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Abstract

The strangeness production ratios Λ/Λ and Λ/K0
S are measured by the LHCb detector

from 0.3 nb−1 of proton-proton collisions delivered by the Large Hadron Collider (LHC)

at CERN with centre-of-mass energy
√
s = 0.9 TeV and 1.8 nb−1 at

√
s = 7 TeV. Both

ratios are presented as a function of transverse momentum, pT, and rapidity, y, in the

ranges 0.15 < pT < 2.50 GeV/c and 2.0 < y < 4.5. The ratios measured at the two energies

are in good agreement in an overlapping region of rapidity loss, ∆y = ybeam − y, and are

consistent with previous measurements.

A review of the Standard Model is presented with emphasis on the difficulties in its

application for predictions of physics at the LHC. Phenomenological models are introduced

as the current state of the art for such predictions. Accurate models are required as an

essential benchmark for future discoveries of physics beyond the Standard Model. LHCb’s

results represent a powerful test for these models in the soft QCD regime for processes

including hadronisation. The ratio Λ/Λ, measuring the transport of baryon number from

the collision into the detector, is smaller in data than predicted, particularly at high

rapidity. The ratio Λ/K0
S, measuring the baryon-to-meson suppression in strange quark

hadronisation, is significantly larger than expected.

The LHCb experiment is introduced, with particular focus on its Ring Imaging

Cherenkov (RICH) detectors. The development and successful implementation of a

method to align those RICH detectors is presented, using proton-proton collision data

from the early running period of the Large Hadron Collider, which began in November

2009. The performance of the RICH detectors is investigated with preliminary analy-

sis of the Cherenkov photon yield. The RICH mirror positions are monitored using an

automated software control system, which has been running successfully since October

2008.
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Chapter 1

Introduction

It may be that the great influence of the Greeks on modern science and their short list

of elements – earth, air, fire and water – has inspired a nostalgia for such a concise

description of the universe. It may be that the impulse for a simple, unifying description

is part of human nature, as similar ancient ideas are well known from Egypt to Japan.

For me though, it is the repeated observations in the field of High Energy Physics of one

guiding principle that inspires belief in fundamental particles and fundamental forces:

“. . . every particle decays into lighter particles, unless prevented from doing so

by some conservation law.”

– D. Griffiths, Introduction to Elementary Particles, 1987 [4]

1.1 High Energy Physics

The “High” in High Energy Physics has had an ever-changing definition reflecting the

contemporary boundary of our understanding of the natural world at a fundamental level.

For current High Energy Physicists, this boundary is the 7 TeV centre-of-mass energy of

proton collisions at the LHC. Each new expansion of the energy frontier is a step into the

unknown, where our understanding of the constituents of matter and the nature of the

interactions between them will be tested and may be overturned.

The high energy frontier has come a long way – 12 orders of (fixed target equivalent)

magnitude [5] – since John Cockcroft and Ernest Walton began their pioneering work in

1928 to surpass the energy limits of naturally occurring α radiation by creating a beam of

accelerated protons [6,7]. At that time, only two of the particles now considered to be fun-

damental had been identified: the lightest of the charged leptons (the electron, discovered

by J. J. Thomson in 1897 [8]) and the mediator of the electromagnetic force (the photon:

a corpuscular description of light invoked by Albert Einstein to explain the photoelectric

effect [9]). Just four years later, in 1932, a third particle: the positron (or antielectron) was

19
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Figure 1.1: The Standard Model of High Energy Physics. The fundamental particles are shown
with their electric charge (top right) and number of color states (top left), where applicable. The
circular areas given for each particle are proportional to their respective masses, from the light
0.5 MeV/c2 electron to the heavy 172 GeV/c2 top quark. The photon and gluons are massless.
The masses of the neutrinos and the Higgs boson are currently unknown. The Higgs has not yet
been observed.

to be discovered by Carl Anderson [10], confirming the existence of antimatter implicit

in Dirac’s equation [11]. A “zoo” of new particles (and antiparticles) followed over the

subsequent decades with discoveries driven by developments in accelerator and detector

technologies. The creation of new theoretical ideas to catalogue and sometimes antici-

pate (e.g. the Ω− baryon and Z0 boson discussed in Chapter 2) these particles, as well

as to describe their interactions, has produced our current picture of the fundamental

constituents of nature called the Standard Model, summarised in Fig. 1.1.

In this picture, each type of particle is identified by its mass, mean lifetime, spin and

its coupling to the fundamental forces: electromagnetism and the weak and strong nuclear

interactions. Each type of particle is an example of a Platonic ideal; with every specimen

a perfect reproduction, indistinguishable from the next. An overview of Standard Model

theory is given in Chapter 2.

The matter particles, generically called fermions, are divided into two families: the

six flavours of lepton, of which three couple to the electromagnetic force and all couple

to the weak force, and the six flavours of quark, which all couple to the electromagnetic,

weak and strong forces. Each family is split into three generations of increasing mass but

otherwise identical properties. Each of these generations consists of two particles differing

only by mass, mean lifetime and electric charge. All of the quarks may come in three

colours: red, green and blue, representing the charges of the strong force. For each matter

particle there is an antiparticle with the same mass, mean lifetime and spin but opposite
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Table 1.1: The relative strengths of the four fundamental forces. The range of each force
is related to the mass of the mediating particle. [12]

Fundamental interaction Strength Range [m]

Strong 1 10−15 ∼ 1/mpion

Electromagnetic 10−2 ∞ ∼ 1/mphoton

Weak 10−6 10−18 ∼ 1/mW±, Z0

Gravitation 10−42 ∞ ∼ 1/mgraviton

couplings to the forces. All in all there are 12 leptons and 36 quarks.

The fundamental forces are mediated by particles called bosons: the eight gluons, g,

of the strong interaction, the three carriers of the weak interaction: W± & Z0 and the

photon, γ, which mediates the electromagnetic force. The range of each force is inversely

proportional to the mass of the mediating particle.1 The Higgs boson has been predicted by

the unification of the electromagnetic and weak interactions but has not yet been observed.

At the scale of these fundamental objects gravitation exerts a negligible influence and its

hypothetical mediator, the graviton, is not included in the model. The relative strength

and range of each force is summarised in Table 1.1.

While the advancements of 20th century physics, culminating in the Standard Model,

can be considered a great success, it is clear that we do not yet have a complete, fun-

damental description of nature. There is no quantum field theory for gravitation and

the matter-antimatter asymmetry observed in the universe cannot be accounted for. The

search for such fundamental answers will always motivate enquiring minds to drive inno-

vations in technology and theory that will continue to redefine the “High” in High Energy

Physics in the new century.

1.2 An outline of this thesis

This thesis is presented in four main sections:

I – Chapters 2 and 3 introduce Standard Model theory, with particular emphasis on the

strong force, and argue the need for phenomenological models to make useful predictions

at the LHC. An explanation of common approaches to these models and the requirement

for validation by new experimental results is also given.

II – Chapter 4 provides a walkthrough of the LHCb detector, its components and early

performance. The physics goals of the experiment are given in the historical context of

CERN.

1Where strong interactions are approximated by pion exchange. [12]
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III – Chapter 5 is focussed on Ring Imaging Cherenkov (RICH) detectors, from an intro-

duction to Cherenkov radiation to the calibration of LHCb’s detectors with early collision

data and their successful employment for particle identification.

IV – Chapter 6 presents an analysis of the strangeness production ratios Λ/Λ and Λ/K0
S

as a powerful probe for hadronisation processes in the new high energy conditions at the

LHC. LHCb can make an important contribution thanks to its full instrumentation at

small angles to the colliding proton beams, which is unique among the LHC experiments.

Finally, Chapter 7 presents a summary of this thesis and its conclusions.



Chapter 2

The Standard Model

“I was at first almost frightened when I saw so much mathematical force made

to bear upon the subject, and then wondered to see that the subject stood it

so well.”

– Michael Faraday, letter to James Clerk Maxwell, 25 March 1857 [13]

2.1 Introduction

The Standard Model (SM) is a relativistic quantum field theory that describes the dy-

namics of the fundamental particles under the influence of the electromagnetic, weak and

strong interactions. These forces are brought together in the language of gauge theories.

The SM is gauge invariant, i.e. all measurable predictions are unchanged by a set of

transformations, or symmetries. Invariance of the Standard Model to the Poincaré global

symmetry group: translations, rotations and boosts in spacetime, leads naturally to the

classical physics conservation laws for energy, momentum and angular momentum, by

Noether’s theorem [14].

The Standard Model Lagrangian can be summarised as:

LSM = LEW + LStrong + LHiggs−Yukawa (2.1)

where the Higgs-Yukawa term must be combined with the electroweak (EW) and strong

interactions to produce non-zero particle masses without breaking the overall symmetry

of the theory.

The conserved charges of the electromagnetic, weak and strong forces result from

invariance of the Standard Model to the local symmetry group: SU(3)C ⊗ SU(2)W ⊗
U(1)Y, where C represents the color charge of the strong force, W the isospin and Y the

hypercharge of the unified electroweak interaction. The electric charge,Q, is also conserved

and is derived from the hypercharge and the weak isospin, Q = W 3 + Y . The symmetry

23
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group has 12 generators that give rise to all the force mediators: the eight gluons, g, of

the strong force, the three weak vector bosons, W+, W− & Z0, and the single photon, γ,

of the electromagnetic interaction.

An additional four conserved quantities result from “accidental” global symmetries

found in the Standard Model: baryon number, B, and the three lepton family numbers:

Le, Lµ & Lτ . With the discovery of neutrino oscillations by Super Kamiokande in 1998 [15]

and the implication for non-zero neutrino masses, the conservation of individual lepton

family numbers can no longer be held and is replaced by conservation of total lepton

number, L = Le + Lµ + Lτ .

2.2 QED: The first gauge field theory

The gauge field theory Quantum Electrodynamics (QED), which reached maturity in

the 1940s [16], was the first successful combination of quantum mechanics and special

relativity and describes the interactions of charged particles by exchange of a neutral,

massless boson (spin-1): the photon.

All matter particles are fermions (spin-1
2
) and are described by the Dirac equation.

The Lagrangian density for a free fermion field, f , of mass, m, is (with } = c = 1):

LFermion = f(iγµ∂µ −m)f (2.2)

where the Greek indices denote spacetime directions (following Einstein notation), γµ are

the Dirac matrices 1, ∂µ are the spacetime derivatives, ∂/∂xµ, and f is the conjugate field,

f = f †γ0 and f † is the complex conjugate transpose of f .

In quantum mechanics, the expectation value of an observable, Ω, of a state, |ψ〉,
is given by: 〈Ω〉 = 〈ψ|Ω̂|ψ〉, where Ω̂ is the related Hermitian operator. This value is

unchanged by a local (position dependent) gauge transformation from the Abelian (i.e.

commutative) group U(1): ψ → ψ′ = eiω(x)ψ, i.e. the physics of the system is blind to the

phase ω(x) and is said to be gauge invariant.

The complete physical system can be derived from the Lagrangian density that must

therefore also be gauge invariant. However, the action of this U(1) group transformation

on the free fermion field introduces an unwanted extra derivative term (underlined):

LFermion → L′Fermion ≡ f(iγµ[∂µ + i∂µω(x)]−m)f . (2.3)

Local gauge invariance can be restored by replacing the derivative in Eqn. 2.2 with a

covariant derivative, Dµ, that introduces an interaction term with a vector boson (spin-1)

1The 4 × 4 matrices γµ are defined by the anticommutator relation: {γµ, γν} = 2gµν , where gµν is
the Minkowski metric.
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gauge field, Aµ:

∂µ → Dµ ≡ ∂µ + igAµ (2.4)

where g is the coupling strength between the gauge and fermion fields. The interaction

term with Aµ transforms to introduce an additional term in ω(x) (Eqn. 2.5) that exactly

cancels with the unwanted term introduced in the derivative in Eqn. 2.3:

igAµ → igA′µ ≡ igAµ − i∂µω(x) . (2.5)

The QED Lagrangian density is completed with a gauge invariant kinetic energy term

for the boson field:

LQED = LBoson + LFermion

= −1

4
FµνF

µν + f(iγµDµ −m)f (2.6)

where the electromagnetic field tensor, Fµν , can be written:

Fµν = ∂µAν − ∂νAµ . (2.7)

The gauge field required for the partial derivative to preserve U(1) symmetry contains

no term proportional to AµAµ, therefore the boson is massless. The field, Aµ, is interpreted

as the photon field and the coupling strength, g, as the electric charge of the fermion, Qe;

where Q is ∓1 for an electron/positron and +2
3

for an up quark, etc.

By enforcing the concept of U(1) gauge invariance, expected for quantum mechanical

observables on the free Dirac field Lagrangian, fermions are required to interact with a

massless vector boson field. Spectacularly, this single concept results in a complete and

precise description of electromagnetic interactions, from Compton scattering to Maxwell’s

equations.

The electromagnetic coupling strength, α (∝ e2), is not predicted by QED and must

be determined by experiment. Precise tests of QED therefore require a suitably precise

measurement of α as the basis for calculating the predictions of the theory. For this reason,

tests of QED are often reported as the agreement between the electromagnetic coupling

strength α determined from experiments involving different physical systems. A recent

comparison, between measurements of the anomalous magnetic dipole moment of the

electron and the recoil of Rubidium atoms with photon absorption, gives an agreement

on the value of α to about 100 parts per billion [17].
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2.3 Electroweak interactions

Weak interactions had first been described by Fermi in 1934 [18] as the mechanism for

radioactive β-decay. The Fermi model of a four-point “contact” interaction, with coupling

constant GF, was later thought to be only a low energy approximation for a short-range

interaction, mediated by a massive “intermediate vector boson” that carried an electric

charge equal to that of the β electron or positron [19,20].

A gauge invariant quantum field theory of weak interactions was developed over the

1960s, which described the “charged current” interactions of the massive bosons, the W±.

The theory also included “neutral current” interactions, by exchange of the Z0 vector

boson, which were later discovered at CERN by the Gargamelle experiment [21].

In completing this theory in 1968 [22–24], Glashow, Salam and Weinberg showed

that the weak and electromagnetic interactions are really two aspects of a fundamental

“electroweak” symmetry. This unification of forces extended Maxwell’s joint formulation of

electricity and magnetism a century earlier and provides a continuing source of inspiration

for a Grand Unified Theory that may one day unite all the forces in nature.

The weak interaction is special in the Standard Model, being the only force to interact

will all known fermions. Weak interactions have also uniquely been shown to violate

parity (or “mirror symmetry”), P , and charge conjugation, C, as well as the combined

CP symmetry; the violation of which is thought to be required to explain the imbalance

of matter over antimatter in the universe [25–28].

The electroweak Lagrangian is constructed, similarly to the example of QED in Sec-

tion 2.2, by the introduction of interaction terms between free fermions and boson fields

to enforce gauge invariance. Unlike the case of QED, the bosons of the weak interaction

W+, W− and Z0 were thought to be massive to account for the weakness of the force.

To introduce these masses and maintain gauge invariance requires an additional “Higgs”

term. The complete electroweak Lagrangian density can be summarised as:

LEW = LBoson + LFermion + LHiggs . (2.8)

The electroweak gauge symmetry SU(2)W ⊗ U(1)Y gives rise to four vector gauge

bosons: the weak isospin mediators W a=1,2,3
µ and the hypercharge mediator Bµ. The co-

variant derivative required to maintain this symmetry is a 2 × 2 matrix of the form:

Dµ = ∂µI + igWTaW a
µ + igYYBµI (2.9)

where Ta are the generators of SU(2) and the weak isospin term is written in full as:

igWTaW a
µ ≡

igW

2

(
W 3
µ W 1

µ − iW 2
µ

W 1
µ + iW 2

µ −W 3
µ

)
. (2.10)
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Since the weak interaction is known experimentally to violate parity, the electroweak

theory is constructed to give different interactions to left-handed and right-handed fermion

fields. A fermion field, f , can be expressed as the sum of left- and right-handed chiral

components: f = fL + fR, where both fields are projections of the fermion defined by the

chiral operators:

fL =
1

2
(1− γ5)f and fR =

1

2
(1 + γ5)f (2.11)

where γ5(= iγ0γ1γ2γ3) is the fifth Dirac matrix.

The weakly interacting fermion fields form left-handed doublets and right-handed sin-

glets under SU(2). For the first generation quarks and leptons, these are:

qL =

(
uL

dL

)
, uR , dR and lL =

(
νeL

eL

)
, νeR , eR . (2.12)

These right-handed singlets are invariant under SU(2)W and therefore do not couple

to the W a bosons, i.e. only left-handed fermions participate in the weak interaction. Both

chiral fields however must couple to the U(1)Y gauge boson B to preserve invariance.

To achieve this handedness-dependent gauge symmetry requires two covariant derivatives

derived from Eqn. 2.9:

DLµ = ∂µI + igWTaW a
µ + igYYLBµI (2.13)

DRµ = ∂µ + igYYRBµ (2.14)

where the hypercharge value, Y, is allowed to differ between the left- and right-handed

fermion fields.

A gauge invariant fermion Lagrangian can be written in terms of the chiral fields as:

LFermion = fL(iγµDLµ)fL + fR(iγµDRµ)fR − fLmfR − fRmfL (2.15)

where the mass terms mix the left- and right-handed fields.

The boson field kinetic terms are introduced, similarly to the QED example in Sec-

tion 2.2, as:

LBoson = −1

4
(W a

µνW
aµν +BµνB

µν) (2.16)

where the boson field tensors can be written:

W a
µν = ∂µW

a
ν − ∂νW a

µ + gWε
abcW b

µW
c
µ (2.17)

Bµν = ∂µBν − ∂νBµ (2.18)
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and εabc are the structure constants of SU(2) that define the commutation relations:

[Ta,Tb] = iεabcTc . (2.19)

The SU(2) symmetry group is non-Abelian (i.e. Eqn. 2.19 6= 0), which gives rise to

interaction terms between the W a
µ bosons. As with the QED derivation, the boson fields

required to preserve gauge symmetry contain no mass terms. While this was suitable for

the photon, this is problematic for the weak vector bosons, which have large masses.

The electroweak bosons are given mass by the “Higgs mechanism”, described in Refs. [4,

29,30]. In summary, a complex Higgs field, Φ, is introduced with a scalar kinetic term, T ,

and a potential term, U :

LHiggs = T − U = (∂µΦ)∗∂µΦ−
(
−µ2Φ∗Φ + λ|Φ∗Φ|2

)
. (2.20)

With the conditions µ2 > 0 and λ > 0 the minimum of this potential is non-zero,

leading to a gauge invariant vacuum expectation value, v, equal to:

v =
µ√
λ
. (2.21)

Each of the fields considered so far in this chapter have been treated as fluctuations

about a vacuum potential equal to zero. To put the Higgs field on a similar basis, the

complex field, Φ, is reformulated in terms of a doublet of its real and imaginary parts,

offset by the (real) vacuum expectation value, v. This doublet is most simply written in

the “unitary” gauge as:

Φ =
1√
2

(
0

H + v

)
(2.22)

where H is the real Higgs field and the imaginary component is set to zero.

Electroweak interactions are introduced for the Higgs field to enforce invariance under

the electroweak SU(2)W ⊗ U(1)Y symmetry. The required covariant derivative, given in

Eqn. 2.9, can be written in the unitary gauge (with Higgs hypercharge Y = 1
2
) as:

DµΦ =
1√
2

[
i∂µI +

1

2
igW

(
W 3
µ + gY

gW
Bµ W 1

µ + iW 2
µ

W 1
µ − iW 2

µ −W 3
µ + gY

gW
Bµ

)](
0

H + v

)
. (2.23)

The gauge invariant Higgs kinetic term, (DµΦ)∗DµΦ, produces a non-zero Higgs mass

and interacts with the electroweak gauge bosons to give them masses proportional to the

vacuum expectation value. These masses are not assigned to the weak isospin W a
µ and

hypercharge Bµ bosons directly but to mixtures of them, which may be written concisely
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as:(
W+
µ

W−
µ

)
=

1√
2

(
1 i

1 −i

)(
W 1
µ

W 2
µ

)
and

(
Zµ

Aµ

)
=

(
cos θW sin θW

− sin θW cos θW

)(
W 3
µ

Bµ

)
(2.24)

where θW is the Weinberg angle and tan θW = gY/gW.

These mixed boson states are interpreted as the physical weak boson fields, W+
µ , W−

µ ,

Z0
µ and Aµ, the photon field described by QED. The spontaneous generation of these

physical bosons from interactions between the Higgs potential and the SU(2)W ⊗ U(1)Y

gauge bosons is commonly referred to as “electroweak symmetry breaking”.

The associated mass terms are:

LMass = µ2H2 +
g2

Wv
2

4
W+µW−

µ +
g2

Wv
2

8 cos2 θW

ZµZµ + 0AµAµ . (2.25)

where the Lagrangian mass term for a real field φ is of the form 1
2
m2φ2 and for a complex

field is m2φ†φ. [30] The masses of the resulting Higgs, weak bosons and the photon are

therefore taken from Eqn. 2.25 to be:

mH =
√

2µ , mW =
gWµ

2
√
λ
, mZ =

mW√
2 cos θW

and mA = 0 . (2.26)

The W± and Z0 bosons were first directly observed by the UA1 experiment at CERN

in SPS pp collisions. Their measured masses: mW = 81±5 GeV/c2 and mZ = 95±3 GeV/c2,

were in excellent agreement with the predictions from electroweak theory: mW = 82 ±
2 GeV/c2 and mZ = 92 ± 2 GeV/c2 [31, 32]. The Higgs boson, and the final validation of

electroweak theory it would bring, remains to be found.

N.B. The electron charge, e, can be written in terms of the electroweak parameters as: e =

gW sin θW. From the measured masses, mW and mZ , and the relationship between them

and the Weinberg angle, θW, from Eqn. 2.26, we can write down the comparative strengths

of the electromagnetic and weak coupling as: gW/e = 1.91+0.52
−0.27. The weak coupling is

actually stronger! It is really the reduced range, due to the large masses of its bosons, that

gives the weak force its name. In the language of electroweak theory, the experimentally

determined Fermi coupling constant can be written as: GF =
√

2
8

(gW/mW )2.

2.4 Strong interactions

The Rutherford model of the atom as a small, massive nucleus with positive electric charge

surrounded by a cloud of negative electrons was developed in 1911 after the observation

by his students Geiger and Marsden of large angle deflections of α radiation from gold

foil [33,34]. The first theory of a force that could overcome the electric repulsion between
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the protons to bind the nucleus, and explain Rutherford’s observations, was the short

range “strong nuclear force” proposed by Yukawa in 1934. Yukawa predicted a new massive

boson to mediate this force: the meson (or “middle-weight” particle – heavier than the

electron but lighter than the proton), which he suggested “may also have some bearing

on the shower produced by cosmic rays.” [35] Two cosmic ray mesons were subsequently

discovered: the muon at low altitude in 1937, then the pion at high altitude in 1947 [36,37].

The pion was Yukawa’s meson but the muon was a new heavy version of the electron –

“Who ordered that?”, remarked Rabi [38].

Later in 1947, the picture was further complicated by observation of the V 0 particle

(now called K0
S), dubbed “strange” due to its surprisingly long lifetime [39]. By the end of

the 1950s, dozens of new particles had been discovered. Some structure was required and,

in 1961, Gell-Mann devised the “Eightfold Way”: a system to relate particles according

to their electric charge, Q, and other apparently conserved quantities, dubbed “baryon

number”, B, and “strangeness”, S [40]. This exercise in organisation bore fruit (just as

Mendeleev’s Periodic Table of Elements had done) in the recognition of missing pieces to

the puzzle. Gell-Mann successfully predicted the Ω− baryon (with Q = −1, B = 1 and

S = −3), which was discovered 3 years later [41].

