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1 Introduction

This thesis describes two different analyses performed at LHCb using

the B0
s → φγ and B0 → K∗0γ decay channels. First, the measurement of

the ratio of branching fractions B(B0 → K∗0γ)/B(B0
s → φγ) is presented,

giving the most precise value for B(B0
s → φγ) to date. Secondly, the CP-

violating observables S and C, as well as the mixing-induced A∆ parameter

are measured through a time-dependent analysis of the B0
s → φγ decay

channel, this being the first time the S and C observables are probed in the

Bs system. These studies are performed using data collected in 2011 and

2012 by the LHCb experiment at CERN, corresponding to an integrated

luminosity of 3.0 fb−1 of pp collisions at a center-of-mass energy of 7 TeV

and 8 TeV.

The Standard Model (SM), which is the current theory of particle physics,

has been widely tested, demonstrating an impressive predictive power. How-

ever, many questions remain open such as the observed bariogenesis in our

universe or the apparent presence of dark matter. Therefore, different models

of New Physics (NP) have been proposed to explain the remaining questions,

which predict the existence of new particles or (and) new interactions. In

parallel, the experimental community is focused on finding any hint of NP

which might shed some light on the characteristics of the physics beyond

the SM. Although no direct evidence for NP has been found at LHC so far,

over the last few years indirect hints for NP have been reported by several

experiments in the flavour sector (Belle, Babar, ATLAS, CMS and LHCb),

increasing the interest on this particular field. In particular, deviations of

the SM in observables related to lepton flavour universality violation are very

intriguing.

In this dissertation we focus on rare decays involving the b→ sγ transi-

tion, which can only occur via loop diagrams. Hence, they are particularly
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Chapter 1. Introduction

sensitive to new heavy particles contributing in the loop, which allows to

probe high energy scales through precision measurements. In these transi-

tions, as a consequence of the chiral structure of the weak charged currents

and the momentum conservation, the photon is predicted to be almost en-

tirely left-handed polarized, which opens the possibility for a sensitive null

test of the SM by measuring the right handed contributions.

This document is organized as follows. An overview of the theoretical

framework is presented in Chapter 2, paying special attention on aspects that

motivate this work, such as the CP violation mechanism in weak interactions

as well as the neutral B meson phenomenology, and the keen interest in

FCNC processes.

The data used to perform the studies reported here are collected at the

LHCb experiment, which is one of the four main experiments of the Large

Hadron Collider at CERN. The LHCb detector is designed to make precise

measurements of CP violation and rare decays of beauty and charm hadrons.

An introduction to the LHCb experiment and detector is provided in Chapter

3.

Reconstruction and selection criteria to obtain B0
s → φγ and B0 → K∗0γ

pure samples are described in Chapter 4, which is a common procedure for

the two analyses. Next, the background subtraction procedure is detailed

in Chapter 5, which contains a discussion and characterization of all the

relevant background sources and the final signal isolation achieved by a fit

to the B0 and B0
s invariant masses.

The nature of the pp collisions leads to large production of Bs mesons

at LHCb, being a unique opportunity to explore the Bs sector. Chapter 6

presents the measurement of the B(B0 → K∗0γ)/B(B0
s → φγ) ratio, where

the computation of all the efficiencies as well as the evaluation of the sys-

tematic uncertainties are detailed. From the measured result, the value of

B(B0
s → φγ) is extracted. This result can be exploited to improve the knowl-

edge of the form factors that could benefit studies using exclusive decays.

Thanks to the rich B0
s meson phenomenology, the time-dependent decay

rate of B0
s → φγ gives access to the CPV observables S and C, which are

sensitive to new phases beyond the CKM matrix, and the A∆ parameter,

which is in turn sensitive to the photon polarization. In Chapter 7, A∆, S
and C parameters are measured through a fit to the B0

s → φγ proper-time

2



distribution, while B0 → K∗0γ is used as control mode to determine the

proper-time acceptance. In this analysis, the LHCb tagging tools are used

in a radiative analysis for the first time.

Results from these measurements and their implications are finally dis-

cussed in detail in Chapter 8.

3
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2 Theoretical framework

In this chapter, a brief overview of the theoretical framework is given.

The Standard Model of particle physics is introduced in Section 2.1, with

special attention on the weak interaction and B0 phenomenology. After

this, the theoretical background for the analyses performed in this thesis are

described in Section 2.2.

2.1. Standard Model

2.1.1. Introduction

The Standard Model (SM) is the current theory of particle physics that

explains the elementary constituents of the matter and how they interact

through three of the four fundamental forces: the strong force, the weak

force and the electromagnetic force. The gravitational interaction, however,

has not been successfully included within this framework.

Among all the elementary particles of the SM, two main categories can

be defined: fermions with half-integer spin and bosons with integer spin.

Whereas fermions are the building blocks that make up the universe (see

Table 1), the bosons are the carriers of the fundamental forces and hence

they are the mediators of the interaction between particles (see Table 2).

According to how they can interact, fermions are divided into quarks which

couple to every force, and leptons which cannot feel the strong interaction.

There are three families (or generations) of both quarks and leptons, each

comprising two particles. Particles from the first family are the lightest

and more stable ones, thus they actually form the ordinary matter: (u,

d) quarks and (e, νe) leptons. Moreover, each elementary particle has its

corresponding antiparticle with same mass but opposite quantum numbers

5



Chapter 2. Theoretical framework

such as their charge and chirality.

The SM is a Quantum Field Theory (QFT) which depicts the fundamen-

tal forces as fields permeating the whole space, while the elementary particles

are associated to the fluctuations of the underlying fields. It is described by

the gauge symmetry group:

SU(3)C × SU(2)L × U(1)Y (2.1)

The color SU(3)C symmetry group describes the strong interaction be-

tween quarks and gluons, governed by the Quantum Chromodynamics (QCD)

theory. Self interaction is possible since gluons, which are the strong force

mediators, are color charged. This gives rise to the phenomenon of con-

finement1, whereby individual free quarks cannot been observed. Conversely

quarks are bonded into ”colorless” states called hadrons of two types: mesons

(quark-antiquark combination) and barions (three quarks combined). Even

so, although quarks produced in the colliders rapidly hadronize, the result-

ing mesons and baryons can be studied with particle detectors to infer the

properties of the transitions at quark level.

At high energies, electromagnetic and weak forces become unified re-

sulting in the electroweak force, described by the direct product of the

SU(2)L ⊗ U(1)Y gauge groups. The SU(2)L group only couples to fermions

with left-handed chirality (denoted by the L index) and non-zero weak

isospin T3. Besides, the U(1)Y group acts on the weak hypercharge Y which

relates to the electric charge Q as: Y = 2(Q − T3). The electroweak gauge

bosons are W+
1 , W−

2 , W 0
3 (generated by SU(2)L) and B0 (generated by

U(1)Y ). The observable massive bosons W± are linear combinations of W+
1

and W−
2 . In turn, the observed neutral Z boson and the massless photon

result from the mixture of W 0
3 and B0. Mass terms does not preserve the

gauge symmetry, so they are forbidden. This is solved by introducing the

spontaneous symmetry breaking (SSB) via the so-called Higgs mechanism

[1–3]. The latter implies the existence of a scalar field which fills the space

1The confinement phenomena, whereby individual free quarks or gluons cannot be

observed, is given by the fact that the attractive force between two colored particles

increase with their separation distance. Consequently, quarks are bonded together to form

”colorless” objects (named hadrons). The top, as the heaviest quark, decays too quickly

to form such states.

6



2.1. Standard Model

giving mass to fermions and the Z and W± bosons. Associated to this field,

the existence of an elementary particle, the Higgs boson, was predicted. In

2012 the Higgs boson was observed for the first time at LHC [4, 5], hence

completing the SM picture.

The SM has been widely tested by the experiments, demonstrating an

impressively accurate predictive power. Despite of this, it is not a complete

theory since it has not succeed in including gravity and many further ques-

tions remain open such as neutrino oscillation, dark matter, mass hierarchy,

the observed baryogenesis, etc. In fact the Standard Model is believed to

be only a ”low energy” approximation of a most general and fundamental

theory. Therefore, different models of the physics beyond the SM have been

proposed to explain the remaining questions. Consequently, after the Higgs

was discovered, the main goal is to find any hint of new physics using two

complementary approaches: direct observation of new particles predicted by

NP models (energy frontier), or searching for the indirect quantum effects of

new particles (precision frontier) which allow to probe higher energy scales.

generation symbol particle mass (GeV/c2) charge (e)

Quarks

(spin=1/2)

1st
u up 2.2× 10−3 2/3

d down 4.7× 10−3 −1/3

2nd
c charm 1.3 2/3

s strange 0.1 −1/3

3rd
t top 173 2/3

b bottom 4.2 −1/3

Leptons

(spin=1/2)

1st
e electron 0.1 −1

νe electronic neutrino > 0 0

2nd
µ muon 0.5 −1

νµ muonic neutrino > 0 0

3rd
τ tau 1.8 −1

ντ tauonic neutrino > 0 0

Table 1: Properties of the fundamental particles of the Standard Model [6].

7



Chapter 2. Theoretical framework

force symbol particle mass (GeV/c2) charge (e)

Electromagnetic γ photon 0 0

Weak
Z Z 91.2 0

W± W 80.4 ±1

Strong g gluon 0 0

Table 2: Properties of the gauge bosons which mediate the fundamental

interactions in the SM [6].

2.1.2. Weak Interaction and CKM: CP violation

As introduced before, three vector bosons are the mediators of the weak

interaction. The two charged bosons (W+,W−) are the mediators of the

charged currents (CC). On the other hand, The neutral boson Z is responsi-

ble of the interactions via neutral currents (NC). The vector-axial structure

(V−A) of the charged currents implies that the interaction only couples to

left handed (left chirality) fermions and right handed (right chirality) anti-

fermions.

The weak interaction couples to both leptons and quarks, which has

weak charge. For leptons the coupling to W± takes place within the same

generation. Thus the leptonic number is conserved. This is not the case

for quarks, since the physical states does not correspond to the flavour

eigenstates. That means flavour is not conserved in charged currents within

the quark sector due to the fact that the flavour eigenstates are not the weak

interaction eigenstates.

Universality of the weak interaction implies that the weak interaction

eigenstates are linear combinations of flavour eigenstates: u, d, s. By con-

vention, the u quark is not mixed, while ”down” quarks are mixed by the

θC angle, where θC is the so-called Cabibbo angle [7], u

d’

 =

 u

d cos θC + s sin θC

 . (2.2)

The CP symmetry breaking presented by the weak interaction was ex-

plained by Kobayashi and Maskawa through the generalization of the Cabibbo-

8



2.1. Standard Model

GIM scheme [8] to three quark generations, u

d’

 c

s’

 t

b’

 . (2.3)

Then, the physical states and the flavour eigenstates are related by the

Cabibbo-Kobayashi-Maskawa matrix (CKM) [9, 10],


d’

s’

b’

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 . (2.4)

Considering three quark generations, the charged currents can be expressed

as follows
3∑
i=1

ūiγµ(1− γ5)Vikd
k =

3∑
i=1

ūiLγµVikd
k
L, (2.5)

which gives sense to the index of the matrix elements, since its structure is

( ū c̄ t̄ )


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 . (2.6)

The CKM matrix elements can not be derived from theory and must be

experimentally determined. It is a 3 × 3 unitary matrix (V †CKMVCKM = 1)

with three free parameters and a complex phase. Several parametrizations

exists, but one of the most used is the Wolfenstein parametrization [11]:

VCKM =


1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4), (2.7)

where the four unknown parameters are determined to be:

λ = 0.22650± 0.00048, A = 0.790+0.017
−0.012, ρ = 0.141+0.016

−0.017, η = 0.357± 0.011.

(2.8)

The CKM representation given in Equation 2.7 reveals a hierarchical pat-

tern with the diagonal close to unity, the elements |Vus| and |Vcd| being of

O(10−1), the elements |Vcb| and |Vts| of order O(10−2) while |Vub| and |Vtd|
are of order O(10−3). This means that transitions between quarks with dif-

ferent flavour are more likely within a given quark generation, as shown in

Figure 1. If the CKM unitary holds, different conditions arise for the matrix

9



Chapter 2. Theoretical framework

Figure 1: Quark mixing in weak interactions. The strength of the interaction

between each pair of families is indicated by the scale.

elements which can be interpreted as triangles in the complex plane. The

most commonly used unitarity triangle is given by the condition:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0, (2.9)

whose vertices are exactly (0, 0), (1, 0), and (ρ̄, η̄). Many measurements can

be exploited to constraint this CKM triangle, and the current experimental

status is given in Figure 2, where no deviation from the SM is found.

In the SM, the only source of CP violation2 (CPV) is the phase in the

CKM matrix, however this phase generates small CPV and it cannot explain

the observed baryogenesis. A sign of CPV, is the difference between the

decay rates of a given decay and the corresponding CP conjugated process.

Considering a flavour changing process, which is governed by the CKM, has

two contributing amplitudes and the total decay amplitude is [13]:

Amplitude = c1A1e
iδ1 + c2A2e

iδ2 , (2.10)

where Aj, j = 1, 2 is the magnitude of the weak amplitude of each possible

diagram. The weak phase is factorized within the cj complex constants that

closely relates to the CKM matrix (cj = VikVi′k′ ...), while the δj stands for

the strong phase. Weak phases are CP-odd, thus it changes sing under CP,

however the strong phases are invariant instead. As a result the amplitude

2The CP symmetry is the simultaneous inversion of charge (C) and parity (P).

10



2.1. Standard Model

γ

γ

α

α

dm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

e
xc

lu
d
e
d
 a

t C
L
 >

 0
.9

5

α

βγ

ρ

1.0 0.5 0.0 0.5 1.0 1.5 2.0
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0.0

0.5

1.0
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excluded area has CL > 0.95

Summer 19

CKM
f i t t e r

Figure 2: The global CKM fit in the (ρ̄, η̄) plane, provided by the CKM

fitter group [12]. Constrains at 1σ are shown, and the red hashed region of

the global combination corresponds to 68% CL.
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Chapter 2. Theoretical framework

for the charged conjugated process is:

Amplitude = c∗1A1e
iδ1 + c∗2A2e

iδ2 , (2.11)

With this, the decay rate for both processes is obtained:

Γ ∼ c2
1A

2
1 + c2

2A
2
2 + 2A1A2Re(c1c

∗
2e
i(δ1−δ2)) (2.12)

Γ̄ ∼ c2
1A

2
1 + c2

2A
2
2 + 2A1A2Re(c

∗
1c2e

i(δ1−δ2)), (2.13)

and finally the CP asymmetry is found to be:

ACP =
Γ− Γ̄

Γ + Γ̄
∼ Im(c1c

∗
2)sin(δ1 − δ2). (2.14)

This result illustrates the requirements needed for CP asymmetry breaking.

One is the need of two interfering amplitudes with different strong phases

that contribute to the decay process. In addition to this, the cj weak coupling

constants must be complex and have a non-zero relative phase which rises

from the CKM irreducible phase.

In 1964 CP violation was discovered in kaon decays [14], while it was not

until 2001 that CP symmetry breaking was first measured in the B-meson

system by the B-factories [15, 16]. The interest in studying CPV lies in

the fact that it closely relates to the observed matter–antimatter asymmetry

in the universe, which still remains a mystery. This is why the precise

determination of the CKM elements which are fundamental parameters of

the SM, is crucial. Moreover, flavour physics processes governed by the CKM

are of high interest as they can help to further understand the mechanism

behind CP violation and search for new CPV sources beyond the SM.

2.1.3. B phenomenology

In the search for new CP-violating phases to explain the baryogenesis,

the study of the B neutral mesons constitutes a unique probe due to its

rich phenomenology. Here two different phenomena in the B system will be

described: the beauty oscillations and the CP violation in the interference

between decays with and without oscillation. Although we focus in the Bs

meson system, the full description of the phenomenology is valid for any

neutral meson system (K0, D0, B0).

Particle-antiparticle oscillation of neutral mesons were first discovered for

the kaon system in 1960 [17, 18], then in 1987 oscillations were observed in

12



2.1. Standard Model

the B0 system [19] and finally for the Bs meson system in 2006 [20]. The

transition between B0
s and B̄0

s are given at the lowest order by the ”box”

diagram shown in Fig.3. The flavour oscillation is a consequence of the fact

that physical states are not flavour eigenstates but a linear combination of

them. Therefore the time-evolving states are3

|BL〉 = p
∣∣B0

s

〉
+ q

∣∣B̄0
s

〉
, |BH〉 = p

∣∣B0
s

〉
− q

∣∣B̄0
s

〉
, (2.15)

where |q/p| ' 1, namely CP violation in B mixing is small. The physical

states have both mass and decay width differences (∆m = mH −mL ,∆Γ =

ΓL − ΓH > 0) and they get name from the mass difference of the BL and

BH (light and heavy mass eigenstates).

s̄

b

b̄

s

ū, c̄, t̄

W+

u, c, tB0
s

W−

B̄0
s

s̄

b

b̄

s

W+

ū, c̄, t̄

u, c, t

W−B0
s B̄0

s

Figure 3: Dominant ”box” diagram in the B0
s mixing, mediated by the weak

interaction.

The time evolution of these states is given by [8]:

H |BH,L〉 = (mH,L −
iΓH,L

2
) |BH,L〉 = i

∂

∂t
|BH,L〉 . (2.16)

Taking the flavour eigenstates as combination of |BH〉 and |BL〉 states

∣∣B0
s

〉
=
|BL〉+ |BH〉

2p
,

∣∣B̄0
s

〉
=
|BL〉 − |BH〉

2q
, (2.17)

the time evolution of a |B0
s 〉 initial state can be found:

H
∣∣B0

s

〉
=

1

2p

(
(mH − i

ΓH
2

) |BH〉+ (mL − i
ΓL
2

) |BL〉
)

= i
∂

∂t
|BH,L〉 , (2.18)

obtaining

∣∣B0
s (t)
〉

=
1

2p

(
e−imH t−

ΓH
2
t |BH〉+ e−imLt−

ΓL
2
t |BL〉

)
. (2.19)

3The sign convention in the physical states definition are taken from [21], which is not

the same as in the PDG [22].
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Chapter 2. Theoretical framework

It follows then that the amplitudes of mixing (B0
s → B̄0

s ) and no flavour

mixing (B0
s → B0

s ) for a |B0
s 〉 initial state are:〈

B0
s

∣∣B̄0
s

〉
=
q

p
g−(t) = − q

2p

(
e−imH t−

ΓH
2
t − e−imLt−

ΓL
2
t
)
, (2.20)

〈
B0
s

∣∣B0
s

〉
= g+(t) = +

1

2

(
e−imH t−

ΓH
2
t + e−imLt−

ΓL
2
t
)
, (2.21)

while in the case of a
∣∣B̄〉 initial state we find:〈

B̄0
s

∣∣B0
s

〉
=
p

q
g−(t) = − p

2q

(
e−imH t−

ΓH
2
t − e−imLt−

ΓL
2
t
)
. (2.22)

〈
B̄0
s

∣∣B̄0
s

〉
= g+(t) = +

1

2

(
e−imH t−

ΓH
2
t + e−imLt−

ΓL
2
t
)
. (2.23)

The q/p ratio ratio for the B0
s meson system is defined as

q

p
= −nBe−iφs (2.24)

where nB = −1 is taken to be consistent with the chosen sign convention,

and φs is the mixing phase4. To measure φs a second phase is needed as

reference since otherwise it is an arbitrary phase.

The neutral B meson systems also presents the mixing-induced interfer-

ence phenomenon. This occurs if there exists a CP eigenstate f into which

both B0 and B̄0 can decay. The phenomenon results from the interference

between two different amplitudes contributing to the same process. If we

consider the decay process of an initial B0
s meson,

A1 = A(B0
s → B0

s )A(B0
s → f), (2.25)

A2 = A(B0
s → B̄0

s )A(B̄0
s → f), (2.26)

with A1 and A2 the interfering amplitudes of the decay with and without

mixing respectively. This interference gives rise to CP symmetry breaking,

known as the indirect CP violation. We now introduce B0
s (t) and B̄0

s (t)

as the time-evolving states that are purely B0
s and purely B̄0

s at t = 0,

respectively. They can be written in the basis of the flavour eigenstates as

follows:

|B0
s (t)〉 = g+(t)|B0

s 〉+
q

p
g−(t)|B̄0

s 〉, (2.27)

|B̄0
s (t)〉 =

p

q
g−(t)|B0

s 〉+ g+(t)|B̄0
s 〉, (2.28)

4The phase of q/p is given by the phase of the box diagram that dominates the mixing

process (i.e φs = 2arg[V ∗tsVtb]).
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2.1. Standard Model

where g+(t)(g−(t)) is the probability amplitude of oscillation (no oscillation)

previously introduced. Then the decay amplitude of the B0
s (t) and B̄0

s (t)

states can be expressed as follows

〈f |B0
s (t)〉 = Afg+(t) +

q

p
Āfg−(t), (2.29)

〈f |B̄0
s (t)〉 = Āfg+(t) +

p

q
Afg−(t), (2.30)

where Af is the amplitude for B0
s → f and Āf is the amplitude for B̄0

s → f .

By squaring these amplitudes the decay rate in each case is obtained:

Γ(B0
s (t)→ f) ∝ e−Γs t

[
cosh (∆Γs t/2)−Df sinh (∆Γs t/2)

+ Cf cos (∆ms t)− Sf sin (∆ms t)
]
, (2.31)

Γ(B̄0
s (t)→ f) ∝ e−Γs t

[
cosh (∆Γs t/2)−Df sinh (∆Γs t/2)

− Cf cos (∆ms t) + Sf sin (∆ms t)
]
, (2.32)

where the time-dependence parameters Df , Cf and Sf are defined as

Cf =
1− |λf |2

1 + |λf |2
, Sf =

2Imλf

1 + |λf |2
, Df =

2Reλf

1 + |λf |2
, (2.33)

where

λf =
q

p

Āf
Af

. (2.34)

If no direct CP violation is considered (|λf | = 1 → Cf = 0) the symmetry

breaking occurs when Imλf 6= 0. The decay amplitude Af can be written in

the form

Af = afe
−i(δf+φf ), (2.35)

where φf is the weak phase, δf is the strong phase and af is a real number.

Being this the CP asymmetry can then be expressed in terms of the weak

phases involved in the process:

Af,CP =
ΓB0

s
− Γ̄B̄0

s

ΓB0
s

+ Γ̄B̄0
s

∝ Imλf = sin(−2φf − φs), (2.36)

where φs is the B0
s − B̄0

s mixing phase. Therefore the symmetry breaking is

due to the relative weak phase between q/p and Af/Āf . It shows that this

type of CP violation also rises from the complex nature of the CKM matrix.
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Chapter 2. Theoretical framework

2.2. New Physics searches in b → sγ transi-

tions

The b → sγ quark transition implies FCNC (flavour changing neutral

currents) which are not allowed at tree level in the SM, thus it only occurs

via penguin loop, as shown in Figure 4. It is a rare transition, which is GIM

suppressed, making them particularly sensitive to NP. New heavy particles

can enter in the loop and induce quantum effects on different observables,

thus allowing to probe mass scales inaccessible by other techniques.

Figure 4: Loop (penguin) diagram for the b→ sγ transition.

This fact has motivated several decay-rate measurements using decay

modes involving the b → sγ transition in different experiments. One of the

most relevant results from the B-factories are the inclusive branching ratio

BR(B → Xsγ) [23, 24] and the BR(B0 → K∗0γ) [25, 26]. Thanks to the high

energy at LHCb, heavier mesons such as the Bs can be studied with high

precision. In particular, the measurement of the B(B0 → K∗0γ)/B(B0
s → φγ)

ratio can be performed as will be introduced in Section 2.2.2. Moreover, even

heavier hadrons can be studied in this experiment such as Λb or Ξb [27].

Additionally, radiative transitions give access to another observable sen-

sitive to NP: the photon polarization. Due to the chiral structure of the

weak charged currents, the photon is predicted to be almost entirely left
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2.2. New Physics searches in b→ sγ transitions

handed (LH) in b → sγ process within the SM [28].Since helicity is not a

conserved quantity for massive particles there is a small correction of the

right handed (RH) photon contribution of the order of ms/mb [29]. Actu-

ally, the decay occurs at hadronic level which implies gluonic contributions

giving up to an additional 1% effect [30]. Consequently, any evidence of a

sizeable contribution of RH photons would be an unambiguous signal of NP.

In this regard, different measurements have been performed at the LHCb

experiment. The B+ → K+π−π+γ angular analysis [31] where the photon

polarization was first observed at LHCb by measuring the up-down asym-

metry, and the B → K∗e−e+ angular analysis [32] by measuring the A
(2)
T

and AIm
T transverse asymmetries which gives the best sensitivity so far. Fur-

thermore, the photon polarization can be probed through a time dependent

analysis as will be later discussed in Section 2.2.1.

The b→ sγ transition within the EFT context

To describe in a model independent way these processes, it is appropri-

ate to introduced the Operator Product Expansion formalism (OPE) [33].

Within this context, an effective Hamiltonian for a given decay process can

be written as the sum of the products of Wilson coefficients Ck and Opera-

tors Ok as

Heff =
k=10∑
k=1

CkOk (2.37)

where the Ck are the effective coupling constants which absorb the short-

distance effects, while the Ok local operators include the long-distance effects

describing the effective structure of the interaction.

Focusing on the radiative b → sγ process, and considering the relevant

the effective electroweak Hamiltonian at leading order (LO) [34]:

Heff = −GF√
2
VtsV

∗
tb (C7O7 + C ′7O

′
7) (2.38)

where GF is the Fermi constant and the electromagnetic dipole operators

O7, O′7 are defined as

O7 =
e

8π2
mbs̄σµν(1 + γ5)bF µν , O′7 =

e

8π2
mbs̄σµν(1− γ5)bF µν . (2.39)

The O′7 operator is a chirality flipped operator which is associated to the

emission of a RH photon, which can only occur through a mass-insertions on
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Chapter 2. Theoretical framework

the external s-quark line. Therefore the O′7 contribution is highly suppressed

in the SM by the ratio of the b and s quark masses:

C ′SM
7

CSM
7

=
ms

mb

' 0.02 (2.40)

2.2.1. Photon polarization in the B0
s → φγ time-dependent

decay rate

In this section the proper decay-time distribution of the Bs → φγ de-

cay will be described, and the observables sensitive to the photon polar-

ization will be presented. This will provide the theoretical basis for the

time-dependent analysis performed in Chapter 7. The following derivations

apply also for any B0
(s) → fγ, with f a CP eigenstate.

The time-dependent decay rate is calculated by considering the two am-

plitudes corresponding to each possible helicity final state, φγL and φγR.

They are accessible by both the B0
s and the B̄0

s because the φ is a vector

particle which is a CP eigenstate. Tacking as reference the Equation 2.27

the two contributing amplitudes are

〈φγR|ΨBs(t)〉 = ARg+(t) +
q

p
ĀRg−(t), (2.41)

〈φγL|ΨBs(t)〉 = ALg+(t) +
q

p
ĀLg−(t), (2.42)

where AR(L) is the amplitude for Bs → φγR(L) and ĀL(R) is the amplitude

for B̄s → φγL(R) . It should be noted that AL and ĀR are very small in the

SM. For a Bs meson in the initial state the decay rate is

ΓB0
s
(t) ∝ |〈φγR|ΨBs(t)〉|2 + |〈φγL|ΨBs(t)〉|2. (2.43)

Finally, using Equation 2.41 and 2.42 and definitions from Section 2.1.3 for

g±(t), ∆Γs and ∆ms, the proper time distribution is obtained to be

ΓB0
s
(t) ∝ e−Γs t

[
cosh (∆Γs t/2)−A∆ sinh (∆Γs t/2) + C cos (∆ms t)− S sin (∆ms t)

]
,

(2.44)

with

C =
(|AL|2 + |AR|2)− (

∣∣ĀR∣∣2 +
∣∣ĀL∣∣2)

|AL|2 + |AR|2 +
∣∣ĀR∣∣2 +

∣∣ĀL∣∣2)
, (2.45)

S =
2Im[ q

p
(ĀLA∗L + ĀRA∗R)]

|AL|2 + |AR|2 +
∣∣ĀR∣∣2 +

∣∣ĀL∣∣2)
, (2.46)
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2.2. New Physics searches in b→ sγ transitions

A∆ =
2Re[ q

p
(ĀLA∗L + ĀRA∗R)]

|AL|2 + |AR|2 +
∣∣ĀR∣∣2 +

∣∣ĀL∣∣2)
. (2.47)

Following the same procedure we obtain the corresponding decay rate for a

B̄s initial state:

ΓB̄0
s
(t) ∝ e−Γs t

[
cosh (∆Γs t/2)−A∆ sinh (∆Γs t/2)− C cos (∆ms t) + S sin (∆ms t)

]
.

(2.48)

Note the change of sign in the cosine and sine terms. This proves that the

time-distribution parameters A∆, C and S are indeed dependent on the final

state helicity amplitudes. The access to A∆ is only possible for the Bs meson

because ∆Γ is too small for Bd. The C parameter is sensitive to new weak

decay phases (i.e direct CPV in the decay) while A∆ and S are sensitive

to the contribution of right handed currents [29]. These can be written in

terms of the (observable) mixing phase φs and an additional phase ψ as,

A∆ = sin 2ψ cosφs, (2.49)

S = sin 2ψ sinφs. (2.50)

The ψ parameter accounts for the wrong helicity fraction, i.e the contribution

of photons with anomalous polarization:

tanψ =
ĀR
ĀL

=
AL
AR

.

Note that Equations 2.49 and 2.50 are only valid under the approximation

of small contributions of the anomalous helicity amplitude and considering

no CP-violating direct phases (i.e., Im(AL/AR) = 0).

