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Abstract

This work presents a search for the decay B+ → ppτ+ντ using data gathered with the
LHCb experiment from 2016 to 2018. No significant signal is observed and a limit is
placed on the ratio of branching fractions

R(pp) =
B+ → ppτ+ντ
B+ → ppµ+νµ

< 1.46

at a 95% confidence level, which represents the first limit on a semileptonic ratio of
this kind involving decays that are suppressed by the most poorly understood ele-
ment of the CKM matrix; Vub. An investigation into the B → pp transition form
factors in B+ → ppℓ+νℓ decays, which was instrumental in facilitating the search for
B+ → ppτ+ντ , is also presented using the 2011–2012 LHCb data sample.
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Chapter 1

Introduction

The 20th century played host to a transformation in our understanding of the Universe.

A prosperous era of discovery, successive hypotheses were put to the test through

generations of experimentation, with the result being an unparalleled theory of Nature;

the Standard Model (SM) of particle physics [1–4]. Despite its place as the cornerstone

of theoretical particle physics, it is widely-accepted that the SM is far from the whole

picture. A number of key fundamental questions remain unanswered, such as the

nature of dark matter and dark energy [5, 6].

A rich global programme of experimentation in high energy physics (HEP) now

exists as a result of these problems. By recreating the conditions of the early Universe,

collider experiments look to examine and test the SM at the TeV scale. Over the

last decade, the programme at the Large Hadron Collider (LHC) at the European

Centre for Nuclear Research (CERN) has dominated the collider physics landscape.

By analysing data taken during its first run from 2010-2012, both the ATLAS [7] and

CMS [8] experiments reported the observation of a neutral scalar, the production and

decay of which is consistent with that of the Higgs boson of the SM. Although it served

as yet another verification of the SM, this observation signalled the completion of the

theory as we know it. The focus is firmly on addressing the inescapable shortcomings

of the SM with the search for new physics (NP).

Despite the LHC having completed its second run of data taking over the years 2015

– 2018, there have been no conclusive direct observations of NP thus far. The LHCb

experiment [9] at the LHC looks to the heavy-flavour sector for NP signals, namely in

the phenomena that arise from b and c hadrons. The physics programme at LHCb has

resulted in a string of world-leading measurements, including the CP-violating phase

in the decay of B0
s mesons [10] and the CP-asymmetry in B0

s − B̄0
s mixing [11]. In
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recent years, a particular set of measurements involving processes which proceed via

both flavour-changing neutral currents (FCNC) and flavour-changing charged currents

(FCCC) has drawn considerable attention. This group of decays involve a b-flavoured

meson in the initial state and a final state with a lighter meson of different flavour

and two leptons - a semileptonic decay. There is a growing number of results that

point to the possibility of lepton flavour universality violation (LFUV) in some of

these decays, with anomalies having been observed both at LHCb [12–17], and at the

so-called b-factory experiments BaBar [18,19] and Belle [20, 21].

A major motivation for carrying out these LFUV measurements stems from the

fact that the observables in question, ratios of branching fractions (BFs) for modes

involving leptons from different generations in the final state, are attractive from both

a theoretical and experimental perspective. It is often the case that a cancellation of

uncertainties arises when calculating these quantities within the framework of the SM.

This yields precise predictions of the quantities in question, making them manifestly

sensitive to any deviations that may arise due to NP. Experimentally, measurements

can benefit from a cancellation of systematic effects induced by the detector or the

choice of analysis procedure. Thus, in principle, these observables are sensitive probes

for NP signals that affect flavour-changing phenomena.

The branching fractions ratios (BFRs) R(X) are defined as

R (X) =
B (B → Xℓ′νℓ′)

B (B → Xℓνℓ)
, (1.1)

where the numerator and denominator will be referred to as the signal and normalisa-

tion modes, respectively. The final states of the decay modes have a common hadronic

componentX, but differ in the flavour of the ℓ(′)−νℓ(′) pair. The most notable examples

are the ratios

R
(

D(∗)
)

=
B
(

B̄0 → D(∗)+τ−ν̄τ
)

B
(

B̄0 → D(∗)+µ−ν̄µ
) , (1.2)

which have been measured by the LHCb [12–14], BaBar [18] and Belle collabora-

tions [21–23]. By convention, the definition also applies to the charge-conjugate

modes unless stated otherwise. These decays proceed via W± emission with a b → c

transition. A major motivation for these measurements is the fact that many NP

models [24–29] include enhanced couplings to the third generation. Moreover, the

predictions for both R(D) [30–34] and R(D∗) [33–36] typically have a precision of a

few percent, making them ideal probes for NP. The Heavy Flavour Averaging Group
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(HFLAV) combined the aforementioned measurements to form an average which ac-

counts for correlations between the uncertainties [37]. This can be seen in Fig. 1.1.

There is an indication of LFUV with an excess of events in the tauonic mode compared

Figure 1.1: Contours of constant χ2 for the HFLAV combination of the R(D) and
R(D∗) measurements at LHCb and the b-factories. There is clear tension between the
contour of the average in red, and the average of the SM predictions. Figure taken
from Ref. [37].

to the SM calculations, with a 3.1σ tension between the averages of the predictions

and the measurements. An analogous quantity R(J/ψ) involving B±
c has also been

measured at the LHCb experiment [38], which also showed a 2σ tension with the SM.

If these anomalies are due to NP, then it is desirable to probe its flavour structure;

could the NP also affect a b → u process? If so, how does the effect compare to that

of the b → c processes? This information is critical in guiding the formulation of

the theoretical models of any NP. This thesis details the study of a new BFR R(pp)

involving a b→ u transition, which is defined as

R(pp) =
B(B+ → ppτ+ντ )

B(B+ → ppµ+νµ)
. (1.3)

The main advantage of these modes over other possible semileptonic b → u modes,

such as B → πℓνℓ, is that the probability of having random combinations of pp+µ vs.

π + µ tracks, or combinatorial background, is much lower. In the proton-proton (pp)

collisions at the LHC, the production of lighter hadrons, such as pions, is far greater

than that of heavier hadrons, such as protons. By extension, there is less chance of
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combining a pp system with a muon which mimics a B± decay.

The B+ → ppµ+νµ mode was first observed by the LHCb collaboration [39], and

was found to have a BF

B(B+ → ppµ+νµ) =
(

5.27+0.23
−0.24 ± 0.21± 0.15

)

× 10−6, (1.4)

where the first uncertainty is statistical, the second is systematic and the third is the

uncertainty on the BF of the normalisation mode chosen for the analysis. The leading-

order Feynman diagram for this decay is shown in Fig. 1.2. The BF was also measured

Figure 1.2: Lowest order Feynman diagram for B+ → ppµ+νµ. The decay is Cabibbo-
suppressed and proceeds via a b → uℓνℓ transition, which introduces the CKM factor
Vub (Cabbibo-suppression and the CKM matrix is discussed in more detail in Sec. 2).
Figure taken from Ref. [40].

differentially in the diproton invariant mass dB(B+ → ppµ+νµ)/dm(pp) in order to

investigate the so-called threshold enhancement effect seen in other similar modes

with a pp system in the final state [41–44]. This is shown in Fig. 1.3. It was found

that dB(B+ → ppµ+νµ)/dm(pp) does indeed peak near the kinematic threshold. This

observation informed further work detailed in this thesis regarding the implementation

of a theoretical model outlined in Ref. [40] for decays of the form B+ → ppℓ+νℓ. This

implementation was motivated by the requirement of having simulation samples which

capture the kinematic characteristics of such decays for the measurement of R(pp).
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Figure 1.3: Differential branching fraction in m(pp) for B+ → ppµ+νµ decays. The
threshold enhancement effect is clear. Also shown are the ηc → pp (red), J/ψ → pp
(blue) and ψ(2S) → pp (pink) vetoes. The data are overlayed with a prediction (red-
dashed line) using a theoretical model from Ref. [40], which is discussed in more detail
in Sec. 2.7. Figure taken from Ref. [39].



Chapter 2

Theory

This chapter describes the theoretical concepts relevant to the measurement of R(pp).

The chapter begins by introducing the Standard Model, the electroweak and Higgs

sectors, before focussing on B+ → ppℓ+νℓ decays and NP models. Much of this chapter

is based on Refs. [45–47].

2.1 Introduction to the Standard Model

The Standard Model [1–4] is a theoretical description of the fundamental particles

and their interactions. The constituents of the SM and their main properties are sum-

marised in Fig. 2.1, and are categorised according to their quantum numbers. They

are divided into fermions and bosons based on whether they have half odd integer or

integer spin, respectively. For each fermion there exists an oppositely-charged coun-

terpart with the same mass; its anti-particle. The fermions each have spin 1/2 in

the SM, and are further sub-divided into leptons and quarks based on which charges

they carry, whether that charge is electromagnetic, or both electromagnetic and colour

charges. In addition, there is a mass hierarchy within the fermions represented by the

generation to which they belong.

There are two types of leptons. The charged leptons carry an electromagnetic

charge q = −1 and are the electron e, the muon µ and the tau τ . They are said to

come in three different flavours. The neutral leptons, or neutrinos, are electrically

neutral but also come in the three different flavours of their charged partners; the

electron neutrino νe, the muon neutrino νµ and the tau neutrino ντ . The quarks are

classified as being either up-type or down-type depending on whether they have charge

q = +2/3 or q = −1/3, respectively. The three up-type quarks are the up u, charm

7
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Figure 2.1: A summary of the particles of the SM. Their masses are quoted in natural
unites where c = 1, and the charges q are quoted in units of the electromagnetic charge
e. Figure taken from Ref. [48].

c and top t quarks, whilst the three down-type quarks are the down d, strange s and

bottom b.

The vector bosons in the SM all have spin 1. The photon γ mediates the electro-

magnetic (EM) force. The W± and the Z0 bosons mediate the weak interaction and

the gluons g are the carriers of the strong interaction. The Higgs h is a spin 0, or

scalar, boson that is responsible for the mass-generation mechanism for the fermions

(except for neutrinos) in the SM, and the W± and Z0 bosons.

2.2 Symmetries in the Standard Model

The SM is a quantum field theory (QFT) with a Lagrangian formalism. The aforemen-

tioned particles are thought of as quantised excitations of fields, which are treated as

the components of the Lagrangian LSM. The central ideas that guided the formulation

of the SM were the properties of LSM under certain transformations of its constituent

fields. There is said to be a symmetry of LSM if upon performing some transformation

the Lagrangian remains unchanged. Likewise, there is a breaking of the symmetry if

this is not the case. Whilst this may seem fairly simple and a mere technical de-

tail of the mathematical formulation, this crucial idea has profound implications; this

principle gives rise to the rich range of phenomena associated with the SM. It would

therefore be fair to say that the (in)variance of LSM under certain transformations is

the core idea of the SM.

The particular type of transformation relevant in the SM are gauge transformations.
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The term gauge here is inherited from the earlier theory of classical electromagnetism.

It was found that it was possible to include redundant degrees of freedom, thereby

choosing a gauge, into the theory without altering the physical observables. An ana-

logue of this requirement is made in the SM. If some change is made to the fields, such

as a shift in its complex phase, then this should not change the observable properties

of the theory.

This is demonstrated with the example of a local U(1) transformation on the

electron field ψe:

ψe → ψ′
e = eigeθ(x)ψe, (2.1)

where the complex phase θ(x) is a function of the spacetime coordinate x and ge is

the EM charge. The kinetic part of the EM Lagrangian

Lkin.
EM = −iψeγµ∂

µψe −
1

4
FµνF

µν −meψeψe (2.2)

is proportional to the covariant derivative of ψe. The invariance Lkin.
EM under the trans-

formation in Eq. 2.1 is preserved by the inclusion of the EM field tensor

Fµν = ∂µAν − ∂νAµ, (2.3)

which is proportional to the covariant derivative of the photon field Aµ. Under a local

U(1) transformation, Aµ transforms according to

Aµ → A′
µ = Aµ − ∂µθ. (2.4)

Thus, the requirement that Lkin.
EM remains invariant under local U(1) transformations

has necessitated the introduction of the gauge field Aµ; the photon. The Lagrangian

is invariant under these transformations, and therefore has a U(1) gauge symmetry.

The properties of Aµ essentially counteract any changes induced to the Lagrangian by

the transformation of ψe.

In the SM, this idea is extended to more complex groups of transformations. Each

of the EM, weak and strong interactions correspond to the groups U(1), SU(2) and

SU(3), respectively. The overall gauge group of the SM can be written as a direct

product of these three groups as SU(3)⊗ SU(2)⊗ U(1).
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2.3 Spontaneous symmetry breaking

A number of key experimental observations provided stringent constraints for theorists

in the development of the SM. The EM interaction was observed to be long range,

which meant that the photon must be massless. Conversely, the weak interaction was

found to be short range, which meant that the W± and Z0 bosons must have mass.

Moreover, it was inferred that this mass must be approximately 100 times that of

the proton mass. This presented a challenge for theorists at the time, particularly in

light of their hopes to devise a unified theoretical framework for the EM and weak

interactions; the electroweak sector.

This is where the idea of spontaneous symmetry breaking (SSB) comes in. This is a

way of preserving the gauge symmetry of the Lagrangian, but where the vacuum state

does not share this symmetry. This is best illustrated with the example of a massive

real scalar field Φ(x) of mass m moving in a potential

V (Φ) =
1

2
m2Φ2 +

λ

4
Φ4, (2.5)

where λ > 0 and whose Lagrangian L is

L(Φ) = 1

2
(∂µΦ) (∂µΦ)− V (Φ). (2.6)

A term of the form 1/2m2Φ2 is commonly referred to as a mass term for the field Φ.

It is clear that L(Φ) is symmetric under Φ → −Φ. Given that SSB in this context

pertains to the breaking of symmetry in ground states, it is instructive to examine

the behaviour of V (Φ) near its minimum. Two cases will be considered: m2 > 0 and

m2 < 0. The physical interpretation of m2 < 0 is unimportant here, where purely

illustration is the aim. For m2 > 0, V (Φ) has a minimum at Φ = 0 and the vacuum

expectaction value (VEV) of Φ is 0. However, for m2 < 0, the potential can be written

V (Φ) =
λ

4

(

Φ2 − v2
)2
, (2.7)

where v =
√

−m2/λ. The minima of the potential are at V (Φ = +v) and V (Φ = −v)
and the field has a nonzero VEV. The properties of the Lagrangian are examined

perturbatively near the minimum. Re-writing Φ(x) = v + f(x), where f(x) is some
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small perturbation about Φ = +v, the Lagrangian can be written

L(f) = 1

2
(∂µf) (∂µf)− λ

(

v2f 2 + vf 3 +
1

4
f 4

)

. (2.8)

The presence of the cubic term in f indicates that the Lagrangian is not invariant

under f → −f . The original symmetry of the Lagrangian has been broken around

the ground state. Moreover, it can be inferred that f(x) represents a massive vacuum

fluctuation with mass m2
f = 2λv2. This is where the beginnings of the interplay

between SSB and mass generation can be seen. However, it is worth stressing that the

original symmetry L(Φ) = L(−Φ) persists.

However, the Goldstone theorem states that the spontaneous breaking of a symme-

try leads to a number of massless spin 0, or Nambu-Goldstone [49,50], bosons. A series

of such bosons hadn’t been observed at the time, nor indeed was there any indication

or evidence for their existence. There was no known mechanism for generating gauge

boson masses in a way that preserved the gauge symmetry of the Lagrangian and that

didn’t predict the existence of a number of Nambu-Goldstone bosons. This further

muddied the waters, and it was widely held that devising a theory which avoided this

inevitability was hopeless. Indeed, Weinberg is alleged to have remarked ‘Nothing will

come of nothing; speak again’ during his sabbatical to Imperial College London in

1961/62 [51].

2.4 The Higgs mechanism

Inspired by analagous problems in superconductivity [52], a number of groups simul-

taneously proposed a mechanism for generating gauge boson masses through SSB in

a way that preserved gauge invariance and didn’t lead to the existence of a number

of redundant Nambu-Goldstone bosons [53–55]. This mechanism is most commonly

known as the Higgs mechanism today.

Central to the Higgs mechanism is the introduction of a complex scalar field φ; the

Higgs field. This is similar to the example of the real scalar field described in Sec. 2.3.

The distinction between the real and scalar fields in these two examples is important

when it comes to making the expansion about the vacuum. Clearly, in the real case, it

is sufficient to include only a real part f(x) in the expansion. However, in the complex

case, it is necessary to introduce both a real and complex component. The key idea

is that the complex part of the expansion, which would otherwise be interpreted as
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a Nambu-Goldstone boson, can be absorbed into the Lagrangian through a choice of

gauge. It is essentially eliminated through a change of variables, which is motivated

by the desire to be able to write down a form of the Lagrangian which relates directly

to physically observable fields. That is, the resulting Lagrangian includes terms that

can be interpreted intuitively as either (say) mass or kinetic terms for the fields.

In a simple U(1) theory with gauge field Aµ, as in Eq. 2.3, with a Higgs field φ,

the Lagrangian can be expressed as

L = Dµφ
†Dµφ− 1

4
FµνF

µν − V (φ), (2.9)

where the Higgs potential V (φ) is given by

V (φ) = µ2φ†φ− λ
(

φ†φ
)2
, (2.10)

and where µ and λ are positive constants. The gauge derivative Dµ is given by

Dµ = ∂µφ− igeAµ. (2.11)

The field φ has a nonzero VEV v = µ/
√
λ. Expanding about this point requires a real

ϕ1 and complex ϕ2 shift, yielding

φ(ϕ1, ϕ2) = v + ϕ1 + iϕ2. (2.12)

In this context it is useful to understand ϕ1 and complex ϕ2 themselves as fields. In

order to see how ϕ2 gets absorbed into the Lagrangian, it is instructive to make a

change of variables in defining a new field

Bµ = Aµ −
1

gev
∂µϕ2. (2.13)

This is tantamount to making a choice of gauge. Upon substituting this into the

Lagrangian, Eq. 2.9 becomes

L =
1

2
∂µϕ1∂µϕ1−

1

4
FµνF

µν − 1

2
v2ϕ2

1+
1

2
g2ev

2BµB
µ+cubic and quartic terms. (2.14)

Thus, both the ϕ1 field and the Bµ have acquired mass, whilst the ϕ2 is nowehere to

be seen. This idea is extended in the context of the SM to a more complex transfor-

mation group. However, the principle remains the same. In this example, the field ϕ1
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corresponds to the Higgs boson, and the Bµ to a massive gauge boson.