Gell-Mann and Zweig independently suggested in 1964 that the Eightfold Way struc-

ture could be derived from combinations of three fundamental fermions (and three an-

tifermions), which Gell-Mann christened “quarks” [42, 43]. The baryons (B = 1), like

the proton, were bound states of three quarks, antibaryons (B = −1) contained three

antiquarks and mesons (B = 0), like the pion, were comprised of quark/antiquark pairs.

All of these quark states are collectively called “hadrons”. The quarks were named “up”,

“down” and “strange”, with charges, Q = +2
3
,−1

3
and −1

3
, respectively. The number of

strange quarks in a given hadron accounted for its previously described “strangeness”, S.

There was a problem with the quark model however: the Ω− baryon (correctly pre-

dicted by the Eightfold Way) was described by a bound state of three strange quarks,

each with the same spin. This description violated Pauli’s exclusion principle, which states

that no more than one fermion in the same system may have the same set of quantum

numbers [44]. The solution proposed by Greenberg was the final conceptual step to the

current picture of the strong force: the introduction of a new quantum number, which

later became commonly known as “colour” [45]. Unlike the familiar single electric charge,

there are three possible colour charges, called “red”, “green” and “blue”, so that each

of the strange quarks in the Ω− baryon state can be differentiated. All of the bound

quark states are understood to be colour charge neutral or, continuing the colour analogy,

“white”. All baryons contain one quark of each colour or one antiquark of each anticolour

(W = RGB = RGB) and mesons are comprised of a quark of one colour and an antiquark

of the corresponding anticolour, W = RR = GG = BB. The requirement for colourless

stable states implies that there can be no stable free quarks. This feature of the strong
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force is known as “confinement”.

Suspicion that the quark was only a useful mathematical trick was ended at SLAC in

1969 [46–48]. The three-quark structure of the proton was directly observed by the scat-

tering of electrons on hydrogen nuclei in an experiment analogous to that of Rutherford’s

students that identified the nuclear structure of the atom.

The strong force is therefore now understood to describe the interactions of quarks with

colour charge fields and is described by Quantum Chromodynamics (QCD), formalised

in the early 1970s [49, 50]. Yukawa’s pion exchange remains an effective description of

interactions between nucleons but can now be understood as a relatively weak residual

effect of QCD analogous to the Wan der Waals electromagnetic interactions between

molecules.

The QCD Lagrangian is constructed by the now familiar introduction of interactions

between free fermion and boson fields to enforce gauge invariance. The massless gauge

bosons are named gluons and carry colour charge themselves. It is this self-interaction that

accounts for confinement and the short range of the strong force, as discussed in Chapter 3.

The existence of gluons was experimentally established in 1979 by the observation of three

co-planar jet events (e+e−→ qqg) by the TASSO experiment at DESY [51].

In order to produce self-interaction terms between the gluons, the strong force boson

fields are generated, similarly to electroweak theory (Section 2.3), from a non-Abelian

symmetry group, SU(3)C, with generators, Ta=1−8, defined by the non-zero commutation

relations:

[Ta,Tb] = i
1−8∑
c 6=a6=b

εabcTc . (2.27)

where εabc are the structure constants.

The QCD covariant derivative is a 3× 3 matrix, similar to Eqn. 2.9, which gives eight

massless gluon fields, Ga
µ:

Dµ = ∂µI + igST
aGa

µ . (2.28)

and gS is the strong coupling constant.

Under SU(3)C, the quark fields form colour triplets, C = R,G,B. For the first gener-

ation of quarks, these are:

uC =

uR

uG

uB

 and dC =

dR

dG

dB

 . (2.29)
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The QCD Lagrangian can be written as:

LQCD = LGluon + LQuark

= −1

4
Ga
µνG

aµν + qC(iγµDµ −mI)qC (2.30)

where the gluon field tensors are:

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gS

1−8∑
b 6=a

1−8∑
c 6=a6=b

εabcGb
µG

c
ν . (2.31)

More quarks were predicted, primarily to describe CP -violation in the weak interac-

tion [52–54] and the discoveries followed: the charm in 1972 [55–57], the bottom or beauty

in 1977 [58] and finally the top or truth in 1995 [59,60]. The strong force and all partici-

pating particles are now believed to be known and understood. However, the complexity

produced by the QCD Lagrangian has lead to significant difficulties in the application of

this theory to certain observable purposes, as discussed in Chapter 3.

2.5 Higgs-Yukawa interactions

So far, the fermion masses have been added by hand into the Standard Model Lagrangian.

In electroweak theory, weak boson masses arise as a coupling between each of the gauge

fields and the Higgs, as shown in Eqn. 2.25. It is natural to imagine that a similar coupling

between fermions and the Higgs field may be the origin of their masses. These interaction

terms resemble Yukawa’s theory of the strong nuclear interaction and so commonly bear

his name. For a given fermion, f , the gauge invariant Higgs-Yukawa interaction term can

be written (considering only a single fermion generation for simplicity) as:

LHiggs−Yukawa = −YafLΦ̃aR − YbfLΦbR + h.c. (2.32)

where “h.c.” represents the Hermitian conjugate terms. Y are the Yukawa coupling con-

stants between the fermion fields, fL =
(
a
b

)
L
, aR and bR, with the Higgs doublet field, Φ,

defined in Eqn. 2.22. The alternative gauge-invariant form of this field Φ̃ is defined as:

Φ̃ =
1√
2

(
H + v

0

)
, where Φ =

1√
2

(
0

H + v

)
(2.33)

and is required to produce coupling to fermions in the upper position of the left-handed

doublet: the u quark and the electron neutrino, νe (N.B. The small neutrino masses are

typically not included in this formalism).

All fermion masses are generated by the vacuum expectation value and each is scaled
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by a unique Yukawa coupling, as:

mf ≡
v√
2
Yf =

√
2mW

gW

Yf (2.34)

where v can be written in terms of the weak coupling constant, gW, and the mass of the

W boson.

While these interactions provide a consistent framework for particle mass generation

in the Standard Model, there are no predictions for the fermion masses as had been the

case for the W± and Z0 bosons (Eqn. 2.26). The Yukawa couplings simply replace the

masses as free parameters in the theory. It is when all three fermion generations of the

Standard Model are considered that the Higgs-Yukawa model becomes more than a trivial

substitution of one set of non-predicted constants for another.

In the three-generation Lagrangian, the Yukawa couplings become 3× 3 complex ma-

trices, Y = Yij, which allows terms that combine (or “mix”) fermion flavours. Here we

will focus on the mixing of quark flavours. For the Higgs-generated quark masses to be

well defined for each flavour, the Yukawa matrices are substituted for real, diagonal Λ

matrices by introducing four unitary matrices Uu,d
L,R,

Y = (UL)†ΛUR = U†L

Y1 0 0

0 Y2 0

0 0 Y3

UR

∣∣∣∣∣∣∣
u,d

(2.35)

where the indices 1, 2, 3 indicate the generations of either u- or d-type quarks.

The unitary matrices U now included in the Lagrangian operate on the quark fields like

rotations in “generation” space. These rotations cause complications for the left-handed

weak doublets, leading to mixing between u- and d-type quarks. The quark states that

participate in the weak interaction are therefore not the same as those with a well defined

mass that propagate through space. If we choose to rotate the left-handed states to the

up-type mass basis, the doublets
(
u
d

)
must be thought of as

(
u
d′

)
, where u identifies both

the mass and weak u-type states and d′ represents the weak d-type state.

The transformation between the d′-type weak states and the propagating d-type mass

states is then given by the unitary CKM matrix, derived by Nicola Cabbibo, Makoto

Kobayashi and Toshihide Maskawa [61,62], so that:d
′

s′

b′

 = VCKM

ds
b

 , where VCKM = Uu
L(Ud

L)† =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 . (2.36)

It is the existence of the chiral doublet fields in the weak interaction that produces

this behaviour. Strong force interactions require no such mixing so the strong states are
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equivalent to the mass states. This theory leads to the phenomenon of flavour violation,

first observed experimentally for s quarks, discussed later in Chapter 6. Hadronic inter-

actions can produce ss pairs, e.g. in the process π−p→ K0Λ via the strong force, which

conserves strangeness, S(π−p) = 0 = S(K0Λ). The resulting strange particles can only

decay to lighter hadrons by violating the conservation of strangeness, e.g. Λ→ pπ− by

an s→ u quark transition, which is only possible because of generation mixing in the

weak interaction. This transition proceeds at a rate suppressed by the matrix element

Vus, which is small compared to the diagonal intra-generational element Vud [63]:

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 ≈
 0.97 0.23 3.5× 10−3

0.23 0.97 4.1× 10−2

8.6× 10−3 4.0× 10−2 1.00

 (2.37)

contributing to the long lifetimes of these strange hadrons.

2.6 Free parameters

As we have seen, the SM contains many free parameters that must be measured. A brief

consideration of each of them provides a concise summary of the theory.

There are three coupling constants for the gauge fields SU(3)C and SU(2)W ⊗ U(1)Y,

to describe the fundamental strong, weak and electromagnetic interactions. The Higgs

potential contains two free parameters, µ and λ, from which are derived the Higgs mass

and the vacuum expectation value (VEV), which gives mass to the weak bosons and to the

fermions. There are the masses of the fermions, given by the Yukawa couplings that scale

the VEV, as well as the four mixing parameters of the generation-mixing CKM matrix.

In addition, the phenomenon of neutrino oscillations, which is not discussed in this

thesis, implies that neutrinos have non-zero mass and requires another mixing matrix with

an additional four parameters. So, in total, the SM as it currently stands contains 25 free

parameters.

2.7 Unanswered questions in the Standard Model

There are a number of well known open issues in the Standard Model. A selection of these

is given below and separated into two categories:

Why? We’re not satisfied with that:

1. The SM contains 25 free parameters, in addition to the physical constants c and },

that must be measured from experiment. It is natural to imagine that there could

be some underlying theory to relate or define many, if not all, of these parameters.



2.7. Unanswered questions in the Standard Model 35

2. There are three known generations of leptons and quarks. This symmetry is sugges-

tive of some deep relationship between all fermions.

3. Why should there be three generations? There is evidence from LEP for three and

only three generations of neutrinos, which is suggestive of a three generation Standard

Model, but this result is limited to neutrinos with mass below mZ/2 (and that couple

to the Z0), leaving room for new discoveries [64].

4. Gravity is not included in the SM, i.e. there is no gauge invariant quantum field

theory of gravitation.

Hints of new physics from experiment:

1. The early formulation of the Standard Model included massless neutrinos and there-

fore allowed no lepton flavour mixing analogous to the CKM mechanism for quarks

described in Section 2.5. The discovery of neutrino oscillations [15] however, implies

non-zero neutrino masses, which remain to be determined.

2. The Higgs boson remains undiscovered, putting into question the SM description of

the origin of fundamental particle masses. The Higgs mechanism, outlined in Sec-

tion 2.3, is one successful example of a theoretical framework for mass generation

but there are alternatives, such as additional Higgs fields or Higgs-less models invok-

ing extra dimensions [4, 65], which may become more attractive if the Higgs boson

remains undiscovered at the LHC.

3. If General Relativity provides an accurate description of the universe at the galactic

scale, astronomical observations suggest that baryonic matter can only account for

about 17 % of all mass in the universe. The remaining mass is dubbed “dark mat-

ter” as the constituent particles do not emit or absorb photons. The only stable,

electrically neutral particles in the SM are the neutrinos; however their masses are

not believed to be sufficient to explain the observations [63]. The flat universe seen

by WMAP, has been explained by a gravitationally repulsive “dark energy”, which

must account for 73 % of the energy density of the universe and is also outside the

Standard Model [66].

The direction taken by extensions to the Standard Model to answer these and other

questions has been towards the unification of all fundamental forces, i.e. to show that elec-

tromagnetic, weak, strong and gravitational interactions can be described as different man-

ifestations of one gauge symmetry. While the electroweak theory, introduced in Section 2.3,

has been successful in relating the weak and electromagnetic interactions, the theory re-

tains two distinct interactions with coupling terms whose relationship, gY/gW = tan θW,

must be experimentally determined. Many Grand Unified Theories have been proposed

to provide a true unification but there is currently insufficient experimental evidence to
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determine the correct approach. Advancement of the Standard Model will require contin-

uing development, hand-in-hand between experiment and theory to propose and perform

new tests, such as those now being carried out at the LHC.



Chapter 3

Phenomenological QCD

“The predictions of the model are reasonable enough physically that we expect

it may be close enough to reality to be useful in designing future experiments

and to serve as a reasonable approximation to compare to data. We do not

think of the model as a sound physical theory . . . ”

– Richard Feynman and Rick Field, 1978 [67]

3.1 Practical application of Standard Model theory

The Standard Model is a quantum field theory, as introduced in Chapter 2. The predictions

of all physical processes in quantum theory are inherently probabilistic, with fundamental

particles understood to exist in a superposition of many possible states until they are

observed. A given quantum mechanical process is described mathematically by a complex

probability amplitude, A, of which the absolute value squared, |A|2 = A∗A, represents

the probability of that process occurring.

Consider the electromagnetic (QED) process e+e−→ µ+µ−, which may be described

through the creation and annihilation of a photon. This process is illustrated by a Feynman

diagram with two interaction vertices:

μe+ +

e_ μ_
√α √α

γ

with probability amplitude proportional to the electromagnetic coupling strength

α = e2/4π. The same process may however be described by more complex diagrams with

additional interaction vertices. In fact, the probability amplitude is the sum of all possible

37
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diagrams, e.g.:

A(e+e−→ µ+µ−) =

= α

( )
+ α2

(
+ +

)
+ . . . (3.1)

More and more diagrams are drawn for each additional order in α, quickly leading to

impractically complex calculations. There are no theoretical grounds to halt the progres-

sion to higher orders of α, even up to infinity, which might suggest a serious flaw in QED.

The model is however rescued as a useful predictive tool by the weakness of the elec-

tromagnetic coupling strength: well known experimentally as the fine structure constant

α ≈ 1
137

. The probability amplitude of any process can therefore be treated as a pertur-

bative expansion with the contribution of higher order diagrams increasingly suppressed.

Calculations need only be made to the level of precision required for a given experiment.

The most precise test of QED to date (by determination of the electron dipole moment

as discussed in Section 2.2) relies on calculations to O(α8).

Electromagnetic processes can therefore be successfully described perturbatively but

what about the other SM forces? As described in Section 2.3, electroweak theory links the

coupling strengths of electromagnetic and weak interactions, by e = gW sin θW, to give a

small coupling αW ≈ 4α. Predictions of weak force mediated processes can therefore also

be calculated perturbatively. For the strong force, it must be assumed (considering the

confinement of quarks in hadrons) that the QCD coupling strength, αS, is large and that,

consequently, higher order diagrams are not suppressed and calculations seem impossible.

The perturbative approach to predictions of QCD interactions is however rescued (if

only partially) by the fact that the SM interaction coupling strengths α, αW and αS

are not actually constant. The fine structure “constant” α had long been measured as

close to 1
137

in electrostatics experiments; however, no particular value is predicted in the

Standard Model. In fact, experiments at e+e− colliders, including LEP, have measured a

larger value for α of about 1
129

from interactions involving momentum transfer at the Z0

mass scale [68].

This change in coupling strength as a function of the momentum transferred by an

interaction can be seen, by Heisenberg’s uncertainty principle, as change as a function of

the distance scale probed by the interaction, with ∆x ∼ 1/∆p. This effect can be un-

derstood using a new and dynamic quantum picture of the vacuum that highlights the

very different nature of the strong and electromagnetic forces. The uncertainty princi-

ple allows violation of energy conservation over very short time scales, ∆E ∼ 1/∆t, so
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that the vacuum is understood not to be empty but rather filled with a sea of “virtual”

particle/antiparticle pairs that exist only for an instant.

In the case of QED, we can consider a free electron surrounded by this sea of virtual

particles. When charged particle pairs appear close to the electron the vacuum becomes

polarised, effectively screening the electron’s charge. The electric charge first measured by

J. J. Thomson (Section 1.1) was therefore not the true, or “bare”, charge of the electron

but rather the effective charge at large distance, screened by the vacuum. In modern high

energy collisions, charged particles interact over significantly smaller distances than in

Thomson’s cathode ray apparatus, cutting through the vacuum screening to feel more of

the bare charge and increase the effective coupling, α.

In a process governed by QCD we consider a single quark surrounded by a

sea of coloured particles. There is again a screening effect due to polarised virtual

quark/antiquark pairs; however, the self-interactions of the gluons introduce a larger

“antiscreening” effect that both changes and amplifies the colour charge of the bare

quark [4]. High energy QCD interactions that occur over small distance scales there-

fore penetrate this antiscreening to feel a reduced effective coupling, αS. The strong force

coupling has been measured at the Z0 mass scale to be approximately 1
8

[68]. At this

scale and at higher energy scales therefore, perturbative calculations become possible. A

precise test of perturbative QCD is made by measurement of the inclusive decay fraction

B(Z0→ hadrons)/B(Z0→ e+e−). Comparison between calculations to O(α4
S) and results

from LEP show agreement at the 2 % level (better than one standard deviation) [69].

For QCD processes below interaction energies of about 1 GeV (the nucleon mass scale),

αS approaches unity, as shown in Fig. 3.1, and perturbative calculations become imprac-

tical. Many alternative approaches have been developed to calculate predictions of strong

interactions in this non-perturbative regime, including:

Effective field theories: Examples in QCD include Yukawa pion exchange to address

nucleon interactions (see Section 2.4) and Heavy Quark Effective Theory (HQET) to

describe the structure of hadrons containing c and b quarks. Effective theories approxi-

mate a particular process at a characteristic distance/energy scale, ignoring the shorter-

range/higher-energy effects of the full theory, which are thought to have minimal influence

on that process.

Lattice QCD: The full QCD theory is applied but only to a precision limited by a grid

of quantised spacetime coordinates. The separation between nodes on this grid implic-

itly defines a cutoff at high energy. This model approaches a continuous theory with

smaller grid spacing, requiring ever increasing computational demands. Current lattice

calculations reproduce Υ mass data using a value of αS that is compatible with the value

required by O(α4
S) perturbative QCD calculations to match jet production data in e+e−

collisions [69].
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Phenomenological models: Various QCD-inspired models have been developed to ap-

proximate observed interactions whose description has been theoretically intractable, such

as the Lund string model of hadronisation implemented in event generators (see Sec-

tion 3.2).

The calculation of SM predictions at a high energy hadron collider like the LHC

requires both perturbative and non-perturbative methods. Proton-proton collisions at
√
s = 7 TeV can produce hard scattering events at the parton level (i.e. involving quarks

and gluons), where the effective coupling is very small. The colliding protons however, as

well as the observable final state hadrons, are confined states, bound by interactions with

large coupling αS and requiring a non-perturbative description.

The simplest case is a process where the final state particles are not hadronic, such as

Drell-Yan: uu→ Z0/γ∗→ l+l−. A calculation of the rate, R, can be written as:

R(uu→ Z0/γ∗→ l+l−) = Rp × f1(x1,mll)f2(x2,mll) (3.2)

where the high energy QCD parton interaction and the subsequent weak decay of the

Z0 boson to leptons are calculated perturbatively to give Rp. The factors f1, f2 are non-

perturbative “parton density functions” (PDFs) for the quarks at the dilepton invariant

mass scale, mll. The PDFs describe the probability for a parton to carry a fraction, x, of

its parent proton’s momentum and depend on the energy scale of the proton interaction.

These PDFs constitute process-independent descriptions of the proton’s internal structure

and are determined from scattering experiments (see Fig. 3.2).
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The additional complexity of final state hadrons in a process such as uu→ Z0/γ∗→ qq

is addressed by the inclusion of “parton fragmentation functions” (PFFs). These functions

represent the probability that the quark or the antiquark produced in the hard process

“fragments” into a particular meson or baryon state, carrying a certain fraction of that

hadron’s momentum. PFFs are understood to describe the combined effects of a number

of underlying processes, as discussed in Section 3.2, that can each be modelled to calculate

predictions for comparison with experimental results.

Accurate predictions of the Standard Model are essential for the search for new physics

at the LHC. These predictions require extrapolation of the empirical PDFs to the new

high energy scale. The validity of these extrapolations, as well as that of the models used

to calculate PFFs, must be tested by the LHC experiments to establish a benchmark for

future discoveries.

3.2 Generators

3.2.1 Introduction

The fundamentally probabilistic nature of Standard Model interactions and the use of

probability density functions to model them preclude the calculation of any individual

instance of a physical process, as introduced in Section 3.1. Instead, statistical sampling

methods known as “Monte Carlo” (MC) simulations have been developed to estimate the

expected outcome from a large number of similar processes, or “events”. The software

implementations of these methods are known as Monte Carlo event generators and are

essential for contemporary High Energy Physics experiments because of their power to

relate experimentally measurable variables to the parameters of the SM, or any other

theory.

Each stage of a modern experiment’s development, from conceptual design to detec-

tion technology choices and optimisation relies on MC generators. Computer simulations,

starting from the SM, are used to produce primary interactions in particle collisions and

evolve the resulting fundamental particles, though decay processes and hadronisation, to

produce the leptons, photons and hadrons observable in a detector. The distinctive small-

angle design of LHCb for example was motivated by event generator predictions of the

production topology of hadrons containing b-quarks (see Section 4.2).

Generators are typically combined with detector simulations to model the interac-

tions of the outgoing particles with the experimental apparatus to give a signal that can

be directly compared with data to estimate efficiencies. This approach allows relatively

straightforward testing of alternative theoretical models. At LEP for example, as discussed

in Section 2.7, experiments were able to compare the measured inclusive hadronic decay

fraction of the Z0 boson to theoretical predictions of the number of light SM neutrino
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families. As shown in Fig. 3.3, the data agreed with a three family hypothesis.

In this chapter discussion of specific aspects of event generators will be made with

reference to Pythia 6 [71], a general purpose event generator used extensively by the

HEP community, including the LHCb collaboration.

3.2.2 Primary interactions at a proton-proton collider

At the high centre-of-mass energy of a pp collider like the LHC, the proton beams effec-

tively become beams of partons: quarks and gluons. Collisions involve large momentum

transfer (“hard”) quark-quark, gluon-gluon or quark-gluon interactions, which can be cal-

culated using perturbative QCD. The momentum of the protons is shared among their

constituent quarks and gluons, as defined by the probabilistic parton density functions

(PDFs), e.g. Fig. 3.2 in Section 3.1.

In the quark model, protons consist of three “valence” quarks, uud. High energy par-

ton interactions however, are also sensitive to the virtual quark/antiquark pairs created

from the vacuum, which are labelled “sea” quarks in Fig. 3.2. It is therefore possible for

proton collisions to involve antiquarks, u or d, and even the heavier quark flavours; most

abundantly strange, s and s (the third lightest quark flavour, see Fig. 1.1). In high energy

collisions therefore, it is useful to generalise the valence quark picture of the proton from

a fixed number of quarks (u = 2, d = 1 and nothing else) to an expected number of each

quark flavour, as follows:

〈u− u〉 = 2 ,
〈
d− d

〉
= 1 and 〈s− s〉 = 0 , etc. (3.3)
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Figure 3.4: An illustration of a high energy proton-proton collision produced by an event gener-
ator. Initial State Radiation (ISR) parton showers are induced by the proximity of the incoming
proton colour fields. Partons from each shower collide in a hard interaction to produce a reso-
nance, e.g. uu→ Z0. The resonance may decay to quarks, leading to Final State Radiation (FSR).
The beam remnants continue on after the collision.