A measurement of S and C requires flavour tagging5 of the initial state

which has an efficiency below 10% at LHCb. Conversely the A∆ parameter

can be extracted without flavour tagging:

ΓB0
s
(t) ∝ |A|2 e−Γst

[
cosh (∆Γst/2)−A∆ sinh (∆Γst/2)

]
. (2.51)

where same partial rates were assumed.

As it has been already discussed, in the SM AL and ĀR are very sup-

pressed, which means that the interference phenomenon is almost negligible.

5The flavour tagging consists in the experimental reconstruction of the quark b type

through specific algorithms.
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Chapter 2. Theoretical framework

Consequently, the SM predictions for the interference parameters are nearly

zero, SSM = 0 ± 0.002, A∆
SM = 0.047+0.029

−0.025 and CSM ' 0.005 ± 0.005 [29].

However, several models BSM [28] predict the contribution of right handed

currents6, resulting in an enhancement of the A∆ and S parameters.

Experimental status

As stated at the beginning of this section, any b-meson decay of the

type B → fCPγ can induce mixing interference, thus giving access to the

CP-violating observables (SCP and CCP ) through a time-dependent analysis.

These observables have been probed using different decay modes by the

B-factories in the B0 system. Among these are the measurements using

B0 → Ksπ
0γ decay mode [35, 36], B0 → Ksηγ [37, 38], B0 → Ksρ

0γ [39,

40] and B0 → Ksφγ [41]. Results are summarized in Figure 5, being all

consistent with the null hypothesis. Nevertheless, the experimental precision

is still far from the accuracy of the SM prediction and thus there is room to

find BSM effects.

At LHCb, thanks to the large B0
s production, time dependent measure-

ments using this meson can be performed. In 2017, the photon polarization

was first observed in a B0
s decay mode by measuring A∆ in the B0

s → φγ

decay [43]. Based on the latter analysis, the time dependent analysis of this

decay is performed including tagging information which gives access to the

CP-violating parameters S and C as described in Chapter 7.

2.2.2. Exclusive branching fractions

While inclusive branching ratios are theoretically cleaner than exclusive

modes, the latter are easier to measure experimentally due to the distinctive

signature with a single final state. When it comes to measuring integrated

decay rates at pp colliders, only ratios of branching ratio are measured in

order to avoid uncertainties coming from L and σbb̄ determination. In par-

ticular in this thesis the B(B0 → K∗0γ)/B(B0
s → φγ) ratio measurement will

be described in Chapter 6.

Due to the sizable width difference of the Bs system the time-integrated

6The contribution of new particles entering the loop with different chiral structure

from W is known as right-handed currents contribution.
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2.2. New Physics searches in b→ sγ transitions

Figure 5: Averages of (left) SCP and (right) CCP for b → sγ. Recall that

the data for K∗γ is a subset of that for Ksπ
0γ [42]

branching ratio of the B0
s → φγ decay that is measured experimentally is

not equivalent to the theoretical branching ratio which does not consider the

Bs − B̄s mixing. These two quantities are related as

BR(B0
s → φγ) =

(
1−A∆ys

1− y2
s

)
BR(B0

s → φγ), (2.52)

where BR(B0
s → φγ) is the observable which is really measured at the

experiment. This fact needs to be accounted when interpreting the results

in Chapter 8.

The current prediction for the branching fractions of both B0 → K∗0γ

and B0
s → φγ is (4.3 ± 1.4) × 10−5 [44]. Theory uncertainties that mainly

affect this prediction rise from the hadronization process that is largely non-

perturbative. However, a precise measurement of exclusive branching ratios

would help to extract form factors with better accuracy, provided that the

SM holds. A more accurate prediction is available for the ratio since it

benefits from partial cancellation of hadronic uncertainties: 1.0± 0.2 [45].
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Experimental status

The B0 → K∗0γ decay was first observed at the CLEO experiment in

1993 which was the first evidence for the quark-level process b → s [46].

Later, in 2007 the B0
s → φγ decay was discovered by the Belle collaboration

which imply the first observation of a radiative penguin decay of the B0
s [47].

In the same analysis, the BR(B0
s → φγ) was measured, however few years

later the result was updated using more data: BR(B0
s → φγ) = (3.6± 0.9)×

10−5 [48]. Recently the ratio B(B0 → K∗0γ)/B(B0
s → φγ) was measured

at LHCb with Run 1 partial data, giving the most precise BR(B0
s → φγ)

measurement to date: (3.5± 0.4)× 10−5 [49].

The current world averages are [42]: BR(B0 → K∗0γ) = (4.17 ± 0.12) ×
10−5 and BR(B0

s → φγ) = (3.52 ± 0.34) × 10−5. Both values are consis-

tent with the standard model predictions, as well as the ratio B(B0 →
K∗0γ)/B(B0

s → φγ) whose experimental value is 1.23± 0.10 [49].
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3 The LHCb experiment

3.1. The LHC collider and LHCb experiment

at CERN

The European Organization for Nuclear Research (CERN), founded in

1954, is an international cooperation that created the largest laboratory of

particle physics. At present, the collaboration is run by 23 member states,

however the research task involves more than 12 000 scientists from over 70

countries. Since it was founded, many great strides has been made in particle

physics (such as the discovery of the Higgs [4, 5]), as well as in technology

(e.g. the invention of the World Wide Web).

Built by CERN, the Large Hadron Collider (LHC) is the world’s largest

and most powerful particle collider, placed on the Franco-Swiss border near

Geneva. It consists of a two-ring superconducting hadron accelerator and

collider with a 26.7 km circumference that lies 100 m underground. The

collider was mainly designed for proton-proton (pp) collisions, however there

are dedicated runs with heavy ions collisions. As it is shown in Figure 6, the

LHC is the last ring in a complex chain of particle accelerators. The smaller

machines are used in sequence to accelerate the beam of protons or ions near

the speed of light, before injecting them into the two beam pipes of the LHC.

Here the particles are accelerated in opposite directions by radiofrequency

structures and guided by superconducting magnets. They then collide at the

four interaction points along the tunnel where the experiments are placed.

The LHC was designed to work at an energy of 14 TeV in the center-

of-mass (
√
s) of the collision, with a nominal instantaneous luminosity1 of

1The luminosity (L) is defined as the number of events (N) for a specific process with

an interaction cross-section σ, produced on a certain time (t): L = 1
σ
dN
dt

23



Chapter 3. The LHCb experiment

Figure 6: Sketch of the CERN accelerator complex.

L = 1×1034cm−2s−1. However, in the first running period (so-called Run 1),

the accelerator was operating at an energy of 7 TeV during 2010 and 2011,

after which the energy was increased up to 8 TeV in 2012. After two years

shutdown, the LHC restarted with pp collisions at 13 TeV in 2015 until 2018

(Run 2). Since 2019, during a second technical shutdown, the accelerator

and detectors are being upgraded to run at
√
s =14 TeV for Run 3, which

is expected to start in 2022.

Figure 7 covers the evolution of the data-taking conditions during the

different LHC phases, including the long term plans as it is the High Lu-

minosity LHC (HL-LHC), where a luminosity a factor five larger than the

LHC nominal value will be achieved.

New physics searches are performed through either the direct production

of new heavy particles in the proton-proton collision (energy frontier), or the

indirect search by the study of the quantum effects in certain observables

originated by the exchange of new virtual particles in lower energy processes

(precision frontier). Both these approaches are represented at the LHC.

ATLAS and CMS experiments are dedicated to direct searches of new par-

ticles production being sensitive to new physics at TeV scale. On the other

hand, LHCb experiment is focused on indirect searches mainly through the

study of rare decays of heavy particles containing b or c-quarks tacking over
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,

Figure 7: LHC long-term schedule.

from BELLE and BABAR experiments (the so-called B -factories). ALICE

is another of the four main experiments in the LHC, which is dedicated to

the study of the physics of strongly interacting matter at high energy den-

sities using heavy ions collisions. Furthermore, there are three specialized

experiments with no interaction point: LHCf, TOTEM and MoEDAL [50–

52].

The search for the Higgs boson was one of the main reasons for building

the Large Hadron Collider, allowing to achieve a greater understanding of

the mass origin of the fundamental particles. The recent discovery of the

Higgs boson [4, 5] completes the Standard Model theory. Nevertheless, as

it has been already mentioned, this model does not explain the complete

picture as it is an approximation at low energies. For that reason the LHC

is dedicated not only to test the SM, but also to search for evidence of

physics beyond the SM, the so-called new physics, in order to shed light

upon the remaining unexplained features. So far no direct evidence for NP

has been found at LHC, however over the last few years indirect hints for

NP have been found at LHCb and other experiments, in the flavour sector.

The main aim of the LHCb experiment is to make precise measurements

of CP violation and rare decays of beauty and charm hadrons. The LHCb

has several advantages over the B -factories, including higher bb̄ production

with a cross section of 500µb at the nominal energy
√
s = 14 TeV. However
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that leads to an enormous number of background events that have to be

rejected by a powerful selection criteria. In addition, the large LHC collision

energy allows to produce all types of b-hadrons: not only B± and B0 mesons,

but also B±c and B0
s meson, and b- baryons, as a difference from B -factories,

which worked at the Υ(4S) energy around 10.58 GeV.

In order to perform precision measurement, LHCb operates at a reduced

luminosity as compare to ATLAS and CMS. This is achieved by de-focusing

the beam at the LHCb interaction point, thereby making each bunch cross-

ing (or event) dominated by single pp interactions. This provides a cleaner

environment which benefits the proper time reconstruction for time depen-

dent analysis, and it also gives rise to a lower detector occupancy for very

rare events searches. The integrated luminosity recorded by LHCb in pp

collisions was 1.11 fb−1 in 2011 and 2.08 fb−1 in 2012. Figure 8 shows the

evolution of the integrated luminosity over the running periods.

Figure 8: Integrated luminosity recorded at LHCb in pp collisions during the

data-tacking period 2010 - 2018.

3.2. The LHCb detector

Since bb̄ and cc̄ pair production occur dominantly via gluon fusion, heavy

flavour hadrons are mainly produced in forward and backward direction at

high energies, as shown in Figure 9. For this reason the LHCb detector is a
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3.2. The LHCb detector

single-arm spectrometer with a forward angular coverage from approximately

15 mrad to 300 (250) mrad in the bending (non-bending) plane, correspond-

ing to a pseudorapidy2 range 2 < η < 5. A lateral view of the detector

layout is given in Figure 10. A right-handed coordinate system is defined

with z-axis aligned with the beam direction, y vertical and x horizontal.

The detector is composed of several subdetectors, placed one after the other,

which are dedicate to measure the particles trajectory (VELO, TT, T1-T3)

and to identify them (RICH’s, calorimeters, muon system).
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Figure 9: Angular distribution of the bb̄ production at
√
s =14 TeV. Only

27% of b or b̄ quarks are produced inside LHCb acceptance (labelled in red)

[53].

3.2.1. The tracking system

The tracking system is a set of sub-detectors with the purpose of recon-

structing the trajectory of the charged particles. The detectors comprising

this system are the VELO, the Tracker Turicensis (TT) and the tracking

stations (T1-T3).

At the LHC energies particles are produced very boosted, and heavy

hadrons fly several millimeters before decaying. With a high-precision track-

ing system it is possible to separate the primary vertex (PV) from the

2The pseudorapidity η is defined as η = − ln tan(θ/2), where the polar angle θ is the

angle between the momentum of the particle with respect to the beam axis.
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Figure 10: A schematic view of the LHCb detector [54]

secondary vertex (SV)3, thus giving good decay time resolution. This is

necessary to resolve the B0
(s) and D0 mesons oscillations and to measure

time-dependent CP violation in B0
(s) decays. This feature is also exploited

to distinguish between tracks coming from the relevant hadron decay and

the numerous tracks produced the collision point. The charge and the mo-

mentum of the particles can also be measured by studying the track bending

when passing through the magnet (described bellow), which is important to

fully reconstruct a certain decay process.

VELO (VErtex LOcator)

The VELO is a silicon micro-strip based detector, which provides precise

measurements of the particle trajectory close to the interaction point. There-

fore, it is the responsible to identify and reconstruct primary and secondary

vertexes. The distance between the PV and SV, along with momentum in-

3The primary vertex is the hadron production vertex at the collision point, while the

secondary vertex is the decay vertex, defined as the convergence point of the two or more

tracks of the decay products.
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formation from other subdetectors, enables to determine the decay time of

heavy hadrons. As shown in Figure 11, the VELO detector is composed of

two sets of 24 semicircular modules surrounding the collision region, each

providing a measure of the r and φ coordinates. To avoid radiation damage,

each module is divided into two halves that can be retracted from the beam

during LHC injection and closed again at 8 mm when the beam is stable.

Figure 11: Scheme of the VELO cross section in the (x, z) plane in the fully

closed position. A front view of a module is also illustrated, in the closed

and open position of the sub-detector [55].

Tracker Turicensis

The Tracker Turicensis (TT) is located upstream of the dipole magnet

and covers the full acceptance of the experiment. TT improves the long-

track4 momentum resolution, but also enables the reconstruction of long-lived

particles that decay after the velo. It belongs to the so-called tracker system

(TS), and is composed of four layers made of high spacial resolution micro-

4Track from a particle which have hits in each detector of the tracking system from

VELO to the T-stations and muon chambers.
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strips. In order to determine the transverse component of the momentum,

the orientation of the two inner layers are rotated −5◦ and 5◦ around the

z-axis (stereo layers).

Tracking stations

The three tracking stations (T1, T2 and T3) are located downstream of

the magnet and are composed by two sub-systems: Inner (IT) and Outer

(OT) trackers. IT is a silicon strip detector covering the inner region, which

has high particle density flux. In the outer region, the rest of the acceptance

is covered by the OT. Due to the low occupancy in this region, there is

no need to use a strip based detector and the OT is a drift-time based

detector, filled with a gass mixture of Ar/CO2/O2 (70%/28.5%/1.5%). Each

of the stations is composed by four layers, that are arranged in the same

way as the TT to provide the information for track reconstruction in the

three dimensions.

In LHCb there are five track types depending on which parts of the track-

ing system are involved in their detection. A sketch of the track type can

be seen in Figure 12, including the following track categories: Downstream

Track, Long track, T Track, Upstream Track and Velo Track. Long tracks

traverse the full tracking system and therefore are reconstructed from hits5

from the VELO, the T-stations and potentially also from the TT. They are

coming from decaying products of hadrons containing b or c quarks, which

typically travel a few millimeters before decaying. Downstream tracks, in

turn, originate from the decay products of long-living particles, which de-

cay after the VELO and thus are only reconstructed in the TT and the

T-stations. Upstream tracks are reconstructed by the VELO and the TT,

coming mainly from low-momentum particles that fall out of the LHCb

detector acceptance. Besides, the T-tracks are track segments only recon-

structed by the T-stations, and come from long-living particles that decay

after the TT. Long tracks, that benefit from having hits in the VELO, have

the most accurate momentum estimation, and are the most commonly used

in the physic analyses. However, downstream tracks are also used and they

5A hit is a charged cluster with a defined position, which corresponds to the crossing

point of a particle in any sub-detectors of the tracking system. They are used to built

tracks by the tracking algorithms.
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Figure 12: Track types in LHCb.

are crucial when studying processes that involve long-lived particles. All

other types serve either for detector studies or as a component of another

track type.

Magnet

A magnet dipole, located between TT and T1-T3 as shown in Figure

12, induces a deviation in particle trajectory in the horizontal plane from

which it is possible to extract its momentum. For tracks originated at the

collision point of 10 m length , the integrated magnetic field is about 4 Tm.

The polarity of the magnet is reversed periodically to minimize possible

systematic uncertainties due to the detector asymmetries, which average out

by using each half of the data in a different configuration (i.e magnet polarity

up and down).

3.2.2. Particle Identification

In order to reconstruct exclusive heavy flavour decays, particle identifica-

tion (PID) is needed to distinguish between all the particle species that are

generated at the LHCb. This task is carried out by the RICH detectors, the

calorimeters and the muon detectors.

PID information provided by each detector is combined in a single set of

variables using two different methods to identify charged particles (electrons,

muons, kaons and protons). One method uses the delta logarithmic likelihood
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(DLL) defined as the difference in the log-likelihood computed when the

particle is identified under the X specie mass hypothesis (lnLX) and the

pion hypothesis (lnLπ) [56]:

DLLXπ = lnLX − lnLπ. (3.1)

The other approach uses a multivariate technique to combine PID infor-

mation from each sub-detector in a single probability for a given X mass

hypothesis (ProbNNX).

Neutral particle identification, such as photons and neutral pions, is based

on the information provided by calorimeter system (SPD, PS, ECAL and

HCAL). To distinguish between neutral pions and photons a multivariate

method is applied. The isPhoton variable allows to distinguish between

neutral pions and photons [57]. Aiming to improve photon PID, more infor-

mation is taken into account in two algorithms to separate between photons

from hadrons and electrons (the so-called isNotH and isNotE variables) [58].

Calibration studies of these variables used in neutral PID have been part of

this thesis work and are detailed in Section 4.3.

The RICH (Ring Imaging Cherenkov)

The Cherenkov radiation is emitted by a charged particle that travels

faster than the speed of light when traversing a medium with refractive

index n > 1. The angle θC of the light cone is related to the particle velocity

β as follows,

cos(θC) =
1

βn
. (3.2)

This effect can be exploited to determine the mass of the particles, and thus

identify them. This is achieved by combining velocity measurements with

the momentum information provided by the tracking system. At the LHCb,

two RICH detectors use Cherenkov photons to provide charged particle iden-

tification. The first one (RICH1) is placed upstream the magnet and covers

the full LHCb acceptance. Containing C4F10 (mixed with aerogel in Run1)

as gas radiator, it is designed to identify particles in the low momentum

spectrum (2-60 GeV/c). The second one (RICH2), with smaller angular ac-

ceptance, is located downstream the magnet. It is optimized to be sensitive

to high momentum range from about 15 GeV/c to 100 GeV/c, using CF4.
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Discrimination power of the radiator gasses used in RICH detectors is shown

in Figure 13. Cherenkov light is guided by using a system of spherical and

flat mirrors onto the Hybrid Photo Detectors (HPDs) and photomultipliers

tubes, which provide the image from which the light cone is reconstructed.

Figure 13: Cherenkov angle versus particle momentum for the several RICH

radiators used in LHCb [54].

Calorimeters

The calorimeter system provide the identification of electrons, photons

and hadrons, as well as its energy and position. In addition, it provides

fast information used by the hardware trigger to select high-pT electrons,

photons and hadrons. It consists of a ”Scintillating Plane Detector (SPD),

the ”PreShower detector” (PS), the Electromagnetic CALorimeter (ECAL)

and the Hadronic CALorimeter (HCAL). To account for the non-uniform

particle flux, the design presents a decrease in granularity with the distance

to the beam pipe. The calibration and performance of the LHCb Calorimeter

system in Run 1 and 2 at the LHC are described here [59].

SPD and PS

These detectors consist of two similar scintillator pads separated by

a 15 mm thick lead layer, which initiates an electromagnetic shower.
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Figure 14 shows the different particle signatures in the pre-shower sys-

tem, which depend on the particle charge and its electromagnetic or

hadronic nature. This, combined with the ECAL and HCAL energy

measurements, provides fast PID at the first level of trigger, to select

high-pT e±, γ, π0 and hadrons. Only charged particles interact with

the scintillator material, making the SPD a very fast binary detector

which allows to tag the charge of the particles. Besides, the PS mea-

sures the shower dispersion to distinguish between electromagnetic and

hadronic particles (i.e e± and π0).

SPS PS ECAL HCAL

Pb

SPD

e

h

Figure 14: Sketch of the LHCb Calorimeter system. The light yellow zones

represent where the different particles (photons, electrons or hadrons) inter-

act in each subsystem [54]

The Electromagnetic CALorimeter (ECAL)

The ECAL main purpose is to measure the energy of electrons and pho-

tons. It is formed by scintillating pads separated by 2 mm thick lead

absorbers and read out by WLS (wavelength-shifting), following Shash-

lik technology. This design satisfies the requirements of fast response

and high radiation resistance. In order to fully stop the traversing par-

ticles depositing almost all their energy inside the material, the ECAL

thickness is chosen to be about 25X0 where X0 is the radiation length.

The ECAL design resolution is:

σE
E

=
10%√
E/GeV

⊕ 1%. (3.3)
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Hadronic CALorimeter (HCAL)

It consists of stacks of scintillating and iron tiles oriented parallel to

the incoming particle flux. The size of the absorber (5.6 interaction

lengths) tiles is not enough to fully stop particles. However it is enough

to provide a fast estimation of the energy of hadrons used at the trigger

level, with a resolution of:

σE
E

=
65%√
E/GeV

⊕ 9%, (3.4)

The tracking system, along with the PID, also provides a precise mea-

surement of the energy for charged hadrons.

Muon chambers

Located at the far end of the detector, the muon system comprises five

stations (M1-M5) that are dedicated to identify muons and measure their

momentum. Because the muons present low interaction probability, they can

go throughout the whole detector. The stations have a projection geometry

covering the LHCb acceptance, and each presents the same granularity pat-

tern as the calorimeter system. Multi-wire proportional chambers (MWPC)

are used in most of the stations, except for the inner part of the M1 which

is built of gas electron multiplayers to deal with high particle flux and ra-

diation in this region. M1, placed before the SPD/PS, allows to perform

transverse momentum measurements at the online level. After the HCAL,

M2-M5 stations are interleaved with iron layers to select high-energy muons,

so that only muons with momentum greater than 6 GeV/c can traverse all

five stations.

3.3. Trigger and Offline data processing

A huge amount of particles are produced in the pp collision, consequently

the amount of information needs to be reduced due to computing time and

storage limitations. Therefore, to keep only those events which are of physics

interest a selection criteria is needed, and this task is driven by the trigger

system, which is divided in two decision levels: the level-zero trigger (L0)

which is hardware based, and the high-level-trigger (HLT), a sofware trigger
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which is in turn divided into two stages (HLT1 and HLT2). Each HLT

stage consists in different trigger selections (or lines) that run in parallel.

The three stages run in sequence, as illustrated in Figure 15, and they run

only over events that have been accepted by at least one of the lines in the

previous step.

40 MHz bunch crossing rate

450 kHz 
h±

400 kHz 
µ/µµ

150 kHz 
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger 

26000 Logical CPU cores 

Offline reconstruction tuned to trigger 
time constraints 

Mixture of exclusive and inclusive 
selection algorithms

1.5 kHz 
Inclusive 

Topological

3.5 kHz (0.2 GB/s) to storage
1 kHz 

Inclusive/
Exclusive 

Charm

1 kHz 
Muon and 
DiMuon

LHCb 2011 Trigger Diagram
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400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

Figure 15: Diagrams of the LHCb trigger data-flow in 2011 (left), 2012

(center) and 2015 (right). [60]

3.3.1. Level-0 trigger (L0)

Within the first trigger stage, L0 allows to reduce from the 40MHz LHC

rate to only 1 MHz rate, at which it is able to readout the whole LHCb detec-

tor. Implemented in hardware, it is a basic selection of potentially interesting

events. Calorimeter lines select events with electrons, photons or hadrons

with high transverse momentum (L0Hadron, L0Photon, L0Electron). Ad-

ditionally, events with more than 600 hits at the SPD are removed, thus

rejecting complex events with high number of tracks. Similarly, muon lines

select events with one or two muons with high pT (L0Muon, L0DiMuon).

3.3.2. High Level Trigger

HLT1

This first stage of the software trigger, performs a first reconstruction

of tracks and the PV, in order to select displaced high-quality tracks that
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may come from a heavy hadron decay. Also VELO segments that match

with hits at the muon chambers are selected. Only long-tracks, with VELO

hits, are used in this trigger stage to save processing time. However, the

physics case that involve long-living particles would benefit from triggering

in downstream tracks.

HLT2

At this stage, the rate is low enough to perform a full reconstruction of

the decay processes using all the information of the detector. There are two

different types of HLT2 lines: inclusive and exclusives lines. The inclusive

ones reconstruct generic decays, based on common features of the B decays,

such as displaced vertexes, or di-lepton pairs. In contrast, exclusive lines

reconstruct an specific decay with high efficiency. In addition, Global Event

Cuts (GEC) are applied to reject complex events, and hence the processing

time is reduced. Events that has passed this trigger stage can be finally

stored in a disk at 3 kHz rate.

An event selected by a trigger line can be classified in three non-exclusive

categories:

Trigger Independent of Signal (TIS): The event has been triggered in-

dependently of the presence of a signal candidate. That means that

any of the signal objects (tracks or calorimeter objects) used to recon-

struct the offline signal candidate does not overlap those reconstructed

objects involved in the trigger decision.

Trigger On Signal (TOS): At least one object of the signal candidate

is the responsible for firing the trigger, being its presence sufficient to

generate a positive trigger decision.

Trigger On Both (TOB): A combination of the signal and the rest of

the event is necessary for trigger the event.

3.3.3. Offline data processing

After storing those events that have survived the HLT2, when longer

processing times are permitted, data is further analysed to reconstruct can-

didates more precisely. The full event reconstruction is performed by making
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use of the raw information such as hits or the calorimeter clusters6. Further

event filtering is done in the so-called Stripping, which is a central selection

formed by both exclusive and inclusive lines, to improve the efficiency and

minimize the background events. The resulting files from this sequence are

used to create practical data samples stored in tuples7, which analysts use

to perform their physics studies.

Data is re-processed several times after being collected, in order to benefit

from improvements in the reconstruction algorithms or detector calibrations.

Also new Stripping lines can be added to select new candidates that may

be triggered by some inclusive or partial reconstruction. During this thesis,

the author has been on charge on maintaining the inclusive lines of the

LHCb Radiative Subgroup, including optimization, test and validations over

the 2019 re-stripping campaigns.

A second strategy for data processing has been recently developed, re-

ferred as Turbo stream [62]. It benefits from the high performance achieved

by the reconstruction algorithms, and allows to perform analysis directly

using the reconstructed trigger candidates at HLT2. In this way, raw infor-

mation can be discarded, as offline detector re-processing is no longer needed,

allowing to store samples with larger rates and improved average efficiency.

3.4. LHCb software

Different software projects are used in different steps at the LHCb to

either generate simulation or analyse collected data. Tools used in each step

of both data and simulation are shown in Figure 16. They are based on the

Gaudi [63] architecture written in C++ that can be configured with Python

scripts, while data persistency is based on ROOT [61] framework. The main

applications are described in the following:

Gauss [64]

Monte Carlo simulation is needed is order to validate physics analysis

and to perform detector performance studies. At the LHCb, the gen-

6A cluster is a nearby group of calorimeter cells, where a passing-through particle has

deposit its energy.
7A tuple is a generic way to hold data, that consists in a mapping from a set of

variables to values in the ROOT [61] framework.
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DaVinci

 
Stripping,
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Brunel 
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ROOT/Roofit/...
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Figure 16: A diagram of the data flow (simulation and real data) and the

associated applications of the LHCb software.

eration of simulated data is driven by the Gauss project which in turn

uses other tools to produce a full simulation of the physic processes and

the detector response. PYTHIA [65] simulates the pp collision where

the hadrons are produced and then EvtGen [66] provides the hadron

decays to the final states of interest. Besides, the final state radiation

is taken into account making use of the PHOTOS package [67]. Finally,

the particle interaction with matter when passing through the detector

is described by GEANT4 [68].

Boole [69] applies the detector response into the Gauss output, and

the energy deposits are digitized to mimic the real data coming from

the real detector.

Moore [70] is the application responsible for the software trigger, pro-

viding L0 and HLT decisions. The Trigger Configuration Key (TCK)

stores the configuration of the trigger in a database, where all algo-

rithms and cuts are defined.

Brunel [71] performs the full event reconstruction from raw informa-

tion (i.e hits and calorimeter deposits), creating the tracks and even-

tually particles.

DaVinci [72] This software is meant to analysis tasks and process
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the Stripping. Final state particles are combined to reconstruct the

complete chain of the hadron decay, thereby creating the candidates

for a given decay process. Moreover, this software allows data to be

stored in ROOT tuples, which is a suitable format for offline analysis.

In addition there are other tools that have been employed during this

thesis to perform the data analysis. The main ones are:

ROOT [61] is a generally used framework in data analysis within

high energy physics, since it allows for flexible and efficient storage of

different type of variables, including complex data structures.

RooFit [73], included inside ROOT, provides a toolkit for modeling the

expected distribution of events in a physics analysis. Here, models can

be used to perform unbinned maximum likelihood fits, make plots, and

generate Monte Carlo toys, used for analysis validation and sensitivity

studies.

Splot [74] is a statistical tool dedicated to the exploration of data

samples populated by several sources of events, and allow to unfold

each contribution. This tool has been used in this work to isolate the

signal events in the reconstructed mass distribution as explained in

Chapter 5.

3.5. LHCb Upgrade

During the Run 1 and Run 2 periods, the LHCb experiment has col-

lected unprecedented samples of bottom and charm hadrons, with a very

successful program providing outstanding physics results. However, many of

the measurements are still statistically limited, hence more data is needed

to improve precision measurements in the search for any NP evidence. So

far, the LHCb experiment has intentionally operated at lower luminosities,

however the aim of the upgrade for Run 3 is to built an experiment that

can operate at the LHC nominal luminosity, so that reaching 50 fb−1 of data

collected by 2028.

To exploit all the potential of the LHC machine, the whole detector will

be read out at the collision rate (40 MHz). The full event information will
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be employed by a new software based trigger decision, which will be more

efficient and adaptable. In this context, most of the electronics need to

be replaced to provide read out at the full collision rate for all systems.

Furthermore, due to the higher luminosity, the detector will be exposed to

larger track multiplicity and higher radiation, hence the major part of the

detector hardware will be also upgraded.

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment

Figure 17: Diagram of the upgrade trigger flow.

Detector upgrade

The output rate requirement of the trigger-less strategy, leads to the need

of replacing the whole detector front-end electronics. Another relevant aspect

for the hardware upgrade in the increased occupancy of all the sub-systems

and the higher radiation level [75].

