001531 in run 20645, displayed by
PrisM. The measure scale is in centimeters. The two muons RTRAs used to recon-
struct the J/¢ decay are seen transversing the Muon detector. Bottom: 3D detail
(almost a projection in the zx plane) of the target wire and of the two reconstructed
vertices (RVERs) in the same run, see table 4.18. The y direction points to the
top, the proton beam is directed from left to right. The 1o variance ellipsoid of the
primary vertez intersects the inner II target (large rectangle) used in this run. The
RTRAs associated with the reconstructed vertices were drawn into them. The two
extrapolated muon RTRAs meet at the J/v» RVER (rightmost ellipsoid).
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‘ M/GeV/c? ‘ Num. tracks ‘ X2 ‘ Pr(x?, ndof) ‘

| RVER |  z/em
1 | —4.560 +0.042 n/a 7 22.374 2.2%
2 | —4.460+£0.063 | 3.112+0.027 2 0.9663 | 32.3%

Table 4.18. Summary information for the all the vertices reconstructed in the event

selected from run 20645.

PID ut w Tt T Tag
p/ GeV/e 19.37+£0.24 | 57.24£0.65 | 6.254+0.06 | 6.79£0.07 | 17.54£0.26
pr | GeV/e 1.34 1.87 0.70 0.73 0.87
VDS hits 12 15 10 9 12
OTR hits 38 47 43 38 10
Kalman 2 41.74 28.41 37.36 52.12 15.79
Pr(XQ, ndof) 61.1% 99.9% 86.6% 13.6% 53.8%

Table 4.19. Momenta and transverse momenta of RTRAs relevant for the recon-
struction of the selected event from run 20645. The RTRA chosen through the
highest-pr criterium is included (last column). The pr errors are all < 5MeV/e.

All shown tracks have no ITR hits.

PID ANV B S VANV S
p/ GeV/e || 76.55 | 13.03 89.57
pr/ GeV/e || 1.23 | 0.44 0.32

Table 4.20. Momenta and transverse momenta of golden decay particles recon-
structed in the event from run 20645. See also table 4.19.

PID ut w ot T Tag
D.C.A.(RVER 1) / um || 1134+52 | 19 +26 | 4268 +45 | 3735+ 38 | 39 =39
D.C.A.(RVER 2) / pm || 47+48 9428 | 421053 | 3733£39 | 54+ 58

byire/ pm 27 —83 4112 3473 -9
RTRA set ™ T uwrprtas
z/cm —4.460 £ 0.063 | 7.980 £0.039 | —4.347 +0.140
M/GeV/c® || 3.112+0.027 | 0.499 +0.003 | 5.316+0.112
DCA/pm 56 + 61 2+ 34 1153 4+ 82
byire / 0 —60 55 2878
bRVER 1/m 48+ 21 100 + 56 1073 + 45

Table 4.21. Vertex longitudinal coordinates, DCAs and impact parameter to wire of
golden decay relevant RTRAs (top) and RTRA sets (bottom) for the selected event
from run 20645, including the RTRA used for flavour tag (table 4.19). The shown
quantities were computed with the PI tool (section E.1).



142

Chapter 4. Single event analysis

Az ‘ Distance / cm

[t tO T (—4.460 & 0.063) — (—4.347 £ 0.140) = —0.113 + 0.203
RVER 2 to RVER 1 | (—4.460 4 0.063) — (—4.561 4 0.042) = 0.101 + 0.105

Table 4.22. Longitudinal separation of the PI-reconstructed vertices and RVER for
the selected event in run 20645.

Invariant masses. The invariant masses measured for the dimuon, dipion
and ppmm with PID hypotheses are: M, = 3.112 £ 0.027GeV /%, Myr =
0.499 +0.003GeV /c? and M,,rr = 5.316 £0.112GeV /c?, which place them
within 0.60, 0.60 and 0.40 of the nominal values for the invariant masses of
the J/v, K° and B° respectively.

Distances of closest approach. Impact parameters. Longitudinal
coordinates of vertices. These quantities are shown in table 4.21. The
distances of closest approach (DCAs) for the dimuon and dipion RTRAs are
consistent with the hypothesis that the pairs originates from a common ver-
tex each. However, the DCA between the dipion and dimuon was evaluated
with the PT tool to be bj; = 1153 + 82pm.

B flayvour. The RTRA with highest pr, not belonging to the dimuon
or dipion, and with detector hits up- and downstream of the Magnet, has

negative charge and a RICH PID of a proton. The corresponding flavour of
the golden decay B is BO.

Conclusions. This is an event with very good indicators for the presence
of a B golden decay, with flavour BY; the charged RTRA used for flavour
tag has a PID of an anti-proton. Though the longitudinal separation of the
pp and pumm vertices, found by the PI tool, are negative, the associated
error is sufficient to intersect the result interval for the RVERs and ensure a
consistent value. The production and decay vertices in this event are sepa-
rated by roughly 1mm, which is about twice the quoted value for HERA-B’s
longitudinal vertex resolution.

4.3.2 Two BT — J/¢YK* candidate decays

Two events from the year 2002 selection were identified [119] as candidates
for Bt — J/¢¥K™ decays (table 4.15) and are next studied briefly.

As was seen so far, the invariant mass and separation of RT'RAs are good
signs for the presence a given decay. In events 20545 and 20639, the PI tool
selected an RTRA with K PID as the flavour-tagging RTRA (highest pr
and “good” momentum). The DCAs of these RTRAs to the reconstructed
RVER 2 (which have mass in the J/v region) for these two RTRAs are
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Figure 4.31. The hypotheses for
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bIR(YFER 2 = 1504 104pm and bIR(YFER 3 = 88+43um, respectively for run 20545
and run 20639. These distances are close enough to be consistent with the
hypothesis of a BT — J/¢(u"p~)K*+ decay. The hypotheses for this and
a golden decay B""W — J/i)Kg were tested, and it was found that the
former is favoured relative to the later for the two events in runs 20545 and
20639, see figure 4.31. The coordinates for the point of closest approximation
between the dimuon and the K+ for the two events is at z ~ 7.5cm, but
with an undetermined error; this idiosyncrasy is likely due to limitations of
the present tool code.

In event 20545, no good w7~ hypothesis, in the K™ mass region,
was found by the PI tool. In event 20369, a candidate dipion candidate
for a K™ decay was found by PI, however its invariant mass (0.606 +
0.004GeV /c?) falls outside the sought mass value and the tracks are border-
line detached — 550+ 66m. The distances of closest approach are included
in the next subsection.

4.3.3 Comparison with run selection from year 2000

The selected events from the year 2000 sample are compared with the
three events from year 2002. In terms of the invariant masses of recon-
structed B candidates, the events from the last run period have better
quality than those from the year 2000 — at least for this limited sam-
ple. Two hypotheses were tested when searching for B candidates — golden
decays B — J/¢p(utp)Kg(ntn™) (figures 4.32 and 4.33); and decays
B* — J/yp(pTu~)K* (figures 4.34 and 4.35).

4.4 Conclusions

As is seen in figures 4.6 and 4.4, by selecting pairs of reconstructed tracks
with sufficient transverse momentum (e.g. pr 2 0.8GeV/c) and minimum
separation (e.g. by, < 200um), it is possible to improve the significance of
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Figure 4.32. Invariant mass of RTRA sets for the golden decay hypothesis,
Brewtr — J/p(ptpT ) K2(ntm™) from the event sample in table 4.15. Values com-
puted with PI.
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Figure 4.33. Distance of closest approach (DCA) of RTRA sets for the golden decay
hypothesis, B}*“" — J/y(uTu")K2(rTn~) from the event sample in table 4.15.
Values computed with PI.
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Figure 4.834. Invariant mass of RTRA sets for
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the J/¢¥ — pp signal by a factor of ~ 2.5 without important changes on
the signal amplitude. The Monte-Carlo truth of the simulated events shows
the number of RTRA pairs with mass 3.1 £ 0.4GeV /c? selected with the
pr > 0.8GeV /c cut is ~ 23% of the expected number of J/1s in a sample
of 6750 events (1 J/1 per event).

A high-quality sample of Monte Carlo golden decay events was recon-
structed with ARTE and studied to verify the presence of indicators for that
decay. The requirement that the four reconstructed tracks up~ 77~ have
detector hits up- and downstream of the Magnet — to ensure good momen-
tum resolution — limited the fraction of ~ 450 Monte Carlo events down
to only 7. Of these, 5 events were reconstructed with dimuon and dipion
masses up to 3o of the nominal masses of the J/1¢ and K""; in the other
two events, the dipion mass was too far from the expected values because
the RTRAs selected by the analysis tool PI did not correspond to the Monte
Carlo Kg — T~ tracks. The B masses were poorly reconstructed and
spread out in a ~ 1.5GeV /c?-wide band centered on the B nominal mass.
Only the event labeled “235” has all three reconstructed masses within 3o
of the expected values. Concomitantly, the minimum separations between
the muons, pions and pu—mm pairs were below 200um for that same event.
In the remainder of the sample, the puu—mm separation was above 500um
although the dimuons and dipions were separated by less than 200um.

Three B — J/¢(pp) K events from the year 2002 run epoch were studied
and the results from reference [119] were confirmed. One event is an excelent
candidate for a golden decay, whereas the other two are classified as BT —
J/p(pt ™)K candidates. The two hypotheses were tested on those events,
and the track combination yielding the mass closest to the B’s was chosen;
it was also found that the K™ in the two events passes at less than 100um
of the dimuon vertex. The B flavour of the golden decay is B, given that
in the remaining RTRA sample the highest-pt track has negative charge.



CHAPTER D

Detector misalignment and
single event reconstruction

This chapter shows the results obtained with HERA-B’s event reconstruc-
tion software (ARTE), used on the Monte Carlo golden decay event labeled
“235” (section 4.2.1), under the influence of translactions of VDS modules
and of whole subsystems (VDS, Main Tracker, RICH and Muon Detector
system). Many plots presented here are color-coded profile histrograms rep-
resenting the variation of selected quantities in terms of displacements in the
direction of the z, x and y axes. These studies sought to obtain the scale at
which visible modifications due to detector translactions produce different
results at event reconstruction. Those quantities are listed in appendix A,
where the respective results are also shown; some of those plots are repro-
duced in this chapter in larger print.

The translactions of modules and detector systems were done along the
coordinate directions individually, and follow a logarithmic sequence from
10pum up to becm, with three values per decade — e.g. 10um, 20pum, 50um,
100pum and so on. For VDS module displacements Az, Az and Ay, addi-
tional samples at different step sizes were taken to improve granularity at
the milimeter and centimer scale: 1mm-steps for displacements |Ai| < lem;
2mm-steps for lem < |Ai] < 2cm; and lem-steps for 2cm < |Ail < 5cm
(i = z,z,y). The sign of the Ai displacements is the same as the axes’ no-
tation denoted in figure 3.7 (left) on page 39. This choice of complementary
displacement measurements causes the dashed vertical band patterns visible
in the profile histograms in this chapter and in section A.1 in appendix, and
therefore are not related to any detector- or reconstruction-related artifacts.

Only those VDS modules with hits belonging to the dimuon RTRAs from
the J/1 decay, which were measured for the undistorted detector, were used;
see figures 5.1-5.3. The effect of moving other modules to, e.g., cause more
hits to be included in those RTRAS’ reconstruction, was not investigated.

The translactions of detector modules were performed by the routine
remaskGEDE (section E.2 in the appendices). This C language routine ran
inside ARTE to shift modules, as well as the digitized hits’ positions (relative

147
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to the unchanged reference frame) before the event reconstruction step. The
events were then reconstructed from the shifted hits. The pp and pumm
symbols refer to the sets of RTRAs used with the PI tool from RTRA data;
the RVERs (labeled “RVER1” and “RVER2”) were extracted from ARTE.
The effect of rotations, shear or torsions on the event’s reconstruction
was not studied. In reference [76] these effects are discussed (necessarily
spanning over a sizeable event sample and not just one event) in the con-
text of HERA-B Global Alignment (the geometric disposition of detectors
relative to each other, i.e. between VDS, Main Tracker, and so on).

5.1 VDS module displacements

For the dimuon reconstructed in the vertex, the ut (u™) is directed to
the first (third) quadrant in the xy plane as seen from the target: the
slopes in the zx and zy planes are tx = p,/p, ~ 0.0471 (—0.0450) and
ty = py/p- ~ 0.0009 (—0.0338) respectively — see figure 5.2.

Figure 5.1 shows the VDS segments of the dimuon RTR As for this event,
seen in a 3D view with PRisSM. To measure the RTRAS’ momenta, their
bending in the Magnet is computed by ARTE by fitting the VDS segments
with Main Tracker segments (not shown in figure) and assuming they cross
at mid-Magnet zuagnet ™~ 450cm (see section B.3). The RTRAs’ VDS hits
are measured from superlayers 4 through 6, zgp4 ~ 40cm, zgp5 ~ 65cm and
zsie =~ 100cm; see figure 5.3. The contributions from the different VDS
modules are best visible for superlayer 4 (zgr,4 ~ 40cm). These superlayer’s
modules are closer to the beamline than the modules downstream, therefore
they are longitudinally shifted so they do not collide during normal operation
position; see figure 5.3. For superlayer 4, the leftmost colored slits (joined)
correspond to the u™ and the other two (which are seen with a small interval
between them) correspond to the p~; see also figure 5.3.

The color-coded 2D profile histograms representations of quantities was
chosen to find out both the magnitude of displacements resulting in different
values, and also whether it occurs for displacements closer of farther from
the Target. The number of possible combinations for displacements that
one can formulate is, obviously, huge. Therefore only a small set of VDS
modules were chosen for measuring the effects displacements, namely those
modules used to reconstruct the dimuon RTRAs’ segments in the Vertex
Detector. The histograms in figures 5.4, 5.6, 5.8 and 5.10 represent some
of the quantities plotted in appendix A for displacements in the beamwise
direction (z axis).

In the histograms in figures 5.5, 5.7 and 5.9, each point is the average
of the represented quantities over the VDS modules for the given displace-
ment; in effect, e.g. the plots for displacements Az represented therein are
projections of the histograms in figures 5.4, 5.6 and 5.8 over their respective
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Figure 5.1. The dimuon RTRAs in event 235 (section 4.2.1), seen in 3D perspective
from the outer radius of HERA. Only the VDS modules (rectangles) and Target (far
left) are shown; the proton beam passes through from left to right. The remainder
of the dimuon RTRAs includes segments from the Main Tracker and Muon detector
(not shown), which are matched by ARTE.
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Figure 5.4. Invariant mass of RTRA pair identified with the dimuon from the J/v
decay, for translactions of VDS modules in the z direction (measured in the vertical
azis); see figure A.5 for similar plots for translactions in x and y. The mass was
computed from RTRA parameters with PI (see section E.1). The horizontal axis
refers to the modules’ z position (Zvps module) according to table GEDE (i.e. in
the absence of translaction); see figure 5.3. Only the VDS modules with dimuon
hits were analysed. The histogram bin size is 0.5cm x 0.1cm. The inset shows only
displacements |Az| < 0.6cm. See the discussion on main text (page 147) concerning
the “dashed” plot structure for lem < |Az| < 2cm.
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Figure 5.5. Dimuon invariant mass (in GeV/c?) for displacements of the VDS
modules with the J/1’s dimuon reconstructed hits, in the z (+), x (&) and y (©)
directions. The nominal value of the J/v mass is marked by a horizontal dashed
line near 3.1GeV/c?. The marks for Az displacements represent a projection of
the histogram in figure 5.4 along its yy axis; the other two marks sets are for their
respective displacements (see histograms in figure A.5). The error bars represent
the root mean square of the values in each yy bin for the corresponding module
translactions Az, Az, Ay. The inset plot is a detail for |Az| < 0.6cm (bozed
square in the main plot).



5.1. VDS module displacements 151

| VDS module displacements in Z: dimuon D.C.A. [ um / (0.5cm x 0.1cm) ] I | sep6:AZ I

e SE 10°
o =
S B
N E
i 4 :__ ............................................................................................................................................... ]
B e mm e s T
2 [Fm e A T — — 10°
— < —
1 7
E| ]
== b
-2 — 10
-3
4F
-5 :_ ....................................................... NSRS Gy S
_6 :| 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
40 50 60 70 80 90 100
ZVDS module /cm

Figure 5.6. Histogram similar to the one shown in figure 5.4, but here for the
minimum separation (measured in pm) between the pt and p~ RTRAs from the
J/v¢ dimuon. Notice the color scale is logarithmic. See figure A.7 for the results
of VDS module displacements in x and y. The minimum separation was computed
with PI from RTRA information.
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Figure 5.7. Plot similar to figure 5.5, but representing the u*-u~ minimum sep-
aration (measured in pm), for Delta displacements of the VDS modules with J/
dimuon hits. The inset plot is for displacements |A;| < 0.6cm (dashed rectangle in
the main plot).
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Figure 5.8. Histogram similar to the one shown in figure 5.4, but here for the
punT mass (measured in GeV/c?) from RTRA information. The inset plot is
for displacements |Az| < 0.6cm. See figure A.19 for the results of VDS module
displacements in x and y. The pumm mass was computed with the PI tool from the
four RTRAs’ information.
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Figure 5.9. Plot similar to figure 5.5, but representing the uurm mass (in GeV/c?)
from RTRA table data, for Delta displacements of the VDS modules with J/
dimuon hits. The inset plot is for displacements |A;| < 0.6cm (dashed rectangle in
the main plot).
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VDS module displacements in Z: B flavour [ (0.5cm x 0.1cm)™ ] | ’ pid8:AZ I
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Figure 5.10. Histogram similar to the one shown in figure 5.4, but here for the
Brewr flavour from the reconstructed golden decay for z displacements of the VDS
modules with J/1y RTRA dimuon hits. The inset is for displacements |Az| < 0.6cm.
See figure A.32 for the results of VDS module displacements in x and y. The result
was obtained from computation with the PI tool.

yy axes. For each quantity, the error bars’ amplitudes are \/X/N for N
entries of quantity X (see the ROOT manual [37]). In those histograms, a
dashed rectangle depicts the bounds of the inset plot.

5.1.1 Discussion

Variations of the explored quantities (figures 5.4-5.10 and figures A.1-A.32
in section A.1 in appendix) become noticeable for displacements at a scale
of |A] 2 0.2cm. These quantities do not show visible variations when the
VDS module displacements are below this value; see insets (—0.6cm < A <
0.6cm) in the profile histograms.

The same profile histograms also show that the variations for = and y
displacements are steeper than those for z displacements. This can be inter-
preted attending to the strong Lorentz boost of the proton—nucleus center
of mass in the beam direction (z axis). The number of degrees of freedom
(dof) of the RTRAs are related to the number of hits associated with the
track, see equation 3.9 in page 86. Therefore, its variation (figure A.1) can
be used as a signature for the possible disassociation of a VDS module hit
from the reconstructed track.

The quantities related to the dimuon, see e.g. figure 5.4 or figure 5.10
(in appendix, figures A.3, A.4, A5, A.7, A8, A.11, A.12, A.13, A.14) have
missing points for Azgr, 4 < —0.5cm and lower. For those displacements of
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superlayer 4 modules, the dimuons loose the VDS segment and are there-
fore not properly reconstructed. Attending that proper reconstruction of
VDS segments requires a minimum number of hits in different superlayers
(e.g. 3 or more consecutive layers for “good” reconstruction), this can be
interpreted by the fact that the dimuons’ VDS segments vanish for such
displacements.

The variation of the B flavour tagging for VDS module displacements
was also evaluated (figure 5.10 for Az displacements, see alseo figure A.32).
The tagging may be lost for displacements as low as |Az|, |Az| ~ (0.05 —
(—0.2))/2 ~ 0.2cm, and it was also found on some instances that wrong
tagging appears for displacements above 0.2cm. The most influential mod-
ules for this event’s flavour tag are those closest to the target; one of the
dimuon’s RTRAs shares a VDS module with the RTRA used for flavour tag,
and consequently those module’s displacements reflect on the flavour recon-
struction (painted as red marks in the figures). More points are missing
on figures 5.10 and A.32 than on other figures from section 5.1 due to the
stringent requirements of good dimuon and dipion masses (for the pumm)
and good tagging RTRA momentum.

5.2 Displacements of the VDS, Main Tracker, RICH
and Muon Detector systems

In this section, the histograms shown are for displacements of entire sub-
detectors in the direction of coordinate axes z, x and y. The VDS and
Main Tracker were chosen due to their importance in track recognition and
momentum determination. The influence of RICH and Muon detector dis-
placements below 5cm was also investigated.

In the RICH and MUON detector histograms, there are less available
points; for these, it was felt that the histogram granularity requirements
could be relaxed. The sequence of sampled displacements follow a logarith-
mic scale with three values per decade n (i.e. 1 x 10", 2 x 10", 5 x 10™).

5.2.1 Discussion

The detectors with most influence on the reconstruction of the Monte Carlo
event are the VDS and, to a lesser extent, the Main Tracker modules.

The histograms in figures A.33—-A.71 show that Main Tracker displace-
ments have influence on the number of RTRAs, RVERs and hits associated
to the RTRAs (figures A.33-A.36) for displacements |Azy v |, |[AymTye.| 2
0.2cm and |AZtracker| S 0.02cm. However, they produce no visible effect on
other quantities such as resonance masses, D.C.A.s and impact parameter
to target wire.

The same figures show that Azyps displacements of the VDS vessel
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produce shallower variations of the measured quantities, whereas Axvyps
shifts yield steeper variations. The event’s reconstruction shows sensitivity
for VDS displacements similar to those found for the Main Tracker dis-
placements — |Azypsl, |Ayvps| 2 0.2cm and |Azypg| 2 0.02cm. How-
ever, as expected, the VDS displacements’ influence on more quantities
(vertex coordinates, impact parameters, etc.) is visible. The pumm mass
(figure A.51) was modified by VDS displacements above &~ 0.2cm, whereas
the primary vertex’s mass (see e.g. figure 5.12 for Az and figure A.52 in ap-
pendix for this and other axis orientations) is altered by VDS displacements
|Az|,|Az| 2 0.0lcm and |Ay| 2 0.2cm.

Displacements of the RICH vessel and Muon detector produced no vis-
ible effects on the reconstructed quantities, except for lem ~ |AZ| ~ 2cm
displacements of the Muon detector in the Particle ID of the tagging RTRA
(7r* to ", resulting in differing B flavour reconstruction), see figure A.70.
This result is coherent with the o(lcm) size scale of the Muon Detector
system cells (see section 3.2.10).

5.3 Conclusions

The principal focus of this chapter was on quantities related to the dimuon
and the ppmm. The former is relatively easy to separate from the hadron
background — the FLT/SLT are designed to make best use of the nar-
row width of the J/v resonance — and the later is important for tagging
of golden decay events. These and other quantities are referenced in ap-
pendix A.

In section 5.1, the twelve VDS modules used to reconstruct the dimuon
in the analised event (section 4.2.1) were displaced individually in orthog-
onal directions (z, z and y) to obtain the variation of quantities, such as
dimuon invariant mass and separation, under module displacement. In sec-
tion 5.2, four detectors (VDS, ITR+OTR, RICH and Muon detector) were
each displaced as a whole unit to again obtain the variation of those same
quantities.

The histograms shown in this chapter and appendix A have visible vari-
ations of the plotted quantities for displacements at the scale of lmm-2mm.
Such variations are more noticeable for VDS displacements. Except for a
small number of Main Tracker displacements, attributable to fortuitous com-
binations of hits that ARTE used to reconstruct tracks,! there is no visible
influence of Main Tracker displacements on the RVER, dimuon and punw
masses. The transverse momentum of the highest-ptr RTRA, used to tag
the B"U flavour, did not suffer significant modifications for Main Tracker
displacements.

!The nature of these reconstructions was not explored.
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Figure 5.11. The whole VDS system is displaced in the z, x and y directions, by
ammounts given in the horizontal azis. The J/v’s dimuon mass remains mostly
within the range of the nominal value (dashed horizontal line), except for a few
displacements in the x direction. The inset is for displacements |A;| < 0.6cm.
Computed from RTRA values with PI. See figure A.37 for the results of translactions
of the Main Tracker, RICH and Muon Detector systems.
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Figure 5.12. Plot similar to figure 5.11, but representing the p*tp~ 77~ invariant
mass in GeV/c2. Contrary to figure 5.11, there is visible withdrawal from the
nominal value (horizontal dashed line) for displacements from 0.2cm-0.3cm in the
z and x directions; variations for detector displacements in the y direction are only
sensible in the centimeter scale. The inset plot is for displacements |A;| < 0.6cm
(dashed rectangle in the main plot). The mass values were computed from RTRA
values with PI. See figure A.51 for results on Main Tracker, RICH and Muon
Detector systems.
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Figure 5.13. Plot similar to figure 5.11, but representing the J/v’s dimuon minu-
mum separation (in pm). The inset plot is for displacements |A;| < 0.6cm (dashed
rectangle in the main plot). See figure A.39 for results on Main Tracker, RICH and
Muon Detector systems.
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Figure 5.14. Plot similar to figure 5.11, but representing the J/v’s dimuon lon-
gitudinal coordinate z,, (in cm). The target wire’s bounds are represented by the
horizontal gray band. The inset plot is for displacements |A;| < 0.6cm (dashed rect-
angle in the main plot). The z,, quantity was computed with PI. See figure A.40
for results on Main Tracker, RICH and Muon Detector systems.
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Figure 5.15. Plot similar to figure 5.11, but representing the punm longitudinal
coordinate Zuuxn (in pm), computed with PI. The target wire’s bounds are repre-
sented by the horizontal gray band. The inset plot is for displacements |A;| < 0.6cm
(dashed rectangle in the main plot). See figure A.54 for results on Main Tracker,
RICH and Muon Detector systems.
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Figure 5.16. Plot similar to figure 5.11, but representing the golden decay B meson
flavour under VDS displacements A, obtained from the charge tag of the highest-pr
RTRA. The rectangles on top are for BY flavour tags, and the rectangles on bottom
for BY; the rectangles in the middle of the plot are for untagged reconstructions.
The color scale is for the number of histogram counts in the 0.lcm-wide bins of
the horizontal azis. See figures A.67, A.69 and A.71 for results on Main Tracker,
RICH and Muon Detector systems, respectively.
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We therefore see how the geometric placement of the Silicon Vertex De-
tector system is of large importance for the adequate reconstruction of ver-
tices. The reconstruction of this single Monte Carlo event for a golden
decay B — J/i(upu)Kg(ntn™) suggests the VDS geometric location should
be well known. The figures 5.4-5.10 in section 5.1 and the figures A.1-A.32
in appendix A.l indicate that it is necessary to correctly place the VDS
modules to (at least) within ~ 0.2cm of their nominal positions. Those his-
tograms also suggest that the reconstruction of the dimuon is dependent on
the location of the upstreammost module used to reconstruct the track. In
the analysed event, this effect is evident for displacements Az < —0.5cm.
The results of sections 5.2 and A.2 suggest that the global alignment of
the VDS relatively to its expected position should be known to within the
milimeter in the z and y coordinates, and to the tenth of milimeter in the z
direction.



CHAPTER O

Concluding remarks

Measuring CP violation requires, on one side, a substancial set of relevant
events measured with the detector, and on the other side, a good choice of
selection criteria to reject events based on their topology (e.g. high-pr tracks
with invariant mass in a chosen range). The “best” C'P violation channels
in the B meson system incorporate a series of traits such as relatively high
branching ratios and sufficient amplitude of the intervening C P-violating
phases; one of the most favorable cases is the so-called “golden decay”,
BY — J/ ng. This decay is far from being the perfect tool for measuring
CP violation: on one hand, it is rare (although by comparison with other
C P-violation B decays it has a reasonably high probability of occurence);
on the other hand, it still requires somewhat stringent selection criteria to
isolate these decays from background. As is expected, these criteria also
wrongly reject eligible events — and wrongly accept false positives — by a
fraction that might estimated through Monte-Carlo studies of detector and
selection efficiencies [93].

In face of the selection criteria, a high-quality “clean” event sample might
be scantily populated. For example, in reference [142], a single event mea-
sured in the HERA-B detector passed the analysis’ selection criteria tests,
although the Monte Carlo population used in analysis was slightly more sub-
stancial (47 events). In spite of the small samples, some physics results may
be obtained in the form of production cross sections and/or upper limits,
although with relatively high associated uncertainties; however, the scarcely
populated samples make C P violation-related analyses that much difficult
in face of the projected o (103)—size sample [108]. Due to this reason and
to the loss of competitiveness of HERA-B to other C P-violation measuring
experiments, the interest of HERA-B was diverted to other physics subjects
(see section 3.7).

Stringent criteria were applied to select a set of Monte Carlo B golden
decays. In a sample of 415 events, only 7 events were reconstructed with
prpm T tracks with enough hits to provide adequate track momentum
measurement. The dimuon vertices in these events were reconstructed with
mass within 50 of the J/¢ mass, and in 5 events a dipion was also recon-
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structed within 5o of the Kg mass. Only 2 of the 7 events were reconstructed
by ARTE with an RTRA from the second b hadron decay in the events. A
single event has passed all these criteria (section 4.2.1) and has the three
resonances’ masses within 1o of the nominal masses of the J/v, K™ and
Breutr - This Monte Carlo event was used in chapter 5 to study the influ-
ence of detector displacements in the event’s reconstruction of tracks and
vertices.

The same analysis was done on a sample of three events from HERA-B’s
year 2002 run period (section 4.3). Two events were identified as candidate
events for Bt — J/1) Kt decays, and one other as a golden decay candidate;
the reconstructed masses and transverse momenta agree with reference [119],
from where they were selected.

The single Monte Carlo golden decay identified in chapter 4 was recon-
structed under several detector displacements in chapter 5. It was found
that the VDS produces the largest variability of quantities for the analysed
event. VDS module displacements greater than 0.2cm produce different
results relatively to the original geometry.! The influence of the Global
Alignment positioning of the VDS, ITR+OTR (Main Tracker), RICH and
Muon detector were also studied, for displacements in the coordinate axes’
directions. The VDS again has shown to have greater sensitivity, produc-
ing different values for the measured quantities (resonance masses, distances
of closest approach, etc.) for displacements |Azypg|, |Ayyps| 2 0.2cm and
|Azyps| 2 0.02cm. These values are within the magnitude of those used for
the nominal positioning of the detector, see e.g. [29].

The PI tool was developed informally during the work on this Disserta-
tion as a means to calculate certain quantities and some of their associated
errors. It developed reasonably to give results reasonably coherent with
RTRA table information; see section E.1. As it is, the tool parses ASCII
output from an ARTE session; however it could be easily modified to be
incorporated in ARTE code and run as user routines. This was not done in
this work since it was felt that it was important to have the ASCII tables
as means to carefully debug the utility.

IThis value is well within the positioning capacity of the VDS modules’ step motors’,
which have precisions around 50um.



APPENDIX A

Misalignment maps for one
golden decay event

This appendix contains the variation of several event-specific and RTRA-
specific quantities under detector module translactions for the event labeled
“235” (section 4.2.1); they are placed here to unclutter the main discussion
in chapter 5.

The quantities studied are:!

e Dimuons: mass m,,,; minimum separation between p* and p~; longi-
tudinal vertex coordinate z,,, and longitudinal separation from RVER 2
Zuu — #RVER2; distance of closest approach (D.C.A.) of the p* and the
dimuon to RVER 1; impact parameter, of the 4 and the dimuon, to
the target wire; and number of degrees of freedom of the u* RTRAs.

o T mass myuqr; minimum separation g longitudinal
vertex coordinate 2, and longitudinal separations from the dimuon
Zup — Zppmr, and from RVER 1 z,7x — 2rvER 1; and D.C.A. to RVER 1.

e RVERs 1 and 2: masses mrygr;; longitudinal coordinate of the ver-
tices zrRVER ¢, and longitudinal separation of the two vertices zrygR 2 —
ZRVER 1; and number of degrees of freedom of the RVER?’s.

e Tagging RTRA: golden decay B flavour (according to the criterium
of highest-pr RTRA charge); transverse momentum pp and charge ¢
(presented in the form gpr); D.C.A. to RVER 1, RVER 2; and impact

; wire
parameter to target wire Og,,

The minimum separations/distances of closest approach (DCAs) are
measured in 3D, whereas the impact parameter to wire is measured in the
xy plane crossing the wire central coordinate zyire = —4.606lcm (ARTE
table GTAR). The impact parameters are signed; negative values indicate

'T use the definitions suggested in reference [73] for impact parameter to wire and for
distance of closest approach (D.C.A.) from vertex.
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the track crosses the wire. The number of unconstrained degrees of free-
dom of RTRAs and RVERs are related to the number of hits and tracks
associated to each of them, respectively; see e.g. equation (3.9) in page 86
for RTRAs. The longitudinal separation of RVER 1 and RVER 2 (or of
the pumm and pp RTRA sets found with PI) can be used to measure the
B lifetime, given that due to the large Lorentz boost it travels essentially
parallel to the beam. The decay vertex of B — J/¢X can be identified
with the J/1¢ decay vertex, given that this particle’s lifetime is seven orders
of magnitude below the B’s. The reference value for the decay length of
the B is around c¢7p ~ 0.5mm [81], which is of the same order as the VDS
longitudinal resolution (see e.g. [29]).

A.1 VDS module displacements

Figures A.1-A.32 illustrate the variation of the quantities, described at the
beginning of this chapter, for displacements of VDS modules (indexed by
their longitudinal position, horizontal axes) in three coordinate directions
(vertical axes for Z, X and Y — see figure 3.7, on the left). For example, for
displacements in Z the lower half of the histograms correspond to moving
towards the Target, and the upper half correspond to detector shifts away
from the Target. The quantities are color-coded (see detached scale to the
right of each histogram). The bins’ widths are Z,oqule X Ai = 0.5cm x 0.1cm.
Each plot has an inset for displacements below 6mm; the bin size for this
inset is 0.5cm x 0.1mm. Although the quantities are cathegorized separately
for the dimuon, purm, RVERs and tag, they are placed side-by-side on
occasion for easier comparison (e.g. My, and MRvER 2).

Finally, in the representation of the transverse momentum of the RTRA
used for B flavour tag, pr was multiplied by the RTRA’s charge; see fig-
ure A.27. This way we may obtain the transverse momentum of the highest-
pr RTRA and also its charge.