A primary pp collision is modelled as a sequence of interactions as illustrated in

Fig. 3.4. Each step in the event generation sequence is governed by random sampling

from phenomenological probability distributions in order to approximate both the av-

erage behaviour observed in nature and its variability. Collisions may be categorised as

either “elastic” (pp→ pp), “diffractive” (pp→ pX) or “inelastic non-diffractive” (IND),

i.e. where neither proton survives. A hard IND scattering event proceeds as follows:

1. As two protons approach each other their colour fields interact, initiating sponta-

neous gluon emissions (analogous to Bremsstrahlung), triggering a parton shower

called Initial State Radiation (ISR). A seed parton is selected at random from a

proton in each beam to begin these showers and is allocated a fraction of its parent

proton’s momentum based on experimentally-derived PDFs. The showers are mod-

elled by an iterative branching of quarks and gluons of the form g→ qq, g→ gg

and/or q→ qg, where the share of momentum at each branch is determined from

a phenomenological probability distribution. The flavour of pair-produced quarks is

also selected randomly using phenomenological rules.

2. Partons from each shower can participate in a hard collision, producing a short-lived

resonance, e.g. uu→ Z0 in Fig. 3.4. These resonances then decay, either to other

resonances, to leptons or to quarks; in the last case leading to a parton shower called

Final State Radiation (FSR).
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3. The remainder of the partons in the colliding protons continue along after the col-

lision and are referred to as the beam remnant.

4. All of these partons (ISR, FSR & beam remnant) must then hadronise to produce

colourless mesons and baryons, as discussed in Section 3.2.3. These hadrons can

themselves be unstable, leading to further decays. N.B. There is a huge range of

decays allowed in the SM and at LHCb these decays are handled by a specialist

software package (see Section 4.2.8).

5. This sequence results in a large number of “final state” particles (leptons, photons

and longer-lived hadrons) that can be compared to the particles observable in a

detector.

A single event can be further complicated by multiple hard interactions and, to simulate

LHC events, multiple primary pp collisions.

The “hard” parton collision in the event may involve more or less of the momenta

of the parent protons. Events with the highest momentum transfer are typically of most

interest for tests of the SM since more massive particles (maybe the Higgs) can be pro-

duced. The lower momentum events are of great interest themselves however, since they

involve exactly the same type of processes that occur in the background of the hardest

interactions and that can lead to significant corrections to event multiplicity and topology.

In the context of a contributing background to a hard interaction, the softer processes are

known as the “underlying event” (UE) and must be well understood in order to properly

calculate corrections to those hard interactions. While, for example, the rate of production

of high momentum Z0 resonances may be well predicted by perturbative SM calculations,

inaccurate modelling of the UE (i.e. the ISR in the case of Fig. 3.4) may lead to poor

predictions for transverse momentum and rapidity distributions of the Z0 bosons.

Experimentalists commonly refer to the study of soft events as minimum bias (MB)

physics, since these events are readily observable in a detector without the need for any

selection criteria, or bias (see Section 4.2.8 on LHCb’s trigger). In practice, this loose

definition means that a MB data set will include elastic and diffractive scattering events

as well as the soft IND interactions that are most comparable to the UE. This inclusiveness

can be problematic for comparisons of MB data with the predictions from event generators

such as Pythia 6, which treat each collision type separately (as discussed in Chapter 6).

3.2.3 Hadronisation and strange quark production

The process by which the quarks and gluons created in hard scattering events and parton

showers evolve into the colourless mesons and baryons observed by experiments is known

as hadronisation. This process is fundamentally non-perturbative since the creation of

hadrons requires quark confinement, i.e. involving low momentum transfer interactions
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Figure 3.5: An illustration (left) indicative of the hadronisation of FSR via a Lund colour
confinement string, which links all final state coloured objects. Iterative string breaking (right)
leads to colourless meson and baryon production.

with large coupling, αS. Calculations based on the QCD Lagrangian are therefore imprac-

tical or even impossible and phenomenological models must be employed.

The most common approach used currently in HEP is the Lund model of “string

fragmentation”, as implemented in the Pythia 6 event generator [71, 72]. This model

describes the gluon field between two coloured partons as a linear potential, V (r) = κ · r,
where r is the distance of separation between the partons and κ, the string constant, is

taken to be approximately 1 GeV/ fm in agreement with experimental observations.

All of the coloured objects produced from ISR, FSR and in the beam remnant are

connected by these strings. As the partons move away from each other and the string

stretches, the potential energy of the string becomes sufficient to give mass to (or “realise”)

a virtual colour/anticolour pair produced at random from the vacuum. This pair acts to

screen the colour fields of the adjacent objects, effectively snapping the string as shown

in Fig. 3.5.

In this model, the production of a diquark is equivalent to that of an antiquark since

their colour charge can be equivalent, e.g. RG ≡ B. The appearance of a quark/antiquark

pair leads to meson production and baryons are produced when a quark/diquark pair is

created. The relative rate of diquark appearance and therefore of baryon production is a

tuneable parameter in Pythia 6.

Each new parton takes some fraction of the string energy, modelled by a phenomeno-

logical distribution with free parameters to be tuned. The string repeatedly snaps until the

remaining parton momentum transverse to the string is insufficient to extend the string

to breaking point, i.e. until the energy contained in the string is less than the mass of the
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lightest hadron, the pion. String fragmentation is modelled as a sequence in Pythia 6,

starting from one end of the string (shown from left-to-right in Fig. 3.5). The choice of

starting point is reported to be arbitrary, having no probabilistic impact on the number

or kinematic distributions of hadrons produced by the Lund model [71].

The relative appearance rate of higher mass quark flavours is suppressed in the string

fragmentation model. The suppression factors are calculated by analogy with a quantum

tunnelling process through a linear potential and are given as:

u : d : s : c ≈ 1 : 1 : 0.3 : 10−11 (3.4)

so that effectively only u, d and s quarks are produced in hadronisation. Pythia6 treats

the flavour suppression factors for ss, etc. as free parameters to be tuned to experimental

results.

The study of strangeness production is therefore an essential goal for the LHC exper-

iments in order to validate the hadronisation step of event generator predictions at the

new high energy frontier. In Chapter 6, I present LHCb’s measurements of the strange

particle production ratios:

– Λ/Λ: This particle/antiparticle ratio, measured as a function of rapidity, y, provides

information on the changing regime from soft proton excitations at large y, where Λ

production is favoured by valence quark inheritance (uud→ uds), to hard parton showers

at small y, where the production ratio approaches unity.

– Λ/K0
S: Both Λ and K0

S hadrons contain antiquarks created from sea quark interactions

and/or parton showers so their ratio is a direct measurement of the baryon-to-meson

suppression factor in hadronisation.



Chapter 4

The LHCb experiment

4.1 CERN and the Large Hadron Collider

“The Organization shall provide for collaboration among European States in

nuclear research of a pure scientific and fundamental character, and in research

essentially related thereto. The Organization shall have no concern with work

for military requirements and the results of its experimental and theoretical

work shall be published or otherwise made generally available.”

– Convention for the establishment of a European organization for nuclear research,

Article II, Section 1, Paris, 1 July 1953 [73]

4.1.1 A short history of CERN

Heisenburg’s uncertainty principle states that ∆x∆p > }/2, where } is the reduced

Planck’s constant. Therefore, to investigate small distances, ∆x, particles must be pro-

duced with high momentum, ∆p, requiring powerful experimental apparatus. In 1954, 11

European states agreed to establish a centre for fundamental research to investigate the

nature of the universe at the very small scale and to share the costs of the complex new

machines that would have to be built [73].

The world’s first pp collider and forerunner to the LHC, the 300 m diameter Intersecting

Storage Ring (ISR), began operation in 1971. Previously, physicists had fired beams onto

fixed targets and the potential to create new massive particles was limited by the conser-

vation of the incident beam’s momentum, by E2 = m2c4+p2c2. With two counter-rotating

beams, ISR collisions occurred with zero net momentum and the full energy of the beams

could be transformed into matter.

With this and many other technological developments the European Organization for

Nuclear Research (CERN) has been the site of key discoveries such as the neutral currents

predicted by electroweak unification (Section 2) first seen by the Gargamelle experiment

47
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in 1973 [21]. The W± and Z0 bosons were discovered by the UA1 experiment at the

Super Proton Synchrotron (SPS) pp collider in 1983 [31, 32]. The 27 km circumference

Large Electron-Positron (LEP) collider was in operation from 1989 to 2000 and was used

to prove the existence of three, and only three, generations of light neutrinos that couple

to the Z0; the best indication that the three generation picture for matter particles in the

Standard Model is correct.

Now in 2011, CERN is supported by 20 European member states and, with participa-

tion from more than 80 countries, has become the world’s focus for research in fundamental

physics.

4.1.2 The Large Hadron Collider

The LHC is the highest energy particle accelerator in the world, currently producing

proton-proton collisions at a centre of mass energy
√
s = 7 TeV. Built in the old LEP

tunnel 100 m below the Franco-Swiss border, the LHC has the potential to create new

high-mass particles that could never have been produced in previous facilities.

The LHC is designed to reach a target collision energy of 14 TeV with a luminosity, L,

of 1034 cm−2s−1 [74]. This enormous particle intensity is required to search for undiscovered

rare phenomena and for new particles, such as the Higgs boson, by N = LσB, where N

is the number of observable events per second, σ is the production cross section and B
is the branching fraction for a given decay. The LHC design could therefore produce the

Standard Model 115 GeV/c2 Higgs at a rate of about 25 each minute in the dominant

mode, with σ(gg→ HX) = 58× 10−36 cm2 and B(H→ bb) = 71 % [75].

These record collision energies require superconducting magnets, which are cooled by

liquid helium to an operating temperature of 1.9 K. Charged particles must be accelerated

to ultra-relativistic speeds, where energy loss from synchrotron radiation can become an

obstacle. This loss is relatively less important for more massive particles, hence CERN

has moved from using electrons at LEP to hadrons at the LHC.

The high particle density required to reach this target luminosity precludes the use

of antiparticles, which are expensive to create and store, hence the LHC was designed

as a proton-proton collider, requiring two accelerating rings to produce opposing orbits.

Twin-bore magnets were designed to overcome the space restrictions of the tunnel vacated

by LEP, which could use a single ring to accelerate electrons and positrons into collisions.

As with the re-use of LEP’s tunnel, CERN has upgraded a number of past accelerators

to provide the feed chain for the LHC (Fig. 4.1). Protons, produced from ionised hydrogen

gas, are accelerated in stages through the Linac 2 to 50 MeV, then the PSB to 1.4 GeV,

the PS to 25 GeV and finally the SPS to 450 GeV before injection at two points into the

LHC to produce counter-rotating beams that can both now be accelerated up to 7 TeV.

The LHC is also designed for heavy ion collisions, conducted so far with lead nuclei.
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Figure 4.1: The accelerator complex at CERN used to feed protons from ionised hydrogen
into the LHC at 450 GeV. The locations of the four experiments are shown at their respective
interaction points [76].

High purity lead samples are heated to 500 ◦C to produce a vapour that is ionised and

accelerated through a carbon stripping foil. The ion beam is first accumulated in the Low

Energy Ion Ring (LEIR) then accelerated through the same chain used for protons to

reach a collision centre-of-mass energy of 2.76 TeV per nucleon pair in the LHC.

The LHC provides four collision points that are each surrounded by a major experi-

ment: ALICE, ATLAS, CMS and LHCb (Fig. 4.1). ATLAS [77] and CMS [78] are general

purpose detectors designed to search directly for new particles at the high energy frontier.

They are optimised to trigger on events with high transverse momentum objects at large

angles to the beamline. ALICE [79] is principally a heavy ion experiment designed to

study QCD interactions and the quark-gluon plasma: a proposed new phase of matter in

which quarks and gluons are unbound that may have existed in the very early universe.

The LHCb experiment and its goals are introduced below.

4.2 The LHCb detector

4.2.1 Introduction

The Large Hadron Collider Beauty (LHCb) experiment was designed to search for indirect

evidence of new physics in CP -violation and the rare decays of hadrons containing b (and c)
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Figure 4.3: The Pythia 6 event generator
predicts that bb pairs are predominantly pro-
duced in the same forward or backward cone
at small angles to the beamline [83].

quarks. The LHC is the most plentiful source of b-hadrons in the world, with a production

cross section, σ(pp→ bbX), of 75.3 ± 5.4 ± 13.0 µb in the forward pseudorapidity region

2 < η < 6, measured at
√
s = 7 TeV by LHCb [80]. This potential for production should be

compared to bb cross sections of about 1.3 µb at the Tevatron (measured at
√
s = 1.96 TeV

by CDF [81]) and close to 1 nb at KEKB (measured at the Υ (4S) resonance by Belle [82]).

LHCb was designed to be operated at a modest luminosity L = 2 × 1032 cm−2s−1,

compared to the LHC’s maximum 1034 cm−2s−1. This luminosity was achieved in May

2011, making LHCb the first LHC experiment to reach design operating conditions. This

luminosity was chosen to maximise the probability of single parton interactions per bunch

crossing (Fig. 4.2) to provide the cleanest possible environment for precision reconstruction

of multi-body decay chains. This interaction probability results in an average number of

visible pp collisions in LHCb, µ, of about 0.4. With experience of actual running conditions

and improvements in background rejection, this interaction rate has been increased to an

average µ of about 1.0 to 2.5. The luminosity at the LHCb interaction point is tuned by

changing the beam focus, which can be done independently from the other interaction

points, allowing LHCb to maintain optimal luminosity over a given run and throughout

the life of the detector.

Simulations of LHC collisions predict that b- and b-hadron pairs are preferentially pro-

duced at small angles to the beam axis, with both hadrons boosted into the same forward

or backward cone (Fig. 4.3). The LHCb detector has therefore been designed with a small

angular acceptance compared to the general purpose machines, from approximately 10 to

300 (250) mrad in the bending (non-bending) plane of the LHCb magnet. Half of these bb

events are sacrificed with a single arm design that fills the full length of the LHCb cavern
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Figure 4.4: A schematic view of the LHCb detector [84].

and improve the momentum resolution of the tracking system.

4.2.2 Detector layout

To identify the characteristic displaced vertices of boosted b-hadron (B) decays, the LHCb

experiment employs a specialist silicon vertexing tracker (VELO) around the interaction

point. The B decay products are detected by tracking and calorimetry systems and specific

decay processes are distinguished by identification (PID) of charged particle species with

the Ring Imaging Cherenkov (RICH) and muon detectors. The calorimeters provide PID

for photons, electrons and hadrons.

From their origin inside the VELO, the B decay products fly downstream through

RICH 1, then a large-area silicon tracker (TT) before traversing the magnet and three

further tracking stations, built with a mixture of straw tubes and silicon. Further down-

stream follows RICH 2 then the electromagnetic and hadronic calorimeters, sandwiched

between five Multi-Wire Proportional Chamber (MWPC) muon stations (Fig. 4.4).

The LHCb coordinate system is defined to be right handed with its origin at the

nominal interaction point, the z-axis aligned along the beamline towards the magnet

and the y-axis pointing upwards. The bending plane is horizontal and the magnet has a

reversible field, with the positive By polarity called “up” and the negative “down”. Tracks

reconstructed through the full spectrometer experience an average integrated magnetic

field of about 4 Tm.



52 Chapter 4. The LHCb experiment

readout chips

φ sensor R sensor

strips

floating strips
routing lines

16 mm

(a) (b)

Figure 4.5: (a) A schematic view of the two halves of the VELO stations with r, φ geometry [85]
and (b) a photograph of the silicon sensors during assembly [86].

4.2.3 Vertex Locator

The primary function of the Vertex Locator (VELO) is to identify the displaced decay

vertices of long-lived or highly-boosted particles such as b-hadrons up to about 65 cm

downstream of the nominal interaction point. The VELO is also employed to reconstruct

primary interaction vertices, identify multiple interaction points and to provide tracking

information upstream of the magnet.

To minimise the material between the primary interaction and the VELO sensors,

the vacuum environment inside the LHC beam pipe has effectively been extended to

accomodate the VELO system within a surrounding vessel. The sensors are separated from

the beam by a 300 µm-thick foil of aluminium-magnesium alloy to protect the electronics

from beam-induced radio frequency currents. The effects of radiation damage are limited

by operating the sensors at −5 ◦C.

The VELO covers the full LHCb angular acceptance. The silicon tracking system

comprises 21 stations, each with 2,048 sensors with an r, φ geometry, as shown in Fig. 4.5.

Each station is comprised of two halves, split horizontally, that are retractable along the

x-axis. In normal operating conditions these halves approach the beam with an inner

radius of 8 mm. This aperture was enlarged to 18 mm during low energy collisions at
√
s = 0.9 TeV to accommodate the broadened beam. During LHC injection, the VELO

stations are retracted to 30 mm to bring the sensors into the shadow of the beam pipe

and protect the electronics in case of beam instabilities.

From preliminary measurements, the primary interaction vertex resolution was deter-

mined to be σ(x, y, z) = (16, 15, 90) µm, with a cluster finding efficiency of 99.8 %, and

a best single hit precision of 4 µm at the optimal track angle [87]. This performance is

close to expectations from Monte Carlo simulation, where the measurable precision on
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the lifetime of a B is about 50 fs [84].

4.2.4 Tracking

The tracking system relies on a warm dipole magnet with peak field By = 1.1 T to bend

charged particles in the x-z plane for momentum measurements. The magnet aperture

encompasses the full LHCb angular acceptance from 10 to 300 (250) mrad in the bending

(non-bending) plane. The aluminium coils and iron yolk weigh a total of 1,554 tons. Up-

stream of the magnet, tracking information is provided by the VELO and silicon Tracker

Turicensis (TT) and the downstream tracking provided by three T-stations (T1-3), each

comprised of a silicon Inner Tracker (IT) and Outer Tracker (OT) drift tubes. The field

strength drops away from the centre of the magnet, out towards the VELO and T-stations,

therefore momentum measurements are typically made by matching relatively straight up-

stream and downstream track segments to form “long” tracks, as illustrated in Fig. 4.6.

These long tracks feel an average integrated field of 4 Tm over the full length of the

tracking system.

The TT and IT stations are each built from four layers of silicon microstrips with

active surface areas of 8.4 m2 and 4.0 m2 respectively. These layers are arranged i-j-k-i,

with vertical strips for the two i layers sandwiching layers with strips rotated by +5 ◦ and
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Figure 4.6: An illustration of the various track types: VELO, upstream, long, downstream and
T-tracks. The evolution of the magnetic field strength, By, is given along the z-axis [84].
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−5 ◦ about the z-axis for j and k respectively to enhance spatial resolution. These stations

operate at below 5 ◦C to slow the damaging effects of radiation. The OT drift tubes cover

an active area of 29 m2 and are filled with a gas mixture of 70 % Argon, 28.5 % CO2 and

1.5% O2, resulting in a drift time of 50 ns. Each station is comprised of four layers oriented

in the same i-j-k-i scheme as the silicon detectors.

The single hit resolution for both TT and IT has been measured as about 55 µm

and the position resolution of the OT drift tubes as 250 µm [88]. This performance is

close to expectations from Monte Carlo simulation, where the invariant mass resolution

is 10 MeV/c2 for B0
s→ D−s π

+ [84]. The same mass resolution has been measured in data

as about 18 MeV/c2 [89].

4.2.5 RICH particle identification

The discovery of Cherenkov radiation and the subsequent development of Ring Imaging

Cherenkov (RICH) detectors for Particle Identification (PID) is discussed in Chapter 5.

The principle is as follows: an electrical insulator (or “radiator”) will produce light at

a particular angle, θC, to the trajectory of a charged particle passing through it with

superluminal velocity, v > c/n, where c is the speed of light in a vacuum and n is

the refractive index of the radiator. Measurement of this angle allows calculation of the

particle velocity, by v = c/(n cos θC). Combined with a momentum measurement from

the tracking system, the particle’s mass and therefore species can be determined. RICH

detectors use spherical mirrors to focus Cherenkov light to a ring, the radius of which is

a function of θC and the detector geometry.

PID is essential for much of the LHCb physics programme, particularly for the distinc-

tion between pions and kaons, in order to separate similar decays such as B0
(s)→ π+π−,

K±π∓ or K+K−. In MC simulations of these decays, final state hadrons produced at

large angles to the beam have a softer momentum spectrum than those produced at

small angles, as shown in Fig. 4.7 for B0→ π+π−. A two-detector system has therefore

been designed, with RICH 1 able to identify low momentum particles (down to about

2 GeV/c) over the full angular coverage of LHCb and RICH 2 focussed on high momentum

tracks (up to about 100 GeV/c) in a narrower acceptance from 15 to 120 (100) mrad in the

bending (non-bending) plane. RICH 1 is installed upstream of the magnet and RICH 2

downstream, as shown in Fig. 4.4. The magnet sweeps low momentum particles out of the

RICH 2 acceptance resulting in a lower occupancy.

Cherenkov angle increases with particle velocity up to a maximum, where v → c,

known as the saturation angle, θsat = arccos(1/n). This angle is a function of the radi-

ator refractive index only, i.e. is independent of the mass of the charged particle; so, at

saturation, a RICH detector can no longer distinguish between particle types. Three com-

plementary radiators are therefore employed to provide PID over the required momentum
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range: silica aerogel & C4F10 gas in RICH 1 and CF4 gas in RICH 2, with refractive in-

dices n = 1.03, 1.0014 and 1.0005 respectively, for photons of wavelength λ = 400 nm.

The distributions of θC as a function of momentum are given for pions, kaons and protons

for the three radiators in Fig. 4.8.

To minimise the material budget, the focusing spherical mirrors of both RICH de-

tectors are split into two surfaces, each tilted to reflect the Cherenkov light on to a flat

mirror plane and out to photon detectors installed outside the spectrometer acceptance,

as shown in Fig. 4.9 for a cosmic ray event. In RICH 1, the banks of photon detectors are

separated vertically and in RICH 2 horizontally. The RICH 1 (2) spherical mirror surfaces

are comprised of 2 (28) segments with the flat planes assembled from 4 (20) mirrors. The

spherical mirrors in RICH 1 (2) are built on a carbon fibre reinforced polymer (glass) sub-

strate, with support outside the acceptance. The total material contributions of RICH 1

and RICH 2 are 0.08 and 0.15 radiation lengths, respectively.

Novel Hybrid Photon Detectors (HPDs) have been developed in collaboration with

industry, combining a vacuum tube with pixel readout, described in Refs. [92, 93]. A

photon incident on the quartz window produces an electron by the photoelectric effect

in a photocathode layer deposited on the window surface inside the vacuum tube. The

electron is accelerated across an 18 kV potential to a silicon pixel chip cathode, as shown

in Fig. 4.10. This device in sensitive to single photons and the multialkali photocathode

gives sensitivity for wavelengths from 200 to 600 nm, with a peak quantum efficiency of

approximately 30 %. The 1,024-pixel chip with binary readout provides a demagnified

2.5× 2.5 cm2 resolution on the entrance window. On average, photons arrive with normal

incidence to the HPDs, which are arranged in planes with hexagonal close packing to cover
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Figure 4.9: A cosmic event reconstructed in RICH 1. A charged track emits a cone of Cherenkov
light on passing through the C4F10 gas radiator. Mirrors focus these cones to rings on two banks
of photon detectors positioned outside the LHCb acceptance [91].

a total area of about 3.5 m2 with an active fraction of 64 %. The detector arrays provide

close to complete geometrical acceptance for Cherenkov photons produced in both gas

radiators and about 68 % for aerogel. RICH 1 (2) employs 7 (9) columns of 14 (16) HPDs

in both photon detector panels.

Electron trajectories inside the HPDs are highly sensitive to an external magnetic field,

so each tube is protected from the fringe field of the LHCb magnet with a 1 mm-thick

cylindrical casing of nickel-iron alloy. The maximum field in the region of the detector

planes is 60 mT in RICH 1 and 15 mT in RICH 2. This shielding is sufficient for optimal

operating conditions (6 3 mT) in RICH 2, however RICH 1 requires additional protection

provided by iron plates that enclose the photon detector arrays as described in Ref. [94].

The RICH system is currently operating at close to design expectations. The PID

performance as well as aspects of the initial calibration are presented in Chapter 5.
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Figure 4.10: Schematic view of an HPD. Single photons are observed by production of a photo-
electron that is accelerated across an 18 kV potential and focused onto a silicon pixel sensor [90].