The entire tracking system will be replaced [76]. The VELO will be

built by new hybrid pixel sensors, covering a region closer to the beam pipe

(up to 5.1 mm). To meet the higher occupancy, TT will be replaced by

four layers of silicon detectors with higher granularity and covering a larger

acceptance in the central region. A new Scintillating Fibre Tracker (SciFi)
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will be installed, in place of the IT and OT. It is read out by radiation-

hard Silicon Photomultipliers (SiPM) outside the LHCb acceptance, that is

particular suitable for high interaction rate due to its fast signal response

and recovery time.

Also particle identification sub-detectors will be partially upgraded to

avoid degradation of the PID performance under the upgrade running con-

ditions [77]. The RICH optical system will be improved to cope with the

increased occupancy, by installing mirrors with higher reflectivity and larger

focal length. Also HPDs will be replaced by Multi Anode PMTs (MaPMT)

allowing faster readout. PS and SPD, which are being mainly used for PID

at L0 level, will be removed. As for the ECAL and HCAL will only upgrade

the readout electronics to meet the new 40 MHz requirement. Finally, the

muon system aims for higher muon reconstruction efficiency, applying some

minor changes. The M1 station will be removed, as its main input was for

the hardware L0 trigger. The readout will also be substituted to fit the

LHC clock, and additional shielding will be installed around the beam pipe

to reduce background hits due to the larger particle flux.

Trigger upgrade

The hardware L0 trigger, with a limited discrimination power, becomes

inefficient at higher luminosities [78]. For these reasons, the upgrade strat-

egy for Run 3 is to remove the hardware trigger and replace the L0 by a

trigger decision based on fully re-constructed, offline-quality events. Figure

17 illustrates the upgrade trigger diagram, where real-time calibration and

alignment plays a fundamental role. At HLT2, exclusive selections will be

the standard, similar to the current offline selections, aiming for high purity

and efficiency. Exclusive trigger selections for B0 → K∗0γ and B0
s → φγ

have been developed for Run 3, since high efficient background rejection is

mandatory under the upgrade conditions.
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4.1. Datasets

The analyses presented in this thesis use the data collected in proton-

proton (pp) collisions by the LHCb experiment, corresponding to an inte-

grated luminosity of 3 fb−1: 1 fb−1 at a center-of mass energy of
√
s = 7 TeV

recorded in 2011, and 2 fb−1 at 8 TeV in 2012. In order to avoid systematic

uncertainties the data is recorded in two different magnetic field configura-

tions, 1.45 fb−1 in the positive polarity (Magnet Up) and 1.59 fb−1 in the

negative one (Magnet Down).

LHCb full-simulation samples are used to optimise the selection criteria,

perform background studies, as well as to obtain the reconstruction efficien-

cies and estimate several systematic uncertainties. For these purposes, the

simulated Monte Carlo (MC) candidates are reconstructed and selected us-

ing the same criteria as the real data. The simulation of the pp collisions

and their interaction with the LHCb detector is handled by Gauss [64] and

the MC samples are centrally produced in the LHCb as it is explained in

Section 3.4. Each generated event has at least one decay chain of interest

and in order to save processing time the signal candidate is required to be

inside the detector acceptance. Table 3 summarizes the simulation samples

that are used in the analyses presented in this thesis.

Decay statistics (2011/2012) Topological cuts Generator level cuts

B0
s → φγ 7525964/1459495

10 < θTrack < 400 mrad γpT > 1500MeV
B0 → K∗0γ 6064965/6064965

Table 3: Run 1 Monte Carlo samples used for this theses analysis of the

B0 → K∗0γ and B0
s → φγ decay channels.
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4.2. Reconstruction

As it is shown in Figure 18, both B0 → K∗0γ and B0
s → φγ decays

have very similar topologies. The B meson is produced highly boosted in

the pp collision and traverses a distance of the order of 1 cm before weakly

decaying inside the VELO. Here the SV can be measured very accurately,

which allows to identify the signal candidates for having a displaced vertex

and allows to have good time resolution.

B0
s/B

0

(cτ ∼ 1 cm)

φ/K∗0

γ

K+

K−/π−

(no flight)

PV SV

Figure 18: Diagram of the B0 → K∗0γ and B0
s → φγ topologies.

The reconstruction of the B0 → K∗0γ and B0
s → φγ decays starts from

building the φ and K∗ candidates from their decay products, which are

two charged particles that are reconstructed as two long tracks coming from

the same vertex and compatible with the PID hypothesis consistent with

the considered final state (i.e K+K− and K+π− respectively). Since the

resonances decay via strong interaction, this process can be assumed to

occur at the same vertex as the radiative decay, therefore the two tracks can

be used to infer the SV. Then the resonance is combined with an energetic

photon, which is detected as a cluster in the calorimeter, to built the B

meson candidate.

In the pp collision a huge amount of particles is generated, which makes

triggering and reconstruction of b-decays a challenging task. In order to

reject a large part of the fragmentation background, common features of

b-hadron decays are exploited at LHCb. Some of the most discriminant
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ones are the transverse momentum to the beam axis (pT ) and the impact

parameter (IP) that is defined in Fig. 19. The decay products of a heavy

decaying particle have high transverse momentum, which allows to separate

them from the soft particles produced in the collision. Applying high IP

requirements to identify displaced vertex signatures is also very powerful to

reject background coming from the collision point. These variables are widely

used in the different steps of the online and offline selections that will be

detailed in the following sections. Other variables included in the selection

criteria are described in Apendix A.1.

h+

h−PV
SV

IPh−

IPh+

Figure 19: Definition of the impact parameter (IP) of h+ and h− tracks.

Radiative B decays have several challenging experimental features. One

is the fact that the photon does not contribute to the vertex determination,

which rises to large combinatorial background. The presence of a photon also

results in a limited mass resolution (95 GeV/c2) driven by the calorimeter

resolution, in contrast with the 10-30 GeV/c2 that is achieved if charged

decay products are involved, [79–81]. The decay time resolution is also

affected by the photon momentum resolution which is typically 70 fs for

radiative decays, and 40 fs when no photon is involved [82].

The fact that the photon is the dominant contributor to the mass resolu-

tion of the reconstructed B candidates, makes the B mass distribution wider

enough to host several background sources under the signal peak. This rises

to the need of a complex mass fit accounting for every background contri-

bution falling under the signal peak, and have to be very well characterised.

The sP lot technique, described in Section 5, can be used in order to isolate
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the signal events.

B0 → K∗0γ and B0
s → φγ decays are highly suppressed in the SM

(BR ∼ 10−5), as explained in Chapter 2. Therefore dedicated trigger lines

and very optimized offline selections are crucial to efficiently select the signal

candidates. The selection process, which is performed in different stages, is

explained in the following.

4.3. Reconstruction of neutral particles at LHCb

4.3.1. Photon reconstruction and identification

Neutral particle reconstruction

The ECAL energy deposits are grouped in clusters following a 3× 3 cell

pattern around local maxima of energy deposition. If a cell is shared by

several clusters, its energy is distributed proportionally to the total energy

of each cluster, in a rapidly convergent iteration process. The cluster is then

defined by the following independent-hypothesis parameters: the energy (εcl),

the energy-weighted position (xb, yb) and the transverse dispersion (Scl):

εcl =
∑
i

εi,

pcl = (xb, yb) =
1

εcl

(
∑
i

εixi,
∑
i

εiyi),

Scl =
1

εcl

 ∑
i εi(xi − xb)2

∑
i εi(xi − xb)(yi − yb)∑

i εi(xi − xb)(yi − yb)
∑

i εi(yi − yb)2

 .

A cluster is associated to a neutral particle when it does not match any

track. After all tracks in the event are extrapolated to the calorimeter, a

χ2
2D estimator is built to quantify the compatibility with each cluster. Then

clusters with χ2
2D > 4 are assigned to a photon candidate [83].

Neutral pions have a different ECAL signature depending on its trans-

verse momenta. While low momentum pions are reconstructed from two

photons (i.e resolved π0 candidates), those with pT > 2 GeV/c2 are recon-

structed from a single cluster (i.e merged π0 candidates). The latter is a

source of photons misidentification, reconstructed using dedicated iterative

techniques designed to identify overlapping clusters [84].
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Due to material interaction, photons can convert into a electron-positron

pair. Thus, two types of reconstructed photons can be considered at LHCb:

converted and unconverted (or calorimetric) photons.

Around 20% of the photons are converted before the magnet and are re-

constructed as a pair of electron tracks [85], with a reconstruction efficiency

of about 30% [86]. Therefore, they can benefit from good momentum reso-

lution of the LHCb tracking system. This leads to an improvement of the B

mass resolution up to a factor 3 for radiative decays when using converted

photons instead of calorimetric ones [86]. Here we will focus on uncoverted

photons since these are the ones used in the analysis presented in this thesis,

due to the large efficiency as compare to converted photons.

The energy of calorimetric photons is determined from the total energy

of the ECAL and the energy deposits in the PS cells in front. Due to ECAL

and PS leakages, the energy needs to be corrected as explained in [83]. The

photon four-momentum is obtained from the energy and 3D barycenter of

the cluster (Ec, xc, yc, zc), assuming that the photon origin is at the inter-

action point. Later, when the photon is associated to a certain decay, the

momentum is reevaluated according to the decay vertex.

In radiative decay analyses, the calibration of the calorimeter system to

properly measure the photon momentum is essential [87]. However for high

mass radiative decays, the ECAL energy corrections, which are obtained

from low mass particles (π0 → γγ), might not be perfectly appropriate. This

gives rise to a bias on the photon momentum from B decays of the order

of a percent, resulting in a 0.5% bias in the reconstructed invariant mass of

the B meson. In order to correct this systematical bias, post-calibration of

the photon energy is performed in each region of the calorimeters to correct

for residual bias. This is done by aligning the B0 reconstructed mass from

B0 → K∗0γ with the expected B0 mass from the PDG. The photon energy-

induced bias in the proper time, which ranges from 6 fs to 30 fs depending

on the ECAL region, can be also reduced by this procedure up to a residual

bias of 5 fs. [88].
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Photon identification

At LHCb, the first method used for photon identification was a log-

likelihood estimator of the photon hypothesis, based on the Probability Den-

sity Function (PDF) of three discriminant variables [89]:

The energy deposit in the PS, which allows to separate electromagnetic

particles (photons and electrons) from charged pion background.

The track χ2
2D, which has an important discriminant power after the

pre-selection cut at 4.

The transversal shape of the electromagnetic energy deposit.

After building the signal and background PDF’s for different photon

energy intervals, these variables are combined to construct the log-likelihood

estimator L. Then, the so-called Confidence Level (CL) quantity is defined:

CL =
tanh(∆ lnL+ 1)

2
, (4.1)

which takes values between zero and one, with 1 corresponding to the highest

probability that the particle is a genuine photon.

An improved procedure was developed later, in which a Neural Network

method is used instead of the previous likelihood classifier [58]. Apart from

the three discriminant variables employed in the previously discussed ∆LL

method, other input variables are used by the NN method to improve the

separation power:

The ratio of seed shell energy to the total energy of the ECAL cluster:

(Eseed/E3×3)ECAL.

The ratio between the PS cell energy in front of the seed cell and the

total PS energy: (E1/E3×3)ECAL.

The ratio between the HCAL energy in the projective area matching

the cluster, and the ECAL cluster energy: EHCAL/EECAL.

The highest energy deposit of a 2× 2 cell matrix of the PS in front of

the ECAL cluster.
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4.3. Reconstruction of neutral particles at LHCb

The lateral shower shape variables:

SXX =

∑N
i=1 ei(xi − xc)2∑N

i=1 ei

SY Y =

∑N
i=1 ei(yi − yc)2∑N

i=1 ei

SY X = SXY =

∑N
i=1 ei(xi − xc)(yi − yc)∑N

i=1 ei

where xc, yc is the transverse barycenter of the photon position, and

the cluster spread is defined as SXX + SY Y .

The number of PS cells in front of the cluster with non-zero energy

deposit.

The hit multiplicity at the 3× 3 PS cell matrix in front of the seed.

Different background sources are considered separately when training the

NN, giving two photon hypothesis estimators: IsNotH and IsNotE. IsNotH

is the output from a trained NN to distinguish between photon and non

electromagnetic clusters in the calorimeter, while the IsNotE estimator allows

to separate photons and electrons. Comparing the performance of the log-

likelihood and the NN methods, the latter represents an improvement of 20%

in background rejection with a signal efficiency of 90%.
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Figure 20: IsNotH (a) and IsNotE (b) distributions for data and MC for

the B0 → K∗0γ decay channel

Moreover an algorithm, known as IsPhoton [57], has been developed to

distinguish between neutral pions that are reconstructed as a single cluster in
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the ECAL and photons. The tool, based on simulation, exploits the different

shape between the electromagnetic clusters produced by merged π0s and

photons, which is wider for the former.

As Figure 20 shows the IsNotE and IsNotH distributions present dis-

crepancies between data and MC. In both plots, data and MC samples are

the B0 → K∗0γ calibration samples shown in Table 4. To correct the dif-

ferent performance in Monte Carlo, a data-driven calibration tool has been

developed. During this thesis, the implementation and validation of the cal-

ibration tool for IsNotE and IsNotH have been made, and the results of this

work are presented in the following.

channels samples γpT
(MeV) events

Bs → J/Ψη(→ γγ) Data/MC (0, 4000) 1530

B+ → J/ΨK∗(→ Kπ0(→ γγ)) Data/MC (0, 2500) 17170

Ds → η(→ γγ)pπ Data (1000, 4000) 473450

D∗s → Dsγ Data (500, 2000) 620045

B0 → K∗γ Data/MC (3000, 10000) 36260

Table 4: Run 1 calibration samples available in the IsNotX calibration tool

with the statistics and γpT range information.

4.3.2. Calibration tool of IsNotH and IsNotE estima-

tors

A tool is developed in order to calibrate the IsNotE and IsNotH efficien-

cies (referred to as IsNotX calibration tool), based on a previously developed

IsPhoton calibration tool [57]. However some extra features required for this

particular case have been included, such as a wide range of calibration sam-

ples to cover different photon energies. Two tools are included with different

purposes:

Efficiency table tool: This tool provides an estimation of the effi-

ciency for a given IsNotE (IsNotH) cut. For this purpose real data is

employed, and a 2D binning on transverse momentum and pseudora-

pidity is consider to account for different dependencies.
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4.3. Reconstruction of neutral particles at LHCb

Resampling tool: Allows to reproduce the IsNotE and IsNotH data

distribution in the MC.
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Figure 21: Figure (a) shows the IsNotE distribution for the D∗s → Dsγ

calibration data sample in different η bins. In the (b) figure, the IsNotH

distribution for the Ds → ηpπ calibration data sample in bins of nSPDHits

is shown.

Figure 21 shows how the IsNotH and IsNotE distributions vary when

considering different bins of the pseudorapidity (η) and nSPDHits. Hence,

IsNotH and IsNotE distributions depend on the decay kinematics and topol-

ogy. Therefore, in order to fairly reproduce the behaviour of the data under

analysis using the calibration samples, the efficiencies are studied in 2D bins

of different variables. That is, relying on the idea that the efficiency is

reasonably constant for every decay mode in each 2D bin.

The default binning variables are transverse momentum (pT ) and pseudo-

rapidity (η). However, alternative variables related to the event multiplicity

can be chosen by the user: nSPDHits, nTracks and nPVs. The binning

scheme, that is the granulariy of the binning, has been selected to properly

describe the dependency while keeping reasonable statistics. If preferred, the

user is allowed to use their own optimized binning scheme.

Calibration samples

Several calibration samples, corresponding to data collected during Run

1, are available with the aim of covering different photon energy ranges. In

Table 4 the different samples and their statistics are summarized, as well
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as the photon energy range covered by each of them. The selection criteria

applied to the calibration samples is a cut based selection, with no cut on the

photon PID variables. In all cases, the background subtraction is performed

using the sP lot technique and fitting the B invariant mass with dedicated

models for each background source and signal.

Efficiency table tool

Within this method, the efficiency of a given IsNotE or IsNotH cut can

be studied in bins of the chosen binning variables (η and pT by default). Also

there is the possibility of adding the previously discussed table efficiencies

as a weight to a MC sample, thus the MC weighted distribution reproduces

the data one. Moreover, different options are available to draw the efficiency

dependencies, as it is shown in Figure 22.

In case of applying cuts on more than one photon PID variable (e.g

IsPhoton, IsNotH or IsNotE), every cut needs to be taken into account,

since the efficiencies might be affected. For instance, in case the user needs

to apply a cut on IsPhoton and also in IsNotH, in order to study the

efficiency of the IsNotH cut, the IsPhoton cut must be introduced as input,

and the efficiency of IsNotH will be computed on top of the IsPhoton cut.
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Figure 22: Different plots obtained by the efficiency tool with B0 → K∗0γ

data sample. (a) Efficiencies in bins of pT for different IsNotH cuts. (b)

Efficiency of a given IsNotH cut (> 0.6), in (pT , η) bins.
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Resampling tool

The resampling tool allows to reproduce the IsNotX data distribution on

MC, which is important to include these γPID variables in a multivariate

discriminant (MVA). This is done in two steps. First the calibration sample

distribution is binned in the chosen variables, and one histogram per bin is

stored in an output file. Then, for each MC event, a random value of the

IsNotX distribution is selected from these histograms in the corresponding

2D-bin. In this way, the tool generates a new IsNotX distribution for the

MC sample, matching the real data.
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Figure 23: Resampling validation of the B0 → K∗0γ sample for the IsNotH

(a) and IsNotE (b) estimators, using the B0 → K∗0γ as calibration sample.

In red the MC data points are represented, in blue the resampled MC is

presented and the black points correspond to data.

A first validation test is performed by resampling the B0 → K∗0γ MC

sample with the B0 → K∗0γ data. As shown in Figure 23, the MC after

the resampling is in good agreement with the data. This result is ensuring

that the binning in the IsNotX variable is sensitive enough to describe prop-

erly the shape distribution. However, the binning scheme on the kinematic

variables needs to be validated on a different sample. With these purpose

a B0
s → φγ MC sample is resampled with the B0 → K∗0γ calibration data

sample as the reference. B0
s → φγ candidates are selected as described in

the next section. Figure 24 shows that the MC and data discrepancies are

attenuated after the resampling.

Moreover, the efficiencies in bins of pT and η have been found also to be
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Figure 24: Resampling validation of the B0
s → φγ for the IsNotH (a) and

IsNotE (b) estimators. The B0 → K∗0γ has been used for the calibration. In

red the MC data points are shown, in blue the resampled MC is presented

and the black points correspond to data.

compatible for the two modes, B0 → K∗0γ and B0
s → φγ. This, together

with the good performance of the resampling in B0
s → φγ, motivates the use

of the tool for other radiative decay modes.

4.4. Selection

4.4.1. Trigger

In this section, the requirements applied in each stage of the trigger

selection, described in Section 3.3, will be detailed. The same trigger strategy

is used for both B0 → K∗0γ and B0
s → φγ candidates, at the L0 and HLT1

trigger levels. A dedicated reconstruction of the full decay chain is performed

for the HLT2 lines, which is very similar for the two decay modes with the

main difference coming from the width of the intermediate resonances. The

TOS trigger category, defined in Section 3.3, is well modelled in simulation

because it forces the trigger response to be associated with a signal candidate,

thus it is independent of the rest of the event. Therefore, to better control

the selection effects, such as the acceptance and the efficiencies, the TOS

condition is required for every trigger candidate.

The L0 hardware trigger selects events in which a high energy cluster
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in the ECAL is detected, either by the L0Photon or the L0Electron

trigger lines. L0Photon line is fired by ECAL clusters with a trans-

verse energy above 2.5 GeV and 3 GeV in 2011 and 2012, respectively.

Same requirements on the energy of the ECAL cluster apply for the

L0Electron line, however this line is triggered when the ECAL cluster

has associated hits in the SPD cells. Furthermore, a veto is also ap-

plied on events containing more than 600 hits in the SPD to protect

the HLT farms from processing such busy events.

HLT1 trigger sequence is performed on events passing the L0 trigger.

The event selection relies on high quality tracks consistent with com-

ing from a displaced vertex. Hlt1TrackAllL0 select tracks passing

the selection requirements presented in Table 5, while the alternative

Hlt1TrackPhoton line is a looser selection on track momenta which

runs only on events with positive L0Photon or L0Electron decisions.

The later is used in combination with L0PhotonHi and L0ElectronHi,

which select photons above 4.2 GeV, as an alternative trigger strategy.

(see Table 6).

Table 5: Selection requirements applied on the HLT1 lines relevant for this

analysis.

Variable Hlt1AllL0 Hlt1Photon

pT (MeV/c) > 1800 > 1200

p (MeV/c) > 10 000

χ2/ν < 3

χ2
IP > 16

IP (mm) > 0.1

Number of T-Hits > 16 > 15

Number of Velo Hits > 9

Velo Qcut 3 4

Trigger L0All L0Photon or L0Electron

At HLT2 stage a dedicated line is designed for each decay mode, re-

ferred to as Hlt2Bd2KstGamma and Hlt2Bs2PhiGamma for B0 → K∗0γ
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and B0
s → φγ, respectively. In the exclusive lines the full decay chain is

efficiently reconstructed, within the trigger timing and rate constraints,

by applying the requirements shown in Table 7.

A summary of the trigger strategy is shown in Table 6. It consist on a

logical OR of two L0/HLT1 selections (named standard and high-ET ) AND

the HLT2 exclusive line.

Table 6: Global trigger strategy. At least one of the paths (standard or

high-ET ) has to be fired.

Standard path High-ET path

L0

L0Photon (TOS) L0PhotonHi (TOS)

or or

L0Electron (TOS) L0ElectronHi (TOS)

HLT1 Hlt1TrackAllL0 (TOS) Hlt1TrackPhoton (TOS)

HLT2
Hlt2Bs2PhiGamma(TOS)

Hlt2Bd2KstGamma (TOS)

4.4.2. Offline selection

The stripping version used in this analysis is the Stripping21 for 2011

and 2012 data samples. Both B0 → K∗0γ and B0
s → φγ candidates are

selected by the inclusive radiative stripping line B2XGamma2pi, which selects

decays of the type B → X(hh)γ with two hadrons and a photon in the final

state. Similarly to the HLT2 selection, the reconstruction of the full decay

chain is performed by applying the requirements listed in Table 8. However,

after the offline reprocessing of the data, a more restrictive criteria can be

required on one of the tracks, as well as a higher quality χ2 decay vertex,

reducing even more combinatorial background. At this stage, tracks has no

PID requirements, and a pion mass hypothesis is assumed instead.

Candidates passing the stripping requirements are further filtered offline.

Instead of an MVA selection procedure, a cut based selection is preferred

to better control the alignment between the B0 → K∗0γ and B0
s → φγ

56



4.4. Selection

Table 7: HLT2 trigger selection, required by the exclusive lines Hlt2-

Bs2PhiGamma and Hlt2Bd2KstGamma.

Variable Hlt2Bs2PhiGamma Hlt2Bd2KstGamma

Tracks

χ2/ν < 5

χ2
IP > 20

pT (MeV/c) > 500

φ/K∗
Vertex χ2/ν < 25 < 16

∆M (MeV/c2) 20 100

B

Vertex χ2/ν < 25 < 16

pT (MeV/c) > 2000

∆M(B) (MeV/c2) 1500

χ2
IP < 12

DIRA (mrad) < 0.063 < 0.045

selections. A PID selection on the charged tracks is firstly applied, thus

removing significantly physical background sources. The requirements on the

PID variables given by the PIDCalib [90] for the φ and K∗ decay products

are the following: ProbNNk> 0.2 is required for kaons, while ProbNNpi> 0.2

and ProbNNk< 0.2 is required for pions.

Then, several other variables are exploited in order to further reject the

combinatorial background. The most discriminant variable to reject the

combinatorial is the track χ2
IP , which encodes the impact parameter infor-

mation and including track projection and vertex uncertainties. This criteria

is applied on both hadrons, allowing high discrimination from fragmentation

tracks. Other important source of combinatorial background are π0’s, which

are likely to produce a single cluster in the calorimeter when the pT is above

2.5 GeV. The IsPhoton tool [57], which allows to distinguish between high

energy photons and neutral pions, is also exploited to improve the selec-

tion. The helicity angle (θH) is defined as the angle between the kaon and

the B meson in the rest frame of the intermediate resonance, and presents

a sin2 φH distribution rather than the plain distribution expected for the

combinatorial background. Moreover π0 background sources follow cos2 φH
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Variable Cut value

Tracks

χ2/ν < 3

χ2
IP > 16

pT (MeV/c) > 300

p (MeV/c) > 1000

ph1
T + ph2

T (MeV/c) > 1500

GhostProb < 0.4

Tight Track

χ2/ν < 2.5

pT (MeV/c) > 1000

p (MeV/c) > 5000

IP (mm) > 0.1

Photon
pT (MeV/c) > 2000

CL > 0

B

Vertex χ2/ν < 9

χ2
IP < 9

DIRA (mrad) > 0

M (MeV/c2) [3280, 9000]

HLT2 trigger At least one TIS or TOS radiative trigger

Table 8: Inclusive stripping line B2XGamma2pi of the stripping21 version.
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dependency. Therefore, by rejecting candidates with small helicity angles,

is possible not only to reduce combinatorial background, but also physical

backgrounds involving neutral pions.

The distribution of the most discriminant variables used in the offline

selection are shown in Figure 25. The signal sample is extracted from sim-

ulation while the background is obtained from the B reconstructed mass

region which is only populated with combinatorial background, the so-called

high-mass side-band. These variables present highly different distributions

between combinatorial background and signal, allowing to reject background

while still keeping high signal efficiency.

These together with other discriminant variables are exploited in an op-

timization procedure described in [91]. In the selection optimization, the

signal and the background samples are taken from simulation and data right

side-band, respectively. Because the measurement is expected to be dom-

inated by statistical uncertainties, the signal significance (S) is a suitable

figure of merit for the optimization, which is defined as:

S =
S√

S+B
, (4.2)

where S and B are the signal and background yields respectively. The

optimal selection criteria, which maximizes the signal significance, is obtained

through an iterative process. A complete summary of the offline selection

criteria is shown in Table 9, both the optimized cuts together with the PID

pre-selection cuts. In Figures 27 and 28, the signal significance dependence

on the cut is represented for each variable. The maximum significance is

similar for B0 → K∗0γ and B0
s → φγ, thus the same cut can be applied.

After passing all the selections sequence the final signal candidates for

B0 → K∗0γ and B0
s → φγ are shown in Figure 26. A part from the selec-

tion detailed so far, the proper-time fit in Chapter 7 is fitted in the range

[0.3, 10]ps, and the mass fit in 5 is performed in the [4600, 6000] MeV for

B0 → K∗0γ and [5000, 6000] MeV for B0
s → φγ. These requirements are

therefore also applied from now on.
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Figure 25: Distributions of the most discriminant variables used in the

offline selection criteria, for the B0
s → φγ (left) and B0 → K∗0γ (right)

channels. In blue, the signal is shown, which is taken from simulation. The

background sample, in red, is taken from the right side-band in data (B

mass greater than 5000 GeV/c2).
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(a) B0
s → φγ data candidates
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Figure 26: Reconstructed mass of the B meson for B0
s → φγ and B0 → K∗0γ

candidates in Run 1 data sample, after the full selection is applied.

Variable Cut value

PID preselection

K± ProbNNk > 0.2

π± ProbNNpi > 0.2

π± ProbNNk < 0.2

Optimization

Tracks χ2
IP > 55

γ/π0 separation > 0.6

γ ET > 3000

Helicity |cos (θH)| < 0.8

B pT (MeV/c) > 3000

∆M(φ) (∆M(K∗0)) (MeV/c2) < 15 (< 100)

Table 9: Offline selection requirements for B0
s → φγ and B0 → K∗0γ candi-

dates.
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(b) γ/π0 separation (IsPhoton)
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(c) Cosinus of the helicity angle

Figure 27: The signal significance is represented versus the cut applied on

the discriminant variable, while the rest of the cuts are fixed to the optimal

value. The left and right figures correspond to B0
s → φγ and B0 → K∗0γ

decay channels respectively. The dashed line indicates the chosen offline

selection requirement, which is close to the highest significant point.
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(c) Mass window of the intermediate resonance (φ/K∗)

Figure 28: The signal significance is represented versus the cut applied on

the discriminant variable, while the rest of the cuts are fixed to the optimal

value. The left and right figures correspond to B0
s → φγ and B0 → K∗0γ

decay channels respectively. The dashed line indicates the chosen offline

selection requirement, which is close to the highest significant point.
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5 Mass fit

There are still some background events that survive the selection pro-

cedure stated in the previous section as it can be seen in Figure 26. The

different background sources and the method to subtract them are discussed

in this chapter.

A clean proper-time distribution is needed to perform the measurement

of the photon polarization through a time-dependent analysis. To achieve

this, the signal is isolated from the remaining background by using the

sPlot technique [74], which allows to unfold the contributions of the different

sources. For this to work, the mass distribution of signal and each back-

ground component should be previously characterized. Both simulation and

data are employed in order to determine the signal and background mass

distributions. Table 10 provides a list of the simulation samples that are

used to study the mass distributions and background contamination. First,

the shapes are partially modelled using simulation as explained in Section

5.2. Using this and to fully characterize the shape of every component, a fit

of the B0 and B0
s mass distributions is applied to data. Then the signal can

be finally isolated using the sPlot as described in Section 5.3.

