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Abstract

This manuscript summarises a selection of my research activities from the past ten years. I obtained my

PhD in 2009 at LAL under the supervision of Marie-Hélène Schune and Jacques Lefrançois. Afterwards

I moved to EPFL as a postdoctoral researcher, where I worked for three years in the group of Olivier

Schneider. In 2012, I obtained a CNRS position at LAL now IJCLab. Three physics analyses based on the

LHCb data, focusing on properties of b-baryons such as masses, lifetimes and a lepton universality test are

discussed in this manuscript. For each topic, I cherry picked key experimental points that will be developed

in the text. The papers corresponding to these analyses can be found at the end of the document. Specific

contributions to the scintillator fibre tracker and the calorimeters of the LHCb detector are also described.

The object that you are holding in your hands is not meant to be pedagogical nor an exhaustive review,

however, I hope that it contains enough information and references to guide any curiosity that it triggers.
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Pour un kilo de Loulou
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Orsay, August 30th 2019

I am writing this foreword from an odd place. R−1
pK is still blind and hopefully will be unblinded in a few

weeks. The expected statistical uncertainty is quite large, about 16%. However, this measurement will say

“something” about the b→ s`+`− anomalies. I am lucky to witness a peculiar time, where saying that we

might have signs, indications or hints of New Physics in our LHCb data is not a complete fantasy. Some

of the global flavour fits to the Wilson coefficients do report up to five standard deviations with respect to

the Standard Model predictions. How exciting is that? Can these anomalies be only a misunderstanding

of hadronic uncertainties? That would be rubbish. What do we think of the Leptoquarks? What about

the somewhat resilient U1 ≡ (3,1)2/3?

It goes without saying that flavour physics analyses are not just about New Physics searches, far from it,

and this humble document aims at demonstrating so. Part of me though, always envied my peers who

were “there” when new or unexpected particles were discovered. Without further ado, let us dive in.

Trois, quatre...
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Chapter 1

Allegro non troppo
A Bird, came down the Walk -

He did not know I saw -

He bit an Angle Worm in halves

And ate the fellow, raw

Emily Dickinson

1.1 A powerful yet incomplete theory

The Standard Model (SM) of particle physics was invented in the late 60’s, it is a quantum gauge theory.

Similarly to a lego game, there are only a few different kinds of fundamental particles describing visible

matter as we know it. The SM is structured in three families or generations of fermions named quarks

and leptons. There are six types of quarks up, down, charm, strange, top and bottom. The bottom quark

(b), is also referred to as beauty-quark. There are three charged leptons e−, µ−, τ− and three associated

neutral leptons νe, νµ, ντ [1]. By construction in the SM, three interactions i.e.: the electromagnetic, weak

and strong interactions are responsible for the transitions between these particles. These interactions are

mediated by particles called gauge bosons, γ, Z and W , the gluons, they are described by a gauge group

SU(3)c × SU(2)L × U(1)Y . This group is spontaneously broken down to SU(3)c × U(1)em, i.e : QCD and

QED, through the non-vanishing vacuum expectation value of the Higgs field. Depending on the properties

of the fermions and bosons at play, such as electric charge and other quantum numbers, particles will be

affected by the interactions in different ways. For example, given that they carry a charge of “colour”

only quarks are affected by the strong interaction. The SM of particles physics has often been described

as an elegant theory; this is partly due to its precise predictive power. The SM is also appealing since it
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offers a wide class of physics observables that can be confronted with experimental measurements, a few

examples of which will be discussed in this habilitation. This being said, the SM fails to describe some

fairly fundamental aspects of nature. The SM does not accommodate gravity, nor can it explain the mass

hierarchy of many orders of magnitude observed between particles. For instance, the mass of an electron is

0.511 MeV/c2 and the mass of the top quark is 173 GeV/c2 [1]. Furthermore, satellite experiments such as

Planck show that visible matter only comprises 5 % of the universe, the rest is attributed to dark energy

(68%) and dark matter (27 %) [2]. In other words, the SM is excellent at describing what seems to be

the tip of an iceberg. Both the theory and experimental physics communities share the viewpoint that

there must exist sources of New Physics (NP), new theories able to propose a more complete description

of nature.

One of the main purposes of the experiments located at the Large Hadron Collider at CERN, is to search

for new particles. Experimentally, there are two strategies to search for these unknown particles. The

first approach is to “hunt” directly for new particles in the decay products of the proton-proton collisions.