2.5 Electroweak sector

It wasn’t until three years after the publication of the Higgs mechanism papers that

a unified electroweak theory came about. Building on earlier work by Glashow, in

a series of papers in 1967 Weinberg and Salam (GWS) devised such a theory that

both provided masses to the weak gauge bosons and preserved gauge symmetry. As

mentioned before, the Higgs mechanism of the SM is akin to the example involving a

U(1) theory, but extended to the SU(2)× U(1) symmetry group.

2.5.1 Chirality and fermion representations

A key experimental observation that guided the theory was that the weak interaction

violated parity conservation. It was seen by Wu and collaborators that the electrons

emitted during the β decay of polarised cobalt nuclei were not isotropic [56]; they were

preferentially emitted in a direction opposite to that of the nuclear spin. This can be

explained by a weak interaction which is chirality-dependent. That is, it couples only

to left-handed (LH) fermions and right-handed (RH) anti-fermions. The LH and RH

components of the fermion field ψ are defined as

ψL = PLψ =
(1 + γ5)

2
ψ (2.15)

ψR = PRψ =
(1− γ5)

2
ψ, (2.16)

where PL and PR are the LH and RH projection operators. The idea of this chirality-

dependent coupling is encoded into EW theory in terms of the transformation prop-

erties of the fermions. The LH fermions do transform under SU(2) whilst the RH

fermions do not. A general SU(2) transformation in the isospin representation can be

written in terms of a coupling constant g, a rotation vector θ and the Pauli matrices

σ as

ψL → ψ
′

L = e−
1
2
gθ·σψL. (2.17)

As will be seen later, the constant g can be interpreted as the weak coupling. Thus, if

g 6= 0, then an SU(2) transformation proceeds as Eq. 2.17 which subsequently results

in the presence of weak interaction terms in the Lagrangian. However, if g = 0, then
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no transformation occurs.

This translates into particular representations for the fermions in the SM. Given the

presence of the Pauli matrices above, it is clear that SU(2) acts only on two-component

vectors or spinors in the isospin representation. The most convenient representation

of the fermions is in terms of eigenvectors of σ3, with eigenvalues I3 = ±1/2. The

three left-handed lepton generations i = 1, 2, 3 are expressed as doublets

Li =







e

νe







L

,







µ

νµ







L

,







τ

ντ







L

, (2.18)

and the doublets representing the three quark flavours are

Qi =







u

d







L

,







c

s







L

,







t

b







L

. (2.19)

Conversely, the right-handed components of the fermions are grouped into nine singlets

with I3 = 0

uiR = uR, cR, tR,

diR = dR, sR, bR,

liR = eR, µR, τR.

(2.20)

Notably, there are no singlets for RH neutrinos as they are yet to be observed experi-

mentally.

The representations above play a fundamental role in the host of phenomena exhib-

ited by the SM. This, in conjunction with the fact that the appropriate gauge group for

EW theory is SU(2)×U(1), gives rise to LFU. Thus, LFU is not a true ‘symmetry’ of

the SM. However, it can be understood as a manifestation of the underlying structure

of the SM. Despite this, the term symmetry is often used when it comes to LFU. This

is misleading and it should not be conflated with the true gauge symmetries of the

SM.
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2.5.2 Electroweak gauge fields

To preserve the gauge symmetry of the Lagrangian under SU(2) × U(1) transforma-

tions, the fields W a
µ , where a = 1, 2, 3, and Bµ such that the gauge derivative of the

EW sector takes the form

Dµ =

(

∂µ +
i

2
gW a

µσ
a +

i

2
g′Y Bµ

)

, (2.21)

where the hypercharge Y is related to the electric charge ge according to

Y = ge − I3. (2.22)

This is related to the particular representation of U(1) and is chosen such that the

correct charges ge are reproduced in the photon interactions terms. The SM Higgs φ

is introduced as a complex SU(2) doublet

φ(x) =







φ+(x)

φ0(x)






. (2.23)

The Higgs Lagrangian LHiggs can then be written

LHiggs = (Dµφ)
† (Dµφ)− V (φ), (2.24)

where V (φ) has the same defintion as in Eq. 2.10. In order to see how the physical

gauge bosons arise from theW a
µ andBµ fields, it is necessary to examine the Lagrangian

with the Higgs field at its VEV

φvac. =
1√
2







0

v






. (2.25)

The first term in LHiggs becomes

(Dµφ)
† (Dµφ) =

1

2

(

m2
W

(

W+
µ

)†
W µ,+ +m2

W

(

W−
µ

)†
W µ,− +m2

Z

(

Z0
µ

)†
Z0,µ

)

, (2.26)
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where the physical W±
µ and Z0

µ fields are linear superpositions of the W a
µ and Bµ fields

W±
µ =

1√
2

(

W 1
µ ∓ iW 2

µ

)

,

Z0
µ =

1
√

g2 + g′2

(

gW 3
µ − g′Bµ

)

,
(2.27)

and their masses are given by

mW =
vg

2
,

mZ =
v
√

g2 + g′2

2
.

(2.28)

The Higgs field has successfully generated mass terms for theW±
µ and Z0

µ fields without

the appearance of a mass term for the photon field Aµ as hoped. Comparing the form

of the photon field

Aµ =
1

√

g2 + g′2

(

g′W 3
µ + gBµ

)

(2.29)

and that of the Z0
µ is suggestive of a relation between the two. This can be expressed

in terms of the weak mixing angle θW as







Z0
µ

Aµ






=







cos θW − sin θW

sin θW cos θW













W 3
µ

Bµ,






(2.30)

and where

cos θW =
g

√

g2 + g′2
,

sin θW =
g′

√

g2 + g′2
.

(2.31)

The masses of the W±
µ and Z0

µ are also related by MW =MZ cos θW .

2.5.3 Fermion masses

As already alluded to, in the SM fermions acquire mass through an interaction term

with the Higgs boson in the Yukawa Lagrangian LY . For the first lepton generation,
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this is given by

Le
Y = −

√
2λe







(

ν̄e ē

)

L







φ+

φ0






eR + ēR

(

φ+,∗ φ0,∗

)







νe

e







L






, (2.32)

where λe is the Yukawa coupling. Making an expansion of the Higgs field about the

VEV

φ(x) =
1√
2







0

v + h(x)






(2.33)

and then evaluating Eq. 2.32 gives

Le
Y = −λeh (ēLeR + ēReL)− λev (ēLeR + ēReL) . (2.34)

The first term constitutes an interaction between the electron and the Higgs boson h,

and the second term represents a mass term for the electron with me = λev whilst the

neutrino has remained massless.

The generation of quark masses is more involved. In contrast to the leptons,

the goal here is to provide a mass term to both components of the quark doublets.

Considering the first generation, a mass term for both the u and d quarks is required.

However, working with the expansion as in Eq. 2.33, it is clear that only the d-type

quarks will acquire mass due to the presence of only one non-zero component in the

Higgs doublet.

In generating u-type quark masses, it is therefore necessary to perform a transfor-

mation on φ(x) such that its components are inverted. This is done by acting on φ(x)

with iσ2. The Yukawa Lagrangian for the first generation of quarks then reads

Lq
Y =−

√
2λd







(

ū d̄

)

L







φ+

φ0






dR + d̄R

(

φ+,∗ φ0,∗

)







u

d







L







−
√
2λu







(

ū d̄

)

L

(iσ2)







φ+

φ0






dR + d̄R

(

φ+,∗ φ0,∗

)

(iσ2)
†







u

d







L






.

(2.35)

The u and d quark masses are thenmu = λuv andmd = λud after substituting Eq. 2.33

into Lq
Y . The full Yukawa Lagrangian for the three fermion generations necessitates
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the introduction of three additional non-diagonal 3 × 3 matrices λℓij, λ
u
ij and λdij; the

Yukawa coupling matrices. The full Yukawa Lagrangian is then given by

LY = v
[

−λuijūiLujR − λdij d̄
i
Ld

j
R − λℓij ℓ̄

i
Rℓ

j
R + h.c.

]

, (2.36)

where the corresponding anti-particles are included through the Hermitian conjugate

(h.c.) terms.

2.6 Flavour-changing currents

The interactions between the weak gauge bosons and the fermions manifest themselves

when the gauge derivative Dµ in Eq. 2.21 acts on the LH doublets Li and Qi, as well

as the RH singlets. The interaction term for leptons takes the form:

Lℓ =
ge√

2 sin θW

[

W+
µ ν̄

i
Lγ

µℓiL +W−
µ ℓ̄

i
Lγ

µνiL
]

+ geAµℓ̄
iγµℓi

+
ge

tan θW
Z0

µℓ̄
iγµℓi

+
ge

sin θW cos θW
Z0

µ

[

1

2
ν̄iLγ

µνi − 1

2
ℓ̄iLγ

µℓi
]

,

(2.37)

where the first line corresponds to the charged current and the second to the coupling

to the photon field in the EM current. The terms in the third and fourth lines involving

the Z0
µ boson are the neutral currents. It is clear that the coupling of both the W±

µ

and Z0
µ bosons to each generation i of the leptons is the same. This is lepton flavour

universality (LFU).

However, there are some important distinctions to be made when it comes to the

equivalent interaction terms for the quarks:

Lq =
ge√

2 sin θW

[

W+
µ ū

i
Lγ

µdjL +W−
µ d̄

i
Lγ

µujL
]

+ geAµ

[

2

3
ūiγ

µui −
1

3
d̄iγ

µdi

]

− ge tan θWZ
0
µ

[

2

3
ūiγ

µui −
1

3
d̄iγ

µdi

]

+
ge

sin θW cos θW
Z0

µ

[

1

2
ūiLγ

µui − 1

2
d̄iLγ

µdi
]

.

(2.38)
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The charged current terms involve couplings which are bilinear in the up-type quark

fields and the down-type quark fields. For any process that involves a coupling of the

W±
µ fields to the quarks necessitates vertices involving quarks of different flavours; a

flavour-changing current.

Moreover, it is possible for these currents to involve quarks of different generations

in a phenomenon called quark mixing. Looking at Eq. 2.36, it can be seen that the

Yukawa matrices λu,dij contain non-zero off-diagonal elements. The Yukawa couplings

are proportional to some admixture of quarks of different generations. This is the

representation of the quarks in the flavour basis.

It is possible to make a change of basis to the mass basis. Here, the off-diagonal

elements of the Yukawa coupling matrices are zero, making it more convenient to read

off the mass terms for each of the quarks. This is done with the use of four unitary

matrices Uu, Ud, Su and Sd:

λu = UuΛ
uS†

u, λ
d = UdΛ

dS†
d. (2.39)

The matrices Λu,d are diagonal and the quarks fields transform as:

uL → u′L = UuuL

dL → d′L = UddL

uR → u′R = SuuR

dR → d′R = SddR

(2.40)

Naturally, this has consequences for the form of some of the terms in the Lagrangian.

Notably, for Lq in Eq. 2.38, the charged-current terms pick up a factor V ij
CKM =

{U †
uUd}ij and become:

LCC
q =

ge√
2 sin θW

[

W+
µ ū

i
Lγ

µV ijdjL +W−
µ d̄

i
Lγ

µ
(

V †
)ij
ujL

]

(2.41)

The Cabibbo-Kobayashi-Maskawa (CKM) matrix VCKM [57, 58] captures the amount

of mixing between the different quark generations through the modulii of its elements
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V ij
CKM. This is most clearly seen in the Wolfenstein parametrisation [59] of the matrix:

VCKM ≈















1− λ2/2 λ Aλ3 (ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3 (1− ρ− iη) −Aλ2 1















, (2.42)

where λ = sin θ12 ≈ 0.22, Aλ2 = sin θ23 and Aλ3 (ρ− iη) = sin θ13 exp (−iδ) and θ12,
θ23 and θ13 are the Euler angles, and δ is a complex phase which is responsible for

CP violation in the quark sector. It should be noted that this is only an approximate

representation of the true matrix, but is easier to interpret. Clearly, the off-diagonal

elements of VCKM are smaller than those on the diagonal, resulting in smaller couplings

between the first and third generations of quarks. This is termed Cabibbo suppression.

The largest couplings are between quarks of the same generation. Understanding the

broad range of phenomena which arises from the CKM matrix is one of the main goals

of flavour physics.

2.7 Modelling B+
→ ppℓ+νℓ decays

The B+ → ppℓ+νℓ decays proceed via a flavour-changing charged current. A b→ uℓ+νℓ

transition takes place at the quark level and the decay is Cabibbo-suppressed with a

factor Vub entering at the W± − quark vertex. Whilst it is rather straightforward to

describe the decay at the quark level, a formulation of the transition to a pp̄ final state

is more complex.

Quantum chromodynamics (QCD) is the gauge theory of the SU(3) symmetry

group and describes the strong interaction. The massless gauge boson of the strong

interaction is the gluon and the strength of the coupling to quarks is given by αs.

Crucially, αs depends on the energy scale of the interaction. The coupling becomes

stronger at lower energy scales and smaller at higher energy scales. As is the case

for EW calculations, it is commonplace to define processes involving QCD in terms

of a perturbative expansion of the coupling. The fact that αs becomes large at lower

energy scales means that perturbative techniques are no longer valid for low energy

(or slow) systems.

However, in the absence of other methods, perturbative techniques can be used ap-

proximately. This is the approach taken to model the hadronic transition inB+ → ppℓ+νℓ
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decays by using the perturbative QCD (pQCD) counting rules [40, 60, 61]. It is worth

noting that the literature on B+ → ppℓ+νℓ decays is scarce, and that the theoretical

description is very much in its infancy. An effective Hamiltonian Heff for the b→ uℓνℓ

transition is written as a product of two V −A currents, one for each of theW±−quark

and W± − lepton vertices, as

Heff =
GFVub√

2
ūγµ (1− γ5) b ℓ̄γ

µ (1− γ5) νℓ, (2.43)

where Fermi’s constant GF and the CKM factor Vub determines the strength of the

interaction. This is then promoted to a hadron-level amplitude A (B+ → ppℓ+νℓ)

which takes the factorized form

A
(

B+ → ppℓ+νℓ
)

=
GFVub√

2
〈pp̄|ūγµ (1− γ5) b|B〉ℓγµ (1− γ5) νℓ, (2.44)

where the vector and axial-vector components of the B → pp̄ transition matrix element

are respectively

〈Y Y |q̄γµb|B〉 =
iū (pY ) [g1γµ + g2iσµνq

ν + g3qµ + g4 (pȲ + pY )µ + g5 (pȲ − pY )µ]γ5v (pȲ ) , (2.45)

〈Y Y |q̄γµγ5b|B〉 =
iū (pY ) [f1γµ + f2iσµνq

ν + f3qµ + f4 (pȲ + pY )µ + f5 (pȲ − pY )µ]v (pȲ ) , (2.46)

for a general baryon pair Y Y and with q = pB − pY − pȲ . Both components take the

form of a sum of all possible bilinear products of the various combinations of four-

momenta and the spinors of the diproton pair ū (qY ) and v (qȲ ). According to the

pQCD counting rules [60,61], the vector and axial-vector form factors (FFs) fi and gi,

respectively, are expressed as

fi =
Dfi

tn
, gi =

Dgi

tn
, (2.47)

where t = (qY + qȲ )
2 is the squared dibaryon mass and n is an index. The con-

stants Dfi and Dgi are taken from measurements of other fully hadronic modes with

a dibaryon system in the final state [62–66]. In fact, the Dfi and Dgi are themselves
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Figure 2.2: Differential branching fractions in m(pp) and m(eνe) as predicted by the
pQCD model. There is a clear enhancement in m(pp) near the kinematic threshold.
Figure taken from Ref. [40]

expressed as linear superpositions of six other constants, which are:

Dg1 =
5

3
D|| −

1

3
D||, (2.48a)

Df1 =
5

3
D|| +

1

3
D||, (2.48b)

Dgj =
5

3
Dj

|| = −Dfj , (2.48c)

where j = 2, 3, 4, 5, and they take the values [67, 68]

(D||, D||) = (67.7± 16.3,−280.0± 35.9)GeV5, (2.49a)
(

D2
||, D

3
||

)

= (−187.3± 26.6,−840.1± 132.1)GeV4, (2.49b)
(

D4
||, D

5
||

)

= (−10.1± 10.8,−157.0± 27.1)GeV4. (2.49c)

Examples of the resulting differential branching fractions (DBFs) for Y Y = pp in

diproton mass m(pp) and dilepton mass m(ℓνℓ) for ℓ = e are shown in Fig. 2.2.

Whilst the model succeeds in reproducing the m(pp) threshold enhancement effect

shown for B+ → ppµ+νµ in Fig. 1.3, there are some shortcomings. Notably, the model

results in a prediction for the B+ → ppµ+νµ BF which is approximately an order of

magnitude higher than was measured. However, in the absence of any other theoretical

description of the decay, the model is used for this work.

As will be discussed in more detail in Sec. 8, a significant part of the work in this

thesis involved the implementation of this model for the measurement of R(pp). In

addition, a measurement of the FF parameters in Eq. 2.48 for B+ → ppℓ+νℓ decays is

made in order to mitigate the approximation of using the numerical values obtained
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from fully hadronic decay modes in Eq. 2.49.



Chapter 3

The LHCb experiment

This chapter introduces the Large Hadron Collider (LHC) and the LHCb experiment.