The bottommost histogram in each column is a projection (of the other
three histograms) along the vertical axis (displacements); the error bars
amplitudes are /X/N for N entries for quantity X [37]. In these profile
histograms, a dashed rectangle represents the magnification bounds for use
in the inset.
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Figure A.1. Number of reconstructed tracks in event
(ARTE) for VDS module displacements in Z (top-
most), X (next) andY (next-to-last). The bottom-
most histogram is a vertical axis projections of the
first three histograms. Insets are for displacements
|A;] < 600pm.
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Appendiz A. Misalignment maps for one golden decay event
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Appendiz A.

Misalignment maps for one golden decay event

VDS module displacements in Z: d.o.f. of RVER1 [ (0.5¢cm x 0.1cm)™ ] | ‘ dofvi:az I
6
=
S
=
N
<
P R nflonnnflonnnflonnnllonnnllan
40 50 60 70 80 90
Zyps modue / €M
VDS module displacements in X: d.o.f. of RVER1 [ (0.5cm x 0.1cm)™ ] | ‘ dofvl:AX I
6
£
S
x
<
- H
P R e e Lo Lo 1
40 50 60 70 80 90
Zyps modue / €M
VDS module displacements in Y: d.o.f. of RVER1 [ (0.5cmx 0.1cm)™ ] | ‘ dofvi:aY I
6
E
S
>
<
P R e e Lo L 1
40 50 60 70 80 90
Zyps modue / €M

dofvl

Figure A.17. Number of degrees of freedom for
RVER 1 (ARTE).

25 g T

20 FLA b 8 AM‘W m%“"%@‘ SO
Fos %‘?W : ! ¥
F ¢ : i

15 B 3 3

T T T

—&-— Displacements in Z
—A— Displacements in X|

Displacements in Y|

6

Delta /cm

VDS module displacements in Z: d.o.f.

of RVER2 [ (05cmx0.demy’] | [ donzaz |

AZ /cm

IS

&

[T TTTT 77T

&

VDS module

/cm

VDS module displacements in X: d.o.f. of RVER2 [ (0.5cm x 0.1cm)™] | ‘ dofv2:aX I

AX [ cm

6

IS

w

N

-

IS

&

[T TTTT 77T

&

Z

VDS module

/cm

VDS module displacements in Y: d.o.f. of RVER2 [ (0.5cmx 0.1cm) ™ ] | ‘ dofv2:aY I

AY /cm

6

IS

w

N

aviem

-

IS

&

[T

&

VDS module displacements (dofv2) |

dofv2

Figure A.18.

VDS module

/cm

5.0

45

TTTTTTTT

4.0

TTTT

3.5

3.0

25

TTT[TTITITTT

2.0

15

1.0

0.5

4
il

1
b

—&— Displacements in Z
—A— Displacements in X|

Displacements in Y|

Number of degrees of freedom for

RVER 2 (ARTE).

Delta /cm




Al

VDS module displacements

173

‘ VDS module displacements in Z: purmtmass [ GeV/c?/ (0.5¢m x 0.1cm) ] | ‘ mass8:AZ '

6

@

AZ [ cm

IS

@

~

-

o

&

0

&

£

&

I [ T T T T S A
50 60 70 80 90 100

Zyps moduie | €M

‘ VDS module displacements in X: ppmtmass [ GeV/c? / (0.5cm x 0.1cm) ] I ‘ mass8:AX '

@

AX/cm
IS

w

~

-

o

&

£

&

r |
6 20

I [ T T T T S A
50 60 70 80 90 100

Zys modute | €M

VDS module displacements in Y: ppromtmass [ GeV/c? / (0.5cm x 0.1cm) ] I ‘ mass8:AY '

AY /cm
&

IS

@

~

-

o

2F
3F
4
=
b Lo Lo e L e e L 1y
20 50 60 70 80 90 100
Z’VDSmcduIelcm

\ VDS module displacements (mass8) |

@ T T
-

S S - SIS S AL N P S O S
= sF | %q}_‘:% {:‘rn A x

C %’%}%m

A

3l % %JHT

P .y nz

E —— Displacements in X

C o 2 Displacements in Y

1f f :H?/\"f‘\ ---- Bmass

P I Ly L M M

6 ) >

Delta /cm

Figure A.19. pupmm mass (computed with PI) for
VDS module displacements in Z (top), X (middle)

and'Y (bottom).

VDS module displacements in Z: RVER1 mass [ GeV/c? / (0.5cm x 0.1cm) | | ‘ massV1:AZ I
6 8
£ !
G
=
N 7
<
—6
e _Is
: s —{4
BE=S B —3
2
1
lllllllllJlHllllIO
50 60 70 80 920 100
Zyps modute / €M
VDS module displacements in X: RVER1 mass [ GeV/c? / (0.5cm x 0.1cm) | | ‘ massVL:AX
6 8
£
G
x 7
<
—6
g N
o i —5
s —{4
acfas B —3
2
1
llllllllllJlHllllIO
40 50 60 70 80 90 100
Zyps modute / €M
VDS module displacements in Y: RVER1 mass [ GeV/c’ / (0.5cm x 0.1cm) | | ‘ massVL:AY
6 8
=
3]
> 7
<
—6
5 ] —I5
s —{4
acfas B —3
2
1
e Lo e Lo Lo e Lo Lo Ly o
40 50 60 70 80 90 100
Zyps modute / €M
VDS module displacements (massV1) |
o 7 7 T
> E ; :
2 F : !
«© C : :
E °F : :
ERSTNIY..L . W —
DOV % PR Y 5
jY Sy [y T% % ¥ %

w

—&— Displacements in Z

N

—— D in X
by Displacements in Y
1 ----Bmass
PRI S SO TR S NS S} T T I
6 ) 2 2 6
Delta /cm

Figure A.20.

RVER 1 mass (from ARTE) for VDS

module displacements in Z (top), X (middle) and

Y (bottom).



174 Appendiz A. Misalignment maps for one golden decay event

VDS module displacements in Z: pp-1atD.C.A. [ um / (0.5cm x 0.1cm) ] I ‘ sep8:AZ I r\/DSmodule in Z: pprot [cm/(o.scmxulcm)]l ‘ 28:0Z I
s
e SF 10° e °F I
o E © E
<  5F ~ 5
N E N E |
Q LE Q< LE
E E | -2.5
E of |
= - 10° E = 1 -3
l KN
- = {
= 3 : 10 25 L 1 i
4F |45
B |
Cl e L L L L L L 1 P ST R NSRRI AR AR BN AR W b
40 50 60 70 80 90 100 40 50 60 70 80 90 100
ZVDS module /em ZVDS module /em
VDS module displacements in X: pp-rrt D.C.A. [ pm / (0.5cm x 0.1cm) ] I ‘ sep8:AX I r\/DSmodule in X: ppm [cml(DScmXDvlcm)]l ‘ 28:0X I
g
= 6: 10 = 6:
o E o E
=~ 5 A
x E x E
I 4E I 4E
3E
- 10* 2y =
= = GBS i =
E 1
g : g 1k
£l E
s ! BIE T
E 3 3 = 10 2F
4f
s
Cl e L L L L L L 1 ] = S T S IR A YRR B
40 50 60 70 80 90 100 40 50 60 70 80 90 100
ZVDS module /em ZVDS module /em
VDS module displacements in Y:pp-1atD.C.A. [ um / (0.5cm x 0.1cm) ] I ‘ sep8:AY I r\/DSmodule in Y:pprot [cm/(o.scmxulcm)]l ‘ 28:8Y I
6 2 6
e °E 1 £ E
o E o E
< S5F < 5F
> E > E
Q4E =
B 3E
10° Frrx
2 ] ER
H H E
0 1
" ER1
1 : £
3 E = 10 2F b
E B TN
4f
s
Cl e L L L L L L 1 Bl v e b L L]
40 50 60 70 80 90 100 40 50 60 70 80 90 100
ZVDS module /em ZVDS module /em
VDS module displacements (sep8) | VDS module displacements (z8) |
50
oo} E v ' o T
E : 7 2 F :
I g Mo Wil |
E B T4 JT“L [l 47"
40 Fd A %, ‘.ya%ﬂ& e T
E E A & S
E s 4 A » i $ 4
35 [ | bl ?W
30F E
E -6
25| E
ey
—&— Displacements in Z| C —4F— Displacements in Z
i 81—
| A —A— Displacements in X| C e %" & = = nx
o n%um # 8 FoEd Displacements in Y
. J Displacements in Y| pE 3 Wire i2
I S N [P T T IR T S N
-6 -4 -2 4 6 6 -4 2
Delta /cm Delta /cm
Figure A.21. Minimum separation (in microme- Figure A.22. Vertex longitudinal coordinate (in

ters) between the dimuon and the dipion. Computed centimeters) of the punm. Computed with PI.
with PI.



A.1. VDS module displacements 175

‘ VDS module displacements in Z: Z,,,-Zqyep [ M / (0.5cm x 0.1cm) | | ‘ 28-29:07 I FDSmaﬂu\emsp\acemenlslnz RVERZrRVERllongwludma\separanan[l/(05:m><0.1cm)]| ‘ 210-29:AZ I
6 05 6 1
£ ] £ E ®
o S 5:
= 04 = 9
N | N E
< ! S — i
03 E
3F *
o 0.2 E g o 5
= el et 155 .
i ! 0 = i
- 101
= 1 = — — 10—]
=02 E
E 1 3E
| EE E
4F
| B sE
nllnoonfinanallonnallonnnllonanlionnallaa lgg Riallananllananllonnallonnallonnallonannlls 102
20 50 60 70 80 90 100 20 50 60 70 80 90
Zyps modute | €M Zyps modute / €M
VDS module displacements in X: Z,,Zgyep [ €M / (0.5cm x 0.1cm) | | ‘ 28-29:AX I FDSmadu\ed\sp\acemenlslnx. RVERZrRVEleng\mdma\separanun[1/(O,Emeolcm)i ‘ 210-29:AX I

£ ! 0.5 e °E o
o o 5:
3 | x E
3 | d4E ]
03 E
| £ i
= | 0.2 E = o
[ — 2F g
T = (o E = =
o ] 1
. T E . i ]
[} ! | 0 0: - 7
- | ' w B
. - e 0.1 e 3 .
= - =....{ 2F = — 10"
| 02 E
1 8E =
| 0.3 E
=
| 0.4 sE
P SR U IR IO U N | Y [y S I N U I IS I N 102
50 60 70 80 90 100 40 50 60 70 80 90 100
ZVDS module /cm ZVDS module /cm
VDS module displacements in Y: Zuurm'znvgm[‘”"/(05‘5""‘0“"‘)] | ‘ 28-29:AY I FDSmudu\emsp\acemenlsln\l.RVERZrRVERl\ﬂng\(udma\separaﬂun[1/(O,ECmXO.lcm)]I ‘ 210-29:AY I
0.5 6
£ ‘ e °E 10
o o E
— 0.4 - 5F
> | > E
< ] < 4E o
03 E
| £ i
| 0.2 E o .
| 2F 2 —1
= | —o1 E ) =
! 1
n | ] E | i ]
- | E -
0 of i
i I E ]
I} | w’ —
z =" 0.1 ot .
= — = — 10"
| 0.2 E
1 8E
| 0.3 E
4 4
| 0.4 sE
P S I IS KU BN R I Py P O S S IS S B SRS IS B 107
40 50 60 70 80 90 100 40 50 60 70 80 90
ZVDS module /cm ZVDS module /cm
[ VDS module displacements (z8-z9) | [ VDS module displacements (z10-z9) |
o 40 T - o 50 H T
5 F ; : N |E ; :
N asf : : S 4sfE { g
E ] | N E : !
30F ) ‘ = ‘ H :
E : N = : ;
E 'y i i |- i i
25 I : 35F I 1
2.0 : : = ] :
E g ) e i
E Y H 2y y ‘ i
15 : 251 :
E oA E L :
1.0 | ‘ 204 :
T: <L % 4 —4— Displacements in Z E { —&— Displacements in Z
0% s 1sf 1
A w@«#@é ! —A— Displacements in X E Ay A A A, —A— Displacements in X
00 T H 10 : f
¥ %f ] ﬁ’ ‘Al ‘f 4 Displacements in Y E Al } A Displacements in Y
Aln : E & T ) ' |
-0.5 i 05— b D
E . i r Tl 1 = Wmﬂ%» DDA S
| | ; : | I | ; i |
) <SP I S T S b L L T S
Delta /cm Delta /cm
Figure A.25. Longitudinal separation (in centime- Figure A.24. Longitudinal separation (in centime-

ters) of the pumm (PI) and the RVER 1 ( ARTE). ters) of the RVER 2 to the RVER 1 (ARTE).



176

Appendiz A. Misalignment maps for one golden decay event

VDS module displacements in Z: RVER1 longitudinal coordinate [ cm / (0.5¢m x 0.1cm) ] I ‘

2907 I

6

AZ/cm
&

IS

w

N

o

o

azfem

N

N

@

[

£

&

AT T[T IO T IT T I T TTTT[TTTT

P T TR B

L
70 80 90 100

Zyps mode /em

VDS modul

e displacements in X: RVER1 longitudinal coo

rdinate [ cm / (0.5cm x 0.1cm) ] I ‘ 29:AX I

el

AX/cm
IS

w

N

o

o

axrem

N

N

&

[

£

&

AT T[T T IO I T T IT T[T T [ TTTT[TTTT

P S I I T B

L
70 80 90 100

Zyps mode /em

VDS modul

e displacements in Y: RVER1 longitudinal coo

rdinate [ cm / (0.5cm x 0.1cm) ] I ‘ 29:0Y I

o

el

AY /cm
IS

w

N

o

o

aviem

N

N

&

) TN T T
Z e peaue /M

£

&

AT T IO T[T IO T T IT T I T TTTT[TTTT

P S N I T B

L
70 80 90 100

VDS module /em

VDS module displacements (z9) |

o 40
N |-

TTT

TTT

TTT

C —&— Displacements in Z
o[ —A— Displacements in X
56 —— Di iny

E Wire i2
5.8

TR Bt 1 L L1 R I
4 = 4 6
Delta /cm

Figure A.25.
(ARTE).

RVER 1 longitudinal coordinate

VDS module displacements in Z: RVER? longitudinal coordinate [ cm / (0.5cm x 0.1cm) ] | ‘

210:0Z I

6

AZ /cm

aziem

Zunspasus /T

L
70 80 90 100

Z /cm

VDS module

VDS module displacements in X: RVER2 longitudinal coord

inate [ cm / (0.5cm x 0.1cm) ] | ‘ 210:0X I

6
£ ]
o
x E |
d 1
-
! o2fs i
Zyns moaue | ™
] =T IR L P N IR IR
40 50 60 70 80 90 100
ZVDS module /cm
VDS module displacements in Y: RVER2 longitudinal coordinate [ cm / (0.5cm x 0.1cm) ] | ‘ 210:AY I
£ |
o
> |
< 1
e
Zyns moaue | ™
] =T IR L P N IR IR

L
70 80 90 100

VDS module /cm

VDS module displacements (z10) |

g : f
— - ' i
N L 8 H
r N A K-
-4.0 : :
r a wﬁm ana A
45 : :
50— . !
[ —<— Displacements in Z
= —A— Displacements in X
55 —o— Di iny
F Wire i2
[y I i - P L L
6 -4 -2
Delta /cm

Figure A.26.
(ARTE).

-25

RVER 2 longitudinal coordinate



A.1. VDS module displacements

177

‘VDS module displacements in Z: qxp, of RTRA tag [ GeV/c / (0.5cm x 0.1cm) ] | ‘ pT5:AZ I
6 2.2
g £ | 2
= = 18
E | 16
< = i 14
E | 12
3E | 1
SF £F | 08
E 3 | 0.6
1E | 0.4
E “F | —o2
of -0
E E | 0.2
1 1 0.4
ouf | 0.6
E 1 0.8
E | -1
E | 1.2
4 | EW
E | -1.6
= | -1.8
E i -2
N SO I I BN IR R R R 52
40 50 60 70 80 90 100
Zyps modute | €M
VDS module displacements in X: qxp, of RTRA tag [ GeV/c / (0.5cm x 0.1cm) ] | ‘ pT5:AX I
6 2.2
5 F | B
S E 18
E | 16
< 4E i 14
E | 12
3E | 1
SF 5°F | 08
E 3ub | 0.6
1E | 0.4
E “F | —o2
of -0
E | A | -0.2
-1 . 1 -0.4
E asf - | 0.6
2 | 08
E | -1
E | 1.2
4 | EW
E | -1.6
= | -1.8
E i -2
N S I I BN IR RN R R 52
40 50 60 70 80 90 100
Zyps moduie | €M
VDS module displacements in Y: ¢xp, of RTRA tag [ GeV/c / (0.5cm x 0.1cm) ] | ‘ pT5:AY I
6 2.2
§ E | B
S E 18
E | 16
< aE i 14
E | 12
3E | 1
SF £°F | 0.8
E 3wl | 0.6
1E | 0.4
E “E | —o2
of -0
E | E | 0.2
-1 . 1 -0.4
E asf - | 0.6
2 | 08
E | -1
E | 1.2
4 | EW
E | -1.6
= | -1.8
E i -2
N S T I BN IR RN R R 52
40 50 60 70 80 90 100
Zyps modute | €M

VDS module displacements (pT5) |

10
wn i T
= F % t Wﬁﬁ i ‘ N
‘ a o B RAAN,
r AA ﬁ % e %A A 4
05 Py B %‘
0.0 Jr %;
051 lf
-1.0 o —4— D inZ
E —4— Displacements in X
71.5} FALTE o i Di iny
E| a2l il ¥
ol v v b L nnn nnn
E3 4 2
Delta /cm

Figure A.27. ¢ x pr (in GeV/c) of RTRA selected
(PI) for B flavour tag. The charge ¢ = £1 is the
sign of deflection (in the zx projection) of RTRA
inside the Magnet. The gap in the color scale cor-
responds to the cut pt > 0.3GeV/c applied.

bw5:AZ I

6

AZ/cm

azrem

55 38
I

Y=t

P R |
40 50 60

Z

VDS module

v L e Lo e L 1
70 80 90 100

/cm

VDS module displacements in X: tagging RTRA impact parameter to wire [ um / (0.5¢m x 0.1cm) | I ‘

bw5:AX I

6

AX/cm

P R |
40 50 60

Z

VDS module

o Lo L L 1
70 80 90 100

/cm

VDS moduledisplacements i Y againg RTRA impact parameter 0 wire [ym /05em 0.1m)] | ‘

bw5:AY I

6

AY /cm

avrem

VDS module displacements (bw5) |

Z

VDS module

e L L Lo Lo L 1
40 50 60 70 80 90 100

/cm

o 2001 ; ;
: : ;
= E : :
100 : :
of—+ %ﬁg : : .
C ¢ ¢ ; L &
B W 3
E o PR VW, "W Y0 S s
-100 : !
200 A ]
C i —&— Displacements in Z|
-300
C —4— Displacements in X|
F L 2 4] 5
-400 |— inY]|
e 4 2 2 s
Delta /cm

400

350

300

-100

Figure A.28. Impact parameter (in micrometers) of

the tagging RTRA. Computed with PI.



178

Appendiz A. Misalignment maps for one golden decay event

VDS module displacements in Z: impact parameter of RTRA tag ro RVER1 [ um / (0.5cm x0.1cm) | I ‘ bv15:AZ

6

AZ/cm
a

IS

w

N

aziem

o

o

N

N

&

[

£

&

AT T IO T T IT T I [TTTT

T

|

L

1
90 1
7z

VDS module

0f

0

/cm

VDS module displacements in X: impact parameter of RTRA tag ro RVERL [um / (0.5cm x 0.1cm) | I ‘ bv15:AX I

@

AX/cm
IS

w

N

axrem

o

o

N

N

&

[

£

&

AT IO I T[T I T T[T T[T TTITT[T7TT

T

|

L

1
90 1
7z

VDS module

0f

0

/cm

VDS module displacements in Y: impact parameter of RTRA tag ro RVER1 [um / (0.5cm x0.1cm) | I ‘ bvi5:AY

o

@

AY /cm
IS

w

N

avrem

o

o

N

N

&

Z e peaue /M

£

&

AT IO I T IO I T T[T T[T [T

T

|

L

VDS module displacements (bv15) |

L
90 1

VDS module

00

/cm

o 350 : 7
el C g :
> C i i
= E ] :
300 i ;
250~
200 i
150 ‘ ;
C . } —&— Displacements in Z|
100 {— — :
C %%a % —A— Displacements in X|
el - + H #ﬁ# D inY|
E > = mﬂ%ﬁk m‘iﬁgﬁm% A 4 4
PRSI IR ST BT T L Lo
6 4 2 [ 6
Delta /cm

Figure A.29. D.C.A.
Computed with PI.

10°

— 10

10°

1

— 10

10°

— 10

of tagging RTRA to RVER 1.

VDS module dsplacements i Z impac parameter of RTRA tag 10 RVERL [y / 05em x0:1cm) ]| ‘

bv25:4Z

6
=
S
=
N
<
oo -
2o o
B T T T T [ TN (S T A
40 50 60 70 80 90 100
Zyps modute | €M
VDS module displacements in X: impact parameter of RTRA tag ro RVER1 [um / (0.5cm x0.1cm) ] | ‘ bv25:aX I
oo -
o ! N
'
2o o
B T T T [T [T (S T A
40 50 60 70 80 90 100
Zyps moduie | €M
VDS module displacements in Y: impact parameter of RTRA tag ro RVERL [um / (0.5cm x0.1cm) ] | ‘ bv25:AaY I
=
3]
>
<
oo -
-1 L
'
2o o
B T T T T [T (S T A
40 50 60 70 80 90 100
Zyps modute | €M

VDS module displacements (bv25) |

o 350 - -
q C 1 :
z mi
o[ i,
F A % | 0 AAA
2s0f | %ﬂ
200} i
150— i
C fid —&-— Displacements in Z
100 : :
C | —A— Displacements in X|
H | Di inY|
PRI IR N B R R L
6 -4 -2
Delta /cm

10°

10*

10

10°

10*

10

10°

10

10

Figure A.830. D.C.A. of tagging RTRA to RVER 2.
Computed with PI.



Al

VDS module displacements

179

VDS module displacements in Z: purutimpact parameter to RVERL [ um / (0.5cm x 0.1cm) ] | ‘ bv18:aZ I
6
£
o
°
N
<
£ oo
.
cle ] P B A
40 50 60 70 80 90
ZVDS module l cm
VDS module displacements in X: pmtimpact parameter to RVER1 [ um / (0.5cm x 0.1cm) ] | ‘ bv18:AX I
f=
o
x
3
5" froos
A P B A
50 60 70 80 90
ZVDS module l cm
VDS module displacements in Y: pummtimpact parameter to RVER1 [ um / (0.5¢m x 0.1cm) | | ‘ bv18:AY I
=
o
>
Q
5 =
A P B A
50 60 70 80 90
ZVDS module l cm
[ VDS module displacements (bvi18) |
0 1000 ; -
ST A :
> C 4 8 |
2 900~ ! i
E H'S [
800 : ﬁ )
E A A v A
E 9 06 A &
700F- b b
E i
600
500
400
—%— Displacements in Z
300
—A— Displacements in X
200
& S Displacements in Y
100 ]
PSR IR AU T NSRS S N SR I R
05 4 2 4 6
Delta /cm

Figure A.31. Impact parameter (in micrometers) of

purmm to RVER 1. Computed with PI.

1000

800

600

400

200

1000

800

600

400

200

1000

800

600

400

200

VDS module displacements in Z: B flavour [ (0.5cm xO.lcm)’l] | ‘

pidg:az I

o

£

@

AZ | c

IS

w

B flavour
= B°

=B

o

azrem

.

N

N

&

£

&

AT T I T[T oIy

Z

VDS module

100
/cm

VDS module displacements in X: B flavour [ (0.5cm xO.lcm)’l] | ‘

pid8:AX I

o

£

@

AX/c

IS

w

B flavour
=B°

=B

N

o

axrem

o

N

&

£

&

AT ITTTTITTT

Z

VDS module

100
/cm

VDS module displacements in Y: B flavour [ (0.5cm XO.lcm)'l] | ‘

pid8:AY I

o

@

IS

B flavour

w

= B°

=B

N

avrem

&
AT

Figure A.32.

(ARTE).

VDS module

100
/cm

Golden decay B meson flavour,
obtained with charge tag from highest-pr RTRA



180

Appendiz A. Misalignment maps for one golden decay event

A.2 Displacements of VDS, Main Tracker, RICH
and Muon detector

The figures in this section are placed in columns, with ascending order of
distance from the Target — VDS (topmost), Main Tracker (ITR and OTR),
RICH and Muon detector (bottommost). Each column refers to one quantity
— see the beginning of chapter 5.

Some graphics may overlap others (e.g. X and Y'); for these, the results
are the same for the corresponding “hidden” graphs. The markers used
for displacements in z, z and y are, respectively: + (blue), A (red) and ¢
(green). All graphics (except for those in figures A.64-A.71) show a smaller
graphic as inset, corresponding to a 10x “zoom” of the axis for Ai (i.e.,
|Ai] < 0.6cm) centered at Ai = 0 (i = z,z,y). The inset’s bounds are
marked by a dashed rectangle in each figure. The nominal masses for the J /1
and B are plotted in the mass histograms for dimuon, purm, and RVERs 1
and 2. For histograms involving the coordinates of those four vertices, the
longitudinal placement of the target wire is depicted by a gray horizontal
band.

In the RICH and MUON detector histograms, there are less available
points; for these, it was felt that the histogram granularity requirements
could be relaxed. The sequence of sampled displacements follow a logarith-
mic scale with three values per decade n (i.e. 1 x 10™, 2 x 10™, 5 x 10™).
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Appendiz A. Misalignment maps for one golden decay event
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Appendiz A. Misalignment maps for one golden decay event
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Appendiz A. Misalignment maps for one golden decay event
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Appendiz A. Misalignment maps for one golden decay event

VDS: z8-z9

zls 10
oIT

8

o

N

o

ey

IS
TTT T T[T TT [ TT 7T

o

o

n

TTT T [TITT

TTT

TT

= 10
oIT

8

o

N

IS
TTT T T[T TT [ TT 7T

o

n

TTT T [TITT

TTT

RICH: z8-29

= 10
oIT

8

o

N

IS
TTT T T[T TT [ TT 7T

o

n

TTT T [TITT

MUON: z8-z9

= 10
oIT

8

o

N

IS
TTT T T[T TT [ TT 7T

o

n

TTT T [TITT

TTT

TT

L

Figure A.55. Longitudinal separation
ters) of the pumm (PI) and the RVER 1 (ARTE).

6
Alcm

(in centime-

VDS: z10-z9

= 10
oIT

8

o

TTTT TITTrT

AAL

Directon of displacement &

TTT TTT[ITT

TTT

Main: z10-z9

= 10
oIT

TTTTTTTTT

H\T\H\

=)

)

& T

TTTTTT

RICH: z10-29

= 10
oIT

8

IS

o
TTTTTTT T TTTTT

N

TTT

s & g O

Directon of displacement &

MUON: z10-z9

= 10
oIT

8

o

TTTT TITTrT

] & W R A

Directon of displacement &

TTT TTT[ITT

TTT

Figure A.56. Longitudinal separation (in centime-

Alcm

ters) of the RVER 2 to the RVER 1 (ARTE).



A.2. Displacements of VDS, Main Tracker, RICH and Muon detector

193

zZig 30
TIT C
Chy
35— °
E 2 A
40—
a5
a | [—
- & 2
C A x
F v
S8E by wire i2
ol nn n o nnnfln oo
%6 ) > 4 6
Alcm
zig 30
TIT C
Chy
35— °
T b s RO o 0 R
40—
451
Liiis] o ey &
501 Directon of displacement &
F 2
C A x
F v
S8E wire i2
ol nn n o nnnfln oo
%6 ) > 4 6
Alcm
RICH: z9
zg 30
TIT C
Chy
35— °
L Bdi st
40—
a5 i !
Liiis] T T &
=6 Drecton o depacement &
F 2
C A x
F v
S8E wire i2
ol nn n o nnnfln oo
%6 ) > 4 6
Alcm
MUON: z9
zZg 30
TIT C
Chy
35— °
T Bdi b
40—
451 : !
Liiis] T T &
=6 Drecton o depacement &
F 2
C A x
F v
S8E wire i2
ol nn n o nnnfln oo
-6 -4 -2 4

Figure A.57.

(ARTE).

RVER 1 longitudinal coordinate

Alcm

VDS: z10

zZig 20
oTIT C
[,
35—
C ol :
40— & 2
a5}
5.0 Ditecton of displacement &
B a2
C A
F v
=B | . Wire i2
oTh (T " nn_n nn nnflnnn
6 % 2 0 2 6
Alcm
zZg 20 T
oTIT C
(.
35—
C i )
a0~
r @ o
45
5.0 Ditecton of displacement &
B a2
C —A—x
F v
=B | . Wire i2
oTh (T " nn_n nn nnflnnn
6 % 2 0 2 6
Alcm
RICH: z10
zZg 20
oTIT C
[,
35—
C £
a0~
r ERT T @
45
5.0 Ditecton of displacement &
B a2
C A x
F v
=B | . Wire i2
oTh (T " nn_n nn nnflnnn
6 % 2 0 2 6
Alcm
MUON: z10
zZg 20
oTIT C
[,
35—
C £
a0~
r ERT TN @
45
5.0 Ditecton of displacement &
B a2
C —A—x
F v
=B | . Wire i2
oTh (T " nn_n nn nnflnnn
6 % 2 0 2 6

Figure A.58.
(ARTE).

Alcm

RVER 2 longitudinal coordinate



194 Appendiz A. Misalignment maps for one golden decay event

VDS pT

Z|<1207 Z|<1500¥
olo IS ol B
1oF & 4004+
£ a =
E S A 300/—
0= e E 3
E 200 Fi& X ,ﬁ@ 4 i
C A E :
05 E :
= 2 2 00— i
E E A :
0.0 - - of x .
£ = AN @ >
. E -100[= 2 e
“E Direction of displacement & E g Diection of isplacement &
C &z I E &z
“L0F E
r —A—x 00 = A x
c v E ¥
15 E
F -400 -
ool v v Lo b e e soob o Lo b
6 -4 2 0 2 4 6 £ 4 2 2 4 6
Alcm Alcm
Main: pT5
Z|<1207 Z|<1500¥
olo IS ol B
1sE* 400 4<
E 300/—
Lo by i i Bl :
E 200 (— €3 g9 e 63 Calii g b b €8
C i b & 3
05 E
E 00—
00[- o
£ b A 9 & & &
-05 E
r Diecton of dispiacement & E Directon o displacement &
C &z I E &z
“L0F E
r —A—x 00 = A x
c v E ¥
15 E
F -400 -
ool v v Lo b e e soob o Lo b
6 -4 2 0 2 4 6 £ 4 2 2 4 6
Alcm Alcm
RICH: pT5 RICH: bw5
Z|<1207 Z|<1500¥
olo IS ol B
15 F 400 -3+
E 300/—
L0 [0 e ] E| ;
C P 200 — 3] 2 Ll i e ]
= Y Y e & E
05 E
F 100~
00 =
£ E = R i
= -100[= : i
“E Diecton of ispiacement & E Dircton o displacement &
C &z I E &z
“L0F E
r —A—x 00 = A x
c v E ¥
15 E
F -400 -
ool v v Lo b e e soob o Lo b
6 -4 2 0 2 4 6 £ 4 2 2 4 6
Alcm Alcm
MUON: pT5 MUON: bw5
Z|<1207 Z|<1500¥
h=lie] = ol C
1sE* 4004+
E 300/—
Lo b [0 e ] E
C 200~ ‘F#s [e &
= & QxR A 4 & E
05 E
C 00— i A
C = w e g ]
= o ;
£ E R i
= -100[= : i
E - 200
“L0F E
E 2R 300
c v E ¥
15 E
F -400 -
ZS‘A‘AH‘ZH‘O‘JL‘H‘AH‘G _50;”‘4”‘2”‘H‘ZH‘I\“H
Alcm Alcm
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Figure A.64. Flavour of highest-pr RTRA (ARTE) Figure A.65. Golden decay B meson flavour,

used for B flavour tagging, for VDS displacements obtained with charge tag from highest-pr RTRA

in Z (top), X (middle) andY (bottom,). (ARTE), for VDS displacements in Z (top), X
(middle) andY (bottom).
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Figure A.66. Flavour of highest-pr RTRA (ARTE) Figure A.67. Golden decay B meson flavour,

used for B flavour tagging, for Main Tracker dis- obtained with charge tag from highest-pr RTRA

placements. (ARTE), for Main Tracker displacements in Z
(top), X (middle) andY (bottom).
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Figure A.68. Flavour of highest-pr RTRA (ARTE) Figure A.69.  Golden decay B meson flavour,
used for B flavour tagging, for RICH displace- obtained with charge tag from highest-pr RTRA
ments. (ARTE), for RICH displacements.
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Figure A.70. Flavour of highest-pr RTRA (ARTE) Figure A.71.  Golden decay B meson flavour,
used for B flavour tagging, for Muon detector dis- obtained with charge tag from highest-pr RTRA
placements. (ARTE), for Muon detector displacements.



APPENDIX B

Useful algebraic expressions

B.1 Minimum distance between two skewed lines

Let 71 and 7 be two skewed lines of a euclidean space R, i.e. they are not
parallel and do not touch:

—

7 + M7, (B.1a)

+ Doty | (B.1b)

[y

l

1
2

<

2 =

Let A and B — two points of 71 and 75, respectively — lie in the transversal
lever that joins the two lines. Let this transversal have the direction of the
unit vector i3, and let p be the length of the transversal joining points A
and B. Therefore, obtaining the minimum separation (and its direction)
between the lines 7} and 75 is equivalent to finding A\; and Ao,

P+ piis =7 & pits = dy — dy + Aofly — 1771 - (B.2)

By construction 7i3 is orthogonal to both 711 and 7y, therefore multiplying
both members of the last equation by i3 yields

p=(do—dv) s (B.3)

since 71; - g = d;3 for i = 1,2, 3.