This is how the Higgs boson was discovered in 2012 by the ATLAS and CMS collaborations [3]. A second

approach is to demonstrate the presence of new particles in an indirect way. The heart of indirect searches

relies on a class of physics observables that may differ from SM predictions in the presence of NP. This

method is heavily exploited by the LHCb experiment. If one assumes that NP lies at a scale ΛNP higher

than the mass of the weak interaction bosons, then one can write a Lagrangian as follows:

L NP = L SM +
∑

d>4

Nd∑

n=1

c
(d)
n

Λd−4
NP

O(d)
n , (1.1)

where the NP is described by higher order operators suppressed by a scale ΛNP. The rule of the game of

flavour physics is twofold. On the one hand it is essential to understand and constrain as precisely as possible

SM processes, where no NP is expected. These class of processes are sometimes called “standard candles”,

they can be probed using dedicated observables such as mass or lifetime measurements. The second aspect

is to search for deviations from SM predictions using “theoretically clean” probes, for instance angular

observables, lepton universality tests, etc.

This chapter is organised as follow, after a discussion of the theoretical framework employed to make

predictions, three observables, namely, masses, lifetimes, and lepton universality tests be will described.

They serve as illustrations of how one can poke at different aspects of the physics that we care about. As
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will be later discussed in Chapter 2 and 3, the LHCb detector is specialised in the analysis of decays of

hadrons containing a b-quark. Following the hadronisation which occurs after the production of pairs of

b-quarks (for instance in gluon-gluon fusion processes) all types of b-hadrons are produced and in particular

b-baryons. Their organisation within a quark model is shown in Figure 1.1. b-baryons have emerged as a

pattern in the research that I have conducted in the past years. Their properties and the observables that

they allow to reach are used as a “fil conducteur” throughout the work documented in this habilitation.

Figure 1.1: SU(4) multiplets of baryons made of u, d, s and b quarks. Left: the multiplet with an SU(3) octet on
the lowest level. Right: the multiplet with an SU(3) decuplet on the lowest level. Observed states are shown in red,
while predicted unobserved states are in blue [1].

1.2 Handling multi-scale problems

Effective Field Theories (EFTs) are powerful tools to describe high energy NP phenomena and their effect

on precision observables. Their strength lies in their ability to separate and treat multi-scale problems

such as for example b→ s`+`− transitions. At each scale, all the degrees of freedom with properties higher

than the value of the scale will be integrated out. For instance, let us consider tree-level b →c decay, in

the SM at the lowest order it mediated by the exchange of W boson, these transitions are referred to a

Flavour Changing Charged Current (FCCC). For this type of decay, the momentum transfer from the W

is very small in comparison to its mass, one can write:

−gµν + qµqν/M
2
W

q2 −M2
W

q2�M2
W−−−−−→ gµν

M2
W

, (1.2)
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The charged current can be reduced to a point-like four fermion interaction by ”integrating-out” the W

boson. This is illustrated in Figure: 1.2. Different models can be adopted depending on the scale where

Figure 1.2: Example of ”integrating-out” a W boson in a FCCC.

one is trying to address a specific problem or make a prediction for a physics observable. Examples of

models which will be later discussed in this document as a function of energy are illustrated in Figure 1.3.

What makes EFTs powerful to describe NP is that they can be used to study processes, where one does

not know a priori the underlying ultra violet (UV) theory [4, 5]. Another usage of EFT is the study of

low energy properties of the strong interaction, for example Chiral Perturbative Theory or Heavy Quark

Expansion Theory [6, 7] which do not rely on fully perturbative computations.

Figure 1.3: Sketch of relevant energy scale (first line), New Physics ETFs and QCD ones.

In the EFT framework, the phenomenology of b-decays can be described in a convenient way, with an

Effective Hamiltonian formalism [6, 8, 9]. For a given initial state I going to a final state F , the amplitude

can be written as :

A(I → F ) = 〈F |Heff|I〉, (1.3)

where theHeff describes both the low energy dynamics (long distance) and high energy ones (short distance).
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1.3 What can we learn from mass measurements?

A hadron can be thought of as a bound state of constituent quarks. It can either form a meson (qq̄), a

baryon (qqq, q̄q̄q̄) or more exotic combinations such as tetra- or pentaquarks [10]. This classification was

first proposed by Gell-Mann and Nishijima in 1958. The generalised Gell-Mann-Nishijima formula relating

the various hadron quantum numbers is given by:

Q = Iz +
B + S + C +B + T

2
(1.4)

where Q is the charge, B is the baryon number, Iz is the z projection of the Isopsin and S,C,B and T

are the flavour of the quark. While, we know today that there are six types of quarks, up, down, strange,

charm, top and beauty, one should remember that at that time, Gell-Mann and Nishijima, nor any other

physicists, were not aware of the existence of neither the charm, beauty nor the top quark. Nevertheless,

they were able to predict the existence of the Ω−(sss) baryon discovered in 1964 in a hydrogen bubble

chamber. The masses, which are one of the most fundamental properties of all hadrons, are a pure QCD

effect. One could write in a simplified way:

mhadron =
∑

i

mi
quark + EBinding (1.5)