The constituent subdetectors of LHCb are described, with particular attention paid

to those most relevant to the work in this thesis. Finally, a summary of the data

collection process for physics analyses at LHCb is provided.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular particle accelerator with a 27km cir-

cumference at CERN, situated 50-157m beneath the Swiss-French border. Whilst

there is some utility for the LHC as a heavy-ion collider, the main use is to generate

pp collisions at the highest centre-of-mass energies
√
s ever produced. The LHC oper-

ated at
√
s = 7 TeV in 2011,

√
s = 8 TeV in 2012 and at

√
s = 13 TeV from 2015 to

2018. The operational periods from 2011 to 2012 and from 2015 to 2018 are known as

Run 1 and Run 2, respectively.

A network of smaller accelerators serve to accelerate the proton beams before

being injected into the LHC where they reach the nominal centre-of-mass energy. In

the LHC, the two beams circulate in opposite directions and are collided at four main

points along the accelerator, each of which is occupied by a detector. The ATLAS [69]

and CMS [70] experiments are so-called general purpose detectors (GPDs) with a

cylindrical design, concentric around the beam pipe. The ALICE [71] experiment is

designed to study heavy-ion collisions, whilst the LHCb [72] experiment is dedicated

to studying flavour physics and gathered the data analysed in this thesis.

Two more quantities are introduced here: the luminosity, or instantaneous lumi-

nosity, L and the integrated luminosity
∫

Ldt. The former is a measure of the number

24
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Figure 3.1: A schematic illustration of the LHCb detector cross-section where all of
the subdetectors have been labelled. The beam pipe points along the z-axis, the y-axis
is vertical and the x-axis is perpendicular to the page. Figure taken from Ref. [72].

of pp interactions produced per unit area, per unit time. As the name suggests, the

latter corresponds to L integrated over time and is a measure of the number of pp

interactions generated in a given time period.

3.2 The LHCb detector

The design of the LHCb detector, as shown in Fig. 3.1, is optimised for the study

of particles containing b or c quarks, or heavy flavour particles. In contrast to the

GPDs with their cylindrical design, LHCb covers the azimuthal beam angle range

10 < θ < 250 mrad, or the pseudorapidity range 2 < η < 5, where η is related to θ

according to

η = − ln

(

tan
θ

2

)

. (3.1)

The motivation for this design is most clearly demonstrated in Fig. 3.2 which shows

the production cross section σ(bb) of bb quark pairs. It is clear that the cross-section

is at its largest near the θ ≈ 0 and θ ≈ π, or respectively the forward and backward,

regions. It is for this reason that LHCb is referred to as a forward-arm spectrometer.
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Figure 3.2: The production cross-section of bb quark pairs, taken from simulation, as a
function of the opening azimuthal angles θ1 and θ2 of the b and b quarks, respectively,
with respect to the z-axis. The red-shaded region represents the LHCb acceptance.
Figure taken from Ref. [73].
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Figure 3.3: Schematic cross-sections of the VELO in the (top) x − z plane and the
(bottom) y − x blame in the (left) closed and (right) open positions. The azimuthal
sensors are shown in blue, whilst the radial sensors are in red. Figure taken from
Ref. [72].

3.3 The VELO

The VErtex LOcator (VELO) surrounding the pp interaction point is a tracking detec-

tor [74]. Hadrons containing b or c quarks are produced at a primary vertex (PV) as a

result of a pp interaction. The quarks propagate for a short distance, typically ≈ 1cm

for b-hadrons, before decaying to a collection of daughter particles at the secondary

vertex(̃SV). Thus, one of the key experimental characteristics of a heavy flavour de-

cay is a displaced SV from the PV. The primary purpose of the VELO is to find the

trajectory of charged particles such that the SV can be distinguished from the PV in

a given pp interaction.

As illustrated in Fig. 3.3, the VELO consists of 21 modules each split into semi-

circular halves. The two halves meet approximately along the y − z plane where

x = 0. During the injection phase of the two proton beams, the trajectories of which

are initially unstable, the VELO is in the open position where the halves of each

module are ≈ 6 cm apart. Once the beams are stabilised for data taking, the modules

are positioned ≈ 8 mm from the beam line.
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Figure 3.4: Illustration of the meaning of the impact parameter (IP) at LHCb. A
B meson decays to two hadrons h+ and h′−, with impact parameters IP1 and IP2,
respectively. The IP of a particle is the closest perpendicular distance between its line
of flight and the PV. Figure taken from Ref. [75].

The modules consist of both R and φ sensors, that provide radial and azimuthal

information, respectively. This configuration of the sensors results in excellent reso-

lutions on the position of the PV, and also on the impact parameter (IP). As can be

seen from Fig. 3.4, the IP is defined as the minimum perpendicular distance between

a daughter particle’s line of flight and the PV. Particles that originate from a heavy

flavour decay typically have higher IP than those that originate from the PV. It is

therefore an important quantity in LHCb analyses. The PV and IP resolution is typ-

ically O(10)µm, but this can vary principally as a function of the particle momentum

and the number of tracks originating from the PV.

3.4 Particle identification and the RICH detectors

At LHCb, particle identification (PID) is aided by the Ring Imaging Cherenkov (RICH)

detectors [76]. Efficient PID is crucial for the measurement of R(pp) in order to

distinguish the pp daughters from other particles in the busy hadronic environment

surrounding the PV. There are two such detectors, labelled RICH 1 and RICH 2 in Fig.

3.1, where the former is optimised for the measurement of lower momentum particles

whilst the second is designed for those of higher momentum.
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Figure 3.5: Schematic cross-sections of the (left) RICH 1 and (right) RICH 2 detectors
in the y − z plane. Figure taken from Ref. [72].

The core idea behind the RICH detectors relates to the propagation of particles in

a fluid. Cherenkov radiation is emitted when charged particles travel faster than the

phase speed of light in that medium. A cone of light concentric with the line of flight

of the particle is formed, where the Cherenkov angle θc denotes the apex angle of the

cone. It is related to the mass m and momentum p of the particle and the refractive

index n of the medium through

cos (θc) =

√

m2c2 + p2

np
(3.2)

As can be seen from Fig. 3.5, RICH 1 and RICH 2 are filled with different gases,

making them suitable for different momentum ranges. The particles traverse the gas,

emitting Cherenkov light cones that are focused by a series of mirrors. A system of

hybrid photon detectors (HPDs) serves to measure the rings of light which are formed

by the incident cones. Fig. 3.6 shows θc as a function of p for different particle types.

There is a clear difference in the Cherenkov angles produced by protons, above the

momentum threshold, and those of other track types. This is vital for the measurement

of R(pp) in order to correctly identify the products of the B+ → ppℓ+νℓ. Furthermore,

it is possible to construct a likelihood function LX under the hypothesis that a given
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Figure 3.6: Reconstructed Cherenkov angles θc as a function of momentum for different
particle species in RICH 1. Figure taken from Ref. [77].

track is of particle type X. This is done by combining information from the RICH

detectors and the tracking. The difference in the logarithms of these likelihoods (DLLs)

are defined as

DLLX = log (LX)− log (Lπ). (3.3)

The π mass hypothesis can therefore be understood as a benchmark hypothesis. DLLs

are widely used as discriminants in LHCb physics analyses in order to reduce the

amount of contamination from track mis-identification (misID). The efficiencies of two

DLL criteria for protons to be correctly identified as protons (p → p) and for kaons

to be mis-identified as protons (K → p) are shown in Fig. 3.7. There is a clear

increase in the p → p efficiency above the Cherenkov threshold before it decreases

at higher momentum. On the contrary, the K → p misID rate increases at high

momenta. This is due to the fact that the Cherenkov angles for each of the different

track types converge at very high momentum, as is clear from Fig. 3.6, resulting

in less discrimination power. An additional PID discriminant is constructed using a

machine learning (ML) technique, which uses a multi-variate algorithm (MVA) termed

a neural network (NN). The MVA takes various properties of the particle track as

inputs, such as the track momentum and transverse momentum, in order to form a

quantity ProbNNX which is akin to a probability that a track is a given type X [79].

The improvement that the ProbNNs provide over using DLL alone is illustrated in

Fig. 3.8. Understanding the PID response of the detector for different particle species

is a crucial part of LHCb analyses. The measurement of R(pp) is no exception.
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Figure 3.9: A display of the (blue crosses) reconstructed hits of an event in the x− z
plane. The insert is a display of the VELO hits in the transverse plane. Figure taken
from Ref. [77].

3.5 The tracking stations and magnet

Several other tracking detectors are placed downstream of the VELO. Their main pur-

pose is to measure the trajectories of charged particles. The Tracker Turicensis (TT)

lies immediately downstream of the VELO, and upstream of a non-superconducting

dipole magnet whose field strength is ≈ 1.1 T at its centre. Further downstream are

the tracking stations T1-3.

The field provided by the magnet aligns with the y-axis. When charged particles

traverse the field, their trajectories are bent under the action of the Lorentz force.

The degree of this bending is a function of the particle’s momentum. Thus, accurate

measurements of the particle tracks before and after the magnet facilitate momentum

measurements. This motivates the orientation of the trackers as shown in Fig. 3.9.

Moreover, the polarity of the magnet is inverted periodically such that approximately

equal amounts of the data are taken in both field configurations. This is to monitor

the performance of both halves of the LHCb detector and to mitigate the effects of any

detector asymmetries. The TT and the regions of T1-3 closest to the beam constitute

the Inner Tracker (IT) [80], whilst those further from the beam make up the Outer

Tracker (OT) [81]. This distinction is motivated by the different technologies used.

Precise silicon microstrip sensors are used in the IT due to the greater density of tracks

near the beam. Straw tubes filled with gas are used in the OT, which are less precise
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than their silicon neighbours, but are also cheaper and achieve a resolution which is

sufficient in the lower multiplicity regions.

An algorithm based on a Kalman filter [82] is used to combine the hits in the

separate tracking stations into tracks. The efficiency of this track reconstruction is

typically greater than 95% [83], which results in a momentum resolution in the range

0.4% to 0.6% [84].

3.6 Calorimetry

Whilst the nominal purpose of calorimeters is to measure the energy of particles,

they also provide position and PID information at LHCb. The hadronic calorimeter

(HCAL) consists of layers of scintillating plastic inter-spaced between absorber layers

of iron [85]. When hadrons traverse the HCAL, there is a higher probability that they

interact with the iron absorber layers than the plastic layers. The interaction with the

iron nuclei can create hadrons that undergo further interactions in the absorber layers

leading to the production of a hadronic shower. Scintillation photons are produced in

the layers of plastic by the ionizing components of the hadronic shower. These photons

are transported along wavelength-shifting fibres to a system of photomultiplier tubes

(PMTs).

A similar principle applies to the electromagnetic calorimeter (ECAL), with the

main difference being the choice of lead, rather than iron, as the absorber material.

This has the advantage of a lower radiation length which results in the ECAL being

able to contain the electromagnetic showers entirely. The HCAL is not thick enough

to fully contain hadronic showers. Despite this, it retains a sufficient energy deposit

in order to be important for hadronic trigger decisions. The ECAL plays a role in

distinguishing between γ and π0 candidates. This will play a role in part of the data

selection process, as will be discussed in more detail in Sec. 7.3.

3.7 Muon stations

Owing to their large mass and the fact that energy losses due to material interactions

are inversely proportional to the particle mass, muons traverse most of the LHCb

detector unimpeded. The muon stations [86] are therefore positioned furthest down-

stream from the interaction region, with the exception of one of the stations. The M1

station sits between RICH 2 and the ECAL, whilst M2-5 are positioned downstream
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of the HCAL.

Broadly speaking, the muon system is designed to simultaneously stop particles

(other than muons) from traversing it and to be able to efficiently detect muon tracks.

80cm-thick layers of iron are inter-spaced between systems of multi-wire proportional

chambers in M2-5, whilst triple-gas electron multipliers are used in M1. The latter is

a technology which is more resistant to radiation damage, given its closer proximity

to the interaction region.

The output of the muon stations is used for picking up events which contain muons

with high transverse momenta. This is an important criterion for the trigger. PID

information can also be inferred from the presence, or lack thereof, of hits in the muon

stations for a given track. This is captured by the binary isMuon variable. A TRUE

value of isMuon can arise if there are hits left in some of the muon stations for lower

momentum tracks, or all of the stations M2-5 for those of higher momentum.

3.8 Trigger system

The 40 MHz crossing rate of the protons at the LHC makes it unfeasible to record

every pp interaction. At LHCb, a triggering system is used to effectively filter the

interactions and retain only those that are of interest for physics analyses. The trigger

system is tiered, where increasingly sophisticated techniques are used to infer whether

a given event is interesting or not. The low-level (L0) trigger is based on responses

from the subdetectors such as the calorimeters or the muon stations that have fast

electronics and read-out times.

The high-level trigger is subdivided into two tiers, HLT1 and HLT2, and uses

software to perform a reconstruction of the event in real-time. HLT1 uses information

from the VELO, whilst HLT2 uses information from all of the subdetectors. An

overview of the Run 2 trigger is given in Fig. 3.10. The HLT trigger is gathered into

different lines which have different criteria in terms of what constitutes an interesting

event. This is to facilitate data taking for the broad range of analyses which are

undertaken at LHCb. As will be discussed in more detail in Sec. 7, this analysis

makes use of a number of trigger lines. After HLT2, the data rate is sufficiently low

so as to be suitable for storage.
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Figure 3.10: Flow chart of the Run 2 trigger system where the reduction in the data
rate at each stage is clear. Figure taken from Ref. [87].



Chapter 4

Analysis strategy

This chapter details the methodology for the measurement of R(pp). Firstly, the

rest-frame approximation (RFA) for tauonic decays, which mitigates the experimen-

tal impact of the missing final-state neutrinos, is introduced. This is followed by a

motivation for the choice of discriminating variables which are used in an extended

maximum-likelihood fit to measure R(pp). A general discussion of the MVA techniques

used to help reduce the level of partially-reconstructed (part-reco) backgrounds is then

given, before an overview of the FF fit. The procedure for correcting the simulation

samples follows. In order to avoid biasing the procedure, efforts are made to not ob-

serve the result as the work unfolds; the analysis is performed blind. An overview of

the protocol used to blind the measurement concludes this section.

4.1 Rest-frame approximation

The τ+ lepton is reconstructed using the muonic decay τ+ → µ+νµντντ . The τ+ →
µ+νµντντ decay is chosen due to its high branching fraction of 17.4% [88] and the fact

that the experimentally visible final state of ppµ is the same as that of B+ → ppµ+νµ.

Therefore B+ → ppµ+νµ is ideally-suited as a normalisation channel for the analysis.

However, the presence of three neutrinos in the final state of the B+ → pp(τ+ →
µ+νµντ )ντ makes it impossible to determine the four momentum of the B accurately

since the neutrinos escape the LHCb detector without interaction. Therefore, it is nec-

essary to estimate the momentum, which can be done by constructing an approximate

rest frame for the B.

According to special relativity, the proper velocity of particle X of mass mX and

36
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momentum pX is given by

γXβX =
pX
mX

. (4.1)

The B rest frame is approximated by assuming that the component of the proper

velocity of the visible (vis.) component of the decay along the z-axis γvisβvis
z is equal

to that of the B:

γvisβvis
z ≈ γBβB

z . (4.2)

This leads to the following relation between mB and the invariant-mass mvis of the

reconstructed ppµ system:

pBz ≈ mB

mvis

pvisz . (4.3)

In conjunction with knowledge of the unit-vector which points along the line of flight

of the B, this allows the other components of pB to be estimated. Denoting the angle

subtended by this vector with the z-axis as α, the magnitude of the momentum is

given by

|pB| = mB

mvis

(

pvis
)

z

√

1 + tan2 α. (4.4)

Finally, the so-called corrected mass Mcorr is introduced:

Mcorr =
√

m2
vis. + (pvis.T )2 + |pvis.T |, (4.5)

where m2
vis. is the squared invariant mass of the visible decay products and pvis.T is the

transverse momentum of the visible decay products with respect to the line of flight

of the B. The corrected mass was first defined in Ref. [89] and is a re-definition of the

visible mass that manifestly includes information about the missing momentum carried

away by any ‘invisible’ decay products. In the case of a single final-state neutrino

from a B decay, the corrected mass exhibits a peak at Mcorr ≈MB = 5279MeV. For

semileptonic decays, Mcorr is favoured over mvis. as it provides greater separation of

signal from part-reco background.

4.2 Choice of fit variables

Ultimately, the analysis presented in this thesis requires performing a 3D extended

maximum-likelihood fit to the LHCb data distributions in a range of variables, with

R(pp) being the parameter of interest. The nature of the B+ → pp(τ+ → µ+νµντ )ντ

final state being an open system due to the missing neutrinos results in a resolution
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that leads to the presence of a number of backgrounds and making a conventional fit

to the invariant mass of the decay products unfeasible. It is therefore of paramount

importance to choose fit variables which lend themselves to distinguishing between

signal and background.

The choice of fit variables is motivated by exploiting the discriminating power of the

kinematics associated with the B+ → pp(τ+ → µ+νµντ )ντ decay chain. The squared

missing-mass m2
miss = (pB−pp−pp−pµ)2 aims to capture the missing four-momentum

resulting from the presence of the three final-state neutrinos. The squared dilepton

invariant-mass q2 = (pB − pp − pp)
2 exploits the characteristics of the decay of the

virtual W±. Finally, the muon energy in the B rest-frame E∗
µ is chosen as the muons

originating from the τ decay tend to be softer than those originating directly from a

B decay.

4.3 Form-factor fit

As discussed in Sec. 2.7, the pQCD model as presented in Ref. [40] uses FFs taken

from other fully hadronic decay modes with a dibaryonic final state. This is clearly

a crude approximation. This is improved upon by using a fit to the Run 1 data to

determine estimates for the FF parameters for B+ → ppℓ+νℓ decays. The motivation

for doing this is to produce accurate simulation samples for the B+ → ppµ+νµ and

B+ → ppτ+ντ for the fit to the Run 2 data sample.