4.2.6 Calorimetry

The calorimetry system is designed to identify photons, electrons and hadrons as well as

to provide energy and position measurements. The system is comprised of the Scintillating

Pad Detector (SPD), Pre-Shower (PS), Electromagnetic Calorimeter (ECAL) and Hadron

Calorimeter (HCAL). Each detector employs polystyrene scintillating tiles that are sen-

sitive to the passage of charged particles. Neutral particles are indirectly observable

by the showers of charged particles produced from interactions with layers of lead or

iron absorber. The scintillation light is read out through wavelength-shifting fibres to

Photomultiplier Tubes (PMTs).

The SPD and PS scintillating layers are separated by a 14 mm-thick lead absorber,

equivalent to two radiation lengths (X0) or 0.1 interaction lengths (λI), and are used to

distinguish between electrons, photons and pions. Electrons produce a minimum ionising

particle (MIP) signal in the SPD and shower through to the PS. Photons are detectable

only by the shower after the absorber. Pions will not shower over this short interaction

length and produce a MIP signal in both scintillators.

The ECAL and HCAL are both designed to measure energy, following the “shashlik”

(Russian for “kebab”) model. Multiple alternating layers of scintillator and absorber detect

and contain the entire shower for the best energy estimate. The ECAL has a thickness

of 25X0 (or 1.1λI), fully containing electromagnetic showers. The HCAL is the most

downstream detector and utilises thicker absorber layers (16 mm iron compared to 2 mm

lead in the ECAL), equivalent to 5.6λI. The energy resolutions for both calorimeters are
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given in Ref. [95] as:

σE
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∣∣∣
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=
10 %√

E
⊕ 1 % and

σE

E

∣∣∣
HCAL

=
80 %√

E
⊕ 10 % (4.1)

where energy is measured in GeV.

The calorimeters cover an angular range from 30 to 300 (250) mrad in the bending

(non-bending) plane. This coverage is reduced at small angles to the beam compared

to the rest of LHCb to avoid extreme radiation damage from the high flux of particles.

Smaller scintillator tiles are installed closer to the beam to reduce occupancy levels and

enhance position measurement precision. The SPD, PS and ECAL define three regions:

“inner”, “middle” and “outer” with tile areas 16, 37 and 147 cm2 respectively. The HCAL

defines two regions with tile areas 172 and 690 cm2.

The electron identification efficiency has been measured at > 90 %, with a misiden-

tification rate of 3-5 %, for electron momentum above 10 GeV/c [96]. An invariant mass

resolution of 7 MeV/c2 for π0→ γγ is close to expectations from Monte Carlo simulation.

4.2.7 Muon detection

A number of LHCb’s key physics goals rely on the reconstruction of decays to muons. A

first measurement of the decay rate B0
(s)→ µ+µ− for example, which is predicted to be

small in the SM, could reveal an enhancement from new physics [97].

Relativistic muons are essentially stable particles at LHCb, with cτ = 659 m [63].

Muons are extremely penetrating and the muon system is therefore the most downstream

detector in LHCb. There are five muon stations separated by 80 cm-thick iron absorbers

to stop hadrons and ensure that only muons are detected. The full thickness is equivalent

to 20λI.

Most sensitive layers consist of Multi-Wire Proportional Chambers (MWPCs), a tech-

nology pioneered at CERN that earned a Nobel Prize for Georges Charpak in 1992 [98].

The primary aim of the muon system is observation of penetrating charged particles; how-

ever, these sensors also provide some momentum and energy information. The chambers

are filled with a gas mixture of argon, CO2 and CF4 in the proportions 40 : 55 : 5, giving

a time resolution of 5 ns.

The muon system covers an angular range from 20 (16) to 306 (258) mrad in the bend-

ing (non-bending) plane with an active surface area of 435 m2. Similarly to the calorime-

ters, smaller sensitive elements are employed at low angles to the beam to cope with the

high flux of particles. The most intense region is the centre of the first muon station and

is instrumented with the more radiation tolerant triple-Gas Electron Multiplier (GEM)

detectors.

The muon identification efficiency has been measured as close to 97 % from J/ψ →
µ+µ−, for muon momentum over 10 GeV/c. Misidentification rates of about 2 % have been
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found both for pions from K0
S→ π+π− and kaons from φ(1020)→ K+K− [99]. There is

excellent agreement with Monte Carlo simulation.

4.2.8 Trigger and data processing

In the design phase, the expected bunch crossing rate at the LHC was 40 MHz, with an

interaction rate of about 10 MHz at LHCb. About 1 % of interactions were expected to

produce at least one bb pair, with 15 % of those interactions containing a b-hadron with

all decay products inside the detector acceptance, to give a “B-physics” rate of about

15 kHz. The typical branching fractions of decays targeted for key physics goals – such as

B−→ D0K− for the measurement of the CP violation parameter γ [100] – are less than

10−3. A target event storage rate of 2 kHz was planned and a trigger system designed to

make this 1-in-5,000 rate reduction while keeping as many of the interesting events as

possible.

The trigger comprises two stages: the hardware based Level 0 (L0), using custom elec-

tronics, and the software based High Level Trigger (HLT) that allows complete flexibility

for future development. The L0 trigger is required to reduce the event rate to 1 MHz,

which is the maximum rate that the full detector can be read out as input to the HLT.

The final 2 kHz rate is written to storage for later “offline” analysis.

L0 uses information from the calorimetry and muon systems, selecting events with

high ET and/or high pT particles. Electron, photon and hadron candidates are distin-

guished in the calorimeters, with each type given prescribed minimum ET thresholds.

Muon and dimuon candidates are selected using pT measured only by the muon system,

which provides a resolution of about 20 %. A threshold on the minimum number of hits

in the SPD was also used in the earlier periods of operation. The combinations of these

criteria and the threshold values have evolved with experience and with the increasing

luminosity of the LHC. The total acceptance rate is currently shared between a number

of “lines”, or selection criteria, e.g. a small rate is allocated to a loose “minimum bias”

(MB) selection, with only 1 event kept for every 10,000 accepted. The remainder of the

rate comes from more discriminating lines for b- and c-hadron physics. The L0 decision is

synchronised with the LHC 40 MHz bunch crossing rate. To facilitate a high speed result,

the electronics are located inside the experiment hall and connected to the detector with

optical fibres.

The HLT performs a full reconstruction of the event with a few shortcuts compared

to what can be done offline to meet time constraints. The HLT decisions must be made

fast enough to accept the input rate from L0 of 1 MHz. Multiple lines run in parallel,

some of which are “exclusive”, e.g. with an algorithm specific to the decay B0
s→ µ+µ−,

or “inclusive”, e.g. selecting events with a muon plus a high pT track. These algorithms

are written in C++ and run on a farm of commercially available computers at CERN.
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The trigger to select minimum bias events used for the V 0 analysis presented in Chap-

ter 6 had a very loose configuration, with L0 in pass-through mode and an HLT require-

ment of one reconstructed track section in the downstream tracking stations (T1-3).

The full data sets passed by the trigger are stored at CERN and replicated at six com-

puter farms in France, Germany, Italy, the Netherlands, Spain and the United Kingdom.

The storage and processing resources at these farms are connected through the Worldwide

LHC Computing Grid (WLCG) [101] – or simply the “grid” – with additional process-

ing farms at academic institutions throughout the world. Since the first pp collisions at
√
s = 7 TeV on 30 March 2010, LHCb physicists had executed over 35 million grid jobs,

using about 18 PB of disk space and more than 11,000 years of CPU time (Fig. 4.11).

4.2.9 MC simulation

A framework for Monte Carlo event generation and simulation of the LHCb detector has

been developed [104]. The primary pp collisions are generated by Pythia6 [71] using the

Les Houches Accord PDFs [105]. The emerging particles decay via EvtGen [106], with

final state electromagnetic radiation handled by Photos [107]. The resulting particles are

transported through a detailed reproduction of LHCb in Geant 4 [108], which models hits

on the sensitive elements of the detector as well as interactions between the particles and

the detector material. Secondary particles produced in these material interactions decay

via Geant 4. The output from simulation is directly comparable to experimental data

Weeks since 30 March 2010
0 10 20 30 40 50 60 70

In
te

g
ra

te
d

 C
P

U
 u

sa
g

e 
[y

ea
rs

]

0

2000

4000

6000

8000

DIRAC Accounting

Reco :
MC :
User :
Total :

1187 years
9096 years
1371 years

11654 years

Figure 4.11: The integrated processing time
used by LHCb on the grid since pp collisions
began at

√
s = 7 TeV, as of 14 August 2011,

given for official Monte Carlo (MC) produc-
tion (“MC” – dotted line) & data reconstruc-
tion including reprocessing (“Reco” – dashed
line) and physicists’ data analyses (“User” –
solid line) [102].

Weeks since 30 March 2010
0 10 20 30 40 50 60 70

]
-1

In
te

g
ra

te
d

 lu
m

in
o

si
ty

 [
p

b

-410

-310

-210

-110

1

10

210

310
10% scale)±LHC Preliminary (

 = 7 TeVspp, 

ATLAS :
CMS :
LHCb :
ALICE :

-12513.2 pb
-12293.0 pb
-1757.0 pb
-1 4.0 pb

Figure 4.12: The integrated luminosity deliv-
ered to ALICE (dashed-dotted line), ATLAS
(dashed line), CMS (dotted line) and LHCb
(solid line) by the LHC from pp collisions at√
s = 7 TeV, as of 14 August 2011 [103].



4.2. The LHCb detector 61

and can be used to evaluate detector performance (see Chapter 5) as well as reconstruction

and selection efficiencies (see Chapter 6).

4.2.10 Performance and outlook

The LHC has now run successfully with pp collisions at centre-of-mass energies of 0.9,

2.36 and 7 TeV, as well as with PbPb collisions at a center-of-mass energy of 2.76 TeV per

nucleon pair. The vast majority of the pp collisions have been delivered at 7 TeV, with

757.0 pb−1 as of 14 August at the LHCb interaction point. The accumulation of integrated

luminosity is shown in Fig. 4.12 for all four experiments since the first 7 TeV collisions on

30 March 2010. LHCb has been fully operational to record about 90 % of these collisions.

About 1.3 % of the down time results from the need to safely bring the VELO close to the

beam after injection. The remainder has been the result of an accumulation of temporary

issues with the high voltage and data acquisition systems.

On 1 May 2011, LHCb’s design luminosity of 2 × 1032 cm−2s−1 was reached. The

detector has performed better than expected and the instantaneous luminosity is con-

tinuing to be increased. As of 14 August 2011, the peak luminosity record at LHCb is

6.3× 1032 cm−2s−1. An operational luminosity of 3.5× 1032 cm−2s−1 has been chosen and

is maintained throughout each run by fine adjustments to the beam crossing angle. The

current plan is to continue running the LHC at 7 TeV through into 2012 to collect a size-

able physics data set of 1-2 fb−1 before shutting down to prepare the machine for collisions

at 14 TeV.
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Chapter 5

RICH detectors

5.1 An introduction to Cherenkov radiation

“. . . we made use of the method of visual photometry . . . the human eye in-

stead of a light measuring device. . . . Notwithstanding its subjectivity and the

comparatively large errors in the measurements, this method was at the time

the only one that could be used which permitted a quantitative determination

of those extremely low light intensities . . . ”

– Pavel Cherenkov, Nobel Lecture, 11 December 1958 [109]

The faint blue glow of Cherenkov radiation was first observed by Sergey Vavilov and

Pavel Cherenkov in 1934 [110,111] emanating from a bottle of water under the bombard-

ment of γ rays from a radium source. They were able to deduce that this radiation is

caused by fast moving charged particles (Compton electrons in the case of this first obser-

vation). In 1936 a breakthrough was made towards understanding the production of this

light, with the discovery that it is only emitted at a certain angle to the charged parti-

cle’s path [112]. This observation led Il’ja Frank and Igor Tamm, in 1937, to a theoretical

description of the effect [113], which in turn led to a Nobel Prize in 1958 for Cherenkov,

Frank and Tamm (Vavilov having died 7 years earlier).

The explanation was based on constructive interference of light and is analogous to

the surface bow wave of a boat or the Mach wave (sonic boom) of a supersonic projectile

(Fig. 5.1(b)). As a charged particle travels with velocity v through a medium, its elec-

tromagnetic field interacts with nearby atoms. In an electrical insulator, this interaction

produces a local alignment of polarised molecules adjacent to the path of the charged

particle that is restored to equilibrium by photon emission. These photons are emitted

isotropically and are usually not observed due to destructive interference. However, if

the charged particle is travelling faster than the phase velocity of light in that medium,

vphase = c/n (where c is the speed of light in a vacuum and n is the refractive index),

63
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c
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Figure 5.1: (a) A schematic of the Cherenkov light cone and (b) the analogous Mach wave from
a supersonic bullet photographed by the shadowgraph method [114].

there is constructive interference at a particular angle to the moving charge, θC, and light

is observed. This Cherenkov angle opens up with the velocity of the charged particle to a

maximum where β(= v/c)→ 1 and is given by the following equation:

βct cos θC =
c

n
t or cos θC =

1

nβ
(5.1)

derived from comparison of the distances travelled by particle and photon in the same

time t (Fig. 5.1(a)). This relationship is only valid where | cos θC| 6 1, i.e. above the

superluminal Cherenkov threshold β > 1/n.

The spectrum of Cherenkov radiation is given by Frank and Tamm as:

1

hν

dE

dν
=

2πL

c
αZ2 sin2 θC (5.2)

where E is the energy emitted as photons with frequency ν, h is Planck’s constant, α is the

fine structure constant, Z is the charge of the superluminal particle and L is the length of

its path through the radiator. The intensity of this light is proportional to its frequency,

in agreement with Vavilov and Cherenkov’s first observation of a faint blue glow. N.B. In

practice this proportionality is complicated by the dependence of a radiator’s permeability

and refractive index on photon frequency.

With the development of signal amplification technologies such as photomultiplier

tubes, Cherenkov detectors quickly became a widely used tool for the study of cosmic rays.

In 1957 and ’58, Cherenkov counters were launched onboard Sputnik 2 and 3 to record

high-Z 1 cosmic particles [115] and in 2003, balloon-mounted counters were launched to

1Sputnik 2 carried three independent Cherenkov counters sensitive to particles with Z > 5, 15, and
34 respectively. An integral counter on Sputnik 3 could be incrementally adjusted to provide sensitivity
over the range from Z > 2 up to Z > 34.
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search for high energy (PeV) cosmic neutrinos by radio-frequency Cherenkov emission

from their interactions in the polar ice caps [116–118].

Beyond simply inferring the presence of charged particles by their Cherenkov light,

detectors have also been developed to measure θC and hence the velocity of charged par-

ticles, β. These measurements can be combined with momentum information to calculate

the mass (by p = γmβc, where γ is the Lorentz factor) and so determine the identity

of the particle, i.e. pion, kaon or something as yet undiscovered. One such technology is

the Ring Imaging Cherenkov (RICH) detector, which uses spherical mirrors to focus the

Cherenkov cone to a ring, the radius of which can be easily measured and is related to

θC by the detector geometry. The concept was pioneered at CERN for the High Energy

Physics experiment DELPHI [119], which operated at LEP from 1989 to 2000 and has

since been developed for a range of experiments, including LHCb. A RICH device was

launched on the penultimate shuttle flight in May 2011 and mounted on to the Interna-

tional Space Station as an integral component of the AMS 2 cosmic particle detector [120].

At LHCb, RICH PID is essential for much of the physics program through the separation

of similar decays, such as B0
(s)→ π+π−, K±π∓ and K+K−.

5.2 LHCb’s RICH system

Two subdetectors have been developed for the LHCb experiment, described in detail in

Section 4.2.5. Three radiators are employed: silica aerogel & C4F10 gas in RICH 1 and

CF4 gas in RICH 2, with complementary refractive indices n = 1.03, 1.0014 and 1.0005

respectively (for photons of wavelength λ = 400 nm). Combined, this system provides

charged particle separation over the momentum range 2 to ∼100 GeV/c.

The novelty of Ring Imaging Cherenkov detectors, as introduced in Section 5.1, is in

their use of focussing mirrors to project the Cherenkov light cone to a ring on an image

plane such that the ring’s radius (something straightforward to measure) is equivalent

to the opening angle of the Cherenkov cone (something hard to measure). Both RICH

detectors employ focusing spherical mirrors to reflect the Cherenkov light on to angled

flat mirrors and out to photon detector planes positioned outside the detector acceptance.

RICH 1 (2) is instrumented with 4 (56) spherical and 16 (40) flat mirrors and 196 (288)

hexagonally close packed HPDs.

Though the radius of a ring may be easy to measure, finding the ring itself can be

problematic at LHCb, where a typical b-triggered event was predicted to contain up to one

hundred reconstructed tracks [121]. In LHCb’s reconstruction, this problem was bypassed

with a strategy to measure the Cherenkov angle for each photon independently, without

ever looking for a ring. This single photon Cherenkov angle is equivalent to the radial

distance from the photon to its source track seen on the image plane. A track is only

considered to be the source of the photon if this radius falls within the expected range of
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a true Cherenkov photon for all possible particle mass hypotheses.

5.3 Geometric alignment

The power of LHCb’s RICH system to distinguish between charged particle species de-

pends critically on accurate knowledge of the positions of its optical components: the

mirrors and photon detectors. The position of each component has been measured by

survey and included in a simulation of the LHCb detector.

The detector simulation is used to map individual sensor signals from the running

experiment on to coordinates in space and time, which are combined (or “reconstructed”)

to create the tracks and particles to be used for physics studies (Section 4.2.8). Any

discrepancy between this simulation and the real detector will introduce inaccuracies in

the reconstruction process. It is therefore critical to establish a procedure to check for

any such inaccuracies in the simulated RICH and to correct (or “align”) the simulation

to give a more accurate representation of the detector.

To maximise the power of the RICH system, the reconstructed single photon

Cherenkov angle precision, σC, must be optimised. This precision is limited for each ra-

diator by four dominant sources of uncertainty (Table 5.1):

Emission point: The tilt of the spherical mirror leads to a translation of the photon

image on the detector plane dependent on its emission point along the particle track.

This dependence is not accounted for in LHCb reconstruction, in which all photons are

assumed to originate at the mid-point of a track through the radiator.

Chromatic dispersion: The Frank-Tamm Eqn. 5.2 shows that Cherenkov photons are

not monochromatic. Since refractive index is a function of wavelength and by the depen-

dence of Cherenkov angle on refractive index (Eqn. 5.1) not all photons from a given track

are produced at a single Cherenkov angle.

Table 5.1: The dominant sources of uncertainty, σC, on the measurement of single photon
Cherenkov angle for the three LHCb RICH radiators [84].

σC [mrad]
RICH 1 RICH 2

Aerogel C4F10 CF4

Emission point 0.4 0.8 0.2
Chromatic dispersion 2.1 0.9 0.5
Pixel size 0.5 0.6 0.2
Tracking 0.4 0.4 0.4

Total 2.6 1.5 0.7
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Pixel size: Both RICH detectors employ HPDs, photomultiplier tubes with 1024-pixel

silicon diode sensors. Each pixel covers a demagnified 2.5 × 2.5 mm2 area on the HPD

window.

Tracking: A Cherenkov photon is necessarily found in association with a track. The cal-

culation of the angle between the photon and track therefore incorporates the uncertainty

on that track’s position.

The aim for RICH alignment is to correct the detector simulation to the point where

any contribution to σC due to differences between the simulated and the real detector is

small compared with these four dominant sources.

5.4 Development of an alignment procedure

A procedure is required to establish the accuracy of the detector simulation and, if neces-

sary, to calculate alignment corrections. Previous experiments have used the output of the

running RICH detector itself as a source of alignment information [122]. This approach

has been tested at LHCb in simulations and with test beam data [123–125].

In the following sections, the effects of misalignments on the output of the RICH are

derived and demonstrated in simulations. A procedure is described to measure these effects

and correlations are found between the measured values and the magnitudes of particular

misalignments. These correlations are used for a test alignment of LHCb’s RICH system

using simulated collision data.

5.4.1 Observables

A misalignment of a RICH detector is seen on the image plane as a translation of the

projected track point away from the ring’s centre (Fig. 5.2) and will therefore be observed

as a change in measured single photon Cherenkov angle as a function of the position of

the photon around the Cherenkov ring, given by the angle φ. This change can be written

as:

∆θ = θC − θ0 (5.3)

where θC is the measured Cherenkov angle and θ0 is the angle expected from a perfectly

aligned system. This dependence of ∆θ on φ can be derived in terms of the horizontal

and vertical components of the translation between track and ring centre on the image

plane (θx and θy in Fig. 5.2) by the cosine rule:

θ2
C = θ2

0 + θ2
r − 2θ0θr cos(φ+ ψ)
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Figure 5.2: An exaggerated misalignment between LHCb’s RICH and tracking systems is shown
projected on to the photon detector plane as a translation, θr, of the track away from the centre
of the Cherenkov ring (black dot → white dot). For a given Cherenkov photon, this translation
results in a change to the measured radius, ∆θ = θC − θ0, which is dependent on ring angle, φ.

where ψ is the opening angle of the right-angled triangle formed by θx and θy. Substituting

for Eqn. 5.3 gives:

(θ0 + ∆θ)2 = θ2
0 + θ2

r − 2θ0θr cos(φ+ ψ)

θ2
0 + 2θ0∆θ + ∆θ2 = θ2

0 + θ2
r − 2θ0θr cos(φ+ ψ)

∆θ +
1

2θ0

(∆θ2 − θ2
r) = −θr cos(φ+ ψ) .

The cosine of the two summed angles can be expanded,

= −θr[cosφ cosψ − sinφ sinψ]

and using the trigonometric relations for the right-angled triangle (θx, θy, θr),

= −θr
[
θx
θr

cosφ− θy
θr
sinφ

]
= θy sinφ− θx cosφ .

For small misalignments, i.e. small θr and ∆θ, this equation may be reduced to:

∆θ ≈ θy sinφ− θx cosφ . (5.4)

5.4.2 Simulations

Misalignments of various components in the RICH system can be simulated within the

LHCb software framework (Section 4.2.8). This framework is modular, allowing any step to
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Figure 5.3: Simulated distributions of ∆θ as a function of ring angle, φ, seen by one panel of
HPDs in RICH 2: (a) aligned and (b) with a −3 mm translation of that panel along LHCb’s
z-axis with respect to the tracking system. The corresponding degradation in precision is shown
by comparison of the ∆θ width, σ, which increases by 45 % from (c) to (d). These tests were
carried out with a data set of 2,000 L0-passed events, giving some 65,000 Cherenkov photons
associated to 3,000 tracks.

be repeated independently with modifications to the detector simulation. MC pp collisions

are generated as described in Section 4.2.9 and fed through the detector reconstruction

in exactly the same way as real pp collision data. For this study, the reconstruction step

to associate HPD hits (i.e. Cherenkov photon candidates) to tracks is repeated with an

artificial misalignment added to the simulated RICH geometry. Direct comparisons of the

RICH output before and after this misalignment can then be made to show the change

to the measured photon Cherenkov angles.