The vector product of two non-collinear R3 vectors yields a vector or-
thogonal to the other two; therefore, it is adequate to make 7ig o< 71 X 7.
To ensure 773 has unit module, we define

ﬁlxﬁg

—

s = |ﬁ1 Xﬁ2| )

(B.4)

Finally, the minimum distance between the two skewed lines is given by

- - ﬁ1><ﬁ2
= d—d)-i. B.5
P (2 ! ‘ﬁlxﬂg‘ ( )
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After some simple vector algebra we may also get from (B.3) the solu-
tions for A\; and \9. Let d= dg — d1 We get:

OZdXTLl—i-)\QTLQan , (B.G)
O:JXﬁQ—A1ﬁ1Xﬁ2. (B.?)
since 7 x @ = 0 for an arbitrary 77 € R3. Therefore, and using the identity
(@x - (b8 =(@-h)E - (@ -2, we get
d x it d- d- ii
N o= X o ) — ()i ) g
|71 X g |7ip X n2|
d x it d- d- ii
po = XA (@A) —(d )@ g,
|71 X g |7ip X n2|

N.B.. (a) In the equations (B.8) above, the 7i? were retained; however, they
are simplified by choosing ﬁf =1. (b) \; #d-1i;, i = 1,2, since d and 7i; in
general do not lie in the plane defined by 7; and 73!

B.2 Distance of a point to a line

Let dg be the position of a space pomt and 7 = d1 + A\1771 be the vector
equation of a line. The vectors 7i; and d= d2 — d1 deﬁne the plane where
the unit vector 73, orthogonal to 71 (but coplanar with d and 1), gives the
direction of the minimum distance segment, of length p, that joins the point
and the line, giving the distance between the two. If 77y and d are collinear,
then obviously the distance of cfg to the line vanishes, otherwise

7+ pﬁ3 = CZQ = pﬁg = CZ— 171 . (B9)
By construction, A\; = d-iiy (compare with the note on the previous section).

The vectors d, A\17i; and prig form a right-angle triangle. Therefore,

p= J2—<J-ﬁ1>2. (B.10)

— —

By construction, the vectors d, 7i; and iis satisfy (d - 1) + (d - fi3)2 = 1.

B.3 Momentum estimation in the HERA-B Main
Tracker

Event rejection at the FLT /SLT level involves measuring the invariant mass
of selected track candidates in the Main Tracker. In turn, this requires that
those track candidates’ momenta be measured. The track momentum can
be estimated as described next; for further detail, see reference [124].
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Figure B.1. Geometrical estimate
w2 an  Of the momentum of a charged
) track found in the TC cham-
~— TCol TC bers. This track candidate is de-
g D=t fined by a segment [C D] between
c=(zj‘rx11/,x" o the TCO01 and TCO02 chambers.
The segment’s extremities’ coor-
dinates are (z1,x1) and (z2,x2),
measured in the bending plane.
The angles 01 and 0y are de-
5 fined relative to the beam direc-
g Magnet tion, Z12 = (22 — 21,0).

Let C = (21,21) and D = (22,x2) be the extremities of a track candi-
date, measured in the bending plane of the Magnet between the TCO1 and
TCO02 layers of the Tracker chambers in front of HERA-B’s Electromagnetic
Calorimeter. We define doz = x1 — z221/22 as the difference between the
x coordinates of the measured track and one of infinite momentum which
goes through the target at (0,0) and through (z2,x2). Extending the track
[C'D] into the Magnet (which generates a magnetic field density B = Bi,),
let B = (29, 20) be the track’s locus at the Magnet’s median.! From this
point to the origin A = (0,0), a second segment of slope zy/zg is then used
to estimate the momentum of a track with charge ge, by using the angle A6
defined by the two slopes [117],

.3 qBL

P=T0 a0

In figure B.1, the angle Af defined by the two segments [AB] and [C'D],
respectively upstream and downstream of the Magnet, can be obtained from

[GeV/c- (Teslam/rad)fl] . (B.11)

22

20(21 — 22)
Assuming the two segments are well within geometric acceptance, the two
angles |0 2| < 200mrad. Therefore, we may approximate Af = 6; — 6y ~
tanf; — tan 6y, and the momentum is calculated using (B.11). The factor
(BLzo(z1 — 22)/22) " is calculated beforehand and distributed to the FLT
hardware through the Calibration and Alignment scheme (see figure 3.33).
The momentum is estimated in the FLT hardware by using Look-Up Tables
(LUTSs), which are a fast replacement for floating-point operations.

tanf; — tanfy = dx (B.12)

!The tracks within VDS acceptance enter the Magnet close enough to the beamline
that one may approximate the Magnet’s circular section in the zz plane, as depicted in
figure 3.9, by a rectangular section in figure B.1.
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B.4 Momentum determination of a charged track
in a uniform magnetic field

It is possible to measure the momentum of a track defined by two segments,
one upstream and one downstream from the HERA-B Magnet. However,
the equation presented at the end of this section is rather elaborate and a
cheaper, faster alternative like (B.11) might be preferable.

A particle with electric charge q and velocity ¥/ is sensible to the Lorentz
force F = qu X B. Since F is perpendicular to ¥, the particle describes
a circular motion projected in the plane defined by ¢ and F at any given
moment. By construction, F' turns out to be orthogonal to v. If B = Bég
is static (i.e. 9B/0t = 0) and uniform (has the same value and direction in
every space point), the motion in the plane of F and 7 is circular and uni-
form. (If ¥ and B are not orthogonal, there would be a velocity component
in the direction of B , and the trajectory would be a helicoidal curve.)

Such a static and uniform magnetic field B is useful as a strategy for
measuring the linear momentum of charged particles in High Energy Physics
experiments. The formula for the Lorentz force can be written as

_ dp dr =
F=—=qg— B.13
L =y , (B.13)
or looking merely at the vectors’” magnitudes,
dp dr
— =q— B.14
at ~ Tat (B-14)
In particular, if 9B/0t = 0 we further get:
dp drB
=y = Ap = q/Bdr . (B.15)

This value of the momentum Ap is in fact the modulus of the momentum
“kick” given to the particle by the magnetic field; the direction of such
kick is found from (B.13), it is orthogonal to B (the velocity component
collinear with B does not contribute). For a particle of given electric charge
q, transversing a uniform magnetostatic field B , the momentum “kick” or-
thogonal to B is then related to the radius r of the circular track (or a
segment of it) described in such field. Knowing the track direction when
entering, and exiting, the magnetic field, and determining the momentum
kick, lets us find the particle’s total linear momentum when entering the
field. If r is measured in meters, B comes in Tesla and the electric charge
q = *e (with e = f’—OGeV/c -T~1.m™! as the elementary charge unit), the
result for Ap comes out in units of GeV/c, i.e.

Ap = %/Bdr GeV/e-T ' -m™)] | (B.16)
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The momentum “kick” Ap can be found from tracking information,
namely the entry and exit points at the magnetic field, and the track direc-
tion at those points. In the remaining of this section, the HERA-B reference
frame is used, i.e. (z,z,y), where the first coordinate is measured down-
stream in the beam direction. The uniform magnetostatic field is B = Bé,,
where €, = (0,0,1). The magnetic field region is assumed to be an (infinite
height) rectangular box instead of cylindrical.

Let (21, 1) and (22, z2), with zo > 21, be the entry and exit points to the
magnetic field, respectively, in the magnetic bending plane. These points are
not necessarily measured coordinates (“hits”), but rather are estimated from
the directions Ay = (0z/0z)|; and Ay = (0z/0%)|, and the positions of the
track segments upstream and downstream of the magnetic field, respectively.
Those two points belong in a circle of radius r, and A; and As osculate the
circle at those loci. Let (z9,z¢) be the coordinates for the center of such
circle. The equation for the circle is (2 — 29)? + (z — x0)? = r2, which after
differentiation yields

(Zi — Zo) + (.%'Z — xo)Ai =0 (B.l?)

for i = 1,2. Equaling the left hand side of the equations for i = 1 and ¢ = 2,
and eliminating the dependence on zy, gives:

(22— 21) oA — w1 Ay

= B.18
2 s (B.19
For the point (z1,x1) results that
Tr1 — X0
z0 =21+ B.19
o=m+ Iz (B.19)
After some algebra we finally get that
r=|zy —x0|\/1+ A2, (B.20)

Let the trajectory in the magnetic field be a segment of circle of radius
r and angular apperture . Then, the length travelled in the magnetic field
is ra, where « is now the angle between the two slopes As and Aq,

a = arctan Ay — arctan Ay . (B.21)

The kick to the particle is the change in the linear momentum due to
the passage through the magnetic field, Ap' = po — pi. The lengths of
these vectors make a isosceles triangle. The linear momentum modulus is
constant, p; = ps = P, because the magnetic field is uniform. Therefore,

P|sin(a/2)] = %Ap (B.22)
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(the use of the absolute value in the sine eliminates the ambiguity in the
definition of the apperture ). Finally, we obtain

Ap a/2 a/2

p=—"=" _ . Br—1% _pBp_—1% B.2
sin(a/2)] 17 Jsin(e/2)] sin(a/2) (B.232)
with ( ) A ( )
. 5 | (22 —21) + Aa(x2 — 71
r=y/1+ A2 A A (B.23b)

The charge’s sign is given by the direction of the track curvature, or yet
by sign(q) = sign(Ag — A1) if we restrict it to tracks of long-lived charged
particles and hydrogen nuclei (and, possibly, single-charged ions A*). Using
Laurent expansions on some terms in (B.23a) yields (ignoring o(z3) terms
and knowing that o? < 1)

Az zZ9 — 21
P~ |q|B 1+—1>7
|q|< )

1AM

22 — X1

Given HERA-B’s detector geometric acceptance (with 15% of the particles
emitted from the target region at angles greater than 0.2 radians, see fig-
ure 3.8), we may set A? < 1 and the large module approximately equal to
one; we then get an equation similar to (B.11),

22—z

P~|gB—2—"L
lq| Ay = A

(B.23c)

making L = z9 — 21 and A6 = Ay — Aq.

B.5 Useful relations of relativistic kinematics

The next subsections briefly describe some quantities associated with the
relativitic and ultra-relativistic domains of particle kinematics. The vari-
ables described appear in e.g. differential cross section plots and formulas
and geometric acceptance domain definitions.

B.5.1 Lorentz transforms and center-of-mass energy

We now recall the Lorentz transformation, in particular for energy and linear
momentum. We shall then apply them to the case of collision of a beam
particle with a target, laboratory-bound, particle. The coordinate set is the
same as HERA-B’s, i.e. (z,z,y).

Let E and p' = (p,ps,py) be the energy and linear momentum of a
particle measured in the laboratory, and let F’ and p' = (p,pl, p;) be

the same quantities measured in another inertial frame with velocity ﬁ =
(8,0,0) relative to the laboratory frame. The Lorentz transformation relates
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the particle’s dynamic quantities (energy and momentum, for example) as
measured in the two inertial frames,

E v =8 0 0 E

vif_[-8 v 0 0ffp: (B.24)
Pl 0 0 1 0f|p]’

v, 0 0 0 1/ \p,

with v = (1 — 62)71/2; see e.g. reference [81]. The Lorentz boost is along
the z axis, i.e. the momentum components along the axes perpendicular to
z remain unaltered by the transformation.

Let mq and mg be the masses of one beam particle and one target parti-
cle, respectively. Their energies and momenta, measured in the laboratory,
are’ E1,p; and Ey = mo, Pb = 0 respectively. The invariant mass of a single
particle is® m; = (EZ2 — ]9_;-2)1/2
is defined by

N 2 N > N N
M2 — (Z Ez) _ (Z@) => mi+ Y 2E;E;(1— BB cosbyj)
i i k

i#j

. The invariant mass M of a set of N particles

(B.25)
where 3; = v;/c is the (modulus of) the 4 particle’s velocity and 6;; is the
angle between ¢ and j particles’ velocities.

The center-of-mass energy is similarly defined, yielding Ecy = M. For
the collision of particles 1 and 2, we get

E%y = m? +m3 + 2E,Ey(1 — 3135 cosh) (B.26)

where 31 and [, are (the modulus of) each particles’ velocities and 6 is the
angle of the velocities. If particle 2 is static in the laboratory frame (i.e. a
“target” particle, and then particle 1 is a “beam” particle), then §y = 0 and

E¢y = som = mi +m3 + 2Eymy . (B.27)

If we further particularize to mi = mg, the center-of-mass particles’
energies Ff = E} = Ecy/2 and the Lorentz factor v for the beam particle
is

E; E
= M (B.28)
mi 2m1

In this situation, this factor can be then used to get a particle’s energy

and momentum in the center-of-mass frame, given these quantities in the
laboratory frame.

2Until the end of this section, we use the convention ¢ = 1, and therefore energies,
masses and momenta have the same dimension.
3All quantities are expressed in the natural units system, thereby ¢ = 1.
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The angles 61,;, and Ocy of the scattered particle relative to the boost
direction, measured respectively in the laboratory and in the center-of-mass
frames, are related by (see [117, p. 288]):

2m2 ﬁCM sin GCM
p1 14 Bomcosbon

(B.29)

tan 6y, ~

where Soyv = ven/c is the (modulus of the) velocity of the particle in the
center-of-mass frame; the approximation is valid as long as F; ~ p; (i.e.
m1,ma < E1,p1). Given (B.28) and v = (1 — 824;) /2, we get

Ecov —2
fon = =1 (B.30)
CM
The solution (Ecy +2my)/Ecw is discarded, since it would give an unphys-
ical velocity 8 > 1.

B.5.2 Rapidity and pseudo-rapidity

The rapidity y and pseudo-rapidity n are two significant dynamic quantities.
An important reason for their use lies is the fact that they are additive
quantities under Lorentz transformations; it becomes very easy to Lorentz-
boost a particle’s azimuthal angle, one simply adds (subtracts) the system’s
CM rapidity yom when boosting the particle’s angle from (to) the CM frame
to (from) the laboratory frame.

For a particle (emitted with an azimuthal angle 6 (relative to the beam
direction) and with E as its energy and p, as the projection of its momentum
in the beam direction), they are defined by, respectively,

1 E+p,
=—1 B.31
y=glgz—>=. (B.31)
0
n = — log tan 7" (B.32)

A particle moving orthogonally to the beam direction has p, = 0, and its
rapidity and pseudo-rapidity are therefore y = 0 and 1 = 0. The limits

li == d li =0
gy = k0o and Ly

correspond, in terms of pseudo-rapidity, respectively to the angles?
=0 and f6=m.

The pseudo-rapidity is the “cheaper” version of the rapidity, and is useful
when the particle’s energy and/or momentum are unknown.

4We may safely choose the arbitrary phase to vanish.
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\Feynman-x (MC pp collisions, 920GeV fixed target)l FigU/?"@ BQ Feynman—x Of particles
from a sample of 10> Monte Carlo
pN events generated with PYTHIA.
The values of xyp were Lorentz-boosted
from the fized-target frame into the
pN CM frame. The solid histogram
represents the final state particles,
and the dashed histogram is for parti-
cles falling in HERA-B geometric ac-
ceptance, 10mrad < 0, < 250mrad.
Compare with figure 3.8.

Particularizing for the case of a particle emitted orthogonally to the
beam
O1ap ~ arctan fom , (B.33)
YcM
with yem = E//scum found from (B.28) and (B.27). Because 0 < § < 1
and v > 1, and since for large CM Lorentz boosts Gon ~ 1 and youm > 1,

we get arctan(3/v) ~ (/v and the pseudo-rapidity reads

n = log(vom + Bemyem) ~ log(2yem) - (B.34)

B.5.3 Feynman-z

The variable F = p./Pzmax = 2p./+/s (with p, measured in the system’s
CM frame and /s = \/2PbeamMtarget s the system’s center-of-mass energy)
is named Feynman scaling variable, or simply Feynman z, and was intro-
duced by Feynman [61] for the discussion of inclusive hadronic interactions
at large energies. As its definition suggests, xp measures the fraction of for-
ward momentum carried by the particle, scaled to of half the CM’s energy®
and it takes values in the interval —1 < zp < 1.

For the HERA-B detector (figure B.2), the (horizontal) geometric accep-
tance of the full detector may be described in terms of the xg variable. Its
quoted bounds are —0.35 < zp < 0.15 [142]; however, in figure B.2 it can be
shown that the lower bound extends further from the central value xg = 0,
with —0.75 < zp < 0.20. As seen in the figure, HERA-B has significant
phase space sensitivity to backscattered particles.

B.5.4 Multiple scattering angle

For small angles, the multiple scattering angle [81] of a particle with mo-
mentum p, velocity 6 and charge number z, transversing a medium with a

5N.B. Remember we are using natural units, ¢ = i = kg = 1.
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thickness of /X radiation lengths, is

%;N/CZ\/;U/—XO (1+0.038In(z/Xo)) ; (B.35)

the radiation length of a material layer, with different atomic species of
atomic number Z; and weight fractions w; in the material, may be obtained

from
Z (Z; +1)In(287/\/Z;)
- 716.4g cm—2A; ’

0=

(B.36)

B.6 Cross section and decay width

The cross section o and decay width® I' give significative information about
the reactions which they characterize. The cross section can be used e.g. to
find the number N of a given type of events, measured in some time interval,
for a particle beam with time-integrated luminosity [ Ld¢ (a measure of
integrated “flow intensity” of the particle beam), N = o [ Ldt.

Usually, o and I' are presented in differential form, do and dI', which
are ultimately useful in experimental HEP; the former are usually derived
from the latter by integrating relative to the center of mass solid angle, in a
region corresponding to the geometrical acceptance of the detector. Know-
ing the (time-integrated) beam luminosity (measured by other means, e.g.
the number of events with well-known cross section), it is then possible to
evaluate the cross section o(X) of a certain type of reaction X by measur-
ing the particles transversing the sensitive parts of the detector, and then
selecting the appropriate events after reconstruction. The definition of do
and dI" are found in many books, e.g. [82]. The definitions presented below
are from [21].

Let us define \(z,y, 2) = 22 +y? + 2% — 22y — 222 — 2y2z as an auxiliary
function, to simplify writing (B.37). The differential cross section for a
reaction a + b — F,, where F,, represents the collection of n final state
particles, can be written as

do = ! > IM;[P et (pa+pb— Zm) 11 ;i? :
j i i v

24/ A(s,m2, m?)(2m)3n—4

(B.37)
with p; as the four-momentum of particle 4, p; its three-momentum, F; its
energy, m; its mass, and s = (p, + pp)?. The definition of differential decay
width of a — F,, is similar to (B.37) and can be written as

AT = S o Zw 2 61 (pa Z pz> H dp’ : (B.38)

5The term comes from the level widths of excited nuclei with different lifetimes 7 = h/T".
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In equations (B.37) and (B.38), the §*(x) symbol is equal to 1 when the
four-momenta sum in its argument is = 0, and is equal to 0 otherwise;
the invariant amplitude M} is a function of the four-momenta of the initial-
and final-state particles, in the form of products of propagators of those
particles and any other gauge bosons in an interaction j (which can be
represented in a Feynman diagram); the sum ) i |M, |2 incorporates the core
physics processes, and accounts for all combinations of initial- and final-state
particles’ allowed spin states. Expressions (B.37) and (B.38) are evaluated
by integrating over the §* functions to remove unconstrained degrees of
freedom; for example, for a reaction X — a + b,

2 2 2
dﬁa dﬁb )‘(anpaapb)
4
o I A S ———— ¢ B.
/5 (Px — Pa pb)QEa SE, ) dsr, (B.39)

with d€) as the solid angle measured in X’s reference frame.
Using (B.39), the differential decay width for a reaction X — a + b can
be written as

P dps

2F,2E,
(B.40)

Once again, the sum Zj |/\/lj|2 involves all combinations of allowed spin

states for the propagators of X, a and b and couplings for the Xab vertex.
The decay width I'(X — a + b) is calculated from (B.40) using (B.39).

1
AN(X — a +b) = SEx (2n ) Z M2 6% (px — (pa + pb))
J

B.7 Dynamics of the B'-B’ meson system

The dynamics of the neutral B meson system’s state [36]

oty oi= (2)
is governed by the time-dependent Schrédinger equation”

My — 511 Myg — 5T

v

(B.41)

d . N i
1) = 1) = (8- 51 ) 1) = . .
My — 5T21 Moy — 5T

In the hamiltonian operator H, the terms

e Mi; and Mss incorporate the B mesons quarks’ masses and binding
energy.

"Recall we are using the natural units ¢ = i = kg = 1 system throughout.
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e Mis and My reflect BY = BY transitions involving virtual processes
described by Feynman box diagrams.

e I'y; and I'yy are the inverse decay rates of B — f and BY — f,
respectively.

e I'i5 and I'y; reflect transitions B = f = BY, where f is a real state
common to both B? and BO.

CPT conservation requires My = Mgg = M and I'1;1 = I'yg =I'. Moreover,
My, = M, and I'y; = T, because H has to be hermitian. The diagonal
matrix elements of H describe the time evolution of the states !BO and
‘BO> of mass M and decay width I'. In contrast, the weak transition of
neutral mesons is described by the off-diagonal elements of the hamiltonian,
which correspond to the elements of the CKM matrix given in the Feynman
box diagrams. Diagonalization of the hamiltonian yields the eigenvalues

i i q i
Mp—=Tp=(M—-=T)+L(ry—=T B.42
L= 5tL < 5 >+p< 1275 12> ( a)
My -ty = (=10 =2 (an,—ir (B.42b)
H 2 H — 2 D 12 2 12 .

where _
p Mo — 5T2

and the corresponding states can be described by the vectors

Uy) = ( fq) (B.44)

which are the heavy and light mass eigenstates |B?{> and |B%>.
Using |I'12| < |Mi2| and the CKM matrix elements of the weak vertices
in the Feynman box diagrams, we can further write

M7y — %FTQ 1*2 M7, _ V{zind)2 Vtsz _ 28
Mis — %Fn Mo |M12| ‘V:[;‘/td‘ V;fbv;l

(B.45)
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Error propagation formulas

Let (z,y,tx,ty,Q/p) be the vector of five parameters describing one recon-
structed track in ARTE; x and y are the coordinates, in the lab frame, of
one point in the track for the longitudinal coordinate z of the detector el-
ement containing the hit with these coordinates, tx and ty are the track’s
slopes resp. in the zz and yx planes, and Q/p is related to the track’s cur-
vature radius in the Magnet. The sign of the track charge @ is related to
the curvature of the track: for @ > 0 (resp. @ < 0) the track curves in the
direction of increasing (resp. decreasing) x coordinate. In ARTE, @ = +1
for uncharged and positively charged particles, and () = —1 for negatively
charged particles.! The track momentum p is given in GeV/c; the slopes
tr = py/p, and ty = py/p..

The track parameters result of the application of the Kalman filter tech-
nique to hits in successive detector layers. The standard deviation of these
quantities are obtained from the covariance matrix calculated through the

application of the Kalman filter. The covariance matrix C = {U%} for the

track parameters is a 5 x 5 (in this case) symmetric matrix and gives the
tracks’ parameter covariances, Uij = cov(i,j) = ((zs — pi)(xj — py)), with
pi = (z;) and p; = (z;) [81]. When i = j, the corresponding element of C is

the variance O’Z-Q of parameter x;; the standard deviation is defined as 01-2.

An arbitrary scalar o = a(x;) dependant on a set of parameters z; (from
tracks or vertices, for example) has its variance defined by

CEEEA @

Z7j

If the parameters z; and x; are uncorrelated, their respective covariance
vanishes — this happens a priori for an arbitrary line segment (track) and
space point (vertex).

In [121] and references therein, the variance of the impact parameter of

! Cases such as ions and nuclei with charges |Q| > 1 are disregarded.
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a track to a vertex is written as

. Ob\ (; Ob
of = Z <b- ax) <b : 87]) ok (C.2)

27.]

where b is the vector with the magnitude of the 1mpact parameter b and
direction orthogonal to the track orientation, b= b/ b is the unit vector with
the dlrectlon of b, the 7, j are indices to the vertex position and track param-

eters, and O' 5 1s the covariance of two given parameters ¢ and j. The terms

with the form b - 0b/0z; ensure that the variance of the impact parameter
scalar is measured along the orientation of the unit vector l;, i.e. the error
for the impact parameter is b = b- 6b. However, the expression (C.2) may
be written in the form (C.1), since

-,

j . Ob 1 ob 10(b-b) _ 1op 1, 0b b
dr; b Ox; 2b Ox; 200x; 2b° Ox;  Ox;

A priori, two reconstructed tracks (or one reconstructed track and one
reconstructed vertex) are independent — when calculating the impact pa-
rameter of one track to either another track or a vertex, one might pick
an uncorrelated pair. In other words, the covariances of two parameters
x1 and xo of the RTRA, and of either another one RTRA or RVER, are
cov(zy,x2) = 0. Therefore, in the following sections the covariance matrix
takes the form

cov(Xy,Xa) = [01 0] , (C.3)

0 &9
with &1 and &9 respectively as the covariance matrices of an RTRA and of
either another RTRA or RVER. The covariance matrix of a RTRA under
ARTE is written as (the diagonal elements 02 = 0, , are variances of the «)

U% Oz,y Og.tx Oz,ty Ox,1/p
Oz,y Ug Oy,ta Oyty  Oyl/p
o= Oz tx Oy, tx ng Otzty  Otax,1/p
Oz, ty Oy ty Otx ty O'to Oty,1/p
| 9z,1/p Oy1/p Otxl/p Ttyl/p O-%/p i

The derivatives’ formulas presented in this chapter were calculated with
the symbolic algebra program MAXIMA [43].

C.1 Error propagation of two-track invariant mass

Let (21, 21,91, tx1,ty1, Q1/p1) and (22,22, Y2, tx2, ty2, Q2/p2) be the param-
eter vectors that describe two reconstructed tracks (RTRAs) or track seg-
ments (RSEGs) in ARTE. Notwithstanding the fact that these tracks may
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not share a common vertex?, the invariant mass of the pair is (equation (B.26)
in its ultra-relativistic approximation f; = E;/p; ~ 1, i =1,2):

pra—— 1 4 tzitas 4 tyst
m:\/Q(le—prpz):\/?plpz (1— 172 7T yz), (C.4)

N1 Ny

with p; = pi(1,tz;, ty;)/N; and N; = (/1 +tz? + ty?. The variance of m

follows from (C.1):

1,2 tx,ty,1/p
2—06¢, (Om om
2 _ fi9: 2
R G7) (@) 9

The factor 2 — dy,4, accounts for the symmetry of the tracks’ covariance
matrices. The relevant derivatives of (C.4) are

Gm m
AN T 5 Pbis Vi = 172 ) C.6a
O(1/p:) 2 (C.6a)
om  pp2 (fi [y m tx; o
- N, N ) AN, = =1,2.
ofi  Nym \N; N; 2N; N; ’ Vi=trty, i#j=1,

(C.6b)

The use of 1/p; instead of p; has to do with the track parametrization in
ARTE, which uses the former.

The previous equations are a good approximation when the invariant
mass to calculate is significantly higher than the masses of the decay prod-
ucts; such is the case of dileptonic J/v decays. For decays that do not verify
this condition, the decay product’s masses must be taken into account,? i.e.
following (B.25),

M? =) "ml+2> EE;—p;pj=
i i#]

1+ taite; + tyity;
:Zm?JrZ\/(m?+p?)(m§+p§)—pipj ~v - (€D
i iy v

For two particles,

2p1p2(1 + txitas + tyitys)

\/(1 + tw% + ty%)(l + tw% + ty%) '
(C.8)

2Experimentally, this is equivalent to requiring a cut of the two-track impact parameter
at, say, 0.bmm.

3Naturally, a good estimation of the invariant mass requires that the tracks are cor-
rectly identified; this PID-related problem is beyond the scope of this section. For the
wrp~nT 1 state of the BY golden decay, one might start with the approximation that
all final state particles’ masses are those of pions; this approximation is reasonable if one
recalls that for massive particle decays — such as B mesons — the muons and pions have
relatively similar masses, m,+ ~ 0.106GeV /c? and m.+0.140 ~ GeV /c* [81].

M2 = 3+ m3+2y/ (m? + p3) (m3 + p3) -
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Most final-state particles (pions, electrons, muons, protons) have experimen-
tally well-defined masses and their resulting errors are very small; therefore
the masses are hereby taken as well-defined constants. In this approxima-
tion, the relevant derivatives of the square root of equation (C.8) are

aM Pi Ej - 3 )
N O ‘ v =1,2, C.9
8(1/])2) Mpl <p] E@ pZ b ? ?é j ( a)
OM  pi-p2 [ fi i C
afi M \N? 1+ taitwms +tyitys) f=taty, iFj=1,

(C.9b)

C.2 Error propagation of minimum separation be-
tween two tracks

The impact parameter b of two reconstructed straight tracks (i.e., outside
the bending magnetic field), given by unit vectors

1

\/ 1+ ta? + ty?

is given by the minimum separation between them (see equation (B.3)):

—

i = (Nazi, tTing , tying ), N =

i=1,2, (C.10)

— ﬁ1><ﬁ2

b=|D = D|cosb| , (C.11)

‘ |ﬁ1 X ﬁ2|

where D = (D2, Dy, Dy) = dy — d; and D is its magnitude, d; = (zi @i, Yi)
are two fixed points in the RTRAs and 6 = arccos(D - ii3/D) is the angle
between D and the unit vector 773 defined by

ig = ( )ﬁlXﬁ2 1(7575 tyitas, ty — tys, tog — tzy)
i3 = (N3z, N3g, N3y) = ———— = — (tx - x - 9 —tx
3 3z 103z 03y ‘ﬁl Xﬂg‘ N 1tY2 Y1tx2,tYy1 Y2, 122 1)
(C.12a)
with
N = \/(tﬁﬂltyz — tyltCCz)z + (tyl - ty2)2 + (tIQ - tIl)Q (Cl2b)
as the normalizing factor of 7i3.
The variance for the measure of b is written like (C.1):
TR 2 6, (OB (0D
2 — Cfigi 2
o = ——= == || 5= | 0%, - C.13
n ) ) e

Assuming the tracks are uncorrelated, the covariances O'J%l g2 f,g=x,y,tx, ty
of parameters of two different tracks vanish; see (C.3). The factor 2 — dy,g,
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accounts for the symmetry of the covariance matrices of the tracks i = 1, 2.
The relevant derivates are given by:

;;?i =(-1)nzx, Vi=12, X==zumzy, (C.14a)
a?zl - thij_ D b(tyans: — n3a) (C.14b)
6(322 - _thij_ u 4 b(tyinz. — ngz) (C.14c)
a?; - _Dzmj\z_ = b(tzans. — ngy) , (C.14d)
3(322 - Dzmjl\;_ e _ b(tzing, — ngy) - (C.14e)

C.3 Error propagation of the track-to-vertex dis-
tance of closest approach

The impact parameter b of one track to one vertex is defined by the minimum
distance between them, see equation (B.10):

1/2

[ (I R R

with the track described by a vector equation 7} = cfl—k)\lﬁl, A1 € R, and the
vertex has coordinates given by vector dy = (22, x2,y2). This expression is in
agreement with e.g. the C™" source code $HBARTE/pro/cluearte/Dmain.C
of the ARTE source tree of HERA-B. The 711 can be written in terms of track
parameters as 713 = N~ !(1,tx ty;), with N = /1 +ta? +ty?. Defining
D= cfl — d_é, the unit vector

(- (-m)m)

b

(C.16)

gives the orientation of the shortest lever joining the track to the vertex.
The variance of the impact parameter (C.15) is obtained once again from
equation (C.1):

22,T2,Y2 T1,Y1,t2,ty
o2 = Z 2~ 04 9\ (9 o2 4+ Z 2~ 04 9N (b o2
b 4 of ) \ag ) 79 4 of ) \ag ) 719
19 f:9

(C.17)
The two sums relate to the vertex and track contributions, respectively; their
parameters are assumed independent, in which case the covariance matrix
takes the form (C.3). The factors 2—dy, account for the covariance matrices
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[O'J% g] being symmetric. When f = g, the matrix element is the variance JJQC

of parameter f. The relevant derivates of the impact parameter are given
by the following expressions:

3_fi__(_1) 7 Vi=1,2, f==zux,y, (C.18a)
ob B by B
8tf - b (bz - (Zl - 22)) ; \V/f =Y, (C18b)

with impact parameter vector b = D — (D - i)ty = (bs, by, by).

The equations presented here were used instead of those in reference
[121, appendix A]. It was found that they produce slightly different results
due to one sign error in the equations on that bibliographic source.