In analogy with the R(pp) fit, a 3D extended maximum-likelihood fit to q2, m2
miss

and E∗
µ is used to determine the FF parameters. The q2 spectrum is particularly

influenced by the FFs. This can be understood by thinking of the B+ → ppℓ+νℓ

decays as two-body decay in the B rest frame to a virtual W of invariant mass q and a

diproton system. There will clearly be a high correlation between the W and the pp in

this realisation of the system. Therefore, the q2 spectrum will manifestly be sensitive

to the FFs, which encode the dependence of the matrix element on the kinematics of

the pp system.

4.4 Removal of partially-reconstructed decays

A major challenge in semileptonic analyses concerns the removal of part-reco back-

grounds. These decays lead to a (visible) final state of the form pp̄µX, where X is a

placeholder for any number of particles which escape the reconstruction. An example
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of such a decay is B+ → p(N
∗ → pX)µ+νµ, where the N∗ resonances are simply or-

bitally excited versions of the nucleons, and can be charged or neutral. Likewise, the

missing component X can be charged or neutral.

The aim of charged isolation is to identify those decays to a pp̄µ state which are well

isolated from other charged particles. That is, there are no VELO tracks which are

likely to have originated from the B decay vertex. Equivalently, this can be expressed

as the attempt to remove ‘suspicious’ tracks in the vicinity of the SV. This is done

with the use of a MVA called a Boosted Decision Tree (BDT) to classify the tracks as

such. The BDT takes various properties of the track as inputs, such as the pT of the

track and the opening angle of the track and the pp̄µ system. As an output, the BDT

provides a probability that a given track originated from the SV. In fact, the BDT is

implemented such that the probabilities of the four most suspicious tracks are saved.

In principle, the component X can include more than simply one additional track.

This analysis makes use of the BDT that was implemented for the LHCb measure-

ment of the CKM element |Vub| [90]. The BDT was trained using simulation samples

of Λ0
b → (Λ+

c → pX)µ−ν̄µ and Λ0
b → pµ−ν̄µ as signal and background samples, re-

spectively. In that analysis, the charged isolation BDT (charged BDT) was found to

remove 90% of background tracks, whilst retaining 80% of the signal. More details of

the implementation for the R(pp) analysis follow in Sec. 7.2.

In addition to this, a novel isolation technique was developed for the measurement

of R(pp) concerning the removal of part-reco decays with additional neutral particles;

neutral isolation. An example of such a decay is B+ → pΛ−
c (→ pK0π0)µ+νµ. These

backgrounds are particularly problematic due to both their relatively high BFs and

the fact that the efficiency of reconstructing π0 or γ at LHCb is worse than that of

reconstructing tracks.

Neutral objects leave signatures in the ECAL, either through the showering of

a γ or through the strong decay of π0 → γγ, and a subsequent shower. The neutral

isolation BDT (neutral BDT) works in a similar manner to the charged isolation BDT.

Naturally, in contrast to considering the tracks in the VELO, the π0 and γ candidates

in the ECAL are used for the neutral isolation. A BDT is trained to determine whether

π0 or γ candidates are likely to have originated from the SV or not. By taking various

kinematic properties of the neutral candidates as inputs, such as their pT with respect

to the z-axis and also with respect to the B momentum, the BDT assigns a probability

to the γ or π0 which reflects how likely it is that they originated from the SV. More

details on the implementation of the neutral BDT are presented in Sec. 7.3.
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4.5 Corrections to simulation

It is of paramount importance to minimise the differences observed between the real

data produced at LHCb, and the simulation of the collisions and the subsequent detec-

tor response. This is due to the fact that the simulation samples are used to construct

the probability density functions (PDFs) for the likelihood fits, and to calculate ac-

curate efficiency ratios for the determination of R(pp). Any poor description of a

particular aspect of the data could result in a poor fit quality, inaccurate efficiencies,

or large systematic uncertainties. The corrections take the form of a re-weighting of
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Figure 4.1: Comparison of the (top) pT (B) and (bottom) p(B) distributions for
B+ → J/ψ (→ µ+µ−)K+ (blue) data and (red) simulation from 2018. The B mesons
are harder in simulation than in data.

distributions. For example, it is known that the spectra of the B pT produced by the
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Pythia event generator [91], which is used to simulate the pp collision process, are

too high. This is shown in Fig. 4.1. However, it is possible to select a pure sample of

B+ → J/ψ (→ µ+µ−)K+ because of the high selection efficiency for this decay chain.

The B kinematics from the simulation samples can then be compared with those of

the pure data sample. A correction weight can be applied which is the ratio of the two

spectra.

A number of such corrections are applied. In addition to the B kinematics, correc-

tions are applied to account for the inaccurate PID efficiencies, tracking efficiencies,

trigger efficiencies, as well as corrections to the kinematics of some of the background

modes [83, 92].

4.6 Calculating R(pp)

The ratio R(pp) can be expressed as a function of the efficiencies ǫ(B+ → ppτ+ντ ) and

ǫ(B+ → ppµ+νµ) and the yields N (B+ → ppτ+ντ ) and N (B+ → ppµ+νµ) as

R(pp) =
N (B+ → ppτ+ντ )

ǫ(B+ → ppτ+ντ )
× ǫ(B+ → ppµ+νµ)

N (B+ → ppµ+νµ)
. (4.6)

R(pp) is extracted directly from the fit to data as the parameter of interest (POI),

whilst the ratio of efficiencies ǫ(B+ → ppµ+νµ)/ǫ(B
+ → ppµ+νµ) is calculated from

the simulation samples with the corrective weights applied. This will be discussed in

more detail in Sec. 9.

4.7 Result blinding

Whilst performing the analysis, the numerical value of R(pp) is blinded, as is conven-

tion across LHCb analyses. This is to avoid biasing the selection of the data and the

development of the fit. More specifically, the value of R(pp) from the fit is multiplied

by a random number between 0.5 and 1.5 for the duration of the analysis.



Chapter 5

Data samples and simulation

corrections

This chapter details the data and simulation samples used for the analysis. An

overview of the simulation process is followed by an account of the corrections made

to the simulation, including the reweighting of the B kinematics and corrections to

the PID, trigger and tracking efficiencies. There are also corrections made to the

kinematics of the background processes that are expected to be dominant.

5.1 Data samples

The analysis presented in this thesis makes use of the data collected with the LHCb

detector in 2016, 2017 and 2018 at
√
s = 13TeV when a dedicated trigger line to

select the B+ → ppτ+ντ final state was in place. This was not the case in 2015, hence

these data are not used. The Run 1 data are not used in order to preserve statistical

independence from the measurement of the form factor parameters described in Sec.

8. The integrated luminosity of the data is approximately 5.1 fb−1 and the cross-

section for B± production was σ(pp → B±X) ≈ 86.6µb [93]. This corresponds to

approximately 4.8×1011 B± pairs in the LHCb detector acceptance. After applying the

full chain of selection criteria, the sample consists of approximately 3× 105 candidate

decays.

42
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5.2 Simulation samples

Several pieces of software are used to simulate events at LHCb. The Pythia package

[91] is used for the simulation of the pp collisions and for the production and subsequent

hadronisation of the b quarks. The decays of the B± hadrons themselves are simulated

by the EvtGen [94] package. Within EvtGen, there are several theoretical models

that can be used to simulate B± decays to a broad range of daughter particles. The

pQCD model described in Sec. 2.7 was incorporated into EvtGen in order to simulate

B+ → ppℓ+νℓ decays. In the absence of an appropriate model for a given decay, the

B± is said to be simulated ‘according to phase space (PHSP)’. In reality, this simply

means that the matrix element is assumed to be a constant and the decay is allowed to

proceed provided the decay product four-momenta fall within the available phase space

for the decay. Phase space modelling was used for some of the part-reco backgrounds,

and the drawbacks of this approach are discussed at the end of this section.

The simulation of the LHCb detector is performed using the Geant4 [95] package.

Prior to the simulation of the detector response, the particle four-momenta are referred

to as being at truth-level or generator-level (gen-level). All samples were generated

using 2018 conditions for this analysis. A systematic uncertainty, described in Sec. 11,

is estimated in order to capture the shortcomings of this approach.

5.3 Corrections to B kinematics

The kinematics of B-mesons produced at LHCb are imperfectly simulated. Notably,

the momentum p(B) and transverse-momentum pT(B) are known to be relatively

poorly reproduced by the simulation. These distributions are corrected in the simula-

tion by applying a set of kinematic weights wkin derived from B+ → J/ψ (→ µ+µ−)K+

data samples. A fit to the m(K+µ+µ−) distribution, obtained from the B+ → J/ψK+

data samples, is performed using the sPlot technique [96]. This allows the p(B) and

pT(B) distributions to be obtained.

The fit to the m(K+µ+µ−) distribution is shown in Fig. 5.1. The B+ → J/ψK+

simulation sample is reweighted to the data sample in p(B) and pT(B) at gen-level. The

corrections are applied at gen-level to all simulation samples because the B+ meson

is not fully-reconstructed in semileptonic decays. The results of this reweighting are

shown in Figure 5.2. The reweighting was carried out using GBReweighter [97]. This

is a BDT-based approach, which enables the reweighting of simulation templates in
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multiple variables simultaneously.
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Figure 5.1: Fits to the m(µ+µ−K+) distribution from the 2018 B+ → J/ψK+ data
used for the kinematic corrections of the simulation.

5.4 Trigger corrections

There are also inaccuracies in the simulation of the trigger system at LHCb, and a

correction is applied. The correction of the L0Muon trigger efficiency also takes the

form of a weight wtrig. These weights are taken to be the ratio of efficiencies measured

in data and simulation. In analogy with the kinematic corrections, an sWeighted

B+ → J/ψK+ data sample is used to calculate the L0Muon efficiency using the so-

called TISTOS technique. This allows the determination of the efficiency ǫTOS of a

trigger-on-signal (TOS) trigger decision according to

ǫTOS =
ǫTIS&TOS

ǫTIS

, (5.1)

where ǫTIS&TOS is the efficiency for the event to be both triggered-independent-of-signal

(TIS) and TOS, and ǫTIS is the TIS efficiency.

In a given event, the trigger can be fired by any of the tracks. TOS refers to

the case when the trigger is fired by part of the ppµ+ system which forms the signal

candidate. TIS refers to the case when the trigger is fired by a track other than one



Trigger corrections 45

0 1 2 3 4

pT (MeV) ×104

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

0.00012

N
or
m
al
is
ed

fr
eq
u
en
cy

Data

Sim.

Sim. reweighted

0 1 2 3 4 5 6

p (MeV) ×105

0.000000

0.000002

0.000004

0.000006

0.000008

0.000010

N
or
m
a
li
se
d
fr
eq
u
en
cy

Data

Sim.

Sim. reweighted

Figure 5.2: A comparison of the B+ → J/ψK+ simulation before and after reweighting
with the sWeighted B+ → J/ψK+ data in pT(B) (left) and p(B) (right) for the 2018
samples.
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of these. TIS&TOS denotes the case where these two scenarios are both true.

This method is used to calculate the efficiency ǫdataTOS in data and ǫMC
TOS in simulation

as a function of the transverse muon momentum pT(µ) for the muon with the same

sign as the kaon. The L0Muon trigger efficiency is particularly sensitive to pT(µ) as

the muon chambers rely on the muon traversing the muon stations. This is shown

in Fig. 5.3, and there is generally good agreement save for some larger discrepancies

towards lower values of pT(µ). Whilst this may contribute to some reduction of the

signal statistics for the softer muons originating from the τ+ →µ+νµντ decay, the high

branching fraction for this process of around 17% is expected to compensate for the

potential loss of statistics. The set of weights wtrig, defined as
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Figure 5.3: The L0Muon trigger efficiency as determined fromB+ → J/ψ (→ µ+µ−)K+

(blue) data and (yellow) simulation samples as a function of the transverse momentum
of the muon with the same sign as the kaon. The weight applied to the simulation is
the ratio of efficiencies.

wtrig =
ǫmc
TOS

ǫdataTOS

, (5.2)

are used to correct the simulation samples in bins of pT(µ).
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5.5 Tracking corrections

The tracking efficiency is also known to be inaccurate in the simulation. A correction

is applied in the form of a product of weights for each of the three tracks in the

final-state, yielding

wtrack = wp
track × wp

track × wµ+

track. (5.3)

These weights represent the ratio of the tracking efficiency in simulation and data in

bins of p and η. The production of these efficiency ratios is done centrally at LHCb [83],

and their distribution is shown in Figure 5.4. The agreement is generally good across
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Figure 5.4: The ratio of tracking efficiencies in data and simulation in the p− η plane
taken from the calibration histograms [83]

the p− η plane. However, for momenta p ≤ 10GeV, the tracking efficiency is slightly

underestimated.

5.6 Particle identification corrections

During the selection (described in more detail in Sec. 7.4), a cut is placed on a so-called

ProbNN combination for each of the final-state particles. These variables are derived

from a Neural Network (NN) which provides a probability that a given particle is a

certain type: p, K, π, e or µ. A probability ProbNNghost is also assigned to reflect

how likely the track is to be a fake or ghost track. This arises when hits from separate



48 Data samples and simulation corrections

particles or noise in the subdetector systems mimic a real track.

However, the PID performance of the LHCb detector is poorly simulated. Specif-

ically, the interaction of particles other than those of the signal, or the underlying

event, with the RICH detectors is inaccurately reproduced by the simulation. Thus,

rather than placing cut-based criteria on the PID variables from simulation, a weight

is applied to each candidate from simulation which represents the efficiency of such a

cut.

The composite variables ProbNNcombined
p and ProbNNcombined

µ are defined as

ProbNNcombined
p = ProbNNp(1− ProbNNπ)(1− ProbNNK)(1− ProbNNe)

× (1− ProbNNghost), (5.4)

ProbNNcombined
µ = ProbNNµ(1− ProbNNπ)(1− ProbNNK)(1− ProbNNe)

× (1− ProbNNp)(1− ProbNNghost). (5.5)

The PIDCalib [92] package is used to determine the PID efficiency. At LHCb, this is a

standard tool used to determine the PID efficiency of a given criterion using calibration

samples from data. For example, a sample of Λ+
c → pK−µ+ is used to determine PID

efficiencies on protons. This is a decay which is readily accessible experimentally where

the decay products can be identified based on kinematics alone. The efficiency of a

given cut can be determined with a fit to the invariant mass m(pK−µ+) of the final-

state particles. A sample of J/ψ → µ+µ− decays is used for muons for analogous

reasons.

The PID performance depends primarily on where the track is in the detector, i.e.

its position in η, and also its momentum p. Consequently, the efficiency is determined

as a histogram in bins of p and η, which is shown for both protons and muons in

Fig. 5.5.
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Figure 5.5: Projections of the PID efficiency as determined using PIDCalib in the

p− η plane for (top) protons with ProbNNcombined
p > 0.5 and (bottom) muons with

ProbNNcombined
µ > 0.4, using calibration samples from 2018.
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Figure 5.6: Differential branching fractions in (left) m(D−π+) vs. m(pp) for B0 →
D−ppπ+ and (right) m(D∗−π+) vs. m(pp) for B0 → D∗−ppπ+ as observed by the
BaBar collaboration. There is a clear enhancement near the kinematic threshold in
m(pp) in both cases. Figure taken from Ref. [98].

5.7 Corrections to background kinematics

As mentioned in Sec. 5.2, in the absence of an appropriate physics model for a given

decay mode, the PHSP approximation is used. However, much of the structure in

the kinematic distributions of the decay products is lost when final-state particles are

missed in the reconstruction of part-reco backgrounds. Consequently, there is less im-

portance placed on the necessity of accurate physics models for part-reco backgrounds.

That being said, corrections are made where possible, particularly for the part-

reco decays that are expected to be dominant. Decays of the form B → ppDX can

be approximated as a two-body decay to a pp and DX system. This is analogous to

thinking of the B+ → ppℓ+νℓ decays as a two-body decay to a pp pair and a virtual

W±. In both cases, a threshold enhancement effect is observed in the m(pp) spectrum,

as seen in both Fig. 1.3 for B+ → ppℓ+νℓ and in Fig. 5.6 for B → ppDX decays.

A similar argument applies to decays of the form B+ → pΛ−
c µ

+νµ, where an en-

hancement is expected towards the m(pΛ−
c ) kinematic threshold. As a result, the

m(pp) and m(pΛ−
c ) distributions of the B → ppDX and B+ → pΛ−

c µ
+νµ simulation

samples, respectively, are reweighted to the m(pp) distribution from the pQCD model.

The results of this reweighting are shown in Fig. 5.7. A systematic uncertainty asso-

ciated with this reweighting is described in Sec. 11.9.
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Figure 5.7: (Top)m(pp) and (bottom)m(pΛ+
c ) distributions before and after reweight-

ing to the pQCD model for the B → ppDX and B+ → pΛ−
c µ

+νµ simulation samples.
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Backgrounds

As was seen for the B+ → ppµ+νµ BF analysis, the dominant source of background for

R(pp) is partially-reconstructed (part-reco) decays. The composition of the simulation

samples used to model these decays will be described in this chapter. A subdominant

source of background originates from other particles, such as a π or K being misiden-

tified as either a proton or a muon. A data-driven method is used to derive a shape

for these components in the fit. It is also possible to constrain their yields through

an unfolding procedure which will be described in greater detail later in this section.

Finally, combinatorial background arises when combinations of random tracks are mis-

taken to have originated from a B+ decay. The treatment of this source of background

with a data-driven method is also described.

6.1 Partially reconstructed backgrounds

Part-reco background arises when additional particles X to a ppµX final-state are not

reconstructed. There are a number of such decays which are possible, and they are

summarised in Table. 6.1. Many of the backgrounds are poorly understood, and in

some cases the BF is not known. The dominant channels are those that involve a

b → c transition. The BFs for B+ → p(Λ−
c → pX)µ+νµ, B

+ → p(Λ−
c

∗ → pX)µ+νµ,

B+ → ppDX, B+ → ppDµ+νµ and B0 → (Λ−
c → µ−pX)pX are comparable at the

level ≈ 10−4, with relatively high selection efficiencies at the stripping level. However,

the charged isolation is highly effective at removing these components. The neutral iso-

lation also serves to remove the components with additional neutrals in the final state.