Except for the top quark, there are not free quarks in nature. This makes the information about their

mass difficult to access. Furthermore, the binding energy is completely driven by QCD effects. Therefore,

relatively large uncertainties in the theoretical description of hadron masses are expected, see for example

those predictions listed in Table 1.1. Given that baryons are three-body systems, the theory describing

their dynamics within quark models is much more complicated than that for mesons. There are many

approaches used within QCD to predict their properties. For example non-relativistic formulations of

QCD, quark models [1] or light-cone sum rules [11] allow us to investigate the dependence of the baryon

mass splittings on the heavy and light quark masses. In lattice QCD, the correlation functions used to

compute the action for baryons are more difficult to determine than those for mesons, therefore it is

comparatively harder to extract a reliable mass spectrum for heavy baryons [12]. The predictions of the

CQM [13] method for example, rely on the knowledge of the charm baryonic counter part. The spread

of the predictions and their uncertainties in Table 1.1 demonstrate that precise measurements of many
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heavy hadron and in particular b-baryon masses help to either exclude some of the theoretical approaches

or contribute to refining them. Furthermore, a better understanding of the dynamics of quarks inside the

hadrons can help to understand and characterize the nature of exotic particles, such as the pentaquarks,

the X(3872) or the Z(4140), etc. which have been observed in the past years at the B-factories and at the

LHC [1].

Prediction Λ0
b mass Ξ−b mass Ω−b mass

CQM [13] Used as input 5790-5800 6052.1 ± 5.6
1/Nc expansion [14] Used as input Used as input 6039.1 ± 8.3
RCQM [15] 5211± 100 5812 ± 100 6065 ± 100

HQET + QCD sum rule [16] 5637+68
−56 5780+73

−68 6036± 81
QCD sum rule [17] 5690± 130 5890± 180

Lattice QCD [18] 5641± 21+15
−33 5781± 17+17

−16 6006± 10+20
−19

Table 1.1: Mass predictions in MeV/c2 for Λ0
b , Ξ−b and Ω−b baryons.

1.4 What can we learn from lifetime measurements?

Another fundamental property of particles is their lifetime. While at first order all b-hadron lifetimes are

expected to be the same, the presence of the spectator quark displayed in Figure 1.4 can not be ignored

in accurate numerical computations. Non-perturbative effects to heavy-flavour decays can be expressed

through an expansion in inverse powers of mb. The decay rate of the transition of a b-hadron, Hb, to an

inclusive final state X, can be expressed in terms of a phase-space integral (PS) of the square of the matrix

element, summed over all final state X with the same quantum numbers

Γ(Hb → X) =
1

2mHb

∑

X

∫

PS
(2π)4δ(4)(pHb

− pX)|〈X|Heff|Hb〉|2 (1.6)

Explicitly calculating the integral, one arrives at the Heavy Quark Expansion [7] of decay rates of heavy

hadrons:

Γ(Hb → X) = Γ0 +
Λ2

m2
b

Γ2 +
Λ3

m3
b

Γ3 +
Λ4

m4
b

Γ4 + ..., (1.7)

where the expansion parameter is denoted Λ/mb, where the typical scale of Λ is ∼ 1 GeV.

Each of the Γi terms of the expansion describes different aspects of the possible effects inside the hadrons.

• Γ0 spectator model all b-hadrons have the same lifetime.
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• There are no corrections in 1/mb.

• Γ2 Fermi motion and chromomagnetic interaction, first corrections due to the strong interaction,

isospin, at this order one would expect : τB+/τB0 − 1 ≈ 0 and τΛ0
b
/τB0 − 1 ≈ 2%.

• Γ3 Weak annihilation and Pauli interference, the spectator quark is involved only at 1/m3
b order.

The measurement of the lifetime differences of b-hadrons allows therefore to test HQET at the third order.

Figure 1.4: Feynman diagram of Λ0
b → J/ψΛ(∗)

One important assumption behind the heavy quark expansion is the so-called quark-hadron duality. It can

be translated as follows: rates computed at the quark-gluon level are equal to the corresponding observables

involving hadrons. Extensive discussions can be found in the literature regarding this assumption. One of

the best ways to test this is to confront HQET computations to experimental measurements. A detailed

review and summary of HQET principles can be found in Ref. [19] and useful references can be found in

Refs. [20],[21], [22].

1.5 What can we learn from Lepton Universality tests?

Within the SM, there are no Flavour Changing Neutral Currents (FCNC) at tree level, as a consequence

b→ s`+`− transitions can only occur through loops. Therefore, NP contributions can compete with the SM

ones, which makes b→ s`+`− transitions a particularly interesting laboratory. For instance, in Figure: 1.5

the SM gauge boson Z could be replaced by a new particle, such as a heavier gauge boson, for example

the Z ′ or Leptoquarks.
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Figure 1.5: Feynman diagram of a b→ s`+`− transition.