C.4 Error propagation of the coordinates of a two-
track point of closest approach

The coordinates of the common vertex created by two (nearly) intersecting
tracks, ™ (A1) = di+ 171 and 72 (A2) = do+ Aafie, are given by their average,

dy + M7y + dy + Aoii
P = 1+ 1711;— 2+ 2712‘ (C.19a)

The \; parameters are such that minimize the distance |7 (A1) — 72(A2)]
between the tracks, and are given by equations (B.8),

\i = 7 - (J' ﬁl) i (J' ﬁQ) e Vitji=12, (C.19Db)

|’Fi1 X ﬁ2|2 ’

with d = d_; - cfl and fi? = 1. In the tracks’ parametrization in ARTE, we
have

1
; = A (1,tmi,tyi) , Ni=4/1 —|—tm? —i—ty? , Vi=1,2. (C.QO)

(2

Therefore, it is possible to write the coordinates of 7 ,. = (2, z,y) as

21 + 29 A1 Ao
z =

C.21
5 TN, Tang, (C.21a)
xr1 + T2 Mtz Aoty
= C.21b
2 2N, * 2Ny ’ ( )
y1+y2  Aityr Aoty
= . C.21
5 N, T an, (C.21e)

The tracks’ parametrization in ARTE does not contain the measurement
error of the z; coordinates; however, one may take it as the width of the
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VDS’s silicon wafer’s thickness, o, = 280um (see section 3.2.4). The tracks’
covariances are obtained as explained in the introduction to this appendix.?
The relevant derivates of the A;, ¢ = 1,2, can be condensately written as
follows:

3)\1'__%_(“ iy — Mo ffiy) 7%
afs  ofi MY R
Vi=zuzy ,Vi,j=1,2,i#j, (C.22a)
O 1 (N1 Np) ™t - tfi
= (~1) 7<Nid —t ~<d-ﬁ»))—Ai—i
8tfi ( ) |ﬁ1 X ﬁ2|2 f f] J NE
; tg; z .. . .
i(_l)zz)‘lw7 Vf,g:.%',y,f%g,VZ,]:LQ,Z#j,
|n1 X’I’L2|
(C.22b)
O\ N2 (i - i) . ‘ <J-ﬁj> tf;
s = (=1)'————— (Njdy — 2tf; (d-7i;) ) + (=1)" 4
8tfj ( ) ’ﬁl X ﬁ2’2 ( 7 fj ( J)) ( ) ‘ﬁl X ﬁQ‘Q N1N2
i ti z .. . .
i(_l)]z)\zw7 Vf,g:.%',y,f%g,VZ,]:LQ,Z#j.
\nl X?”LQ’

(C.22¢)

with i3 = (n3z,n3q,n3y) = (71 X 7i2)/ |71 X fi2], and substituting £+ for +
when derivating by tx; and £ for — when derivating by ty;. Other derivates
of use are:

ON; tf; .
== - =1,2 2
atfz NZ ’ vf Yy, ) ) (C 3&)
of 1 .
o =5 = =1,2; 2
8']1'2 2 Y vf Z, x7y Y ? 9 9 (C 3b)
and also:
(N 1 an B o
afz <2N]> _2Nj afz ’ Vf—z,x,y, Za]_1727 (0230)

0 ( )\j > 1 <Nja)\j —5ij)\jt_fj> , Vi,j=12,Vf=u=xvy,

atfi \2N;) ~ 2N? \" 7 otf; N;
(C.23d)
RNATIY 1 )% tfitg;
— 800iiNi N + g N; —L — §;: )\ ’
8tf@-<2Nj> 2Nf<fg NG+ 10 Nip g = 0N Ty,
Vi,j=1,2, Vf,g=x,y . (C.23e)

4The covariances of z are assumed to be much smaller than z’s variance, |03a| < o2,
a = x,y,tx,ty, and are therefore disregarded. This assumption is based on the sistematic
observation that the covariances of the other tracks’ parameters follow a similar rule,
070l = 0(107 )0}, f # a =,y tz,ty.
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The tracks’ parameters are assumed to be uncorrelated, therefore there
are no covariance terms involving the parameters of two different tracks,
o =0 Va, 3 = z,x,y,tx, ty. Because (C.19a) contains no explicit de-
pendance on the momenta of the tracks, the covariances relative to the
tracks’” momenta are cancelled too: 0-(21’1'71/171' =0, a=zuzy,te,ty, 1 =1,2.
The variances of the three vertex coordinates (C.21) are calculated as de-
scribed in equation (C.1) and by making use of the derivates (C.22) and

(C.23); they take the form
2 z,y,tx,ty 6a 2 2 z,y tx,ty a
2 2 2
=2 Y (55) Bl (57) (5 bt
2. ([ da oo 2
2 2
+ 2 ZZ; <aﬂjz> <ay > zyz ; <8tﬂfz> <at > Utmityi+

O'

with « as either z, x or y, and with Ayps = 280um as the thickness of
the VDS silicon layer’s thickness (it is assumed that these layers are placed
rigorously perpendicular relative to the beam direction).
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APPENDIX D

ARTE KUIP macros

This appendix presents the working KUIP macro (kumac) files used for
event reconstruction analysis. The used settings are based on [71]. A
full manual in I¥TEX format can be produced by typing the command
manual / arteman.tex latex in an interactive ARTE session.

D.1 Monte Carlo kumac

*
* p2mc.kumac: PRISM kumac for Monte-Carlo events
* Jodo Batista <Joao.Batista@desy.de> November 2003
*
* Settings for my analysis
mcnum=4

process=p30520

geov1l="02’

geov2="1205"

wiremask=’00001000’
genrec=gen
rundir=run05_00052
firstfile=15
lastfile=15
dstext = dst
runnumber = 0
eventnum = 61
keybrevision = 0
cnakey = -200211
inname=[rundir] _fileO
indir=/acs/mc [mcnum] / [process]/d [geov1l] . [geov2] /w[wiremask]/[genrec]/[rundir]/

* INPUT/OUTPUT (file)
trace off
do filenumber=[firstfile], [lastfile]
if ([filenumber]<10) then
filenamel=[indir] [inname] 00 [filenumber] . [dstext]
elseif ([filenumber]<100) then
filenamel=[indir] [inname]O[filenumber] . [dstext]
else
filenamel=[indir] [inname] [filenumber] . [dstext]
endif
iofile ev_in [filenamel] -gi
enddo
trace on

221
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37 * GEOMETRY
38 DBOPEN GEODB -RO

39 DBREAD GEODB NGHD [geovi] [geov2] EQ

40 DBCLOSE GEODB

41

42 * CnA
48 * http://www-hera-b.desy.de/subgroup/daq/cna/index.html
44 * http://www-hera-b.desy.de/subgroup/software/database
45 /CNA/KEYBOOK [keybrevision] /key_table keytable
46  /CNA/RUN2CNAKEY [cnakey]

47  /CNA/READ CNA ON

48

49 % DIGITISATION
50  HBDIGI/DGSEL *

51 HBDIGI/DGSEL CMP -MXD

52 HBDIGI/DGSEL CMP -PTL

3

* ITR digitisation:

5 /HBDIGI/ITRDIGI/ITRPERF 1

6 /HBDIGI/ITRDIGI/ITRMCNOI 1

57 /HBDIGI/ITRDIGI/ITRALIGN 1

58 /ITR/ITRMASK 1

59

60 * OTR digitisation:

61 /HBDIGI/DGLEV OTR 3

62  /HBDIGI/OTRGAUSSMEARING 0.05

63 /HBDIGI/OTREFFICIENCYO5MM 0.95

64 /HBDIGI/OTREFFICIENCY1OMM 0.95

65

66  * VDS
67

68  * ITR
69 SETENV ITR_SETUPDB /ITR_Setup

70 SETENV ITR_ALIGNDB /ITR_Align

71 SETENV ITR_MONITORDB /ITR_MONITOR

72 /ITR/ITRHITR 0.02

73 /ITR/ITRHCUT 20

74

75 % 0TR
76 SETENV OtrHitPreparation O

77 SETENV OtrEventSwitch 259

78

79 % RICH
s0  SETENV RICH_INSTALLDB /RICH_GEO

81  SETENV RICH_RECODB /RICH_RECO

82

88 * ECAL
84 SETENV HBECALDB /ECAL_CALIB

85

86  * MUON
87

88 * RECO
89 /RECON/SUBD VDS ON CATS

90  /RECON/SUBD ITR ON

91  /RECON/SUBD OTR ON

92  /RECON/SUBD RICH ON

93  /RECON/SUBD ECAL ON

94  /RECON/SUBD MUON ON

95 /RECON/RTRA ON VDSOTR

96 /RECON/RTRA2001 1

97  /RECON/REFIT ON

98

(SR
~
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99  * RANGER
100 * www-hera-b.desy.de/subgroup/software/arte/ranger/ranger-steering/ranger-steering.html
101 /RANGER/FPAR rlevel=4 sltmode=3 sltmagn=y fitmagn=n

102 /RANGER/FPAR maxflt_x=4 maxflt_y=4

103 /RANGER/FPAR whmin_x=6 whmin_y=6

104 /RANGER/FPAR gmin_x=5 gmin_y=5

105  /RANGER/FPAR maxflt_tc=4 whmin_tc=5 gmin_tc=4.0
106  /RANGER/FPAR maxflt_mag=3 whmin_mag=6

107

108  * MARPLE
109  * www-hera-b.desy.de/subgroup/software/arte/MARPLE/QuickstartKUIPcommands.html
110 /RECON/MATCH MARPLE VDS PC

111 /RECON/MATCH MARPLE VDS RICH

112 /RECON/MATCH MARPLE VDS ECAL

113

114 % PID (MUON: seeded, MURECB)
115 /RECON/PID RICH ON RITER RISE

116  /RECON/PID ECAL ON

117  /RECON/PID MUON ON

118

119 * RISE
120 /RISE/SEARCH rlevel=3 fit=1 choose=2

121 /RISE/SEARCH occup=0 soccup=5000

122 /RISE/SEEDHIT hsi=5 hio=15 hca=0 hmu=0

123 /RISE/BOOK rtra=1

124
125 % RITER
126  /RITER/DWIN 1000

127

128 % GROVER
129  /GROVER/STEERING/WIREFOLLOWING O

130  /GROVER/STEERING/TSELECTION 1

181 /GROVER/STEERING/WRITE_RTAR 1

132 /GROVER/STEERING/FIND_PRIMARIES 1

134 % CLASSIFICATION
135 * http://www-hera-b.desy.de/subgroup/software/arte/ECLASS.html
136 * (setting of bits, NO event selection!)

137  /RECON/CLASS ALL on

138 /RECON/CLASS JPSIEE on

139  /RECON/CLASS JPSIMM on

140  /RECON/CLASS CAL1HT on 4.0

141 /RECON/CLASS FCNC on
142  /RECON/CLASS VZERO on
143 /RECON/CLASS VZERO2 on
144  /RECON/CLASS DVTX on
145 /RECON/CLASS SLTYPS on
146  /RECON/CLASS SLTCUT on
147  /RECON/CLASS SLTEEB on
148 /RECON/CLASS SLTEE on
149  /RECON/CLASS SLTMM on
150  /RECON/CLASS SLTDV on
151 /RECON/CLASS FLTTRG on
152 /RECON/CLASS RNDTRG on
153 /RECON/CLASS RECYPS on
154  /RECON/CLASS RECDV on
155 /RECON/CLASS DIMUON on
156  /RECON/CLASS ALIGN on
157

o o
o ©

159
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161 * GLOBAL ALIGNMENT
162 SETENV DB_GLOBAL_ALIGNMENT /SETUP_ALIGN

163

164 % AC

165 /AC/SUBD VDS on

166  /AC/SUBD RICH on
167 /AC/SUBD ECAL on
168  /AC/SUBD GLOBAL on

169  /AC/SUBD FLT on

170

171 % TRACKER ALIGNMENT
172 /AC/TAXX/MODE FILL

173 /AC/TAXX/SUBD ALL ON

174  /AC/TAXX/O0TR/CUTS pcut=6 userefit=y

175  /AC/TAXX/OTR/OPT st=n ge=y

176 /AC/TAXX/ITR/CUTS nmc=4 npc=11 ntc=0 xcut=0.1 xexc=0.2 zcut=300.
177 /AC/TAXX/ITR/CUTS pcut=10. chi=0.

178

179 % SLT & 4LT
180

181 % Event selection
182 select ’event=’//[eventnum]//’’

183  skip

18, RUN 1

185

186  * PRISM

187 * Display XZ geometry projection, MTRAs, RTRAs. Output to file p2mc.ps.
188 PRISM ./p2mc.ps

189 METAFILE on

190 SCOPE FULL ECAL MUON RICH PT

191  STYLE HEADER=n TARGET=y RTRA=y CHAIN=y HIT=y

192 PARAM CTOPP=B.

193 FRAME -50.0 2050.0 -400.0 400.0

194

195 * List Monte Carlo truth --- the whole event, and the B° branch --- to stdout.
196 1lmc

197 1lmc B. ; 1lmc B-

198 1lmc B” ; 1lmc B+

199

200 lrow evhd
201 lrow rtar
202 lrow gtar
208 list/rver
204 list/rtra
205 list/rseg
206 lrow rver
207 1lcol rrel 4
208 1lrow rtra
209 lrow rseg
210 lrow rccl
211 lrow rpnt
212 lrow rhit
218 lrow hitb
214 lrow hitc
215

216  ENDKUMAC
217
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D.2 Real data kumac

1 %
2  * pdrd.kumac: PRISM kumac for Real Data events

8 * Jodo Batista <Joao.Batista@desy.de> November 2003
4 * Based on http://www-hera-b.desy.de/subgroup/software/arte/KUMAC.html
5 %

6

7

8 Settings for my analysis
9 * Run & event:

10 exp=4

11 year=’02’

12 runnumber=20645

13 eventnum=1528001531

14 * Geometry:

15 geovl=’02’

16 geov2="1205"

17 * Reprocessing version & Database information:

18 repro=’rp0004’

19 keybrevision=28

20 SETENV HBNAMEROOT hb-dbsrvO

21 * Output files:

22 prismfile=run[runnumber] _evt [eventnum] .ps

23

24 % INPUT/QUTPUT (file)

25 io/dcache off
26 iofile dst_in_edir /acs/data/REAL/[year]/expO[exp]l/dst/run[runnumber]/[repro] _run[runnumber].idx -GI

28 x GEOMETRY
29 DBOPEN GEODB -RO

50 DBREAD GEODB NGHD [geovi] [geov2] EQ

31 DBCLOSE GEODB

* CnA
34 * http://www-hera-b.desy.de/subgroup/daq/cna/index.html
35 * http://wwu-hera-b.desy.de/subgroup/software/database

36 * -—= -—= --
37 /CNA/KEYBOOK [keybrevision] /key_table keytable

38 /CNA/READ CNA ON

39 /CNA/READ VDS oN
40  /CNA/READ HPT ON
41 /CNA/READ ITR ON
42 /CNA/READ OTR ON

43 /CNA/READ RICH ON
44 /CNA/READ ECAL ON
45 /CNA/READ MUON ON
46 /CNA/READ GLOBAL ON

48  * DIGITISATION
49 HBDIGI/DGSEL *

50 HBDIGI/DGSEL CMP -MXD

51 HBDIGI/DGSEL CMP -PTL

53 * ITR digitisation:

54 /HBDIGI/ITRDIGI/ITRPERF 1
55 /HBDIGI/ITRDIGI/ITRMCNOI 1
56 /HBDIGI/ITRDIGI/ITRALIGN 1
57 /ITR/ITRMASK 1

59 * OTR digitisation:
60 /HBDIGI/DGLEV OTR 3
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61 /HBDIGI/OTRGAUSSMEARING 0.05
62 /HBDIGI/OTREFFICIENCYO5MM 0.95
63 /HBDIGI/OTREFFICIENCY10MM 0.95
64
65 % VDS
66 SETENV VDS_MASKING DBS
67 setenv VDS_READ_ALIGNMENT_NO_RECO ON
68 setenv VDS_IGNORE_GEDE_GWAL_ERROR YES
69
70 * HPT
71 setenv HPT_FEDS_PACK $HBROOT/HPT/dbase/99/feds_pack.0601
72 setenv HPT_HOT_CHANNELS $HBROOT/HPT/dbase/99/hot_channels.0899
73
T ITR
75 SETENV ITR_SETUPDB /ITR_Setup
76 SETENV ITR_ALIGNDB /ITR_Align
77  SETENV ITR_MONITORDB /ITR_MONITOR
78 /ITR/ITRHITR 0.01
79 /ITR/ITRHCUT 50
80
81 % O0TR
82 SETENV OtrHitPreparation 0O
83 SETENV OtrEventSwitch 259
84 SETENV 0OtrOccupancyCut 15000
85
86  * RICH
87 SETENV RICH_INSTALLDB /RICH_GEO
88 SETENV RICH_RECODB /RICH_RECO
89
90  * ECAL
91  SETENV HBECALDB /ECAL_CALIB
92
98  * MUON
94 SETENV MUON_CONFIG $HBROOT/MUON/db/Mu.config
95 SETENV MUON_BADFILE $HBROOT/MUON/db/Mu.mupreslt.mask
96
97 * RECO
98 /RECON/SUBD VDS ON CATS
99  /RECON/SUBD ITR ON
100  /RECON/SUBD OTR ON
101 /RECON/SUBD RICH ON
102 /RECON/SUBD ECAL ON
103  /RECON/SUBD MUON ON
104  /RECON/SUBD HPT ON
105 /RECON/RTRA ON VDSOTR
106 ~ /RECON/RTRA2001 1
107  /RECON/REFIT ON
108
109  * RANGER
110  * www-hera-b.desy.de/subgroup/software/arte/ranger/ranger-steering/ranger-steering.html
111 /RANGER/FPAR rlevel=5 sltmode=6
112 /RANGER/FPAR cats=Y
113 /RANGER/FPAR outlay=1 chmaxoutl=10.
114
115  * MARPLE
116  * www-hera-b.desy.de/subgroup/software/arte/MARPLE/QuickstartKUIPcommands.html
117 /RECON/MATCH MARPLE VDS PC
118 /RECON/MATCH MARPLE VDS ECAL
119  /RECON/MATCH MARPLE RTRA RICH
120 MASVDECALNORTRA 1 1
121
122 % PID (MUON: seeded, MURECB)
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123 /RECON/PID RICH ON RITER

124  /RECON/PID ECAL ON

125  /RECON/PID MUON ON

126

127 * RISE
128 rise/search occup=300 soccup=0 rlevel=0 fit=0
129 rise/ring drad=.007

130

131

132 * RITER
133 /RITER/DWIN 1000

134 /RITER/NITER O

135 /RITER/ETA 1.

137 * GROVER

138  /GROVER/STEERING/WIREFOLLOWING O

139 /GROVER/STEERING/TSELECTION 1

140 /GROVER/STEERING/WRITE_RTAR 1

141 /GROVER/STEERING/FIND_PRIMARIES 2

142

143 * CLASSIFICATION

144 * www-hera-b.desy.de/subgroup/software/arte/ECLASS.html
145 * (setting of bits, NOT event selection!)
146  /RECON/CLASS ALL on

147 /RECON/CLASS SLTBYP off

148 /RECON/CLASS JPSIEE on

149  /RECON/CLASS JPSIMM on

150 /RECON/CLASS CAL1HT on 4.0

151 /RECON/CLASS FCNC on

152 /RECON/CLASS VZERO on

153 /RECON/CLASS VZERO2 on

154 /RECON/CLASS DVTX on

155 /RECON/CLASS SLTYPS on

156  /RECON/CLASS SLTCUT on

157 /RECON/CLASS SLTEEB on

158  /RECON/CLASS SLTEE on

159  /RECON/CLASS SLTMM on

160  /RECON/CLASS SLTDV on

161 /RECON/CLASS TLT off

162 /RECON/CLASS FLTTRG on

163 /RECON/CLASS RNDTRG on

164  /RECON/CLASS RECYPS on 6.0

165 /RECON/CLASS RECDV on 0.5 5.0

166 /RECON/CLASS DIMUON on

167 /RECON/CLASS DIELEID on

168 /RECON/CLASS ALIGN on

169

170 * DQ MONITORING
171

172 * GLOBAL ALIGNMENT
178  SETENV DB_GLOBAL_ALIGNMENT /SETUP_ALIGN

174

175 % AC

176 /AC/SUBD VDS on

177 /AC/SUBD RICH on

178  /AC/SUBD ECAL on

179  /AC/SUBD ITR off
180  /AC/SUBD OTR off
181  /AC/SUBD MUON off
182 /AC/SUBD GLOBAL off
183  /AC/SUBD LUMI off
184 /AC/SUBD FLT off
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185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
208
204
205
206
207
208
209
210
211
212
218
21/
215
216
217
218
219
220
221
222
223

225

*

TRACKER ALIGNMENT

/SLT/FILL ON

SLT

TLT

4LT

*

PRISM [prismfile]
METAFILE on

SCOPE FULL ECAL MUON RICH PT

PRISM

STYLE HEADER=y RTRA=y RVER=y CHAIN=y SLT=y TARGET=y

PARAM CTOPP=Jpsi

FRAME -50.0 2050.0 -400.0 400.0

*

select ’run=’//[runnumber]//’

run 1

* ================ List booked tables (output is stdout)

lrow evhd
lrow rtar
lrow gtar
list/rver
list/rtra
list/rseg
lrow rver
lcol rrel 4
lrow rtra
lrow rseg
lrow rccl
lrow rpnt
lrow rhit
lrow hitb
lrow hitc

* 3D view from the VDS:

Event selection

and event=’//[eventnum]//’’

scope sivd ; style target=y hit=y ; angle 10 150 ; view 3

* Shows RTRAs, hides MTRAs:
style rtra=y mtra=n ; draw

ENDKUMAC

Note. For the year 2000 runs, different settings should be used instead (check
against lines 9-18 at the beginning of this listing, page 225):

exp=3

year=’00"
geovl=’99’
geov2="1015"
repro=’rp0002’
keybrevision=14



APPENDIX |

C source code

This appendix presents the C language source codes used in the bulk (chap-
ters 4 and 5 of this thesis’ work. The source code is also available in electronic
format at http://fisica.fc.ul.pt/~ jbatista/HERA-B/.

E.1 Impact parameters and invariant masses

The listing below shows the source code for a program designed to read and
parse structured ASCII output from an ARTE session. This tool was named
PI' and though it is far from being highly sophisticated, it is reasonably
useful. As it is, it requires that the table list output (lrow rver, lrow rtra,
etc.) has the same order as those from the kumac files in appendix D; it could
be modified to cope with different table order and missing tables without
hanging in an infinite loop.

The program is compiled and run outside the ARTE framework and per-
forms the following actions:

1. Open the ASCII output from an ARTE session, parse the contents of
the tables RVER, RTAR, RSEG and RCCL (in that order!) and fill an
internal buffer with those elements’ data.

2. Output to standard output (stdout) an ASCII table, readable with e.g.
a spreadsheet application (imported as a .csv file).

The program’s five output tables contain the results from the included rou-
tines, which calculate e.g. impact parameters, RTRA-RTRA and RTRA-
RVER distances, invariant mass, 4-RTRA invariant mass, and respective
standard deviation errors (see appendix C). A crude “Particle ID” is done
by making basic assumptions from MUON and RICH information, singleing
out protons, kaons, pions and muons; these distinctions are used to improve
the invariant mass calculations of “good” RTRAs (i.e., those with hits on
the VDS and the Main Tracker).

'From the initials for “impact parameter” in Portuguese.

229



230

Appendiz E. C source code

© 0 [ D G L~

I T
JORRSYR TS N N

Dimuon mass vs. RVER 2 mass (M Mgyere = 3.1 0.4 GeVic?)

~ 34

[y

9
w

vy am - Figure E.1.  Profile histogram of
RMSy 0.01076 al

P o = the dimuon invariant mass versus
B °° o RVER 2 mass for Monte Carlo

- event 235 (see chapters 4 and 5).

P The function InuMass_PID in the
PI tool (line 1096), to get the invari-
ant mass of RTRA pairs, has a lin-
Ll Lo ear response in the range of the J /v

L PRI S L
2.8 29 ] 3l 3.2 &3 3.4 . .
mass for dimuon candidates.

&
[N

Dimuon mass / GeV/c
w
5

N
© w

)
©

N R RN R RR RN

N
[N

RVER 2 mass / GeV/c 2

The last output of the program gives an event summary, including the
choice of dimuon and charged dipion which best fit the masses of the J/1
and Kg respectively, and of a B meson for all the four RTRAs. It is also
required that the vertices for the four RTRAs, the dimuon and the dipion
lie consecutively downstream of the target, i.e. zwire < 2B < 2 I < ZKg-
An RTRA is also presented as a candidate charge tag; it is required to not
be one of the other four RTRAs, have the highest transverse momentum
and above a chosen “cut” value, have hits on the VDS and Main Tracker
and have a distance of closest approach to the primary vertex of less than
a chosen cut value of e.g. 500um. A particle ID hypothesis on the tagging
RTRA is not absolutely necessary — only its charge sign from tracking is
required.?

The linearity of the routine InvMass_PID, used to obtain the invariant
mass of RTRA pairs with PID hypothesis, was investigated. The dimuon in-
variant mass was compared with the secondary reconstructed vertex RVER 2
for different displacements of the detector described in chapter 5 — VDS
layers, whole VDS, whole Main Tracker, whole RICH and whole MUON.
The results are presented in figure E.1.

/************************************************************************/

/* PI.c -- calculate impact parameters, etc. from ASCII output from */
/* ARTE (http://www-hera-b.desy.de/subgroup/software/arte/). */
/* */
/* Author: Joao.Batista@desy.de */

[ okske stk ok sk ok sk ks ok ke sk ks ok sk ke ko sk ks ek s ks ke ke sk ke ke sk ek s ko sk ks ke ks ko sk ke ok sk ok o/
/* Invoke program with: PI.exe myArteOutput.txt [ --verbose ].
* NOTE: The myArteOutput.txt ASCII output assumes the following ARTE tables
* are presented in the following order:
* -> 1lrow evhd
-> 1lrow rtar
-> lrow gtar
list/rver
list/rtra
list/rseg
-> 1lrow rver
lcol rrel 4

* X X X X X *

2To improve the tagging efficiency, transverse momentum cuts may be imposed on the
RTRAs. These cuts depend on the PID hypothesis. See e.g. [108] [11].
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* X X X ¥ *

*

* The arrowed (’->’) entries **MUST** be present and in the indicated order.
* Anything else causes an endless loop! The remaining entries are optional.

*/

lrow
lrow
lrow
lrow
lrow
lrow
lrow

rtra
rseg
rccl
rpnt
rhit
hitb
hitc

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#define PI_VERSION "0.4.0"

#ifndef
#define
#endif
#ifndef
#define
#endif
#ifndef
#define
#endif

///17171111//77//////7/7//// VECTOR/MATRIX INDICES ///////////1//7/7/1111/1/7//1///

CUT_G

CUT_GOODP 0O

CUT_NI

CUT_NOPID O

00DP

OPID

READ_TABLE_RCCL
READ_TABLE_RCCL 0

// vertex indices

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

Vx 1
Vy 2
Vz 0
CVxx
CVxy
CVyx
Cvyy
CVxz
CVzx
CVyz
CVzy
CVzz

0
1
CVxy
2
3
CVxz
4
CVyz
5

// track indices

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

0

=< o N

T
T
T
cZZ 0
CXX 0
CXY 1
CYX C
CYY 2
CXTX
CTXX
CYTX
CTXY
CTXTX
CXTY
CTYX
CYTY

=< >
O N - N -

N

.50

XY

3
CXTX
4
CXTY
5
6
CXTY
7

// error of Z track coordinate, in cm
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80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

108

104

105

106

107

108

109

110

111

112

118

114

115

116

117

118

119

120

121

122

128

124

125

126

128
129
130
131
132
138
134
185
136
137
138
139
140
141

#define CTYY CYTY
#define CTXTY 8
#define CTYTX CTXTY
#define CTYTY 9
#define CXP 10
#define CPX CXP
#define CYP 11
#define CPY CYP
#define CTXP 12
#define CPTX CTXP
#define CTYP 13
#define CPTY CTYP
#define CPP 14

/* Number of elements in vectors/matrices. */
#define Vcoords 3
#define Vcovar 6
#define Rcoords 3
#define Rdirec 3
#define Rcovar 15

/////////////////////////// FUNCTIONS AND STRUCTURES //////////////////////////
double const MAX_PI=2.5e9;
double const m_e=0.0005, m_mu=0.1057, m_pi=0.1396, m_K=0.4937, m_p=0.9383;
double const m_pi0=0.1350, m_K0=0.4977, m_Jpsi=3.097, m_B0=5.279, m_B=5.279;
double max(double x, double y) { if(x<y) return y; else return x; }
double min(double x, double y) { if(x<y) return x; else return y; }
int sign(double x) { if(x<0.0) return -1; else return 1; }
int Sign(double x) { if(x<0.0) return -1; else
if(x>0.0) return 1; else return 0; }

double Prob(double, int);
double ParamImpact(double*, double*, double*, doublex);
double InvMass_PID(double, double, double*, double*, double, double);
double InvMass(double*, double*, double, double);
double Angle(doublex, doublex);
double pT(doublex*, double);
double stddev_p(doublex*, double);
double stddev_pT(double*, double*, double);
double stddev_Theta(double*, double*, double*, doublex);
double stddev_Mass_PID(double, double, double*, doublex,

double*, double*, double, double);
double stddev_Mass(double*, double*, double*, double*, double, double);
double stddev_ParamImp(doublex, double*, doublex, double*, double*, doublex*);
double stddev_PImp2(double*,double*,double*,double*,doublex);
double PImp2(double*,double*,doublex);
double PImp3(doublex, doublex, doublex, double*, double*, double, double);
double stddev_PImp3(double*, double*, double*, double*, doublex,

double*, double, double, double*, doublex);

typedef struct s_RTRA { int rt; char PID[8]; int mtra;

double d[Rcoords]; double n[Rdirec]; double p; double c[Rcovar];

double mass; double lrich; double lecal; double lmuon; double ltrd;

double lre; double lrmu; double lrpi; double 1lrk; double lrp;

double lee; double lemi; double leh; double lmmu; double 1lmh;

double lte; double 1th; double chi2; double prob;

int hsi; int hin; int hou; int hri; int hca; int htr; int hmu; } RTRA ;
typedef struct s_RVER { int rv; int wire; int type; int ndgf; double mass;

double merr; double d[Vcoords]; double c[Vcovar]; int nt; double chi2; } RVER ;
typedef struct s_RCCL { int rc; double d[Vcoords]; double n[Rdirec];

double Eclus; double c[Rcovar]; double wid; double asym;

double dcogl[Vcoords]; double vcog[Vcoords]; double lemp; double lmip;

double lhad; } RCCL;
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typedef struct s_RTAR { int itar; int wire; int Zmat; char Wire[4];

double d[Vcoords]; double s[Vcoords]; } RTAR;
typedef struct s_EVHD { int evt; int run; int exp; int date; int time; } EVHD;
EVHD evhd; RTAR rtar; RVER rveril;

double eval_Mass(RTRA, RTRA);

double eval_eMass(RTRA, RTRA);

double PI_rtar(RTRA, RTAR);

double PI_rtar_2RTRA(RTRA, RTRA, RTAR);

double PI_rtar_3RTRA(RTRA, RTRA, RTRA, RTAR);
double PI_rtar_4RTRA(RTRA, RTRA, RTRA, RTRA, RTAR);
double PImp_BO(RTRA, RTRA, RTRA, RTRA);

double stddev_PImp_BO(RTRA, RTRA, RTRA, RTRA);
double stddev_vtxcoord(char, RTRA, RTRA);
double posZ(char, RTRA, RTRA);

RTRA RTRAfusion(RTRA, RTRA, charx);

double jetCharge(RTRA*,int,RVER);

double stddev_jetCharge (RTRA*,int,RVER) ;

int goldenRTRA[5]; // dimuon and dipion, plus a charge tag

I11777777777777777777777777777777777777777777777777777777777777777777777/717777
111111117711771777777777777/77/777/7/7 MAIN [////////77/7/1777777/177777/7/7/77777/7/7//7/
[11777777777777777777777777777777777777777777777777777777777777777777777117777
int main(int argc, char *argv([]) {

int h, i, j, k, 1, N=0, nt=0, nv=0, nc=0, event;

int kUseBO, quiet, really_quiet, assume_BO;

float ArteVersion; int isGoodRTRAs,carga;

double mass, rho, sep, emass, erho, esep, pt, ep, ept, theta, etheta, ZZZZ;

RTRA *1list; RVER *vtx; RTAR *gtar; RCCL *rccl;

RTRA Jpsi, KS, BO;

FILE *input, *lrver;

int hsi, hin, hou, hri, hca, htr, hmu, Rtarl, nGtar=0;

double lre, lrmu, lrpi, 1lrk, lrp;

double lee, lemi, leh, lmmu, lmh, lte, 1lth;

double lrich, ltrd, lecal, lmuon;

double masslist[4];

double z,x,y,tx,ty,pf,pz,px,py,cxx,cyy,ctx,cty,clp,chi2,prob;

char dst[80], Arte[16], trash[80];
dst[791="\0’; Arte[15]=’\0’; trash[79]=’\0’;

if (arge<2) {
printf ("%s %s: too few arguments\nUsage: %s <ARTE-session-output.txt> "
"[ --noBO-list | --quiet | --really-quiet | --verbose | "
"[--assume-B- ] [’<alternate summary label>’]\n",
argv[0], PI_VERSION, argv[0]);
return -1;

}

kUseBO = -1; assume_BO = -1 ; quiet = 0; really_quiet
if (arge>2) {
if (!strcmp(argv[2],"--assume-B-")) { really_quiet = 1 ; assume_BO = 0; }
else if (!strcmp(argv([2],"--really-quiet")) { really_quiet=1; }
else if (!strcmp(argv[2],"--verbose")) { really_quiet=0; }
else if (!strcmp(argv[2],"--noBO-1list"))
{ printf("No RTRA 4-sets will be print out.\n"); kUseB0=0; }
else if (!strcmp(argv([2],"--quiet"))
{ printf("No GTARs/RTRAs, RCCLs and RTRA 4-sets "
"will be print out\n"); quiet=1; }
} else if(!really_quiet) printf("All processed tables will be print out.\n");

1
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input = fopen(argv[1],"r");

if (!input)

{ printf("%s: could not open file %s\n", argv[0], argv[1]); return -1; }
else if(!really_quiet) printf("ARTE session filename is ¥%s\n", argv[1]);

do {
do { fscanf(input, "%s", Arte); } while(strcmp(Arte,"ARTE"));
fscanf (input, "s",Arte);
if (!strcmp(Arte,"version:")) {
fscanf (input, "%f" ,&ArteVersion) ;
if (!really_quiet) printf("ARTE version: %1.4f\n", ArteVersion);
break;
}
} while(!feof (input));

// read table EVHD
do {
do { fscanf(input, ")s", trash); } while(strcmp(trash,"lrow"));
fscanf (input,"’s",trash); if(!strcmp(trash,"evhd")) break;
} while(!feof (input));
if (!strcmp(trash,"evhd")) {
for(i=0; i<4; i++) fscanf (input,"%s",trash);
if (strcmp(trash,"empty")) { // check if table is not empty
do { fscanf (input,"%s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s",&evhd.evt,trash);
do { fscanf (input,"%s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s",&evhd.run,trash);
do { fscanf(input,"s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s",&evhd.exp,trash);
do { fscanf(input,"s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s",&evhd.date,trash);
do { fscanf(input,"s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s",&evhd.time,trash);
¥
do { fscanf(input,"%s",trash); } while(strcmp(trash,"flag"));
if (!really_quiet)
printf ("RUN %i - EVT %i - EXP %i\n", evhd.run, evhd.evt, evhd.exp);
}

// read table RTAR/GTAR
/* read table GTAR */
if (evhd.exp>=0) { // evhd.exp>=0 means non-MonteCarlo events!!
do {
do { fscanf(input, "s", trash); } while(strcmp(trash,"lrow"));
fscanf (input,"%s",trash) ;
if (!strcmp(trash,"rtar"))
do { fscanf(input, "Ys", trash); } while(strcmp(trash,"lrow"));
fscanf (input,"s",trash); if(!strcmp(trash,"gtar")) break;
} while(!feof (input));
gtar = (RTAR*)malloc(O*sizeof (RTAR));
if (!strcemp(trash,"gtar")) {
for(i=0; i<6; i++) fscanf (input,"%s",trash);
if (strcmp(trash, "empty"))
for(i=0; !strcmp(Arte,"GTAR") || i==0 ; i++) {
gtar = (RTAR*)realloc(gtar, (i+1)*sizeof(RTAR));
gtar[i] .itar = i+1;
do { fscanf(input,"s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s", &gtar[i].Zmat,trash);
do { fscanf (input,"%s",trash); } while(strcmp(trash,"|"));
fscanf (input,"%i %s", &gtar[i].wire,trash);
switch((int) (gtar[i].wire)) {
case 1: sprintf(gtar[i].Wire,"al"); break;
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}

}

case 2: sprintf(gtar[i].Wire,"b1"); break;
case 3: sprintf(gtar[i].Wire,"il"); break;
case 4: sprintf(gtar[i].Wire,"ol1"); break;
case b5: sprintf(gtar[i].Wire,"a2"); break;
case 6: sprintf(gtar[i].Wire,"b2"); break;
case 7: sprintf(gtar[i].Wire,"i2"); break;
case 8: sprintf(gtar[i].Wire,"o2"); break;
default: sprintf(gtar[i].Wire," "); break;

}

if (evhd.exp<0) switch((int) (gtar[i].Zmat)) {
case 6: sprintf(gtar[i].Wire,"C "); break;
case 13: sprintf(gtar[i].Wire,"Al"); break;
case 22: sprintf(gtar[i].Wire,"Ti"); break;
case 46: sprintf(gtar[i].Wire,"Pd"); break;
case 74: sprintf(gtar[i].Wire,"W "); break;
default: sprintf(gtar[i].Wire," "); break;

}

do { fscanf (input,")s",trash);
fscanf (input, "%1f %s",&gtar[i]
do { fscanf(input,"%s",trash);
fscanf (input, "%1f %s",&gtar[il
do { fscanf(input,"%s",trash);
fscanf (input, "%1f %s",&gtar[i]
do { fscanf(input,"%s",trash);
fscanf (input, "%1f %s",&gtar[i]
do { fscanf(input,"%s",trash);
fscanf (input, "%1f %s",&gtar[i]
do { fscanf (input,")s",trash);
fscanf (input, "%1f %s",&gtar[i]
for(j=0; j<17; j++)

do { fscanf(input,"%s",trash);

} while(strcmp(trash,"|"));

.s[Vx],trash);

} while(strcmp(trash,"|"));

.s[Vy],trash);

} while(strcmp(trash,"|"));

.s[Vz],trash);

} while(strcmp(trash,"|"));

.d[Vx],trash);

} while(strcmp(trash,"|"));

.d[Vy],trash);

} while(strcmp(trash,"|"));

.d[Vz],trash);

} while(strcmp(trash,"|"));

for(j=0; j<3; j++) fscanf(input,")s",trash);

if (strcmp(trash, "Dend_out"))

printf ("Error reading TARGET information -

n

" unexpected GTAR table format!\n\n");

fscanf (input, "%s",Arte) ;
nGtar++;

if (!strcmp(Arte,"Table")) fscanf (input,"%s",Arte);

if (!really_quiet)
printf ("Read %i GTAR %s.\n", nGtar, (nGtar!=17"entries":"entry"));

} else {

gtar = (RTAR*)malloc(sizeof (RTAR)); nGtar=1;

sprintf (gtar[0] .Wire,"i2");

rtar
rtar
rtar
rtar
rtar
rtar
rtar
rtar

.Zmat =
.wire
.d[vz] =
.d[vx] =
.d[vyl =
.s[vz] =
.s[vx] =
.slvyl =

gtar[0] .Zmat = 6;

= gtar[0] .wire = 7;

gtar[0].d[Vz] = -4.6061 ;
gtar[0].d[Vx] = 0.366 ;
gtar[0].d[Vy]l = -0.057 ;
gtar[0].s[Vz] = 0.05 ;
gtar[0].s[Vx] = 0.01 ;
gtar[0].s[Vy]l = 4.2 ;

if (!really_quiet)

}

printf ("NOTE: Using hard-coded target configuration (actual GTAR "
"readout is ignored!)\nWIRE %i (%s): \tz = %2.4f +/- 2.4f\t"

gtar[0] .itar=7;

"x = %2.4f +/- %2.4f\ty = %2.4f +/- %2.4f\n\n",
rtar.wire, rtar.Wire, rtar.d[Vz],rtar.s[Vz],
rtar.d[Vx],rtar.s[Vx], rtar.d[Vyl,rtar.s[Vyl);

// read table RVER
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328 do {

329 do { fscanf(input, "%s", Arte); } while(strcmp(Arte,"lrow"));

330 fscanf (input,"%s",Arte); if(!strcmp(Arte,"rver")) break;

331 } while(!feof (input));

332 vtx = (RVER*)malloc(O*sizeof (RVER));

3388 if (!strcmp(Arte,"rver")) { // found RVER table list?