In turn, to extract the signal yields that are used for the ratio mea-

surement, a simultaneous mass fit is applied to B0 → K∗0γ and B0
s → φγ

samples to extract the signal yields that are used for the ratio measurement,

as presented in Section 5.3.
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Decay Year Statistics MC event type

B0
s → φγ

2011 5.06 M
13102202

2012 6.08 M

B0 → K∗0γ
2011 5.06 M

11102202
2012 6.05 M

B+ → φK+γ 2012 3.06 M 12103202

B+ → K1(1270)+γ 2012 3.08 M 12203224

B+ → K1(1410)∗γ 2012 2.03 M 12103221

B+ → D0(Ksππ)ρ+ 2012 1.50 M 12165511

B+ → D0(Kπ)ρ+
2011 2.06 M

12163473
2012 4.06 M

B+ → D0(Kππ0)ρ+ 2012 1.06 M 12163472

B+ → D0(Kππ0)ρ+ 2012 1.06 M 12165461

B+ → K + (1270)+η 2012 1.50 M 12203410

B0 → K∗η
2011 3.05 M

11102441
2012 5.60 M

B0 → ργ
2011 1.60 M

11102222
2012 2.90 M

B0 → K+π−π0 2012 1.50 M 11202401

Λb → Λ∗(1520)γ
2011 2.04 M

15102203
2012 2.70 M

Table 10: Simulated samples used in this analysis, their number of events

and the year of the simulated data-taking conditions. Given in the last

column, the Monte Carlo event type is a code that describes the way a

sample was produced in LHCb [92]. In order to match the data proportion

between 2011 and 2012 candidates, only a portion of the 2011 simulation

samples is used for B0 → K∗0γ and B0
s → φγ.
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5.1. Background components

Several background sources are expected. They can be grouped into

combinatorial, partially reconstructed and peaking backgrounds, and will be

detailed in the following.

5.1.1. Combinatorial

The combinatorial background category refers to candidates that have

been reconstructed using a random track or photon originated in the collision.

Looking at the data from the right side band (i.e. B mass > 5600 MeV)

where the combinatorial is the dominant background component, the mass

distribution of the intermediate resonances (K∗ and φ) present a clear peak

as shown in Figure 29. This illustrates that an important proportion of

the combinatorial consists on real K∗ and φ particles, which may come

from different B decays, combined with a random photon from the collision.

Moreover, other sources of charged tracks pointing to a displaced vertex can

be also combined with a photon and originate combinatorial candidates.

Kst_892_0_M
600 700 800 900 1000 1100
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

 

γ
*

 K→0B

signal
background

 

(a) K∗ invariant mass

phi_1020_M
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070
0

0.02

0.04

0.06

0.08

0.1

0.12

 

γφ →sB

signal
background
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Figure 29: Distribution of the K∗ and φ reconstructed mass, after apply-

ing every selection step. Figure (a) stands for the K∗ mass distribution,

corresponding to the B0 → K∗0γ data candidates. Figure (b) shows the φ

mass distribution from the B0
s → φγ data candidates. In blue, MC signal

candidates are shown, with a clean resonance mass peak. Background taken

from the data right side band (i.e. high mass region) is shown in red.
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Since this background depends on the whole event, simulation is not

good enough to perform combinatorial studies. Thus, the parametrization

of its mass distribution and yield are extracted from the data mass fit, as

described in Section 5.3.

5.1.2. Peaking

Peaking background are those physical decays that are fully reconstructed

and survive the event selection criteria. These decays have typically two

charged tracks and a high-energy neutral particle (π0 or photon) in the final

state. The reconstruction of these decay modes as signal involves particle

mis-identication of one of the decay products. Since all the final products

are reconstructed, the reconstructed mass of the initial decaying particle is

peaking under the signal region. Therefore, is not possible to distinguish

the peaking and signal events in the data B mass distribution, and the

relative contamination of the peaking background components is computed

using simulation. The relative contamination (Ci) can be defined for each i

background component as:

Ci =
Npeaking

Nsignal

=
fq

fb-flavour

· Bpeaking

Bsignal

· εpeaking

εsignal

(5.1)

where the fq ratio stands for the hadronization fraction, the Bpeaking and

Bsignal correspond to the branching fractions of the peaking background and

the signal decays respectively, and ε refers to the total reconstruction and

selection efficiency which is extracted from simulation. When measured, the

branching ratios are taken from the PDG [6]. To compute some of the Ci’s,

the fs/fd ratio is taken from [93]: fs/fd = 0.256± 0.020.

Table 11 summarizes the relative contributions of the peaking back-

grounds for the B0 → K∗0γ and B0
s → φγ decay channels. These values

will be fixed in the final data mass fit described in Section 5.3. The differ-

ent decay modes that have been found to have a significant contribution to

B0 → K∗0γ and B0
s → φγ are discussed in the following.

Peaking backgrounds for B0 → K∗0γ

The B0 → K∗(Kπ)π0 decay channel is reconstructed as a signal can-

didate when the π0 is reconstructed as a photon. The probability of

68



5.1. Background components

Table 11: Relative contaminations of the peaking backgrounds with a sig-

nificant contribution under the B0
s → φγ or B0 → K∗0γ signal peak.

Peaking Background Ci (%)

B0 → K∗0γ

B0 → K∗0π0 2.53± 0.48

Λb → Λ∗(pK)γ (*) 1.10± 0.20

B0 → ργ 0.19± 0.03

B0
s → φγ cross-feed 0.27± 0.03

B0
s → φγ

B0
s → φπ0 1.80± 1.80

Λb → Λ∗(pK)γ 2.00± 0.44

B0 → K∗0γ cross-feed 0.10± 0.02

misidentification between photons and merged π0’s, after the require-

ment on the photon PID is applied (IsPhoton > 0.6), is about 50%.

From simulation, the relative contamination to the signal of this decay

is found to be 2%.

The Λb → Λ∗(pK)γ decay channels implies the misidentification of the

proton as a pion. Since the branching ratio of this decay has not been

measured to date, in order to compute the Ci the B(Λb → Λ∗(pK)γ)

estimation extracted from data in [94] [95] is used:

B(Λb → Λ∗(pK)γ)× (fΛb/fd) = (4.7± 0.7)× 10−6 (5.2)

where Λ∗ stands for resonant and non resonant pK final states, dom-

inated by the lower-mass resonant states Λ(1520) and Λ(1670). With

this, a contribution of 1% is assessed in Monte Carlo.

The B0 → ρ(ππ)γ peaking background, which implies that one of the

pions is reconstructed as a kaon, has a relative contribution to the

signal of 0.2%.

Cross-feed contamination from the B0
s → φγ decay implies a 0.25% of

relative contribution in the B0 → K∗0γ signal region, and occurs due

to the misidentification of one of the kaons as a pion.
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Peaking backgrounds for B0
s → φγ

The Λb → Λ∗(pK)γ radiative baryon decay has a relative contamination

to the signal region of 2.0%, which has been determined using the

branching ratio of Equation 5.2 and taking fs/fd = 0.256± 0.020, from

Ref. [93]. In this case, the reconstruction involves the misidentificacion

of the proton from the Λ∗ decay as a kaon.

The Bs → φ(KK)π0 contamination under the signal peak implies the

misidentification of a merged pion as a photon. This decay channel

has not been observed so far, and the theoretical predictions give a

branching ratio of the order of 10−7 [96], which here implies a neg-

ligible contribution. However, in a conservative way, the branching

ratio is assumed to be the same as for the B0 analog mode. Since

no Monte Carlo sample is available, several considerations are made

to compute the relative contamination. The selection efficiency is esti-

mated by assuming that the ratio of the selection efficiencies between

the B0 → K∗0γ and B0 → K∗(Kπ)π0 is the same for the Bs counter-

parts. Although this is a good approximation for most of the selec-

tion requirements, the helicity angle distribution is very different for

B0 and B0
s decays due to the mass difference of the decay products.

Considering the known shape of the distributions, which is cos2(θH)

for Bs → φπ0 and 1 − cos2(θH) for B0
s → φγ, the efficiency ratio

of the cut on the helicity angle (|cos(θH)| < 0.8) can be evaluated:

rθH = εθH (Bs → φπ0)/εθH (B0
s → φγ) = 0.574. The ratio of the selection

efficiency is computed removing the helicity cut, and then the result is

multiplied by the rθH , finding a Ci of 1.8%. Because the estimation is

performed in a very conservative way, a 100% uncertainty is assigned

to this result.

Cross-feed from the B0 → K∗0γ has a 0.1% of relative contamination

under the B0
s → φγ signal peak. This contribution requires parti-

cle misidentification, and occurs when the pion from the K∗ decay is

reconstructed as a kaon.
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5.1.3. Partially reconstructed

Partially reconstructed background events consist of b-decays reconstructed

as a signal candidate, for which one or more final state particles are missing.

These specific decays present at least two tracks in the final state and a neu-

tral particle, and may also involve particle misidentification. Due to missing

particles, the mass distribution peaks in a lower mass region as compared to

the signal candidate, but it can even extend to the signal peak. The shape

modeling of this background source is presented in Section 5.2. The contri-

bution from these components is left free in the mass fit described in Section

5.3, except for the B → K∗0η decay, as explained later in this section.

The K∗ resonance presents a wider distribution due to its natural mass

width (O(60 MeV)), while the φ mass width is only O(5 MeV), as Figure

29 shows. Due to this, the contribution from partially reconstructed back-

ground events is specially relevant in the B0 → K∗0γ mass fit. In Ref. [97],

a comprehensive background study is performed, giving the main physical

background sources. The most significant partially reconstructed background

contributions are discussed in the following.

Partially reconstructed backgrounds for B0 → K∗0γ

B → Kππγ decays where a π is missing will be referred to here as

missing pion backgrounds. This contribution is dominated by the decay

modes which involve higher K resonances in the final state, and among

the most relevant are: B+ → K1(1270)+γ (O(12%)), B0 → K1(1270)0γ

(O(7%)), B+ → K1(1400)+γ (O(5%)), B+ → K∗2(1430)+γ (O(2%)).

B0 → K∗η(γγ) with a contribution of 1.93 ± 0.14% obtained from

simulation, and populates mainly the signal region. Here, the missing

particle is one of the photons from the η decay. Since the mass shape

is very similar to the signal one, the relative yield to the signal is fixed

in the data mass fit, as it is done for the peaking backgrounds.

B+ → D0ρ+(π+π0) decays represent also a significant source of con-

tamination, where the neutral pion is reconstructed as a photon, and

there are one or more missing pions which are missing. These are

hereafter named as B → (Kππ0X) backgrounds, coming mainly from
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the B+ → D0(K+π−π0)ρ+(π+π0) and B+ → D0(K+π−π+π−)ρ+(π+π0)

decays, with a relative contribution of 4% and 0.4% respectively.

Partially reconstructed backgrounds for B0
s → φγ

For the B0
s → φγ decay channel only the B+ → φK+γ decay has a

significant contribution in the surroundings of the signal peak. However,

this contribution can be fully removed by tightening the B0
s mass cut at

5000 MeV/c2. This is possible because the mass of the missing kaon is high

enough to make that this partially reconstructed background falls far from

the signal peak.

5.2. Mass distribution modelling

In this section, the probability density function (pdf) used to model the

signal and background mass distributions is presented. Some of the param-

eters describing the mass distributions are obtained here from simulation,

whereas others will be later extracted from the data mass fit in the next

section. Alternative models will be considered to evaluate the systematic

uncertainties of the measurement, as detailed in Appendix A.3.

5.2.1. Signal shape

The invariant B0
(s) mass distribution of the B0 → K∗0γ and B0

s → φγ

signal modes can be modeled by a double-tail Crystal Ball [98]:

CB(m;µ, σ, αR, nR, αL, nL) = N ·


AL
(
BL − m−µ

σ

)−nL , for m−µ
σ
≤ −|αL|

exp
(
− (m−µ)2

2σ2

)
, for − |αL| < m−µ

σ
< |αR|

AR
(
BR + m−µ

σ

)−nR , for m−µ
σ
≥ |αR|

(5.3)

where N stands for the normalization, and AL(R) and BL(R) are defined as:

Ai =

(
ni
|αi|

)ni
exp

(
−α

2
i

2

)
,

Bi =
ni
|αi|
− |αi|.

(5.4)

The shape of the B reconstructed mass is leading by the photon resolu-

tion, and this function allows to characterize different detector effects in the
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ECAL. The right side tail, determined by nL and αL parameters, account for

energy losses due to the finite volume of the detector, while pile-up effects

are taken into account by the left side tail (nR and αR). Besides, a Gaussian

core is described by the µ and σ parameters.

Figure 30 shows the fit on simulated signal candidates fulfilling the se-

lection criteria for B0 → K∗0γ and B0
s → φγ decay modes, where 2011 and

2012 MC samples are combined in the correct proportion to mimic the data

taking conditions. Summarized in the Table 12, the resulting values for nL(R)

and αL(R) are quoted. They will be fixed in the final data mass-fit (Section

5.3) while the µ and σ will be left free to vary.

Table 12: Fitted parameters of the signal mass distribution, extracted from

simulation. The tail parameters (aL(R) and nL(R)) will be fixed in the data

fit to these values.

Parameter B0
s → φγ B0 → K∗0γ

µ (MeV/c2) 5365.36± 0.36 5278.68± 0.32

σ (MeV/c2) 95.29± 0.34 97.47± 0.31

αL 2.385± 0.025 2.415± 0.023

αR −1.4393± 0.026 −1.4171± 0.021

nL 0.568± 0.046 0.684± 0.042

nR 8.55± 0.82 8.84± 0.67

In Figure 30 some structure in the residuals can be seen, which suggests

that the signal mass shape is not perfectly modeled in simulation. Thus,

an asymmetric pdf is used as alternative model to estimate the systematic

effect for the signal model assumption, as shown in Appendix A.3.
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Figure 30: Mass shapes of the signal component of (a) B0
s → φγ and (b)

B0 → K∗0γ decays, from simulation samples.

5.2.2. Background shapes

Combinatorial background

Due to the nature of the combinatorial background, its mass distribution

is continuous and populates the entire mass range. This combinatorial shape

is modeled with a first order polynomial:

PDFComb. = p0 ·m, (5.5)

where m stands for the reconstructed mass, and p0 is the slope parameter.

Both, the combinatorial yield and the slope are obtained from the fit to

data in the following section. An exponential function is used as alternative

model to evaluate the systematics.

Partially reconstructed background

This background is only considered for B0 → K∗0γ as explained in Section

5.1.3. Partially reconstructed backgrounds present a mass distribution that

can be described by an empirical Argus pdf , which is convoluted with a

Gaussian to account for the mass resolution:

PDFpart. = Argus(m;m0, c, p)⊗Gauss(µ = 0;σ) (5.6)
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with the generalized Argus(m;m0, c, p) defined as:

2−pc2(p+1)

Γ(p+ 1)− Γ(p+ 1, 1
2
c2)

m

m2
0

(
1− m2

m2
0

)p
exp

{
1

2
c2

(
1− m2

m2
0

)}
(5.7)

where m0, c, p represent the cutoff, curvature, and power respectively [99].

The cutoff can be linked to the signal as m0 = mB + ∆M , where mB is the

mass of the B meson of the background decay mode (B+, B0 or B0
s ). The

σ parameter can be also defined in terms of the signal mass resolution (σ0)

as follows: σ = fσσ0.

The c, p and fσ parameters are obtained here from simulation. For

the missing pion backgrounds, the ∆M parameter which accounts for the

loss of energy is fixed to mπ. In the case of B → (Kππ0X), the ∆M is

empirically studied and found to be ∆M = −418.7 MeV/c2 which is close to

3mπ, while for B0 → K∗η(γγ) this parameter is extracted from simulation

(see Table 13). Also µ is fixed to mB, and σ is fixed to the B mass

resolution in simulation which was obtained in the previous section. In order

to maximize the statistics, the trigger requirements are removed since only

affect at the low mass region around 4200 MeV. The yields of the partially

reconstructed backgrounds will be left free in the data mass-fit, together

with the parameters associated to the signal shape (µ and σ) as explained

in the next section.

Figure 31 (a) shows the result from the fit to the B0 → K∗η(γγ) simula-

tion sample to extract the mass shape. The results of the fitted parameters

are listed in Table 13.

The most important partially reconstructed background for B0 → K∗0γ is

coming from the B → Kππγ decays. In Ref. [97], similar mass distributions

have been found for either the B+ or B0 missing pion backgrounds. Thus,

the B+ → K1(1270)+(K∗0(892)π+)γ simulation sample is used to model this

kind of backgrounds in the nominal mass fit. The mass fit to the MC sample

is shown in Figure 31 (b) and the results for the free parameters are presented

in Table 13. An alternative model using the B+ → K1(1410)+(K∗0(892)π+)γ

sample will be used to estimate the systematic uncertainty.

Only few of simulated events of the type B → Dρ passes all the trigger

and selection criteria and are finally reconstructed as B0 → K∗0γ. All

B → Dρ simulation samples are combined to maximize the statistics. Still,

only ∼ 100 events are available and an auxiliary simulation sample is used
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from B+ → K1(1270)+(K∗0(892)π+)η decay to perform a simultaneous fit

considering the same mass resolution. This is motivated by the fact that

both decay modes present similar mass shapes, populating mostly the low

mass region. The results of the simultaneous fit applied to the B → Dρ

cocktail and the B+ → K1(1270)+(K∗0(892)π+)η simulation samples are

shown in Figure 31 (c and d), and the relevant fitted parameters can be

found in Table 13. In the nominal mass fit the B → Dρ parametrization

will be employed, and the B+ → K1(1270)+(K∗0(892)π+)η parametrization

will be used for systematics evaluation.
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(a) B0 → K∗η
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(b) B+ → K1(1270)+γ
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(c) B → Dρ

)2B_MM (MeV/c
0

10

20

30

40

50

60 )2
E

ve
nt

s 
/ (

 4
5 

M
eV

/c

 M = -418.711∆
 =  5279.50 MeVµ
 =  90.00 MeV0σ

 =  847 +/- 29η+
1 K→+BN

c = -2.847 +/- 0.51
 =  2.46 +/- 0.13σf

 =  0.000 +/- 0.064
η+

1 K→+B
p

 M = -418.711∆
 =  5279.50 MeVµ
 =  90.00 MeV0σ

 =  847 +/- 29η+
1 K→+BN

c = -2.847 +/- 0.51
 =  2.46 +/- 0.13σf

 =  0.000 +/- 0.064
η+

1 K→+B
p

4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 6200
5−

0

5

(d) B+ → K1(1270)+η

Figure 31: Mass shapes of the partially reconstructed backgrounds con-

tributing to B0 → K∗0γ: (a) the B0 → K∗η decay, (b) the B+ →
K1(1270)+(K∗0(892)π+)γ decay, and a simultaneous fit to the (c) B → Dρ

and (d) B+ → K+
1 (K∗0(892)π+)η decays.
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5.2. Mass distribution modelling

Table 13: Shape parameters of the partially reconstructed background com-

ponents, extracted from simulation.

∆M (MeV/c2) fσ c p

B0 → K∗η −52.4± 4.1 1.39± 0.04 −5.3± 0.9 0.00± 0.03

B0 → K1(1270)γ −mπ 1.11± 0.10 −5.5± 0.3 0.11± 0.02

B → Dρ −418.7 2.5± 0.1 −2.8± 0.5 1.7± 0.3

B+ → K1(1270)+η −418.7 2.5± 0.1 −2.8± 0.5 0.0± 0.6

Peaking backgrounds

Peaking backgrounds are modelled with either a single or a double-tail

Crystal Ball. The mass shape of the main peaking background components

for B0 → K∗0γ and B0
s → φγ are studied with simulation, while the relative

contributions, already discussed in Section 5.1, will be fixed in the data

mass-fit. Since these decay modes are highly suppressed after the selection,

the trigger requirements are not applied in the Monte Carlo samples to have

more statistics.

Here, the width (σ) and the mean (µ) of the mass distributions are also

related to the signal ones by means of the scale factor fσ and the mass

difference ∆M , as follows:

σ = σ0 · fσ
µ = mB + ∆M

The fσ and ∆M parameters are extracted from the fit to the simulation

samples of each decay mode, and the results are discussed in the following.

Different peaking backgrounds are contributing in the B0 → K∗0γ mass

fit: B0 → K∗0π0, Λb → Λ∗(pK) , B0 → ργ and the B0
s → φγ cross-feed,

and their contaminations are provided in Table 11. For each of these modes,

the resulting fit to MC data is shown in Figure 32, and the relevant fitted

parameters are detailed in Table 14.

The mass shape is also determined in simulation for the main B0
s → φγ

peaking backgrounds that are listed in Table 11. Figure 33 shows the Λb →
Λ∗γ and B0 → K∗0γ MC fits, and Table 15 summarizes the fitted values.
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Chapter 5. Mass fit

Since no sample is available for the Bs → φπ0 mode, the shape is taken from

the B0 counterpart.
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(b) Λb → Λ∗(1520)γ
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(c) B0 → K∗π0
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(d) B0 → ργ

Figure 32: Mass shapes of the peaking backgrounds contributing to

the B0 → K∗0γ mass-fit: (a) the B0
s → φγ cross-feed, (b) the Λb →

Λ∗(1520)(pK)γ decay, (c) B0 → K∗π0 (d) the B0 → ργ decay.
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5.2. Mass distribution modelling
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Figure 33: Mass shapes of the peaking backgrounds that contributes to

B0
s → φγ: (a) the B0 → K∗0γ cross-feed, (b) the Λb → Λ∗(pK)γ decay.

Table 14: Shape parameters of the peaking background components for

B0 → K∗0γ, extracted from simulation.

∆M (MeV/c2) fσ α n

B0
s → φγ −18.2± 0.9 1.22± 0.01

αL = 1.76± 0.06 nL = 1.47± 0.17

αR = 1.76± 0.07 nR = 5.1± 0.9

Λ0
b → Λ∗γ 69.1± 1.0 1.60± 0.01 0.92± 0.02 5.3± 0.4

B0 → K∗π0 −42± 10 1.4± 0.1 0.68± 0.14 2.3± 1.1

B0 → ργ 94.8± 0.7 1.20± 0.01
αL = 2.13± 0.03 nL = 1.1± 0.1

αR = 1.05± 0.02 nR = 20.0± 4.2

Table 15: Shape parameters of the peaking background components for

B0
s → φγ, extracted from simulation.

∆M (MeV/c2) fσ α n

B0 → K∗0γ 17.7± 3.8 1.3± 0.1 2.0± 0.2 0.8± 0.4

Λ0
b → Λ∗γ 45± 11 1.8± 0.1 0.8± 0.1 17± 14
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Chapter 5. Mass fit

5.3. B0
s → φγ and B0 → K∗0γ mass-fit

In order to fully determine each component that contributes to the B

invariant mass, an extended unbinned maximum-likelihood fit is performed

separately to B0 → K∗0γ and B0
s → φγ data samples. For this the extended

pdf is used to fit the data:

PDF (m) = Ns · [PDFsignal + Ci · PDFpeak.] +
∑
bkg

NbkgPDFbkg (5.8)

where Nbkg stands for the yields of the combinatorial and partially recon-

structed background components, described by the corresponding PDFbkg.

After the study performed on Monte Carlo in the previous section, only three

parameters and the normalization are left to complete the pdf ’s characteri-

zation:

µ and σ: The mean and width of the signal gaussian core.

p0: The slope of the combinatorial background.

Normalization: Signal and combinatorial background yields. As well

as the yields of the partially reconstructed backgrounds (B → Kππ0X

and the missing pion), that are left free in the B0 → K∗0γ mass-fit.

Peaking background yields are fixed based on the relative contributions

provided in Table 11.

Figure 34 shows the fit to data of the B0
s → φγ and B0 → K∗0γ recon-

structed mass distributions in the B mass range [5000, 6000] MeV/c2 and

[4600, 6000] MeV/c2, respectively. Note that the low mass cut for B0
s → φγ

is tighter to suppress the partially reconstructed background as explained in

Section 5.1.3. The results from the data mass-fit are presented in Tables

17 and 16, where the quoted errors are only statistical. The combinatorial

background is found to be the dominant background source for B0
s → φγ and

B0 → K∗0γ. However, for the B0 → K∗0γ decay the partially reconstructed

backgrounds are also an important contribution, with a 3% around the signal

peak (1.5σ). Using the full Run I data (3fb−1), 5113 ± 93 B0
s → φγ signal

candidates are found, and 33861± 254 B0 → K∗0γ signal candidates.
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5.3. B0
s → φγ and B0 → K∗0γ mass-fit
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Figure 34: Fit to the B0
s → φγ and B0 → K∗0γ mass distributions with

Run I data. The number of signal candidates is found to be 5 113 ± 93 for

B0
s → φγ and 33 861± 254 for B0 → K∗0γ.
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Chapter 5. Mass fit

Table 16: Result of the mass fit to data for the B0
s → φγ decay channel.

The fixed Ci relative peaking contributions are also quoted in this table.

Signal

N events 5113± 93

µ (MeV/c2) 5368.3± 1.8

σ (MeV/c2) 85.3± 1.9

Comb.
p0 (MeV−1) −0.138± 0.032

N events 3995± 105

Peak. CB0→φπ0 1.8%

CΛb→Λ∗(pK)γ 2.0%

Ccross−feed 0.10%

Table 17: Result of the mass fit to data for the B0 → K∗0γ decay chan-

nel. The fixed Ci relative peaking and partially reconstructed background

contributions are also presented in this table.

Signal

N events 33861± 380

µ (MeV/c2) 5281.69± 0.75

σ (MeV/c2) 89.40± 0.86

Combinatorial
p0 (MeV−1) −0.055± 0.067

N events 22492± 1150

Partially rec. bkg.

CB→Kππ0X (24.71± 0.23)%

Missing pion (26.14± 0.43)%

CB0→K∗η 1.93%

Peaking bkg. CB0→K+π−π0 2.53%

CΛb→Λ∗(pK)γ 1.1%

CB0→ργ 0.19%

Ccross−feed 0.27%
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5.3. B0
s → φγ and B0 → K∗0γ mass-fit

These results are used to apply the sPlot technique [74] to exploit the

B invariant mass as the discriminant variable to finally isolate the signal.

It consists in a fit to the data mass distribution where the yields of the

different components are floating, while the pdf of each distribution is fully

specified, giving as result a weight (named sWeight) assigned to each can-

didate related with the probability of being signal. Peaking backgrounds

cannot be distinguished from the signal, because they are under the signal

mass peak, and thus are included as signal here and the potential systematic

effect on the observables measured in this thesis will be evaluated later. For

the B0 → K∗0γ decay channel, a modified version of sPlot [100] allows to fix

the B0 → K∗η contribution.

The s-weighted sample is from now on referred as the background sub-

tracted data sample, and will be used in the time-dependent analysis to

perform the fit on the proper-time. Figure 35 shows the Bs background sub-

tracted proper-time distribution and the different components weighted after

applying the sPlot procedure, where the background-subtracted distribution

is specified in red.

The background-subtracted distributions of the variables entering in the

selection (defined in Chapter 4) have been studied and compared with MC

signal events. In Appendix A.4, the distributions of several variables for

the sWeighted B0 → K∗0γ and B0
s → φγ candidates are compared to the

simulation, which are found to be in good agreement.
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Figure 35: s-Weighted decay time distribution of (a) B0
s → φγ and (b)

B0 → K∗0γ candidates for the signal and background components, after

applying the sPlot procedure on the B mass distribution.
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5.3. B0
s → φγ and B0 → K∗0γ mass-fit

Simultaneous mass fit

For the measurement of the ratio of branching fractions B(B0→K∗0γ)
B(B0

s→φγ)
de-

scribed in Chapter 6, in order to account for the correlation between both

decay modes contributing to the ratio, a mass fit to B0
s → φγ and B0 → K∗0γ

data is applied relating the µ of B0 → K∗0γ and B0
s → φγ decay channels

as:

µB0
s→φγ = µB0→K∗0γ + ∆M (5.9)

where µ corresponds to the mean value of the B reconstructed mass and

∆M is taken from the PDG [6]. Apart from sharing this parameter, the

rest of considerations to perform the fit are analogous to the previous fit

strategy. Using this, a fit is applied to B0 → K∗0γ and B0
s → φγ data, and

the result is shown in Figure 39. The fitted parameters are shown in Table

19 and 18, with very similar results to what was obtained previously in the

individual fit. The ratio of branching fractions will be computed in Chapter

6 using the signal yields obtained here, which are:

N(B0 → K∗0γ) = 33850± 379 (5.10)

N(B0
s → φγ) = 5111± 110 (5.11)

In order to validate this mass fit model, 1000 pseudo-experiments have

been generated. From this, the extracted pull distribution for the B0, B0
s

and the ratio are shown in Figure 37. The mean of each pull distribution is

compatible to zero and the dispersion is compatible with one proving that

there is no bias in the fitted value and the uncertainty is properly estimated.
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Chapter 5. Mass fit

Signal

N events 5111± 110

µ (MeV/c2) 5368.84± 0.72

σ (MeV/c2) 85.32± 1.85

Combinatorial
p0 (MeV−1) −0.135± 0.032

N events 3997± 105

Peaking bkg. CB0→φπ0 1.8%

CΛb→Λ∗(pK)γ 2.0%

Ccrossfeed 0.1%

Table 18: Results from the simultaneous mass fit to B0
s → φγ data.

Signal

N events 33850± 378

µ (MeV/c2) 5281.55± 0.72

σ (MeV/c2) 89.38± 0.86

Combinatorial
p0 (MeV−1) −0.058± 0.065

N events 22537± 1139

Partially rec. bkg.

CB→Kππ0X (24.68± 0.23)%

Missing pion (26.04± 0.42)%

CB0→K∗η 1.93%

Peaking bkg. CB0→K+π−π0 2.53%

CΛb→Λ∗(pK)γ 1.1%

CB0ργ 0.19%

Ccrossfeed 0.27%

Table 19: Results from the simultaneous mass fit to B0 → K∗0γ data.
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5.3. B0
s → φγ and B0 → K∗0γ mass-fit
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Figure 36: Results of the simultaneous mass fit applied on B0 → K∗0γ (a)

and B0
s → φγ (b).
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Figure 37: Pull distributions of the fitted yield of B0 (a), B0
s (b) and

the ratio between the two, obtained from 1000 pseudo-experiments. Every

distribution is compatible with a standard pull distribution with the mean

value at zero and a dispersion of one.
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6 Ratio of branching fractions

B(B0→ K∗0γ)/B(B0
s → φγ)

6.1. Introduction

B0
s → φγ and B0 → K∗0γ decays are flavour-changing neutral-currents,

involving the b→ sγ quark level transition. These are very suppressed in the

SM and can only occur via penguin loop diagrams. Therefore, new heavy

particles may contribute modifying different observables, which makes this

type of process ideal for searching New Physics.