For these decays, the effective Hamiltonian, Heff is defined as:

Heff =
GF√

2
λCKM

∑

i

CiOi, (1.8)

where GF is the Fermi constant and λCKM are the Cabibbo-Kobayashi-Maskawa terms describing the

coupling between the W± bosons and the quarks [1]. In this formalism, the hard contributions generated

by the electromagnetic, weak, and strong interactions can be factorised depending on their energy scale at

leading order. The low energy part of the transition, typically lower than the mass of the b-quark, mediated

for example by soft gluons, is encoded in what are called hadronic matrix elements, Oi. These elements

can be evaluated using “numerical” techniques such as Lattice QCD [23]. The Wilson coefficients Ci, on

the other hand describe short distance contributions to the transition occurring at high energy, typically

O(mW ). These coefficients can be calculated using perturbative methods [24].

As shown in Equation 1.8, with EFTs one can factorise long distance from short distance components.

The short distances parts, which are sensitive to NP, are encoded in the Wilson coefficients. The dominant

operators relevant for b→ s`+`− transitions are:

O7 =
e

16π2
mb(s̄σµνPRb)F

µν ; (1.9)

O9 =
e2

16π2
(s̄γµPLb)(¯̀γµ`); (1.10)

O10 =
e2

16π2
(s̄γµPLb)(¯̀γµγ5`); (1.11)

where PL,R = (1∓ γ5)/2 are the projectors for left-(right-)handed chirality. PL corresponds to the V − A
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structure of the weak interaction in the SM. Due to the universality of lepton couplings for the three gener-

ations, the SM Wilson coefficients have the same value for all three lepton generations. The determination

of the Wilson coefficients requires a matching of the high-energy theory (in this case the SM) and at the

electroweak scale and a running from this scale down to the low-energy one close to the mass of the b

quark. NP can manifest itself as shifts to the Wilson coefficients or enhancements of new operators which

are either absent or strongly suppressed in the SM.

One interesting feature of b → s`+`− decays is shown in Figure: 1.6. It displays the variation of the

differential rate i.e. the probability of a b → s`+`− decay to occur as a function of q2, where q2 is

the sum square of the di-lepton system invariant mass. In particular, it is worth noting that Wilson

coefficients (C
(′)
7 , C

(′)
9 , C

(′)
10 ) contribute differently to the different q2 regions. For example, the very low q2

region is dominated by the Wilson coefficient C
(′)
7 corresponding to a Feynman diagram where a photon is

produced as illustrated in Figure: 1.6. Therefore, to fully exploit the rich phenomenology of these decays,

experimental measurements, such as branching fractions, forward-backward asymmetry, etc. are performed

as a function of q2. In order to constrain the values of the Wilson coefficients, the LHCb collaboration

interference

and

Long distance 
contributions from 
above open charm 
threshold 

4 m2
`

cc̄

C
(0)
9 C

(0)
10

q2

C
(0)
7

J/ (1S)

 (2S)

C
(0)
7 C

(0)
9

d�

dq2

Figure 1.6: Differential rate as a function of q2 in b→ s`+`− transitions.

has conducted many measurements of b→ s`+`− transitions, such as differential branching fraction of

B+→ K+µ+µ−, B0→ K∗0µ+µ−, as well as B0
s → φµ+µ− and Λ0

b → Λµ+µ−. A few deviations have been

observed with respect to the SM predictions. Similar patterns have been observed in angular analyses,

where optimised observables, for example P ′5 , have been designed and employed to minimize the impact
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of hadronic uncertainties, as shown in Figure: 1.7.

Figure 1.7: Measurements of P ′5 by different experiments, compared to the theoretical predictions.

Lepton Universality (LU) is an “accidental” property of the SM. It predicts equal coupling of the SM gauge

bosons to all three families of leptons at tree-level. Lepton universality tests form some of the “cleanest”

observables, since all the hadronic uncertainties in these decays cancel in the ratios leaving only differences

due to QED corrections, which are expected to be very small [25]. This property can be tested in many

sectors and in particular in loop-induced decays such as b → s`+`− transitions, but also tree-level decays

such as b→ c`ν` decays. For this latter process, the ratios RD = 0.299 ± 0.003 and RD∗ = 0.258 ± 0.005

were measured at the B-factories and LHCb and lie 3.5 standard deviations above the SM predictions.

The current world average agrees with the SM at only three standard deviations [26]. For b → s`+`−

transitions, the LU ratios are defined as as:

RH ≡
∫
dΓ(B→Hµ+µ−)

dq2
dq2

∫
dΓ(B→He+e−)

dq2
dq2

. (1.12)

LU in b→ s`+`− decays has been tested until now in B meson decays by the LHCb experiment [27], [28],

and the results as a function of q2 are :

RK = 0.846+0.060
−0.054

+0.016
−0.014, q

2 ∈ [1, 6] GeV2/c4, (1.13)

RK∗0 =





0.66+0.11
−0.07 ± 0.03, q2 ∈ [0.045, 1.1] GeV2/c4,

0.69+0.11
−0.07 ± 0.05, q2 ∈ [1.1, 6.0] GeV2/c4.