This is outlined in more detail in Secs. 7.2 and 7.3. The Cabibbo-suppressed decays

involving a b→ u transition B+ → p(N
∗ → pX)µ+νµ and B+ → p(∆→ pX)µ+νµ are
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Decay Decay model BF order

B+/0 → pp(D → µ+νµX)X PHSP ≈ 10−3

B+ → p(Λ−
c → pX)µ+νµ PHSP ≈ 10−4

B0 → (Λ−
c → µ−pX)pX PHSP ≈ 10−4

B+ → p(∆→ pX)Xµ+νµ pQCD ≈ 10−6

B+ → p(N
∗ → pX)µ+νµ pQCD ≈ 10−6

B+ → p(Λ∗−
c → pX)µ+νµ PHSP ≈ 10−4

B+ → ppD0µ+νµX PHSP ≈ 10−4

B0
s → (D+

s → µ+X)ppX PHSP ≈ 10−3

B0
s → (D0 → Kµ+X)ppX PHSP ≈ 10−4

Table 6.1: A summary of the part-reco backgrounds for R(pp), where missing final-
state particles are represented by X. The decays are listed in an approximate order
of their expected dominance.

subdominant given their lower BFs which, although unmeasured, are estimated to be

≈ 10−6, i.e. a similar order of magnitude to the B+ → ppµ+νµ BF. Their removal is

also facilitated by the isolation tools.

The B0
s mode BFs are not known but analogous decays with a π+π− system in the

final state rather than a pp system have BFs in the region of 10−3−10−4 [88]. There is

potential for this to lead to a significant contribution from these modes in the sample.

However, both the presence of additional charged tracks and the fact that there are

approximately 75% fewer B0
s produced at LHCb compared to B± [99] will lead to a

significant reduction in their contribution.

6.2 Misidentified proton background

The mis-identification of other particles, such as a π or K, as either a p or µ is a sub-

dominant background for this analysis. The procedure for treating these backgrounds

with a data-driven method will be described in this section.

The candidates satisfying the requirements of a stripping line, which is akin to that

of the nominal data sample but where PID requirements are placed only on one of the

protons, is referred to as the fake-p sample. It is expected that the fake-p tracks to

fall into three main cateogries; either π-like, K-like or p-like. µ-like and e-like tracks
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Category Criteria

p-like ProbNNcombined
p > 0.5

K-like ProbNNcombined
K > 0.3 & !p-like

π-like ProbNNcombined
π > 0.3 & !p-like & !K-like

U !π-like & !p-like & !K-like

Table 6.2: The scheme used to form the track categories for the fake-p sample.

in this sample are not considered. These are anticipated to be a negligible component

given that the stripping line ensures that the proton tracks do not satisfy the isMuon

criterion. A remaining component consists of so-called ‘uncategorised’ (U) tracks,

which is anticipated to be largely dominated by ghost tracks. The criteria of this

categorisation are given in Table. 6.2.

It is possible to estimate the number of true p, K, π and U tracks in the fake-p

sample as follows. Taking the p-like tracks as an example, the probability of a particle

X to be mis-identified as a p is reflected by the efficiency ǫ(X → p). As was discussed

in Sec. 5.6, this efficiency depends on the momentum and pseudorapidity of the track.

In a given bin of p and η, the total probability p(X → p) of a track to be mis-identified

is given by

p(X → p) =
NKǫ(K → p) +Nπǫ(π → p) +NUǫ(U → p)

NK +Nπ +NU

, (6.1)

where NX is the true number of particles of type X. This probability is applied as a

weight to each of the candidates in the fake-p sample in order to derive a template for

this component in the fit.

Additionally, the sum of these weights, multiplied by an appropriate factor which

accounts for the prescaling of the stripping line can act as a constraint on the p mis-ID

yield in the fit. A stripping line is prescaled for looser selections in order to keep the

retention rate low such that it is feasible to keep the candidate data on tape. Prescales

lie in the range 0− 1, and e.g. for a prescale of 0.2, 80% of the candidates are thrown

away at random.

The problem of determining the true numbers NX of each track type on a bin-by-

bin basis can be cast in terms of the observed numbers N ′
X in the following matrix
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. (6.2)

Denoting the matrix of true track numbers as N, the efficiency matrix as E and

observed numbers as N′, Eq. (6.2) can be written more concisely as

N′ ≈ EN. (6.3)

It follows that determining the matrix N reduces to a problem of matrix inversion:

N ≈ E−1N′. (6.4)

The matrix E is derived from calibration samples using the PIDCalib package for the

π-like, K-like and p-like categories. No such calibration samples exist for the U -like

tracks. The efficiencies ǫ(X → U) are determined by requiring that the sum of each

columns in E sum to 1, i.e. that the track must be identified as one of the four

categories. A systematic uncertainty is assigned in order to evaluate the accuracy of

this assumption, and is described in more detail in Sec. 11. The method of Bayesian

unfolding [100] is used in order to perform the matrix inversion. By treating the

matrix E as a response matrix, an iterative method from the RooBayesUnfold package

is used [101]. The distributions of the weights defined in Eq. (6.1) are shown in Fig.

6.1.

6.3 Misidentified muon background

The treatment of the µ mis-ID background is along similar lines to that of the p mis-ID.

However, the yield resulting from the unfolding method is not reliable. This is due to

the fact that the muonic trigger decisions are not applied to the fake-µ sample, in line

with the absence of PID criteria applied to this sample. Hence, the template shape is

taken from the unfolding procedure, while the yield is left to float in the fit.

The categorisation of the fake-µ differs slightly from the hadronic case. It is as-
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Figure 6.1: The distribution of the weights in the p− η plane which are applied to the
fake-p data sample in order to determine the p mis-ID template.

Category Criteria

p-like ProbNNcombined
µ > 0.4

K-like ProbNNcombined
K > 0.3 & !µ-like

π-like ProbNNcombined
π > 0.3 & !µ-like & !K-like

U !π-like & !µ-like & !K-like

Table 6.3: The scheme used to form the track categories for the fake-µ sample.

sumed that the number of protons misdentified as muons is negligible given that the

isMuon requirement is applied in the nominal data sample. Hence, the fake-µ tracks

are divided into µ-like, K-like, π-like and U -like categories, according to the criteria

in Table. 6.3. The weights are given by

p(X → µ) =
NKǫ(K → µ) +Nπǫ(π → µ) +NUǫ(U → µ)

NK +Nπ +NU

, (6.5)

where the NX are determined by solving a matrix equation as in Eq. (6.4) using the

same unfolding algorithms. The distribution of the weights is shown in Fig. 6.2.
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Figure 6.2: The distribution of the weights in the p− η plane that are applied to the
fake-µ data sample in order to determine the µ mis-ID template. The weights have
been inflated by an order of magnitude for illustration purposes.

6.4 Combinatorial background

A data-driven technique is used to derive a proxy for the combinatorial background

in the fit. Given the nature of combinatorial background, which results from random

combinations of tracks, the event mixing method is used. This involves mixing tracks

from different events and constructing a candidate which satisfies a looser version of

the full selection. Most notably, the criteria placed on quantities that are derived

online, such as those relating to the SV, are lost in the derivation of this template by

construction. To this end, the template is validated in a control region in order to verify

its accuracy despite the modified selection. It is anticipated that the dominant source

of combinatorial background in this analysis arises when a pµ system is combined with

a random p. The probability of having a combination of three random p+p+µ tracks

is expected to be much lower.

In order to implement the event mixing, the B flight vector is taken from candidate

n. A pµ combination is taken from candidate n+1 and a proton from candidate n+2.

The four-momenta of these tracks are combined in order to form a ppµ candidate.

Furthermore, the relative displacements of the ppµ from the B of their original event

is retained. This is tantamount to rotating the tracks such that they are approximately

collinear with the B from event n. A summary of the selection placed on the kinematics

of the ppµ combination is given in Table. 6.4.
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Selection

m(ppµ) < 5279MeV

3000 < Mcorr < 6000MeV

m(pp) < 3000MeV

ProbNNcombined
p > 0.5

ProbNNcombined
µ > 0.4

Table 6.4: The selection criteria on the combinatorial candidates derived from event
mixing.

The validation of the event mixing is shown in Fig. 6.3. This is performed in the so-

called upper mass-sideband region m(ppµ) > 5279MeV that will be largely dominated

by combinatorial background. Both part-reco and mis-ID backgrounds occupy the

lower m(ppµ) region. In the construction of the nominal template, candidates in the

range m(ppµ) < 5279MeV, or the signal region, are used.

The event-mixing sample is further reweighted to the data in the control region

in order to resolve the outstanding discrepancies. The reweighting is performed in

the following three variables; the transverse momentum pflightT of the ppµ system with

respect to the line of flight of the parent B, m(pp) and the magnitude of the pp

momentum. These are chosen for their high degree of correlation with the fit variables

and are found to accurately reproduce the shapes of the control sample.

The degree of cancellation of the individual transverse momenta of the final-state

particles is captured by the resulting value of pflightT (ppµ). This cancellation has a

direct impact on the total four-momentum of the ppµ system, which is closely related

to m2
miss. Furthermore, the kinematics of the pp system has a direct influence on the

values of E∗
µ and q2. This is most clearly seen from a purely numerical perspective by

inspecting their definitions in Sec. 4.2. The resulting template in the signal region is

shown in Fig. 6.4. The combinatorial background occupies the high q2 and low E∗
µ

regions, whilst the shape in m2
miss is broad.
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Figure 6.3: Validation of the event mixing template shape in the control region.
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Figure 6.4: Combinatorial background shape in (top) q2, (middle) E∗
µ and (bottom)

m2
miss, before and after reweighting.



Chapter 7

Selection

The stages of the selection are described in this chapter, concluding with an account

of how the criteria are optimised. The stripping and trigger criteria are presented first,

followed by a description of the implementation of the charged and neutral isolation

tools. The PID requirements are then outlined, before concluding with an explanation

for the requirement placed on the opening angle of the pp system in the B rest-frame,

and the cut optimisation.

7.1 Trigger and stripping criteria

A number of trigger criteria are placed on the candidates, which are outlined in Table.

7.1. The candidates are required to satisfy both the L0 and HLT2 requirements and

either of the HLT1 requirements. A further set of criteria are applied in the form of a

stripping line. This is a bespoke suite of cuts placed on the individual daughter tracks,

as well as their combination in order to further reduce background contamination. The

stripping selection is broadly commensurate with that of the HLT2 trigger line, and

an exhaustive list of the criteria is given in Appendix. A.

Broadly speaking, the stripping line selects a pp pair with (anti)proton momentum

greater than 15GeV that are well-displaced from the PV and that form a good quality

vertex. The momentum selection is such that the protons are above the thresholds

for Cherenkov radiation in RICH 1 and 2, with the aim of reducing misID back-

ground. A loose momentum selection is placed on the muon of p(µ) > 3GeV to try

and maximise the efficiency of the softer muons that are to be expected from the

B+ → pp(τ+ → µ+νµντ )ντ decay chain. In addition, the muons are required to have

good quality tracks and to be well-displaced from the PV. Relatively loose require-

61
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Trigger Name Description

L0 L0Muon Select track in muon stations with pT & 1.5
GeV

HLT1 Hlt1TrackMVA Select displaced track with pT & 1.6 GeV

Hlt1TrackMuon Select displaced track with pT & 1.0 GeV
which satisfies isMuon requirement

HLT2 Hlt2XcMuXForTauB2XcMu Select ppµ system with high momentum pp
pair and loose µ selection

Table 7.1: Summary of the trigger criteria used for the data used in the measurement
of R(pp).

ments are made on the ppµ vertex quality, as the τ is expected to fly a short distance

before decaying to a muon. The SV is required to be well-displaced from the PV.

7.2 Charged isolation

As discussed in Sec. 4.4, a BDT is used to identify the four tracks in the VELO,

besides those of the signal, that are suspected to have originated from the SV through

assigning them a corresponding probability. These BDT probabilities are subsequently

used as input features to an additional BDT which aims to classify candidates based

on how likely they are to be a part-reco background with additional charged tracks.

A simulation sample of B+ → ppτ+ντ is used to represent the signal component of

the training sample. A cocktail of B → ppDX, B+ → p(Λ−
c → pX)µ+νµ and B+ →

ppDµ+νµ simulation samples is used as a background proxy, where each component is

weighted in order to reflect the expected yields. The corrections outlined in Sec. 5 are

also applied prior to training. The BDT is trained with k-folding cross-validation [102],

with a number k = 10 folds. This is a way of dividing up the data randomly into k

random samples in order to avoid biasing the algorithm. Candidates where no extra

tracks are found by the charged isolation are removed from the training. The training

performance of the BDT is shown in Fig. 7.1. The relative discrimination power

provided by each of the charged BDT input features is shown in Fig. 7.2. Here, the

score is a measure of how the feature improves the classification on average across the

ensemble of trees in the algorithm. The BDT output for the most likely extra track
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Figure 7.1: (Top) The BDT output distributions for the signal and background sample
and (bottom) the true positive classification rate as a function of the false positive rate
(the receiver operating charactersitic (ROC) curve) for each of the k training folds.
The area under the curve (AUC) is a measure of the BDT performance, where an ideal
classifier has AUC = 1.00. A small proportion of the background candidates appear
signal-like as the track reconstruction efficiency is not 100%, resulting in the small red
peak around 0.9.
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proves to be the most important feature when it comes to classifying the candidates.

The other BDT scores contribute less to the classification, as expected.
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Figure 7.2: Input feature importance for the charged isolation BDT. The features
correspond to the additional track probabilities labelled 1 → 4. The highest scoring
track BDT output from the vertex isolation tool bears the most discriminating power.
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7.3 Neutral isolation

Many part-reco backgrounds involve final states with extra neutral particles, such as

B+ → pΛ−
c (→ pK0π0)µ+νµ. A novel neutral isolation BDT is used for this analysis.

The main concept is similar to that of the charged isolation BDT. However, rather

than using information from the VELO for the additional charged tracks, the neutral

isolation tool takes information from the ECAL for γ or π0 candidates, such as their

momenta and relative displacements from the flight vector, to assign them a probability

which reflects how likely it is that they originated from the SV. An exhaustive list of

the information used to assign these probabilities is provided in Appendix. B. These

probabilities are used as input to another BDT trained on simulation.

A simulation sample of B+ → ppτ+ντ is used as a signal proxy, whilst a cocktail

of B+ → pΛ−
c (→ pK0π0)µ+νµ and B+ → p∆(→ pπ0)µ+νµ simulation samples is used

as a background. The BDT itself is taken from the XGBoost [103] library, and the

training is validated using k-folding cross-validation, with a number k = 10 folds. The

training performance is shown in Fig. 7.3. As expected, the separation power is not

as good as that of the charged BDT. However, it is clear that the BDT does provide

some signal-background discrimination. The background simulation is concentrated

at lower values of the BDT output, whilst the B+ → ppτ+ντ is shifted towards higher

values. The importance of the four most important features in terms of discrimination

power for the neutral BDT is shown in Fig. 7.4. The BDT output for the most likely

photon candidate proves to be most discriminating, with an appreciable contribution

from the BDT scores of the less likely photon candidates. The number of π0 candidates

surrounding the candidate also contributes to the separation.
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Figure 7.3: (Top) The BDT output distributions for the signal and background sample
and (bottom) the ROC curves for each of the folds used in the training of the neutral
isolation BDT.
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lation BDT. The highest scoring photon candidate BDT output is the most important
feature.
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7.4 Particle identification criteria

As alluded to in Sec. 5.6, a cut is placed on the ProbNNcombined
p and ProbNNcombined

µ

variables in order to reduce the contamination from p mis-ID and µ mis-ID candidates,

respectively. The definitions are stated below once again for convenience:

ProbNNcombined
p = ProbNNp(1− ProbNNπ)(1− ProbNNK)(1− ProbNNe)

× (1− ProbNNghost), (7.1)

ProbNNcombined
µ = ProbNNµ(1− ProbNNπ)(1− ProbNNK)(1− ProbNNe)

× (1− ProbNNp)(1− ProbNNghost). (7.2)

7.5 Opening diproton angle

The opening angle of the pp system in the B rest-frame provides further discriminating

power. For B+ → ppℓ+νℓ decays in the rest-frame of the B, the emission of theW and

the diproton is such that momentum is conserved. That is, the momentum vectors of

the W and the combined pp system cancel. This means that, on average, the p and p

are highly collinear. By extension, the opening angle θpp subtended by their respective

momentum vectors is likely to be small. However, when either the p or p originate

from a Λ−
c (for example), as in B+ → p(Λ−

c → pX)µ+νµ decays, then this high degree

of collinearity is broken.

It can be seen in Fig. 7.5 that this is borne out in the data. There is a clear

concentration of candidates with lower values ofMcorr < 4500 and with−1 < cos θpp <

0. As a result, only candidates with cos θpp > 0 are selected.

7.6 Optimisation

After the stripping selection, cuts are placed on the charged isolation BDT, the neutral

isolation BDT and the ProbNNcombined
p and ProbNNcombined

µ quantities. A grid-

search optimisation is performed over these selection variables in order to determine

the optimal cut-points. The cuts in the stripping selection are fixed and are therefore

excluded from the optimisation. The opening diproton angle is also excluded as the

cut point is derived from a physical argument regarding the kinematics of the decay
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Figure 7.5: The distribution of Mcorr vs cos θpp for the full data set with only the

ProbNNcombined
p > 0.5 and ProbNNcombined

µ > 0.4 requirements applied. There is a
clear accumulation of candidates with Mcorr < 4500 for cos θpp < 0.

products.