Radiative B0 decays have been explored in detail by the b-factories [25,

26, 101], in particular by studying the B0 → K∗0γ decay mode. The LHCb

experiment opens the possibility to perform high precision measurements

also in the Bs sector, thanks to the large number of Bs produced in the

pp collisions. In the case of the Bs meson, the dominant radiative b-hadron

decay is the B0
s → φγ mode which was first observed in 2008 by Belle [102].

So far, the most precise B(B0
s → φγ) measurement was performed by the

LHCb using a fraction of Run 1 data, corresponding to a luminosity of

1 fb−1: B(B0
s → φγ)1 fb−1

= (3.5 ± 0.4) × 10−5 [49]. The experimental result

is in agreement with the theoretical prediction at NNLO, which is affected

by high hadronic uncertainties: (4.3 ± 1.4) × 10−5 [45]. As explained in

Chapter 2, the sizable width difference in the Bs system (ys ' 6%) implies

that the experimental branching ratio does not coincide with the theoretical

expression, and it has to be taken into account when comparing the results.

Branching ratio measurements at LHCb requires of a well-known nor-

malization channel in order to avoid the uncertainties related to the limited

knowledge of the luminosity and the bb̄ cross section. Following this ap-

proach, the purpose here is to perform a measurement of the ratio B(B0 →
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Chapter 6. Ratio of branching fractions B(B0 → K∗0γ)/B(B0
s → φγ)

K∗0γ)/B(B0
s → φγ) using Run 1 data which corresponds to 3 fb−1. B0

s → φγ

and B0 → K∗0γ decay channels have very similar topologies, allowing to

cancel several experimental uncertainties in the ratio. Then, from the ratio

the B(B0
s → φγ) is obtained by using the HFLAV average B(B0 → K∗0γ) =

4.17±0.12 [42]. Besides, the ratio measurement provides itself a sensitive test

of the SM, since the theoretical prediction also benefits from partial cancella-

tion of form factor uncertainties: B(B0 → K∗0γ)/B(B0
s → φγ)theory = 1.0±0.2

[45].

The ratio of branching fractions can be written as follows:

B(B0 → K∗0γ)

B(B0
s → φγ)

=
NB0→K∗0γ

NB0
s→φγ

× fs
fd
× B(φ→ KK)

B(K∗ → Kπ)
× ε

B0
s→φγ

sel

εB
0→K∗0γ

sel

, (6.1)

where the signal yields are extracted from the simultaneous mass fit as

described in Section 5.3. The fs/fd, B(φ→ KK) and B(K∗ → Kπ) external

input measurements are discussed in Section 6.2, while the selection efficiency

(εsel) is computed in Section 6.3. Several potential sources of systematic

uncertainty are studied in Section 6.4. Finally, the result of the ratio is

presented in Section 6.6, and using the HFLAV average of B(B0 → K∗0γ)

[42] the B(B0
s → φγ) is determined.

6.2. External input measurements

Hadronization fraction fs/fd

The ratio of B0
s and B0 meson production cross-sections is determined by

the fragmentation fractions fq, which describes the probability of a b quark

to hadronize into a Bq meson (fs/fd). This has to be experimentally deter-

mined, since there is no reliable theoretical prediction because the process

involves strong dynamics in the non-perturbative regime.

The most precise measurement of fs/fd have been recently published in

[103], which is extracted from the combination of semileptonic and hadronic

measurements of different B decay modes at LHCb. The improved knowledge

of the B(D−s → K+K−π−) and B meson lifetimes reduces the fs/fd uncer-

tainty with respect the previous value [104]. No dependence on η has been

observed, however the result has been found to depend on pT . Therefore, an
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integrated result is given in the reference [103]:

fs/fd (7 TeV) = 0.2390± 0.0076 (6.2)

fs/fd (8 TeV) = 0.2385± 0.0075 (6.3)

where a reference pT spectra needed to calculate the integrated values, is ob-

tained by generating B0 and Bs mesons inside the acceptance and without

any simulation of the detector. While for the semileptonic modes, the uncer-

tainty is dominated by the modelling and statistics, form factors and SU(3)

breaking systematics are the most important in the hadronic measurements.

Finally an average is properly scaled for Run 1 data, which will be used

in the final result:

1/3× fs/fd (7 TeV) + 2/3× fs/fd (8 TeV) = 0.239± 0.006.

The knowledge of fs/fd parameter is crucial to measure B0
s branching

fractions in LHCb. At present, this is the limiting systematic uncertainty

of the B(B0 → K∗0γ)/B(B0
s → φγ) measurement, and its impact will be

discussed in detail in Section 6.4.

Branching fractions of the vector meson decay

The branching ratio the K∗ and φ resonances, decaying into two charged

tracks is taken from external measurements from the PDG [22]. The values

are shown in Table 20. In the case of K∗, the branching ratio presented in

the PDG includes neutral particle final states, therefore, considering isospin,

B(K∗ → K±π∓) is 2/3 the PDG value [94].

B(φ→ K+K−) (49.2± 0.5)%

B(K∗ → K±π∓) (66.507± 0.014)%

Table 20: Branching ratios of the intermediate resonant decay modes, ob-

tained from the PDG [22]
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6.3. Selection efficiency

The selection strategy needed to remove background, as well as intrinsic

detector limitations, makes that not every signal event produced in the col-

lision can be properly reconstructed. In Equation 6.1, all these effects are

encoded in the selection efficiency, referred to as εsel. This can be decom-

posed in several efficiency terms as follows:

εsel = εacc × εreco+strip × εoffline × εγPID × εtrPID × εtrigger, (6.4)

where the efficiencies are computed in chain, which means that, from left to

right, each efficiency is defined on top of the previous steps.

Most of the efficiency terms are extracted from simulation. For this, MC

samples of both 2011 and 2012 data taking periods are used and the average

is obtained taking into account the proportion in data of the two years (i.e

ε = 1/3 × ε2011 + 2/3 × ε2012). The PID detector response is not reproduced

properly in the simulation because detector occupancy and experimental

conditions are difficult to model. Therefore, it motivates to use data-driven

techniques for computing the PID efficiencies. PID and trigger efficiencies,

that are known to be not totally reliable in MC, are left at the end of the

chain in Equation 6.4 to avoid effects on the rest of the requirements that

might distortion the efficiencies.

Details on the computation of B0 → K∗0γ and B0
s → φγ efficiencies for

each step is described in the following.

Acceptance εacc

The Monte Carlo simulation at LHCb is performed within the detector

acceptance (2 < η < 5). Therefore, εacc is the first efficiency to be considered

in the chain, given that the rest of the efficiencies evaluated on MC are

conditional to this. At the generation phase same requirements are applied

to B0 → K∗0γ and B0
s → φγ:

θtr ∈ (10, 400) mrad,

pT (γ) > 1500 MeV,
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where the first takes into account the geometrical detector acceptance. In

turn, the second cut is meant to optimize the generation process avoiding

to generate photons that are rejected later on by the selection criteria. The

efficiencies of the later cuts are given by the simulation LHCb group at

the generation tables [105]. The information is available for the different

years and polarities, as it is shown in Table 21. The averaged efficiencies

Year Magnet Up (%) Magnet Down (%) Average (%)

B0 → K∗0γ
2011

2012

24.220± 0.038

24.455± 0.059

24.229± 0.042

24.322± 0.060

24.225± 0.028

24.388± 0.042

B0
s → φγ

2011

2012

26.336± 0.043

26.512± 0.063

26.268± 0.046

26.585± 0.064

26.336± 0.031

26.424± 0.045

Table 21: Acceptance efficiency evaluated at the generation phase for

B0
s → φγ and B0 → K∗0γ, for the two different magnet polarities and

the corresponding average.

for the two magnet polarities shown in Table 21 is used to compute the

corresponding average for the two years (i.e εacc = 1/3 × ε2011
acc + 2/3 × ε2012

acc )

giving as result:

εacc(B
0 → K∗0γ) = (24.335± 0.030)%,

εacc(B
0
s → φγ) = (26.395± 0.032)%,

which are the acceptance efficiency values that will be employed in the ratio.

The later result leads to the following ratio for the acceptance efficiency:

racc =
εacc(B

0
s → φγ)

εacc(B0 → K∗0γ)
= 1.0847± 0.0019. (6.5)

The εacc for the B0
s → φγ decay channel is higher than for the B0 → K∗0γ

because the opening angle of the decay products is smaller, due to the lower

available phase space in the φ decay compared to K∗ decay.

Reconstruction and stripping (εreco+strip)

The reconstruction and stripping efficiency, named here as εreco+strip, is

obtained from the simulation. It is defined as the fraction of events where
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a truth-matched signal candidate is fully reconstructed by the stripping line

over the total number of generated events. As it is recommended by the PDG

group, the statistical error for the efficiency calculation is estimated using

the Clopper-Pearson method [106], and is computed with the TEfficiency

class in ROOT [61]. Efficiencies for B0 → K∗0γ and B0
s → φγ and the ratio

between them is reported in Table 22.

Year εreco+strip (%)

B0 → K∗0γ

2011

2012

Average

3.675± 0.006

3.035± 0.006

3.248± 0.004

B0
s → φγ

2011

2012

Average

4.250± 0.007

4.018± 0.007

4.095± 0.005

rreco+strip 1.2606± 0.0023

Table 22: Reconstruction and stripping efficiencies, evaluated in MC, for

B0
s → φγ and B0 → K∗0γ, and the result of the ε

B0
s→φγ

reco+strip/ε
B0→K∗0γ
reco+strip ratio.

No PID requirements are included in the inclusive stripping selection, as

described in Section 4.4.2. However, at least one of the HLT2 radiative lines

is required to be fired. The potential effect of the trigger requirements at

the stripping level are studied in Section 6.5.

Optimized offline selection (εoffline)

The efficiency of the optimized selection criteria described in Section

4.4.2, is evaluated on simulation, except for PID requirements that are not

included here. It is computed as the ratio of MC signal candidates pass-

ing the selection requirements with respect the total events selected by the

stripping. Offline selection efficiencies are given in Table 23.
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Year εoffline (%)

B0 → K∗0γ

2011

2012

Average

46.721± 0.083

53.548± 0.098

51.272± 0.071

B0
s → φγ

2011

2012

Average

44.236± 0.077

43.534± 0.082

43.766± 0.060

roffline 0.852± 0.002

Table 23: Offline selection criteria efficiencies , evaluated in MC, for B0
s → φγ

and B0 → K∗0γ, and the resulting ratio.

Charged PID (εtrPID)

The efficiencies of the PID requirements applied on both kaons and pions,

which are detailed in Section 4.4.2, are studied using data-driven techniques.

For that, the PIDCalib group provides calibration samples where no PID is

required to identify the charged products in the final state.

In order to study kaons and pions efficiency, a clean sample of D0 →
K−π+ is employed. It is assumed that the efficiency is constant within a pT

and η bin, for which the binning scheme recommended by the PID group is

applied. PID efficiency maps in bins of pT and η for the calibration sample

can be obtained. From this maps, and using the simulation samples as the

reference for kinematics in the case of B0 → K∗0γ and B0
s → φγ decays, the

PID efficiencies are extracted. The results for 2011 and 2012 data taking

period conditions as well as the corresponding average are shown in Table

24, where quoted errors are only statistical. The efficiency ratio between the

B0
s → φγ and B0 → K∗0γ decay modes results:

rtrPID = 0.9669± 0.0021 (6.6)
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Year εtrPID(%)

B0 → K∗0γ

2011

2012

Average

92.408± 0.055

92.142± 0.061

92.231± 0.045

B0
s → φγ

2011

2012

Average

89.108± 0.073

89.211± 0.077

89.177± 0.057

Table 24: Efficiency of the PID requirements applied on the charged tracks

for B0
s → φγ and B0 → K∗0γ decays, for 2011 and 2012 data taking period

conditions as well as the corresponding average.

Neutral PID (εγPID)

Neutral PID efficiency requirements applied on γ/π0 separation variable

are extracted using the IsPhoton calibration tool [57]. It consist in a data-

driven method using B0 → K∗0γ as calibration sample, where the efficiency is

evaluated in bins of pT and η. The tool associates an efficiency to each event

of the B0 → K∗0γ and B0
s → φγ simulation samples, which are averaged

to obtain the neutral PID efficiency. Results for both decay modes are

presented in Table 25, which give the following ratio:

rγPID = 0.9990± 0.0009 (6.7)

Year εγPID (%)

B0 → K∗0γ

2011

2012

Average

92.229± 0.068

92.112± 0.076

92.151± 0.055

B0
s → φγ

2011

2012

Average

92.137± 0.065

92.017± 0.070

92.057± 0.051

Table 25: Efficiency of the neutral PID for B0
s → φγ and B0 → K∗0γ, for

2011 and 2012 data conditions as well as the corresponding average.
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Trigger (εtrigger)

The trigger strategy, detailed in Section 4.4.1, is a combination from the

decisions taken at the three trigger levels. Therefore the efficiency of these

requirements comprises the L0, HLT1 and HLT2 efficiencies all together.

Every considered trigger decision is TOS which only depends on the signal,

and thus it can be computed using simulation. This efficiency is evaluated

on top of the stripping and the offline selection including PID. Table 26

sumarises the trigger efficiencies for B0 → K∗0γ and B0
s → φγ and its ratio.

Year εtrigger (%)

B0 → K∗0γ

2011

2012

Average

74.19± 0.11

71.56± 0.13

72.44± 0.09

B0
s → φγ

2011

2012

Average

67.94± 0.11

64.81± 0.12

65.85± 0.09

rtrigger 0.9091± 0.0017

Table 26: Trigger efficiencies for B0
s → φγ and B0 → K∗0γ decay channels,

accounting for L0, HLT1 and HLT2.

Even though only TOS requirements are considered, the effect of possible

remaining miss-modelling is discussed in Section 6.4

6.4. Systematics

Several sources of systematic uncertainties that can affect the ratio mea-

surement have been studied. The most relevant ones are discussed in this

section, and the results are summarized in Table 27.

Mass fit model

Systematic uncertainties in the mass fit described in Chapter 5 could rise

from signal and background modelling, as well as the calculation of the Ci
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background contributions.

Alternative models, different to the nominal one, are used for signal and

background shapes to estimate the effect of the model choice. The results

from fitting the MC with these alternative shapes can be found in Appendix

A.3. An Asymmetric Apollonius model is used to fit the B invariant mass

in MC, as detailed in Section 5.3. This model is used to characterize both

B0 → K∗0γ and B0
s → φγ signal shapes in the mass fit to evaluate this

effect. Then, the resulting signal yields are used to reassess the ratio and

the deviation from the nominal value is assigned as systematic uncertainty,

which is about 0.0037. Using an analogous procedure, partially reconstructed

backgrounds are modelled using alternative shapes, that are discussed in Sec-

tion 5.3, implying an effect of 0.0080. Instead of the linear model, using an

exponential to model the combinatorial background a systematic 0.0037 devi-

ation is obtained. Relative background contributions (Ci) have an associated

uncertainty coming from the limited statistics of the MC used to estimate

these parameters. The mass fit is repeated by moving the Ci contributions

within the statistical uncertainty, finding a deviation of 0.011.

All the previously mentioned systematic uncertainties are summed in

quadrature, giving a global systematic uncertainty associated to the mass fit

of 0.015.

PID

In order to account for the uncertainty of the sWeights procedure applied

in the calibrations samples in the PID efficienty calculation, the PID group

recommend linearly add a bias of 0.1% (absolute value, not relative) per

charged track [107]. Both decay modes, B0
s → φγ and B0 → K∗0γ, contain

two charged tracks in the final state, and thus a 0.2% systematic uncertainty

is assigned to each decay mode. This gives a total systematic uncertainty of

0.28% coming from the computation of the PID efficiency ratio.

Trigger

Most of the trigger systematic effects are expected to cancel in the ratio,

since the same TOS requirements of L0 and HLT1 are applied on both

B0 → K∗0γ and B0
s → φγ decay channels. Moreover both channels have
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similar photon ET spectra, and any miss-modeling in the L0 energies would

have a similar impact on both. The only difference in the trigger strategy

is at the HLT2 level, where exclusive lines select each decay. However, the

loose requirements used at the HLT2 are superseded by tighter cuts applied

in the offline selection. Therefore, no systematic is considered regarding the

trigger efficiency computation.

External measurements

The uncertainty of external measurements is taken into account as a

systematic uncertainty. The uncertainty in the knowledge of B(φ→ K+K−)

and B(K∗ → K±π∓) shown in Table 20 gives rise to a 1.02% systematic

error. Finally, the uncertainty of the fs/fd external parameter introduces

a 2.35% relative error to the ratio measurement, which is found to be the

largest systematic effect.

Table 27 summarizes the main systematic contributions. The most rele-

vant ones arise from the mass fit, the precision of the resonances branching

ratios (B) and the the limited knowledge of the hadronization fraction (fs/fd)

which is the overall dominant systematic source. All individual contribution

are added in quadrature resulting in a global systematic uncertainty of a

2.91%.

Source Value (%)

Mass fit 1.25

PID efficiencies 0.28

rB 1.02

Hadronization fraction fs/fd 2.35

Global systematic 2.86

Table 27: Summary of the main systematic uncertainties in the measurement

of the ratio of branching fractions.
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6.5. Sanity checks

Ratio of branching fractions for Run 1 data

The analysis procedure is validated by reproducing the previous mea-

surement, in which only the 2011 data was used corresponding to 1 fb−1.

The simultaneous mass fit is applied to 2011 data selected as explained in

Section 5.3, and the results are detailed in Appendix A.3. As described in

the previous sections, the different efficiencies in Equation 6.4 are obtained.

For better comparison, the external parameters employed here are the same

as the ones used in the previous LHCb analysis [49], instead of the most

recent updates. An exclusive selection was used at the stripping level in the

previous measurement, in contrast to the inclusive one used in the present

analysis. The final result using only 2011 data is found to be:

B(B0 → K∗0γ)

B(B0
s → φγ)

= 1.37± 0.06(stat.)

Both 2011 data samples are not fully correlated, due to the differences in the

stripping selections and on the photon reconstruction. Assuming a large cor-

relation of 40% and without accounting for possible uncorrelated systematic

uncertainties, the above result is compatible within 1.1σ with the previous

LHCb result [49] which was:

B(B0 → K∗0γ)

B(B0
s → φγ)

1 fb−1

= 1.23± 0.12.

This result validates the analysis procedure, which is able to successfully

reproduce the last LHCb result.

Trigger requirements in the stripping selection

As it was stated in Section 6.3, at least one of the HLT2 radiative lines

is required to be fired in the stripping selection. Therefore, the potential

systematic effect of this trigger requirement at the stripping level has been

studied. A B0 → K∗0γ MC sample has been reprocessed with a stripping

selection analogous to that described in Section 4.4.2, but removing the

trigger requirements. This sample is used to obtain the different selection

efficiencies that might be affected by the trigger requirements, which are

the εreco+strip, εoffline, εPID and εtrigger. Same efficiencies are obtained from
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a sample with the nominal stripping selection. The efficiencies, quoted in

nominal stripping (%) no trigger req. (%)

εreco+strip 1.438± 0.007 3.575± 0.011

εoffline 40.56± 0.23 24.16± 0.13

εPID 89.59± 0.23 89.19± 0.19

εtrigger 62.95± 0.36 42.49± 0.30

εGlobal 0.3288± 0.0032 0.3274± 0.0032

Table 28: Efficiencies computed on B0 → K∗0γ simulation using the nominal

stripping selection (left), and using an analogous stripping selection but

removing the trigger requirements (right).

Table 28, show differences at each selection step between the two samples,

however the global efficiency is found to be compatible. No effect is then

expected on the global selection efficiency by the trigger requirements at the

stripping level.

6.6. Results

The B(B0 → K∗0γ)/B(B0
s → φγ) ratio is obtained using the intermediate

ratios computed in the previous sections, together with the signal yields

extracted from the simultaneous mass fit described in Section 5.3. The mass

fit gives 33850 ± 378 and 5111 ± 110 signal candidates for B0 → K∗0γ and

B0
s → φγ respectively, corresponding to a ratio of 6.62± 0.15. With all this

information, summarised in Table 49, the ratio is determined using Equation

6.1, giving the following result:

B(B0 → K∗0γ)

B(B0
s → φγ)

= 1.199± 0.028(stat.)± 0.015(syst.)± 0.031(ext.)

where the first uncertainty is statistical, the second is the systematic uncer-

tainty estimated in Section 6.4 and the last term stands for the systematic

from the B and fs/fd external measurements. The measurement is domi-

nated by the systematic uncertainty, whose major source is fs/fd. The latter
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motivates to give a result independent on the fs/fd parameter:

B(B0 → K∗0γ)

B(B0
s → φγ)

/(fs/fd) = 5.02± 0.12(stat.)± 0.06(syst.)± 0.05(ext.),

which allows to provide an update of the branching ratio as soon as an

improved fs/fd measurement is available.

Finally, employing the HFLAV average for B(B0 → K∗0γ) [42]: (4.17 ±
0.12)× 10−5, the B(B0

s → φγ) is obtained:

B(B0
s → φγ) = (3.48± 0.08(stat.)± 0.04(syst.)± 0.13(ext.))× 10−5,

which is limited by the systematic uncertainty due to B(B0 → K∗0γ) and

fs/fd external measurements. The result is compatible with the previous

LHCb [79] and Belle [108] measurements. The global uncertainty is reduced

by a factor 2 with respect to the last LHCb measurement, mostly because

of the updated fs/fd parameter, making this the most precise measurement

of B(B0
s → φγ) to date.
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racc 1.069± 0.003

rreco+strip. 1.261± 0.002

roffline 0.854± 0.002

rtrPID 0.967± 0.002

rγPID 0.999± 0.001

rtrigger 0.909± 0.002

ryields 6.62± 0.15

rB 0.7398± 0.0075

fs/fd 0.240± 0.008

Table 29: Summary of the intermediate ratios employed to determine the

ratio of branching fractions.
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7 Time-dependent analysis: mea-

surement of A∆
φγ, Sφγ and Cφγ

7.1. Introduction

The B0
s → φγ decay mode involves the b → sγ FCNC transition, which

can only occur via loop diagram in the SM, making it ideal for NP searches.

Moreover, the B0
s neutral meson can oscillate between particle and antiparti-

cle giving a rich phenomenology as discussed in Section 2.1.3. In particular,

when the final state is common for both B0
s and B̄0

s , such as φγ, additional

terms arise in the time-dependent decay rate:

Γ(t)Bs(B̄s) ∝ e−Γst

[
cosh

(
∆Γs t

2

)
−A∆ sinh

(
∆Γs t

2

)
+ (−)C cos (∆ms t)− (+)S sin (∆ms t)

]
, (7.1)

where Γs is the B0
s decay width, ∆Γs is the decay width difference defined

as = ΓL−ΓH and ∆ms is the mass difference defined as mH −mL. The A∆

and S and C parameters are sensitive to NP, such as right-handed currents

which are very suppressed for b→ sγ transitions in the SM.

In order to measure the S and C parameters, it is necessary to know

the flavour of the initial B0
s meson at production. In this anlysis the LHCb

tagging tools are used in a radiative analysis for the first time. The proper-

time fit strategy is to apply a simultaneous fit to B0 → K∗0γ and B0
s → φγ

data samples. With very similar topology and kinematics to B0
s → φγ,

the B0 → K∗0γ decay is used as a control channel to obtain the proper-

time acceptance in data. Besides, its decay-time rate is not affected by NP
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because it is a flavour specific decay1 and as such its proper-time distribution

does not include mixing-induced terms: ΓB0→K∗0γ(t) = e−Γdt.

This is the first time the S and C parameters are measured in the B0
s me-

son system. The A∆ parameter in the B0
s → φγ decay channel was previously

measured at LHCb with Run 1 [43], finding compatible results with the SM

prediction. Since the previous measurement, there have been improvements

on the selection at the stripping level and photon reconstruction, which have

increased the available statistics by up to 20%.

In this chapter, A∆ S and C are measured with Run 1 data (3fb−1),

using B0
s → φγ and B0 → K∗0γ sWeighted data samples with a total of

5 113 and 33 861 signal candidates respectively. Section 7.2 addresses the

relevant reconstruction effects, while in Section 7.3 several sensitivity studies

are shown. The proper-time fit procedure is described in Section 7.4, and

in Section 7.5 the main systematic uncertainties are evaluated. Finally, the

results of the A∆ S and C parameters by means of a simultaneous fit to

B0 → K∗0γ and B0
s → φγ are presented in Section 7.6

7.2. Proper-time reconstruction

The reconstruction and selection procedure affect the proper-time distri-

bution, modifying the time-decay rate in the Equation 7.1 as follows:

F (t) = A(t) (Γ(t′)⊗R(t, t′)) . (7.2)

For an initial B0
s the Γ(t′) is:

Γ(t′)Bs ∝ e−Γst′ [cosh (∆Γs t
′/2)−A∆ sinh (∆Γs t

′/2)

+DC cos (∆ms t
′)−DS sin (∆ms t

′)], (7.3)

where t is the reconstructed decay-time and t′ is the true decay-time. A(t)

is the acceptance function accounting for the efficiency on the proper-time

reconstruction, while R(t, t′) is the proper-time resolution. The D parameter

is a dilution factor related to the accuracy of the Bs flavour tagging proce-

dure (see Section 7.2.4), which is defined as: 1 − 2ω, where ω is the wrong

tag probability (so-called mistag).

1The B0 → K∗0γ is a flavour specific decay mode, since the K∗ vector meson and its

antiparticle K̄∗ have different final states: in the B0 → K∗0γ decay process the final state

is K∗(K+π−)γ, while for the charged conjugated process is K̄∗(K−π+)γ.
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Figure 38 shows how the mistag and the resolution effects implies a

dilution on the proper-time oscillations, thus affecting mainly the S and

C measurements since they accompany the oscillating terms. On the other

hand, the most relevant impact of the acceptance is in the A∆ measurement.

Detailed studies on how the detection affects the measurement of the different

parameters are shown in Section 7.3.

Therefore, the proper characterization of each of these reconstruction

effects is crucial to perform the time-dependent measurement, and will be

assessed in detail in this section. The acceptance and resolution parametriza-

tion is studied using large simulation samples with about 9 million of gen-

erated events under Run 1 conditions (see Table 10 in Chapter 5), 90000 of

which survive after the reconstruction and selection criteria.
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Figure 38: Decay time distribution after adding, one after the other, each

reconstruction effect for the B0
s → φγ decay using simulated toy experiments.

This corresponds to an initial B0
s meson, and considering that S = C ' 0.5.

In red, the theoretical decay rate (Equation 7.1) is shown. The mistag, and

acceptance effects are included in the blue and green curves respectively. Fi-

nally the resolution is added in the black curve, where all the reconstruction

effects are included.
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7.2.1. Reconstruction algorithm

The B proper-time of B0
s → φγ and B0 → K∗0γ events is determined

from different reconstructed quantities as follows:

τB = MB

~d · ~pB
|~pB|2

, (7.4)

where MB and ~pB are the mass and the momentum of the B meson, while

~d is the distance between the PV and the SV where the B meson decays,

which should be aligned with the momentum (~d× ~pB = 0).

In practice, the B proper-time is obtained using the PropertimeFitter

tool, which obtains the τB value by minimizing the ~d × ~pB product taking

into account the uncertainty of the measured quantity. Giving that this

algorithm reconstructs the SV with high accuracy, the proper-time resolution

is dominated by the ~pB coming from the photon momentum resolution.

Furthermore, a mass-constrained option is applied where the MB is set to

the nominal measured value in the PDG [22]. By doing this, we reduce the

correlation between the mass and the proper-time for an optimal performance

of the sPlot technique, which requires that the discriminant variable (MB)

and the target variable (τB) are not correlated. Moreover, using the mass

constrained quantity also improves the time resolution reducing the proper-

time bias [109].

7.2.2. Propertime acceptance

Since the proper-time reconstruction and selection efficiency is not con-

stant along the decay-time range, it is necessary to include an acceptance

function (A(t)) to describe and correct the proper-time distribution. It is

defined as the ratio between the reconstructed and the theoretical decay time

distributions, and can be characterized by the following pdf :

A(t; b, c) =


tb/t

cosh (ct)
, for t > 0,

0, otherwise,

(7.5)

where b and c parameters accounts for the acceptance at low and high decay

times, respectively. Many events are discarded after applying the selection

requirements to reject prompt tracks, therefore the acceptance impact is
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more pronounced at the very low proper-time region. On the other hand,

efficiency at large decay times comes from the L0 and HLT1 requirements

[109].

The acceptance is extracted simultaneously from the B0
s → φγ and B0 →

K∗0γ decay modes in data. The decay-time acceptance is very similar for

both decay modes and small differences between the two are fixed from

Monte Carlo simulations. To obtain this difference, a simultaneous fit is

applied to B0 → K∗0γ and B0
s → φγ simulated samples. For this, the

B0 → K∗0γ decay time distribution is modeled as follows:

FK∗γ(t) = ΓK∗γ(t) AK∗γ(t), (7.6)

where

ΓK∗γ(t) = e−Γdt, AK∗γ(t) =
tbK∗γ/t

cosh (cK∗γt)
, (7.7)

In the same way, the B0
s → φγ distribution can be described as:

Fφγ(t) = Γφγ(t) Aφγ(t), (7.8)

where

Γφγ(t) = e−Γst cos (∆Γst/2) , Aφγ(t) =
tbφγ/t

cosh (cφγt)
. (7.9)

In order to relate the Aφγ(t) to the acceptance of the B0 → K∗0γ control

channel, the bφγ and cφγ parameters are defined as:

bφγ = bK∗γ + ∆b, cφγ = cK∗γ + ∆c, (7.10)

In addition, Γs,d and ∆Γs parameters of the Γ(t) decay rate are fixed to the

values used in the MC generation [110] (see Table 30).