In order to calculate these changes, i.e. measure ∆θ for each simulated photon, an

expectation of its Cherenkov angle under perfect alignment, θ0, is required. This expec-

tation is found from the particle momentum measured by the tracking system, assuming

the particle to be a π± meson, by β = p/γm. In MC events, about 80 % of tracks recon-

structed in the RICH detectors are pions. For this study, minimum momentum thresholds

of 10 MeV/c in RICH 1 and 30 MeV/c in RICH 2 are applied so that θ0 is close to the

saturated Cherenkov angle. The resulting values of ∆θ are seen to develop the expected

harmonic distributions as a function of φ when misalignments are applied, e.g. Fig. 5.3
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Figure 5.4: Measurement of the misalignment parameters A, B and C from simulated RICH 2
output, with (a) no misalignment and (b) a −3 mm translation of the HPD panels along LHCb’s
z-axis. ∆θ is first estimated in each of 20 bins in ring angle, φ, by the fitted mean, µ, of a
signal Gaussian over a 2nd order polynomial background (error bars). The µ(φ) distribution is
then fitted with Eqn. 5.5 to extract the amplitudes of sinφ and cosφ. This example −3 mm
translation of a RICH 2 HPD panel along LHCb’s z-axis results in a pure sinφ deviation, with
amplitudes A = −0.7 and B is small.

from (a) no misalignment to (b) translation of a RICH 2 photon detector plane by a

−3 mm along LHCb’s z-axis. The associated degradation of RICH precision is observed

in the increasing width, σ, of the ∆θ signal peak, e.g. Fig. 5.3 from (c) 0.62 mrad to (d)

0.95 mrad. This example misalignment therefore contributes (in quadrature) a 0.65 mrad

uncertainty to the total precision. If this misalignment were present in real data it would

be the dominant source of error on measurement of Cherenkov angle in RICH 2 (see

Table 5.1).

5.4.3 Measurements

Having established in simulation that RICH misalignments do produce the expected si-

nusoidal distribution of ∆θ as a function of φ, the next step is to determine, from analysis

of these distributions, which components of the RICH are misaligned, by which degrees

of freedom and by what magnitudes.

By Eqn. 5.4, measurement of RICH misalignment requires determination of the sinφ

and cosφ amplitudes of the ∆θ distribution. Since the RICH detectors cannot determine

the Cherenkov angle with perfect precision an intermediate step is required to find an

estimate for ∆θ at a given value (in practice, range) of φ. This estimate is given by the

fitted mean, µ, of a Gaussian signal peak over a 2nd order polynomial background, e.g.

Fig. 5.3(c). The evolution of ∆θ can therefore be followed by µ found in sequential bins

of φ. The sinφ and cosφ amplitudes can then be obtained, as shown in Fig. 5.4, from a
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fit using the following extension of Eqn. 5.4 with a free offset, C:

∆θ = A sinφ+B cosφ+ C . (5.5)

With this method in hand, any chosen misalignment can be applied in a series of

simulations with a range of magnitudes and the resulting evolution of the alignment

parameters, A, B and C, investigated for potential correlations. The first obvious mis-

alignments to study are translations of the photon detector panels since these objects

closely approximate the image planes considered in the derivation of Eqn. 5.4.

In RICH 2, for example, the photon detector panels are separated horizontally from the

beam line. Their translations along the vertical (LHCb’s y-axis) and parallel to the beam

(LHCb’s z-axis) correspond to orthogonal movements on the image plane (Fig. 5.5(d)).

Translations are applied in the range up to±3 mm along each axis (all internal components

are also moved). The ∆θ(φ) distribution is extracted for photons that see this HPD panel

and the resulting changes in the fit parameters A, B and C are measured, e.g. Fig. 5.5(a)

to (c). The amplitude A exhibits a linear correlation with translations along LHCb’s z-

axis with coefficient rA = 0.2 mrad/mm. B shows a similar correlation with translations

along LHCb’s y-axis. Translations along LHCb’s x-axis are perpendicular to the image

plane and misalignments in the ±3 mm range do not produce a measurable change in

∆θ(φ). The fit parameter C is independent of each translation, giving confidence that the

small-misalignment approximation used to derive Eqn. 5.4 is appropriate for these tests.

5.4.4 Test exercise

With the correlation coefficients, rA and rB, it is possible to calculate corrections to the

simulated positions of the HPD panels. As a demonstration, these corrections are found

from the 3 mm misalignment amplitudes given in Fig. 5.4 and applied in iterations to

independent data samples, each of 2,000 simulated events. After two iterations, these

alignment corrections give an improved Cherenkov angle width, σC, of 0.64 mrad (from

0.95). Compared with the target resolution of 0.62 mrad the residual misalignment con-

tributes (in quadrature) a 0.16 mrad uncertainty to the total precision, which is small

compared to other sources of error (Table 5.1). The same procedure can be applied to any

components of the RICH system.

The power of this method to establish the accuracy of the detector simulation is limited

by its blindness to misalignments that do not influence ∆θ(φ), i.e. x-axis translations in

the case of the RICH 2 photon detector panels. However, since these misalignments do

not therefore degrade the RICH resolution, they are irrelevant to RICH alignment.
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Figure 5.5: Correlated changes are observed in the misalignment amplitudes A and B with
simulated translations of RICH 2 HPD photon detector panels along LHCb’s z-axis (a) and y-
axis (b) respectively. No effect is observed for translations along the x-axis (c). The misalignment
directions are illustrated in (d).

5.5 Application to collision data

The first pp collision data was recorded by LHCb on 23 November 2009. The single photon

Cherenkov angle resolutions of RICH 1 and RICH 2 were initially measured to be 4.0 &

1.5 mrad respectively. These resolutions were significantly worse than the expected 1.6 &

0.7 mrad (Table 5.1), making plain the need to investigate the alignment of both RICH

detectors.

At first sight, the alignment distributions ∆θ(φ) did not reveal the expected sinusoidal

deviations associated with misalignment, e.g. Fig. 5.6(a). However, with further investi-

gation, the broad distribution observed was found to be the sum of many independent

structures corresponding to misalignments of various optical components. These underly-

ing misalignment distributions can be separated out by selecting only those photons that,

by geometry, unambiguously hit a particular set of components, e.g. Fig. 5.6(b) from a

single RICH 1 mirror pair.

A complete calibration of the RICH system requires a global minimisation of sepa-

rate alignment corrections for each combination of spherical mirror, flat mirror and HPD.
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Figure 5.6: Alignment distributions, ∆θ(φ), in RICH 1 from first pp collision data. The broad
structure observed in the total data sample (a) is comprised of multiple distributions from
different misalignments of various internal components. Taking only photons that, by geometry,
unambiguously hit a single pair for mirrors, e.g. (b), reveals one of these underlying distributions.

Reconstructed track-photon pairs can be assigned to a particular combination of RICH

components for this analysis. In some cases this assignment is ambiguous due to the as-

sumption in reconstruction that photons are emitted at the mid-point of the track path

through a radiator. Only Cherenkov photons that can be unambiguously associated with

a spherical and flat mirror pair are used for alignment. In RICH 1, there is additional

ambiguity when a track can be paired with photons from both aerogel and C4F10 radia-

tors. For the initial alignment, only the gas radiator is considered as a source for photon

reconstruction.

With the limited statistics of the early data-taking period, many combinations of

components either do not see enough photons or do not cover a sufficient range in φ

for the fitting procedure to be performed. In RICH 1, approximately 98 % of the C4F10

photons unambiguously hit one of the four flat mirrors closest to the beam in combination

with a single spherical mirror. No other flat mirrors see sufficient photons in the available

data set to be corrected.

In RICH 2, the larger number of mirrors requires significantly more partitioning of

the data such that the smallest data subsets with sufficient φ coverage are the two HPD

panels. For a first alignment, the four RICH 1 mirror pairs and the two RICH 2 photon

detector panels are considered.

For RICH 2, this alignment will therefore represent an average correction for misalign-

ments of all the mirrors (weighted by their occupancy) on each side of the detector and

is not expected to reach the target resolution of 0.7 mrad. With the RICH 1 alignment

however, a pair of individual optical components is being aligned and better results are

expected.
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Figure 5.7: Sketches of (a) a RICH 1 spherical mirror and (b) the full RICH 2 apparatus, show-
ing the possible rotational degrees of freedom. Two of these directions are proportional to the
amplitudes A and B of the ∆θ(φ) distribution (Eqn. 5.5) and can be measured simultaneously.
The third direction has no optical effect.

Table 5.2: Alignment corrections applied to (a) RICH 1 and (b) RICH 2 to improve Cherenkov
angle resolution, σC, by minimisation of the misalignment amplitudes in the distribution ∆θ vs.
φ (Eqn. 5.5) from early data. Components are labelled as viewed from the interaction point.

(a)

RICH 1 corrections A B

Spherical mirrors [mrad]
· Left · Up −1.42 +1.20

· Down +1.44 −1.68
· Right · Up −1.67 +2.92

· Down +0.43 −0.75

(b)

RICH 2 corrections A B

Full apparatus [mrad] −0.69 +1.27

HPD panels [mm]
· Left −3.18 −0.93
· Right +4.04 −0.72

5.5.1 Method

The alignment of the RICH system is detailed in Ref. [1]. Corrections for the four RICH 1

mirror pairs are carried out by adjusting the spherical mirrors. These mirrors have two

optically relevant rotational degrees of freedom, illustrated in Fig. 5.7(a). Each of these

rotations is correlated to one of the two misalignment amplitudes, A or B. The correlation

coefficients, rA and rB, are measured in simulation by a similar method to that described

in Section 5.4. The alignment of RICH 2 is carried out in two stages: first by rotation

of the entire apparatus about two optically relevant degrees of freedom (illustrated in

Fig. 5.7(b)) and second, by translational corrections of the two HPD panels, as described

in Section 5.4.4.

The alignment corrections are found by iteration of these prescriptions, with recon-

structions repeated to optimise the single photon Cherenkov angle precision. The resulting

corrections to be applied are given in Table 5.2.
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Figure 5.8: Efficiencies for correct pion identification (solid lines) and misidentification as a kaon
(dotted lines), for DLLπ−K > 0. These efficiencies are shown (a) before and (b) after alignment
of the RICH and tracking systems. Courtesy of A. Powell [private communication].

5.5.2 Results and discussion

The improvements to Cherenkov angle resolution achieved with this method are signif-

icant: from 4.0 to 2.2 mrad in RICH 1 and from 1.5 to 0.9 mrad in RICH 2 but remain

far from the expected resolutions of 1.6 & 0.7 mrad. These residual differences translate

to contributions to the total resolution of 1.6 mrad for RICH 1 and 0.6 mrad for RICH 2,

which are significantly larger than other sources of error (Table 5.1).

The corrections applied in Table 5.2, ranging up to rotations of 3 mrad and translations

of 4 mm, are larger than anticipated from survey uncertainties. Such large movements are

unlikely to be physical and probably represent an average over multiple misalignments of

underlying components such as the RICH 2 mirrors and the individual HPDs. More data

and further study are required to address the alignment of these additional components.

5.6 PID performance after alignment

The performance of the RICH system is defined by its efficiency in separating between

charged particle species, e.g. π or K. A likelihood, e.g. Lπ for a track having been produced

by a pion, is constructed by matching the pattern of pixel hits seen in the RICH to

that expected knowing the reconstructed track position and momentum. This expectation

is calculated from the geometry and resolution of the RICH as well as the Cherenkov

angle for the particle velocity (Eqn. 5.1) given by the track momentum and the pion

mass hypothesis. A choice between two particle mass hypotheses is then based on the

difference in the logarithms of these likelihoods called the “Delta Log-Likelihood”, e.g.

DLLπ−K(≡ lnLπ − lnLK) > 0 to favour pion over kaon [127].

The efficiencies for correct identification, and misidentification, by this method are

tested in data using particles of unambiguous type. These particles are identified from
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Figure 5.9: Selection of φ(1020)→ K+K− in 0.9 TeV data with (a) only kinematic information
and (b) an additional tight cut on the kaon PID of both daughter tracks of DLLK−π > 15 to
reveal the φ(1020) mass peak. Courtesy of A. Powell [126].

abundant decays, e.g. pions from of K0
S → π+π−, and selected using only kinematic

information, i.e. without the use of PID. Efficiencies are shown for pion identification in

Fig. 5.8 from data reconstructed (a) before and (b) after the initial alignment of the RICH

(described in this Chapter) and of the tracking systems.

A clear illustration of the power of RICH PID is given by selection of the decay

φ(1020)→ K+K− made after the initial alignment. Fig. 5.9 shows a selection attempted

with (a) only kinematic information and (b) an additional tight cut on the kaon PID

of both daughter tracks, DLLK−π > 15. The φ(1020) mass peak is revealed from the

previously overwhelming combinatorial background.

5.7 Further investigations and outlook

Most tracks in RICH 1 are reconstructed with small angles to the beam pipe such that

the vast majority of Cherenkov photons hit a relatively small number of HPDs in the

central region (Fig. 5.10). As introduced in Section 5.5, the four aligned pairs of spherical

and inner flat mirrors see more than 98 % of all photons. For each of these mirror pairs,

about a third of photons unambiguously hit just one HPD and five photon detectors see

90 % (Fig. 5.11). The RICH 1 alignment corrections are therefore highly dependent on a

few photon detectors, each of which could also be misaligned, e.g. by an offset of the pixel

chip or by magnetic field effects (Section 4.2.5).

The C4F10 Cherenkov rings have a larger radius than the HPDs themselves, such

that individual photon detectors see only a part of the ∆θ(φ) distribution and cannot be

aligned by the method presented in this Chapter. The φ coverage for one aligned mirror

pair is shown per HPD in Fig. 5.12(a). Relative misalignments between HPDs can however

be checked by comparison of their mean Cherenkov angle in regions of φ where there is
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ton detectors have been disabled. Courtesy of
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Figure 5.11: The cumulative share of
Cherenkov photons seen by the busiest HPDs
after hitting one of the four aligned RICH 1
mirror pairs. The top five photon detectors
see 90 % of these photons, with a third seen
by just one HPD.

Table 5.3: The mean, µ, and width, σ, from fits (as described in Section 5.4.3) to the ∆θ
distribution for photons reflected from a single aligned mirror pair in RICH 1. Fit results from
all photons are compared with subsets from three HPDs. Large µ indicate HPD misalignments.
As a result, Cherenkov angle resolutions are significantly better for individual photon detectors
than for all photons combined.

[mrad] All HPDs U4, 5 U5, 5 U5, 6

µ +0.35 −2.73 +3.56 −0.42
σ 3.69 1.68 2.27 1.90

overlapping coverage, e.g. Fig. 5.12(b). The observed shifts in mean from zero indicate

significant HPD misalignments. These offset distributions for each HPD combine to give

a much broader overall ∆θ distribution and provide a clear illustration of the source of

the degradation in Cherenkov angle resolution, σC, observed in data.

The fitted values of µ and σ are compared in Table 5.3 for each of the HPDs shown

in Fig. 5.12(b) as well as for the combination of all photons from the same mirror pair.

The resolutions of individual HPDs are significantly better than for the combined data.

With a future alignment of each photon detector, there is therefore confidence that the

RICH 1 resolution will move significantly closer to the C4F10 target of 1.5 mrad given in

Table 5.1 (see Section 5.8 for the latest results).

Since the individual photon detectors appear to be misaligned for a single RICH 1

mirror pair, the alignment corrections applied to those mirrors do not describe true move-

ments of the mirrors but must describe a photon-weighted average of the mirrors and
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Figure 5.12: (a) The coverage in ring angle, φ, of individual HPDs seeing photons reflected by
a single aligned RICH 1 mirror pair. (b) Comparison of the ∆θ distributions for three HPDs in
a region with overlapping φ coverage (bin 10 of 20 in (a), or 2.8 < φ < 3.1) showing evidence
for HPD misalignments.
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Figure 5.13: (a) The coverage in ring angle, φ, of a single HPD (U4, 6) seeing photons reflected by
two aligned RICH 1 mirror pairs. (b) Differing mean ∆θ values for the same HPD in combination
with each mirror pair are seen in a region with overlapping φ coverage (bin 7 of 20 in (a), or
1.9 < φ < 2.2), indicating that the applied mirror corrections are wrong.

HPDs. This fact can be shown explicitly if a single HPD can be found that sees light

(in an overlapping region of φ) from two different mirror pairs. One such HPD is shown

in Fig. 5.13. The significant offset in mean of the ∆θ peak from this single device when

observing light from two mirror pairs shows that the applied mirror corrections are wrong.

A separate alignment for each HPD is required before the true mirror positions can be

measured.

Two additional systems exist to align the photon detectors: the Magnetic Distortion

Calibration System (MDCS), which is permanently mounted inside RICH 1, and the one-

off “beamer” measurements carried out for RICH 2 [129,130]. Both methods were designed

to measure the effect of the LHCb magnetic field on the HPDs, introduced in Section 4.2.5.

Although the HPDs are magnetically shielded, any residual field may perturb the trajec-

tories of photoelectrons inside the vacuum tube. The effect is observed as a movement
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Figure 5.14: (a) Selection of the decay B0 → K+π− with the PID cut DLLπ−K > 0 for a
measurement of direct CP violation [131]. The data is described by a fit including the signal
peak (dark gray) and a background (solid curve) comprised of combinatorics (dashed curve),
three-body decays (dashed-dotted curve) & the mass peaks of kinematically similar decays: B0→
π+π− (light gray), etc. (dotted curves). Each decay is selected using RICH PID information,
e.g. (b) B0→ π+π− with DLLπ−K < −3, in order to describe the overall K+π− invariant mass
distribution.

of the image centre on a pixel chip and is measured by comparison of the image centre

position with and without the magnetic field applied. These alignment systems therefore

also test for inaccurate pixel chip positions in the detector simulation.

Alignment of the RICH 2 mirrors, as well as the RICH 1 outer mirrors, requires more

data than was available in early running. A selection procedure has since been devel-

oped within the collaboration to provide data sets enriched with photons from the less

populated mirrors as well as a minimisation scheme to simultaneously align all mirrors.

5.8 Latest performance

At the time of writing, the latest mirror alignment and HPD magnetic field corrections

give Cherenkov angle resolutions of 1.75 mrad for C4F10 and 0.73 for CF4. The residual

differences between data measurements and MC expectations translate to a contribu-

tion from misalignment towards the total resolution of 0.9 mrad for the RICH 1 gas and

0.2 mrad for RICH 2. In other words, the uncertainty due to misalignment is now of a

similar magnitude to other sources (Table 5.1).

Particle Identification information from the RICH system is now being used as an

effective discriminant in a number of LHCb analyses, such as measurement of direct CP

violation in the decay B0→ K+π− [131]. A kinematic selection of the signal decay for

that analysis retains peaking backgrounds due to misidentified final state particles from

decays such as B0→ π+π− (see Fig. 5.14). Separation of each decay using DLL criteria

allows an accurate description of the overall K+π− invariant mass distribution.
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Figure 5.15: Schematic of the Laser Alignment Monitoring System (LAMS) [84].

5.9 Alignment monitoring

With the continuing progress to optimise RICH performance over the first year of data

taking, the alignment of the optical components has been regularly checked. In the future

this procedure will become more automated. There are already two continually running

systems to monitor the alignment around the clock.

The first system employs the same alignment method described in this Chapter. The

fitting procedure for the ∆θ(φ) distribution has been integrated into a general online

monitoring framework and run approximately every 15 minutes on a small subset of

the data that is reconstructed on a dedicated cluster. The evolution of the alignment

amplitudes A and B are followed separately for each of the four detector panels and if

either parameter were to grow to 1 mrad an alarm would be raised to notify the shift crew

that some optical component has moved.

The second, and complementary, tool is the Laser Alignment Monitoring System

(LAMS), installed inside both RICH detectors to monitor the mechanical stability of

the mirrors. All four spherical mirrors in RICH 1 are monitored as well as eight flat

and eight spherical mirrors in RICH 2. There exists a separate system for each mirror

consisting of a laser source, beam splitter and a CCD camera that sees both the beam

coming directly from the laser source and the beam reflected off the mirror, as shown

in Fig. 5.15. Any relative movement between the two spots would indicate a mirror mis-

alignment. A control system was developed using PVSS II, a Supervisory Control and

Data Acquisition (SCADA) framework, to facilitate manual measurement of these spot

positions and to automate the process for regular updates. This system is described in

Appendix A.
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5.10 Cherenkov photon yield

A useful measurement of RICH performance is the number of signal Cherenkov photons

observed per track from each of the radiators. The Cherenkov photon yield expected from

a charged particle passing through a radiator is predicted by Frank-Tamm theory and can

be written from Eqn. 5.2 as:

Nγ =
2πL

c
αZ2

∫
β>1/n(ν)

[
1− 1

β2n(ν)2

]
dν . (5.6)

for particles with velocity, β, over the Cherenkov threshold.

Monte Carlo simulations of the LHCb RICH system during the design phase predicted

typical photon yields for particles with Z = 1 and β ≈ 1 of approximately 6.5, 30 and 22

from aerogel, C4F10 and CF4 respectively, taking the detector geometry into account as

well as the wavelength dependence of the refractive index and HPD response [84].

A novel method has been developed to measure this yield in data, which makes use

of software employed for RICH alignment. As introduced in Section 5.2, the algorithm

used in data reconstruction to match RICH photons and tracks attempts to pair each

HPD hit with all tracks that pass through the relevant radiator. Candidate photon-track

pairs are kept if their Cherenkov angle (found by assuming the photon was emitted at the

mid-point of the track’s path through the radiator) falls within a specified window in ∆θ.

Individual HPD hits may be assigned to multiple tracks and, in the high track multiplicity

environment of LHCb, this procedure results in a large background component to the

number of photons assigned to a typical track. The new method makes use of a fit to the

∆θ distribution to estimate the signal component of this assigned number.

The ∆θ distribution is fitted with a Gaussian signal function, S(∆θ), over a 2nd order

polynomial background, B(∆θ), as shown in Fig. 5.16(a), following the approach of the

alignment procedure described in Section 5.4.3. These fitted distributions are used to

calculate a signal weight for every photon as a function of the reconstructed Cherenkov

angle, W (∆θγ). The estimated signal photon yield, Nsignal, is found for a given track

by the sum of these weights, found for all photons associated with that track during

reconstruction, by the formula:

Nsignal =
∑
γ

W (∆θγ) =
∑
γ

S(∆θγ)

S(∆θγ) +B(∆θγ)
. (5.7)

The initial results found from data taken during the 2009 pilot run of the LHC are

given in Table 5.4. The yields estimated from each of the RICH radiators are significantly

reduced compared to those found from MC simulation with contemporary reconstruction.

The method however, provided a good approximation, applied to the simulated data set,

of the MC true Cherenkov photon yield. N.B. this contemporary simulated yield was
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Figure 5.16: The Cherenkov photon yield is estimated by Eqn. 5.7 with a weight function
found from a fit to the ∆θ distribution (a) with a Gaussian signal component over a 2nd order
polynomial background. The distribution of tracks by estimated Cherenkov photon yield (b) is
found for tracks with momentum above 5 GeV/c from the C4F10 radiator in RICH 1 in 2009 data
with a mean of about 17.

Table 5.4: The mean Cherenkov photon yield per track is found from 2009 data and contem-
porary reconstructed MC events by Eqn. 5.7. Estimations using this method are similar to MC
truth. The mean estimated from data is significantly lower than from simulation for all radiators.

Radiator Aerogel C4F10 CF4

Track pT[GeV/c] > 1 > 5 > 15

Data est. 3.8± 0.1 16.9± 0.1 10.0± 0.1
MC est. 5.8± 0.1 19.0± 0.1 11.2± 0.1
MC truth 6.1± 0.1 19.5± 0.2 11.8± 0.1

found to be significantly reduced compared to the design expectations quoted above for

reasons not fully understood.

In the higher instantaneous luminosity running conditions of early 2010, a further

reduction in yield was observed and related to the increased detector occupancy. An

approximately linear correlation was observed of a 1 % reduction in mean estimated yield

for each additional track reconstructed in the RICH.

In late 2010, this project was handed over to a new PhD student at Imperial College,

Indrek Sepp, for further development.



Chapter 6

V 0 production ratios

“Most of what we know about the universe we know thanks to a lot of guys

(and ladies) who stayed up late at night.”