While these results are still statistically limited, it is important to extend the scope of these measurements
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Figure 1.8: Likelihood contours from neutral current LFU observables and the global fit in the the plane
of a lepton flavour universal contribution to Cuniv

9 Figure taken from Ref.[32].

to verify if the pattern of a “deficit” of muons emerging from the LU tests together with the branching

fraction measurements in the muonic decays [29, 30], holds or not.

Recently, Ref.[4] argued that if NP has a V − A structure, i.e. C9 = −C10, then one expects in the SM

that the electron-muon LU ratios across all species of b-hadrons should be the same:

RK ≈ RK∗0 ≈ RKππ ≈ RKS
≈ Rφ ≈ RΛ ≈ RpK . (1.14)

The first test of lepton universality with a b-baryon is discussed in this habilitation in Chapter 3.

1.6 What is emerging in the Loch Ness?

As of today there are a few phenomenological attempts to fits the Wilson coefficients. While some of these

approaches differ in their treatment of the hadronic uncertainties [31], which can manifest themselves in

the size of the uncertainties on form factors for instance, most of them seem to draw a similar picture.

An example of such a phenomenological study [32] is shown in Figure 1.8. The selected result displays

one of the phenomenological global fits, with a lepton flavour universal Cuniv
9 Wilson coefficient shown as

a function of a scenario linking a purely muonic contribution to C9 and a C bsµµ
9 = −C bsµµ

10 hypothesis,

before and after the inclusion of the latest RK result from LHCb. This pattern of Wilson coefficients can

be found in several NP models with tree-level mediators, such as Leptoquarks.
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While there has been a myriad of theory developments in the past few years to interpret the flavour

anomalies in a consistent and coherent way, Leptoquarks, which are tree-level mediators, have received

particular attention. Given the experimental constraints from both loop-induced currents and tree-level

decays, there are today three viable options for Leptoquarks models summarised in Table 1.2. The first

option is based on models which predict a U1 Leptoquark and necessitate UV completion [33, 34, 35, 36].

The other two make use of two scalar Leptoquarks S1 + S3 [37, 38, 39] or S3 + R2 [5]. It will be most

interesting to see in the next few years which scenarios survive the additional experimental constrains.

Model RK(∗) RD(∗) RK(∗) & RD(∗)

S1 = (3, 1)−1/3 6 4 6

R2 = (3, 2) 7/6 6 4 6

R̃2 = (3, 2) 1/6 6 6 6

S3 = (3, 3)−1/3 4 6 6

U1 = (3, 1) 2/3 4 4 4

U3 = (3, 3) 2/3 4 6 6

Table 1.2: Summary of Leptoquark models which can accommodate RK(∗) , RD(∗) and both. Table based
work from Ref. [40]. The SM quantum numbers are denoted by (SU(3)c, SU(2)L)Y .

Pick your horse in Figure 1.9, the bets are open !

Figure 1.9: Example of NP Feynman diagrams [41],[42],[43].
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Chapter 2

Allegretto

“Don’t you know that Rome

wasn’t built in a day”

Morcheeba

2.1 The LHCb detector

The LHCb detector [44], shown in Figure 2.1, was designed to study the asymmetry between matter and

anti-matter, and search for physics beyond the SM in b-hadron decays. It turned out that the excellent

performance of the detector was such that the physics program was extended very rapidly to explore also

charm, electroweak, and, more recently, heavy ion physics.

Figure 2.1: The LHCb detector [44].
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LHCb is a single-arm spectrometer located at the interaction point (IP) 8 of the LHC. The choice of

detector geometry is justified by the fact that both b and b̄ hadrons are predominantly produced in the

same forward or backward cone. If our collaboration had the budget of the ministry of defence we would

probably have built two LHCb detectors, to catch both the forward and backward pairs. Charged tracks are

detected by a vertex locator near to the IP, and their momenta and charge are subsequently determined

with tracking stations (TT, T1, T2 and T3) either side of a magnet providing an integrated field of

4 Tm. The tracking efficiencies were found to be ∼ 96% for J/ψ → µ+µ− in the momentum range

5 GeV/c < p < 200 GeV/c. Ring imaging Cherenkov (RICH) counters are used to distinguish kaons,

pions and protons. An excellent hadron identification is crucial for a flavour experiment1, for example the

measurement of CP asymmetries in B0
d,s → ππ,KK, ππ decays. Electromagnetic and hadronic calorimeters