334 for(i=0; i<6; i++) fscanf (input,")s",Arte);

385 if (strcmp(Arte, "empty")) // check if table is not empty

336 for(nv=0 ; !strcmp(Arte,"Table") || nv==0 ; ) {

337 vtx = (RVER*)realloc(vtx, (nv+1)*sizeof(RVER));

338 vtx[nv].rv = nv+1l;

339 vtx[nv].d[Vx]l=vtx[nv].d[Vyl=vtx[nv].d[Vz]=0;

340 vtx[nv] .wire=vtx[nv].type=vtx[nv] .ndgf=vtx [nv] .nt=0;

341 vtx[nv] .mass=vtx[nv] .merr=vtx[nv].chi2=0;

342 for(i=0; i<Vcovar; i++) vtx[nv].c[i]=0;

343 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

344 fscanf (input, "%1f",&(vtx[nv] .d[Vx]));

345 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

346 fscanf (input, "%1f",&(vtx[nv] .d[Vy]l));

347 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

348 fscanf (input, "%1f",&(vtx[nv] .d[Vz]));

349 for(i=0; i<Vcovar; i++) { // covariance matrix

350 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"["));
351 fscanf (input, "%1f",&(vtx[nv] .c[i]));

852 }

353 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

354 fscanf (input, "% 1f",&(vtx[nv] .mass));

355 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

356 fscanf (input, "%1f",&(vtx [nv] .merr));

357 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

358 fscanf (input,"%i",&(vtx[nv] .nt));

359 for(i=0; i<2; i++) do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
360 fscanf (input,"%i",&(vtx[nv] .wire));

361 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

362 fscanf (input, "%1f",&(vtx[nv] .chi2));

363 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

364 fscanf (input,"%i",&(vtx[nv] . type));

365 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

366 fscanf (input,"%i",&(vtx[nv] .ndgf));

367 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"Dend_out"));
368 if (vtx[nv] .nt<21) for(i=0; i<12+vtx[nv].nt; i++) fscanf (input,"%s",Arte);
369 else do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"..."));
370 if (ArteVersion>4.0104) for(i=0; i<12; i++) fscanf(input,"%s",Arte);
371 fscanf (input,"%s",Arte);

372 nv++;

373 } else

374 if (!really_quiet) { printf("ARTE table RVER is empty.\n"); nv=0; }
375 }

376 if ('really_quiet) printf("Read %i RVER %s.\n", nv, (nv==17"entry":"entries"));
377 rverl = vtx[0];

378

379 // identify the wire from the primary RVER with the GTAR array

380 Rtar1=0; rtar.wire = -1;

381 for(i=0; i<nGtar; i++) if(gtar[i].wire == vtx[0].wire) Rtarl=i;

382 sprintf (rtar.Wire,"%s",gtar[Rtarl] .Wire);

383 rtar.itar = gtar[Rtarl].itar; rtar.Zmat = gtar[Rtarl].Zmat;

384 rtar.wire = gtar[Rtarl].wire;

385 rtar.d[Vz] = gtar[Rtari].d[Vz]; rtar.d[Vx] = gtar[Rtari].d[Vx];

386 rtar.d[Vy] = gtar[Rtari].d[Vy]; rtar.s[Vz] = gtar[Rtaril].s[Vz];

387 rtar.s[Vx] = gtar[Rtaril].s[Vx]; rtar.s[Vy] = gtar[Rtari].s[Vyl;

388 if ('really_quiet) {

389 if (rtar.wire !'= -1)
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}

printf ("WIRE %i (%s):\tz = %2.31f +/- %2.31f"
"\tx = %2.31f +/- %2.31f\ty = %2.31f +/- %2.31f\n",
rtar.wire, rtar.Wire, rtar.d[Vz],rtar.s[Vz],
rtar.d[Vx],rtar.s[Vx], rtar.d[Vy],rtar.s[Vyl);
else printf("Error - could not relate RVER 1 with an GTAR entry!\n");
printf ("RVER %i:\t\tz = %2.31f +/- %2.31lf\tx = %2.31f +/- %2.31f\t"
"y = %2.31f +/- %2.31f\n\n", vtx[0].rv, vtx[0].d[Vz],
sqrt (vtx[0].c[CVzz]), vtx[0].d[Vx],sqrt(vtx[0].c[CVxx]),
vtx[0].d[Vy],sqrt(vtx[0].c[CVyyl));

// read table RTRA
do {

do { fscanf(input, "%s", Arte); } while(strcmp(Arte,"lrow"));
fscanf (input,"%s",Arte); if(!strcmp(Arte,"rtra")) break;

} while(!feof (input));
list = (RTRA*)malloc(O*sizeof (RTRA));
if (!strcmp(Arte,"rtra")) { // found RTRA table list?

for(i=0; i<6; i++) fscanf (input,"%s",Arte); k=0;

if (strcmp(Arte, "empty"))

for(N=0 ; !strcmp(Arte,"Table") || N==0 ; ) {
list = (RTRA*)realloc(list, (N+1)*sizeof(RTRA));
list[N].rt = N+1;
do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input,"%1f",&(1ist [N1.d4[Z]));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input,"%1f",&(1ist [N].d[X]));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input,"%1f",&(1ist [N].d[Y]));
list[N].n[TZ]=1.0;
do { fscanf (input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(1ist [N].n[TX1));
do { fscanf (input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(1ist [N].n[TY]));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input,"}1f" ,&pf); 1list[N].p=(pf?1.0/p£f:0.0);
for(i=0; i<Rcovar; i++) { // covariance matrix

do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1£",&(1ist [N].c[i]));

}
list[N].mass=0.0;
hsi = hin = hou = hri = hca = htr = hmu = 0;
lre=lrmu=lrpi=lrk=1rp = lte=1lth = lee=lemi=leh = lmmu=lmh = 0.0;
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input,"%i",&hsi) ;
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input,"%i",&hin) ;
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%i",&hou) ;
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input, "%i",&hri) ;
do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%i",&hca) ;
do { fscanf (input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%i",&htr) ;
do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%i",&hmu) ;
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
do { fscanf (input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&chi2);
do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "/1f",&lre) ;



238

Appendiz E. C source

code

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&lrmu) ;

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&1lrpi);

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "% 1f",&1rk) ;

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "% 1f",&1lrp) ;

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&1lte);

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&1th);

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "% 1f",&lee) ;

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input,"%1f",&lemi) ;

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&leh);

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&1lmmu) ;

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1£f",&1lmh) ;

list[N].hsi = hsi; 1list[N].hin = hin; 1list[N].hou = hou;
1list[N].hri hri; list[N].hca = hca; 1list[N].htr = htr;
list[N].hmu = hmu; list[N].lre = lre; list[N].lrmu = lrmu;
list[N].1lrpi = lrpi; list[N].lrk = 1rk; list[N].lrp = lrp;
list[N].lee = lee; list[N].lemi = lemi; list[N].leh = leh;
1ist[N].1lmmu = 1lmmu; list[N].1lmh = 1mh;

list[N].1lte = 1lte ; 1list[N].1lth = 1lth;

lrich = max(lre,lrmu); lrich = max(lrpi,lrich);
lrich = max(lrk,lrich); lrich = max(lrp,lrich);
lecal = max(lee,lemi); lecal = max(leh,lecal);
1trd = max(lte,lth); lmuon = max(lmmu,lmh);
1list[N].lrich=1rich; list[N].lecal=lecal;
1ist[N].lmuon=1lmuon; list[N].ltrd=1ltrd;

list[N].chi2=chi2; list[N].prob = -1.0;

if (hmu>0 && (hsi>0 || hin>0 || hou>0)) 1list[N].mass = m_mu;
else if (hri>0) {

if (lrpi>lrk && lrpi>lrp) list[N].mass = m_pi;

else if (1rk>1lrpi && 1lrk >1lrp) list[N].mass = m_K;

else if (1rp>lrpi && lrp >1rk) list[N].mass = m_p;

else if (lre>lrpi && lre>lrk && lre>lrp) list[N].mass = m_e;
}
else if(hca>0) { if(lee>leh && lee>lemi) 1list[N].mass = m_e; }
else list[N].mass = 0.0; // don’t know

sprintf (1ist [N].PID,""); // no PID
if (hmu>0 && (hsi>0 || hin>0 || hou>0))
sprintf (list [N].PID, "mujc", (1ist [N].p<0?’-’:’+’)); // muons

else if (hri>0) {
if (1rpi>lrk && lrpi>lrp)
sprintf (1ist [N].PID,"pil%c", (1ist[N].p<0?’-’:’+’)); // pions
else if (1rk>lrpi && 1lrk >1rp)
sprintf (1ist [N].PID,"K¥%c", (1ist [N].p<0?’-’:°+’)); // kaons
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514 else if (lrp>lrpi && lrp >1rk)

515 sprintf (1ist [N].PID,"pl%c", (1ist [N].p<0?’-’>:’+’)); // protons
516 else if(lre>lrpi && lre>lrk && lre>lrp)

517 if (hca>0 && lee>leh && lee>lemi)

518 sprintf(list[N].PID,"el)c", (1ist[N].p<0?’-’:’+?)); // electrons
519 }

520 // 1f we still have no PID from RICH, try PID likelyhoods from ECAL
521 if (!strlen(1list[N].PID))

522 if (hca>0 && lee>leh && lee>lemi)

528 sprintf (list[N].PID,"eYc", (1ist[N].p<0?’-’:’+)); // electons
524 else sprintf(list[N].PID,""); // something

525 do { fscanf (input,"%s",Arte); } while(strncmp(Arte,"MTRA",4));
526 1list[N] .mtra=0;

527 if ((char)Arte[4]==":") {

528 fscanf (input,"%i",&k); fscanf(input,"%i",&j);

529 if (j>8192) 1list[N].mtra=k;

580 }

531 do { fscanf (input,"%s",Arte); } while(strncmp(Arte,"RCCL",4));
532 if (!strncmp(Arte,"RCCL:",5))

533 do { fscanf(input,"/c",Arte); } while(Arte[0]!=’\n’);

534 if (ArteVersion>4.0104)

535 do { fscanf(input,"%s",Arte); } while(strncmp(Arte,"RTRD",4));
536 fscanf (input, "%s",Arte) ;

537 N++; k=j;

538 } else if(!really_quiet) { printf("Table RTRA is empty.\n"); N=0; }
589 }

540 if ('really_quiet) printf("Read %i RTRA %s.\n", N, (N==17"entry":"entries"));
541 for(i=0; i<5; i++) goldenRTRA[i] = -1; // will be found later
542

543 #if READ_TABLE_RCCL

544 // read table RCCL (ECAL clusters)

545 do {

546 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"lrow"));

547 fscanf (input,"%s",Arte); if (!strcmp(Arte,"rccl")) break;

548 } while(!feof (input));

549 rccl = (RCCL*)malloc(0O*sizeof (RCCL));

550 if (!strcmp(Arte,"rccl")) { // found RCCL table list?

551 for(i=0; i<6; i++) fscanf (input,"%s",Arte);

552 if (strcmp(Arte,"empty")) // check if table is not empty

553 for(nc=0 ; !strcmp(Arte,"Table") || nc==0 ; ) {

554 rccl = (RCCL*)realloc(rccl, (nc+1)*sizeof (RCCL));

555 rccllnc] .rc = nc+l;

556 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

557 fscanf (input,"%1f",&(rccllncl .d[Vz]));

558 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

559 fscanf (input,"%1f",&(rccllncl .d[Vx]1));

560 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

561 fscanf (input,"%1f",&(rccllncl .d[Vyl));

562 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

563 fscanf (input,"%1f",&(rcclncl .nlTX1));

564 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

565 fscanf (input, "}1f",&(rcclnc] .n[TY]));

566 do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));

567 fscanf (input, "}1f",&(rccl[nc] .Eclus));

568 for(i=0; i<Rcovar; i++) { // covariance matrix

569 do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));

570 fscanf (input, "%1f",&(rcclncl.c[il));

571 }

572 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

573 fscanf (input, "/1f",&(rcclnc]l .wid));

574 do { fscanf(input,"’s",Arte); } while(strcmp(Arte,"|"));

575 fscanf (input,"%1f",&(rcclncl .asym));
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do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(rccl[nc].lemp));

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(rcclnc].1mip));

do { fscanf (input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input,"%1£f",&(rcclnc].lhad));

rccl[nc] .dcoglVzl=rccllnc].d[Vz];

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(rccl[nc] .dcoglVx]));

do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"|"));
fscanf (input, "%1f",&(rcclncl .dcoglVyl));

for(i=0; i<3; i++) { // covariance matrix for the c.o.g.
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
fscanf (input, "%1£f",&(rcclnc] .vcogl[il)); // X~2, XY e Y°2

}

for(i=0; i<4; i++)
do { fscanf(input,"%s",Arte); } while(strcmp(Arte,"["));
do { fscanf (input,"%s",Arte); } while(strncmp(Arte,"RSEG",4));
if (!strncmp(Arte,"RSEG:",5))
do { fscanf (input,"%c",Arte); } while(Arte[0]!=’\n’);
fscanf (input,"%s",Arte);
nc++;
}
} else { if(!really_quiet) printf("Table RCCL is empty.\n"); nc=0; }
if ('really_quiet) printf("Read %i RCCL %s.\n", nc, (nc==17"entry":"entries"));
#endif

111711771117777777777777777 OUTPUT ///////1/71117711777117711177711//

if ('really_quiet) {
printf ("\n\nRTRAs & RVERs:\t\t\t\t\tWire=/s",rtar.Wire);
for(i=0; i<nv; i++) printf("\tRVER %i\t", vtx[i].rv);
printf ("\nRTRA\tPID\tp/GeV\te_p/GeV\tpT/GeV\tepT/GeV\tb/um") ;
for(i=0; i<nv; i++) printf("\tb/um\te_b/um");

}

for(i=0; i<N; i++) if(list[i].hsi>0 && (1list[i].hin>0 || 1list[i].hou>0))
list[i].rt = -list[i].rt;

if ('really_quiet) for(i=0; i<N; i++) {
ep = stddev_p(list[i].c, list[i].p);
pt pT(list[i].n,list[i]l.p);
ept = stddev_pT(list[i].n, list[il.c, list[i].p);
sep = PI_rtar(list[i],rtar);

#if CUT_GOODP

if (1ist[i].rt>0) continue;

#endif
#if CUT_NOPID
if (list[i] .mass<=0.0) continue;

#endif
printf("\n%i\t%s\t%3.31f\t%3.31f\t%3.31f\t%3.31f\t%4.1lf\t",
-list[i]l.rt, 1list[i].PID, list[il.p,ep, pt,ept, sep);
for(j=0; j<nv; j++) {
rho = PImp2(list[i].n, list[il.d, vtx[j]l.d);
erho = stddev_PImp2(list[i].n, list[i].d, vtx[jl.d, list[il.c, vtx[jl.c);
if (rho < MAX_PI) printf("%4.11f\t%4.11f\t", rho, erho);
else printf(" \t \t");
}
}

#if READ_TABLE_RCCL
if ('really_quiet) {
printf("\n\nList of RCCLs:\nRCCL\tx\ty\twidth\tEclus\tdEclus\tE_T\tdE_T\n");
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638 for(i=0; i<nc; i++) {

639 pf = rccllil.Eclus; ep = sqrt(rccl[i].c[CPP]);

640 pt = rccll[i].d[Vx]*rccl[i].d[Vx]+rccl[i].d[Vyl*rccl[i].d[Vy];

641 pt = pf*sqrt(pt)/rccll[i].d[Vz]; ept = -999.99;

642 printf ("%i\t%3.0£\t%3.0£\t%i\t%3.2f\t%3.2£\t%3.2f\t%3.2f\n",

643 rccllil.rc, rcellil.d[Vx], rccl[i].d[Vy],

644 (int) (rccl[il .wid), pf, ep, pt, ept);

645 }

646 for(i=0,pf=0.0; i<nc; i++) pf+=rccl[i].Eclus;

647 printf(" Total energy:\t%3.2fGeV\n", pf);

648 printf( "\n\nPairs of RCCLs:\nRCCL1\tRCCL2\tsep\tE_T\tm\tm_T\n");

649 for(i=0; i<nc; i++) for(j=i+l; j<nc; j++) {

650 sep =(rccl[i].d[Vx]-rccll[j].d[Vx])*(rccllil.d[Vx]l-rccll[j]l.d[Vx]);
651 sep+=(rccl[i].d[Vyl-rccll[j]1.d[Vyl)*(rccll[il.d[Vyl-rccl[j]1.d[Vyl);
652 sep =sqrt(sep);

653 mass = 1.0-cos(atan(2.0*sep/(rccl[i].d[Vz]l+rccl[j].d[Vz])));

654 mass = sqrt(2.0*rccl[i] .Eclus*rccl[j].Eclus*mass) ;

655 // pt = weighted transverse energy of pair

656 // emass = weighted transverse mass of RCCL pair

657 emass = (rccl[i].d[Vx]*rccl[i].Eclus+rccl[j].d[Vx]*rccl[i].Eclus)=*
658 (rccll[i].d[Vx]#*rccl[i] .Eclus+rccl[j].d[Vx]*rccl[i] .Eclus);
659 emass+= (rccl[i].d[Vyl*rccl[i].Eclus+rccl[j].d[Vyl*rccl[i].Eclus)=*
660 (rccll[i].d[Vyl#*rccl[i] .Eclus+rccl[j].d[Vyl*rccl[i] .Eclus);
661 emass = mass*sqrt(emass)/(rccl[i].Eclus+rccl[i].Eclus);

662 pt = rccll[i].Eclus*sqrt(rccl[i].d[Vx]*rccl[il.d[Vx]+

663 rccll[i].d[Vyl*rccl[i].d[Vy]l)/rcclli].d[Vz];
664 pt += rccll[j].Eclus*sqrt(rccl[j]l.d[Vx]l*rccl[j]l.d[Vx]+

665 rccl[jl.d[Vyl*rccll[jl.d[Vyl)/rccllj]l.dlVz];
666 printf ("%i\t%i\t%3.2f\t%3.2f\t%2.3£\t%2.3f\n",

667 rccl[il.rc, rccl[jl.rc, sep, pt, mass, emass);

668 }

669 }

670 #endif

671

672 for(i=0; i<N; i++)

673 if(1ist[i].hsi>0 && (list[i].hin>0 || list[i].hou>0)) list[il.rt = -list[i].rt;
674 if ('really_quiet) {

675 printf ("\n\n\nPairs of RTRAs:\t\t\t\t\t\t\tWire=Vs\tSep./um\t",rtar.Wire);
676 for(i=0; i<nv; i++) printf("\tRVER %i\t", vtx[i]l.rv);

677 printf ("\nRTRA1\tRTRA2\tz/cm\tx/cm\ty/cm\tdz/cm\t"

678 "m/GeV\te_m/GeV\tb/um\tb/um\te_b/um") ;

679 for(i=0; i<nv; i++) printf("\tb/um\te_b/um"); printf("\n");

680 }

681 for(i=0; i<N; i++)

682 if(1ist[i].hsi>0 && (list[i].hin>0 || list[i].hou>0)) list[il.rt = -list[i].rt;
683 if ('really_quiet) for(i=0; i<N; i++) for(j=i; j<N; j++) if(i!=j && i<j) {
684 z = posZ(’Z’, list[i], list[jl);

685 x = posZ(’X’, list[il, list[jl);

686 y = posZ(’Y’, list[i], list[jl);

687 pf = stddev_vtxcoord(’Z’, list[il, list[jl);

688

689 if (list[i] .mass>0.0 && list[j].mass>0.0) {

690 mass = InvMass_PID(list[i].mass, list[j].mass, list[i].n,

691 list[j].n, list[il.p, list[jl.p);

692 emass = stddev_Mass_PID(list[i].mass, list[j].mass, list[i]l.n, list[j].n,
693 list[i].c, 1list[jl.c, list[i].p, list[jl.p);
694 } else {

695 mass = InvMass(list[i].n, list[j]l.n, list[i]l.p, list[jl.p);

696 emass = stddev_Mass(list[i].n, list[j].n, list[i].c,

697 list[jl.c, list[i]l.p, list[jl.p);

698 }

699 // Impact param. of di-RTRA to the target wire
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728
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736
787
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739
740
741
742
743

745

sep = PI_rtar_2RTRA(list[i],list[j],rtar);

// Distance of closest approach for the two RTRAs, and respective error
rho = ParamImpact(list[i].n,list[j].n,list[i].d,1list[j].d);

erho = stddev_ParamImp(list[i].n, list[j].n, list[i].c,

list[jl.c, list[il.d, list[jl.d);
#if CUT_GOODP
if (ist[i].rt>0 || list[j].rt>0) continue;
#endif
#if CUT_NOPID
if (list[i] .mass<=0 || list[j].mass<=0) continue;
#endif
printf ("%i %s\thi %s\th4.21£\t%2.21£\t%2.21£\t%4.21£\t%2.41£\t%2.41f\t"
"%4.21F\t%4.21f\t%4.21f\t", -list[i].rt, 1list[i].PID,
-list[j].rt, 1list[j].PID, z,x,y,pf, mass,emass, sep, rho,erho );
if(rho < 1.0e3) {
for(k=0; k<nv; k++) { /* show for all events */
rho = PImp3(list[i].n, list[i].d, list[j]l.n, 1list[j].d,
vtx[k].d, list[i]l.p, list[jl.p);
erho = stddev_PImp3(list[i].n, list[i].d, list[j]l.n, list[j].d,
list[i].c, list[jl.c, list[il.p, list[j].p,
vtx[k].d, vtx[k].c);
if (fabs(mass - m_Jpsi)/emass < 3.3) printf("%4.21f\t%4.21£f\t", rho, erho);
else if (fabs(mass - m_KO)/emass < 5.0) printf("%4.21f\t%4.21f\t", rho, erho);
else printf(" \t \t");
}
rho ParamImpact(list[i].n,list[j].n,list[i].d,list[j].d);
erho = stddev_ParamImp(list([i].n, list[j].n, list[i].c,
list[jl.c, list[il.d, list[jl.d);
if (fabs(mass - m_Jpsi)/emass < 3.3) {
if (emass/mass<1.0e-2 && rho < 2.0e2 && fabs(sep) < MAX_PI
&& list[i] .hsi>0 && list[j].hsi>0) {
mass = InvMass(list[i]l.n, list[jl.n, list[il.p, list[jl.p);
emass = stddev_Mass(list[i].n, list[j].n, list[i].c,
list[jl.c, list[il.p, list[jl.p);
printf ("\tJ/psi!!\t(%2.41f +/- %2.41f)", mass,emass);

}
else printf("\tJ/psi?");
} else
if (fabs(mass - m_K0)/emass < 5.0) {
if (emass/mass<1.0e-2 &% rho < 2.0e2 && fabs(sep) < MAX_PI
&& list[i] .hsi>0 && list[jl.hsi>0) {
mass = InvMass(list[i].n, list[j].n, list[i].p, list[j]l.p);
emass = stddev_Mass(list[i].n, list[j].n, list[i].c,
list[jl.c, list[il.p, list[jl.p);
printf ("\tK_SO0!!\t(%2.41f +/- %2.41f)", mass,emass);
}
else printf ("\tK_S07");
}
} if(!'really_quiet) printf("\n");
}
for(i=0; i<N; i++)
if(1ist[i] .hsi>0 && (list[i].hin>0 || 1list[i].hou>0)) 1list[i].rt = -list[i].rt;

mass=0.0; emass=0.0;
if ('really_quiet) {
printf ("\n\nThe following RTRAs have good momentum:\t");
for(i=0; i<N; i++) for(j=i; j<N; j++)
if ( (1ist[i].hsi>0 && (1list[i].hin>0 || list[il.hou>0)) &%
(list[j].hsi>0 && (list[j].hin>0 || list[j].hou>0)) ) {
if (i==j) { printf(" %i", i+1); continue; }
mass += pow(eval_Mass(list[i],list[j]),2.0);
emass += pow(eval_eMass(list[i],1list[j]),2.0);
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}
mass = sqrt(mass); emass=sqrt(emass);
printf("\n Their invariant mass is: %3.31f +/- %3.31lf GeV/c"2\n",
mass, emass);
mass=0.0; emass=0.0;
printf( "\nThe following RTRAs also have a PID tag and touch RVER 1 "
"downstream by less than %ium:\t", 500);
for(i=0; i<N; i++) for(j=i; j<N; j++)
if ( (1ist[i].hsi>0 && (1list[il.hin>0 || list[i].hou>0)) &&
(list[j].hsi>0 && (list[j].hin>0 || list[j].hou>0)) &&
list[i] .mass>0.0 && list[j].mass>0.0) {
2777 = posZ(’Z’, list[il, list[j1);
if(ZZZZ < vtx[0].d[Z]) continue;
if (PImp2(list[i].n, list[il.d, vtx[0].d)>500.0) continue;
if (PImp2(1list[j].n, 1list[j]l.d, vtx[0].d)>500.0) continue;
if (i==j)
{ printf(" %i(%ium)", i+1,
(int) (PImp2(1list[il.n, list[il.d, vtx[0].d)));
continue; }
mass += pow(eval_Mass(list[i],list[j]),2.0);
emass += pow(eval_eMass(list[i],list[j]),2.0);
}
mass = sqrt(mass); emass=sqrt(emass);
printf("\n Their invariant mass is: %3.31f +/- %3.31f GeV/c"2\n",
mass, emass);
}

if (kUseB0!=0) {
if (lreally_qui

et) {

printf( "\n\nInvariant mass of 4-sets of RTRAs\n"
"(negative RTRA id signs represent ‘bad’ RTRA)\n");
printf ("RTRA\tRTRA\tRTRA\tRTRA\tMass\teMass\tWire=/s\tJpsi-KS\t"
"(um) \tCandidate\n",rtar.Wire) ;

}
for(i=0; i<N;
if (List[i]

for(i=0; i<N; i++) for(j=i+l; j<N; j++)

i++)
.hsi>0 && (list[i].hin>0

for(k=j+1; k<N; k++) for(l=k+1l; 1<N; 1++)

isGoodRTRA
if (1ist[i]
if (1ist[j]
if (list [k]
if (1ist[1]
if (list[i]
if (List[j]
if (list [k]
if (1ist[1]
if (isGoodR’

//t

s=0;

.hsi>0 && (list[i].hin>0
.hsi>0 && (list[j].hin>0
.hsi>0 && (1list[k].hin>0
.hsi>0 && (list[1].hin>0

list[i]

{

list[i]

1ist[3].
.hou>0)) isGoodRTRAs++;
.hou>0)) isGoodRTRAs++;

list[k]
list[1]

.hsi || list[i].hin || 1list[i].hou)

.hsi || 1list[j]l.hin

list[j].houw)

Il
.hsi || list[k].hin || 1list[k].hou)
Il

.hsi || 1list[1].hin
TRAs>2) {
otal charge

list[1].hou)

.hou>0)) 1list[i].rt = -list[i].rt;

.hou>0)) isGoodRTRAs++;

hou>0)) isGoodRTRAs++;

carga = list[il.p/fabs(list[i].p)+list[j]l.p/fabs(list[jl.p);

carga +=

// invariant mass of the four RTRAs

mass
mass
mass
mass
mass
mass
mass
emas
emas

= 0.0; emass = 0.0;

+ o+ 4+ o+
T T

= pow(eval_Mass(list[il,list[jl),
pow(eval_Mass(list[i],list[k]),
pow(eval_Mass(list[i],1list[1]),
pow(eval_Mass(list[j],list[k]),
pow(eval_Mass(list[j],list[1]),
+= pow(eval_Mass(list[k],1list[1]),

list[k].p/fabs(list[k].p)+1list[1].p/fabs(1list[1].p);

.0);
.0);
.0);
.0);
.0);
.0);

NNNNDNN

s += pow(eval_eMass(list[i],list[j]),2.0);
s += pow(eval_eMass(list[i],list[k]),2.0);
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824 emass += pow(eval_eMass(list[i],list[1]),2.0);
825 emass += pow(eval_eMass(list[j],1list[k]),2.0);
826 emass += pow(eval_eMass(list[j],list[1]),2.0);
827 emass += pow(eval_eMass(list[k],list[1]),2.0);
828 mass = sqrt(mass); emass = sqrt(emass);

829 if (emass>mass) continue;

830 #if CUT_GOODP

831 if (1ist[i].rt>0 list[j].rt>0 ||

Il
832 list[k].rt>0 ||
833 #endif

834 #if CUT_NOPID

list[1].rt>0) continue;

835 if (list[i] .mass<=0.0 || list[j].mass<=0.0 ||

836 list[k] .mass<=0.0 || list[1].mass<=0.0) continue;

837  #endif

838 if ('really_quiet) {

839 printf ("%i %s\thi %s\thi %s\t%4i %s\t",

840 -list[il.rt, 1ist[i].PID, -list[jl.rt, list[j]1.PID,
841 -list[k].rt, list[k].PID, -list[1].rt, 1list[1].PID);
842 rho = PI_rtar_4RTRA(list[i],list[j],list[k],list[1],rtar);
848 }

844

845 /* sep = Separation between Jpsi and KS */

846 /* NOTE: PImp_BO internally checks whether the four RTRAs
847 * are good Golden Decay candidates. Do not remove this
848 * call -- it’s necessary at the Summary section!!