The optimisation involves defining a range over which to optimise the variables, e.g.

the charged BDT is optimised in the 0− 1 range. A number of sampling points from

this range are chosen for each variable, resulting in a grid where each point represents

a unique configuration of the variables. A number of pseudo- (or toy) experiments are

performed at each point on the grid. Expected yields N(Y ) for a given decay mode

Y are estimated using the integrated luminosity L, the B± production cross-section

σ(B±) = 86.6± 8.3µb [93], the branching fraction B(Y ) and selection efficiency ǫ(Y )

according to

N(Y ) = L × σ(B±)× B(Y )× ǫ(Y ). (7.3)

These estimated yields are used as normalisation factors for each of the templates in

the construction of a PDF. A toy data sample is generated by randomly sampling this

PDF. A fit is then performed to this data sample using the same PDF. A total of 500

fits are performed for each cut configuration. The cuts are optimised using the mean

of the absolute uncertainty σ(R(pp)) on the raw value of R(pp) from the fits as a figure

of merit (FOM). The optimal cut-point is then taken to be that with the lowest mean
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value of σ(R(pp)).

The yields after stripping and trigger requirements estimated for each of the fit

components are shown in Table. 7.2, alongside the assumed BFs. The BFs are quoted

as the product of the BF for the decay of the B and any subsequent decay resulting

in missing particles X. Unless stated otherwise, the BFs are taken from Ref. [88].

It is worth noting that the yield estimates used to estimate the best working point

have no further bearing on the result. In the case that the chosen working point was

in fact sub-optimal, the result would remain unbiased. The final fit is validated with

pseudo-experiments to assess any inherent bias as described in Sec. 10.3.

The B+ → ppτ+ντ and B+ → ppµ+νµ BFs are taken from the LHCb measure-

ment [39], and accounting for the τ+ → µ+νµντ decay in the signal mode. For the

B+ → p(∆→ pX)µ+νµ andB
+ → p(N

∗ → pX)µ+νµ decays, the∆→ pX andN
∗ → pX

BFs are assumed to be 100%, and that of the B decay is taken to be the same as the

B+ → ppµ+νµ BF, as they also involve a b→ u transition.

The B+/0 → ppDX BFs are unmeasured but can be estimated by summing the BFs

for several exclusive modes such as B0 → D−ppπ−, B0 → D∗−ppπ−, B+ → D0ppπ+

etc. The D → µ+X BF is taken to be 6.5%, whilst that of B+ → ppDµ+νµ is taken to

be the same as that for B+/0 → ppDX. The B+ → p(Λ−
c → pX)µ+νµ,B

+ → pΛ−
c τ

+ντ

and B+ → p(Λ−
c

∗ → pX)µ+νµ yields are estimated using a BF from an unpublished

search for the B+ → pΛ−
c µ

+νµ decay (and by assuming LFU for the tauonic mode),

which sets a limit of B(B+ → pΛ−
c µ

+νµ) < 2.5× 10−4 at a 90% confidence level [104].

The Λ−
c → pX and Λ−

c

∗ → pX BFs are taken to be 12%.

The B0
s → D+

s ppπ
− and B0

s → D0K0pp BFs are also unknown. These are esti-

mated by using the equivalent B0 mode, where the spectator s-quark is replaced

by a d-quark. The BF B(B0 → D+ppπ−) ≈ 3.3 × 10−4 is used as an estimate for

B(B0
s → D+

s ppπ
−). The D+

s → τ+ντ and D+
s → µ+νµ BFs are taken to be 5.48%

and 5.49 × 10−3, respectively. After accounting for the τ+ → µ+νµντ decay, the

tauonic and muonic contributions from the D+
s are approximately equal. However,

B(B0 → D0π0pp) is unmeasured and cannot be used to estimate B(B0
s → D0K0pp).

In this case, B(B0 → D0π0pp) ≈ B(B0 → D0π+π−pp) is taken as an approximation

with B(B0 → D0π+π−pp) ≈ 3.0 × 10−4 and D0 → µX ≈ 7%. The estimates for the

p mis-ID and µ mis-ID yields are calculated from the unfolding procedure described

in Sec. 7.4. The results of the optimisation are shown in Figs. 7.6 and 7.7, and the

optimal cut points are given in Table. 7.3.
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Mode Branching fraction Approximate Yield

B+ → ppτ+ντ 9.19× 10−7 5,000

B+ → ppµ+νµ 5.28× 10−6 43,000

B+ → p∆µ+νµ 5.28× 10−6 16,000

B+ → pN
∗
µ+νµ 5.28× 10−6 24,000

B+ → ppDX 1.59× 10−4 180,000

B0 → ppDX 2.74× 10−4 200,000

B+ → ppDµ+νµ 1.59× 10−4 220,000

B+ → pΛ−
c µ

+νµ 6.00× 10−5 22,000

B+ → pΛ−
c

∗
µ+νµ 6.00× 10−5 13,000

B0
s → D+

s ppπ
− 4.96× 10−6 14,000

B0
s → D0K0pp 2.59× 10−5 18,000

p mis-ID N/A 4400

µ mis-ID N/A 1400

Table 7.2: A summary of the yields and assumed BFs for the cut optimisation. The
yields serve as inputs to the toy fits.

Selection cut

Charged BDT > 0.9

Neutral BDT > 0.4

ProbNNcombined
p > 0.5

ProbNNcombined
µ > 0.4

Table 7.3: A summary of the optimal cut points for each selection variable considered
in the optimisation.
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Figure 7.6: Average uncertainty σ(R(pp)) as a function of the (top) charged and (bot-
tom) neutral isolation BDT cut values. Each point represents the average uncertainty
from 500 toy fits at a given configuration of the cut values.
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p and (bottom) ProbNNcombined

µ cut values.



Chapter 8

Form factor fit

This chapter describes the fit used to extract estimates of the FF parameters as de-

fined in Sec. 2.7 for the B → pp transition in B+ → ppℓ+νℓ decays. This is crucial

in obtaining accurate shapes for the signal, normalisation and certain part-reco back-

grounds shapes in the fit to determine R(pp). Firstly, a reminder of the main aspects

of the pQCD model are presented, followed by a brief account of the implementation

of the model and the methodology used to determine the FF parameters. A reweight-

ing strategy used to obtain distributions representing certain configurations of the FF

parameters is then described, followed by a description of the data and simulation

samples used for the fit. The chapter concludes with the results of the FF fit.

8.1 Physics model

The main aspects of the pQCD model described in more detail in Sec. 2.7 are pre-

sented here once more for convenience. The vector and axial vector components of the

hadronic current in the transition of a B to a baryon pair Y Y
′
are parameterised in

terms of the FFs

fi =
Dfi

tn
, gi =

Dgi

tn
, (8.1)

where i = 1, . . . , 5 and the constants Dfi and Dgi can be expressed as linear superpo-

sitions of the parameters

(D||, D||) = (67.7± 16.3,−280.0± 35.9)GeV5, (8.2a)
(

D2
||, D

3
||

)

= (−187.3± 26.6,−840.1± 132.1)GeV4, (8.2b)
(

D4
||, D

5
||

)

= (−10.1± 10.8,−157.0± 27.1)GeV4, (8.2c)

74
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as

Dg1 =
5

3
D|| −

1

3
D||, (8.3)

Df1 =
5

3
D|| +

1

3
D||, (8.4)

Dgj =
5

3
Dj

|| = −Dfj . (8.5)

The vector and axial-vector components of the hadronic current are (respectively):

〈Y Y |q̄γµb|B〉 =
iū (pY ) [g1γµ + g2iσµνq

ν + g3qµ + g4 (pȲ + pY )µ + g5 (pȲ − pY )µ]γ5v (pȲ ) , (8.6)

〈Y Y |q̄γµγ5b|B〉 =
iū (pY ) [f1γµ + f2iσµνq

ν + f3qµ + f4 (pȲ + pY )µ + f5 (pȲ − pY )µ]v (pȲ ) . (8.7)

Using the values in Eq. 8.2 would be approximate for the B+ → ppℓ+νℓ case as they

are determined from fits to B → ppX data, where X is a single hadron [62–67]. In

order to mitigate this approximation, the parameters are extracted by performing a

fit to the Run 1 data sample.

The problem can be simplified further by reducing the set of parameters to fit for.

It can be seen from the form of the hadronic currents given in Eqs. (8.6) and (8.7)

that D|| and D|| have a sub-leading effect on the distribution shapes with respect to

the other parameters. This is due to the fact that there is a lack of dependence on

any momenta in the numerator of the terms which are proportional to g1 and f1.

It is also argued by the authors of Ref. [40] that the terms proportional to D3
||

do not contribute to the transition. Given that the muon originates from a highly

boosted B meson, it is taken to have an exclusively left-handed polarization ǫµ−(q).

This, when taking the sum over all possible polarizations of the final-state products

when calculating the branching fraction, leads to a vanishing contribution. The sum

takes the form of a dot-product ǫ · q. Since the left-handed polarization vector ǫµ−(q) is

transverse to the dilepton momentum q, the result is zero. Hence, the set of parameters

can be reduced to three; D2
||, D

4
|| and D

5
||.
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8.2 Implementation

In order to carry out the form factor fit, the model outlined above was implemented

in EvtGen with the capability to generate B+ → Y Y
′
ℓ+νℓ decays for any pair of

baryons, with spins J = 1/2, 3/2. A comparison between some of the kinematic

distributions produced by the pQCD model and those of the PHSP model are shown in

Fig. 8.1. There is a clear concentration of events near the m(pp) kinematic threshold,

which is in accordance with what has already been observed in the B+ → ppµ+νµ

decay in Fig. 1.3. The parameters of the model are provided as external arguments,

the values of which are free to be varied by the user.

Clearly, the values of the parameters influence the shapes of the distributions which

are produced. Thus, by varying the model parameters, it is possible to produce any

number of distribution shapes. As will be discussed below, it is this freedom which fa-

cilitates the determination of the form factor parameters for the B+ → ppℓ+νℓ decays.

8.3 Fit methodology

The FF parameters are determined through an extended maximum-likelihood fit to

the Run 1 data samples in m2
miss, E

∗
µ and q2. The selection differs from that of the Run

2 sample used for the R(pp) fit. Broadly speaking, the selection is tighter in order to

better isolate the B+ → ppµ+νµ mode. The aim is to achieve a sample that is rich in

B+ → ppµ+νµ decays so that it can be used to reliably estimate the FF parameters.

The q2 spectrum is particularly sensitive to the FF parameters, and the m2
miss and E

∗
µ

provide discriminating power over background contributions given the characteristic

peak of B+ → ppµ+νµ near m2
miss ≈ 0 and the spectrum of highly energetic muons

originating from the B decay.

Given the inaccuracies of the pQCD model, the work presented here is approxi-

mate. An uncertainty is assigned to account for variations in the shape of the relevant

templates due to the FF parameters in the fit for R(pp). A more detailed discussion

is provided in Sec. 11. The HistFactory template fitting package is used to perform

the fit itself [105]. This is a software package which allows fits to be performed taking

a series of histograms as an input from which to construct a PDF. None of the Run 2

data samples used to fit R(pp) are included in the form factor fit in order to preserve

the statistical independence of the results.

The fit was performed iteratively as a result of the mechanism by which HistFactory
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determines the best-fit values for the FF parameters. Within HistFactory, it is possible

to include some freedom in the shape of a given template through the AddHistoSys

function. This amounts to providing an additional pair of templates which repre-

sent shape variations of some ‘nominal’ template. HistFactory fits for an additional

nuisance parameter by performing an interpolation between these templates.

In this case, the best-fit value of this nuisance parameter can be understood as a

deviation of a given FF parameter from its nominal value. This is because the varied

templates are chosen to be those which result from fixing the value of a given model

parameter to a number σlow = +Aσ and σhigh = +Bσ from the nominal value, where σ

is the uncertainty quoted on the parameter as in Eq. (8.2), and A and B are numbers

where B > A. Examples of shape variations for B+ → ppµ+νµ which result from

setting σlow = D2
|| − 5σ and σhigh = D2

|| + 5σ illustrated in Fig. 8.2.

In this work, the template shapes which are allowed to vary are those which rep-

resent components that proceed via a b → u transition at quark-level, and are thus

possible to describe by the pQCD model. Specifically, this pertains to the following

fit components: B+ → ppµ+νµ, B
+ → ppτ+ντ , B

+ → p∆µ+νµ and B+ → pN
∗
µ+νµ.

Moreover, the nuisance parameters representing the FF deviations are shared between

each of these components. This constitutes the approximation that the hadronic tran-

sition which takes place in these decays is similar enough to be mediated by the same

set of FFs.

These deviations are then used as guidance for the choice of shape variations to

include in subsequent iterations of the fit. The ‘starting’ configuration of the templates

is such that the nominal templates are taken to be those which correspond to setting

the FF parameters to their nominal values as per Eq. (8.2), with the shapes allowed

to vary between those with σlow = −5σ and σhigh = +5σ. The inclusion of this

large degree of freedom in the initial template shapes is an attempt to mitigate the

approximation of taking the nominal FF parameters from the fits to the fully hadronic

data.

Subsequent iterations of the fit proceed in a similar manner. The deviations in the

FF parameters resulting from the previous iteration are used as guidance to produce

the ‘nominal’ template in the iteration that follows. To illustrate this, an example is

considered where the first iteration results in a deviation of +4σ in D2
||, with deviations

in D4
|| and D

5
|| being consistent with zero. The next iteration would use the template

reweighted with D2
|| set to +4σ as the ‘nominal’ template, and will be free to vary

between the shapes corresponding to σlow = +3σ and σhigh = +5σ. That is, the shapes
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are allowed to vary between ±1σ of the value resulting from the previous iteration.

The results of this iteration are then used as input to the one that follows, with a view

to iteratively converge onto values for the FF parameters. Essentially, the reason for

the iterative nature of the fit is that, a priori, it isn’t possible to determine how much

freedom to include in the shape variations given that the form factor parameters are

not known.

8.4 Reweighting strategy

As already discussed, each iteration of the FF fit relies on templates which have been

reweighted to variations of the nominal pQCD model. This is achieved by a gen-level

reweighting of the PHSP simulation templates to instances of the pQCD model using

EvtGen. The PHSP distributions were reweighted using GBReweighter. The ability

to reweight in multiple dimensions is of particular importance here given that the

feasibility of the FF fit hinges on being able to fully reproduce the pQCD templates

in a number of dimensions.

The following set of gen-level variables are used for the reweighting: m(pp), q2,

cos θY and cos θℓ, and an example of the reweighting is shown for B+ → ppµ+νµ decays

in Figure 8.3, and for the other modes in Appendix. C. This is in line with the set of

variables which are conventionally used to parameterise four-body phase space. The

latter two variables denote the angle subtended by the momentum of the baryon in

the dibaryon rest-frame with respect to the line of flight of the dibaryon system in the

B rest-frame, and the angle subtended by the momentum of the charged lepton in the

dilepton rest-frame with respect to the line of flight of the dilepton system in the B

rest-frame, respectively.
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Figure 8.1: Comparison between the distributions obtained using phase-space (PHSP)
simulation and those obtained from the physics model (pQCD) in (top) the diproton
mass m(pp) and (bottom) q2true for B

+ → ppµ+νµ decays.
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Figure 8.3: Comparisons between PHSP before (left) and after (right) reweighting to
the pQCD model in (descending order) m(pp), q2, cos θℓ and cos θY for B+ → ppµ+νµ
decays. It is clear that the reweighting algorithm successfully reproduces the pQCD
distributions in multiple dimensions.
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8.5 Data, simulation and selection

The Run 1 data sample used for the FF fit corresponds to approximately 3.0 fb−1

and 1.3 × 1011 B± mesons. The simulation samples used to generate proxies for the

B+ → ppµ+νµ part-reco background components in the fit were generated using 2012

conditions. A summary of the background processes included in the fit is given in

Table. 8.1. The number of part-reco backgrounds included for the FF fit is less than

that of the fit for R(pp) due to the tighter corrected mass window of 4600 < Mcorr <

5500MeV. A significant proportion of part-reco background candidates occupy the

lower Mcorr range, with the B+ → ppµ+νµ signal peaking around MB ≈ 5279MeV.

The simulation corrections described in Sec. 5 are also applied, but using samples

Decay Decay model BF order

B+ → p(Λ−
c → pX)µ+νµ PHSP ≈ 10−4

B+/0 → pp(D → µ+νµX)X PHSP ≈ 10−3

B0 → (Λ−
c → µ−pX)pX PHSP ≈ 10−4

B+ → p(∆→ pX)Xµ+νµ pQCD ≈ 10−6

B+ → p(N
∗ → pX)µ+νµ pQCD ≈ 10−6

B+ → p(Λ∗−
c → pX)µ+νµ PHSP ≈ 10−4

Table 8.1: A summary of the part-reco backgrounds included in the fit for the FF pa-
rameters. The decays are listed in an approximate order of their expected dominance.

from Run 1 to generate the corrections where necessary. The p mis-ID and µ mis-ID

templates are derived using the unfolding procedure described in Secs. 6.2 and 6.3,

using fake-p, fake-µ samples and efficiencies from 2012. The combinatorial background

template is taken from a so-called inverted χ2
vtx. sample. The χ2

vtx. value denotes the

χ2 value of the fit used to obtain the vertex and reflects the quality of the vertex.

The inverted χ2
vtx. > 9 cut is applied to the data to derive the template for the

combinatorial background, and the candidates in the nominal data sample satisfy

χ2
vtx. < 9. to preserve statistical independence. The former sample is expected to be

dominated by combinatorial background.

The selection follows that of the LHCb measurement of the B+ → ppµ+νµ BF

described in Ref. [39]. There are many aspects that are similar to the selection for

the R(pp) measurement, but with some adaptations to maximise the efficiency on

B+ → ppµ+νµ rather than B+ → ppτ+ντ . A different stripping line is used and an
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account of the details is given in Appendix D. Generally speaking, the kinematic

selection on the µ is tighter compared to the line used for R(pp), and the selection on

the ppµ combination is tighter in terms of the requirements placed on the SV.

In addition, analogous L0 and HLT1 trigger requirements are placed on the candi-

dates. However, the general purpose topological HLT2 trigger line is used [106]. It is

one of the most widely-used trigger lines in LHCb analyses, and is a general-purpose

trigger which uses a BDT to identify combinations of tracks that are consistent with

originating from a SV that is well-displaced from the PV. This is the topology expected

for B+ → ppµ+νµ decays.