– Leon Lederman, 1993 [132]

6.1 An introduction to “V ” decays

As outlined in Chapter 2, the discoveries of the surprisingly long-lived V 0 (now called the

K0) meson, by Rochester and Butler in 1947 [39] (as well as the neutral Λ baryon, by

Anderson in 1950 [133]), lead to the proposal of a new quantum number: “strangeness”

(S), and ultimately to Gell-Mann’s quark model [42].

These particles were named after the characteristic “V ”-shaped track signatures of

their dominant decays: K0 → π+π− and Λ → pπ− (see Fig. 6.1) and are now known

collectively as V 0 hadrons. The long lifetimes of these strange particles was explained

by Pais with the concept of “associated production”, i.e. conservation of strangeness, in

strong interactions [134]. The V 0 particles are created in pairs with no net strangeness via

the strong force but cannot decay by the same force without breaking the new conservation

law. Pais noted that “very weak couplings have so far only been considered in neutrino

processes” and suggested that strangeness might not be conserved in weak interactions

and that this force could therefore be responsible for the slow V 0 decays.

A third V 0 particle, the antimatter equivalent of the Λ baryon, was observed from the

decay Λ→ pπ+ at the Bevatron in 1958, soon after the discoveries there of the antiproton

and the antineutron [135–137]. The question of an antimatter equivalent of the K0 turned

out to be more complex and has had a profound influence on the development of the

Standard Model.

Before the discovery of the K0, the only known neutral meson was the π0, which is

understood to be its own antiparticle. The quark picture of the neutral kaon, however,

suggested the existence of a distinct antimatter partner, the K0. Despite the different

83
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(a)

1 cm

(b)

Figure 6.1: (a) Photograph showing the associated production of Λ (S=+1) and K0 (S=-1)
strange hadrons from the collision between a high energy π− from the Berkeley Bevatron and
a nuclear proton in a liquid hydrogen bubble chamber. Credit Lawrence Berkeley Laboratory.
(b) A trace highlights the incident pion, the assumed paths of the neutral V 0 particles and the
products of their decays: K0

S→ π+π− and Λ→ pπ−.

quark content, however, the weak decays of both K0 and K0 result in exactly the same

hadronic final states:

u
d

s
d d

u

W

{

}

}
and s

d
u
d

d
uW

{ }

}
(6.1)

which proceed at the same rate and are therefore experimentally indistinguishable from

each other.

These equivalent final states lead Gell-Mann and Pais to make a surprising and highly

original proposal: that the shared π+π− state could act as a bridge allowing spontaneous

transition between K0 and K0. Neutral kaons could therefore oscillate between particle

and antiparticle states as they travel [138]. This oscillation proceeds via a second order

weak process, which can be illustrated by a Feynman “box” diagram, e.g.

s

d

d

s

W

u

W

u

(6.2)
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and so the neutral kaons measured in an experiment are really some combination of the

states K0 and K0.

Gell-Mann and Pais reasoned that the proper combinations of K0 and K0 should

be eigenstates of the charge conjugate operator Ĉ, which was understood to define a

symmetry between particles and antiparticles, i.e. Ĉ|e−〉 = |e+〉 and Ĉ|γ〉 = |γ〉. Soon

after their proposal however, it was discovered that C symmetry, as well as parity, was

violated in weak interactions and the combined operator ĈP was suggested to represent the

correct symmetry between particles and antiparticles, i.e. ĈP |e−L 〉 = |e+
R〉 [25,26,139,140].

The proposed neutral kaon particle/antiparticle CP eigenstates became [4]:

|K0
1〉 =

1√
2

(
|K0〉 − |K0〉

)
and |K0

2〉 =
1√
2

(
|K0〉+ |K0〉

)
(6.3)

with CP (K0
1) = +1 and CP (K0

2) = −1.

These new states could be differentiated in an experiment by their CP -conserving

decays K0
1 → 2π and K0

2 → 3π 1. The decay rate of the K0
1 is significantly faster than

of the K0
2 since the mass difference is greater. Therefore, while a K0 beam, for example,

would start out as a mixture of K0
1 and K0

2 , over time the K0
1 component would decay

away, leaving a pure K0
2 beam.

The conservation of CP symmetry therefore predicted that, at a large distance from

a K0 beam source, only decays to 3π should be observed. In 1964, Cronin and Fitch set

out to test this prediction and, by observing a small number of downstream decays to

2π, they showed that CP symmetry is broken in weak interactions [27]. The true weak

eigenstates had to be rewritten as:

|K0
S〉 =

1√
1 + |ε|2

(
|K0

1〉 − ε|K0
2〉
)

and |K0
L〉 =

1√
1 + |ε|2

(
|K0

2〉+ ε|K0
1〉
)

(6.4)

where ε is small (∼ 2 × 10−3 [27]). These states are named “K-Short” and “K-Long”

for their relative lifetimes, which are dominated by the decay rates of their respective

majority component CP states, i.e. the K0
S typically decays like K0

1 , fast to 2π.

While it is these K0
S and K0

L weak eigenstates that define the spontaneous decay rates

of neutral kaons, their strong (production) eigenstates K0 and K0 have a role in the

development of a neutral kaon beam when it passes through material. The K0 interact

more readily with nuclei than do K0, resulting in a higher absorption rate that changes

the relative fractions of these states in the beam and by Eqns. 6.3 and 6.4 also changes

the fractions of K0
S and K0

L. As first observed at Berkeley in 1961, the K0
S component of

a kaon beam, which had decayed away far from the beam source, is partially regenerated

on passing though a metal plate [141]. This regeneration, effectively turning K0
L into K0

S,

occurs in particle detectors and must be taken into account when estimating the rate of

1CP (2π) = C(2π)× P (2π) = +1× (−1)2 = +1 and CP (3π) = C(3π)× P (3π) = +1× (−1)3 = −1.
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neutral kaon production from K0
S decays.

The kaon V 0 decay photographed in Fig. 6.1(a) is now understood to be K0
S→ π+π−

and it is this same decay that shall be considered along with the Λ and Λ baryon V 0

decays in the remainder of this chapter.

6.2 Strangeness production ratios

As introduced in Chapter 3, the application of the Standard Model (SM) Lagrangian to

low energy (“soft”) QCD interactions is problematic in practice due to the large coupling,

αS. The soft QCD regime describes quark confinement and is important for understanding

the parton momentum distributions inside colliding protons as well as the hadronisation

of quarks and gluons to produce the mesons and baryons observed in experiments.

Without full calculations for such processes, Monte Carlo generators have been de-

vised employing phenomenological models (such as Pythia’s Lund string fragmentation,

described in Section 3.2.3) that are optimised, or “tuned”, to accurately reproduce exper-

imental observations. These generators predict how SM physics will behave at the LHC

and constitute the reference for the observation of New Physics effects. This reference

must therefore be validated with new measurements from the LHC experiments as an

essential first step towards future discoveries.

Strange quark production is a powerful probe for hadronisation processes at pp colliders

since protons have no net strangeness and the s quark mass is small enough to be produced

during hadronisation (see Section 3.2.3). Recent experimental results in the area have

been published by STAR from RHIC pp collisions at
√
s = 0.2 TeV and by ALICE,

CMS and LHCb from LHC pp collisions at
√
s = 0.9 and 7 TeV [142–145]. LHCb can

make an important contribution thanks to a full instrumentation of the detector in the

forward region that is unique among the LHC experiments. The opportunity to carry out

studies on data recorded at different energies with the same apparatus helps to control

the experimental systematic uncertainties.

Limitation of uncertainties is a motivating factor for the choice to measure production

ratios since, during the early running period of the LHC, the systematic uncertainty

on luminosity was about 10 %. As well as removing this uncertainty, the measurement

of ratios at LHCb will also reduce the impact of potential detector effects due to the

preliminary status of calibration.

In this chapter I present LHCb’s published measurements of the efficiency corrected

production ratios of the strange particles Λ, Λ and K0
S as observables related to the

fundamental processes behind parton fragmentation and hadronisation [3]. The ratios

Λ

Λ
=
σ(pp→ ΛX)

σ(pp→ ΛX)
and

Λ

K0
S

=
σ(pp→ ΛX)

σ(pp→ K0
SX)

(6.5)
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Figure 6.2: Predictions using Pythia 6 for the Inelastic Non-Diffractive (IND) production
ratio Λ/Λ in (a)

√
s = 0.9 TeV and (b)

√
s = 7 TeV pp collisions at the LHC as a function

of pseudorapidity, η. The standard tune Perugia 0 (circles) is compared to an extreme model
Perugia NOCR (squares), with no colour reconnections [147].

have predicted dependences on pseudorapidity, η, (or rapidity, y) 2 and transverse momen-

tum, pT, that can vary strongly between different generator tunes, as shown in Fig. 6.2,

where the example tunes given are [146]:

Perugia 0: Regarded as the standard Pythia6 [71] configuration, this tune provides ac-

curate reproduction of experimental results from SPS, LEP and the Tevatron. In particu-

lar, near perfect agreement is reported with the Drell-Yan (qq→ Z0/γ∗→ l+l−, discussed

in Section 3.1) transverse momentum spectrum measured by CDF at the Tevatron. This

tune is therefore considered to provide an excellent description of proton PDFs, ISR and

hard scattering processes.

Perugia NOCR: An extreme Pythia 6 configuration, this tune is based on Perugia 0.

The name stands for “no colour reconnection”, and the most significant change for this

tune is the complete suppression of Lund fragmentation string connections between

ISR/FSR partons and the beam remnants. 3 This configuration predicts a significantly

reduced ratio Λ/Λ, as shown in Fig. 6.2, and is therefore considered to provide an inter-

esting comparison for LHCb’s results.

Measurements of the ratio Λ/Λ allow the study of the transport of baryon number from

pp collisions to final state hadrons. This ratio probes the changing regime from soft proton

2Pseudorapidity η = − 1
2

[
tan

(
θ
2

)]
≡ 1

2 ln
(
|p|+pL
|p|−pL

)
and rapidity y = 1

2 ln
(
E+pL
E−pL

)
.

3The colour reconnection strength parameter PARP(78) is reduced from 0.33 in Perugia 0 to zero in
Perugia NOCR.
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excitations at small angles to the beam, where Λ production is expected to dominate, to

hard parton showers at larger angles, where Λ and Λ can be produced at similar rates.

Both baryon and meson in the ratio Λ/K0
S contain antiquarks that must be created

in the collision from the proton sea quarks, parton showers and/or in hadronisation.

This ratio is therefore a direct measurement of the baryon-to-meson suppression factor in

hadronisation.

6.3 An overview of LHCb’s tracking system

The Large Hadron Collider Beauty experiment (LHCb) at CERN, introduced in Chap-

ter 4.2, is a single arm spectrometer covering the forward rapidity region. The analysis

presented in this chapter relies exclusively on the tracking detectors. The high precision

tracking system begins with a silicon strip Vertex Locator (VELO), designed to identify

displaced secondary vertices up to about 65 cm downstream of the nominal interaction

point. A large area silicon tracker follows upstream of a dipole magnet. Tracker stations,

built with a combination of straw tube and silicon strip detectors, are located downstream.

The magnet has a reversible field, with the two polarity configurations called “up” and

“down”. The tracking system is described in full in Section 4.2.4.

6.4 Data samples

LHCb began recording data on 23 November 2009, when the LHC first collided two proton

beams at injection energy, corresponding to a centre-of-mass energy
√
s = 0.9 TeV. These

injection energy runs represented a rare opportunity to study scaling violation in soft

QCD at the LHC, a collider designed to push the energy frontier, which has been running

predominantly at a collision energy of
√
s = 7 TeV since 30 March 2010.

A loose minimum bias trigger was employed during this early running period in which

the data used for this analysis was taken, as outlined in Section 4.2.8. The L0 hardware

trigger was in pass-through mode with the software High Level Trigger requiring at least

one reconstructed track segment in the downstream tracking stations. The trigger is more

than 99 % efficient for offline selected events that contain at least two tracks reconstructed

through the full spectrometer.

Complementary data sets were recorded at two collision energies:
√
s = 0.9 and 7 TeV,

with both polarities of the dipole magnet. An integrated luminosity of 0.3 nb−1 (corre-

sponding to 12.5 million triggers) was taken at the lower energy on 2-3 May 2010, of

which 48 % had the up magnetic field configuration. At the higher energy, 67 % of a total

1.8 nb−1 (110.3 million triggers recorded on 8, 10 & 14 May 2010) was taken with field

up.
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At injection energy (
√
s = 0.9 TeV), the proton beams are significantly broadened

spatially compared to the accelerated beams at
√
s = 7 TeV. To protect the detector, the

two halves of the VELO are retracted along the x-axis from their nominal position of

inner radius 8 mm to the beam, out to 18 mm. This configuration results in a reduction

of the detector acceptance at small angles to the beam axis by approximately 0.5 units of

rapidity.

The beams collide with a crossing angle in the horizontal plane tuned to compensate

for LHCb’s magnetic field. The angle required varies with beam configuration and for

the data-taking period covered by this study was set to 2.1 mrad at
√
s = 0.9 TeV and

270 µrad at 7 TeV. Throughout this analysis V 0 momenta and derived quantities such as

rapidity are computed in the centre-of-mass frame of the colliding protons.

6.5 Monte Carlo generation

Samples of Monte Carlo (MC) simulated events have been produced in close approxima-

tion to the data-taking conditions described in Section 6.4 for estimation of efficiencies

and systematic uncertainties. A total of 73 million simulated minimum bias events were

used for this analysis per magnet polarity at
√
s = 0.9 TeV and 60 (69) million events

at 7 TeV for field up (down). The LHCb framework for Monte Carlo event generation is

introduced in Section 4.2.9 and is based on pp collisions generated by Pythia 6. The Λ,

Λ and K0
S created in these collisions decay via EvtGen [106]. Interactions between the

resulting particles and the detector are modelled by Geant 4 [108], including the K0
S

regeneration introduced in Section 6.1. Secondary V 0 produced in material interactions

decay via Geant 4.

Additional samples of five million minimum bias events were generated for studies

of systematic uncertainties using Pythia 8, with both hard and soft diffraction in-

cluded 4 [148, 149]. Similar sized samples were generated with the alternative Pythia

6 tunes, Perugia 0 and Perugia NOCR.

6.6 Analysis procedure

6.6.1 Reconstruction and quality cuts

As introduced in Section 6.1, V 0 hadrons are named after the “V ”-shaped track signature

of their dominant decays: Λ→ pπ−, Λ→ pπ+ and K0
S→ π+π−, which are reconstructed

for this analysis. Given the preliminary status of detector calibration in May 2010, and

for the best available momentum resolution, only tracks reconstructed through the full

4Single- and double-diffractive process types are considered.
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Figure 6.3: Fit quality distributions for (a) p tracks used to reconstruct Λ, (b) π+ tracks from K0
S

and (c) Λ→ pπ− decay vertices. Distributions are estimated for signal V 0 by mass fit weighting.
Loose quality criteria retain only candidates with χ2(/ndf) < 9.

spectrometer (or “Long” tracks, see Section 4.2.4) are considered, i.e. counting only V 0

that decay within the VELO.

Loose quality criteria are applied to reject poorly reconstructed tracks, considering

only those with χ2/ndf < 9, e.g. Figs. 6.3(a) and 6.3(b). Any oppositely charged track

pair is kept as a potential V 0 candidate if it forms a vertex with χ2 < 9 (with one degree

of freedom for a V 0 vertex), e.g. Fig. 6.3(c).

Λ, Λ and K0
S candidates are required to have invariant masses within ±50 MeV/c2 of

their respective PDG values [63]. This mass window is large compared to the measured

mass resolutions of about 2 MeV/c2 for Λ (Λ) and 5 MeV/c2 for K0
S.

6.6.2 Selection

6.6.2.1 Fisher discriminant

Combinatorial background is reduced with a Fisher discriminant based on the impact

parameters (IPs) of the daughter tracks (d±) and of the reconstructed V 0 mother, where

the impact parameter is defined as the minimum distance of closest approach to the nearest

reconstructed primary interaction vertex measured in mm. 5 The Fisher discriminant:

FIP = a log10(d+
IP/1 mm) + b log10(d−IP/1 mm) + c log10(V 0

IP/1 mm) (6.6)

is optimised for signal significance (S/
√
S +B) on simulated events after the quality

criteria described in Section 6.6.1. The coefficient values, a = b = −c = 1, were found to

be suitable for all V 0 hadrons at both collision energies, as shown in Table 6.1, with the

5The Fisher discriminant is based on a selection developed for a previous LHCb analysis [145].
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Figure 6.4: The Fisher discriminant FIP in 0.5 million Monte Carlo simulated minimum bias
events at

√
s = 7 TeV for (a) K0

S and (b) Λ.

Table 6.1: The optimised coefficients of the Fisher discriminant FIP (Eqn. 6.6) for Λ, Λ and
K0

S at
√
s = 0.9 and 7 TeV and found from MC studies using the multivariate analysis package

TMVA [150]. Common values of each coefficient were used for all V 0 species at both energies to
simplify analysis of the selection systematics.

√
s 0.9 TeV 7 TeV

Used
V 0 Λ Λ K0

S Λ Λ K0
S

a 1.0 0.9 1.0 1.0 0.8 1.0 1.0
b 1.0 1.0 1.0 0.8 1.0 1.0 1.0
c -1.0 -1.0 -1.0 -1.1 -1.1 -1.1 -1.0

cut value FIP > 1. Example distributions of FIP are given in Fig. 6.4.

This discriminant is well suited to select V 0 particles produced directly from the pri-

mary interaction, referred to later in this chapter as “prompt”. With positive coefficients

a and b, FIP is proportional to the daughter IPs, i.e. is large for long-lived mothers like

Λ, Λ and K0
S. With a negative coefficient c, FIP is inversely proportional to the mother

IP, i.e. is also large for prompt V 0 mothers.

The VELO working group measured significant differences between impact parameter

resolution in data and in MC simulation 6 during the early running period when the data

was taken for this analysis, as shown in Fig. 6.5. This resolution varies as a function of pT

and the reduction seen in data with respect to simulation changes from 20 % to 27 % over

the measurement range of the analysis presented in this chapter, given in Section 6.6.5.

This reduction is 23 % at the peak V 0 transverse momentum of about 0.7 GeV/c.

Such a reduction in IP resolution is also observed for V 0 hadrons selected for this

analysis. Since the discriminant, FIP, is constructed from impact parameters, any differ-

ence between data and simulation would lead to a biased efficiency (see Section 6.6.6).

6The impact parameter resolution is estimated from the distance of closest approach of each track
found with respect to a primary interaction vertex, which is reconstructed using the remainder of tracks
in the same event [88].
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Figure 6.5: The impact parameter resolution
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Figure 6.6: Λ impact parameter in data and
MC simulation. The reduced resolution in
data is modelled by smearing simulated pri-
mary and secondary vertex positions.

To avoid any bias, each simulated V 0 candidate’s IP is re-calculated after “smearing” the

associated primary and secondary vertex positions to approximate this reduction in reso-

lution. 7 Each position coordinate is shifted by random sampling from a Gaussian with a

width equal to 23 % of the reconstruction uncertainty on that position. The smeared MC

impact parameter distributions are closer to the data as, shown in Fig. 6.6.

6.6.2.2 V 0 background

V 0 selection can result in a well known misidentification between K0
S and Λ or Λ when one

daughter pion is preferentially boosted in the laboratory frame. There is no misidentifica-

tion between baryon and antibaryon because of the large mass difference between proton

and pion. This V 0 background is often demonstrated using the Armenteros-Podolanski

variables, q and α [152], as shown in Fig. 6.7 after the Fisher selection has been applied.

While these V 0 backgrounds can be removed with cuts on angular variables such

as q and α, these cuts lead to non-linear backgrounds in the signal V 0 invariant mass

distributions that can be problematic for the signal extraction fitting procedure described

in Section 6.6.3.

Another well known approach to remove background from kinematically similar decays

is the alternative mass veto. This method was found to be free from such background

distortions and was preferred for this analysis. In this procedure, the invariant mass of each

signal, say Λ, candidate is re-calculated with the appropriate background decay’s daughter

mass hypotheses, e.g. pπ− becomes π+π−. A veto around the resulting K0
S invariant mass

peak can effectively remove the background.

This misidentified V 0 background is of greatest significance for purity of the Λ (Λ)

signals due to the relative abundance of K0
S. The Λ (Λ) signal significance is optimised by

a veto at ±4.5 MeV/c2 around the PDG K0
S mass after re-calculation of each candidate’s

7The impact parameter smearing follows the method employed for a previous LHCb analysis [151].
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Figure 6.7: Selected (a) K0
S and (b) Λ & Λ candidates shown in the Armenteros-Podolanski

parametrisation. The momentum of the negatively charged V 0 daughter perpendicular to the
flight vector of the V 0, q = p−⊥, is plotted against the asymmetry in the two daughters’ momenta
parallel to that vector, α = (p+

‖ −p−‖ )/(p+
‖ +p−‖ ). True K0

S form a broad central arc, while Λ form
a smaller arc to the left and Λ another to the right. The thickness of these signal arcs is defined
by the momentum resolution of the experiment. The boundaries of the populated regions that
enclose these signal arcs as well as the combinatorial background are defined by the selection
mass windows.

invariant mass with the alternative daughter hypothesis. A similar veto to remove Λ (Λ)

from the K0
S sample is not found to improve significance so is not applied.

6.6.3 Signal extraction

After selection, V 0 yields are estimated from data and MC simulation by fits to the invari-

ant mass distributions, examples of which are shown in Fig. 6.8. The observed invariant

mass distributions of the long-lived Λ, Λ and K0
S are dominated by the Gaussian measure-

ment uncertainty on the momenta of their daughter tracks. At LHCb, these reconstructed

mass distributions are each consistent with a double Gaussian function. The reasons for

this are no yet understood. The invariant mass fits are carried out with the method of un-

binned extended maximum likelihood and are parametrised by a double Gaussian signal

(with a common mean) over a linear background.

The mean values show a small, but statistically significant, deviation from the known

K0
S and Λ (Λ) masses [63], reflecting the contemporary status of the momentum scale

calibration of the experiment. The width of a signal peak is computed as the quadratic

average of the two Gaussian widths, weighted by their signal fractions. This width is

found to be constant as a function of pT and increases linearly toward higher y, e.g. by

1.4 (0.8) MeV/c2 per unit rapidity for K0
S (Λ and Λ) at

√
s = 7 TeV. The resulting signal

yields are listed in Table 6.2.
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Figure 6.8: Invariant mass peaks for (a) Λ in the range 0.25 < pT < 2.50 GeV/c, 2.5 < y < 3.0
and (b) K0

S in the range 0.65 < pT < 1.00 GeV/c, 3.5 < y < 4.0 at
√
s = 0.9 TeV with field up.

Signal yields, N , are found from fits (solid curves) with a double Gaussian peak with common
mean, µ, over a linear background (dashed lines). The width, σ, is computed as the quadratic
average of the two Gaussian widths weighted by their signal fractions.

Table 6.2: Integrated signal yields extracted by fits to the invariant mass distributions of selected
V 0 candidates from data taken with magnetic field up and down at

√
s = 0.9 and 7 TeV.

√
s 0.9 TeV 7 TeV

Magnetic field Up Down Up Down

Λ 3, 442± 64 4, 096± 72 258, 927± 642 132, 548± 459
Λ 4, 877± 75 5, 416± 80 294, 005± 677 141, 861± 463
K0

S 35, 785± 203 40, 234± 219 2, 737, 093± 1, 935 1, 365, 993± 1, 365

6.6.4 Kinematic corrections for simulated candidates

Significant differences are observed between V 0 kinematic variables reconstructed in data

and in the Monte Carlo simulation used for efficiency determination. These differences can

be a source of bias for the measurement of Λ/K0
S given the different production kinematics

of the baryon and meson. Simulated V 0 candidates are therefore weighted to match the

two-dimensional pT, y distributions observed in data. Examples of these distributions are

shown projected along both axes in Fig. 6.9, before and after corrections.