849 */

850 sep = PImp_BO(list[i],list[j],list[k],1list[1]);

851 esep = stddev_PImp_BO(list[il,list[jl,list[k],list[1]);
852

853 if (lreally_quiet) {

854 if (sep>0.0)

855 printf ("%h2.41F\t%2.41F\t%4.21£\t%4.21£\t%4.21f",
856 mass, emass, rho, sep, esep);

857 else

858 printf ("%2.41£\t%2.41f\t%4.21f\t\t", mass, emass, rho);
859 }

860 if (!really_quiet)

861 if (fabs(mass-m_BO) /emass<5.0 && fabs(mass-m_B0)<0.3 &&
862 carga<2 && carga>-2) {

863 if (isGoodRTRAs==4 && carga==0 &&

864 list[i] .mass>0 && list[j].mass>0 &&

865 list[k] .mass>0 && list[1].mass>0) printf("\tB!!");
866 else printf ("\tB?");

867 // Find 4-RTRA mass for massless tracks

868 masslist[0] = list[i].mass; list[i].mass = 0.0;

869 masslist[1] = list[j].mass; list[j].mass = 0.0;

870 masslist[2] = list[k].mass; list([k].mass = 0.0;

871 masslist[3] = list[1].mass; list[1].mass = 0.0;

872 mass = emass = 0.0;

873 mass += pow(eval_Mass(list[i],list[j]),2.0);

874 mass += pow(eval_Mass(list[i],list[k]),2.0);

875 mass += pow(eval_Mass(list[i],1ist[1]),2.0);

876 mass += pow(eval_Mass(list[j],list[k]),2.0);

877 mass += pow(eval_Mass(list[j],1ist[1]),2.0);

878 mass += pow(eval_Mass(list[k],list[1]),2.0);

879 emass += pow(eval_eMass(list[i],list[j]),2.0);

880 emass += pow(eval_eMass(list[i],list[k]),2.0);

881 emass += pow(eval_eMass(list[i],1list[1]),2.0);

882 emass += pow(eval_eMass(list[j],list[k]),2.0);

883 emass += pow(eval_eMass(list[j],1list[1]),2.0);

884 emass += pow(eval_eMass(list[k],1list[1]),2.0);

885 mass = sqrt(mass); emass = sqrt(emass);
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printf ("\t(%2.41f +/- %2.41f)", mass, emass);
list[i] .mass = masslist[0]; list[j].mass = masslist[1];
list[k] .mass = masslist[2]; list[1].mass = masslist[3];
}
if ('really_quiet) printf("\n");
}
}
for(i=0; i<N; i++)
if(1ist[i].hsi>0 && (1ist[i].hin>0 || list[i].hou>0)) list[i].rt = -list[i].rt;
}

/* --- Print summary table for this event —--- */

if ('really_quiet) printf("\n\n");

if (arge>3) { for(i=3;i<argc;i++) printf("Ys ", argv[il); printf("\n"); }

else printf("SUMMARY: Exp %i / Run %i / Event J%i \n",

evhd.exp,evhd.run,evhd.evt) ;

printf ("RVERs: %i RTRAs: %i RCCLs: %i\n", nv,N,nc);

printf ("Target wire %i (’%s’,Z=%02i):\n (z,x,y) ="
"( %2.3f +/- %2.3f , %2.3f +/- 42.3f , %2.3f +/- %2.3f )\n",
rtar.itar, rtar.Wire, rtar.Zmat, rtar.d[Vz],rtar.s[Vz],
rtar.d[Vx],rtar.s[Vx],rtar.d[Vy] ,rtar.s[Vyl);

printf ("\nRVER\tz\tx\ty\tchi2\tn_tr\tmass\t+/-\n");
for(i=0; i<3 && i<nv; i++)
printf ("%i\t%2.3£\t%2.3£\t%2.3£\t%2.3£\t%i\t%2.31£\t%2.31f\n",
vtx[i].rv, vtx[i].d[Vz], vtx[i].d[Vx], vtx[i].d[Vy],
(vtx[i] .chi2<1le4?vtx[i] .chi2:-1), vtx[i].nt,
vtx[i] .mass, (vtx[i].merr<led?vtx[i].merr:-1));
for(j=i; j<3; j++) printf("0\n");

// sep = separation in micrometers ; pt = transverse momentum in GeV
sep=500.0; pt=0.30; // lower cut on B flavor tag RTRA’s transverse momentum
for(i=0;i<N;i++) { // choose goldenRTRA[4] as the B flavor tag
// skip RTRAs from golden decay
if (i==goldenRTRA[0] || i==goldenRTRA[1] ||
i==goldenRTRA[2] || i==goldenRTRA[3] ) continue;
if (1ist[i] .hsi<5) continue; // must have VDS hits
if(1ist[i] .hin<5 && list[i] .hou<5) continue; // must have Main Tracker hits
ept=list[i] .n[TX]*1ist[i].n[TX]+1list[i].n[TY]*1list[i].n[TY];
ept=fabs(list[i].p)*sqrt(ept); esep = PImp2(list[il.n,list[i].d,vtx[0].d);
/* next, select the RTRA with highest pT as the charge tag */
/* also cuts on RTRAs with impact parameters greater than "sep" micrometers */
if (ept>pt && esep<sep) { goldenRTRA[4]=i; pt=ept; sep=esep;}
}
// The surviving tagging RTRA should: have pT>0.3GeV/c, lie closer than
// 1000um to the primary RTRA, have VDS+MainTracker hits, and be neither
// of the RTRAs from the golden decay

printf ("\nPID\tRTRA\tp\t+/-\tpT\t+/-\tz\tx\ty\ttx\t+/-\tty\t+/-\t"
"hsi\thin\thou\thri\thca\thmu\tchi~2\tWire7\t" );
for(j=0; j<nv && j<3; j++) printf("RVER%i\t\t", vtx[jl.rv); printf("\n");
for(j=0; j<5; j++) { i = goldenRTRA[j];
if (i<0) printf("--\n"); else {
ep = stddev_p(list[il.c, list[il.p);
pt pT(1list[i].n,list[i].p);
ept = stddev_pT(list[i].n, list[il.c, list[i].p);
sep = PI_rtar(list[i],rtar);
if (nv>0) {
rho = PImp2(list[i].n, list[i].d, vtx[0].d);
erho= stddev_PImp2(list[i].n, list[i].d, vtx[0].d, list[i].c, vtx[0].c);
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if (av>1) {
tx = PImp2(list[i].n, list[i].d, wvtx[1].d);
ty = stddev_PImp2(list[i].n, list[i].d, vtx[1].d, list[i]l.c, vtx[1].c);

}
if (av>2) {

x = PImp2(list[i].n, list[i].d, vtx[2].d);

y = stddev_PImp2(list[i].n, list[i]l.d, vtx[2].d, list[i]l.c, vtx[2].c);
}

printf ("%s\t%i\t%3.2f\t%3.2f\t%3.2f\t%3.2f \t%1.4g\t%1.4g\t%1.4g\t"
"h1.4g\t%1.4g\t%1.4g\t%1. 4g\thi\t4i\thi\thINt4i\t 4L\t %3 . 2£"
"\t%i " s
(1ist[i] .PID?(strlen(list[i] .PID)?1ist[i].PID:"??"):"??"),
list[i].rt, fabs(list[i].p),ep, pt,ept, list[i].d[Z],
list[i].d[X], list[i].d[Y], 1list[i].n[TX],
sqrt(1ist[i].c[CTXTX]), 1list[i].n[TY],
sqrt(1ist[i].c[CTYTY]), list[i].hsi, list[i].hin,
list[i].hou, 1list[i].hri, list[i].hca, 1list[i].hmu,
list[i].chi2, (int)sep);

if (nv>0) printf("\t%i\t%i", (int)rho, (int)erho);

if (nv>1) printf("\t%i\t%i", (int)tx, (int)ty);

if (nv>2) printf ("\t%i\t%i", (int)x, (int)y);

printf("\n");

}

printf ( "\nPID\tz\t+/-\tx\ty\ttx\tty\tp\t"
"m\t+/-\tSep\t+/-\tWire7\tRVER1\t+/-\n") ;
Jpsi.mass=KS.mass=B0.mass=0.0;

i=goldenRTRA[0]; j=goldenRTRA[1];
if (i>=0 && j>=0) Jpsi=RTRAfusion(list[i],list[j],"J/psi");

k=goldenRTRA[2]; 1=goldenRTRA[3];
if (k>=0 && 1>=0) KS=RTRAfusion(list[k],list[1],"K_SO");

h=goldenRTRA[4];
if (assume_BO) {
if (i>=0 && j>=0 && k>=0 && 1>=0) {
BO=RTRAfusion(JpSi,KS,(list[h].p<0?"BO ":"B~ "));

}
} else {
if (list[h].PID[0]=="K’)
BO=RTRAfusion(Jpsi,list[h], (1ist[h].p<0?"B- ":"B+ "));
else
if (1ist[h] .PID[0]=="p’ && list[h].PID[1]=="i’)
BO=RTRAfusion(Jpsi,list[h], (1ist[h].p<0?"B- ":"B+ "));

}

i=goldenRTRA[0]; j=goldenRTRA[1];
if (Jpsi.mass && i>=0 && j>=0) {
mass = emass = sep = rho = erho = etheta = tx = ty = 0.0;
if (1ist[i] .mass>0.0 && list[j].mass>0.0)
emass = stddev_Mass_PID(list[i].mass, list[j].mass, list[i]l.n, list[j].n,
list[i].c, list[jl.c, list[il.p, list[jl.p);
else
emass = stddev_Mass(list[i].n,list[j].n, list[i].c,list[jl.c, list[il.p,list[jl.p);
// sep = Impact param. to target wire
sep = PI_rtar_2RTRA(list[i],list[j],rtar);
rho ParamImpact(list[i].n,list[j].n,list[i].d,list[j].d);
erho = stddev_ParamImp(list[i].n, list[j]l.n, list[i]l.c, list[jl.c, list[il.d, list[jl.d);
etheta = stddev_vtxcoord(’Z’,list[i],list[j]);
tx = PImp3(list[il.n, list[i]l.d, list[jl.n, list[jl.d, vtx[0]l.d, list[il.p, list[jl.p);
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ty = stddev_PImp3(list[i].n, list[il].d, 1list[jl.n, list[jl.d, list[i].c, list[j].c,

list[i]l.p, list[jl.p, vtx[0].d, vtx[0].c);
if (etheta>1.0e9) { etheta = erho = tx =ty = -1 ; }
printf ("%s\t%2.3£\t%2.3£\t%1.4£\t)1.4£\t%1.4g\t%1.4g\t%3.2f\t"
"%2.35\t%2. 3£\t %i\t%hi\t%i\t%i\t%i\n",
(Jpsi.PID?(strlen(Jpsi.PID)?Jpsi.PID:"?7"):"??"), Jpsi.d[Z],
etheta, Jpsi.d[X], Jpsi.d[Y], Jpsi.n[TX], Jpsi.n[TY], Jpsi.p,
Jpsi.mass,emass, (int)rho, (int)erho, (int)sep, (int)tx, (int)ty);

} else printf("--\n");

i=goldenRTRA[2]; j=goldenRTRA[3];
if (KS.mass && i>=0 && j>=0) {

mass = emass = sep = rho = erho = etheta = tx = ty = 0.0 ;
if(list[i] .mass>0.0 && list[j].mass>0.0)

emass = stddev_Mass_PID(list[i].mass, list[j].mass, list[i].n, list[j].n,

list[il.c, list[jl.c, list[il.p, list[jl.p);
else

emass = stddev_Mass(list[i]l.n,list[j]l.n, list[i].c,list[jl.c, list[il.p,list[jl.p);

// Impact parameter of the tracks to the target itself.
sep = PI_rtar_2RTRA(listl[il,list[j]l,rtar);
rho = ParamImpact(list[i].n,list[j].n,list[i].d,list[j].d);

erho = stddev_ParamImp(list[i].n, list[j]l.n, list[i]l.c, list[jl.c, list[il.d, list[jl.d);

etheta = stddev_vtxcoord(’Z’,list[i],list[j1);

tx = PImp3(list[il.n, list[il.d, list[jl.n, list[jl.d, vtx[0].d, list[i]l.p, list[jl.p);
ty = stddev_PImp3(list[i].n, list[il].d, 1list[jl.n, list[jl.d, list[i].c, list[j].c,

list[i].p, list[jl.p, vtx[0].d, vtx[0].c);
if (etheta>1.0e9) { etheta = erho = tx = ty = -1 ; }
printf ("%s\t%2.3£\t%2.3£\t%1.4£\t)1.4£\t%1.4g\t%1.4g\t%3.2f\t"
"%2.3£\t%2. 3£\t %i\t%hi\thi\t%i\t%i\n",
(KS.PID?(strlen(KS.PID)?KS.PID:"??2"):"?7"),
KS.d[Z], etheta, KS.d[X], KS.d[Y], KS.n[TX], KS.n[TY], KS.p,
KS.mass,emass, (int)rho, (int)erho, (int)sep, (int)tx,(int)ty);

} else printf("--\n");

i=goldenRTRA[0]; j=goldenRTRA[1]; k=goldenRTRA[2]; l=goldenRTRA[3];
h=goldenRTRA[4];
if (assume_B0) {

if (BO.mass && i>=0 && j>=0 && k>=0 && 1>=0) {
// Note: we use the 4-RTRA mass as the B meson’s mass instead of
// the Jpsi’s and KS’s, therefore avoiding this systematic error
mass = emass = 0.0;

mass += pow(eval_Mass(list[i],list[jl), 2.0);
mass += pow(eval_Mass(list[i],list[k]), 2.0);
mass += pow(eval_Mass(list[i],list[1]), 2.0);
mass += pow(eval_Mass(list[j],list[k]), 2.0);
mass += pow(eval_Mass(list[j],list[1]), 2.0);
mass += pow(eval_Mass(list[k],list[1]), 2.0);

emass += pow(eval_eMass(list[i],1list[j]),2.0);
emass += pow(eval_eMass(list[i],1list[k]),2.0);
emass += pow(eval_eMass(list[i],1list[1]),2.0);
emass += pow(eval_eMass(list[j],list[k]),2.0);
emass += pow(eval_eMass(list[j],1ist[1]),2.0);
emass += pow(eval_eMass(list[k],list[1]),2.0);
BO.mass = mass = sqrt(mass); emass = sqrt(emass);

// sep = Impact parameter to target wire

sep = PI_rtar_4RTRA(list[il,list[jl,list[k],list[1],rtar);

rho = ParamImpact(Jpsi.n,KS.n,Jpsi.d,KS.d);

erho = stddev_ParamImp(Jpsi.n, KS.n, Jpsi.c, KS.c, Jpsi.d, KS.d);
etheta = stddev_vtxcoord(’Z’,Jpsi,KS);

tx = PImp3(Jpsi.n, Jpsi.d, KS.n, KS.d, vtx[0].d, Jpsi.p, KS.p);



248

Appendiz E. C source code

1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1181
1132
1133

ty = stddev_PImp3(Jpsi.n, Jpsi.d, KS.n, KS.d, Jpsi.c, KS.c,
Jpsi.p, KS.p, vtx[0].d, vtx[0].c);
if (etheta>1.0e9) { etheta = erho = tx = ty = -1; }
printf ("%s\t%2.3£\t%2.3£\t%1.4£\t1.4£\t/1.4g\t%1.4g\t%3.2f\t"
"%2.3£\t%2. 3E\t %1\t %i\t%hi\t%i\t%i\n\n",
(strlen(BO.PID)?BO.PID:"??2"),
B0.d[Z], etheta, BO.d[X], BO.d[Y], BO.n[TX], BO.n[TY], BO.p,
BO.mass,emass, (int)rho, (int)erho, (int)sep, (int)tx,(int)ty);
} else printf("--\n\n");
} else { // charged B meson ( mu+ mu- K_charged )
if(i>=0 && j>=0 && h>=0) {
mass = emass = 0.0;
mass += pow(eval_Mass(list[i],list[j]),2.0);
mass += pow(eval_Mass(list[i],list[h]),2.0);
mass += pow(eval_Mass(list[j],list[h]),2.0);
emass += pow(eval_eMass(list[i],1list[j]),2.0);
emass += pow(eval_eMass(list[i],list[h]),2.0);
emass += pow(eval_eMass(list[j],list[h]),2.0);
BO.mass = mass = sqrt(mass); emass = sqrt(emass);
// sep = Impact parameter to target
sep = PI_rtar_3RTRA(list[i],list[j],list[h],rtar);
rho = ParamImpact(Jpsi.n,list[h].n, Jpsi.d,list[h].d);
erho = stddev_ParamImp(Jpsi.n,list[h].n, Jpsi.c,list[h].c, Jpsi.d,list[h].d);
etheta = stddev_vtxcoord(’Z’,Jpsi,list[h]);
tx = PImp3(Jpsi.n, Jpsi.d, list[h].n, list[h]l.d, vtx[0].d, Jpsi.p, list[hl.p);
ty = stddev_PImp3(Jpsi.n, Jpsi.d, list[h].n, list[h].d, Jpsi.c, list[h].c,
Jpsi.p, list[h].p, vtx[0].d, vtx[0].c);
if (etheta>1.0e9) { etheta = erho = tx = ty = -1; }
printf ("%s\t%2.3£\t%2.3£\t%1.4£\t1.4£\t/1.4g\t%1.4g\t%3.2f\t"
"%2.3£\t%2. 3E\t %1\t %i\t%hi\t%i\t%i\n\n",
(strlen(BO.PID)?BO.PID:"??2"),
B0.d[Z], etheta, B0.d[X], BO.d[Y], BO.n[TX], BO.n[TY], BO.p,
BO.mass,emass, (int)rho, (int)erho, (int)sep, (int)tx,(int)ty);
} else printf("--\n\n");
}
printf ("Charge from pT-weighted charge tag: %2.3f +/- %2.3f\n\n",
jetCharge(list,N,vtx[0]), stddev_jetCharge(list,N,vtx[0]));

N=0;
if (really_quiet)
printf ("\nTerminating...\n Releasing list buffers.\n");
#if READ_TABLE_RCCL

if (rccl) free(rccl); // RCCLs
#endif
if (list) free(list); // RTRAs
if (vtx) free(vtx) ; // RVERs
if(gtar) free(gtar); // GTARs / RTARs

if ('really_quiet) printf(" Closing files.\n");
if (input) N+=1*fclose(input);

if ('really_quiet) printf("Done.\n\n");

exit(N); return N;

}

II1LL0777777777777777777777777777777777777777777777777777777777777111717717777
/1111117117771777717777/7////7/// QUANTITIES ///////////1/7/117711/71/717/7/1117
II1L10771777777777777777777777777777777777777777777777777777777777111777717777

double pT(double *nl, double pl) {
double PT = 0.0, pf1 = 1.0/p1;
PT = sqrt(nl[TX]*n1[TX]1+n1[TY]*n1[TY])/fabs(pfl);
return PT; // Units: GeV/c.
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double InvMass_PID(double ml, double m2, double *nl, double *n2,
double pl, double p2) {
double mass, N1, N2, E1, E2, plp2, cosAngle;

El = sqrt(mi*ml+pl*pl); E2 = sqrt(m2*m2+p2*p2) ;

N1 = sqrt(1.0+n1[TX]*n1[TX]+nl1[TY]*n1[TY]);

N2 = sqrt(1.0+n2[TX]*n2[TX]+n2[TY]*n2[TY]);

cosAngle = (1.0+n1[TX]*n2[TX]+n1[TY]*n2[TY])/(N1%N2);
plp2 = fabs(pl)*fabs(p2)*cosAngle;

mass = sqrt( ml*ml + m2*m2 + 2.0%E1*E2 - 2.0%plp2);
return mass;

}

double InvMass(double *nl, double *n2, double pl, double p2) {
double mass = 0.0, N1, N2; double theta = Angle(nl,n2);

N1 sqrt (1.0+n1[TX]*n1 [TX]1+n1[TY]*n1[TY]);
N2 = sqrt(1.0+n2[TX]*n2[TX]+n2[TY]*n2[TY]);
mass = 1.0 - (1.0+n1[TX]*n2[TX]+n1[TY]I*n2[TY])/(N1*N2);

mass *= 2.0%fabs(pl)*fabs(p2);
mass = sqrt(mass);
return mass; // Units: GeV/c"2.

}

// Use un-normalized track vectors.

double Angle(double *nil, double *n2) {
double theta = 0.0;
theta += pow(atan(n2[TX])-atan(nl[TX]),2.0);
theta += pow(atan(n2[TY])-atan(n1[TY]),2.0);
theta = sqrt(theta);
return theta; // Units: radians.

}

/* Distance of closest approach for two RTRAs. */
double ParamImpact(double *N1, double *N2, double *D1, double *D2) {
int i;
double ni1[Rdirec], n2[Rdirec], di1[Rcoords], d2[Rcoords];
double n3[Rdirec], D[Rcoords];
double rho = 0.0, nin2=0.0, mnl = 0.0, mn2 = 0.0;

/* Normalize the unit vectors nl and n2. */

for(i=0; i<Rcoords; i++) { di1[il=D1[il; d2[i]=D2[i]l; }

for(i=0; i<Rdirec; i++) { ni1[il=N1[il]; n2[i]=N2[i]; }

for(i=0; i<Rdirec; i++) mnl += ni1[i]l*nl1[i]; mnl = sqrt(mni);
for(i=0; i<Rdirec; i++) mn2 += n2[i]*n2[i]; mn2 = sqrt(mn2);
for(i=0; i<Rdirec; i++) { ni[i] = ni1[il/mn1; n2[i] =n2[i]/mn2; }

// n3: unit vector orthogonal to the plane defined by nl and n2. */

n3[TZ] = n1[TX]*n2[TY] - ni[TY]*n2[TX];
n3[TX] = ni1[TY]*n2[TZ] - ni1[TZ]*n2[TY];
n3[TY] = n1[TZ]*n2[TX] - nl1[TX]*n2[TZ];

for(i=0; i<Rdirec; i++) nin2 += n3[i]*n3[il; nln2 = sqrt(nin2);
if(n1n2 !'= 0.0) for(i=0; i<Rdirec; i++) n3[i] /= nin2;

for(i=0; i<Rcoords; i++) D[i] = d2[i]-d1[i];
if(nin2 '= 0.0) for(i=0; i<Rcoords; i++) rho += D[i]l*n3[i];
else { for(i=0; i<Rcoords; i++) rho += D[i]#D[i]; rho = sqrt(rho); }

return (fabs(rho)*1.0E4); // Units: micrometers.
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/* Distance of closest approach of an RTRA to an RVER */
double PImp2(double *N1, double *D1, double *D2) {

int i; double PImpacto = 0.0;

double D[Rcoords], ni[Rdirec], mnl = 0.0, d = 0.0;

for(i=0; i<Rdirec; i++) mnl += N1[i]#N1[i]; mnl = sqrt(mnl);
for(i=0; i<Rdirec; i++) ni[i] = N1[i]l/mni1;

for(i=0; i<Rcoords; i++) D[i] = D2[i]-D1[i];

for(i=0; i<Rcoords; i++) { PImpacto += D[il*n1[i]; d += D[il*D[i]; }
PImpacto = sqrt(d - PImpacto*PImpacto);

return PImpacto*1.0E4; // Units: micrometers.

}

/* Distance of closest approach of an RTRA pair, (D1,N1,P1) and (D2,N2,P2),

to an RVER (DO). */
double PImp3(double *N1, double *D1, double *N2, double *D2, double DO,

double P1, double P2) {

int i;

double ni[Rdirec], n2[Rdirec], di1[Rcoords], d2[Rcoords];

double n3[Rdirec], D[Rcoords], Ni12[Rdirec];

double rho = 0.0, nin2=0.0, mnl = 0.0, mn2 = 0.0, mN12 = 0.0;

double dnl = 0.0, dn2 = 0.0, n12 = 0.0, Vertex[Rcoords];

/* Normalize the unit vectors nl and n2. */

for(i=0; i<Rcoords;i++) { d1[i]l=D1[i]; d2[i]l=D2[il; }

for(i=0; i<Rdirec; i++) { ni1[il]=N1[i]; n2[i]=N2[i]; }

for(i=0; i<Rdirec; i++) { mnl += n1[il*n1[i]; mn2 += n2[il*n2[il; }
mnl = sqrt(mnl); mn2 = sqrt(mn2);

for(i=0; i<Rdirec; i++) { ni[i] /= mnl; n2[i] /= mn2; }

/* n3: unit vector orthogonal to the plane defined by nl and n2. */

n3[TZ] = n1[TX]*n2[TY] - ni1[TY]*n2[TX];
n3[TX] = n1[TY]*n2[TZ] - n1[TZ]*n2[TY];
n3[TY] = n1[TZ]*n2[TX] - ni1[TX]1*n2[TZ];

for(i=0; i<Rdirec; i++) nin2 += n3[i]*n3[i]; nln2 = sqrt(nin2);

if(n1ln2 !'= 0.0) for(i=0; i<Rdirec; i++) n3[i] /= niln2;

for(i=0; i<Rcoords; i++) D[i] = d2[i]-d1[i];

if(n1n2 !'= 0.0) for(i=0; i<Rcoords; i++) rho += D[i]l*n3[i];

else { for(i=0; i<Rcoords; i++) rho += D[i]*D[i]; rho = sqrt(rho); }

rho = fabs(rho)*1.0E4; // Impact parameter between RTRAs. Units: micrometers

/* Vertex: coordinates of the vertex given by RTRA1 and RTRA2. x/
for(i=0; i<Rdirec; i++) { N12[i] = fabs(P1)#*n1[i] + fabs(P2)*n2[i]; }
mN12 = sqrt(N12[0]*N12[0]+N12[1]*N12[1]+N12[2]*N12[2]);

for(i=0; i<Rdirec; i++) { N12[i]/= mN12; }

for(i=0; i<Rdirec; i++) { n12 += n1[i]l*n2[i]; }

for(i=0; i<Rdirec; i++) { dnil += (D2[i]-D1[il)*n1[i]; dn2 += (D2[i]-D1[i])*n2[i];

for(i=0; i<Rcoords; i++)
Vertex[i] = 0.50%(D1[i]+D2[i]) + 0.50*(n1[i]l*(dn1-n12*dn2)
- n2[i]*(dn2-n12*dn1))/(nln2*nin2) ;

rho = PImp2(N12,Vertex,DO);
return rho;

}

double posZ(char coord, RTRA rtral, RTRA rtra2) {
int i;
double lambdal=0.0, lambda2=0.0, zS,xS,yS;
double D[Rcoords], ni[Rdirec], n2[Rdirec], n3[Rdirec];
double n1n2=0.0, mn1=0.0, mn2=0.0;

}
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for(i=0; i<Rcoords; i++) D[i]
for(i=0; i<Rdirec; i++)

{ mn1 += rtral.n[il*rtral.n[i]; mn2 += rtra2.n[i]l*rtra2.n[i]; }

mnl =

{ nil
n3[TZ
n3[TX
n3[TY
for (i

rtra2.d[i] - rtral.d[i];

sqrt(mnl); mn2 = sqrt(mn2);
for(i=0; i<Rdirec; i++)
i] = rtral.n[i]/mn1; n2[i]

1 = n1[TX]1*n2[TY] - ni[TY]*n2[TX];
1 = n1[TY]*n2[TZ] - nl[TZ]*n2[TY];
1 = n1[TZ]*n2[TX] - n1[TX]1*n2[TZ];
i++) nin2 += n3[i]*n3[i];

=0; i<Rdirec

if(nin2 '= 0.0) {

for(i=0; i<Rdirec; i++) n3[i] /= nin2;
ambdal += (D[X]*n2[TY]
ambdal += (D[Y]*n2[TZ]
ambdal += (D[Z]*n2[TX]
ambda2 += (D[X]*n1[TY]
ambda2 += (D[Y]#*n1[TZ]
ambda2 += (D[Z]*n1[TX]

1
1
1
1
1
1
}
zS =
xS =
ys =

switch((int)coord) {

c
c
c
d
}

3

rtra2.n[i]l/mn2; }

- D[Y]*n2[TX]) * n3[TZ]/(nl1n2);
- D[Z]*n2[TY]) * n3[TX]/(nln2);
- D[X]*n2[TZ]) * n3[TY]/(nl1n2);
- D[Y]*n1[TX]) * n3[TZ]/(nln2);
- D[Z]*n1[TY]) * n3[TX]/(nl1n2);
- D[XJ*n1[TZ]) * n3[TY]/(nln2);

rtral.d[Z]+lambdal*n1[TZ] + rtra2.d[Z]+lambda2*n2[TZ];
rtral.d[X]+lambdal*nl[TX] + rtra2.d[X]+lambda2*n2[TX];
rtral.d[Y]+lambdal*nl[TY] + rtra2.d[Y]+lambda2*n2[TY];
zS*=0.5; xS*=0.5; yS*=0.5;

ase ’Z’: return zS;
ase ’X’: return xS;
ase ’Y’: return yS;
efault return 0.0;

return 0.0;

}

// Units:

break;
break;
break;
break;

centimeters.

double PImp_BO(RTRA r1, RTRA r2, RTRA r3, RTRA r4) {

RTRA mup, mum, pip, pim, Jpsi, KS;

int hasmup, hasmum, haspip, haspim;

double PImp, mJpsi, mKS, dmJpsi, dmKS, z,p,tx,ty, P[3], D[3];

static double mj=999,mk=999,smj=999, smk=999;
static double zJpsi

-100, zKS = -100;

if (zJpsi<-50) zJpsi=rtar.d[Vz]; if(zKS<-50) zKS=rtar.d[Vz];

hasmup=hasmum=haspip=haspim=0;

if(r1
if(r1
if(r1
if(r1
if (r2

if (r2.

if (r2
if (r2
if(r3
if (r3
if(r3
if (r3

if (r4.
if (r4.
if (r4.

if(r4

mJpsi
mKS

.mass==m_mu
.mass==m_mu
.mass==m_pi
.mass==m_pi
.mass==m_mu
mass==m_mu
.mass==m_pi
.mass==m_pi
.mass==m_mu
.mass==m_mu
.mass==m_pi
.mass==m_pi
mass==m_mu
mass==m_mu
mass==m_pi
.mass==m_pi

InvMass_

&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&

'hasmup
'hasmum
'haspip
'haspim
'hasmup
'hasmum
'haspip
'haspim
'hasmup
'hasmum
'haspip
'haspim
'hasmup
'hasmum
'haspip
'haspim

&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&
&&

PID(mup.mass,

InvMass_PID(pip.mass,

rl.
rl.
rl.
rl.
r2.
r2.
r2.
r2.
r3.
r3.
r3.
r3.
rd.
r4.
r4.
rd.

p>0)
p<0)
p>0)
p<0)
p>0)
p<0)
p>0)
p<0)
p>0)
p<0)
p>0)
p<0)
p>0)
p<0)
p>0)
p<0)

N N N e e N Rl N N s W SISy

mum.mass,
pim.mass,

mup=rl; hasmup++;
mum=rl; hasmum++;
pip=rl; haspip++;
pim=rl; haspim++;
mup=r2; hasmup++;
mum=r2; hasmum++;
pip=r2; haspip++;
pim=r2; haspim++;
mup=r3; hasmup++;
mum=r3; hasmum++;
pip=r3; haspip++;
pim=r3; haspim++;
mup=r4; hasmup++;
mum=r4; hasmum++;
pip=r4; haspip++;
pim=r4; haspim++;

mup.n, mum.n, mup.p, mum.p);
.p, pim.p);

pip.n, pim.n, pip

nin2 = sqrt(nin2);

R s el s el s aa T L R e e
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dmJpsi = stddev_Mass_PID(mup.mass, mum.mass, mup.n, mum.n,
mup.c, mum.c, mup.p, mum.p);

stddev_Mass_PID(pip.mass, pim.mass, pip.n, pim.n,
pip.c, pim.c, pip.p, pim.p);

dmKS

z=posZ(’Z’ ,mup,mum) ;
if (hasmup==1 && hasmum==1 && z>zJpsi &&
fabs (mJpsi-m_Jpsi)<mj && fabs(mJpsi-m_Jpsi)/dmJpsi<smj) { // best J/psi
goldenRTRA[O] = abs(mup.rt)-1; // muon+
goldenRTRA[1] = abs(mum.rt)-1; // muon-
mj = fabs(mJpsi-m_Jpsi); smj = mj/dmJpsi; zJpsi=z;
}
z=posZ(’Z’,pip,pim);
if (haspip==1 && haspim==1 && z>zKS &&

fabs (mKS-m_KO)<mk && fabs(mKS-m_KO)/dmKS<smk) { // best KS
goldenRTRA[2] = abs(pip.rt)-1; // pion+
goldenRTRA[3] = abs(pim.rt)-1; // pion-

mk = fabs(mKS-m_KO); smk = mk/dmKS; zKS=z;
}

/* bail out if we haven’t the dimuon and dipion */
if ( hasmup!=1 || hasmum!=1 || haspip!=1 || haspim!=1 ) return -1;

/* cortes nas massas invariantes */
if (fabs(mJpsi-m_Jpsi)>0.2 || fabs(mJpsi-m_Jpsi)/dmJpsi>3.0) return -2;
if (fabs (mKS-m_K0)>0.1 || fabs(mKS-m_KO0)/dmKS>5.0) return -3;
if (posZ(’°Z’ ,mup,mum)<(rtar.d[Vz]-rtar.s[Vz]) ||
posZ(°Z’ ,pip,pim)<(rtar.d[Vz]l-rtar.s[Vz]) ||
posZ(’°Z’ ,pip,pim)<posZ(’Z’ ,mup,mum) ) return -4;

P[Vz] = fabs(mup.p)/sqrt(1l.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);

P[Vz] += fabs(mum.p)/sqrt(1.0+mum.n[TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]);

P[Vx] = fabs(mup.p)*mup.n[TX]/sqrt(1.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);
P[Vx] += fabs(mum.p)*mum.n[TX]/sqrt(1.0+mum.n[TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]);
P[Vy]l = fabs(mup.p)*mup.n[TY]/sqrt(1.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);
P[Vy]l += fabs(mum.p)*mum.n[TY]/sqrt(1l.0+mum.n[TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]);
tx = P[Vx]/P[Vz]; ty = P[Vyl/P[Vz];

Jpsi.p = p = sqrt(P[Vz]*P[Vz]+P [Vx]*P[Vx]+P[Vy]*P[Vy]l);