Table 30: Parameter values used in the LHCb full-simulation [110]

Parameter Value

τs 1.512 ps

∆Γs 0.1097 ps−1

∆ms 17.8 ps−1

τd 1.519 ps

∆md 0.507 ps−1

Finally, the simultaneous fit to B0 → K∗0γ and B0
s → φγ MC samples

is shown in Figure 39, from which the acceptance parameters are obtained
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and shown in Table 31. Results obtained here for ∆b and ∆c are used in

the final proper-time fit to data, while the rest (i.e bK∗γ and cK∗γ) are left

free and will be determined from data. The uncertainties of the parameters
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Figure 39: Simultaneous fit to the reconstructed decay time in B0
s → φγ

simulation (right) and B0 → K∗0γ simulation (left).

and their correlation will be taken into account to evaluate the systematic

uncertainty related to the limited MC statistics. Moreover, an alternative

function with 4-parameter was used to describe the acceptance in [43] (see

Appendix A.5), and will be used to estimate the uncertainty due to the

acceptance modelling in Section 7.5.

Table 31: Results for the acceptance parameters, obtained from the simul-

taneous fit to B0 → K∗0γ and B0
s → φγ simulation samples. The acceptance

difference between the B0
s → φγ and B0 → K∗0γ control mode (∆b, ∆c) will

be fixed to the values quoted here in the final proper-time fit to data.

Parameter Value

b 0.7379± 0.0045

c 0.0514± 0.0047

∆b 0.0011± 0.0063

∆c −0.0025± 0.0070
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7.2. Proper-time reconstruction

7.2.3. Propertime resolution

The limited accuracy in the reconstruction of the proper time is charac-

terized by the resolution, which accounts for the uncertainty in the measure-

ment (i.e the resolution width) and a possible bias (i.e the resolution mean).

As it is explained in Section 7.2.1, the proper time resolution is driven by

the SV resolution, where the photon does not contribute, and by the B

momentum resolution which in turn is dominated by the photon momentum

resolution.

From studies performed on simulation, where the resolution is defined as

∆t = treco − ttrue, both the resolution width and mean are found to depend

on the proper-time, as shown in Figure 40. In average, the resolution width

is about 70 fs, while the bias is around 5 fs. In order to account for the
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Figure 40: Dependency of the proper-time resolution parameters, mean and

width, obtained in the B0
s → φγ and B0 → K∗0γ simulated samples.

strong width dependency, the per-candidate decay time uncertainty is taken

into account in the fit to data. On the other hand, the dependency of the

proper-time bias will be taken into account for the systematic studies, while

in the nominal proper-time fit is assumed to be constant instead. Moreover,

it has been observed that the per-candidate uncertainty does not exactly

match the resolution in simulation, as shown in Figure 41, which suggest

that the given per-event uncertainty is underestimating the actual error.

To deal with this, a scaling factor is introduced in the resolution model
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that will be extracted from simulation and applied to data to account for

the difference between the resolution width and the per-event decay time

uncertainty.
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Figure 41: Comparison between the resolution and the per-candidate proper-

time uncertainty using simulation, where the blue line represents the case

where both are equivalent.

Considering all these features, the resolution function is modeled with a

double Gaussian function:

R(f, µ, s1, s2;σt) = f Gauss1(µ, s1σt) + (1− f)Gauss2(µ, s2σt), (7.11)

with

Gauss(µ, sσt) =
1

(
√

2πsσt)
e−(∆t−µ)2)/2s2σ2

t , (7.12)

where σt is the per-candidate proper-time uncertainty. The f parameter

determines the relative contribution of the two Gaussian functions, the µ

accounts for the proper-time bias and the s1 and s2 are the two scaling

factors. The f , µ, s1 and s2 parameters are determined from a fit to B0 →
K∗0γ and B0

s → φγ simulation samples, shown in Figure 42, and are fixed

to these values in the data fit. Those values are quoted in Table 32.

Furthermore, several validation studies have been conducted in [91] to

examine the resolution differences between data and MC using two different

samples where the true proper-time in data can be determine. One of the

used samples is the B0 → J/Ψ(µµ)K∗ data sample where the J/Ψ(µµ) is
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Figure 42: Fit to the decay time resolution, using a double Gaussian func-

tion, in the simulated B0
s → φγ (a) and B0 → K∗0γ (b) samples.

Parameter B0 → K∗0γ B0
s → φγ

f 0.978± 0.002 0.974± 0.003

µ (fs) 4.5± 0.2 4.8± 0.2

s1 1.144± 0.003 1.141± 0.004

s2 2.79± 0.08 2.65± 0.07

χ2 3.1 2.2

Table 32: Results from the fit to the decay time resolution in MC, using a

double Gaussian function, for B0
s → φγ and B0 → K∗0γ decay modes.
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treated to mimic the photon resolution. Another is a data sample with

prompt φ’s (from the colision point) combined with random photons.

Results from these studies reveal that the maximum desviation in the

resolution width between data and simulation is 5fs larger in data than

in simulation, and this effect will be taken into account as a systematic

uncertainty as explained in Section 7.5.

7.2.4. Flavour tagging

As explained in Section 7.1, to perform the measurement of the CP

violating parameters it is essential to know the flavour of the signal B0
s

meson at production. At LHCb, this task is carried by the flavour tagging

algorithms, so-called ”taggers”, which allow to determine the flavour of a

B meson by exploiting the information of the rest of the event [111–113].

Two types of taggers are available, based on different approaches to identify

the B flavour: the Opposite Side (OS) [114] tagger exploits the charge of

the decay products of the other (non-signal) B meson produced on the

fragmentation process of the accompanying b-quark, while the Same Side

(SS) [115] tagger infers the B signal flavour from the charge of the rest of

the particles generated in the b fragmentation process of the signal. Figure

43 shows an scheme of the basis for the SS and OS taggers.

PV

SV

u� → u�
u� → u�u�−

SV

u� → u�

same side

opposite side

u�

u�

u�/u�

u�∗0

u�

u�u�
u�+

u�

u�−

u�+

u�0

ℎu�

SS pion

SS proton

SS kaon (for 𝘉0
𝘴 )

OS muon

OS electron

OS kaon

OS vertex charge

OS Charm

Figure 43: Schematic representation of the flavour tagging algorithms avail-

able at LHCb [116].
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The tagging performance can be quantified by means of three different

quantities:

Mistag fraction (ω), or wrong tag probability, is the fraction of events

with a wrong tag decision. An estimation of the probability ω is

provided by the tagging algorithms for each event.

Tagging efficiency (εtag) is the fraction of events for which the tagging

algorithms have been able to provide a tag decision.

Tagging power (εpower) is defined as: εtag(1 − 2ω)2. This gives the

overall impact of the tagging performance on the statistical uncertainty

of the measurement.

The mistag probability is due to particle mis-identification or flavour os-

cillations of the non-signal B meson. The ω estimation performed by the

tagging algorithms is obtained using neural networks trained on simulation,

which does not reproduced perfectly the data. Therefore, it is necessary to

calibrate the mistag probability using real data. In this analysis, the cali-

brations provided by the Flavour Tagging group are applied [117], where the

flavour-specific B+ → J/ΨK+ and B0 → J/ΨK∗ decays are used to cali-

brate the OS tagger and B0
s → D−s π

+ together with B∗s2(5840)→ B+K− are

the control channels for the SS tagger. Further studies on the flavour tag-

ging performance are reported in [118]. Among several validation tests, the

time-dependent mixing asymmetry of B0 → K∗0γ is probed using OSComb

tagged candidates (see Figure 44), showing a good performance for the first

time application of the tagging algorithms in radiative modes at LHCb.

When both algorithms are available for a certain event, the tag decision

provided by the SS and OS algorithms can be combined into a single deci-

sion, which improves the flavour tagging performance as shown in Table 33.

Therefore, a combination of SS and OS is used in this analysis [119], as it

was done in other CP -violation measurements [120, 121], giving an effective

tagging power efficiency of 4.58%.
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Figure 44: Time-dependent mixing asymmetry A(t) = Nunmixed−Nmixed

Nunmixed+Nmixed
of B0 →

K∗0γ using OSComb tagger with Run 1 data [116]. The red curve represents

the theoretical distribution A(t) = (1 − 2ω) cos(∆mdt), which is compatible

with the black data points.

Table 33: Flavour tagging performance on B0
s → φγ Run 1 data [118], for

the OS and SS and the combination of the two. SSKaonNNet is the same-

side tagging algorithm which allows to identify the B0
s flavour [115]. The

OSComb is the result of combining all the available OS taggers into single

decision [122].

Tagger εtag (%) ω (%) εpower (%)

SSKaonNNet 61.0 41.07 1.94

OSComb 32.4 35.25 2.82

SS & OS Combination 72.4 37.43 4.58

7.3. Sensitivity studies

To study in detail how the reconstruction affects the A∆, S and C mea-

surements, different toy studies have been performed, and the main conclu-

sions are discussed in this section.

For the MC experiments, unless otherwise stated, it is considered an

hypothetical scenario where A∆ = S = C = 0.5. Both acceptance and

resolution effects are included in every case. The resolution is modeled

with a single Gaussian with µ = 5 fs and σ = 70 fs for simplicity. Besides,
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the mistag is considered as constant (ω = 0.41), which corresponds to the

SSKaonNNet tagger mistag fraction. The proper-time pdf distribution given

in Equation 7.2 is employed to generate and fit the toys, each having the

expected Run 1 statistics for B0
s → φγ (i.e 5300 events).

Figure 45 shows the statistical uncertainty (or sensitivity) for the three

parameters (A∆, S and C) when varying the mistag and the resolution

width. From this study, it is clear that the mistag and the resolution width

have a negative impact on the S and C measurements, while A∆ remains

unaffected. This is because, as introduced at the beginning of this section,

both the mistag and the resolution implies a dilution in the oscillation terms

which are proportional to the C and S parameters.

ω
0.15 0.2 0.25 0.3 0.35 0.4 0.45

se
ns

iti
vi

ty

0.1

0.2

0.3

0.4

0.5

0.6

0.7

)∆(Aσ
(S)σ
(C)σ

(a) Mistag fraction

(fs)resσ
30 40 50 60 70 80 90 100 110 120

se
ns

iti
vi

ty

0.1

0.2

0.3

0.4

0.5

0.6

0.7

)∆(Aσ
(S)σ
(C)σ

(b) Resolution width

Figure 45: The statistical uncertainty of the A∆, S and C as a function of

the mistag fraction (a) and proper-time resolution width (b). Dotted blue

line stands for the average expected value at LHCb for Run 1.

Looking for potential sources of bias, the central value of the three observ-

ables is fitted considering the miss-modeling of the different reconstruction

effects: the mistag fraction (ω), the resolution width (σres) and the mean

(µres) of the resolution. In Figure 46, the x-axis represents the value of the

ω, σres and µres used to generate the toy pseudo-experiments, while the fit

is performed by fixing these to: ω = 0.41, σres = 70 fs and µres = 5 fs. The

y-axis represents the fitted A∆, C or S, which has been fixed to 0.5 in the

generation phase. A bias is observed in the S and C measurements when the

mistag and the resolution (both width and mean) are not properly described,

which is aligned with the results of the pseudoexperiments discussed in the

previous paragraph.
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Figure 46: Fitted central value dependency when the mistag fraction (a),

the proper-time resolution (b) and the width resolution (c) are nor properly

described. The black dotted line stands for the 0.5 generated values (non-

biased).
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Besides, the sensitivity has been tested in terms of the the mean value

of the three parameters. The central value of S and C observables does not

have a relevant impact on the statistical uncertainty when measuring A∆, S
nor C, as can be seen in Figure 47. However, A∆ sensitivity improves when

the A∆ central value increases, and although S and C are affected in the

same direction, it is much less pronounced.
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Figure 47: The uncertainty of the observables as a function of their central

values. In the case the parameters (A∆, S or C) does not appear in the

x-axis, their value is fixed to 0.5.

In conclusion, it has been demonstrated that the S and C parameters are

strongly affected by the mistag fraction and the resolution, thus describing

properly these effects is crucial for their measurement. On the other hand,

the A∆ parameter, which accompanies a term with no oscillations but an ex-

ponential pattern, is not affected by the mistag probability or the resolution,

however its sensitivity depends on the central value.
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7.4. Proper-time fit

In the decay time-dependent measurement, the A∆, S and C are extracted

from a simultaneous unbinned maximum likelihood fit to B0 → K∗0γ and

B0
s → φγ proper-time distributions. The fit is applied using the sWeights,

obtained after a mass-fit, to isolate the signal. This is the so-called sFit

technique [123], which is known to underestimate the errors of the fitted pa-

rameters when using sWeights, therefore a global correction factor is applied

following the strategy described in [124, 125]. A blind fit was employed for

preliminary results, until the unblinding was approved by the LHCb collab-

oration for the publication [126]. The full pdf used in the proper-time fit

is described in the following, together with the fit validation using Monte

Carlo experiments.

Fitting function

As previously stated, the characterization of the mistag fraction and

resolution is critical for the measurement of the CP -violating parameters.

Therefore, in order to describe the resolution and the mistag fraction as

accurately as possible, they are considered as per-event observables rather

than a constant averaged value. With this purpose, the conditional pdf

distribution which is employed to fit the proper-time is defined as:

F (t, q|ω, σt) = Γ(t
′
, q|ω)⊗

(
Acc(ti)R(t, t

′|σt)
)
, (7.13)

where Γ(t
′
, q|ω) for B0

s → φγ is:

Γ(t
′
, q|ω)B0

s→φγ = e−Γs t
′[

cosh (∆Γs t
′
/2)−A∆ sinh (∆Γs t

′
/2)

+ q (1− 2ω) C cos (∆ms t
′
)− q (1− 2ω)S sin (∆ms t

′
)
]
, (7.14)

where t and t
′

are the reconstructed and true decay times respectively, q is

the tagging decision which is −1 for a B̄0
s , 1 for a B0

s or 0 if no tagging

decision is available. A per-event value is assigned to the conditional observ-

ables: the mistag fraction (ω), and the proper-time uncertainty (σt). The

acceptance and resolution are modeled as explained in Section 7.2.

In the case of the B0 → K∗0γ decay mode, the Γ(t
′
) is described by

a single exponential: e−Γd t
′
. Since no oscillating terms contribute to the
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decay-time distribution, an average resolution is used in this case (µ = 5 fs,

σ = 70 fs).

For the final fit to data, the resolution parameters f , µ, s1 and s2, and

the acceptance difference ∆b = bφγ − bK∗γ and ∆c = cφγ − cK∗γ are obtained

and fixed from MC. Besides Γs, Γd, ∆Γs, and ∆ms, are external parameters

taken from the HFLAV world averages [127]. Then, the parameters that are

left free to vary in the proper-time fit are the observables A∆, S, C, and the

B0 → K∗0γ acceptance parameters (bK∗γ and cK∗γ)

The technical challenge lies in using a pdf with conditional observables (ω

and σt), which requires high computational resources since they need to be

integrated for each event during the minimization process. With the purpose

of reducing the processing time, a resolution-acceptance function (RA(t, t′))

is employed, which allows for analytical solutions of the integrals involved

in the convolution of the decay rate with the resolution. This is possible

provided that the acceptance is binned and thus is constant for a given

proper-time bin (ti). More details on the technical implementation using the

RooFit framework can be found in [91].

Fit validation with Monte Carlo experiments

Full Monte Carlo toy experiments including both the proper-time and

mass fits are used to validate the fit procedure. To generate and fit the mass

distribution in the MC experiments the pdf ’s detailed in Section 5.2 that

describe the signal and background are used. The number of events generated

per toy, are chosen to be similar to those obtained in the data mass-fit.

Besides, the signal proper-time distribution is generated with the function

defined in Section 7.4, while for backgrounds a random value obtained from

the data samples is applied. For the toy generation the parameters are set to

A∆ = S = C = 0. A toy mass-fit is shown in Figure 48, for which the sPlot

technique is then applied and, using the provided sWeights, the proper-time

fit is performed as explained in the previous section.

Results from 1000 toys are shown in Figure 49, where the fitted value

for each observable is presented together with the corresponding pull dis-

tributions. Pulls are defined as: (µfit − µgen)/σfit. The pull distribution

when there is no bias and the uncertainty is properly estimated should be:
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µpull = 0, σpull = 1. According to this, none of the three parameters presents

any bias, given that µpull is consistent with zero. However, the S and C pull

width is not exactly one, but 15% wider. Also the A∆ pull width is about

5% wider than expected. This suggests that the fit uncertainty is underesti-

mated, and thus a correction is applied in the statistical uncertainty of these

parameters in the data fit.

Signal only toys are also performed (see Appendix A.6), where only the

proper-time fit is considered. In this case no bias is observed and the error

is properly estimated, concluding that the observed effects in the S and C
pulls are due to the background subtraction procedure.

(a) (b)

Figure 48: Mass fit for a single toy for (a) B0
s → φγ and (b) B0 → K∗0γ.
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Figure 49: Full toys, including both the proper-time and mass fits, generated

with A∆ = S = C = 0. In the left-side, the dispersion of the observables A∆

(a), S (b), and C (c) is shown, while in the right-side the pull distributions

are shown.

7.5. Systematics

Several sources of systematic uncertainties that can affect the A∆, S and

C measurements have been studied. The most relevant ones are discussed

in this section, and the results are summarized in Table 34. In the fol-
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lowing, each systematic uncertainty is quoted as the absolute value of the

deviation from the nominal result, and moreover its relative contribution (as

percentage) to the global systematic uncertainty is given.

Mass fit model

Systematic effects in the mass fit come from signal and background mod-

elling on MC, the calculation of the Ci background contribution and a resid-

ual correlation between the mass and proper-time.

Alternative models, different to the nominal one, are used for signal and

background distributions to estimate the effect of the model choice. The

results from fitting the MC with these alternative shapes can be found in

Appendix A.3. An Asymetric Apollonius model is used to fit B invariant

mass in MC as an alternative to the double-sided CB, as detailed in Section

5.3. This model is applied to B0 → K∗0γ and B0
s → φγ simultaneously to

perform the mass fit. Then, the proper-time fit is repeated with the new

provided sWeights and the deviation from the nominal values are assigned

as systematic uncertainty, which are about 0.011 for A∆ (0.4% of the global

σsyst.), while S and C remain unaffected.

Using an analogous procedure, partially reconstructed backgrounds are

modelled using alternative shapes, that are adressed in Appendix A.3. From

this studies, it is obtained a systematic effect of 0.081, 0.010 and 0.020 for

A∆, S and C, which represent a relative effect on the overall systematic

uncertainty of 23%, 0.8% and 3.4% respectively.

Instead of the linear model, using an exponential to model the combina-

torial background a systematic of 0.034 (4% of the total) for A∆ is obtained,

while less than 0.01 effect is observed for S and C.
Peaking backgrounds, contributing under the signal peak, cannot be dis-

tinguished from the signal by the sPlot technique. In order to study this

effect the proper-time fit is then applied to MC samples with B0 → K∗0γ

and B0
s → φγ simulations and adding the peaking contributions from simu-

lation in the proper Ci proportions. The proper-time fit is then applied to

MC samples with and without the peaking contributions, and the difference

between the two cases gives an effect of 0.036 (4.5%), 0.018 (2.6%) and 0.030

(7.6%) for A∆, S and C.
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While for the signal the correlation between the mass and the proper-time

has been reduced using the mass-constraint reconstructed value, backgrounds

could still present certain correlation that may affect the sPlot performance.

As for the signal, the combinatorial background is not expected to present

such correlation, thus only partially reconstructed backgrounds are accounted

for this study. A Monte Carlo sample is built by combining simulation of

the signal and partially reconstructed backgrounds in the same proportion as

in data. The sPlot procedure is applied to this fit, where the mass and the

proper-time are correlated for the backgrounds according to the simulation,

and the parameters are extracted from a sWeighted proper-time fit. In

parallel, same procedure is applied to an analogous sample in which the

propertime have been randomly mixed for each background component before

the sPlot, thus removing any correlation between the mass and the proper-

time. The difference found between the two results for the A∆ parameters

is assigned as systematic 0.11 (41.9% of the overall systematic uncertainty).

Non effect is observed in the S and C.

Acceptance

Using a Gaussian constrained fit, the effect of the uncertainty in the

acceptance parameters, obtained from simulation, is estimated. From this

results a systematic of 0.086 for the A∆ parameter is extracted, which rep-

resents a relative uncertainty of 25.6%.

In order to estimate the uncertainty coming from the acceptance mod-

elling, an alternative parametrization with 4 parameters is used to describe

the acceptance (see Appendix A.5). With this, the fit is repeated finding a

A∆ variation of 0.02 (1.4%).

A systematic effect could arise from the binning used for the acceptance.

This has been examined by using a much more sensitive binning (1000 bins),

rather than the nominal binning with 100 bins. A difference of 0.02 in A∆

is observed and assigned as systematic.

Resolution

To evaluate the effect of the uncertainty in the parameters describing the

resolution model, a Gaussian constrained fit is performed. A residual effect
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of 0.001 and 0.002 is obtained for S and C.
As discussed in Section 7.2.3, the mean of the resolution depends on the

proper-time and its potential effect has been probed. With this purpose,

the fit to the per-event resolution in simulation is repeated by introducing a

linear dependency for the resolution mean with the decay time. Then, the

proper-time fit is repeated with this alternative resolution model giving a

systematic uncertainty of 0.02 and 0.01 for the S and C parameters.

The resolution and therefore the scaling factors are different between

2011 and 2012 years. This is taken into account by fitting simultaneously

2011 and 2012 data samples with the corresponding resolutions, finding an

increase in the uncertainty which is taken as systematic: 0.028 (6.3%) for S
and 0.024 (4.8%) for C.

In addition the discrepancies observed between MC and data resolution,

that are mentioned in Section 7.2.3, are accounted by modifying the reso-

lution parameters (s1, s2) to reproduced empirically the observed difference

in the µres (about 5 fs−1). The effect of applying this modified resolution

model, is 0.09 (66%) for S and 0.07 (41%) for C.
The last three effects that are discussed here, related to the resolution

modeling, give a global systematic uncertainty of 0.096 (75%) and 0.075

(47%) for S and C respectively, which is one of the main systematic uncer-

tainties in these observables.

Tagging

The effect of the uncertainty of the parameters used to calibrate the

mistag fraction is estimated by including the values as Gaussian constraints

in the fit. In this way, the systematic uncertainty related to the SS tag-

ger calibration is found to be 0.049 (19%) and 0.031 (8.1%) for S and C
respectively, being one of the dominant sources of systematics for the S
and C measurements. Besides, for the SO tagger, the error of calibration

parameters gives a systematic effect of 0.01 for the two parameters.

Toy studies

The mean of the fitted value distributions, in Figure 49, are all compatible

with zero within an uncertainty of about 0.011. This quantity is accounted
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as a systematic uncertainty, for the three observables, due to the limited

statistics of the validation fit procedure (with 1000 MC experiments).

External measurements

The external measurements are Gaussian constrained in the fit to obtain

the uncertainty introduced by these parameters. Γs and ∆Γs are considered

simultaneously and they only have an effect on A∆ of 0.086 (26%). On the

other hand the ∆ms which is present in the oscillating terms affects the S
and C observables in 0.008 and 0.013, respectively.

The dominant systematic uncertainties for A∆ arise from the determina-

tion of the acceptance, which is affected by the MC limited statistics and

also by the mass-fit of the B0 → K∗0γ control channel. Besides, the external

measurements Γs and ∆Γs have a relevant impact on A∆. By the contrary,

the S and C parameters are mostly affected by the mistag and the resolution

characterization which dilute the rapid oscillations. The individual contribu-

tion, shown in Table 34, are added in quadrature giving a total systematic

uncertainty of a 0.17 , 0.11 and 0.11 for A∆, S and C.

7.6. Results

Applying the fit explained in Section 7.4, to the Run 1 sweighted data

on B0 → K∗0γ and B0
s → φγ samples, the A∆, S and C and the acceptance

parameters (b and c) are extracted leading to the results given in Table

35. A decay-time projection of the simultaneous fit is shown in Figure 50.

Including the systematic uncertainties and the uncertainty coming from the

external input measurements, the final result for the A∆, S and C observables

is found to be:

A∆ = −0.669 +0.364
−0.398(stat.)±±0.096(ext.)± 0.170(syst.)

S = 0.427± 0.304(stat.)± 0.008(ext.)± 0.111(syst.)

C = 0.106± 0.289(stat.)± 0.013(ext.)± 0.109(syst.)

where the first uncertainty is statistical and the second includes the uncer-

tainty of the external measurements. The second uncertainty is the sys-

tematic and have been estimated as detailed in the previous section, where
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Source σ(A∆) σ(S) σ(C)

Background

subtraction

Signal modelling < 0.01 < 0.01 < 0.01

Combinatorial modelling 0.034 < 0.01 < 0.01

Partial modelling 0.081 0.010 0.020

Peaking backgrounds 0.036 0.018 0.030

Mass-time correlation 0.110 < 0.01 < 0.01

Acceptance
MC limited statistics 0.082 0 0

modelling 0.028 0 0

Resolution
MC limited statistics 0 0.001 0.002

modelling 0 0.096 0.075

Mistag
OS tagger calibration 0 0.010 0.010

SS tagger calibration 0 0.049 0.031

Toy studies Limited statistics 0.011 0.011 0.011

External measurements (Γs,∆Γs) 0.086 0 0

Γd 0.043 0 0

∆ms 0 0.008 0.013

Global σsyst 0.170 0.111 0.109

Table 34: Summary of the main systematic uncertainties in the measurement

of the A∆, S and C parameters.
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7.6. Results

A∆ is found to be dominated by the background subtraction procedure and

the acceptance determination (using simulation and the B0 → K∗0γ control

mode), while the S and C are mainly affected by the limited knowledge of

the reconstruction effects that dilutes the proper-time oscillation pattern (the

mistag and the resolution). The measurement is dominated by the statistics

and the results are in agreement with the SM prediction [29] within 1.3, 0.3,

and 1.7 standard deviations. Moreover the A∆ result is compatible with the

previous measurement [43].
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(c) Untagged events
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(d) B0 → K∗0γ control channel

Figure 50: Decay-time projection of the simultaneous fit to B0 → K∗0γ and

B0
s → φγ. The (a) plot corresponds to B0

s → φγ candidates with the meson

tagged as B0
s , the events tagged as B̄0

s are presented in (b), the untagged

events in (c) and finally the B0 → K∗0γ control mode in (d).

This is the first time the CP -violating parameters S and C are measured

in the Bs system, using LHCb Run 1 data. The results have been already

published in [128].
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Table 35: Results from the fit of the decay-time distribution applied to

B0
s → φγ and B0 → K∗0γ Run I data. Here the quoted uncertainties are

statistical.

Parameter Result

A∆ −0.669 +0.364
−0.398

S 0.427± 0.304

C 0.106± 0.289

b (acceptance) 0.792± 0.014

c (acceptance) 0.072± 0.010
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8 Summary and Prospects

In the previous chapters two analyses have been presented: a time-

dependent analysis reporting the measurement of A∆
φγ, Sφγ and Cφγ (Chap-

ter 7) and the measurement of the ratio of branching fractions B(B0 →
K∗0γ)/B(B0

s → φγ) (Chapter 6). Both analyses use full Run 1 data (3 fb−1)

with around 5100 and 33800 signal candidates for the B0
s → φγ and B0 →

K∗0γ decay channels respectively, after background subtraction (see Chapter

5). The B0 → K∗0γ and B0
s → φγ decay modes involve the b → sγ loop

transition at quark level which, as explained in Chapter 2, is very sensitive

to NP effects. Through the time dependent measurement of the B0
s → φγ

decay, it is possible to access certain parameters which are highly suppressed

due to the chirality of the W boson. Any enhancement of these observables

implies a contribution of right handed currents which would be a clear sign

of NP. In addition, the B0
s → φγ branching fraction, since it is helicity and

CKM suppressed, is very sensitive to new particles contributing to this loop

transition, no matter their chirality. Therefore, the two measurements are

complementary to constraint new physics. Results from these measurements

and their implications will be discussed in detail in this chapter.

Results of A∆
φγ, Sφγ and Cφγ

Using LHCb Run 1 data, the A∆ S and C parameters have been measured

for the first time in the Bs system in the B0
s → φγ decay mode using the

flavour-specific B0 → K∗0γ as control channel, finding the following results:

A∆ = −0.669 +0.364
−0.398(stat.)± 0.096(ext.)± 0.170(syst.)

S = 0.427± 0.304(stat.)± 0.008(ext.)± 0.111(syst.)

C = 0.106± 0.289(stat.)± 0.013(ext.)± 0.109(syst.),
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dominated by the statistical uncertainty which represents about the 80%

of the global uncertainty. In the case of the S and C measurements the

statistical uncertainty is driven by the size of the B0
s → φγ data sample.

Conversely, for the A∆ parameter, the statistics of the control channel rep-

resents a 12% contribution (0.13) of the total statistical uncertainty. The

sPlot background subtraction has an important impact, and around a 50%

of the total statistical uncertainty is due to using sWeights. Specifically, this

contribution to each parameter is: 0.22 (A∆), 0.24 (S) and 0.25 (C).
The systematic effects represents the 10− 15% of the global uncertainty.