The signal V 0 pT and y distributions are estimated from selected data and MC can-

didates using sideband subtraction. Two-dimensional fits, linear in both pT and y, are

made to the ratio data/MC of these yields independently for Λ, Λ and K0
S, for each mag-

net polarity and collision energy. The resulting functions are used to weight generated

and selected V 0 candidates in the Monte Carlo simulation. These weights vary across the

measured pT, y range, with typical values between 0.8 and 1.2.
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Figure 6.9: (a) Transverse momentum and (b) rapidity distributions for K0
S in data and Monte

Carlo simulation at
√
s = 7 TeV. The difference between data and Monte Carlo is reduced by

weighting the simulated candidates.

6.6.5 Measurement range and binning

The useful measurement range is found from selected V 0 candidates in data. Signal pT

and y distributions were estimated by weighting candidates as a function of signal and

background fits to their respective invariant mass distributions.

The production ratios can be measured in the ranges 2.0 < y < 4.0 (4.5) and

0.25 (0.15) < pT < 2.50 GeV/c from collisions at
√
s = 0.9 (7) TeV. The low pT limit,

for example, is defined by a drop in Λ (Λ) signal statistics below 250 (150) MeV/c

in
√
s = 0.9 (7) TeV data. The reduction in acceptance over low pT and high y at

√
s = 0.9 TeV is due to the retraction of the VELO described in Section 6.4.

The results are presented in three complementary binning schemes: projections over

the full pT range, the full y range, and a coarser two-dimensional binning. The rapidity

range is split into 0.5-unit bins, while six bins in pT are chosen to approximately equalise

signal V 0 statistics in data. The two-dimensional binning combines adjacent pairs of pT

bins. The full analysis procedure is carried out independently in each pT, y bin.

6.6.6 Efficiency correction

The efficiency for selecting prompt V 0 decays is estimated from simulation as

ε =
N(V 0→ d+d−)Observed

N(pp→ V 0X)Generated

, (6.7)

where the denominator is the number of prompt V 0 hadrons generated in a given pT, y

region after the weighting described in Section 6.6.4 and the numerator is the number

of those weighted candidates found from the selection and fitting procedure described

above. The efficiency therefore accounts for decays via other channels and losses from

interactions with the detector material.
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Table 6.3: A list of the longest lived ancestors of Λ (Λ) baryons generated in LHCb MC simu-
lation. A cut on the sum of all ancestor lifetimes of greater than 10−9 m (Eqn. 6.8) is used to
select V 0 particles that are produced either directly in the primary interaction or from the short
range strong and electromagnetic decays of particles produced at the PV.

Max. cτ ancestor cτ [m] Fraction [%]

PV – 29.6
Σ∗ short-lived 19.4
Σ0 10−11 12.8
Ξ 10−2 8.2
Ω 10−2 0.1
Σ± 10−2 0.1
π± material interactions 4.1
K± ′′ 12.8
K0

S ′′ 0.2
K0

L ′′ 9.5
p, n ′′ 2.8
Λ elastic scattering 0.4

100.0

Prompt V 0 hadrons are defined in Monte Carlo simulation by the cumulative lifetimes

of their ancestors
n∑
i=1

cτi < 10−9 m, (6.8)

where τi is the proper decay time of the ith ancestor. This veto is defined so as to keep

only V 0 hadrons created either directly from the pp collisions or from the strong or electro-

magnetic decays of particles produced at those collisions, removing V 0 hadrons generated

from material interactions (including regenerated K0
S, discussed in Section 6.1) and weak

decays, as detailed for Λ (Λ) in Table 6.3.

The Fisher discriminant FIP strongly favours prompt V 0 hadrons, however a small

non-prompt contamination in data would lead to a systematic bias in the ratios. The

fractional contamination of selected events is determined from simulation to be 2 − 6 %

for Λ and Λ, depending on the measurement bin, and about 1 % for K0
S. This effect is

dominated by weak decays rather than material interactions. These contaminant fractions

are used to estimate systematic uncertainties on the ratios Λ/Λ and Λ/K0
S of less than 2

and 3 % respectively.

6.7 Systematic uncertainties

The studies undertaken to evaluate systematic uncertainties on the ratios Λ/Λ and Λ/K0
S

are presented in the following sections. Each potential source of uncertainty is categorised

as pertaining to either the experimental setup, Section 6.7.1, to a model-dependent re-
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liance on MC generators, Section 6.7.2, or to the analysis procedure, Section 6.7.3. Where

these estimates are found to be significant, their contribution to the uncertainty on each

ratio is given. All important sources of systematic uncertainty are summarised in Table 6.5.

6.7.1 Experimental uncertainties

6.7.1.1 Track reconstruction

The track reconstruction efficiency depends on particle momentum. In particular, the

tracking efficiency varies rapidly with momentum for tracks below 5 GeV/c. Any bias is

expected to be negligible for the ratio Λ/Λ but can be larger for Λ/K0
S due to the different

kinematics. Two complementary procedures are employed to check this efficiency.

First, track segments are reconstructed in the tracking stations upstream of the mag-

net. These track segments are then paired with the standard tracks reconstructed through

the full detector and the pairs are required to form a K0
S to ensure only genuine tracks

are considered. This track matching gives a measure of the tracking efficiency for the

upstream tracking systems. The second procedure uses the downstream stations to re-

construct track segments, which are similarly paired with standard tracks to measure the

efficiency of the downstream tracking stations. The agreement between these efficiencies

in data and simulation is better than 5 %. 8

Again, these efficiencies are found for signal V 0 candidates by weighting using fits to

the invariant mass distribution. To estimate the resulting uncertainty on Λ/Λ and Λ/K0
S,

both ratios are re-calculated after weighting V 0 candidates by 95 % for each daughter track

with momentum below 5 GeV/c. The resulting uncertainties on the ratios are negligible

for Λ/Λ and less than 3 % for Λ/K0
S.

6.7.1.2 Primary vertex reconstruction

The efficiency of primary interaction vertex reconstruction depends on the number of

tracks in an event and may introduce a bias in the measured ratios if the detector occu-

pancy is different for events containing K0
S, Λ or Λ. This efficiency is compared in data

and simulation using V 0 samples obtained with an alternative selection not requiring a

primary vertex. Instead, the V 0 flight vector is extrapolated towards the beam axis to find

the point of closest approach. The z coordinate of this point is used to define a pseudo-

vertex, with x = y = 0. 9 Candidates are kept if the impact parameters of their daughter

tracks to this pseudo-vertex are larger than 0.2 mm. There is a significant overlap of signal

candidates compared to the standard selection.

8The track-pairing test was carried out by T. Blake based on a previous study by the tracking working
group [88].

9The pseudo-vertex test was carried out by T. Blake based on a previous LHCb analysis [145].
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The primary vertex finding efficiency is then explored by taking the ratio of these se-

lected events that do or do not have a standard primary vertex. This efficiency is similar

for events containing Λ, Λ and K0
S candidates: varying from below 10 % with 4 VELO

tracks to about 80 % with 6 and above 90 % with 8 tracks. This efficiency is estimated for

signal V 0 candidates using invariant mass fit weighting, similarly to Section 6.6.5. In order

to investigate any bias in the measurement of Λ/Λ and Λ/K0
S, the ratios of these efficien-

cies are found for events containing different V 0 candidates, i.e. εPV(Λ)/εPV(Λ or K0
S).

Calculated in bins of pT and y, these efficiency ratios agree between data and simulation

to better than 2 % at both
√
s = 0.9 and 7 TeV. The resulting uncertainties on both Λ/Λ

and Λ/K0
S are less than 4 %.

6.7.2 Model-dependent uncertainties

6.7.2.1 Diffractive event fraction

The primary vertex finding algorithm requires at least three reconstructed tracks 10 and

therefore highly favours non-diffractive events due to the relatively low efficiency for find-

ing diffractive interaction vertices, which tend to produce fewer tracks. In the LHCb MC

simulation, the diffractive cross section accounts for 28 (25) % of the total minimum bias

cross section of 65 (91) mb at 0.9 (7) TeV [104]. Due to the primary vertex requirement,

only about 3 % of the V 0 candidates selected in simulation are produced in diffractive

events.

These fractions are determined using Pythia 6, which models only soft diffraction.

As a cross check, the fractions are also calculated with Pythia 8, which includes both

soft and hard diffraction [149]. The variation on the overall efficiency between models is

about 2 % for both ratios at
√
s = 7 TeV and close to 1 % at 0.9 TeV. Indeed, complete

removal of diffractive events only produces a change of 1 to 2 % in the ratio Λ/Λ and 2

to 6 % for Λ/K0
S across the measurement range.

6.7.2.2 Non-prompt efficiency correction

The measured efficiency corrected ratios Λ/Λ and Λ/K0
S are subsequently corrected for

non-prompt contamination as found from Monte Carlo simulation and defined by Eqn. 6.8.

This procedure relies on simulation and the corrections may be biased by the choice of

the LHCb MC generator tune.

To estimate a systematic uncertainty on the correction for non-prompt V 0, the con-

taminant fractions are also calculated using two alternative tunes of Pythia 6: Perugia 0

10The minimum requirements for primary vertex reconstruction at LHCb can be approximated in
Monte Carlo simulation by a generator-level cut requiring at least three charged particles from the
collision with lifetime cτ > 10−9 m, momentum p > 0.3 GeV/c and polar angle 15 < θ < 460 mrad,
including tracks reconstructed only in the VELO.
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Figure 6.10: The double ratios (a) (Λ/Λ)Data/(Λ/Λ)MC and (b) (Λ/K0
S)Data/(Λ/K

0
S)MC are

shown as a function of the material traversed, in units of radiation length. Flat line fits, shown
together with their respective χ2 probabilities, give no evidence of a bias. Courtesy of F. Dettori.

and Perugia NOCR, introduced in Section 6.5. The maximum differences in non-prompt

fraction across the measurement range and at both energies are less than 1 % for each V 0

species. The resulting uncertainties on the ratios are below 3 %.

Both this correction and its uncertainty are model dependent, therefore the final results

are quoted both with and without this correction.

6.7.2.3 Material interactions

The influence of material interactions on these measurements is not expected to be large.

V 0 absorption is limited by the requirement that each V 0 decay occurs within the most

upstream tracker (the VELO). Secondary V 0 production in material is suppressed by the

Fisher discriminant, Eqn. 6.6, which rejects V 0 candidates with large impact parameter.

Particle interactions within the detector are simulated using the Geant 4 package,

which implements interaction cross sections for each particle according to the LHEP

physics list [108]. The simulated p, p and π± cross sections have been tested in the LHCb

framework within the collaboration and are consistent with the LHEP values. The small

measured differences are propagated to Λ/Λ and Λ/K0
S to estimate uncertainties on the

ratios of about 2.5 and 5 %, respectively.

The potential bias on the ratios is explored by measurement of both Λ/Λ and Λ/K0
S

as a function of material traversed (determined by the detector simulation), in units of

radiation length, X0. Data and simulation are compared by their ratio, shown in Fig. 6.10.

These ratios are consistent with a flat line as a function of X0, therefore any possible

imperfections in the description of the detector material in simulation have a negligible

effect on the V 0 ratio measurements. Note that the ratios of data/MC are not expected

to be unity since simulations do not predict the same values for Λ/Λ and Λ/K0
S as are

observed in data.
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6.7.3 Procedural uncertainties

6.7.3.1 Selection and signal extraction

The potential bias from the Fisher discriminant, FIP, is investigated using a pre-selected

sample with only the track and vertex quality cuts applied. The distributions of FIP for

Λ, Λ and K0
S in data and Monte Carlo simulation are estimated using sideband subtrac-

tion. The ratios of data/MC efficiencies are seen to be independent of the discriminant,

giving confidence that the FIP distribution is well modelled in the simulation after the IP

smearing described in Section 6.6.2. No systematic uncertainty is assigned to this selection

requirement.

A good estimate of the reconstructed yields and their uncertainties in both data and

simulation is provided by the fitting procedure but there may be a residual systematic

uncertainty from the choice of this method. Comparisons are made using sideband sub-

traction and the resulting V 0 yields are in agreement with the results of the fits described

in Section 6.6.3 at the 0.1 % level. The resulting uncertainties on the ratios are less than

2 %.

6.7.3.2 MC kinematic corrections

Simulated V 0 candidates are weighted to improve agreement with kinematic distributions

in data. As described in Section 6.6, these weights are calculated from a two-dimensional

fit, linear in both pT and y, to the distribution of the ratio between reconstructed data

and simulated Monte Carlo candidates.

This choice of parametrisation could be a source of systematic uncertainty, therefore

alternative procedures are investigated including a two-dimensional polynomial fit to 3rd

order in both pT and y and a (non-parametric) bilinear interpolation. The results from

each method are compared across the measurement range to estimate typical systematic

uncertainties of 1 to 4 % for Λ/Λ and 1 to 9 % for Λ/K0
S.

6.7.4 Cross-checks

The lifetime distributions of reconstructed and selected V 0 candidates are consistent be-

tween data and simulation. The possible influence of transverse Λ (Λ) polarisation was

explored by simulations with extreme values of polarisation and found to produce no

significant effect on the measured ratios. Potential acceptance effects were checked as a

function of azimuthal angle, with no evidence of systematic bias. 11

The full analysis procedure is carried out independently on data sets taken with both

field polarities. These results are compared by their χ2 probabilities, p(χ2, ndf), con-

sidering statistical and uncorrelated systematic uncertainties. There is good agreement

11These cross-checks were carried out by F. Dettori [153].
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Table 6.4: Measured ratios from LHCb field up and down data sets are compared by p-value
for each binning scheme and show reasonable consistency, taking into account statistical and
uncorrelated systematic uncertainties.

Ratio
√
s Binning scheme ndf p(χ2, ndf)

Λ/Λ 0.9 TeV pT, y 12 0.031
y 4 0.960
pT 6 0.814

7 TeV pT, y 15 0.189
y 5 0.002
pT 6 0.232

Λ/K0
S 0.9 TeV pT, y 12 0.176

y 4 0.903
pT 6 0.613

7 TeV pT, y 15 0.974
y 5 0.631
pT 6 0.544

between the two sets of measurements as shown in Table 6.4, which gives confidence that

any residual detector effects are small. These χ2 probabilities are influenced by the MC

kinematic correction procedure described in Section 6.6.4, particularly at the edge of the

pT, y parameter space. In the case of the Λ/Λ ratio, at
√
s = 0.9 TeV in the y binning

scheme, this procedure leads to a divergence between LHCb field up and down results in

the lowest y bin, reducing the χ2 probability from 0.01 to 0.002. There is confidence that

any change in the measured ratios due to this kinematic correction is accounted for in the

systematic uncertainty, as described in Section 6.7.3.2.

6.7.5 Summary

The potential sources of systematic uncertainty or bias are summarised in Table 6.5.

Limits and ranges indicate variation in uncertainty over the analysis bins. Sources of

uncertainty common to both field configurations are identified for a later combination of

these results (see Section 6.8.1).

6.8 Results

6.8.1 Combination of data sets

Throughout this analysis, the data sets taken with both magnetic field polarities are

treated independently. There is good consistency for all measurements at both polarities,

as described in Section 6.7.4. The field up and down results are therefore combined to

maximise statistical significance.
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Table 6.5: Relative systematic uncertainties are listed in descending order of importance. Ranges
indicate uncertainties that vary across the measurement bins and/or by collision energy. Corre-
lated sources of uncertainty between field up and down are identified.

Sources of systematic uncertainty Λ/Λ Λ/K0
S

Correlated between field up and down:
Material interactions 2.5 % 5 %
Diffractive event fraction 1− 2 % 2− 6 %
Primary vertex finding < 4 % < 4 %
Non-prompt fraction < 2 % < 3 %
Track finding negligible < 3 %

Uncorrelated :
Kinematic correction 1− 4 % 1− 9 %
Signal extraction from fit < 1 % < 2 %

Total 3− 6 % 6− 10 %

The weighted average is calculated as R = wuRu + wdRd, where R indicates either

ratio Λ/Λ or Λ/K0
S. The standard formula for combination of errors gives the uncertainty

on R as:

σ2 = w2
uσ

2
u + w2

dσ
2
d + 2wuwdcucd (6.9)

where σ represents the total uncertainty on a ratio measurement

σ2 = s2 + a2 + c2 (6.10)

of which s is the statistical uncertainty and the systematic uncertainty is split into a and

c, the components, which are uncorrelated and correlated respectively between field up

and down data sets, as defined in Table 6.5.

We aim to find the values for the weights wu and wd that give minimal variance, σ2,

on the final result, R. With substitution of wu = 1−wd, the variance can be differentiated

with respect to wd as follows:

σ2 = (1− wd)2σ2
u + w2

dσ
2
d + 2(1− wd)wdcucd

d

dwd

(σ2) = 2(wd − 1)σ2
u + 2wdσ

2
d + 2(1− 2wd)cucd (6.11)

Setting this differential equation to zero for a stationary point gives the following

expression for the weight, wd:

0 = wd(σ2
u + σ2

d − 2cucd)− σ2
u + cucu

wd = 1− wu =
σ2

u − cucu

σ2
u + σ2

d − 2cucd

(6.12)
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We take the second derivative to determine the type of stationary point, as follows:

d2

dw2
d

(σ2) = σ2
u + σ2

d − 2cucd (6.13)

This expression can be shown to be greater than zero for all real errors by substitution

of Eqn. 6.10:

d2

dw2
d

(σ2) = s2
u + s2

d + a2
u + a2

d + c2
u + c2

d − 2cucd

= s2
u + s2

d + a2
u + a2

d + (cu − cd)2

> 0 (6.14)

The stationary point is therefore a minimum and the expression for the weights wd

and wu given in Eqn. 6.12 is used to provide the desired minimal variance on the combined

result, R.

6.8.2 Observations

The combined field up and down results for both ratios are shown in Fig. 6.11 as a

function of y in three intervals of pT at
√
s = 0.9 TeV and 7 TeV. The baryon/meson

production ratio Λ/K0
S shows a strong pT dependence at both collision energies. The

antibaryon/baryon production ratio Λ/Λ shows no significant pT dependence.

Figs. 6.12 and 6.13 show comparisons between measurements of both ratios and the

predictions of the Pythia 6 generator tunes: LHCb MC, Perugia 0 and Perugia NOCR,

as functions of pT and y at
√
s = 0.9 TeV and

√
s = 7 TeV respectively. As discussed

in Section 6.7.2.1, Monte Carlo studies suggest that the requirement for a reconstructed

primary vertex results in only a small contribution from diffractive events to the selected

V 0 sample, therefore non-diffractive simulated events are used for these comparisons. The

predictions of LHCb MC and Perugia 0 are similar throughout. The measured distributions

of both ratios Λ/Λ and Λ/K0
S as a function of pT and y are inconsistent with each of the

generator tunes tested.

Measurements of the ratio Λ/Λ are intermediate between the predictions of Perugia 0

and Perugia NOCR. As a function of y, the data are consistent with Perugia 0 in the low

range but approach Perugia NOCR at higher rapidities. As a function of pT, the data are

closer to Perugia NOCR at
√
s = 0.9 TeV but closer to Perugia 0 at 7 TeV.

The ratio Λ/K0
S is significantly larger in data than the MC predictions at both col-

lision energies and across all measurement bins. The data show a stronger dependence

of baryon/meson production on pT, with the ratio increasing faster than predicted by

Perugia 0.

Particle production in pp collisions involves a conversion of the initial protons’ kinetic
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Figure 6.11: The ratios Λ/Λ and Λ/K0
S from the full analysis procedure at (a) & (c)

√
s =

0.9 TeV and (b) & (d) 7 TeV are shown as a function of rapidity, compared across intervals of
transverse momentum. Vertical lines show the combined statistical and systematic uncertainties.
The statistical component lies within the short horizontal bars (where visible).

energy into the masses of the new particles, such as Λ, Λ and K0
S. This conversion can be

pictured as a deceleration of the incoming protons and is related to the Lorentz invariant

rapidity loss from the beam protons to the new particles produced, ∆y = ybeam − y. To

compare results at both collision energies, and to probe scaling violation, both production

ratios are shown in Fig. 6.14 as a function of ∆y. The rapidity of the proton beam, ybeam,

is calculated for the protons travelling anticlockwise around the LHC, which is equivalent

to travel along the positive z direction through the LHCb detector. At
√
s = 0.9 TeV,

ybeam is about 6.9 and is approximately 8.9 at 7 TeV.

Excellent agreement is observed at the overlap between results at
√
s = 0.9 and 7 TeV

as well as with results from STAR from pp collisions at
√
s = 0.2 TeV [142]. The measured

ratios are also consistent with results published by ALICE and CMS, although their

combination of Λ and Λ statistics does not allow comparison in Fig. 6.14 [143,144].

The combined field up and down results are also given in tables in Appendix B.1.

Results without applying the model-dependent non-prompt correction, as discussed in

Section 6.7.2.2, are shown for comparison in Appendix B.2.
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Figure 6.12: The ratios Λ/Λ and Λ/K0
S at

√
s = 0.9 TeV are compared with the predictions of

the LHCb MC, Perugia 0 and Perugia NOCR as a function of (a) & (c) rapidity and (b) & (d)
transverse momentum. Vertical lines show the combined statistical and systematic uncertainties.
The statistical component lies within the short horizontal bars (where visible).

6.9 Recent development of the Perugia tunes

The publication of the strange hadron production ratios presented in this chapter, along

with other recent minimum bias physics results, has influenced the development of the

new standard Pythia 6 family of tunes, collectively called Perugia 2011, as reported in

Ref. [154].

The Perugia 2011 tunes have incorporated increased baryon production, particularly

for strange baryons, to match the larger-than-predicted p/π ratio from STAR [155] as well

as the Λ/K0
S ratio presented in this chapter. It is noted in the above report that this rate

of baryon production is now at the upper limit allowed by LEP data. These changes with

respect to the Perugia 0 tune are made by modification of the following hadronisation

model parameters:

– The diquark/quark production probability ratio in the Lund string model, PARJ(1) =

p(qq)/p(q), is increased from 0.073 to 0.087.

– The additional strange baryon production probability, PARJ(3) = p(us)
p(ud)

/ p(s)
p(d)

, is in-

creased slightly from 0.94 to 0.95.
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Figure 6.13: The ratios Λ/Λ and Λ/K0
S at

√
s = 7 TeV compared with the predictions of

the LHCb MC, Perugia 0 and Perugia NOCR as a function of (a) & (c) rapidity and (b) & (d)
transverse momentum. Vertical lines show the combined statistical and systematic uncertainties.
The statistical component lies within the short horizontal bars (where visible)
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Figure 6.14: The ratios (a) Λ/Λ and (b) Λ/K0
S from LHCb are compared at both

√
s = 0.9 TeV

(triangles) and 7 TeV (circles) with the published results from STAR [142] (squares) as a function
of rapidity loss, ∆y = ybeam − y. Vertical lines show the combined statistical and systematic
uncertainties. The statistical component lies within the short horizontal bars (where visible).
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The Perugia 2011 tunes have introduced a new model for baryon transport from the

beam remnant, motivated by the p/p and Λ/Λ ratios measured by ALICE [156] and

LHCb, respectively. The global probability of baryon transport has been increased with

modifications to the string colour reconnection model parameters but the new model has

introduced a suppression of these reconnections that grows with the separation in rapidity

between string fragments and therefore reduces transport from the beam remnant at larger

rapidities, as observed in this chapter for the ratio Λ/Λ:

– The probability that a given string piece makes no colour reconnection to any other

piece has previously been modelled as p = (1− PARP(78))Nint , where Nint is the number

of interactions in the event, i.e. the reconnection probability is greater in events with

many interactions. The amount of colour reconnection has been significantly increased by

reducing the constant PARP(78) from 0.33 to 0.036.