D[Vz] = posZ(’Z’,mup,mum); D[Vx] = posZ(’X’,mup,mum); D[Vy] = posZ(’Y’,mup,mum) ;
Jpsi.d[Z]=D[Vz]; Jpsi.d[X1=D[Vx]; Jpsi.d[Y]=D[Vyl;

Jpsi.n[TZ]=1.0; Jpsi.n[TX]=tx; Jpsi.d[TY]=ty;

P[Vz] = fabs(pip.p)/sqrt(1.0+pip.n[TXI*pip.n[TX]+pip.n[TY]*pip.n[TY]);

P[Vz] += fabs(pim.p)/sqrt(1.0+pim.n[TX]*pim.n[TX]+pim.n[TY]*pim.n[TY]);

P[Vx] = fabs(pip.p)*pip.n[TX]1/sqrt(1.0+pip.n[TX]*pip.n[TX]+pip.n[TY]*pip.n[TY]);
P[Vx] += fabs(pim.p)*pim.n[TX]/sqrt(1.0+pim.n[TX]*pim.n[TX]+pim.n[TY]*pim.n[TY]);
P[Vy]l = fabs(pip.p)*pip.nl[TY]/sqrt(1.0+pip.n[TX]*pip.n[TX]+pip.n[TY]*pip.n[TY]);
P[Vy] += fabs(pim.p)*pim.n[TY]/sqrt(1.0+pim.n[TX]*pim.n[TX]+pim.n[TY]*pim.n[TY]);
tx = P[Vx]/P[Vz]; ty = P[Vyl/P[Vz];

KS.p = p = sqrt(P[Vz]*P [Vz]+P [Vx]*P [Vx]+P [Vy]*P [Vy]);

D[Vz] = posZ(’Z’, pip,pim);

D[Vx] = posZ(’X’, pip,pim);

D[Vy]l = posZ(’Y’, pip,pim);

KS.d[Z]=D[Vz]; KS.d[X]=D[Vx]; KS.d[Y]=D[Vy];

KS.n[TZ]=1.0; KS.n[TX]=tx; KS.n[TY]=ty;

PImp = ParamImpact(Jpsi.n,KS.n, Jpsi.d, KS.d);
return PImp; // Minimum separation between J/psi and KS.
// Units: micrometers
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RTRA RTRAfusion(RTRA rtral, RTRA rtra2, char* PID) {

}

RTRA rtra; int i;
double mass, pf,tx,ty, pz,px,py, Z,X,¥;

mass = eval_Mass(rtral,rtra2);
pz = fabs(rtral.p)/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]*rtral.n[TY]);
pz+= fabs(rtra2.p)/sqrt(1.0+rtra2.n[TX]*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);
px = fabs(rtral.p)*rtral.n[TX]/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]*rtral.n[TY]);
px+= fabs(rtra2.p)*rtra2.n[TX]/sqrt(1.0+rtra2.n[TXI*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);
py = fabs(rtral.p)*rtral.n[TY]/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]*rtral.n[TY]);
py+= fabs(rtra2.p)*rtra2.n[TY]/sqrt(1.0+rtra2.n[TXI*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);
rtra.p = pf = sqrt(pz*pz+px*px+py*py); tx = px/pz; ty = py/pz;
z = posZ(’Z’, rtral,rtra2); x = posZ(’X’, rtral,rtra2); y = posZ(’Y’, rtral,rtra2);
rtra.d[Z]=z; rtra.d[X]=x; rtra.d[Y]l=y;
rtra.n[TZ]=1.0; rtra.n[TX]=tx; rtra.d[TY]=ty;
rtra.mass = mass; sprintf(rtra.PID,PID);
for(i=0;i<Rcovar;i++) rtra.c[i]=0.0;
rtra.c[CXX]=sqrt(rtral.c[CXX])+sqrt(rtra2.c[CXX]); rtra.c[CXX]*=rtra.c[CXX];
rtra.c[CYY]=sqrt(rtral.c[CYY])+sqrt(rtra2.c[CYY]); rtra.c[CYY]*=rtra.c[CYY];
rtra.c[CXY]=sqrt(fabs(rtral.c[CXY]))*Sign(rtral.c[CXY]) +

sqrt (fabs(rtra2.c[CXY]))*Sign(rtra2.c[CXY]); rtra.c[CXY]*=rtra.c[CXY];
rtra.c[CTXTX]=sqrt(rtral.c[CTXTX])+sqrt(rtra2.c[CTXTX]); rtra.c[CTXTX]*=rtra.c[CTXTX];
rtra.c[CTYTY]=sqrt(rtral.c[CTYTY])+sqrt(rtra2.c[CTYTY]); rtra.c[CTYTY]*=rtra.c[CTYTY];
rtra.c[CPP]=sqrt(rtral.c[CPP])+sqrt(rtra2.c[CPP]); rtra.c[CPP]*=rtra.c[CPP];

return rtra;

/* Impact parameter an RTRA to the target rtar */
double PI_rtar(RTRA rtra, RTAR target) {

}

double PImp, z0,x0,y0;
z0 = target.d[Z];
x0 rtra.d[X] + rtra.n[TX]*(zO-rtra.d[Z]);
yO = rtra.d[Y] + rtra.n[TY]*(zO0-rtra.d[Z]);
if (fabs(yO-target.d[Y]) < target.s[Y]) PImp = fabs(xO-target.d[X])-target.s[X];
else {
PImp = pow((fabs(x0O-target.d[X])-target.s[X]),2.0);
PImp+= pow((fabs(yO-target.d[Y])-target.s[Y]),2.0);
PImp = sqrt(PImp);

}
return PImp*1.0e4;

double PI_rtar_2RTRA(RTRA rtral, RTRA rtra2, RTAR target) {

double P[Vcoords], N[Vcoords]l, p, pT;
double m1 = InvMass_PID(rtral.mass,rtra2.mass,rtral.n,rtra2.n,rtral.p,rtra2.p);
double z0,x0,y0, z,x,y, PImp;

z = target.d[Z];

P[Vz]=P[Vx]=P[Vy]=0.0;
P[Vz]+=fabs(rtral.p)/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]*rtral.n[TY]);
P[Vx]+=fabs(rtral.p)*rtral.n[TX]/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]*rtral.n[TY]);
P[Vyl+=fabs(rtral.p)*rtral.n[TY]/sqrt(1.0+rtral.n[TX]*rtral.n[TX]+rtral.n[TY]l*rtral.n[TY]);
P[Vz]+=fabs(rtra2.p)/sqrt(1.0+rtra2.n[TX]*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);
P[Vx]+=fabs(rtra2.p)*rtra2.n[TX]/sqrt(1.0+rtra2.n[TX]*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);
P[Vyl+=fabs(rtra2.p)*rtra2.n[TY]/sqrt(1.0+rtra2.n[TX]*rtra2.n[TX]+rtra2.n[TY]*rtra2.n[TY]);

p = sqrt(P[Vz]*P[Vz]+P[Vx]*P[Vx]+P[Vy]*P[Vyl);
pT = sqrt(P[Vx]*P[Vx]+P[Vyl*P[Vyl);

z0 = posZ(’Z’,rtral,rtra2);

x0 = posZ(’X’,rtral,rtra2);

yO = posZ(’Y’,rtral,rtra2);
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}

X
y

x0 + (P[Vx]/P[Vz])*(z-20);
yo + (P[Vyl/P[Vz])*(z-20);

if (fabs(y-target.d[Y]) < target.s[Y])
PImp = fabs(x-target.d[X])-target.s[X];

else {
PImp = pow((fabs(x-target.d[X])-target.s[X]),2.0);
PImp+= pow((fabs(y-target.d[Y])-target.s[Y]),2.0);
PImp = sqrt(PImp);

}

return PImp*1.0e4;

double PI_rtar_3RTRA(RTRA rtral, RTRA rtra2, RTRA rtra3, RTAR target) {

RTRA Rtral3];

double P[Vcoords]l, p, pT, tx, ty;

double ml,m2, masses[3][3], dJpsi=0.2, dKS=0.1;
double z0[3][3],x0[3]1[3],y0[3]1[3], z,x,y, PImp;
int i,j, KS=0, Jpsi=0;

z = target.d[Z]; P[Vz]=P[Vx]=P[Vy]=0.0;

/* Total and transversal momenta, p and p_T for the B meson
P[Vz]+=fabs(rtral.p)/sqrt(1.0+rtral.n[TXI*rtral.n[TX]+rtral

P[Vx]+=fabs(rtral.p)*rtral.n[TX]/sqrt(1.0+rtral.n[TX]*rtral.
P[Vyl+=fabs(rtral.p)*rtral.n[TY]/sqrt(1.0+rtral.n[TX]*rtral.

P[Vz]+=fabs(rtra2.p)/sqrt(1.0+rtra2.n[TXI*rtra2.n[TX]+rtra2

P[Vx]+=fabs(rtra2.p)*rtra2.n[TX]/sqrt(1.0+rtra2.n[TX]*rtra2.

P[Vyl+=fabs(rtra2.p)*rtra2.n[TY]/sqrt(1.0+rtra2.n[TX]*rtra2

P[Vz]+=fabs(rtra3.p)/sqrt(1.0+rtra3.n[TX]*rtra3.n[TX]+rtra3.

P[Vx]+=fabs(rtra3.p)*rtra3.n[TX]/sqrt(1.0+rtra3.n[TX]*rtra3

P[Vyl+=fabs(rtra3.p)*rtra3.n[TY]/sqrt(1.0+rtra3.n[TX]*rtra3.

p = sqrt(P[Vz]*P[Vz]+P[Vx]*P [Vx]+P[Vy]l*P[Vyl);
pT = sqrt(P[Vx]*P[Vx]+P[Vyl*P[Vyl);
tx = P[Vx]/P[Vz]; ty = P[Vyl/P[Vz];

Rtra[O]l=rtral; Rtra[ll=rtra2; Rtra[2]=rtra3;
for(i=0; i<3; i++) for(j=0;j<3; j++) {
if(i!=j && ((Rtra[i].p)*(Rtra[j].p))<0.0) {

*/

.n[TY]*rtral.
n[TX]+rtral.
n[TX]+rtral.
.n[TY]*rtra2.
n[TX]+rtra2.
.n[TX]+rtra2.
n[TY]*rtra3.
.n[TX]+rtra3.
n[TX]+rtra3.

nl[TY]);
n[TY]*rtral.
n[TY]*rtral.
nl[TY]);
n[TY]*rtra2.
n[TY]*rtra2.
n[TYD);
n[TY]*rtra3.
n[TY]*rtra3.

masses[i][j] = InvMass_PID(Rtral[il .mass, Rtralj].mass, Rtralil.n,
Rtraljl.n, Rtral[il.p,Rtraljl.p);

if (i<j) if(fabs(masses[i][jl-m_Jpsi) < dJpsi)

{ dJpsi = fabs(masses[i]l[jl1-m_Jpsi); Jpsi

z0[1] [jl=posZ(’Z’, Rtrali],Rtraljl);
x0[i1[j1=posZ(°X’, Rtralil,Rtraljl);
yO[il[jI=posZ(’Y’, Rtralil],Rtraljl);

}

else z0[i] [jI1=x0[i][jl=y0[i] [jl=masses[i][j]=0.0;
}
x = x0[Jpsi/4] [Jpsi%4]l + tx*(z-z0[Jpsi/4] [Jpsi%4l);
y = yo[Jpsi/4l [Jpsi%4]l + ty*(z-z0[Jpsi/4] [Jpsi%4l);

if (fabs(y-target.d[Y]) < target.s[Y])
PImp = fabs(x-target.d[X])-target.s[X];

else {
PImp = pow((fabs(x-target.d[X])-target.s[X]1),2.0);
PImp += pow((fabs(y-target.d[Y])-target.s[Y]),2.0);
PImp = sqrt(PImp);

}

return PImp*1.0e4;

i*4+j; }

n[TY]);
n[TY]);

n[TY]);
n[TY]);

n[TY]);
n[TY]);
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double PI_rtar_4RTRA(RTRA rtral, RTRA rtra2, RTRA rtra3, RTRA rtra4, RTAR target) {

RTRA Rtral[4];

double P[Vcoords]l, p, pT, tx, ty;

double ml,m2, masses[4][4], dJpsi=0.2, dKS=0.1;
double z0[4][4],x0[4][4],y0[4][4], z,x,y, PImp;
int i,j, KS=0, Jpsi=0;

z = target.d[Z]; P[Vz]=P[Vx]=P[Vy]=0.0;

/* Total and transversal momenta, p and p_T for

P[Vz]+=fabs(rtral
P[Vx]+=fabs(rtral
P[Vy]l+=fabs(rtral
P[Vz]+=fabs(rtra2
P[Vx]+=fabs(rtra2
P[Vyl+=fabs(rtra2
P[Vz]+=fabs(rtra3
P[Vx]+=fabs(rtra3
P[Vyl+=fabs(rtra3
P[Vz]+=fabs(rtrad
P[Vx]+=fabs(rtrad
P[Vyl+=fabs(rtrad

.p)/sqrt(1.0+rtral.n[TX]*rtral
.p)*rtral.n[TX]/sqrt(1.0+rtral
.p)*rtral.n[TY]/sqrt(1.0+rtral
.p)/sqrt(1.0+rtra2.n[TX] *rtra2
.p)*rtra2.n[TX]/sqrt (1.0+rtra2
.p)*rtra2.n[TY]/sqrt(1.0+rtra2
.p)/sqrt(1.0+rtra3.n[TX]*rtra3
.p)*rtra3.n[TX]/sqrt(1.0+rtra3
.p)*rtra3.n[TY]/sqrt(1.0+rtra3
.p)/sqrt(1.0+rtra4.n[TX]*rtrad
.p)*rtrad.n[TX]/sqrt(1.0+rtrad
.p)*rtrad.n[TY]/sqrt(1.0+rtrad

p = sqrt(P[Vz]*P[Vz]+P[Vx]*P[Vx]+P[Vy]l*P[Vy]l);

pT
tx

P[Vx]/P[Vz];

sqrt (P[Vx] *P [Vx]+P [Vy]*P [Vyl);

ty = P[Vyl/P[Vz];

the B meson

.n[TX]+rtral.
.n[TX]*rtral.
.n[TX]*rtral.
.n[TX]+rtra2.
.n[TX]*rtra2.
.n[TX]*rtra2.
.n[TX]+rtra3.
.n[TX]*rtra3.
.n[TX]*rtra3.
.n[TX]+rtrad.
.n[TX]*rtrad.
.n[TX]*rtrad.

Rtra[O]l=rtral; Rtral[ll=rtra2; Rtra[2]=rtra3; Rtral[3]=rtra4;
for(i=0; i<4; i++) for(j=0;j<i; j++) {

if ((Rtralil.p)

*(Rtral[j]l.p)<0.0) {

masses[i] [j] = masses[jl[i] =
InvMass_PID(Rtra[i] .mass, Rtralj].mass, Rtralil.n, Rtral[jl.n,

Rtralil .p,Rtraljl.p);

if (fabs(masses[i] [j1-m_Jpsi) < dJpsi)
fabs(masses[i] [j1-m_Jpsi); Jpsi = i*4+j; }
if (fabs(masses[i] [j]-m_KO) < dKS)
{ dKS = fabs(masses[i][j1-m_KO); KS = i*4+j; }
if (fabs(masses[i] [j]1-m_Jpsi) < dJpsi)
if (fabs(masses[i] [j1-m_KO) < dKS) {

{ dJpsi =

*/

n[TY]*rtral.
n[TX]+rtral.
n[TX]+rtral.
n[TY]*rtra2.
n[TX]+rtra2.
n[TX]+rtra2.
n[TY]*rtra3.
n[TX]+rtra3.
n[TX]+rtra3.
n[TY]*rtra4d.
n[TX]+rtrad.
n[TX]+rtra4d.

n[TY]);
n[TY] *rtral
n[TY] *rtral
n[TY]);
n[TY] *rtra2
n[TY] *xrtra2
n[TYD);
n[TY] *rtra3
n[TY] *rtra3
n[TYD);
n[TY] *xrtrad
n[TY] *rtrad

2z0[1i]1[j1=20[j] [il=posZ(’Z’, Rtral[il,Rtraljl);
x0[1i]1 [j1=x0[j] [il=posZ(’X’, Rtral[il,Rtraljl);
yO[il[jI=y0[j][i]l=posZ(’Y’, Rtral[il,Rtraljl);
}
} else {
z0[i] [j1=x0[i]l [j1=y0[il [jl=masses[i] [j]1=0.0;
z0[j1[i1=x0[j]1[i]1=y0[j] [i]=masses[j]1[1]1=0.0;

}
}
x = x0[Jpsi/4]l [Jpsi%4]l + tx*(z-z0[Jpsi/4] [Jpsi%4l);
y = y0[Jpsi/4l [Jpsi%4l + ty*(z-z0[Jpsi/4] [Jpsi%4l);

if (fabs(y-target.d[Y]) < target.s[Y])

PImp = fabs(x-target.d[X])-target.s[X];
else {
PImp = (fabs(x-target.d[X])-target.s[X])*(fabs(x-target.d[X])-target

PImp += (fabs(y-target.d[Y])-target.s[Y])*(fabs(y-target.d[Y])-target.s[Y]);

PImp = sqrt(PImp);
}
return PImp*1.0e4;

.n[TY]);
.n[TY]);

.n[TY]);
.n[TY]);

.n[TY]);
.n[TY]);

.n[TY]);
.n[TY]);
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double eval_Mass(RTRA rtral, RTRA rtra2) {
double mass=0.0;
if (rtral.mass>0.0 && rtra2.mass>0.0)
mass = pow(InvMass_PID(rtral.mass,rtra2.mass,

else

rtral.n, rtra2.n, rtral.p, rtra2.p), 2.0);

mass = pow(InvMass(rtral.n, rtra2.n, rtral.p, rtra2.p), 2.0);

return sqrt(mass);

}

/* Charge of a pT-weighted jet, see D.Sambtleben (HERA-B note 98-080) */
double jetCharge(RTRA *1list, int nRTRAs, RVER vtx0) {

int i,j; double charge=0.0, Pimp=0.0;

double wi=0.0, qi=0.0, sumw=0.0, sumwiqi=0.0;

const double PimpCut = 200.0;

for(i=0; i<nRTRAs; i++) {
if(list[i] .hsi<=0 || (1ist[i].hin<=0 && list[i].hou<=0)) continue;
if (i==goldenRTRA[0] || i==goldenRTRA[1]) continue;
if (i==goldenRTRA[2] || i==goldenRTRA[3]) continue;
Pimp = PImp2(list[i].n, list[i].d, vtx0.d);

*
]

*=

list[i] .n[TXI*1ist[i].n[TX]+1list[i].n[TYl*1ist[i].n[TY];
list[i].p*list[i].p;

(Pimp>0? PimpCut/Pimp : 1.0);

list[i].p/fabs(list[i].p);

sumw += wi;
sumwiqi += wi*qi;

wi
wi
wi
qi
}
charge
}

(sumw>0 7 sumwiqi/sumw : -999);
return charge;

III1171177777777777777777777777777777177777777777771777777777777111711777777/
111177111117777171177777777////7/7/7// ERRORS ////////1/7/11/1177777111111/7/717///
II111777777777777777777777777777777777777777777777777777777777777711171777777

/* For the charge of a pT-weighted jet, see D.Sambtleben (HERA-B note 98-080) */
double stddev_jetCharge(RTRA *1list, int nRTRAs, RVER vtx0) {

int i; double stddev_charge=0.0, Pimp=0.0;

double wi=0.0, ewi=0.0, qi=0.0, sumew=0.0, sumqiewi=0.0;

const double PimpCut = 200.0;

for(i=0; i<nRTRAs; i++) {
if(1ist[i] .hsi<=0 || (1ist[i].hin<=0 && list[i].hou<=0)) continue;
if (i==goldenRTRA[0] || i==goldenRTRA[1]) continue;
if (i==goldenRTRA[2] || i==goldenRTRA[3]) continue;
Pimp =

qi
wi

wi

wi

ewi
ewi
ewi
ewi
ewi
ewi
ewi

PImp2(list[i]l.n, list[i]l.d, vtx0.d);
list[i].p/fabs(list[i].p); ewi = 0.0;

list[i] .n[TX]1*list[i].n[TX1+1list[i].n[TY]*1list[i].n[TY];
list[i].p*list[il.p;

(Pimp>0? PimpCut/Pimp : 1.0);
list[i].n[TX]*1ist[i].c[CPTX]+1list[i].n[TY]*1list[i].c[CPTY];
(-1.0*list[i] .p*wi);
(list[i].p*list[i]l.p)*1ist[il.n[TX1*1list[i]l.n[TY]*1list[i].c[CTXTY];
2.0; ewi += wi*wi*list[i].c[CPP];

list[i] .n[TX]*1list[i].n[TX]*1list[i].c[CTXTX];
list[i].n[TY]*1list[i].n[TY]*list[i].c[CTYTY];

4.0%1list[i] .p*list[i].p;

sumew += ewi; sumqgiewi += gi*ewi;

}

stddev_charge = (sumew>0 ? sumqiewi/sumew : -1.0);
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stddev_charge = (stddev_charge>=0.0 ? sqrt(stddev_charge) : -1.0);
return stddev_charge;
}
double stddev_Mass_PID(double ml, double m2, double *nl, double *n2,
double *cl, double *c2, double pl, double p2) {
double m, sm, N1, N2, dmdpl, dmdp2, dmdtxl, dmdtx2, dmdtyl, dmdty2;
double ti1t2, plp2, E1, E2;
m = InvMass_PID(ml1,m2,n1,n2,p1,p2); sm = 0.0;
N1 = sqrt(1.0+n1[TX]*nl1[TX]+nl1[TY]*n1[TY]);
N2 = sqrt(1.0+n2[TX]*n2[TX]+n2 [TY]*n2[TY]);
t1t2 = 1.0+n1[TX]*n2[TX]+n1[TY]*n2[TY];
plp2 = fabs(pl)*fabs(p2)*t1t2/(N1*N2);
El = sqrt(mi*ml+pl*pl); E2 = sqrt(m2*m2+p2*p2) ;
dmdpl = (p1/m)*(pip2 - (E2/E1)*p1*pl);
dmdp2 = (p2/m)*(plp2 - (E1/E2)*p2*p2);
dmdtx1l = (pip2/m)*(n1[TX]1/(N1xN1) - n2[TX1/t1t2);
dmdtyl = (pip2/m)*(n1[TY]/(N1*N1) - n2[TY]/t1t2);
dmdtx2 = (p1p2/m)*(n2[TX]/(N2*N2) - n1[TX]/t1t2);
dmdty2 = (pip2/m)*(n2[TY]1/(N2xN2) - ni[TY]/t1t2);
// Contribution from RTRA1
sm += dmdpl*(dmdpl*cl[CPP]+2.0*dmdtx1*c1[CPTX]+2.0*dmdtyl*c1[CPTY]);
sm += dmdtxl*dmdtx1*c1[CTXTX] + dmdtylxdmdtyi*c1[CTYTY];
sm += 2.0*dmdtx1*dmdtyl*c1[CTXTY];
// Contribution from RTRA2
sm += dmdp2* (dmdp2*c2[CPP]+2.0*dmdtx2*c2[CPTX]+2.0*dmdty2*c2[CPTY]) ;
sm += dmdtx2*dmdtx2+c2[CTXTX] + dmdty2+dmdty2*c2[CTYTY];
sm += 2.0*dmdtx2*dmdty2*c2 [CTXTY];
sm = sqrt(sm);
return (sm); // Unidades: GeV/c"2
}
double stddev_Mass(double #*nl, double *n2, double *cl, double *c2,
double pl, double p2) {
double m,sm,N1,N2, dmdpl, dmdp2, dmdtxl, dmdtx2, dmdtyl, dmdty2;
m = InvMass(nl,n2,pl,p2); sm = 0.0;
N1 = sqrt(1.0+n1[TX]*n1[TX]+nl1[TY]*n1[TY]);
N2 = sqrt(1.0+n2[TX]*n2[TX]+n2 [TY]*n2[TY]);
dmdpl = -m*pl1/2.0; dmdp2 = -m*p2/2.0;
dmdtx1l = pl*p2*(ni[TX]/N1-n2[TX]/N2)/(m*N1) - m*ni[TX]/(2xN1xN1);
dmdtyl = plxp2*(nl[TY]/N1-n2[TY]/N2)/(m*N1) - m*ni[TY]/(2+N1*N1);
dmdtx2 = p1*p2*(n2[TX]/N2-n1[TX]/N1)/(m*N2) - m*n2[TX]/(2xN2xN2);
dmdty2 = pl*p2*(n2[TY]/N2-n1[TY]/N1)/(m*N2) - m*n2[TY]/(2%N2*N2);
// Contribution from RTRA1
sm += dmdpl*(dmdpl*cl[CPP]+2.0*dmdtx1*c1[CPTX]+2.0*dmdtyl*c1[CPTY]);
sm += dmdtxl*dmdtx1*c1[CTXTX] + dmdtylxdmdtyi*c1[CTYTY];
sm += 2.0*dmdtx1*dmdtyl*c1[CTXTY];
// Contribution from RTRA2
sm += dmdp2* (dmdp2+*c2[CPP]+2.0*dmdtx2*c2[CPTX]+2.0*dmdty2*c2[CPTY]) ;
sm += dmdtx2*dmdtx2*c2[CTXTX] + dmdty2*dmdty2+*c2[CTYTY];
sm += 2.0*dmdtx2*dmdty2+*c2[CTXTY];
sm = sqrt(sm);
return (sm); // Units: GeV/c"2
}
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1692  /* Square root of variance for the minimum separation between two RTRAs */
1693 double stddev_ParamImp(double *nl, double *n2, double *cl, double *c2,

1694 double *d1, double *d2) {

1695

1696 double sParImp=0.0, z,x,y, n,nz,nx,ny, b,bz,bx,by;

1697 double dbdz,dbdx,dbdy, dbdtxl,dbdtx2, dbdtyl,dbdty2;

1698

1699 z=d2[Z]-d1[Z]; =x=d2[X]-d1[X]; y=d2[X]-d1[X];

1700 nz=n1[TX]*n2 [TY]-n1[TY]*n2[TX]; nx=nl1[TY]-n2[TY]; ny=n2[TX]-ni[TX];
1701 n=sqrt (nz*nz+nx*nx+ny*ny) ;

1702 bz=z*nz/n; bx=x*nx/n; by=y*ny/n; b=sqrt(bz*bz+bx*bx+by*by) ;
1703

1704 dbdz=nz/n; dbdx=nx/n; dbdy=ny/n;

1705 dbdtxl = ((z*n2[TY]-y)-b*(n2[TY]*nz-ny))/n;

1706 dbdtx2 = -((z*nl[TY]-y)-b*(nl[TY]*nz-ny))/n;

1707 dbdtyl = -((z*n2[TX]-x)-b*(n2[TX]*nz-nx))/n;

1708 dbdty2 = ((z*nl[TX]-x)-b*(nl[TX]*nz-nx))/n;

1709

1710 // contribuig&o do RTRA 2

1711 sParImp += dbdx * dbdx * c2[CXX] + dbdy * dbdy * c2[CYY];
1712 sParImp += dbdtx2+dbdtx2*c2[CTXTX] + dbdty2*dbdty2*c2[CTYTY];
1713 sParImp += 2.0*dbdx*dbdy*c2[CXY] + 2.0*dbdtx2*dbdty2*c2[CTXTY];
1714 sParImp += 2.0xdbdtx2* (dbdx*c2[CXTX]+dbdy*c2[CYTX]);

1715 sParImp += 2.0*dbdty2*(dbdx*c2[CXTY]+dbdy*c2[CYTY]);

1716

1717 // contribuig&o do RTRA 1

1718 dbdz = -dbdz; dbdx = -dbdx; dbdy = -dbdy;

1719 sParImp += dbdx * dbdx * c1[CXX] + dbdy * dbdy * c1[CYY];
1720 sParImp += dbdtx2*dbdtx2*c1[CTXTX] + dbdtyl*dbdtyl*c1[CTYTY];
1721 sParImp += 2.0xdbdx*dbdy*c1[CXY] + 2.0*dbdtx1lxdbdtyl*cl[CTXTY];
1722 sParImp += 2.0*dbdtx1*(dbdx*c1[CXTX]+dbdy*c1[CYTX]);

1723 sParImp += 2.0xdbdtyl*(dbdx*c1[CXTY]+dbdy*c1[CYTY]);

1724

1725 sParImp = sqrt(sParImp);

1726 return sParImp*1.0E4; // Units: micrometers.

1727}

1728

1729 /* Error in the impact parameter of two RTRAs, (D1,N1,P1,cl) and
1780 * (D2,N2,P2,c2), to an RVER (DO,c0). */
1731 double stddev_PImp3(double #N1, double *D1, double *N2, double *D2, double *cl,

1732 double *c2, double P1, double P2, double *DO, double *c0) {
1733 int i;

1734 double sParImp=0.0, c12[Rcovar], di12[Rcoords], n12=0.0, mN12=0.0;
1785 double N12[Rdirec], mn1=0.0, mn2=0.0, n3[Rdirec], ni1n2=0.0;

1736 double ni1[Rdirec], n2[Rdirec], dn1=0.0, dn2=0.0, Vertex[Rcoords];
1737

1738 for(i=0; i<Rcovar; i++) c12[i] = (c1[il+c2[i]);

1789 for(i=0; i<Rdirec; i++) { ni1[i] = N1[i]; n2[i] = N2[i]; }

1740 for(i=0; i<Rdirec; i++) { mnl += ni1[il*n1[i]; mn2 += n2[i]l*n2[i]; }
1741 mnl = sqrt(mnl); mn2 = sqrt(mn2);

1742 for(i=0; i<Rdirec; i++) { ni1[il/= mnl; n2[il/= mn2; }

1743 n3[TZ] = ni1[TX]*n2[TY] - ni[TY]*n2[TX];

1744 n3[TX] = ni[TY]*n2[TZ] - ni1[TZ]*n2[TY];

1745 n3[TY] = n1[TZ]*n2[TX] - ni[TXI*n2[TZ];

1746 for(i=0; i<Rdirec; i++) nin2 += n3[i]*n3[il; nln2 = sqrt(nin2);

1747

1748 for(i=0; i<Rdirec; i++) { N12[i] = fabs(P1)#*n1[i] + fabs(P2)*n2[i]; }
1749 mN12 = sqrt(N12[0]1+N12[0]+N12[1]*N12[1]+N12[2]*N12[2]);

1750 for(i=0; i<Rdirec; i++) { N12[i]/= mN12; }

1751 for(i=0; i<Rdirec; i++) { n12 += ni1[il*n2[il; }

1752 for(i=0; i<Rdirec; i++)

1753 { dn1 += (D2[i]-D1[il)#*n1[il; dn2 += (D2[i]l-D1[il)*n2[i]l; }
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1754 for(i=0; i<Rcoords; i++)

1755 Vertex[i] = 0.50%(D1[i]+D2[i]) + 0.50*(n1[i]*(dn1-n12*dn2)
1756 - n2[i]*(dn2-n12*dn1))/(n1n2*nin2) ;

1757

1758 sParImp = stddev_PImp2(N12, d12, DO, c12, c0);

1759 return sParImp;

1760 }

1761

1762  /* Impact parameter of an RTRA (D1,N1,cl) to an RVER (D2,c2). */
1763 double stddev_PImp2(double *N1, double *D1,double *D2, double *cl,double *c2) {

1764 double sParImp=0.0, d[3], n1[3], dn1=0.0, b=0.0, B[3];

1765 double dbdz,dbdx,dbdy, dbdtx,dbdty; int i,j;

1766

1767 for(i=0; i<3; i++) d[il=D1[il-D2[i];

1768 n1[0]=1.0/sqrt (1.0+N1[TX]*N1[TX]+N1[TY]*N1[TY]);

1769 n1[1]1=N1[TX]*n1[0]; n1[2]=N1[TY]*n1[0];

1770 for(i=0; i<3; i++) dni+=d[il*ni1[i];

1771 for(i=0; i<3; i++) { Blil=d[il-dni*n1[il; b+=B[il*B[il; }
1772 b = sqrt(b);

1773

1774 dbdz = B[0]/b; dbdx = B[1]/b; dbdy = B[2]/b;

1775 dbdtx = -B[1]*n1[0]*dn1/b; dbdty = -B[2]#*n1[0]*dnl/b;

1776

1777 sParImp = 0.0;

1778 // Contribution from vertex.

1779 sParImp += dbdz*dbdz*c2[CVzz]+dbdx*dbdx*c2 [CVxx]+dbdy*dbdy*c2[CVyy];
1780 sParImp += 2.0%*(dbdz*(dbdx*c2[CVzx]+dbdy*c2[CVzy])+dbdx*dbdy*c2[CVxy]) ;
1781

1782 // Contribution from track.