In the case of A∆, several aspects related to the acceptance determination are

the most significant sources. One of these is the modeling of the B0 → K∗0γ

partially reconstructed backgrounds, which represents 23% of the total sys-

tematic uncertainty, and effects derived from the propertime-mass correlation

also contributes in a 41%. Another significant source is the limited size of

the MC used to model the acceptance (23%). Besides, for S and C the main

systematic source is related to the decay-time resolution modelling, specially

due to the data/MC discrepancies, which implies 75% (47%) of the global

systematic uncertainty for S (C). The tagging calibration contributes with

around (15%) of the total.

The measurement is dominated by statistics and is in agreement with

the SM prediction [29] and A∆ previous measurement [43]. The S and C
measurement is competitive as compared to previous measurements at the

B-factories using B0 decays, as shown in Figure 51. Therefore, it leads to

an improvement of the knowledge of these CP-violating parameters in the

b→ sγ transitions.

Result of B(B0 → K∗0γ)/B(B0
s → φγ)

Using LHCb Run 1 data, the ratio B(B0 → K∗0γ)/B(B0
s → φγ) has been

measured to be:

B(B0 → K∗0γ)

B(B0
s → φγ)

= 1.199± 0.028(stat.)± 0.015(syst.)± 0.031(ext.).

Introducing the HFLAV average for B(B0 → K∗0γ)[42] leads to the B(B0
s →

φγ) result:

B(B0
s → φγ) = (3.48± 0.08(stat.)± 0.04(syst.)± 0.13(ext.))× 10−5.
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 0.32 ±0.43 

 γ φ sK Average HFLAV 
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(a) SCP
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(b) CCP

Figure 51: Comparison of the previous SCP (a) anc CCP (b) measurements

in b → sγ transitions, performed by the B-factories in B0 decays (in blue),

and the LHCb measurement presented here in the B0
s → φγ decay mode (in

orange).
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The result is limited by the external measurements accounting for 47% of the

global uncertainty. The first larger source is the external input from fs/fd

accounting for 65% of the total systematic uncertainty, while 20% comes

from the mass fit being the second larger contribution.

This is the most precise B(B0
s → φγ) measurement to date, with an

improvement of a factor 2 in the overall uncertainty with respect to the

previous LHCb measurement. The result is found to be compatible with the

previous experimental results [79, 108] and with the SM prediction (1.0±0.2)

[45].

The results obtained in this work enable to set bounds on new physics,

helping to constrain the parameter space of NP models or even exclude

certain NP scenarios.

Constraints on the Wilson Coefficients

Within the effective field theory approach [129], introduced in Section

2.2, the Heff can be expressed as the sum of the local operators (Oi) and

its corresponding Ci Wilson coefficients (WC). These coefficients encode the

contribution of short distance effects including possible NP effects. To es-

tablish model-independent bounds on new physics and look for a hint of its

structure, constraints on the Wilson coefficients imposed by the presented

results can be studied. That is to say, independent-model interpretations

can help to identify which operators should be included in a specific NP

model to be consistent with the experimental results.

The most relevant operators in b→ sγ transitions are the dipole operator

O7 and the reversed-chirality O′7 operator. Hence this study is focused on

the associated Wilson coefficients: C7 and C ′7. Due to the chirality of the W

boson which only couples to left-handed particles, the C ′7 coefficient is very

suppressed with respect C7 in the SM, with the ratio:

C ′7
C7

=
ms

mb

= 0.02, (8.1)

given that ms << mb, therefore the O7 operator is favoured in the SM

compared to its flipped-chirality counterpart by more than two orders of

magnitud. This connects with the fact that the photon helicity is predomi-

nantly left handed in the b→ sγ transitions [28], since the emission of a LH

photon is provided by the O7 operator.
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In the B0
s → φγ time-dependent analysis, the measured observables are

sensitive to the photon polarization and thus to the C7/C ′7 relative contribu-

tion. Consequently, they might be affected by a possible enhancement on

the contribution of right-handed currents (O′7) induced by new physics. In

particular, the dependence of A∆ and S on the WC is [29]:

A∆
φγ '

2Re(e−iφsC7C
′
7)

|C7|2 + |C ′7|2
(8.2)

Sφγ '
2Im(e−iφsC7C

′
7)

|C7|2 + |C ′7|2
(8.3)

On the other hand, branching ratio measurements involving b→ sγ tran-

sitions typically provide circular constraints on the C7 − C ′7 plane. Therefore

the B(B0
s → φγ) cannot distinguish between C7 and C ′7, thus being sensitive

to an enhancement of either left-handed or right-handed currents:

B(B0
s → φγ) ∼ (|C7|2 + |C ′7|2)T1(0), (8.4)

where T1(0) is the Bs → φ tensor form factor.

Making use of the open source Python package flavio, version 2.20 [130,

131], we obtain the WC constraints provided by the results presented in this

work. Here, a similar approach to the one considered in [132] is followed,

where an exhaustive study of the NP constraints from radiative B-decays

have been addressed. In order to show a full picture of the current established

NP bounds, the rest of the relevant radiative observables that give additional

constraints on C7 and C ′7 are taken into account. These are described in detail

in Appendix A.7.

In the plots shown in Figure 52, only the NP contribution is represented,

where the SM part has been subtracted: C(′)NP
7 = C(′)

7 − C(′)SM
7 . Moreover,

NP is assumed to affect only the quantities plotted in the x− y axis, which

means that the rest are fixed and assume to be SM like. Figure 52 (a) shows

the 1σ contours from the obtained constraints on NP in the C7 − C ′7 real

plane. The B(B0
s → φγ) measurement (in red) imposes strong constraints

to the Re(C7)NP, together with the inclusive branching ratio B(B → Xsγ)

(in orange) which gives the most stringent constraints to Re(C7)NP. On the

right side, Figure 52 (b) shows how A∆
φγ (in blue) allows to constraint the

Re(C ′7)NP, while the Sφγ (in green) provides complementary constraints in

the Im(C ′7)NP. Additionally, B(B0
s → φγ) also implies constraints in the
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Figure 52: Constraints on new physics contributions to the C7 and C ′7 Wilson

coefficients, showing the 1σ contour of each individual measurement and the

global constraints (in dotted blue). The results presented in this thesis are

represented in blue (A∆), green (S) and red (B(B0
s → φγ)), while the star

at (0, 0) indicates the SM expectation.

C ′7 complex plane, which improves the one given by the inclusive branching

ratio. Henceforth, the sensitivity of B(B0
s → φγ) to C7(′) is limited by the

T1(0) form factor which is rather uncertain, however it can be useful to

extract the form factors if assuming the SM to hold [132]. Regarding the C
parameter, any non-vanishing result would imply direct CP-violation beyond

the CKM phase. Thus, when more statistics are available, further constraints

on C7 or C ′7 could arise from a more precise C measurement.

In conclusion, the B0 → K∗e+e− dominates the C ′7 constraints and the in-

clusive branching ratio imposes the stringest bounds to Re(C7)NP. However,

the measured A∆, S and the B(B0
s → φγ) observables present complemen-

tary dependencies with the Wilson Coefficients, thus providing additional

constraints on NP. The global 1σ constraint is found to be in agreement

with the SM, and no significant tension is shown so far. Even so, there

is still room for new physics in the form of right-handed currents or new

CP violating sources, and the improvement of these measurements using the

more data from Run 2 and the incoming data in the future LHCb upgrades
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will be crucial to corner NP in this sector.

.

Prospects

In the coming years, the future LHCb experiment will collect a huge

amount of data due to the increase of energy and luminosity as well as

the detector upgrades. This will result in high statistical samples and high

signal quality. Table 36 shows how the statistical uncertainty is expected to

evolve with the future LHCb running conditions1. It covers the completed

Run 1 and Run 2 periods, and the next Upgrade I and Upgrade II phases

corresponding with the arrival of the HL-LHC2 era. Dominated by the

B0
s → φγ statistics, the statistical uncertainty of all the observables will be

reduced by a factor 2.5 when adding Run 2 data, and reaching up to a 15

factor by the end of the Upgrade II with 300 fb−1 already recorded.

In the immediate short term, when adding Run 2 data, the statistical

uncertainty will be of the same order of the systematics or even lower, leaving

aside the input external measurements. From this moment, the target will be

to reduce the systematic effects, to improve as much as possible the overall

precision. Within a more challenging enviroment associated to the increase

of energy and luminosity, it will be crucial to exploit the features of the

new detector and also benefit from developments in the analysis techniques.

To accomplish this, some aspects to be considered are summarized in the

following:

The background rejection will become critical, since the increase

of instantaneous luminosity will bring a huge amount of particles pro-

duced in each pp collision. Therefore, this imply much more background

and especially combinatorial. To deal with this, multivariate analysis

1Run 1 and 2 correspond to the data taking periods of 2010–2012 and 2015–2018

respectively. After the Phase I upgrade Run 3 and 4 will take place during the periods

2021–2023 and 2026–2029 respectively. After the Phase II upgrade the Run 5 is scheduled

for the 2031-2033 period.
2The HL-LHC will start in the middle of the Upgrade I phase, while with the Upgrade

II a major detector upgrade will take place with to exploit the full potential of HL-LHC

at the LHCb [133].
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LHCb Run Run 1 Run 2 Run 3-4 Run 5→ σpred.

√
s (TeV) 7− 8 13 14 14

Linst.(cm−2s−1) O(1032) O(1032) O(1033) O(1034)

Cumulative Lint. (fb−1) 3 9 50 300

B0
s → φγ candidates 5.1 k 31.6 k 190 k 1142 k

B0 → K∗0γ candidates 33.8 k 209.6 k 1261 k 7570 k

σA
∆

stat. 0.38 0.15 0.062 0.025 0.029 [29]

σSstat. 0.31 0.12 0.049 0.020 0.002 [29]

σCstat. 0.29 0.12 0.047 0.019 0.005 [29]

σratiostat. 0.028 0.011 0.0045 0.0018 0.2 [45]

Improvement factor (σRun I
stat. /σstat.) - 2.5 6 15

Table 36: Expected improvement in the statistical uncertainty by the end

of the different LHCb data taking periods. The first column corresponds

to Run 1 data which has been used in the analyses presented here, while

the last stands for the theoretical prediction uncertainty (σpred.). Note that

the cumulative luminosity for a given period also includes the luminosity

recorded during the previous data taking periods until this one. Both the

luminosity and energy increase are considered to estimate the statistical

uncertainty, while leaving aside the detection improvements which might

reduce further these uncertainties.
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(TMVA) techniques [134] can be exploited to discriminate the combi-

natorial background, instead of the current cut based selection. More

sofisticated background rejection techniques with high performace can

further improve the signal isolation. Furthermore, the timing informa-

tion included in the Upgrade II detectors (for tracking and calorimeter

systems) can be a powerful tool to discart combinatorics [135].

Photon reconstruction, as aforesaid, dominates the B mass resolu-

tion affecting the signal isolation in the mass fit. In addition, it has an

important impact on the proper-time resolution, affecting the sensitiv-

ity to the oscillations in the time dependent decay rate. Higher lumi-

nosity implies higher pile-up (i.e cluster overlapping) which translates

into an energy resolution degradation, thus great efforts are invested

to overcome the limitations of the current ECAL [136]. One of the

most interesting developments for the future will be to include precise

timing information that can help to optimize energy resolution and

reduce background candidates. To implement this, different solutions

are being studied to acomodate the needs of the different calorimeter

areas (e.g PMT in the Shashlik or the SPACAL [137]).

The tagging performance determines the statistical power when

measuring the oscillating parameters (S and C). While these algo-

rithms will suffer from the pile-up increase, new approaches are being

studied to cope this problem and the current performance can be ex-

pected for the upgrade. In fact, the tagging power for Run 2 have been

found to be about 45% higher that the achieved in Run 1 [138].

Proper-time resolution is strongly associated to the photon momen-

tum resolution and the fact that only its energy can be measured. A

possibility might be using converted photons, instead of calorimetric

ones, which can benefit from the tracking information [86]. For con-

verted photons, the proper-time resolution is reduced by a factor 2

(∼ 40 fs) and better mass resolution is achieved (∼ 30 MeV/c2). How-

ever, the available statistics for B0
s → φγ in Run 1 (∼ 240 signal

candidates) are a factor 20 lower than for calorimeter photons. Hence,

for the time being, the gain in resolution appears not to compensate
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the lack of statistics of converted photons

The impact of the external input measurements will become more

important, specially those dominating the systematic uncertainty. The

ratio measurement sensitivity is limited by the precision of the frag-

mentation fraction ratio fs/fd [139]. It is also a major source of

systematic uncertainty in several searches for new physics performed

through measurements of B0
s branching fractions (e.g B(B0

s → µµ)

[140]). Semileptonic and hadronic decays are combined at LHCb to

determine fs/fd, which rely on theory and experimental inputs that

are driving the uncertainty. The most relevant uncertainties, that are

correlated between the two methods, come from the following measure-

ments: B(D− → K+π−π−), B(D−s → K−K+π−) and the lifetime ratio

[141]. In the case of the hadronic decays, other important uncertainty

is due to the theoretical prediction of SU(3) breaking and form factors

that dominates in the hadronic method. On the other hand, in the

B0
s → φγ time-dependent measurement, the Γs(d) and ∆Γs external

inputs affect the A∆ parameter. Likewise, the S and C sensitivity is

affected by the ∆ms uncertainty. None of these observables are limited

by systematic effects, and future analysis (at ATLAS, LHCb, Belle...)

adding more data will lead to an enhanced precision.

In conclusion, in the future LHCb data-taking conditions, the extreme

environment (high radiation and pile-up) will require a major experimental

effort to adapt the detector and ensure the present performance of all the

subsystems. In addition to this, theory advances are important to fully

exploit the potential of the new LHCb era. This will provide enormous data

samples allowing to reach unprecedented precision in the flavour physics

sector. Therefore, this gives a unique opportunity to probe NP energy scales

never explored before, and maybe shed some light on the characteristics of

the physics beyond the SM.
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A Appendix

A.1. Definition of variables used in the selec-

tion procedure

All variables employed in the selection criteria described in Chapter 4 are

defined in the following:

The transverse momentum (pT ) is defined as the momentum com-

ponent transverse to the beam axis, that is the z axis in the experi-

mental frame:
√
p2
x + p2

y.

The Impact Parameter (IP), as pictured in Figure 19, is the closest

approach between either the extrapolation of a track or a particle

trajectory and a given PV.

The Ghost Probability (GhostProb) is a variable based on an arti-

ficial neural networt tool which exploits different variables that quantify

the track fit quality [142]. It allows to distinguish real and fake (ghost)

tracks and is defined between zero and one, being the later the highest

probability of being a fake track (100%).

ProbNN is the probability of each mass hypothesis for a given par-

ticle. It is obtain from a multivariate technique that combines the

information from the whole PID system in a single probability [143].

The Flight Distance (FD) is the traveled distance by a particle

before decaying.

The χ2 variable quantifies the track or vertex reconstruction quality.

It is computed by the track or vertex fitter and is usually expressed as

χ2/ν, where ν is the number of degrees of freedom.
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The χ2
IP is a widely used quantity when imposing IP requirements,

defined as χ2
IP = (IP/σIP), which takes into account the uncertainties

in the track extrapolation and the vertex determination.

The Photon Confidence Level (CL) is a photon hypothesis likeli-

hood defined as

CL =
tanh(∆ lnL+ 1)

2
, (A.1)

where the (L) is obtained using several PID variables of the calorimeter

system, such as the PS energy deposits, the cluster size and shower

shape, as well as the cluster-track matching information [144].

The Direction angle, referred as the DIRA angle (θdira) is the angle

between the flight direction of a decaying particle, given by the direc-

tion from the PV to the SV, and its own momentum direction. The

DIRA is expected to be aligned for signal candidates.

∆M quantity is the difference between the reconstructed mass and the

expected nominal mass of a certain particle.

The γ/π0 separation is the output variable from a classifier trained

to distinguish between photons and merged π0 based on the different

shape of electromagnetic clusters produced by these two particles [145].

A.2. Simultaneous mass fit of B0 → K∗0γ and

B0
s → φγ with 2011 data

Figure 53 show the simultaneous mass fit that is perform on B0 → K∗0γ

and B0
s → φγ using the data recorded in 2011 (1fb−1). All the parameters

extracted from the mass fit are summarized in Table 37 and 38. The signal

yields are used in Section 6.5 to validate the analysis procedure.

A.3. Mass fit systematics

In order to evaluate the systematic uncertainty related to the mass-fit,

alternative shapes are used to model background and signal. The mass-fit

results are presented in the following.
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Signal

N events 1600± 66

µ (MeV/c2) 5363.31± 0.94

σ (MeV/c2) 91.84± 3.88

Combinatorial
p0 (MeV−1) −0.13± 0.06

N events 1267± 63

Peaking bkg. CB0→φπ0 1.8%

CΛb→Λ∗(pK)γ 2.0%

Ccrossfeed 0.1%

Table 37: Results for B0
s → φγ, from the simultaneous mass fit of B0 → K∗0γ

and B0
s → φγ using 2011 data.

Signal

N events 10598± 217

µ (MeV/c2) 5281.02± 0.94

σ (MeV/c2) 91.01± 1.61

Combinatorial
p0 (MeV−1) −0.206± 0.093

N events 7806± 635

Partially rec. bkg.

CB→Kππ0X (21.44± 0.97)%

Missing pion (24.51± 1.46)%

CB0→K∗η 1.93%

Peaking bkg. CB0→K+π−π0 2.53%

CΛb→Λ∗(pK)γ 1.1%

CB0ργ 0.19%

Ccrossfeed 0.27%

Table 38: Results for B0 → K∗0γ, from the simultaneous mass fit of B0 →
K∗0γ and B0

s → φγ using 2011 data.
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Figure 53: Simultaneous mass fit applied on B0 → K∗0γ (a) and B0
s → φγ

(b), using 2011 data.

Combinatorial modelling

Tables 39 and 40 shows the result of the B0 → K∗0γ and B0
s → φγ

mass-fit respectively, where the combinatorial background is described by an

exponential (e−τm) in the mass-fit, rather than the single order polynomial

used in the nominal fit.

Table 39: Result from the mass fit on data for B0
s → φγ, when applying

an exponential to model the combinatorial background, instead of the single

order polynomial used in the nominal fit.

Signal

N events 5118± 73

µ (MeV/c2) 5368.94± 0.69

σ (MeV/c2) 85.43± 1.31

Comb.
τ (MeV−1) (−0.27± 0.05)× 10−3

N events 3989± 69
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Table 40: Result from the mass fit on data for B0 → K∗0γ, when applying

an exponential to model the combinatorial background, instead of the single

order polynomial used in the nominal fit.

Signal

N events 34002± 356

µ (MeV/c2) 5281.65± 0.69

σ (MeV/c2) 89.63± 0.53

Combinatorial
τ (MeV−1) (−0.03± 0.48)× 10−3

N events 21963± 2385

Partially rec. bkg.

CB→Kππ0X (25.08± 1.18)%

Missing pion (26.68± 1.92)%

Signal modelling

Instead of a double tail CB, a double tail Asymmetric Apollonios (AA)

is used to fit the signal shape to evaluate the systematic uncertainty. The

AA PDF is described as follows:

AA(m;µ, b, σL(R), αL(R), nL(R)) =



AL

(
BL −

m− µ
σ

)−nL
for

m− µ
σ

≤ −αL

exp

−b
√

1 +
1

b

(
m− µ
σ

)2

 for − αL <
m− µ
σ

< αR

AR

(
BR +

m− µ
σ

)−nR
for

m− µ
σ

≥ αR

where αL(R) > 0 and AL(R) and BL(R) are

Ai =

(
ni
|αi|

√
1 +
|αi|2
b

)ni

exp

{
−b
√

1 +
|αi|2
b

}

Bi =
ni
|αi|

√
1 +
|αi|2
b
− |αi|

The different resolutions are considered, for the left and right sides, named

σL and σR.

σ =

σL if m > µ

σR else

As shown in Figure 54, the b, nL(R) and αL(R) parameters are extracted from

MC, while µ is floated in the fit to data. A parameter κ, which is also fitted
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on data, is defined as the ratio between the data resolution over the MC one:

κ = σdata
L(R)/σ

MC
L(R). The alternative parametrization is applied simultaneously

to both B0 → K∗0γ and B0
s → φγ, and the mass-fit results are presented in

Table 41 and 42.
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Figure 54: Signal shapes of (a) B0
s → φγ and (b) B0 → K∗0γ decays from

simulation samples, using a double tail Asymmetric Apollonius.

Table 41: Result from the mass fit on data for B0
s → φγ, where the signal

is modelled with an Asymmetric Apollonius.

Signal

N events 5117± 90

µ (MeV/c2) 5358.55± 1.73

κ 0.87± 0.02

Comb.
p0 (MeV−1) (−0.19± 0.03)

N events 6018± 112
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Table 42: Result from the mass fit on data for B0 → K∗0γ, where the signal

is modelled with an Asymmetric Apollonius.

Signal

N events 33784± 315

µ (MeV/c2) 5270.43± 0.80

κ 0.905± 0.009

Combinatorial
p0 (MeV−1) (−0.11± 0.06)

N events 23701± 279

Partially rec. bkg.

CB→Kππ0X (21.52± 0.58)%

Missing pion (26.12± 0.78)%

Peaking contribution

In the ratio of branching fractions analysis, where the yields are taken

from the mass fit, the systematic related to the peaking contribution is esti-

mated by shifting the Ci by two sigmas, giving the mass-fit results provided

in Table 43.

Table 43: Result from the mass fit on data for B0
s → φγ, where the Ci

relative contributions are shifted by 2σ.

Signal

N events 5161± 111

µ (MeV/c2) 5368.84± 0.72

σ 84.94± 1.85

Comb.
p0 (MeV−1) (−0.118± 0.032)

N events 3946± 105
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Table 44: Result from the mass fit on data for B0 → K∗0γ, where the Ci

relative contributions are shifted by 2σ.

Signal

N events 33999± 380

µ (MeV/c2) 5281.55± 0.72

σ 89.09± 0.86

Combinatorial
p0 (MeV−1) (−0.054± 0.066)

N events 22481± 1133

Partially rec. bkg.

CB→Kππ0X (24.65± 0.23)%

Missing pion (25.60± 0.43)%

Partially reconstructed modelling

Two different components of partially reconstructed background for B0 →
K∗0γ are modelled with alternative shapes using completely different sim-

ulation samples. In the case of the missing pion background the B+ →
K1(1410)+(K∗π+)γ shape, shown in Figure 55, is used instead of the B+ →
K1(1270)+(K∗π+)γ simulation, and Table 45 summarizes the B0 → K∗0γ

mass-fit results.
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Figure 55: Fit to the B invariant mass of the B+ → K1(1410)+(K∗π+)γ

simulation sample, which is used to model the missing pion background.
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Table 45: Result from the mass fit on data for B0 → K∗0γ, where the

missing pion is described by the alternative model, obtained from the B+ →
K1(1410)+(K∗π+)γ simulation sample.

Signal

N events 33887± 308

µ (MeV/c2) 5281.30± 0.78

σ (MeV/c2) 90.69± 0.87

Combinatorial
p0 (MeV−1) −0.09± 0.06

N events 23362± 1208

Partially rec. bkg.

CB→Kππ0X (23.53± 0.65)%

Missing pion (24.66± 0.83)%

For the B → Kππ0X backgrounds, the B+ → K1(1270)+(K∗π+)η shape

is used, rather than the B → ργ used in the nominal mass-fit. For this

particular case, the mass-fit result is summarized in Table 46.

Table 46: Result from the mass fit on data for B0 → K∗0γ, where the

B → Kππ0X backgrounds is described by the B+ → K1(1270)+(K∗π+)η

model, obtained from a simultaneous fit to B+ → K1(1270)+(K∗π+)η and

B → ργ simulation samples.

Signal

N events 34074± 309

µ (MeV/c2) 5280.56± 0.88

σ (MeV/c2) 91.42± 0.88

Combinatorial
p0 (MeV−1) (−0.082± 0.086)

N events 23131± 1262

Partially rec. bkg.

CB→Kππ0X (33.92± 0.85)%

Missing pion (14.13± 0.96)%

B0 → K∗0η contribution

To evaluate the systematic uncertainty related to B0 → K∗0η contri-

bution, the mass-fit is performed without this component and using the
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standard sPlot technique. A summary of the fit parameters is in Table 47.

Table 47: Results from the mass fit on data for B0 → K∗0γ, removing the

B0 → K∗0η contribution, which was fixed to 1.9% in the nominal fit.

Signal

N events 34047± 381

µ (MeV/c2) 5281.44± 0.72

σ (MeV/c2) 89.52± 0.86

Combinatorial
p0 (MeV−1) (−0.0050± 0.066)

N events 22403± 1138

Partially rec. bkg.

CB→Kππ0X (24.57± 0.23)%

Missing pion (27.63± 0.37)%
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A.4. Data/MC comparison

A.4. Data/MC comparison

The sWeighted data and MC are compared for several distributions em-

ployed in the selection, which are expected to present different shapes for

signal and background. Data signal and MC are found to be in good agree-

ment, as shown in Figures 56, 57, 58 and 59 for B0 → K∗0γ and B0
s → φγ

candidates, which reflects the good performance of the isolation procedure

and also that the kinematic variables are reasonably well reproduced in the

simulation.
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Figure 56: Distributions of the charged tracks (K and π), comparing be-

tween the sWeighted B0 → K∗0γ candidates (blue) and MC (red).
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Figure 57: Distributions of the charged tracks (the two kaons), comparing

between the sWeighted B0 → K∗0γ candidates (blue) and MC (red).
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Figure 58: Distributions of the B meson, γpT and the K∗ mass, comparing

between the sWeighted B0 → K∗0γ candidates (blue) and MC (red).
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A.5. Alternative proper-time acceptance model
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Figure 59: Distributions of the B meson, γpT and the φ mass, comparing

between the sWeighted B0
s → φγ candidates (blue) and MC (red).

A.5. Alternative proper-time acceptance model

The acceptance can also be modelled with an empirical four-parameter

function [43]:

A(t; a, n, t0, δΓ) =
[a(t− t0)]n

1 + [a(t− t0)]n
e−δΓ t, for t > t0. (A.2)

The acceptance parameters for B0 → K∗0γ and the difference between these

and the ones corresponding to B0
s → φγ are extracted from a simultaneous

fit to B0 → K∗0γ and B0
s → φγ simulation samples, and the results are

presented in Table 48. This four-parameter function is used as an alternative

to the model used in the nominal fit to describe the acceptance, and a

systematic uncertainty due to the acceptance model choice is estimated.

A.6. Only-signal toys

Apart from the full toy study, toys with only signal events have been

generated to examine how the mass fit affects the measurement. As shown

in Figure 60, the pulls show no biases (µ compatible with zero), and there is

no evidence that the error is underestimated or overestimated (σ compatible

with one). The dispersion of the parameters, as can be seen on the left-side

plots in Figure 60, is smaller as compare to the full toys. This is because
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Chapter A. Appendix

Table 48: Results for the four-parameter acceptance, obtained from the

simultaneous fit to B0 → K∗0γ and B0
s → φγ simulated samples. The

acceptance difference between the B0
s → φγ and B0 → K∗0γ control mode

(∆a, ∆n, ∆t0, ∆δΓ) will be fixed to the values quoted here in the final

proper-time fit to data.

Parameter Value

a 1.898± 0.037

n 2.151± 0.092

t0 0.185± 0.013

δΓ 0.0313± 0.0030

∆a 0.063± 0.054

∆n 0.00± 0.13

∆t0 0.001± 0.018

∆δΓ −0.0013± 0.0042

the sFit procedure is included in the generation of the full toys, and thus

the mass-fit is also contributing to the statistical uncertainty.
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A.6. Only-signal toys
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Figure 60: Signal-only toysgenerated with A∆ = S = C = 0. In the left-side,

the dispersion of A∆ (a), S (b), and C (c) parameters is shown, while the

pulls are in the right-side.
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A.7. Radiative measurements constraining the

C(′)
7 Wilson coefficients

Apart from the measurements presented in this thesis, other radiative

measurements provide relevant constraints on the C(′)
7 Wilson coefficients:

The mixing induced CP-asymmetry SB0→K∗0γ measured in the

B0 → K∗0γ decay mode by Belle and Babar. [146–148]. It dependends

on the Wilson coefficient in a similar way to the the SB0
s→φγ:

SB0→K∗0γ '
2Im(e−iφdC7C ′7)

|C7|2 + |C ′7|2
(A.3)

The inclusive branching ratio B(B → Xsγ) for decays involving

b→ sγ transition has been measured by Belle and Babar [23, 24, 149,

150], and give circular constraints on the C ′7 complex plane:

B(B → Xsγ) ∝ |C7|2 + |C ′7|2 (A.4)

Since it depends indistinctly to C7 and C ′7, the photon polarization can

not be assessed here.

An angular analysis of B0 → K∗e+e− at the very low q2 region using

9 fb−1 at LHCb [32]. This give access to the transverse asymmetries

A
(2)
T and AImT related to C(′)

7 as follows [151]:

A
(2)
T =

2Re(C7C
∗
7
′)

|C7|2 + |C ′7|2
, AImT =

2Im(C7C
∗
7
′)

|C7|2 + |C ′7|2
(A.5)

Each observable give complementary constraints on the real and imagi-

nary parts, and are sensitive to the C ′7/C7 ratio and hence to the photon

polarization. This gives the most precise constraints up to date.
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Resumen

En esta tesis se describen dos análisis diferentes para los cuales se han

empleado los canales de desintegración B0
s → φγ y B0 → K∗0γ. Por un

lado, se ha realizado la medida de la razón de fracciones de desintegración

B(B0 → K∗0γ)/B(B0
s → φγ), la cual da lugar a la medida más precisa de

B(B0
s → φγ) hasta la fecha. Además, se han medido los observables S, C y

A∆ a través del estudio de la fracción de desintegración dependediente del

tiempo en el canal de desintegración B0
s → φγ, lo que reprenta la primera

vez que S y C se exploran en el sistema del mesón Bs. Estos estudios se han

realizado con los datos recogidos en 2011 y 2012 por el experimento LHCb,

lo que corresponde a una luminosidad integrada de 3.0 fb−1 de colisiones

protón-protón a una enerǵıa en centro de masas
√
s de 7 TeV y 8 TeV.