– The new model for colour reconnection introduces a suppression for large differences

in rapidity, ∆y, between any two string pieces, by a modification of the probability for

no reconnections to p = (1 − PARP(78))∆y·〈Nstring−1〉, where 〈Nstring − 1〉 is the average

number of string pieces available in an event for any given piece to reconnect with, i.e.

all but itself. This model is set in Pythia 6 by changing the option MSTP(95) from 6 to

8 [157].

– Colour reconnections are also suppressed for high transverse momentum string pieces

by a factor, f = 1/(1 + PARP(77)2 · 〈p2
T〉), where 〈p2

T〉 is the average squared trans-

verse momentum of the hadrons that would be produced from a string piece [71]. This

suppression has been enhanced by a change in the constant PARP(77) from 0.9 to 1.0.

6.10 Conclusions

The measurements of the V 0ratios Λ/Λ and Λ/K0
S reported in this chapter show significant

differences compared to the predictions of current Monte Carlo generator tunes.

There is good agreement, however, between Λ/Λ in data and the predictions of

Perugia 0 at low rapidity, which is to be expected since the past experimental results used

to validate this model have focused on this parameter space. The high rapidity region is

better described by the extreme baryon transport model of Perugia NOCR, which does

not allow interactions between final state parton showers and the proton beam remnants.

The measured ratio Λ/K0
S is significantly larger than predicted by Perugia 0, i.e. rel-

atively more baryons are produced in strange hadronisation at the LHC than expected,

particularly at higher pT. Similar results are found at both
√
s = 0.9 and 7 TeV.

LHCb has previously measured the production cross section of K0
S at

√
s = 0.9 TeV

and observed good agreement with Perugia 0 [145]. This tune of Pythia6 must therefore
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underestimate the absolute Λ production rate and it may be that baryon and antibaryon

production in general are underestimated. Further studies are required to determine if the

agreement on K0
S production is also observed at

√
s = 7 TeV.

When plotted as a function of rapidity loss, ∆y, there is excellent agreement between

the measurements of both ratios at
√
s = 0.9 and 7 TeV, as well as with STAR’s results

published at 0.2 TeV. The broad coverage of the measurements in ∆y provides a unique

data set, which is complementary to previous results.

The V 0 production ratios presented here have already begun to help the development

of hadronisation models to improve the predictions of Standard Model physics at the

LHC, which will define the baseline for new discoveries.



Chapter 7

Summary

In October 2007 when I started this PhD, the LHCb detector was still under construc-

tion and the experiment hall was crowded with physicists installing components built

by members of the collaboration all over the world. The RICH 1 photon detector hous-

ing, for example, was manufactured by the Imperial College HEP group in London and

the highly transparent aerogel tiles were developed for the RICH in Novosibirsk, by the

Budker Institute of Nuclear Physics.

This preparatory period was a great time to be at CERN as a PhD student, with

many opportunities to be involved in the final steps towards readiness for first collisions.

In Chapter 5, I presented the RICH alignment procedure that was developed during this

period. The need to align the optical components of the RICH detectors has been mo-

tivated with the aim to optimise the Cherenkov angle resolution of the system and so

maximise the K/π separation efficiency. Observable quantities related to RICH misalign-

ment were derived by geometrical arguments and correlations between these observables

and the movements of individual optical components were established from simulations

of the detector system using the LHCb software framework and Geant 4 [108].

After the disappointment of the LHC’s false start in 2008, collisions began success-

fully in November 2009, allowing me to put the RICH alignment strategy into practice.

The initial detector output appeared nothing like the simulations and the data had to be

divided up into sets of optical components before the characteristic sinusoidal misalign-

ment signatures were observed. With the limited statistics of the early running period, a

strategy was devised for an approximate alignment considering only four of the possible

mirror pairs in RICH 1 and the two photon detector panels of RICH 2. These were the only

component groupings for which both a sinusoidal misalignment signal was observable and

for which sufficient statistics could be accumulated to calculate an alignment correction.

This initial alignment, though limited, was effective, with the Cherenkov angle reso-

lutions for the RICH 1 and RICH 2 gases improved from 4.0 to 2.2 mrad and from 1.5 to

0.9 mrad respectively. Although there was still some way to go to reach the Monte Carlo

predicted 1.6 and 0.7 mrad, this preliminary alignment showed that the method worked.
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Further studies also revealed that Cherenkov resolutions very close to the MC target

could be observed in data for individual photon detectors; pointing the way to a complete

alignment including corrections to each HPD using the Magnetic Distortion Calibration

System (MDCS) [129]. The results of the preliminary RICH alignment were presented at

the RICH 2010 conference [1].

In the first months of running it was prudent to conduct physics studies that would

be minimally affected by the early stage of calibration. With this in mind I undertook to

measure strangeness production ratios with V 0 hadrons, as reported in Chapter 6, which

could be triggered and selected using only tracking information. The tracking working

group had measured the differences between reconstructed impact parameter resolutions

in data and simulation, which allowed us to make a selection based on this quantity alone

for which the simulation could be properly corrected to match data.

To motivate this study, I have introduced the Standard Model in Chapter 2, derived

from the elegant concept of invariance under symmetry transformations that leads to

the conservation of energy and momentum and to the generation of interactions between

matter and the three fundamental forces. The weak interaction is discussed and I have

outlined the mixing between quark generations that allows strange particles to decay to

lighter hadrons to produce, for example, the neutral “V ” decays considered in this thesis.

The concept of a variable coupling strength has been introduced, with emphasis on the

importance of this property of nature for the strong force. The difficulties encountered in

predicting strong interactions in the non-perturbative regime, where the strong coupling

αS is large, are addressed by phenomenological models and Monte Carlo generators such

as Pythia 6, used by the LHCb collaboration.

In Chapter 3 I have introduced the divide-and-conquer strategy employed to make

predictions for pp interactions at the LHC. The proton momentum fraction carried by

the constituent partons is extracted from experimentally determined PDFs and the hard

parton-parton interactions are calculated perturbatively. These predictions can be tested

at the LHC by measurements of Drell-Yan lepton production. Collisions that produce

hadrons are more difficult to predict. The process of parton showering is introduced and

the Lund string model is outlined, which aims to describe how these partons combine

to produce the mesons and baryons observed by HEP experiments. Measurements of

strangeness production are a powerful tool for the development of hadronisation models

such as the Lund string, since strange quarks sit in a Goldilocks zone, where they are

light enough to be produced by the hadronisation process and yet do not provide a net

contribution to the structure of the colliding protons.

The V 0 ratio measurements Λ/Λ and Λ/K0
S, which have been reported by me and

published on behalf of LHCb [3], have shown significant differences compared to current

tunes of Monte Carlo generators. The baryon/meson ratio is significantly larger than

predicted, suggesting an enhancement of baryon production at the LHC. The forward
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rapidity coverage of LHCb provides a unique test of the antibaryon/baryon ratio. The

results presented in this thesis show a significant deviation from predictions of the standard

generator tune Perugia 0 in the high rapidity region. This deviation is well matched by

Perugia NOCR, a generator model with more localised string fragmentation, which does

not connect final state parton showers to the proton beam remnants. These results have

already begun to be of great use for the development of such models, as discussed in

Section 6.9.

The LHCb detector had accumulated 680.8 pb−1 at
√
s = 7 TeV as of 14 August 2011,

and the calibration of the RICH and other subdetectors has progressed significantly. To

date, the LHCb collaboration has published nine papers, including measurement of the

relative fractions of B0→ D−K+, B0→ D−π+ and B0
s→ D−s π

+, which would not have

been possible without K/π separation from a well-functioning RICH system. The LHC

will continue to provide pp collisions at
√
s = 7 TeV into 2012 and LHCb aims to increase

its data set up to about 2 fb−1. PhD students starting on LHCb this year will have the

fantastic opportunity to work on world-beating measurements to test the Standard Model

at the only LHC experiment to already be operating at (and beyond) optimal design

conditions. I wish them well and would recommend this PhD programme to anyone.
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Appendix A

The LAMS control project

A control project has been developed using the SCADA framework PVSS II 3.8 to auto-

mate the operation of the RICH Laser Alignment Monitoring System (LAMS), introduced

in Section 5.9. The project includes a Graphical User Interface (GUI) to facilitate manual

operation of the LAMS. The control software runs on a dedicated Linux server at the

LHCb experiment site. Interaction with the 15 cameras is carried out over the internet

using video servers connected to each camera.

The project is designed around a central data point archive, as illustrated in Fig. A.1.

A continuously running control process follows an automated sequence of steps, updating

the archive with its current progress and results and monitoring a data point that can

indicate manual intervention. The automated loop proceeds as follows:

1. Check that manual control has not been requested.

2. Continue if prescribed time (to the minute) has been reached for any camera.

3. Check whether the scheduled action has already been taken (the loop may run many

times per minute). If not, continue.

4. Ping camera server and, if successful, request image. Otherwise, report error.

5. Launch stand-alone analysis algorithm and monitor status code in the data point

archive for its response. Timeout after 20 s.

6. If returned, check analysis status code for reported errors. If OK, the analysis results

are archived with a time stamp.

7. Wait five seconds then repeat.

Image collection is scheduled for minutes with the same integer value as the camera

identification number, e.g. images from RICH 2 camera 7 are taken at 7 minutes past each

hour.
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The RICH 2 cameras allow adjustment of exposure and gain settings in order to opti-

mise the observed laser spot size and contrast for analysis. In RICH 1, the cameras were

chosen for radiation tolerance due to their proximity to the interaction point (Fig. 4.4) and

provide no possibility for customisation. The adjustment for spot size is therefore made

globally for all RICH 1 cameras by variation of the laser intensity, then the RICH 2 cam-

eras are individually optimised. Over time, it was found that the RICH 2 camera settings

had to be periodically re-adjusted. The LAMS control project was therefore designed to

record the exposure and gain settings along with each image.

Each camera sees two spots, as described in Section 5.9. Each image is analysed to

extract these spot positions and intensities using an algorithm written in C++ by my

fellow Imperial College PhD student Fatima Soomro and described in Refs. [158, 159].

Communication between the LAMS project and this algorithm is facilitated by CERN’s

Distributed Information Management (DIM) system [160]. Results are stored in the LAMS

project’s data point archive that can be accessed to view trends, for example in spot

separation, which is indicative of RICH misalignment.

Image Analysis Algorithm

User
Controls

Image
Display

Trend
Display

Image
Archive

Cameras

Data Point Archive

Control Process

Graphical User Interface

reads progress
writes commands

reads progress
retrieves data retrieves data

reads commands
reports progress

returns results

initiates analysis

returns results

sends image
accesses

image

requests
image

Figure A.1: A flow diagram to illustrate the major elements and communication channels of the
LAMS control project. The direction of an arrow represents the flow of information or action,
e.g. the image display object reads information from the data point archive. The control process
object requests an image from a camera’s video server, which is sent to the image archive. The
control process initiates the analysis algorithm that triggers the algorithm to access an image
from the archive.
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(a)

(b)

Figure A.2: (a) Screenshot of the LAMS control project GUI (running under Windows XP),
passively monitoring the automatic image capture process while being used to display trend
data on the reference spot positions of four of the RICH 2 cameras. (b) Screenshot of the GUI
(running under Scientific Linux) being used to manually take pictures of the RICH 1 cameras
during testing with LHCb’s magnetic field ramping up. Debug mode is used so as not to archive
image analysis results from cameras that malfunction at high field strength.
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A GUI has also been developed as part of the control system (Fig. A.2(a)) that allows

monitoring and manual control of the processes described above, as well as the display of

accumulated image analysis results. The panel can be accessed by the LHCb shift crew

from computers running either Linux or Windows.

Under manual control, the panel can be used to take multiple images, at time intervals

of up to 30 minutes, for one camera or a group of cameras, such as all those in RICH 1.

The user may choose to block the archival of analysis results for these images by choosing

“Debug Mode”, as shown in Fig. A.2(b). After 30 minutes of inactivity, manual control is

rescinded and the control system restarts the automated process described above.

The control project has been successfully taking images and archiving analysis results

since October 2008. The system is fully automated, including restart in case of power

failure at the experiment site. The future use of this data is however unclear. This initial

plan to calculate alignment corrections has been shelved after the successful alignment

from collision data presented in Chapter 5.



Appendix B

V 0 production ratio tables

B.1 Tabulated results

Table B.1: The production ratios Λ/Λ and Λ/K0
S, measured at

√
s = 0.9 TeV, are quoted in

percent with statistical and systematic uncertainties as a function of (a) & (b) rapidity, y, and
(c) transverse momentum, pT [GeV/c].

(a)

Λ/Λ 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0

0.25 < pT < 2.50 93.4±7.2±6.1 80.0±2.5±2.5 72.7±2.0±3.3 53.9±3.1±4.0

0.25 < pT < 0.65 162.2±48.2±6.6 90.4±6.6±3.0 61.0±4.2±3.5 42.0±12.4±5.3
0.65 < pT < 1.00 72.3±9.7±2.5 77.2±3.9±2.4 74.6±3.3±3.9 61.7±5.6±3.6
1.00 < pT < 2.50 90.4±11.3±2.8 74.5±4.6±2.4 75.7±3.4±3.1 48.5±3.8±2.2

(b)

Λ/K0
S 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0

0.25 < pT < 2.50 28.5±1.8±2.6 26.3±0.7±2.1 25.8±0.6±2.1 25.2±1.1±2.0

0.25 < pT < 0.65 19.7±3.6±2.6 21.8±1.4±2.2 18.0±1.0±1.8 15.8±3.1±2.1
0.65 < pT < 1.00 31.6±2.9±2.5 30.6±1.3±2.3 30.0±1.2±2.2 29.9±2.1±2.2
1.00 < pT < 2.50 46.3±4.5±2.9 42.9±2.1±2.5 41.3±1.6±3.2 32.3±2.0±2.6

(c)

2.0 < y < 4.0 Λ/Λ Λ/K0
S

0.25 < pT < 0.50 80.6±4.6±4.0 17.7±0.8±1.7
0.50 < pT < 0.65 73.1±3.6±3.2 21.8±0.9±1.8
0.65 < pT < 0.80 73.7±3.2±3.7 28.4±1.0±2.3
0.80 < pT < 1.00 77.5±3.2±3.7 32.3±1.2±2.4
1.00 < pT < 1.20 70.1±3.4±2.3 36.8±1.5±2.4
1.20 < pT < 2.50 74.5±3.0±2.5 44.2±1.5±2.8
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Table B.2: The production ratios Λ/Λ and Λ/K0
S, measured at

√
s = 7 TeV, are quoted in

percent with statistical and systematic uncertainties as a function of (a) & (b) rapidity, y, and
(c) transverse momentum, pT [GeV/c].

(a)

Λ/Λ 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0.15 < pT < 2.50 97.8±2.8±3.8 95.2±1.2±3.2 93.1±0.8±3.1 88.9±1.1±3.1 81.0±2.2±3.5

0.15 < pT < 0.65 87.2±16.7±11.0 95.7±1.8±3.5 94.2±1.4±3.3 87.6±2.3±3.2 90.0±12.6±4.2
0.65 < pT < 1.00 97.4±5.3±3.9 96.8±2.2±3.5 92.4±1.3±3.3 89.6±1.8±3.2 86.2±4.2±3.2
1.00 < pT < 2.50 98.7±2.9±3.4 96.6±1.8±3.3 92.8±1.5±3.2 90.3±1.7±3.2 79.2±2.8±2.9

(b)

Λ/K0
S 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0.15 < pT < 2.50 29.4±0.6±2.9 27.9±0.3±2.8 27.4±0.2±2.7 27.6±0.3±2.6 28.6±0.6±2.9

0.15 < pT < 0.65 18.2±2.7±3.0 19.1±0.3±2.6 18.5±0.2±2.5 17.5±0.4±2.5 20.7±1.5±3.0
0.65 < pT < 1.00 32.0±1.3±3.0 32.8±0.6±3.0 31.5±0.4±2.8 29.9±0.5±2.8 32.1±1.2±2.9
1.00 < pT < 2.50 48.3±1.1±3.5 47.8±0.7±3.3 45.8±0.6±3.3 45.6±0.7±3.2 39.9±1.0±3.0

(c)

2.0 < y < 4.5 Λ/Λ Λ/K0
S

0.15 < pT < 0.50 95.4±1.4±3.4 16.2±0.2±2.4
0.50 < pT < 0.65 93.0±1.4±3.3 23.1±0.3±2.5
0.65 < pT < 0.80 94.3±1.4±3.3 28.8±0.3±2.7
0.80 < pT < 1.00 92.3±1.3±3.2 35.1±0.4±2.8
1.00 < pT < 1.20 93.6±1.5±3.2 41.2±0.6±3.0
1.20 < pT < 2.50 91.9±1.1±3.1 49.2±0.5±3.4
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B.2 Tabulated results before non-prompt correction

Table B.3: The production ratios Λ/Λ and Λ/K0
S without non-prompt corrections at

√
s =

0.9 TeV are quoted in percent with statistical and systematic uncertainties as a function of (a)
& (b) rapidity, y, and (c) transverse momentum, pT [GeV/c].

(a)

Λ/Λ 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0

0.25 < pT < 2.50 93.1±7.2±6.0 79.3±2.5±2.4 73.2±2.0±3.2 54.1±3.1±3.9

0.25 < pT < 0.65 163.7±48.2±6.5 89.2±6.6±2.8 61.5±4.2±3.4 41.4±12.4±5.3
0.65 < pT < 1.00 71.8±9.7±2.4 76.5±3.9±2.2 75.2±3.3±3.8 62.0±5.6±3.5
1.00 < pT < 2.50 89.9±11.3±2.7 74.2±4.6±2.3 75.7±3.4±3.0 48.5±3.8±2.1

(b)

Λ/K0
S 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0

0.25 < pT < 2.50 28.9±1.8±2.4 27.2±0.7±1.9 26.6±0.6±1.9 25.6±1.1±1.8

0.25 < pT < 0.65 20.7±3.6±2.4 23.0±1.4±2.0 18.9±1.0±1.6 16.3±3.1±1.9
0.65 < pT < 1.00 31.9±2.9±2.3 31.5±1.3±2.1 31.0±1.2±2.0 30.6±2.1±2.0
1.00 < pT < 2.50 46.7±4.5±2.8 43.1±2.1±2.4 41.9±1.6±3.0 32.5±2.0±2.4

(c)

2.0 < y < 4.0 Λ/Λ Λ/K0
S

0.25 < pT < 0.50 80.1±4.6±3.9 18.8±0.8±1.5
0.50 < pT < 0.65 72.9±3.6±3.1 22.9±0.9±1.6
0.65 < pT < 0.80 73.9±3.2±3.6 29.5±1.0±2.1
0.80 < pT < 1.00 77.5±3.2±3.5 33.1±1.2±2.3
1.00 < pT < 1.20 70.1±3.4±2.1 37.2±1.5±2.2
1.20 < pT < 2.50 74.4±3.0±2.3 44.5±1.5±2.6
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Table B.4: The production ratios Λ/Λ and Λ/K0
S without non-prompt corrections at

√
s = 7 TeV

are quoted in percent with statistical and systematic uncertainties as a function of (a) & (b)
rapidity, y, and (c) transverse momentum, pT [GeV/c].

(a)

Λ/Λ 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0.15 < pT < 2.50 97.3±2.8±3.6 95.1±1.2±3.1 92.7±0.8±3.0 88.6±1.1±2.9 80.9±2.2±3.4

0.15 < pT < 0.65 85.6±16.7±11.0 95.4±1.8±3.4 93.9±1.4±3.2 87.3±2.3±3.1 90.1±12.6±4.1
0.65 < pT < 1.00 97.5±5.3±3.8 96.5±2.2±3.4 91.8±1.3±3.1 89.5±1.8±3.1 86.2±4.2±3.0
1.00 < pT < 2.50 98.2±2.9±3.3 96.6±1.8±3.2 92.5±1.5±3.1 90.0±1.7±3.1 79.0±2.8±2.8

(b)

Λ/K0
S 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0.15 < pT < 2.50 29.4±0.6±2.8 28.4±0.3±2.6 28.0±0.2±2.5 27.9±0.3±2.5 28.7±0.6±2.7

0.15 < pT < 0.65 18.5±2.7±2.9 20.0±0.3±2.5 19.2±0.2±2.3 17.9±0.4±2.3 21.1±1.5±2.9
0.65 < pT < 1.00 32.3±1.3±2.9 33.3±0.6±2.8 32.2±0.4±2.7 30.2±0.5±2.6 32.2±1.2±2.7
1.00 < pT < 2.50 47.9±1.1±3.3 47.5±0.7±3.2 45.7±0.6±3.2 45.6±0.7±3.1 39.5±1.0±2.8

(c)

2.0 < y < 4.5 Λ/Λ Λ/K0
S

0.15 < pT < 0.50 95.0±1.4±3.2 16.9±0.2±2.3
0.50 < pT < 0.65 92.9±1.4±3.2 23.8±0.3±2.4
0.65 < pT < 0.80 94.0±1.4±3.2 29.4±0.3±2.5
0.80 < pT < 1.00 91.9±1.3±3.1 35.5±0.4±2.7
1.00 < pT < 1.20 93.1±1.5±3.1 41.3±0.6±2.9
1.20 < pT < 2.50 91.8±1.1±3.0 48.9±0.5±3.2
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List of Acronyms

ALICE A Large Ion Collider Experiment

AMS 2 Alpha Magnetic Spectrometer 2

ATLAS A Toroidal LHC Apparatus

CCD Charge-Coupled Device

CDF Collider Detector at Fermilab

CERN European Organization for Nuclear Research

CKM Cabibbo Kobayashi Masukawa

CMS Compact Muon Solenoid Experiment

CP Charge-Parity Symmetry

CPU Central Processing Unit

DIM Distributed Information Management System

DLL Delta Log-Likelihood Function

DØ D Zero Experiment

DESY German Electron Synchrotron

ECAL Electromagnetic Calorimeter

FSR Final State Radiation

GEM Gas Electron Multiplier

GUI Graphical User Interface

h.c. Hermitian Conjugate

HCAL Hadron Calorimeter
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HEP High Energy Physics

HERA Hadron Electron Ring Accelerator

HLT High Level Trigger

HPD Hybrid Photon Detector

HQET Heavy Quark Effective Theory

IND Inelastic Non-Diffractive

IP Impact Parameter

ISR Intersecting Storage Ring

ISR Initial State Radiation

IT Inner Tracker

KEK High Energy Accelerator Research Organization

KEKB KEK B-factory

L0 Level 0 Trigger

LAMS Laser Alignment Monitoring System

LEIR Low Energy Ion Ring

LEP Large Electron-Positron Collider

LHC Large Hadron Collider

LHCb Large Hadron Collider Beauty Experiment

MC Monte Carlo Simulation

MDCS Magnetic Distortion Calibration System

MB Minimum Bias

MIP Minimum Ionising Particle

MWPC Multi-Wire Proportional Chamber

ndf Number of Degrees of Freedom

NOCR No Colour Reconnection

OT Outer Tracker

PDF Parton Density Function

PDG Particle Data Group

PID Particle Identification
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PFF Parton Fragmentation Function

PMT Photomultiplier Tube

PS Proton Synchrotron

PS Pre-Shower Detector

PSB Proton Synchrotron Booster

PV Primary Vertex

PVSS II Process Visualisation and Control System II, from ETM (Siemens)

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

RICH Ring Imaging Cherenkov Detector

RHIC Relativistic Heavy Ion Collider

SCADA Supervisory Control and Data Acquisition

SLAC Stanford Linear Accelerator Center

SPD Scintillating Pad Detector

SPS Super Proton Synchrotron

SM Standard Model

STAR Solenoidal Tracker at RHIC

TT Tracker Turicensis

UA1 Underground Area 1 Experiment

UE Underlying Event

VEV Vacuum Expectation Value

VELO Vertex Locator

WLCG Worldwide LHC Computing Grid

WMAP Wilkinson Microwave Anisotropy Probe
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