1783 dbdz = -dbdz; dbdx = -dbdx; dbdy = -dbdy;

1784 sParImp += dbdx*dbdx*c1[CXX] + dbdy*dbdy*ci[CYY];

1785 sParImp += dbdtx*dbdtx*cl1[CTXTX] + dbdty*dbdty*c1[CTYTY];
1786 sParImp += 2.0*dbdx*dbdy*c1[CXY] + 2.0*dbdtx*dbdty*c1[CTXTY];
1787 sParImp += 2.0xdbdtx*(dbdx*c1[CXTX] + dbdy*c1[CYTX]);

1788 sParImp += 2.0xdbdty* (dbdx*c1[CXTY] + dbdy*c1[CYTY]);

1789

1790 sParImp = sqrt(sParImp);

1791 return sParImp#1.0E4; // Units: micrometers

1792}

1793

1794 double stddev_p(double *c, double p) { return sqrt(p*p*p*pxc[CPP]); }
1795

1796 double stddev_pT(double *n, double *c, double p) {

1797 double pT = sign(p)*p*sqrt (n[TX]*n[TX]+n[TY]*n[TY]);

1798 double dptdlp, dptdtx, dptdty, stddev;

1799

1800 dptdtx = p*p*n[TX]/pT; dptdty = p*p*n[TY]/pT; dptdlp = -pT/p;
1801 stddev = dptdip*dptdlpxc[CPP] + 2.0xdptdtx*dptdty*c[CTXTY];
1802 stddev+= dptdtx*dptdtx*c[CTXTX] + dptdty*dptdty*c[CTYTY];
1803 stddev+= 2.0*dptdlp* (dptdtx*c [CPTX]+dptdty*c[CPTY]);

180/ stddev = sqrt(stddev);

1805 return stddev;

1806  }

1807

1808 double stddev_Theta(double *nl, double *n2, double *c1, double *c2) {
1809 double stddev=0.0, theta, dtdtx,dtdty, atanx,atany;

1810

1811 atanx = atan(n2[TX])-atan(nl[TX1);

1812 atany = atan(n2[TY])-atan(nl[TY]);

1813 theta = atanx*atanx+atany*atany; theta = sqrt(theta);

1814 dtdtx = atanx/theta; dtdty = atany/theta;

1815
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1816 stddev = dtdtx*dtdtx*(c1[CTXTX]+c2[CTXTX]);

1817 stddev += dtdty*dtdty*(c1[CTYTY]+c2[CTYTY]);

1818 stddev += 2.0*dtdtx*dtdty*(c1[CTXTY]+c2[CTXTY]);

1819

1820 stddev = sqrt(stddev);

1821 return stddev;

1822}

1823

1824 double eval_eMass(RTRA rtral, RTRA rtra2) {

1825 double emass=0.0;

1826 if (rtral.mass>0.0 && rtra2.mass>0.0)

1827 emass = pow(InvMass_PID(rtral.mass,rtra2.mass,

1828 rtral.n, rtra2.n, rtral.p, rtra2.p), 2.0) *
1829 pow(stddev_Mass_PID(rtral.mass,rtra2.mass, rtral.n, rtra2.n,
1830 rtral.c, rtra2.c, rtral.p, rtra2.p), 2.0);
1831 else

1832 emass = pow(InvMass(rtral.n, rtra2.n, rtral.p, rtra2.p), 2.0) *
1833 pow(stddev_Mass(rtral.n, rtra2.n, rtral.c, rtra2.c,

1834 rtral.p, rtra2.p), 2.0);

1885 return sqrt(emass);

1836}

1837

1838 double stddev_PImp_BO(RTRA r1, RTRA r2, RTRA r3, RTRA r4) {

1839 RTRA mup, mum, pip, pim, Jpsi, KS;

1840 int i, hasmup, hasmum, haspip, haspim;

1841 double ePImp, zBO, zJpsi, zKS, mJpsi, mKS, dmJpsi, dmKS, p,tx,ty;
1842 double P[3], D[3];

1843

1844 hasmup=hasmum=haspip=haspim=0;

1845 if (rl.mass==m_mu && 'hasmup && r1.p>0) { mup=ril; hasmup++; }

1846 if(r1.mass==m_mu && !'hasmum && r1.p<0) { mum=rl; hasmum++; }

1847 if (r1.mass==m_pi && 'haspip && r1.p>0) { pip=rl; haspip++; }

1848 if (r1.mass==m_pi && !haspim && r1.p<0) { pim=rl; haspim++; }

1849 if (r2.mass==m_mu && 'hasmup && r2.p>0) { mup=r2; hasmup++; }

1850 if (r2.mass==m_mu && 'hasmum && r2.p<0) { mum=r2; hasmum++; }

1851 if (r2.mass==m_pi && !haspip && r2.p>0) { pip=r2; haspip++; }

1852 if (r2.mass==m_pi && 'haspim && r2.p<0) { pim=r2; haspim++; }

1853 if (r3.mass==m_mu && !'hasmup && r3.p>0) { mup=r3; hasmup++; }

1854 if (r3.mass==m_mu && 'hasmum && r3.p<0) { mum=r3; hasmum++; }

1855 if (r3.mass==m_pi && !haspip && r3.p>0) { pip=r3; haspip++; }

1856 if (r3.mass==m_pi && 'haspim && r3.p<0) { pim=r3; haspim++; }

1857 if (r4.mass==m_mu && !'hasmup && r4.p>0) { mup=r4; hasmup++; }

1858 if (r4.mass==m_mu && !'hasmum && r4.p<0) { mum=r4; hasmum++; }

1859 if (r4.mass==m_pi && 'haspip && r4.p>0) { pip=r4; haspip++; }

1860 if (r4.mass==m_pi && !haspim && r4.p<0) { pim=r4; haspim++; }

1861

1862 /* bail out if we haven’t the dimuon and dipion */

1863 if ( hasmup!=1 || hasmum!=1 || haspip!=1 || haspim!=1 ) return -1;
1864

1865 mJpsi = InvMass_PID(mup.mass, mum.mass, mup.n, mum.n, mup.p, mum.p);
1866 mKS = InvMass_PID(pip.mass, pim.mass, pip.n, pim.n, pip.p, pim.p);
1867 dmJpsi = stddev_Mass_PID(mup.mass, mum.mass, mup.n, mum.n,

1868 mup.c, mum.c, mup.p, mum.p);

1869 dmKS = stddev_Mass_PID(pip.mass, pim.mass, pip.n, pim.n,

1870 pip.c, pim.c, pip.p, pim.p);

1871

1872 /* cut on invariant masses */

1873 if (fabs(mJpsi-m_Jpsi)>0.2 || fabs(mJpsi-m_Jpsi)/dmJpsi>3.0) return -2;
1874 if (fabs (mKS-m_K0)>0.1 || fabs(mKS-m_K0)/dmKS>5.0 ) return -3;
1875 if (posZ(’Z’ ,mup,mum)<(rtar.d[Vz]-rtar.s[Vz]) ||

1876 posZ(’Z’,pip,pim)<(rtar.d[Vz]-rtar.s[Vz]) ||

1877 posZ(’Z’ ,pip,pim)<posZ(’Z’ ,mup,mum) ) return -4;
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}

P[Vz] = fabs(mup.p)/sqrt(1l.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);
P[Vz] += fabs(mum.p)/sqrt(1l.0+mum.n[TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]);
P[Vx] = fabs(mup.p)*mup.n[TX]/sqrt(1.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);
P[Vx] += fabs(mum.p)*mum.n[TX]/sqrt(1.0+mum.n [TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]) ;
P[Vyl = fabs(mup.p)#*mup.n[TY]/sqrt(1.0+mup.n[TX]*mup.n[TX]+mup.n[TY]*mup.n[TY]);
P[Vy] += fabs(mum.p)*mum.n[TY]/sqrt(1.0+mum.n[TX]*mum.n[TX]+mum.n[TY]*mum.n[TY]);
tx = P[Vx]/P[Vz]; ty = P[Vyl/P[Vz];
Jpsi.p = p = sqrt(P[Vz]*P[Vz]+P [Vx]*P[Vx]+P[Vy]l*P[Vy]l);
D[Vz] = posZ(’Z’, mup,mum); zJpsi = D[Vz];
D[Vx] = posZ(’X’, mup,mum);
D[Vyl = posZ(’Y’, mup,mum);
Jpsi.d[Z]=D[Vz]; Jpsi.d[X]=D[Vx]; Jpsi.d[Y]=D[Vyl;
Jpsi.n[TZ]=1.0; Jpsi.n[TX]=tx; Jpsi.d[TY]=ty;
Jpsi.mass = mJpsi; sprintf(Jpsi.PID,"J/psi");
for(i=0;i<Rcovar;i++) Jpsi.c[1]=0.0;
Jpsi.c[CXX]=sqrt (mup.c[CXX])+sqrt(mum.c[CXX]); Jpsi.c[CXX]*=Jpsi.c[CXX];
Jpsi.c[CYY]=sqrt (mup.c[CYY])+sqrt(mum.c[CYY]); Jpsi.c[CYYI*=Jpsi.c[CYY];
Jpsi.c[CXY]=sqrt(fabs(mup.c[CXY]))*Sign(mup.c[CXY]) +

sqrt (fabs (mum.c[CXY]))*Sign(mum.c [CXY]); Jpsi.c[CXY]*=Jpsi.c[CXY];
Jpsi.c[CTXTX]=sqrt (mup.c [CTXTX])+sqrt (mum.c [CTXTX]); Jpsi.c[CTXTX]*=Jpsi.c[CTXTX];
Jpsi.c[CTYTY]=sqrt (mup.c [CTYTY])+sqrt (mum.c[CTYTY]); Jpsi.c[CTYTY]*=Jpsi.c[CTYTY];
Jpsi.c[CPP]=sqrt (mup.c[CPP])+sqrt (mum.c[CPP]); Jpsi.c[CPP]*=Jpsi.c[CPP];

P[Vz] = fabs(pip.p)/sqrt(1.0+pip.n[TX]*pip.n[TX]+pip.n[TY]*pip.n[TY]);
P[Vz] += fabs(pim.p)/sqrt(1.0+pim.n[TXI*pim.n[TX]+pim.n[TY]*pim.n[TY]);
P[Vx] = fabs(pip.p)*pip.n[TX]/sqrt(1.0+pip.n[TX]*pip.n[TX]+pip.n[TY]*pip.n[TY]);
P[Vx] += fabs(pim.p)*pim.n[TX]1/sqrt(1.0+pim.n[TXI*pim.n[TX]+pim.n[TYI*pim.n[TY]);
P[Vy]l = fabs(pip.p)*pip.nl[TY]/sqrt(1.0+pip.n[TX]*pip.n[TX]+pip.n[TY]*pip.n[TY]);
P[Vy] += fabs(pim.p)*pim.n[TY]/sqrt(1.0+pim.n[TX]*pim.n[TX]+pim.n[TY]*pim.n[TY]);
tx = P[Vx]/P[Vz]; ty = P[Vyl/P[Vz];
KS.p = p = sqrt(P[Vz]*P[Vz]+P [Vx]*P [Vx]+P [Vyl*P[Vyl) ;
D[Vz] = posZ(’Z’, pip,pim); zKS = D[Vz];
D[Vx] = posZ(’X’, pip,pim);
D[Vyl = posZ(’Y’, pip,pim);
KS.d[Z]=D[Vz]; KS.d[X]=D[Vx]; KS.d[Y]=D[Vy];
KS.n[TZ]=1.0; KS.n[TX]=tx; KS.n[TY]l=ty;
KS.mass = mKS; sprintf(KS.PID,"K_S0");
for(i=0;i<Rcovar;i++) KS.c[i]=0.0;
KS.c[CXX]=sqrt (mup.c[CXX])+sqrt (mum.c [CXX]); KS.c[CXX]*=KS.c[CXX];
KS.c[CYY]=sqrt (mup.c[CYY])+sqrt (mum.c[CYY]); KS.c[CYY]*=KS.c[CYY];
KS.c[CXY]=sqrt (fabs (mup.c[CXY]))*Sign(mup.c[CXY]) +

sqrt (fabs (mum.c [CXY]) ) *Sign (mum. c [CXY]) ; KS.c[CXY]*=KS.c[CXY];
KS.c[CTXTX]=sqrt (mup.c [CTXTX])+sqrt (mum.c [CTXTX]); KS.c[CTXTX]#*=KS.c[CTXTX];
KS.c[CTYTY]=sqrt (mup.c[CTYTY])+sqrt (mum.c [CTYTY]); KS.c[CTYTY]*=KS.c[CTYTY];
KS.c[CPP]=sqrt (mup.c [CPP])+sqrt (mum.c[CPP]); KS.c[CPP]*=KS.c[CPP];

/* quick hack: get BO parameters from J/psi and KS */

zBO = posZ(’Z’, Jpsi, KS);

mJpsi = ParamImpact(Jpsi.n,KS.n, Jpsi.d,KS.d);

mKS = stddev_vtxcoord(’Z’, Jpsi, KS);

tx = PImp3(Jpsi.n,Jpsi.d, KS.n,KS.d, rverl.d, Jpsi.p,KS.p);

ty = stddev_PImp3(Jpsi.n,Jpsi.d, KS.n,KS.d, Jpsi.c,KS.c,
Jpsi.p,KS.p, rverl.d,rverl.c);

ePImp = stddev_ParamImp(Jpsi.n,KS.n, Jpsi.c,KS.c, Jpsi.d,KS.d);

return ePImp; // Units: micrometers.

double stddev_vtxcoord(char VTXcoord, RTRA rtral, RTRA rtra2) {

int i;
const double stdDevZCoord = 0.0280; // VDS plane thickness, in centimeters;
double lambdal=0.0,lambda2=0.0, zS,xS,yS, dzS, dxS, dyS;
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double D[Rcoords], ni[Rdirec], n2[Rdirec], n3[Rdirec];
double N3=0.0, nin2=0.0, mn1=0.0, mn2=0.0, Dn1=0.0, Dn2=0.0;
double dlidz1l, dlidx1l, dlidyl, dlidz2, dlidx2, dlidy2;
double dlidtxl, dlidtyl, dlidtx2, dlidty2;
double dl2dz1, dl2dx1, dl2dyl, dl2dz2, dl2dx2, dl2dy2;
double dl2dtxl, dl2dtyl, dl2dtx2, dl2dty2;
double dzdzl, dzdz2, dzdxl, dzdx2, dzdyl, dzdy2;
double dzdtxl, dzdtyl, dzdtx2, dzdty2;
double dxdzl, dxdz2, dxdxl, dxdx2, dxdyl, dxdy2;
double dxdtxl, dxdtyl, dxdtx2, dxdty2;
double dydzl, dydz2, dydxl, dydx2, dydyl, dydy2;
double dydtxl, dydtyl, dydtx2, dydty2;
for(i=0; i<Rcoords; i++) D[i] = rtra2.d[i] - rtrail.d[i];
for(i=0; i<Rdirec; i++)
{ mn1 += rtral.n[il*rtral.n[i]; mn2 += rtra2.n[i]*rtra2.n[i]; }
mnl = sqrt(mnl); mn2 = sqrt(mn2);
for(i=0; i<Rdirec; i++) { ni1[i] = rtral.n[i]l/mnl; n2[i] = rtra2.n[i]/mn2; }
nin2 = n1[TZ]*n2[TZ] + ni1[TX]*n2[TX] + ni1[TY]*n2[TY];
Dnli = D[Z]*n1[TZ] + D[X]*ni1[TX] + D[Y]*ni[TY];
Dn2 = D[Z]1#n2[TZ] + D[XI1*n2[TX] + D[YI*n2[TY];
n3[TZ] = n1[TX]*n2[TY] - ni[TY]*n2[TX];
n3[TX] = n1[TY]*n2[TZ] - ni1[TZ]*n2[TY];
n3[TY] = n1[TZ]*n2[TX] - nl1[TX]*n2[TZ];
for(i=0; i<Rdirec; i++) N3 += n3[i]*n3[i]; N3 = sqrt(N3);
if(N3 != 0.0) {
for(i=0; i<Rdirec; i++) n3[i]/=N3;
lambdal += (D[X]*n2[TY]-D[Y]*n2[TX]) * n3[TZ]/N3;
lambdal += (D[Y]*n2[TZ]-D[Z]*n2[TY]) * n3[TX]/N3;
lambdal += (D[Z]*n2[TX]1-D[X]*n2[TZ]) * n3[TY]/N3;
lambda2 += (D[X]*n1[TY]-D[Y]*n1[TX]) * n3[TZ]/N3;
lambda2 += (D[Y]*n1[TZ]-D[Z]*n1[TY]) * n3[TX]/N3;
lambda2 += (D[Z]*n1[TX]-D[X]*n1[TZ]) * n3[TY]/N3;
}
/* derivadas de lambdal */
dl1dz2 = (ni1[TZ]-n1n2*n2[TZ])/(N3*N3);
dl1dx2 = (n1[TX]-n1n2*n2[TX])/(N3%N3);
dlidy2 = (n1[TY]-nin2#*n2[TY])/(N3*N3);
dlidzl = -dl1dz2; dlidxl = -dl1dx2; dlidyl = -dlidy2;
dlidtx1l = (mn2*D[X]-n2[TX]*Dn2)/(mnl*mn2*N3*N3) - lambdal*nl[TX]/(mni*mnil)
- 2.0%lambdal*(n2[TY]*n3[TZ]-n3[TY])/N3;
dlidtyl = (mn2#D[Y]-n2[TY]*Dn2)/(mni1*mn2*N3%N3) - lambdal*nl[TY]/(mni*mnil)
+ 2.0xlambdal* (n2[TX]*n3[TZ]-n3[TX])/N3;
dl1dtx2 = -nin2%(mn2*D[X]-2.0*n2[TX]*Dn2)/ (mn2*mn2*N3*N3)
- (Dn2/(N3%N3))*n1[TX]/(mni1*mn2) + 2.0*lambdal*(nl[TY]*n3[TZ]-n3[TY])/N3;
dlidty2 = -nin2*(mn2*D[X]-2.0%n2[TX]*Dn2)/(mn2*mn2*N3*N3)
- (Dn2/(N3%N3))*n1[TX]/(mni1*mn2) - 2.0*lambdal*(nl[TX]*n3[TZ]-n3[TX])/N3;
/* derivadas de lambda2 */
d12dz2 = (n2[TZ]-nin2+*n1[TZ])/(N3*N3);
dl12dx2 = (n2[TX]-nin2xni[TX])/(N3%N3);
dl2dy2 = (n2[TY]-nin2*n1[TY])/(N3*N3);
dl2dzl = -dl12dz2; dl2dxl = -dl2dx2; dl2dyl = -dl2dy2;
dl2dtx1 = nin2*(mn1*D[X]-2.0*n1[TX]*Dnl)/(mnl1*mn1*N3*N3)
+ (Dn1/(N3*N3))*n2[TX]/(mn1*mn2) - 2.0*lambda2*(n2[TY]*n3[TZ]-n3[TY])/N3;
dl2dtyl = nin2%(mni*D[Y]-2.0*n1[TY]*Dn1)/(mni*mni*N3*N3)
+ (Dn1/(N3%N3))*n2[TY]/(mni1*mn2) + 2.0*lambda2*(n2[TX]*n3[TZ]-n3[TX])/N3;
dl2dtx2 = -(mni1*D[X]-n1[TX]#Dn1)/(mnl1*mn2+N3*N3) - lambda2#n2[TX]/(mn2+*mn2)
+ 2.0xlambda2* (n1[TY]*n3[TZ]-n3[TY])/N3;
dl2dty2 = -(mni1*D[Y]-n1[TY]*Dn1)/(mnl*mn2*N3*N3) - lambda2+#n2[TX]/(mn2*mn2)

- 2.0%lambda2+*(n1[TX]*n3[TZ]-n3[TX])/N3;
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/* derivadas da coordenada z do vertice */

dzdzl = dli1dzi/mnl + dl12dz1/mn2; dzdzl += 1.0;

dzdz2 = dl11dz2/mnl + d12dz2/mn2; dzdz2 += 1.0;

dzdxl = dlidx1/mnl + d12dx1/mn2;

dzdyl = dlidyl/mnl + dl2dyl1/mn2;

dzdx2 = dl1dx2/mnl + d12dx2/mn2;

dzdy2 = dlidy2/mnl + dl12dy2/mn2;

dzdtxl = (mnl*dlidtxl - lambdal*nl[TX]/mni1)/(mni*mnl) + d12dtx1/mn2;
dzdtyl = (mnl*dlidtyl - lambdal*nl[TY]/mn1)/(mni*mni) + dl2dtyl/mn2;
dzdtx2 = dl11dtx2/mnl + (mn2*d12dtx2 - lambda2*n2[TX]/mn2)/(mn2*mn2) ;
dzdty2 = dl1dty2/mnl + (mn2*d12dty2 - lambda2*n2[TY]/mn2)/(mn2*mn2);

dzdz1*=0.5; dzdz2*=0.5; dzdx1*=0.5; dzdx2*=0.5; dzdyl*=0.5; dzdy2*=0.5;
dzdtx1*=0.5; dzdtyl*=0.5; dzdtx2*=0.5; dzdty2*=0.5;

/* derivadas da coordenada x

do vertice */

dxdzl = n1[TX]*dlidz1/mnl1 + n2[TX]*d12dz1/mn2;

dxdz2 = n1[TX]*dl1dz2/mnl + n2[TX]*d12dz2/mn2;

dxdxl = n1[TX]*dlidx1/mnl + n2[TX]*d12dx1/mn2; dxdxl += 1.0;

dxdyl = n1[TX]*dlidyl/mnl + n2[TX]*dl2dyl/mn2; dxdx2 += 1.0;

dxdx2 = n1[TX]*dl1dx2/mnl + n2[TX]*d12dx2/mn2;

dxdy2 = n1[TX]*dlidy2/mnl + n2[TX]*d12dy2/mn2;

dxdtxl = (n1[TX]*mni*dlildtxl - lambdal*nl[TX]*n1[TX]/mn1)/(mni*mnl) + n2[TX]*d1l2dtx1/mn2;
dxdtyl = (n1[TX]*mnl*dlidtyl - lambdal*nl[TX]*n1[TY]/mn1)/(mni*mni) + n2[TX]*d12dtyl/mn2;
dxdtx2 = (n2[TX]*mn2*d12dtx2 - lambda2*n2[TX]*n2[TX]/mn2)/(mn2*mn2) + nl[TX]*dli1dtx2/mni;
dxdty2 = (n2[TX]*mn2*d12dty2 - lambda2*n2[TX]*n2[TY]/mn2)/(mn2*mn2) + nl[TX]*dlildty2/mn1;
dxdtx1+= lambdal/mni1;

dxdz1*=0.5; dxdz2*=0.5; dxdx1*=0.5; dxdx2*=0.5; dxdyl*=0.5; dxdy2*=0.5;
dxdtx1*=0.5; dxdtyl*=0.5; dxdtx2*=0.5; dxdty2*=0.5;

/* derivadas da coordenada y do vertice */

dydzl = n1[TY]*dlidz1/mnl + n2[TY]*d12dz1/mn2;

dydz2 = n1[TY]*d1l1dz2/mnl + n2[TY]*d12dz2/mn2;

dydxl = ni1[TY]*dlidx1/mnl + n2[TY]*d12dx1/mn2;

dydyl = n1[TY]*dlldyl/mnl + n2[TY]*d12dyl/mn2;

dydx2 = n1[TY]*d11dx2/mnl + n2[TY]*d12dx2/mn2; dydxl += 1.0;

dydy2 = n1[TY]*dlldy2/mnl + n2[TY]*d12dy2/mn2; dydx2 += 1.0;

dydtxl = (ni1[TY]*mnl*dlldtxl - lambdal*nl[TY]*n1[TX]/mn1)/(mni*mni) + n2[TY]*d12dtx1l/mn2;
dydtyl = (ni[TY]*mni*dlidtyl - lambdal*ni[TY]l*ni1[TY]/mn1)/(mni*mni) + n2[TY]*dl2dtyl/mn2;
dydtx2 = (n2[TY]*mn2+*d12dtx2 - lambda2*n2[TY]*n2[TX]/mn2)/(mn2*mn2) + nil[TY]*d1l1dtx2/mn1;
dydty2 = (n2[TY]*mn2*dl2dty2 - lambda2+#n2[TY]*n2[TY]/mn2)/(mn2*mn2) + ni[TY]*dlidty2/mni;
dydty2+= lambda2/mn2;

dydz1*=0.5; dydz2*=0.5; dydx1*=0.5; dydx2*=0.5; dydyl1*=0.5; dydy2*=0.5;
dydtx1*=0.5; dydtyl*=0.5; dydtx2*=0.5; dydty2*=0.5;

dzS = dxS

/* dzS =

dzS += dz
dzS += dz
dzS += dz
dzS += dz
dzS += dz
dzS x= 2.

variancia da coordenada Z do vertice */

dzS += dzdxl*dzdyl*rtral.c[CXY] + dzdx2xdzdy2+*rtra2.c[CXY];
.c[CTXTY]+ dzdtx2*dzdty2*rtra2.c[CTXTY];
.c[CXTX] + dzdtyl*rtral.c[CXTY]);

dtxl*dzdtyl*rtral
dx1*(dzdtxl*rtral
dy1x*(dzdtxl*rtral
dx2* (dzdtx2*rtra2
dy2* (dzdtx2*rtra2
H

.c[CYTX]
.c[CXTX]
.c[CYTX]

+ dzdtyl*rtral.c[CYTY]);
+ dzdty2+*rtra2.c[CXTY]);
+ dzdty2*rtra2.c[CYTY]);

dzS +=
dzS +=
dzS +=
dzS +=
dzS +=

/* dxS

(dzdz1*dzdz1 + dzdz2*dzdz2)*stdDevZCoord*stdDevZCoord;
dzdx1*dzdxl*rtral.c[CXX] + dzdyl*dzdyl*rtral.c[CYY];
dzdtxi*dzdtxl*rtral.c[CTXTX] + dzdtyl*dzdtyl*rtral.c[CTYTY];
dzdx2*dzdx2+*rtra2.c[CXX] + dzdy2*dzdy2*rtra2.c[CYY];
dzdtx2*dzdtx2*rtra2.c[CTXTX] + dzdty2*dzdty2*rtra2.c[CTYTY];

= variancia da coordenada X do vertice */
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2064 dxS += dxdxl*dxdyl*rtral.c[CXY] + dxdx2*dxdy2*rtra2.c[CXY];

2065 dxS += dxdtxlxdxdtyl*rtral.c[CTXTY] + dxdtx2xdxdty2*rtra2.c[CTXTY];
2066 dxS += dxdx1*(dxdtxl*rtral.c[CXTX] + dxdtyl*rtral.c[CXTY]);

2067 dxS += dxdyl*(dxdtxl*rtral.c[CYTX] + dxdtyl*rtral.c[CYTY]);

2068 dxS += dxdx2*(dxdtx2*rtra2.c[CXTX] + dxdty2*rtra2.c[CXTY]);

2069 dxS += dxdy2+*(dxdtx2*rtra2.c[CYTX] + dxdty2*rtra2.c[CYTY]);

2070 dxS *= 2.0;

2071 dxS += (dxdzl*dxdzl + dxdz2*dxdz2)*stdDevZCoord*stdDevZCoord;

2072 dxS += dxdxl*dxdxl*rtral.c[CXX] + dxdylxdxdyl*rtral.c[CYY];

2073 dxS += dxdtxl*dxdtxl*rtral.c[CTXTX] + dxdtyl*dxdtylxrtral.c[CTYTY];
2074 dxS += dxdx2*dxdx2*rtra2.c[CXX] + dxdy2xdxdy2+*rtra2.c[CYY];

2075 dxS += dxdtx2*dxdtx2*rtra2.c[CTXTX] + dxdty2xdxdty2*rtra2.c[CTYTY];
2076

2077 /* dyS = variancia da coordenada Y do vertice */

2078 dyS += dydxil*dydyl*rtral.c[CXY] + dydx2*dydy2*rtra2.c[CXY];

2079 dyS += dydtxixdydtyl*rtral.c[CTXTY] + dydtx2xdydty2*rtra2.c[CTXTY];
2080 dyS += dydx1x*(dydtxl*rtral.c[CXTX] + dydtyl*rtral.c[CXTY]);

2081 dyS += dydyl*(dydtxl*rtral.c[CYTX] + dydtyl*rtral.c[CYTY]);

2082 dyS += dydx2+*(dydtx2*rtra2.c[CXTX] + dydty2*rtra2.c[CXTY]);

2083 dyS += dydy2+*(dydtx2*rtra2.c[CYTX] + dydty2*rtra2.c[CYTY]);

208/ dyS *= 2.0;

2085 dyS += (dydzl*dydzl + dydz2*dydz2)*stdDevZCoord*stdDevZCoord;

2086 dyS += dydxl*dydxl*rtral.c[CXX] + dydylxdydyl*rtral.c[CYY];

2087 dyS += dydtxl*dydtxl*rtral.c[CTXTX] + dydtyl*dydtylxrtral.c[CTYTY];
2088 dyS += dydx2*dydx2*rtra2.c[CXX] + dydy2xdydy2+*rtra2.c[CYY];

2089 dyS += dydtx2*dydtx2*rtra2.c[CTXTX] + dydty2*dydty2*rtra2.c[CTYTY];
2090

2091 /* retorna o "standard deviation" da coordenada VTXcoord */

2092 switch((int)VTXcoord) {

2093 case ’Z’: return sqrt(dzS); break;

2094 case ’X’: return sqrt(dxS); break;

2095 case ’Y’: return sqrt(dyS); break;

2096 default: return 0.0; break;

2097 }

2098 return 0.0;

2099 }

2100

2101 /* [////111/17//777//77/7/7/777//////// THE-END ////////////7///17/7777/11171771] =/

E.2 Geometry misalignment

The list below is the source code used in ARTE to simulate detector misalign-
ment. It is based on an original inception by Dmitri Goloubkov (HERA-B),
and it is supposed to compile with ARTE and run at its initiation, i.e. inside
the routine usinit (). The user should then call the necessary event recon-
struction routines to fill the ARTE tables with the reconstruction elements
(segments, tracks, vertices) from the digitized hits (which themselves are
dragged with the displaced detector elements) — see figure 3.40.

#include <unistd.h>
#include <iostream.h>
#include <iomanip.h>
#include <vector.h>
#include "arte/arte.hh"

QAN v =
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int remaskNEDEgeom(int option) {

// static int AlreadyRan = 0;
const char *NEDEfname = "NEDEfile.txt";
const float LEN = 1.00;
FILE *NEDEfile;

int iidx, idx = O, numcomp = O, found = 0, cmp, lay, sec, shp;

float xmin, xmax, ymin, ymax, zmin, zmax;
float sxmn, sxmx, symn, symx, cos, sin;
ArteTablelterator<HITB> hitb;
ArteTablelterator<HITC> hitc;
ArteTableIterator<NEDE> nede;
ArteTableIterator<GEDE> gede;
ArtePointer<GESL> gesl;

ArtePointer<NESL> nesl;

int isGESLchanged[128], isNESLchanged[128];

for(idx=0; idx<128; idx++) isGESLchanged[idx]

cout << "remaskGEDEgeom: Started, input file
cout << endl;

NEDEfile = fopen(NEDEfname,"r");
if (!NEDEfile)
{ cout << "Could not open ’" << NEDEfname <<

nede = ArteTable<NEDE>::begin();

if (! (nede->cmp)) {
cout << "Seems NEDE table is empty (method
return -2;

}

nede = ArteTable<NEDE>::end();

cout << "Table NEDE has " << nede.index() <<

while(!feof (NEDEfile)) {

= isNESLchanged[idx] = 0;

mask is ’" << NEDEfname <<

"M << endl; return -1; }

1), nothing changed." << e

" entries." << endl;

fscanf (NEDEfile, "%i%i%ihihfhEhEhEREhEhENERERERERESL" ,

&cmp, &lay, &sec, &shp,

&xmin, &xmax, &ymin, &ymax, &zmin, &zmax,
&sxmn, &sxmx, &symn, &symx, &cos, &sin, &idx);

found = 0;
iidx=idx;
for(gede = ArteTable<GEDE>::begin();

gede != ArteTable<GEDE>::end(); ++gede) {

if (gede.index() != idx) continue;
if(gede->cmp !'= cmp || gede->lay != lay ||
gede->sec != sec || gede->shp != shp) continue;

gesl = gede->gesl;

if (option==0) { /* -- OPTION O:

gede->xmin += xmin;
gede->ymin += ymin;
gede->zmin += zmin;
gede->sxmn += sxmn;
gede->symn += symn;
gede->sin += sin ;
idx = (int)gesl.index();

only geometry is changed
gede->xmax += xmax;
gede->ymax += ymax;
gede->zmax += zmax;
gede->sxmx += SXmX;
gede->symx += symx;
gede->cos += cos ;

if (isGESLchanged[idx]>0) continue;

else isGESLchanged[idx]++;

gesl->x1 += xmin; gesl->x2 += xmax;
gesl->yl += ymin; gesl->y2 += ymax;
gesl->zl1 += zmin; gesl->z2 += zmax;

for(ArteTableIterator<GWAL> gwal = ArteTable<GWAL>::begin();

gwal != ArteTable<GWAL>::end(); ++gwal) {

non.
3

ndl;

— %/
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68 if (gwal->gesl != gesl) continue;

69 gwal->xmin += xmin; gwal->xmax += xmax;
70 gwal->ymin += ymin; gwal->ymax += ymax;
71 gwal->zmin += zmin; gwal->zmax += zmax;
72 ¥

73 } else if(option==1) { /* OPTION 1: only hits are changed */
74 for(hitb = ArteTable<HITB>::begin();

75 hitb != ArteTable<HITB>::end() ; ++hitb) {
76 if (hitb->gede == idx) {

ke hitb->z += ((zmin+zmax)/2.0);

78 // hitb->x += ((xmin+xmax)/2.0);

79 // hitb->y += ((ymin+ymax)/2.0);

80 }

81 ¥

82 }

83 ¥

84 numcomp++;

85

86 /* —-—- NEDE table */

87 found = 0;

88 for(nede = ArteTable<NEDE>::begin();

89 nede '= ArteTable<NEDE>::end(); ++nede) {

90 if (nede.index() !'= iidx) continue;

91 if (nede->cmp != cmp || nede->lay != lay ||

92 nede->sec != sec || nede->shp != shp) continue;

98 if (option==0) {

94 nede->xmin += xmin; nede->xmax += xmax;

95 nede->ymin += ymin; nede->ymax += ymax;

96 nede->zmin += zmin; nede->zmax += zmax;

97 nede->sxmn += sxmn; nede->sxmx += SXmX;

98 nede->symn += symn; nede->symx += Symx;

99 nede->sin += sin ; nede->cos += cos ;

100 nesl = nede->nesl;

101 idx = (int)nesl.index();

102 if (isNESLchanged[idx]>0) continue;

1038 else isNESLchanged[idx]++;

104 nesl->x1 += xmin; nesl->x2 += xmax;

105 nesl->yl += ymin; nesl->y2 += ymax;

106 nesl->z1 += zmin; nesl->z2 += zmax;

107 for(ArteTableIterator<NWAL> nwal = ArteTable<NWAL>::begin();
108 nwal != ArteTable<NWAL>::end(); ++nwal) {

109 if (nwal->nesl != nesl) continue;

110 nwal->xmin += xmin; nwal->xmax += xmax;
111 nwal->ymin += ymin; nwal->ymax += ymax;
112 nwal->zmin += zmin; nwal->zmax += zmax;
113 }

114 }

115 }

116 /* —-—- NEDE table */

117

118 }

119

120 fclose(NEDEfile);

121 cout << "Finished reading ’" << NEDEfname << "’, " ;

122 cout << numcomp << " entries in table NEDE/GEDE were changed" << endl;
123 return numcomp;

124 }

125 /* -- end of routine remaskNEDEgeom() -- */

126
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