Motivación teórica

El Modelo Estándar (ME) es la teoŕıa actual de F́ısica de Part́ıculas

que describe los constituyentes elementales de la materia y cómo interactúan

a través de tres de las cuatro fuerzas fundamentales de la naturaleza: la

fuerza fuerte, la fuerza débil y la fuerza electromagnética. La interacción

gravitatoria, sin embargo, no se ha conseguido incluir dentro de este mismo

marco teórico.

En las últimas décadas este ha sido un modelo ampliamente testado de-

mostrando un gran poder predictivo. Sin embargo, existen todav́ıa cuestiones

sin respuesta como la bariogénesis que se observa en nuestro universo, aśı

como la aparente presencia de materia oscura. Por ello, se han propuesto di-

ferentes modelos de Nueva F́ısica (NF) para dar explicación a las cuestiones

abiertas, los cuales predicen la existencia de nuevas part́ıculas y/o interaccio-

nes. En paralelo, la comunidad experimental se centra en encontrar cualquier
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Resumen

indicio de NF que pueda arrojar luz sobre las caracteŕısticas de la f́ısica más

allá del ME. Aunque hasta la fecha no se han encontrado evidencias directas

de NF en el gran colisionador de hadrones LHC, a lo largo de los últimos

años diferentes experimentos han reportado evidencias indirectas de NF en

el sector de sabor, aumentando aśı el interés en este campo.

Figura 61: Diagrama loop para la transición b→ sγ.

En este trabajo nos centramos en las desintegraciones raras que involu-

cran la transición b→ sγ, la cual sólo puede ocurrir via diagrama loop como

se muestra en la Figura 61. Por esta razón, estos procesos son particular-

mente sensibles a la contribución de nuevas part́ıculas pesadas en el loop,

lo que permite explorar escalas de enerǵıa superiores a través de medidas

de alta precisión. En estas transiciones, como consecuencia de la quiralidad

del bosón W y la conservación de momento, se predice que el fotón esté po-

larizado levógiramente al 100 %, abriendo la posibilidad de realizar un test

altamente sensible del ME.

Experimento LHCb

Los datos utilizados en los estudios presentados en este trabajo han sido

recogidos en el experimento LHCb, uno de los cuatro principales experimen-

tos del colisionador LHC (Large Hadron Collider) en el CERN.

El LHC es el mayor colisionador de part́ıculas del mundo, situado en
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la frontera Franco-Suiza cerca de Ginebra. Consiste en dos anillos super

conductores con 26.7 km de circunferencia a 100 m bajo tierra. El acelerador

se diseñó principalmente para la colisión de protones, aunque también se

hacen colisionar iones pesados. Las part́ıculas son aceleradas a través de

los anillos, guiadas por imanes superconductores y finalmente se cruzan los

haces y se hacen colisionar en los cuatro puntos donde se encuentran los

experimentos.

Existen dos métodos complementarios para abordar la búsqueda de nueva

f́ısica. Por un lado está la búsqueda directa, la cual consiste en la producción

directa de nuevas part́ıculas en los experimentos (frontera de enerǵıa). Por

otro lado existe la búsqueda indirecta de nueva f́ısica a través del estudio de

los efectos cuánticos en ciertos observables originados por el intercambio de

nuevas part́ıculas, y de esta manera abre la posibilidad de explorar escalas

de enerǵıa superiores a través de medidas de alta precisión (frontera de

precisión). Ambos enfoques están representados en el LHC. Los experimentos

ATLAS y CMS se dedican a la búsqueda directa de nuevas part́ıculas, siendo

sensibles a NF a la escala del TeV. Con el descubrimiento por CMS y

ATLAS del bosón de Higgs se completó la teoŕıa del ME. Por otro lado, el

experimento LHCb se centra en la búsqueda indirecta de NF principalmente

a través del estudio de desintegraciones raras de part́ıculas pesadas que

contienen quarks b y c, siguiendo la labor que se inició en los experimentos

BELLE y BABAR (conocidas como B-factories).

El detector LHCb (Figura 62) está diseñado para realizar medidas de

precisión en torno a la f́ısica de sabor en la que intervienen quarks pesa-

dos. La producción de part́ıculas que contienen quarks pesados tiene lugar

principalmente en la dirección hacia delante y hacia atrás de la colisión (for-

ward/backward). Por esta razón el detector cubre una región angular muy

cercana al haz de unos 17◦. El detector está compuesto por una serie de sub-

detectores colocados uno tras otro que miden la trayectoria de las part́ıculas

(VELO, TT, T1-T3) y las identifican (RICH’s, caloŕımetros y sistema de

muones):

El sistema de trazas es aquel dedicado a reconstruir las trazas que

dejan las part́ıculas cargadas a su paso por el detector. Este sistema lo

conforman el VELO, el detector más cercano al punto de colisión, las
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Figura 62: Vista lateral del detector LHCb [54]

estaciones de rastreo situadas antes del imán (TT), y por último tres

estaciones más de rastreo situadas detrás del imán (T1-T3). El dipolo

magnético situado entre las TT y las T1-T3 permite medir el momento

de las part́ıculas cargadas a partir de la curvatura de su trayectoria.

Los RICH’s son dos detectores de radiación Cherenkov. Estos recogen

la información depositada en forma de luz para calcular la velocidad

de las part́ıculas que lo atraviesan, que combinada con el momento

permite hallar su masa y de esta forma identificarlas.

El sistema de caloŕımetros (ECAL y HCAL) permite medir la

enerǵıa de electrones, fotones y hadrones. En combinación con los sub-

detectores PS y SPD, permite además identificar estas part́ıculas.

Por último, se encuentra el sistema de muones formado por cinco

estaciones (M1-M5) donde se produce la identificación y determinación

del momento de los mismos.
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Muestra de datos y selección

Los análisis presentados en esta tesis utilizan datos recogidos en colisiones

protón-protón por el experimento LHCb, correspondientes a una luminosi-

dad integrada de 3 fb−1: 1 fb−1 recogidos a una enerǵıa en centro de masas

de
√
s = 7 TeV en 2011, y 2 fb−1 a 8 TeV en 2012. Para evitar efec-

tos sistemáticos, la orientación del campo magnético del imán se invierte,

teniendo datos con polaridad positiva 1.45 fb−1 (Magnet Up) y 1.59 fb−1

con polaridad negativa (Magnet Down). Muestras de simulación, generadas

de forma centralizada en el LHCb, se utilizan para optimizar el criterio de

selección, realizar estudios de fondo, aśı como para obtener las eficiencias

de reconstrucción y hacer una estimación de los efectos sistemáticos. Para

ello, los candidatos de simulación Monte Carlo (MC) son reconstruidos y

seleccionados siguiendo el mismo criterio que los datos.

Ambos canales de desintegración, B0 → K∗0γ y B0
s → φγ poseen topo-

loǵıas similares como se muestra en la Figura 63. El mesón B se produce

fuertemente impulsado en la colisión pp y viaja una distancia del orden de

1 cm antes de decaer débilmente dentro del VELO. Aqúı el vértice secunda-

rio se puede medir con mucha precisión, de forma que los candidatos señal

se pueden identificar por tener vértices desplazados con respecto al punto de

colisión.

B0
s/B

0

(cτ ∼ 1 cm)

φ/K∗0

γ

K+

K−/π−

(no flight)

PV SV

Figura 63: Diagrama de la topoloǵıa de los canales de desintegración B0 →
K∗0γ y B0

s → φγ.
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Resumen

La reconstrucción de las desintegraciones B0 → K∗0γ y B0
s → φγ em-

pieza por reconstruir las resonancias φ y K∗ a partir de sus productos de

desintegración, part́ıculas cargadas que se reconstruyen mediante trazas que

comparten un mismo origen y que son compatibles con la hipótesis de iden-

tificación consistente con el estado final correspondiente (K+K− y K+π−

repectivamente). Dado que las resonancias decaen fuertemente, este proceso

puede asumirse que sucede en el mismo vértice donde el mesón B ha decáıdo,

por lo tanto las dos trazas pueden utilizarse para inferir el vértice secunda-

rio. Después, la resonancia se combina con una fotón energético, el cual se

detecta como un cluster en el caloŕımetro, y se construye el candidato de

mesón B.

En las colisiones pp, se genera una enorme cantidad de part́ıculas que ha-

cen que la selección y la reconstrucción de las desintegraciones de mesones B

sea una tarea compleja. Para poder deshacerse de una gran parte del fondo

de fragmentación, en el LHCb se aprovechan ciertos aspectos caracteŕısticos

de las desintegraciones de los hadrones con quarks b. Algunas de las pro-

piedades más discriminantes son el momento transverso al eje del haz (pT )

y el parámetro de impacto que se define en la Figura 64. Los productos de

desintegración de una part́ıcula pesada presentan alto momento transverso,

lo cual permite separar la señal de otras part́ıculas producidas en la colisión.

Aplicar un corte a altos IP para identificar vértices desplazados también es

muy eficaz para rechazar fondo originado en el punto de colisión. Estas va-

h+

h−PV SV

IPh−

IPh+

Figura 64: Definición del parámetro de impacto (IP) de las trazas h+ y h−.

riables, y otras, se utilizan en diferentes pasos de selección online y offline.

Las desintegraciones B0 → K∗0γ y B0
s → φγ están muy suprimidas en el ME

(BR ∼ 10−5), por lo tanto son necesarias lineas de trigger espećıficas (onli-
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ne) y una selección offline muy optimizada para seleccionar eficientemente

los candidatos señal. En la Figura 65 se observa la distribución de la masa

invariante de los candidatos señal para los canales B0 → K∗0γ y B0
s → φγ

tras haber pasado todo el proceso de selección.
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s → φγ data candidates

)2Reconstructed B mass (GeV/c
5000 5500 6000

C
an

di
da

te
s

500

1000

1500

2000

2500

3000

 

Entries  74224

Mean    1.156±   5178 

Std Dev    0.8175±    315 

 

(b) B0 → K∗0γ data candidates

Figura 65: Masa invariante reconstruida del mesón B para los candidatos

de B0
s → φγ y B0 → K∗0γ, tras aplicar la selección completa.

Ajuste de la masa invariante

En la Figura 65 se observa que todav́ıa hay fondo que sobrevive a toda

la selección, el cual será extráıdo casi por completo mediante un ajuste de

la masa invariante. El hecho de que el fotón sea el principal contribuyente

a la resolución en masa del candidato reconstruido como mesón B hace que

la distribución de masa sea suficientemente ancha para albergar distintas

fuentes de fondo incluso debajo del pico de señal. Esto da lugar a un ajuste

de masa complejo con muchas componentes diferentes que deben estar muy

bien caracterizadas. Las principales fuentes de fondo que contribuyen son:

El fondo combinatorial hace referencia a aquellos candidatos que se

han reconstruido utilizando una traza aleatoria o un fotón originado en

la colisión. Una importante proporción del fondo combinatorial consiste

en part́ıculas K∗/φ reales, provinientes de diferentes desintegraciones de

mesones B, combinadas con un fotón aleatorio de la colisión.
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Resumen

El fondo parcialmente reconstruido son eventos que consisten en

desintegraciones de hadrones con quarks b reconstruidas como candi-

datos señal, donde se han perdido una o más part́ıculas del estado

final. Habitualmente este tipo de desintegraciones presenta al menos

dos trazas en el estado final y una part́ıcula neutra, y además pue-

de involucrar la identificación errónea de alguna de ellas. En el caso

de B0
s → φγ se consigue descartar cualquier fuente de fondo de este

tipo aplicando un corte más restrictivo en la masa. Por el contrario

B0 → K∗0γ, debido a que la resonancia K∗ es más ancha, da lugar a

una mayor contribuión de fondo parcialmente reconstruido, siendo los

canales principales: B → Kππγ, B0 → K∗η(γγ) y B+ → D0ρ+(π+π0).

El conocido como fondo ”peaking” es un fondo f́ısico debido a desin-

tegraciones que se reconstruyen por completo y sobreviven al proceso

de selección. Estas desintegraciones tienen t́ıpicamente dos trazas car-

gadas y una part́ıcula neutra de alta eneǵıa (π0 o fotón) en el estado

final. La reconstrucción de estos canales involucra también la identifi-

cación errónea de alguno de los productos de desintegración. Como se

reconstruyen todas las part́ıculas finales este fondo pica debajo del pico

de señal. Por lo tanto es imposible discernir entre estos eventos y los

eventos señal en esta región, y por ello las contribuciones relativas de

estos fondos se obtienen utilizando datos de Monte Carlo y se fijan en

el ajuste de masa en datos.

Para el ajuste de masa, la función de probabilidad escogida para describir

la distribución de masa del fondo combinatorial es un polinomio de primer

grado, cuyos parámetros se obtienen en el ajuste de la masa aplicado en

datos. Por otro lado, la distribución de masa de los fondos parcialmente

reconstruidos se modelan con una función Argus, cuyos parámetros se extraen

de MC. Los ”peaking”, por su lado, se caracterizan a través de gausianas

cuyos parámetros se extraen de la simulación. La contribución de la señal se

describe a través de funciones Crystal Ball con dos colas, donde el valor de

los parámetros de las colas se fijan a los obtenidos de MC.

Para determinar por completo cada una de las componentes que con-

tribuyen a la masa invariante del mesón B, se aplica un ajuste unbinned

de máxima verosimilitud sobre las muestras de los canales B0 → K∗0γ y
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B0
s → φγ. En el ajuste se emplea la siguiente pdf :

PDF (m) = Ns · [PDFsignal + Ci · PDFpeak.] +
∑
bkg

NbkgPDFbkg (A.6)

donde Nbkg hace referecia al número de eventos de fondo combinatorial y de

fondo parcialmente reconstruido, descritos por la correspondiente PDFbkg.

Del ajuste se extraen los parámetros que completan la caracterización de las

pdf , aśı como la normalización (número de eventos).

La Figura 66 muestra el resultado del ajuste a los datos de B0
s → φγ

y B0 → K∗0γ aplicado sobre la distribución de masa reconstruida en el

rango de masas del mesón B [5000, 6000] MeV/c2 y [4600, 6000] MeV/c2,

respectivamente. Se encuentra que la fuente dominante de fondo es el fondo

combinatorial para ambos canales de desintegración B0
s → φγ y B0 → K∗0γ.

Sin embargo, para B0 → K∗0γ el fondo parcialmente reconstruido también

resulta tener una contribución relevante con un 3 % en torno al pico de la

señal (1.5σ).

En el análisis dependiente del tiempo donde se pretende medir la polari-

zación del fotón, es necesario disponer de una distribución de tiempo propio

limpia de fondo. Para ello los resultados del ajuste de la masa se emplean en

la denominada técnica sPlot [74] para aislar la señal utilizando la masa como

variante discriminate. Esta técnica consiste en asociar a cada candidato un

peso asociado a la probabilidad de ser señal.

Por otro lado, la razón de las tasas de desintegración entre B0 → K∗0γ y

B0
s → φγ se calcula utilizando el número de candidatos señal que se extraen

del propio ajuste. Los sucesos señal resultantes son 5113± 93 para B0
s → φγ

y 33861± 254 para B0 → K∗0γ.

Razón de fracción de desintegración B(B0 →
K∗0γ)/B(B0

s → φγ)

Las desintegraciones radiativas de mesones B0 se han explorado en detalle

en las B-factories, en particular a través del estudio del canal de desintegra-

ción B0 → K∗0γ [25, 26, 101]. Gracias al gran número de mesones Bs que

se producen en las colisiones pp, el experimento LHCb abre la posibilidad

de realizar medidas de alta precisión también en el sector del mesón Bs.
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Figura 66: Ajuste a la masa invariante de B0
s → φγ y B0 → K∗0γ con los

datos de Run 1. El número de eventos señal es de 5 113± 93 para B0
s → φγ

y 33 861± 254 para B0 → K∗0γ.
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Hasta el momento, la medida más precisa de la fracción de desintegración

B(B0
s → φγ) se ha realizado en LHCb utilizando una fracción de los datos

de Run 1 que corresponden a una luminosidad integrada de 1 fb−1. El re-

sultado es B(B0
s → φγ) = (3.5±0.4)×10−5 [49]. El resultado experimental

es compatible con la predicción teórica a NNLO, la cual se ve afectada por

importantes incertidumbres hadrónicas: (4.3±1.4)×10−5 [45].

La medida de fracciones de desintegración en el LHCb requiere de un

canal de normalización para poder evitar las incertidumbres relacionadas

con la precisión limitada de la medida de luminosidad y sección eficaz de

producción bb̄. Siguiendo este enfoque, en este trabajo el objetivo es rea-

lizar la medida de B(B0 → K∗0γ)/B(B0
s → φγ) utilizando datos de Run

1, correspondientes a 3 fb−1. Los canales de desintegración B0
s → φγ y

B0 → K∗0γ presentan topoloǵıas muy similares, haciendo aśı que cance-

len gran parte de los errores experimentales en la medida. Después, a partir

de la razón de fracciones de desintegración se obtiene B(B0
s → φγ) utilizando

el valor conocido para B(B0 → K∗0γ). Además, la medida en śı misma de

B(B0 → K∗0γ)/B(B0
s → φγ) proporciona un test sensible del ME, dado que

la predicción teórica también se beneficia de cancelaciones parciales de las in-

certidumbres debidas a los factores de forma: B(B0 → K∗0γ)/B(B0
s → φγ) =

1.0±0.2 [45].

La razón de fracciones de desintegación se puede escribir de la siguiente

forma:

B(B0 → K∗0γ)

B(B0
s → φγ)

=
NB0→K∗0γ

NB0
s→φγ

× fs
fd
× B(φ→ KK)

B(K∗ → Kπ)
× ε

B0
s→φγ

sel

εB
0→K∗0γ

sel

, (A.7)

donde el número de eventos señal se extrae del ajuste a la masa invariante

explicado anteriormente. La fracción de hadronización fs/fd, B(φ→ KK) y

B(K∗ → Kπ) son parámetros cuyo valor se toma de medidas externas. Por

otro lado, las eficiencias de selección se calculan utilizando MC.

La razón B(B0 → K∗0γ)/B(B0
s → φγ) se obtiene utilizando el número

de eventos señal que se extrae del ajuste a la masa invariante explicado

anteriormente. El fit de masa dio como resultado 33850 ± 378 y 5111 ± 110

candidatos señal para B0 → K∗0γ y B0
s → φγ respectivamente, correspon-

diendo a un cociente de 6.62± 0.15. Con esta información, y los cocientes de

eficiencias extráıdos de la simulación, detallados en la Tabla 49, se obtiene
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la razón de la fracción de desintegración, obteniendo el siguiente resultado:

B(B0 → K∗0γ)

B(B0
s → φγ)

= 1.199± 0.028(estad.)± 0.017(sist.)± 0.031(ext.)

donde el primer error es estd́ıstico, el segundo es sistemático y el último hace

referencia a las incertidumbres sistemáticas introducidas por las medidas ex-

ternas de B y fs/fd. La medida está dominada por el error sistemático, cuya

principal fuente es fs/fd. Por ello resulta conveniente expresar el resultado

en función de este parámetro:

B(B0 → K∗0γ)

B(B0
s → φγ)

/(fs/fd) = 5.02± 0.12(estad.)± 0.07(sist.)± 0.05(ext.),

que permite actualizar el resultado tan pronto exista una mejor medida de

fs/fd.

Finalmente, empleando la media de HFLAV para B(B0 → K∗0γ) [42]:

(4.17± 0.12)× 10−5, se obtiene B(B0
s → φγ):

B(B0
s → φγ) = (3.48± 0.08(stat.)± 0.05(syst.)± 0.13(ext.))× 10−5,

el cual está limitado por el error sistemático debido a la medida externa

de B(B0 → K∗0γ) y fs/fd. El resultado es compatible con las medidas

previamente publicadas de LHCb [79] y Belle [108]. La incertidumbre global

se ve reducida un factor dos con respecto a la medida anterior en LHCb,

principalmente debido a la actualización de la medida de la fracción de

hadronización fs/fd, haciendo de esta la medida más precisa de B(B0
s → φγ)

hasta la fecha.

Estos resultados pueden utilizarse para mejorar el conocimiento de los

factores de forma, beneficiando los futuros estudios con canales de desinte-

gración exclusivos.

Análisis dependiente del tiempo: medida de

A∆
φγ, Sφγ y Cφγ
El mesón neutro B0

s puede oscilar entre part́ıcula y antipart́ıcula a través

de la interacción débil. Este fenómeno da origen a diferentes observables que

abren una interesante ventana a la NF en el sector de sabor. En particular,

cuando se considera un estado final común para ambos B0
s y B̄0

s , como lo es
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racc 1.069± 0.003

rreco+strip. 1.261± 0.002

roffline 0.854± 0.002

rtrPID 0.967± 0.002

rgPID 0.999± 0.001

rtrigger 0.909± 0.002

ryields 6.62± 0.15

rB 0.7398± 0.0075

fs/fd 0.240± 0.008

Tabla 49: Resumen de las razones intermedias utilizadas para el cálculo de

la razón de fracciones de desintegración.

φγ, aparecen términos adicionales en la tasa de desintegración dependiente

del tiempo:

Γ(t)Bs(B̄s) ∝ e−Γst

[
cosh

(
∆Γs t

2

)
−A∆ sinh

(
∆Γs t

2

)
+ (−)C cos (∆ms t)− (+)S sin (∆ms t)

]
, (A.8)

donde Γs es la anchura de desintegración de B0
s , ∆Γs es la diferencia de

anchuras definida como = ΓL − ΓH y ∆ms es la diferencia de masa definida

como mH−mL. Los parámetros A∆, S y C son sensibles a NF. A∆ es sensible

a la polarización del fotón, mientras que S y C también son sensibles a nuevas

fases de violación de CP más allá de la matriz CKM.

Para medir los parámetros S y C, es necesario conocer el sabor del mesón

B0
s inicial en la producción. En este análisis se utilizan por primera vez las

herramientas de etiquetado de sabor de LHCb en canales radiativos. La

estrategia de ajuste de la distribución del tiempo propio consiste en aplicar

un ajuste simultáneo a las muestras de datos de los canales de desintegración

B0 → K∗0γ y B0
s → φγ. Los parámetros A∆, S y C se miden a través de un

ajuste unbinned de máxima verosimilitud a la distribución de tiempo propio

de B0
s → φγ, mientras que B0 → K∗0γ se emplea como canal de control para

determinar la aceptancia.

Se han realizado diferentes estudios con pseudo-experimentos para estu-
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diar en detalle el impacto de los distintos efectos de reconstrucción en la

medida de A∆, S y C. De los resultados de estos estudios se concluye que

los parámetros S y C se ven fuertemente afectados por la fracción de eti-

quetado erróneo (”mistag”) y la resolución temporal, por lo tanto el control

de estos efectos de reconstrucción es crucial para su medida. Por otro lado,

el parámetro A∆, el cual acompaña al término no oscilatorio que sigue una

exponencial, no se ve afectado por la probabilidad de mistag o la resolución

temporal, sin embargo su sensibilidad depende de su propio valor central.

Tras aplicar el ajuste simultáneo a los datos de B0
s → φγ y el canal de

control B0 → K∗0γ, se llega al siguiente resultado :

A∆ = −0.669 +0.364
−0.398(estad.)± 0.096(ext.)± 0.170(sist.)

S = 0.427± 0.304(estad.)± 0.008(ext.)± 0.111(sist.)

C = 0.106± 0.289(estad.)± 0.013(ext.)± 0.109(sist.),

dominado por la incertidumbre estad́ıstica que representa el 80 % de la in-

certidumbre global. El error sistemático de A∆ se debe fundamentalmente a

diferentes aspectos relacionados con la determinación de la aceptancia. Uno

de ellos es el modelado del fondo parcialmente reconstruido de B0 → K∗0γ,

el cual representa un 23 % del total del error sistemático, y el efecto derivado

de la correlación de la masa con el tiempo propio que contribuye en un 41 %.

Otra fuente importante es el tamaño limitado de la muestra de MC utilizada

para caracterizar la aceptancia (23 %). En el caso de S y C, la principal

fuente de incertidumbre sistemática está relacionada con el modelado de la

resolución en MC, especialmente debido a las diferencias entre datos y MC,

lo cual representa un 75 % (47 %) del total de la incertidumbre sistemáti-

ca de la medida de S (C). Además, el etiquetado de sabor contribuye en

torno a un (15 %) del total. Una proyección de la distribución del tiempo de

desintegración tras aplicar el fit simultáneo se muestra en la Figura 67.

Los resultados de la medida, dominados por la incertidumbre estad́ıstica,

son compatibles con la predicción del ME [29] y la medida previa realizada

en LHCb de A∆ [43].La medida de S y C es la primera medida de estos

parámetros en el sistema de mesones Bs. Además, los resultados son compe-

titivos en comparación con las medidas previas realizadas en las B-factories

donde se utilizan mesones B0. Por lo tanto, esta medida implica una mejora

en el conocimiento de los parámetros de violación de CP en las transiciones
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(d) Canal de control B0 → K∗0γ

Figura 67: Proyección del tiempo propio del ajuste simultáneo a las muestras

de datos B0 → K∗0γ y B0
s → φγ. La figura (a) corresponde a candidatos

B0
s → φγ cuyo mesón ha sido etiquetado como B0

s , los eventos etiquetados

como B̄0
s se presentan en (b), aquellos eventos sin etiquetado de sabor en (c)

y finalmente el canal de control B0 → K∗0γ en (d).

Conclusiones

Las dos medidas presentadas en este trabajo aportan restricciones com-

plementarias que pueden dar lugar al descubrimiento de nueva f́ısica. En el

analysis dependiente del tiempo del canal B0
s → φγ, la medida de los ob-

servables S y A∆ es sensible a la polarización del fotón y por lo tanto a la

contribución relativa entre los coeficientes de Wilson C7/C ′7, estando C ′7 muy

suprimido en el ME (del orden de ms/mb). En consecuencia, estos paráme-
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tros se veŕıan afectados por un aumento de la contribución de corrientes

dextrógiras (O′7) inducidas por nueva f́ısica. En particular, A∆ y S dependen

de los WC de la siguiente forma [29]:

A∆
φγ '

2Re(e−iφsC7C
′
7)

|C7|2 + |C ′7|2
(A.9)

Sφγ '
2Im(e−iφsC7C

′
7)

|C7|2 + |C ′7|2
(A.10)

Por otro lado, la medida de fracciones de desintegración que involucran la

transición a nivel quark b→ sγ da lugar a restricciones cirulares en el plano

C7 − C ′7. Por lo tanto una medida de B(B0
s → φγ) no puede distinguir entre

C7 y C ′7, con lo que se veŕıa afectada tanto por un aumento de corrientes

levógiras como dextrógiras:

B(B0
s → φγ) ∼ (|C7|2 + |C ′7|2)T1(0), (A.11)

donde T1(0) es el factor de forma tensorial de Bs → φ y C
(′)
7 se relaciona

con el coeficiente de Wilson efectivo como:

C7 = Ceff7 + ∆C7 = Ceff +
hL
T1(0)

(A.12)

C̄7 = Ceff*
7 + ∆C7 = Ceff*

7 +
hL
T1(0)

(A.13)

Utilizando el algoritmo Flavio de Python, se obtienen los ĺımites sobre los

coeficientes de Wilson que proporcionan los resultados de este trabajo. Para

mostrar una imagen completa del estado actual de los ĺımites impuestos a la

NF en este sector, se han tenido en cuenta el resto de las medidas en canales

de desintegraciones radiativas que aportan restricciones adicionales a C7 y C ′7
se han tenido en cuenta. Estas medidas se presentan en la Figura 68.

En conclusión, la medida de B0 → K∗e+e− domina las restricciones im-

puestas a C ′7, mientras que la fracción de hadronización inclusiva impone los

ĺımetes más restrictivos sobre Re(C7)NP. Sin embargo, la medida de A∆, S
y de B(B0

s → φγ) presentan dependencias complementarias a los coeficien-

tes de Wilson, proporcionando restricciones adicionales. Los ĺımites globales

resultantes son compatibles con el ME, y no se observa ninguna tensión

significativa con el modelo hasta ahora. Si bien es cierto que todav́ıa que-

da margen para que surjan efectos de nueva f́ısica en forma de corrientes

dextrógiras o nuevas fases de violación de CP, y la mejora de las medidas
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Figura 68: Restricciones sobre la contribución de nueva f́ısica a los coeficiente

de Wilson C7 y C ′7, donde se muestran los contornos a 1σ para cada una de

las medidas individualmente aśı como el ĺımite global resultante (ĺınea azul

punteada). Los ĺımites impuestos por los resultados presentados en esta tesis

se representa en azul (A∆), verde (S) y rojo (B(B0
s → φγ)), mientras que la

extrella en (0, 0) indica la predicción del ME.
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presentadas aqúı utilizando más datos del Run 2 y los datos que se reco-

gerán en futuras etapas del LHCb será crucial para imponer importantes

restricciones a la NF en este sector.

El entorno extremo que implica las futuras condiciones de toma de datos

de LHCb (alta radiación y ”pile-up”) requerirán de un importante esfuerzo

experimental para adaptar el detector y asegurar el actual nivel de rendi-

miento de todos los subsistemas. Además, los avances en la teoŕıa son muy

importantes para poder explotar todo el potencial del futuro experimento

LHCb. En esta nueva era se proporcionarán enormes cantidades de muestras

de datos, lo que permitirá alcanzar una precisión sin precedentes en el sector

de la f́ısica del sabor. Por lo tanto, se abrirá una oportunidad única para

investigar la NF a escalas de enerǵıa nunca antes exploradas, y quizás arrojar

luz sobre las caracteŕısticas de la f́ısica más allá del ME.
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