(ECAL and HCAL), together with an instrumented preshower (SPD/PS) system, provide measurements

of the energies of neutral particles as well as electrons. Finally, muons are identified with a dedicated

detection system (M1-M5). The vertex locator provides precise information on the origin of the tracks and

the tracking stations are essential to measure the momenta of the particles involved in the decay of the

particles of interest. This gives extremely powerful information to reject background, since signal tracks

i.e. secondary particles produced by the particles of interest, must originate from common vertices that are

displaced from the primary vertex of the LHC proton-proton collision, due to the non-negligible lifetimes of

the decaying bottom hadrons (O(1) ps), whereas the largest potential source of background is from random

combinations of tracks that originate from the primary vertex. The LHCb trigger is a key to the success

of the experiment. It operates in two stages. A hardware trigger based on the information provided by the

calorimeters and the muon chambers reduces the frequency of events from the LHC beam crossing rate of

up to 40 MHz to a rate of 1 MHz at which the entire detector can be read out. The subsequent high-level

software trigger stage was responsible for reducing the output rate to a level at which data can be written

to permanent storage. This rate evolved significantly between Run 1 and Run 2, reaching 12.5 kHz at the

end of Run 2. Detailed discussion of the performances of the LHCb detector can be found in Ref. [45].

The Run naming convention and the schedule of the LHC are defined in Table 2.1.

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4...

2010-2012 2013-2015 2015-2018 2018 - 2020 2021-2024 2025 - 2027 2027 - ....

Table 2.1: LHC schedule. The data taking period are highlighted in blue, the technical stops are highlighted
in yellow.

1For instance, for a requirement on the K-π separation, ∆logL(K − π) > 0, when averaging over the momentum range
2-100 GeV/c one finds the kaon efficiency to be ∼ 95% with a pion misidentification rate of ∼ 10%.
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The LHCb detector is currently undergoing its first major upgrade to allow for data taking at 2 ×

1033cm−2s−1 in 2021, a factor five increase compared to earlier runs. All the tracking system will be

replaced [46]. The vertex locator strips will be replaced by pixel detectors [47], and the TT will be up-

graded to an Upstream Tracker (UT) with a larger acceptance around the beam pipe. The central trackers

will be replaced with a scintillating fibre tracker (SciFi). Furthermore, the entire electronics will be replaced

to allow the detector to be read out at the proton-proton collision rate, and to send the data to be processed

online in the high level trigger. In order to maximise the physics output of the experiment, the philosophy

of the collaboration has been to perform full track reconstruction, including particle identification and

track fitting, as early as possible in the data processing.

I have been involved in two upgrade projects. With my former PhD student Renato Quagliani [48], whom I

co-supervised with Patrick Robbe and colleagues from LPNHE in Paris, Pierre Billoir and Francesco Polci,

we developed a pattern recognition algorithm that we baptised Hybrid Seeding. The aim of this tracking

algorithm is to reconstruct track segments using only in the information of the SciFi, enabling later the

reconstruction of long-lived particles such as K0
S , Λ or more exotic ones, like dark photon candidates. This

algorithm and its performance are discussed in Section 2.2. I am also involved in a hardware project for

the calorimeter, where I am responsible for a control board designed by O.Duarte and A.Saussac. The

purpose of this board is to distribute information from the central LHCb system such as the 40 MHz clock

and propagate it to the calorimeter front-end boards. The design of this board is described Section 2.3.

2.2 Pattern recognition

The LHCb upgrade tracking algorithms rely on three detectors: the vertex locator, the upstream tracker and

the scintillating fibre tracker. Figure 2.2 shows the different types of tracks produced by the reconstruction;

their somewhat jargonic classification can be found in Table 2.2.

The SciFi tracker [49] is composed of three tracking stations, T1, T2, T3. Each station is composed of

four layers, separated by air-filled gap of 50 mm, oriented in the so called stereo configuration (x-u-v-x ).

The fibre mats in the first and fourth x-layer (within the same station) are vertically oriented, i.e. the fibre

mats are parallel to the y axis of the laboratory frame. Therefore, the read-out of a x-layer provides the

direct measurement of the xtrack(zlayer) position. But no information at all about the y can be directly

extracted. The second (u) and the third (v) layers are identical to the x-layer, but their fibre mats are
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Figure 2.2: Track types in the LHCb Upgrade.

tilted with respect to the x-layer by +5◦ and −5◦ respectively. The read-out of the u/v-layers provides

the u and v stereo coordinates, which are used to extract the information on the y-z plane motion of the

particles.

The SciFi tracker benefits from a good uniformity whereas the former central tracking system, was based

on different technologies, mechanical supports etc.. This ensures that the fraction of particles that survive

the passage through the SciFi Tracker is quite high. The fraction was found to be 96.9% for hadrons,

93.9% for electrons and 95.2% for photons. With the SciFi, a difficulty was introduced by the absence

of a y- segmentation in the tracker. This feature makes the track finding close to the beam pipe, where

the detector occupancy is the highest, quite challenging, and the impact of the loss of light propagation

in the fibres, a particular problem. Renato worked out a way around this. From the expected y-position

of a traversing track based on the information from the x-layers and the stereo ones, he figured out a way

to tune the hit requirements of the tracks according to the expected light attenuation in the SciFi fibres,

which reduced significantly the fake (or ghost) rate.