A BDT is used for charged isolation during the offline selection, as well as cuts

placed on ProbNNcombined
p and ProbNNcombined

µ . However, the cut values are ad-

justed so that they are in accordance with the B+ → ppµ+νµ BF measurement. No

neutral isolation BDT is used here since it is not necessary in order to achieve a sample

sufficiently pure in B+ → ppµ+νµ decays. A summary of the offline cuts is given in

Table. 8.2.

Offline selection cut

Charged BDT > 0.6

ProbNNcombined
p > 0.45

ProbNNcombined
µ > 0.15

4600 < Mcorr < 5500MeV

Table 8.2: A summary of the selection for each variable in the FF fit.

8.6 Results

The results of the iterative fitting procedure described in Sec. 8.3 are presented below.

A total of four iterations were required before converging on the FF parameter values.

Although the fit initially included shape variations in the three parameters D2
||, D

4
|| and

D5
||, the single parameter D2

|| induced enough variation in the shapes of the templates

in order to fit the data. This was reflected in the results of the first fit iteration. Whilst

there was a significant pull in D2
||, the pulls in the D4

|| and D5
|| were consistent with

zero. It is for this reason that variations in D4
|| and D

5
|| were neglected in subsequent

iterations of the fit. This corroborates arguments made by the authors of Ref. [40],



84 Form factor fit

where arguments are made on both physical and numerical grounds as to why D2
||

dominates over the other parameters.

The projections in m2
miss, E

∗
µ and q2 of each of the first and second iterations are

shown in Fig. 8.5 whilst those of the third and fourth are shown in Fig. 8.6. The

legend for the fits is shown in Fig. 8.4. The numerical results of each of the fits are

summarised in Table. 8.3. As can be seen, the final value D2
fit is for σD2

||
= +5.6σ from

the starting value. This is a significant tension with respect to the value D2
start quoted

in Eq. (8.2). However, this disagreement is not surprising as the quoted values were

derived from fully hadronic decay modes.

The converged value D2
fit was used in the simulation production for all of the Vub

modes. Due to their negligible influence on the distribution shapes, the remaining

parameter values are left unchanged from those quoted in Eq. (8.2).

Data

νµpp→B

νµ
c

Λp→B

νµ∆p→B

νµ
*

pN→B

ppD→B

p mis-ID

Comb.

Figure 8.4: Legend for the form factor fit.

Iteration (σlow, σhigh) σD2
||

1 (−5,+5) 4.0

2 (+3,+5) 4.5

3 (+3.5,+5.5) 5.5

4 (+4.5,+6.5) 5.6

Table 8.3: A summary of the results of each of the FF fit iterations. The range of
variation is also given, in units of the uncertainty on D2

|| quoted in Eq. (8.2)
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Figure 8.5: Projections of the (top) first and (bottom) second fit iterations in m2
miss,

E∗
µ and q2 to the Run 1 data sample for the B → pp̄ transition form factor parameters.
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Figure 8.6: Projections of the (top) third and (bottom) fourth fit iterations in m2
miss,

E∗
µ and q2 to the Run 1 data sample for the B → pp̄ transition form factor parameters.
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Comparisons between truth-level distributions between PHSP simulation and those

using D2
fit are provided in Figs. 8.7 and 8.8 in order to illustrate the degree of change

in the distributions as a result of the FF. Additional comparisons are given in Figs.

8.9 and 8.10 between simulation using D2
start and D

2
fit in order to illustrate the effect

of the iterative fit.
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Figure 8.7: Comparisons between PHSP truth-level simulation distributions and those
using D2

fit inm(pp) and q2. The contrast between the broader distribution of the PHSP
simulation in m(pp) and that of the pQCD model is clear.
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Figure 8.8: Comparisons between PHSP truth-level simulation distributions and those
using D2

fit in E
∗
µ and cos θℓ.
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Figure 8.9: Comparisons between truth-level simulation distributions using D2
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those using D2
fit in m(pp) and q2. The D2

|| parameter has a clear effect on the distri-
butions shapes.
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Figure 8.10: Comparisons between truth-level simulation distributions using D2
start and

those using D2
fit in E

∗
µ and cos θℓ.



Chapter 9

Efficiency ratio

This chapter details the calculation of the ratio of signal and normalisation efficiencies

that is required to determine R(pp) from the maximum likelihood fit to data. The

efficiency ratio takes the factorised form:

ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)
=
ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)DPC

× ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)RECO&STRIP|DPC

× ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)HLT2|RECO&STRIP,DPC

× ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)L0&HLT1|HLT2,RECO&STRIP,DPC

× ǫ(B+ → ppτ+ντ )

ǫ(B+ → ppµ+νµ)SEL|L0&HLT1,HLT2,RECO&STRIP,DPC

,

where DPC represents the decay product acceptance (DecProdCut) cut on the simula-

tion samples, RECO&STRIP represents the reconstruction and stripping, HLT2 and

L0&HLT1 represent the trigger and SEL represents the offline selection, including the

PID cuts. In all cases, the efficiency ratios are evaluated from simulation, with the

relevant weights included at each stage. More details on each calculation are given

in what follows, where both the absolute and relative efficiencies are given. Various

sources of systematic uncertainty are inherent in the calculation of the efficiency ratio.

These are discussed in more detail in Sec. 11. For convenience, the conditional part

of the subscripts above are dropped in what follows.
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9.1 Acceptance cut on decay products

At generator-level, a cut is applied to the decay products of the B+ such that they

fall within the acceptance of the LHCb detector. A cut on the pseudorapidity is made

of 2.0 < η < 5.0. The efficiency of this cut for the signal and normalisation modes is

taken from the simulation samples with weights that correct the B+ kinematics (see

Sec. 5.3) applied. A statistical uncertainty is associated with the efficiency due to the

total number of simulated events.

Efficiency Value

ǫ(B+ → ppτ+ντ )DPC 0.2140± 0.0003

ǫ(B+ → ppµ+νµ)DPC 0.2037± 0.0003

ǫ
(

B+ → ppτ+ντ
)

ǫ
(

B+ → ppµ+νµ
)

DPC

1.050± 0.002

Table 9.1: A summary of the absolute and relative DPC efficiencies.

9.2 Reconstruction and stripping

The reconstruction and stripping efficiency is determined by using fully reconstructed

simulation with the stripping cuts and the kinematic weights applied. The efficiencies

are shown in Table. 9.2. As expected, the efficiency is lower for B+ → ppτ+ντ than

for B+ → ppµ+νµ as the softer muons originating from the τ+ → µ+νµντ decay are

more difficult to reconstruct.

Efficiency Value

ǫ(B+ → ppτ+ντ )RECO&STRIP 0.01942± 0.00007

ǫ(B+ → ppµ+νµ)RECO&STRIP 0.03706± 0.00009

ǫ
(

B+ → ppτ+ντ
)

ǫ
(

B+ → ppµ+νµ
)

RECO&STRIP

0.524± 0.002

Table 9.2: A summary of the absolute and relative reconstruction and stripping effi-
ciencies.
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9.3 HLT2

The HLT2 selection places a number of cuts on the reconstructed candidates which

are broadly in line with those of the stripping line. As can be seen from Table 9.3, the

HLT2 efficiency for both modes is above 99%.

Efficiency Value

ǫ(B+ → ppτ+ντ )HLT2 0.9962± 0.0002

ǫ(B+ → ppµ+νµ)HLT2 0.9967± 0.0001

ǫ
(

B+ → ppτ+ντ
)

ǫ
(

B+ → ppµ+νµ
)

HLT2

0.9994± 0.0003

Table 9.3: A summary of the absolute and relative HLT2 efficiencies.

9.4 L0 and HLT1

The efficiency of the L0 and HLT 1 triggering requirements are determined using the

set of weights wtrig, as outlined in Sec. 5.4. The efficiencies are shown in Table 9.4. The

efficiency for B+ → ppτ+ντ is lower than that of B+ → ppµ+νµ as the L0Muon trigger

efficiency is lower for the softer muons originating from the τ+ → µ+νµντ decay.

Efficiency Value

ǫ(B+ → ppτ+ντ )L0&HLT1 0.5275± 0.0018

ǫ(B+ → ppµ+νµ)L0&HLT1 0.6796± 0.0012

ǫ
(

B+ → ppτ+ντ
)

ǫ
(

B+ → ppµ+νµ
)

L0&HLT1

0.7762± 0.0030

Table 9.4: A summary of the absolute and relative L0&HLT1 efficiencies.

9.5 Offline selection

The offline selection includes cuts placed on both the charged and neutral isola-

tion BDTs, the opening angle of the diproton system cos θpp and the PID cuts on
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ProbNNcombined
p and ProbNNcombined

µ . The efficiency of the PID cuts is determined

using the weights outlined in Sec. 5.6. This efficiency also includes cuts placed on the

fit variables m2
miss, q

2 and E∗
µ that are used to define the fit range. The efficiencies are

shown in Table 9.5.

Efficiency Value

ǫ(B+ → ppτ+ντ )SEL 0.1244± 0.0016

ǫ(B+ → ppµ+νµ)SEL 0.1665± 0.0012

ǫ
(

B+ → ppτ+ντ
)

ǫ
(

B+ → ppµ+νµ
)

SEL

0.7476± 0.0110

Table 9.5: A summary of the absolute and relative offline efficiencies.

9.6 Total efficiency ratio

The total efficiency ratio is determined by taking the product of the efficiencies outlined

in this section, and is found to be

ǫ (B+ → ppτ+ντ )

ǫ (B+ → ppµ+νµ)
= 0.3078± 0.0049.



Chapter 10

Fit to data

This chapter outlines the details of the 3D extended maximum-likelihood fit used

to determine R(pp) from the data. Firstly, the treatment of the fit parameters is

discussed, and an overview of the templates that are used to construct the likelihood

is then given. This is followed by the results of the fit to data, before concluding with

the validation of the fit model.

10.1 Fit parameters

The fit parameters are summarised in Table 10.1. R(pp) is left free to float in the fit,

as well as the yield N (B+ → ppµ+νµ) of the B
+ → ppµ+νµ component and all of the

part-reco background components. The p mis-ID template is divided into two parts;

one where the shape is derived from the fake-p sample in which the proton shares its

charge with the muon, and the other where the proton and muon have opposite sign.

These are denoted p mis-ID 1 and p mis-ID 2 respectively. A dedicated HLT2 trigger

line is used to select p mis-ID 2, but no such line is available to determine p mis-ID 1.

Therefore p mis-ID 2 is constrained using the unfolding procedure in Sec. 6.2, whilst

the yield of p mis-ID 1 is left free to float. The constraint on the p mis-ID 2 yield

is Gaussian, centred on the yield obtained from the unfolding procedure, and with a

width corresponding to the uncertainty on this yield. The yields of the µ mis-ID and

combinatorial background are left free to float in the fit. Projections of the templates

for the B+ → ppτ+ντ and B+ → ppµ+νµ components are shown in Figs. 10.1 and

10.2 respectively, and those of the dominant background components are given in

Appendix E. The distributions for the signal component are broad, whilst those of the

normalisation mode have a more distinctive shape, particularly in m2
miss.
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Parameter Constr. (C)/Floating (F) Sample

R(pp) F Simulation

N (B+ → ppµ+νµ) F Simulation

N (B+/0 → pp(D → µ+νµX)X) F Simulation

N (B+ → p(Λ−
c → pX)µ+νµ) F Simulation

N (B0 → (Λ−
c → µ−pX)pX) F Simulation

N (B+ → p(∆→ pX)Xµ+νµ) F Simulation

N (B+ → p(N
∗ → pX)µ+νµ) F Simulation

N (B+ → p(Λ∗−
c → pX)µ+νµ) F Simulation

N (B+ → ppD0µ+νµX) F Simulation

N (B0
s → (D+

s → µ+X)ppX) F Simulation

N (B0
s → (D0 → Kµ+X)ppX) F Simulation

N (p mis-ID1) F Fake-p

N (p mis-ID2) C Fake-p

N (µ mis-ID) F Fake-µ

N (Comb.) F Event mixing

Table 10.1: A summary of the parameters, their treatment and the samples used for
each component in the fit used to determine R(pp).
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Figure 10.1: Projections of the 3D histogram containing the selected B+ → ppτ+ντ
simulation sample in (top) q2, (middle) E∗

µ and (bottom) m2
miss.
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A final nuisance parameter αD2
||
is introduced that results from template shape

variations included for the B+ → ppτ+ντ , B
+ → ppµ+νµ, B

+ → pN
∗
µ+νµ and B+ →

p∆µ+νµ components. The shapes of these components shapes are free to vary using

the AddHistoSys function in an analogous way to the FF fit outlined in Sec. 8. The

shape variations represent ±1σ variations in the D2
|| parameter about the central value

obtained from the FF fit, where σ is the uncertainty quoted for D2
|| in Eq. (8.2). Hence,

the value of the nuisance is the deviation from the central value, in units of the original

theory uncertainty. The shape variations for the B+ → ppτ+ντ and B+ → ppµ+νµ

components are shown in Figs. 10.3 and 10.4 and those for the B+ → pN
∗
µ+νµ and

B+ → p∆µ+νµ are given in Appendix. F. The FF parameter predominantly affects

the q2 and E∗
µ shapes, whilst the m2

miss shape is constrained by the available phase

space of the decay products.
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Figure 10.3: Shape variations included for the B+ → ppτ+ντ template resulting from
±1σ fluctuations in the FF parameter D2

|| for (top) q2, (middle) E∗
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±1σ fluctuations in the FF parameter D2

|| for (top) q2, (middle) E∗
µ and (bottom)
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10.2 Fit to data

The likelihood function L(R(pp)) is given by

L(R(pp)) = Pois

(

n

∣

∣

∣

∣

∣

R(pp)cτµ +
∑

i

N (Xi)

)

×
[

n
∏

e=1

R(pp)cτµfτ (xe, ye, ze) +
∑

i N (Xi)fi(xe, ye, ze)

R(pp)cτµ +
∑

i N (Xi)

]

× G (N (p mis-ID2) , σ (p mis-ID2)|N (p mis-ID2)) , (10.1)

where Pois(n|A) is the Poisson probability of obtaining n events given A expected

events, the index i runs over the fit components and e = 1, . . . , n runs over the events

in the data sample. The variables N (Xi) represent the nuisance parameters in the fit

and correspond to the yields of the background components outlined in Table. 10.1.

The functions fτ (xe, ye, ze) and fi(xe, ye, ze) are the PDFs of the signal and background

components as obtained from simulation, respectively. The Gaussian constraint on

the yield of the p mis-ID 2 component is represented by function G(µ, σ|x), where
µ = N(p mis-ID2) is the expected yield as obtained from the unfolding procedure,

σ = σ(p mis-ID2) is the associated uncertainty and x = N (p mis-ID2) is the variable

that is subject to the constraint. The coefficient cτµ is given by

cτµ = N (B+ → ppµ+νµ)× B(τ+ → µ+νµντ )×
ǫ (B+ → ppτ+ντ )

ǫ (B+ → ppµ+νµ)
(10.2)

and facilitates the definition of R(pp) as the parameter of interest, rather than the

raw yield of the B+ → ppτ+ντ component as is the case for the nuisance parameters.

The negative logarithm of this likelihood is minimised by the Minuit minimisation

package [107]. This minimisation is equivalent to the maximisation of the likelihood,

as is the objective in a maximum-likelihood fit.

The projections of the three dimensional fit to data are shown in Figs. 10.5 and

10.6. Upon convergence, the best-fit value for R(pp) is in fact negative and consistent

with zero within 1.7σ, where σ is the statistical uncertainty. Fig. 10.7 shows the

likelihood minimized at a range of different R(pp) values, or the profile likelihood in

R(pp), where the minimum is clearly visible.
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The correlations between the fit parameters are shown in Fig. 10.8. Correlations

arise due to similarities in the shapes of the fit components. The highest correlations

are between modes which are most similar in terms of the kinematics of the decay

products; namely theB+ → ppµ+νµ, B
+ → pN

∗
µ+νµ andB

+ → p∆µ+νµ components.

The fit converges despite a few large correlations.
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Figure 10.8: Correlation matrix of the fit to data for R(pp). The largest correlations
are for the components which are similar in terms of the kinematics of the final-state
decay products.
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10.3 Validation of data fit

The fit is validated by performing a number of pseudo-experiments. The purpose of

validating the fit is to assess any inherent bias in the fit model and the coverage of the

statistical uncertainty. A toy data set is generated by randomly sampling the model

from the converged fit to data. A fit is performed to this toy data sample using the

nominal fit model. The pull is recorded from a total of 2500 pseudo-experiments, and

the mean of the pull distribution represents the bias of the fit model. The degree

to which the standard deviation differs from 1 indicates the amount of under/over-

coverage of the statistical uncertainty. The results of the fit validation are shown in

Fig. 10.9 and indicate a bias of around 2% and a slight over-coverage of the statistical

uncertainty. A Gaussian function is used to fit the pull distribution for illustration

purposes only. The mean of the pull distribution is assigned as a systematic uncer-

tainty to reflect the fit bias. The over-coverage is neglected given the large statistical

uncertainty.
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erated and fitted using the nominal fit model with a (orange) Gaussian fit overlaid.



Chapter 11

Systematic uncertainties

This chapter outlines the sources of systematic uncertainty in the analysis. There

are two types of systematic uncertainty; those associated with the efficiency ratio

and those arising due to uncertainties in the template shapes used in the fit to data.

Firstly, a summary of all of the systematic uncertainties is given. This is followed by an

account of the uncertainties on the efficiency ratio in sections 11.2 to 11.5. These arise

due to uncertainties associated with calibration samples or the simulation corrections.

The efficiency ratio is re-computed a number of times using weights which result from

some re-sampling of the nominal weights based on their uncertainties. The spread

in the efficiency ratio resulting from this re-sampling is used to derive the systematic

uncertainty.

A description of the uncertainties from the template shapes in the fit follows in sec-

tions 11.6 to 11.10. These are assessed by performing a number of pseudo-experiments.