The decay rates and topologies considered for the LHCb Upgrade are very broad [46]. They vary from rare

decays, such as the very rare B0
s → µ+µ− mode or the radiative mode Λ0

b → Λγ, to multi-track final states

such as B0
s → D+

s (→ K+K−π+)D−s (→ K+K−π−). One has also to take into account from the spread of

the momentum ranges of these particles, from the very soft tracks like the pions from D∗ decays all the way

to the hard ones from W and Z decays. With this in mind, the algorithm was designed to reach a good

compromise in the holy tracking trinity: high tracking efficiencies and low fake rate and small processing
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time.

The main idea behind the Hybrid Seeding is to progressively clean the tracking environment by first

finding the tracks which are easier to reconstruct, and then searching for those with more complicated

trajectories or signatures using the left-over hits.

Some of the improvements reached were achieved thanks to an update of the track parametrisation, an

optimisation of the search windows and a redesign of the loops over the hit containers. The rethinking

of recovery routines permitted to improve the low momentum track efficiency and the robustness of the

algorithm.

Name Property

hasT reconstructible in Scintillating Fiber Tracker
UT + Scintillating Fiber Tracker reconstructible in Scintillating Fiber Tracker and UT
noVelo not reconstructible in the VELO
long reconstructible in VELO and Scintillating Fiber Tracker
strange daughter of a strange particle ( K0

S , Λ, ..)
from B belong to the decay chain of a b hadron
from D belong to the decay chain of a c hadron

Table 2.2: Sub-selections used by the performances indicators.

The results obtained from these studies are summarised in Table 2.3 and Figure 2.3. They make clear that

the Hybrid Seeding performs significantly better than the first implementation of the prototype algorithm

referred to in this text as TDR Seeding. A significant improvement is achieved in all the fields:

• The ghost rate is reduced by a factor two with respect to the old seeding version (even when averaged

for the events), and the efficiencies are significantly larger.

• The tracking efficiencies are significantly improved for all the track categories, especially for lower p

and pT tracks (∼20 %), while for higher p a gain of 4-6 % is achieved.

• The clone killing which allows to remove duplicate candidates is more efficient than the previous

algorithm. This is achieved thanks to a more accurate track comparison and to the internal sorting

of the hits, which allows a better track-to-track comparison.

• The timing of the Hybrid Seeding is significantly improved with respect to TDR Seeding, by almost

a factor 3-4 on average (depending on the detector occupancy level), as shown in Table 2.3.
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In other words, Hybrid Seeding is more robust against busy events with respect to the TDR Seeding.

Timing comparisons have been achieved running both the algorithms on the same machine (a standard

lxplus machine SLC6 in 64-bit mode) and we also quote the timing of the forward tracking algorithm (as

a reference value) in the so called best tracking sequence stage, i.e., the configuration aiming to find all

long tracks in the event.

Machine speed Algorithm Avg. time Min. time Max. time
n· 2.8 GHz Xenon [ msevt. ] [ msevt. ] [ msevt. ]

2.79
Forward Tracking Best 48.62 0.30 1271.4

TDR Seeding 150.95 1.86 6069.0
Hybrid Seeding 46.80 0.70 1239.1

Table 2.3: Average, maximum and minimum timing of the algorithms for the different samples. Timing
performances are also quoted with respect to the forward tracking used for the upgrade.

Track type
Sample 2

TDR Seeding Hybrid Seeding

ε (clone rate) ε (clone rate)

hasT (53.5 ± 0.1)(3.5) % (66.6 ± 0.1)(0.0) %
long (78.4 ± 0.1)(3.3) % (92.1 ± 0.1)(0.0) %
long P > 5 GeV/c (87.5 ± 0.1)(2.6) % (95.4 ± 0.4)(0.0) %
long from B (80.4 ± 0.6)(2.7) % (93.0 ± 0.3)(0.0) %
long from B P > 5 GeV/c (88.5 ± 0.5)(2.3) % (95.9 ± 0.1)(0.0) %
long from B or D (80.7 ± 0.2)(2.7) % (93.3 ± 0.1)(0.0) %
long from B or D P > 5 GeV/c (89.3 ± 0.2)(2.3) % (95.9 ± 0.1)(0.0) %
UT +Scintillating Fiber Tracker strange (76.3 ± 0.1)(3.3) % (91.8 ± 0.1)(0.0) %
UT +Scintillating Fiber Tracker strange P > 5 GeV/c (88.8 ± 0.1)(2.5) % (95.7 ± 0.1)(0.0) %
noVELO +UT +Scintillating Fiber Tracker strange (76.8 ± 0.2)(3.3) % (91.3 ± 0.1)(0.0) %
noVELO +UT +Scintillating Fiber Tracker strange P > 5 GeV/c (88.7 ± 0.2)(2.7) % (95.6 ± 0.1)(0.0) %

ghost rate (37.3 ± 0.1)% (19.4 ± 0.1) %
ghost rate (evt.avg) 21.6 % 11.2 %

hit purity 98.9 % 99.6 %
hit efficiency 93.6 % 95.4 %

Table 2.4: Tracking performance comparison between the TDR Seeding and the Hybrid Seeding algo-
rithms.
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Figure 2.3: Tracking efficiency distributions, selecting tracks having hits in the UT and the Scintillating Fiber
Tracker and being daughters of long-lived strange particles, such as K0

S or Λ0. The efficiencies obtained with the
Hybrid Seeding (blue) algorithm are on average '12% better than the ones from the TDR Seeding.