A toy data sample is generated from the nominal fit model. An alternative model,

which constitutes a variation on the nominal model based on the uncertainty in ques-

tion, is used to fit the toy data sample. The nominal model is also used to fit the same

data sample. The difference in the best-fit value of R(pp) between the nominal and

alternative model is recorded for each pseudo-experiment. The mean of the distribu-

tion of these differences is taken as the systematic uncertainty. The uncertainties on

the efficiency ratio are smaller, due to the cancellation resulting from the visible final

state that B+ → ppτ+ντ and B+ → ppµ+νµ both have in common. Here, the largest

uncertainty relates to the choice of parameterisation for the B → pp form factors, as

described in Sec. 8.

111
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11.1 Systematic uncertainties summary

Table. 11.1 summarises the systematic uncertainties on the efficiency ratio. Those

arising due to shape uncertainties in the fit are given in Table. 11.2. The dominant

source of systematic uncertainty is due to the limited statistics of the simulation sam-

ples on the template shapes, and contributes an uncertainty of 40%. There is also a

significant uncertainty of around 13% due to variations in the shape of the part-reco

backgrounds due to the choice of physics model for these decays. However, this is

not surprising as the B0 → pp(D → µ+νµX)X component is the dominant part-reco

background, and variations in its shape are likely to introduce significant changes to

the behaviour of the fit.

Source Uncertainty (%)

Tracking 1.00

Kinematic Reweighting 0.21

PID 0.29

Form factor 6.46

Total 6.74

Table 11.1: A summary of the systematic uncertainties on the efficiency ratio, quoted
as a percentage of the total efficiency ratio, as given in Sec. 9.6.

Source Uncertainty (%)

Sim. Stat. 40.0

Fit Bias 2.10

p mis-ID shape 1.37

µ mis-ID shape 0.70

Part-reco bkg. shape 13.93

Comb. bkg. shape 4.87

Total 43.16

Table 11.2: A summary of the systematic uncertainties due to shape variations, quoted
as a percentage of the value of R(pp) as obtained from the fit to data.
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11.2 Tracking efficiency

The tracking correction histogram described in Sec. 5.5 has a systematic uncertainty

in each bin of 0.8% [83]. The content of each bin is varied by taking a random number

from a Gaussian distribution centred on the nominal value and with a width of 0.8%

to produce a fluctuated histogram, and a total of 100 such histograms are produced.

The efficiency ratio is re-computed 100 times using these histograms, and the spread

in the distribution of the efficiency ratios is taken to be the systematic uncertainty.

11.3 Kinematic reweighting

There is an uncertainty associated with the choice of reweighting method for the

kinematics of the B mesons. As described in Sec. 5.3, the BDT-based GBReweighter

is used. An alternative reweighting is used based on the BinsReweighter algorithm [97].

This reweights distributions based on the ratio of bin contents between the original

and target distributions. The result of the reweighting using this alternative method is

shown in Fig. 11.1. The difference in the efficiency ratio between the two reweighting

algorithms is taken as the systematic uncertainty.
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Figure 11.1: A comparison of the B+ → J/ψK+ before and after reweighting with
the sWeighted B+ → J/ψK+ data in (top) pT(B) and (bottom) p(B) using the Bin-
sReweighter algorithm.
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11.4 PID efficiency

The uncertainty on the PID efficiencies can be broken down into two contributions.

The first comes from the statistics of the calibration histograms obtained from PID-

Calib, as outlined in Sec. 5.6. However, this was found to contribute an uncertainty of

< 0.5%. The second comes from the choice of binning scheme used for the efficiency

histograms. The systematic uncertainty is assessed by taking the difference in the

efficiency ratio when using the nominal binning scheme and the alternative binning

scheme shown in Fig. 11.2.
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11.5 Form factor

As described in Sec. 8.1, an approximation is made in neglecting some of the form

factor parameters, namely D4
|| and D

5
||, that are expected to have sub-dominant con-

tributions to the distribution shapes of B+ → ppℓ+νℓ decays when compared with the

D2
|| parameter. A systematic uncertainty is determined in order to assess the accuracy

of this approximation.

The B+ → ppτ+ντ and B+ → ppµ+νµ templates are reweighted to variations of

the nominal pQCD model, where the parameters D4
|| and D5

|| are set to D4
|| = ±5σ

and D5
|| = ±5σ, where σ is the uncertainty quoted on the parameters in Eq. 8.2. The

efficiency ratio is re-calculated using these alternative weights, and the spread in the

efficiency ratio is taken as the systematic uncertainty. Examples of the resulting shape

variations are shown in Fig. 11.3 and 11.4.
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11.6 Simulation statistics

The uncertainty due to the simulation statistics is assessed using the so-called Beeston-

Barlow Lite (BBL) method [108]. This is used to propagate the statistical error due

to the limited statistics of the fit templates to the overall uncertainty on R(pp). The

quadrature difference

σSim. Stat =
√

σ2
BB On − σ2

BB Off

between the uncertainty with the BBL method on (σBB On) and the uncertainty with

the BBL method off (σBB Off) gives the contribution to the overall uncertainty. This

proves to be the dominant source of systematic uncertainty for the analysis. This is

due to insufficient simulation statistics for some of the dominant part-reco background

modes.

11.7 Misidentified proton shape

There is an uncertainty related to the shape of the p mis-ID components in the fit that

has two main origins. Firstly, as described in Sec. 6.2, the efficiency ǫ(U → X) for a

ghost track to be misidentified as a hadron X is nominally assumed to be negligible, i.e.

ǫ(U → X) = 0. A systematic uncertainty is assessed where the efficiency ǫ(U → X)

is varied in the range (0, ǫ(π → π)), for tracks in the π-like category. The efficiency

ǫ(π → π) is replaced by the equivalent efficiency in the K-like and p-like categories.

Secondly, there is an uncertainty related to the limited statistics of the PID cal-

ibration samples. The p mis-ID shapes are consequently varied by re-sampling the

calibration histograms based on this statistical uncertainty.

11.8 Misidentified muon shape

The origin of the uncertainty of the shape of the µ mis-ID component is directly anal-

ogous to the uncertainty on the p mis-ID shape; it derives from both the ghost track

efficiencies ǫ(U → X) and the finite statistics of the control samples. An analogous

procedure is used to derive shape variations for the µ mis-ID component in evaluating

the systematic uncertainty.
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Figure 11.5: The m(pp) spectrum for B0 → ppD0 decays from the observation made
by BaBar. Figure taken from Ref. [109].

11.9 Part-reco background shape

A systematic uncertainty is associated with the reweighting in m(pp) of some of

the part-reco backgrounds outlined in Sec. 5.7. Nominally, the m(pp) spectrum of

the B → ppDX samples is reweighted to that of the pQCD model. An alternative

reweighting strategy is used in order to assess the systematic uncertainty. The m(pp)

spectrum shown in Fig. 11.5 is from the BaBar observation of B0 → ppD0 [109]. An

alternative m(pp) reweighting is derived from this by generating an approximation of

the distribution based on the data. A comparison with the nominal m(pp) distribution

is shown in Fig. 11.6, and a comparison that demonstrates this variation compared to

the nominal template shapes is shown in Fig. 11.7. The mean difference in the R(pp)

values from a set of pseudo-experiments based on the nominal and alternative models

is taken as the systematic uncertainty.
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Figure 11.6: Comparison between the (blue) nominal and (red) alternative m(pp)
distributions used for the reweighting of the part-reco backgrounds, derived from the
pQCD model and the BaBar data, respectively.



Part-reco background shape 123

−2 0 2 4 6 8 10

q2 (GeV2)

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

N
or
m
al
is
ed

fr
eq
u
en
cy

Nominal

Alternative

500 1000 1500 2000

E∗
µ (MeV)

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

N
or
m
al
is
ed

fr
eq
u
en
cy

Nominal

Alternative

−2 0 2 4 6 8

m2
miss (GeV2)

0.00

0.05

0.10

0.15

0.20

N
or
m
al
is
ed

fr
eq
u
en
cy

Nominal

Alternative

Figure 11.7: Comparison between the (blue) nominal and (red) alternative template
projections for the B+/0 → pp(D → µ+νµX)X component.
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11.10 Combinatorial background shape

A variation of the nominal event mixing method described in Sec. 6.4 is used to

derive a systematic uncertainty due to the shape of the combinatorial background

template. Rather than combining pµ+ p from separate events as in the nominal case,

an alternative template is derived by forming combinations of p + µ + p, where each

track is from a separate event. A comparison between these two templates is shown

in Fig. 11.8.
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torial template projections in (top) q2, (middle) E∗
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Results

This chapter details the main results of the analysis. A summary of the yields from

the fit to data is presented, before concluding with a discussion of the limit placed on

R(pp).

12.1 Fit yields

The yields for each of the components obtained from the fit to data are given in Ta-

ble 12.1. The statistical uncertainties are significant for the majority of the parameters

in the fit. This is due to the fact that all-but-one of the parameters are left free to

float. The uncertainty on the constrained parameter N (p mis-ID2) is notably lower.

It is clear that the majority of the candidates in the data sample are due to

background processes, with the part-reco backgrounds being the dominant contri-

bution, as expected. There is also a significant amount of p mis-ID background, par-

ticularly for p mis-ID 1. There are decays with high branching fractions that can

contribute to the p mis-ID 1 component when partially-reconstructed, such as the

semileptonic decay Λ0
b → (Λ−

c → pK+π−)µ+νµX, where B(Λ0
b → Λ−

c µ
+νµX) ≈ 10%

and B(Λ−
c → pK+π−) ≈ 6% [88]. The contribution of this component alone could be

significant due to both the abundant production of Λ0
b baryons at LHCb [110] and the

presence of only one additional pion track.

126
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Parameter Yield

R(pp) −1.73± 1.23

N (B+ → ppµ+νµ) 7260± 300

N (B+ → pp(D → µ+νµX)X) 843± 599

N (B0 → pp(D → µ+νµX)X) 7790± 610

N (B+ → p(Λ−
c → pX)µ+νµ) 1740± 390

N (B0 → (Λ−
c → µ−pX)pX) 301± 110

N (B+ → p(∆→ pX)Xµ+νµ) 969± 628

N (B+ → p(N
∗ → pX)µ+νµ) 960± 582

N (B+ → ppD0µ+νµX) 443± 214

N (B0
s → (D+

s → µ+X)ppX) 779± 416

N (B0
s → (D0 → Kµ+X)ppX) 328± 355

N (p mis-ID1) 3140± 270

N (p mis-ID2) 787± 31

N (µ mis-ID) 1360± 180

N (Comb.) 1040± 340

Table 12.1: A summary of the yields and their associated statistical uncertainties
obtained from the fit to data that is described in Sec. 10.
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12.2 Limit setting

As no significant signal is observed, a limit is set on R(pp) using the CLs method [111].

This facilitates the computation of an upper limit by deriving a p-value based on

the distribution of a test-statistic derived from pseudo-experiments. The pseudo-

experiments use the model from the converged fit to data. The CLs p-values are

shown in Fig. 12.1. Systematic uncertainties on the efficiency ratio are accounted for

by placing a Gaussian constraint on the efficiency ratio, with a width given by the

total systematic uncertainty. The uncertainties associated with the template shapes

are incorporated by performing the pseudo-experiments using fluctuated versions of

the nominal distribution based on the shape uncertainties. Table. 12.2 summarises

the observed and expected 90% and 95% CLs exclusion limits.

The observed limit is lower than the median of the expected sensitivity. This is

expected in the presence of a downward fluctuation of the signal [112]. This is best un-

derstood when considering the distributions of the test statistic. Pseudo-experiments

are performed using a fixed value of R(pp) (S+B), alongside background-only (B-only)

hypotheses using the model from the fit to data. An example of the distributions is

shown in Fig. 12.2 for R(pp) = 1. The test statistic qobs. is also calculated for the

observed data. The observed CLs p-value is calculated as the ratio of the integrals of

the S+B and B-only distributions from qobs. to the end of the upper tail. Given that

the data is consistent with a downward fluctuation of the signal or, equivalently, an

upward fluctuation of the background, then qobs. is bound to sit somewhere in the up-

per tail of the B-only distribution. This results in smaller CLs p-values and therefore

a tighter limit than the expected median.

Confidence level Expected limit Observed limit

90% 2.06 1.17

95% 2.49 1.46

Table 12.2: A summary of the limits on R(pp) obtained from the CLs method.
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line) 95% CLs exclusion limits accounting for all systematic uncertainties, with (top)
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Conclusion

The work in this thesis constitutes the first search for the B+ → ppτ+ντ decay and

limit placed on the branching fraction ratio R(pp). A measurement of the B → pp

hadronic form factors in B+ → ppℓ+νℓ decays is also presented. The analysis was

performed using 5.1 fb−1 of data collected by the LHCb collaboration from 2016 to

2018. No significant signal is observed and the data are consistent with a negative

downward-fluctuation of the signal or an upward fluctuation of the background. A

limit of

R(pp) < 1.46

is placed at the 95% confidence level, corresponding to an upper limit of

B(B+ → ppτ+ντ ) < 7.69× 10−6

on theB+ → ppτ+ντ branching fraction using the LHCb measurement of B(B+ → ppµ+νµ)

in Ref. [39]. This is consistent with measurements of other analogous ratios, such as

R(D(∗)) [12–14], where the branching fraction ratios are less than 1. This would also

be the näıve expectation based on phase space considerations alone, given the signifi-

cantly higher mass of the τ lepton over the µ.

In terms of the scope for future improvements, the measurement would further

benefit from a thorough investigation into the part-reco background processes. Con-

straining the yields of these components would benefit the statistical precision, and

this could be achieved with a control sample enriched in these decays. This sample

can be obtained by using the charged isolation tool to obtain a sample rich in can-

didates that contain additional charged tracks (in contrast to the nominal use-case,

where the aim is to reduce the contamination). Deducing the composition of such a
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sample in terms of the contributing part-reco processes can provide information about

the levels of these backgrounds in the nominal sample, particularly in the cases where

the branching fraction is not known.

It would also be important to reduce the systematic uncertainties where possible.

The dominant source could be reduced with the production of larger simulation sam-

ples, at the cost of an increased allocation of computing resources by up to as much as

an order of magnitude. Further work on the theoretical side would also improve the

understanding of B+ → ppℓ+νℓ decays. An updated measurement of B(B+ → ppµ+νµ)

and the B → pp form factors using the full LHCb data set would serve as crucial input

to theorists working in this areas.

As the LHCb experiment progresses to another period of data taking over the

years 2022–2024 [113] and the Belle experiment continues to gather their 2021–2025

data set, the need to explore the structure of any new phenomena underpinning the

b-anomalies is ever-growing. Measurements like those of ratios such as R(pp) will play

a crucial role in this endeavour. Regardless of the resolution of the anomalous results,

the years to come are certain to be pivotal in the history of flavour physics.
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Particle Selection

p p > 15GeV

pT > 800MeV

χ2
IP wrt PV > 9

Track χ2/DOF < 6

DLL(p− π) > 2

DLL(p−K) > 2

P (ghost) < 0.35

µ+ P (ghost) < 0.35

Track χ2/DOF < 4

p > 3000MeV

χ2
IP wrt PV > 16

pp Vertex χ2/DOF < 10

DIRA > 0.999

χ2 PV distance > 25

B+ Vertex χ2/DOF < 15

DIRA > 0.999

χ2 PV distance > 50

pT > 1500MeV

m(ppµ+) > 1000MeV

Table A.1: Summary of the criteria made in the stripping selection for the measure-
ment of R(pp).



Appendix B

Neutral isolation BDT input

features

Neutral object Feature Definition

γ

photon E Energy

photon pt pT

photon bframe pt pT relative to visible B+ momentum

ap photon bframe pt pT relative to p momentum

ap photon dist sph
Distance in spherical coords. from p, in
a cone centred on the p momentum

photon dist cart Distance in Cartesian coords. from B+

photon dist cone Distance in (η, φ) from B+

π0

pi0 M Mass

pi0 pt pT

pi0 bframe pt pT relative to visible B+ momentum

pi0 dist cart Distance in Cartesian coords. from B+

ap pi0 dist sph
Distance in spherical coords. from p, in
a cone centred on the p momentum

ap pi0 bframe pt pT relative to p momentum

Table B.1: The features used as inputs to the neutral isolation BDTs. The term
‘relative’ here refers to directionality, and not relative magnitudes.
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Figure C.1: Comparisons between PHSP before (left) and after (right) reweighting to
the pQCD model in (descending order) m(pp), q2, cos θℓ and cos θY for B+ → p∆µ+νµ
decays.
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Figure C.2: Comparisons between PHSP before (left) and after (right) reweighting to
the pQCD model in (descending order)m(pp), q2, cos θℓ and cos θY for B+ → pN

∗
µ+νµ

decays.
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Particle Selection

p p > 18GeV

pT > 1500MeV

χ2
IP wrt PV 169

Track χ2/DOF < 6

DLL(p− π) > 10

DLL(p−K) > 5

P (ghost) < 0.35

µ+ P (ghost) < 0.35

Track χ2/DOF < 4

p > 3000MeV

pT > 1500MeV

χ2
IP wrt PV > 16

pp Vertex χ2/DOF < 4

DIRA > 0.999

pT > 1500MeV

χ2 PV distance > 150

B+ Vertex χ2/DOF < 15

DIRA > 0.9994

χ2 PV distance > 150

pT > 1500MeV

m(ppµ+) < 7000MeV

Table D.1: Summary of the criteria made in the stripping selection for the measure-
ment of the B → pp transition form factors.
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Figure E.1: Projections of the 3D histogram containing the selected data candidates
in (top) q2, (middle) E∗
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Figure E.2: Projections of the 3D histogram containing the selected B+ → p(N
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pX)µ+νµ simulation sample in (top) q2, (middle) E∗
µ and (bottom) m2

miss.
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Figure E.3: Projections of the 3D histogram containing the selected B+ → p(∆ →
pX)Xµ+νµ simulation sample in (top) q2, (middle) E∗
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