23



The performance quoted in this section have been obtained with a description of the SciFi geometry which

was not final. However, even with more refined versions of the geometry, which were later made available,

the overall conclusions of this work remain unchanged. The Hybrid Seeding algorithm has continued to

evolve, and further improvements have been achieved. More recently, the focus of the efforts has been

towards improving the reconstruction electrons at low momenta.

2.3 Calorimeters

As part of the first phase of the LHCb upgrade and the calorimeters upgrade in particular, both the SPD

and PS detectors have been removed and the entire electronics of the system will be replaced. There will no

longer be a hardware trigger and the aim is to process all the subdetectors at 40 MHz. The electromagnetic

(ECAL) and hadronic (HCAL) calorimeters will remain in place. They are both based on a “shashlik”

technology of lead/iron and scintillators, and the light is collected by wave length shifting fibres [50]. The

ECAL energy resolution is 10%/
√
E⊕1% where the energy is expressed in GeV. The information provided

by this sub-detector is used as input to the particle identifications algorithms and flags photons, neutral

pions or electrons. The HCAL energy resolution is significantly worse being 80%/
√
E, however this was

enough to provide information for the hardware trigger (L0) during Run 1 and 2.

The new acquisition systems of both the ECAL and HCAL calorimeters will be driven by a control board

(3CU). The purpose of this board is to process and send critical information (the clock, the slow control

signals and the fast and synchronous command) received through optical fibres from the main LHCb

system to the front-end boards. A total of 23 control boards including spares are needed for both the

electromagnetic and hadronic calorimeters.

The LHCb operational master clock for data taking and the entire precise timing and synchronisation of the

sub-detectors rely on the LHC bunch clock and the LHC orbit signal. The orbit signal marks each turn of

the full LHC circulating bunch scheme (3563 steps). The readout supervisor system receives directly these

two clocks from the RF-system of the LHC via an LHC Interface card located on the readout supervisor

card. The LHC bunch clock is distributed to the front-end and readout boards with sufficiently low jitter

(assumed for the moment to be O(10 ps)), and constant and reproducible phase. To ensure this low jitter

requirement, a great care was needed in the design of the clock tree distribution within the board. The

readout supervisor card distributes the clock and the Fast Control commands to the readout board, and
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Figure 2.4: Schematic of a calorimeter crate.

the interface readout board distribute the clock and the Fast Control command to the control board.

The calorimeter crate mechanics are a standard 9U frame. They have two custom backplanes mounted in

the back. The lower 3U backplane provides the power supplies, the Time Fast Control commands and the

clock distribution. The upper 6U backplane is dedicated for the exchange of signals between the boards

inside the crate and with the other crates. A calorimeter front-end crate contains up to 16 front-end boards

which perform the acquisition of the detector channels, and in the middle of the crate, a reserved slot for

the control board.

The main role of the control board is to receive the GBT (GigaBit Transceiver) frame through the optical

link and to extract the information which is needed by the front end boards inside a same crate: the 40

MHz clock, the Time Fast Control (TFC) commands and Experiment Control System (ECS). Figure 2.5

shows a picture of the control board (3CU). The various parts of the board are clearly identified. The

board contains :

• A Versatile Link Transceiver-Receiver (VTRx), for the reception and transmission to the SOL40

which an interface board that allows is to interface the fast and the slow control to the front-end

boards.

• A radiation tolerant chip that can be used to implement multipurpose high speed (3.2-4.48 Gb/s user

bandwidth) bidirectional optical links (GBTX).

• A GBT-SCA ASIC, part of the GBT chip-set, to distribute control and monitoring signals to the

on-detector front-end electronics and perform monitoring operations of detector environmental pa-

rameters.

• A Microsemi FPGA (IGLOO2 family) which is in charge of the processing on the 3CU.
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Figure 2.5: 3CU board.

Except for the commercial FPGA, the components listed above were designed at CERN and are shared

across various sub-detectors in the LHCb upgrade. Following the clock and TFC command (or from left to

right on the picture), first the 3CU receives the clock and the TFC command through the optical transmitter

(VTRx) and decoding inside the GBTX. After processing inside the FPGA, the board transmits through

the 3U backplane these signals to all the front-end boards inside the same crate.

A challenging aspect of the board was the design of the schematic for the PCB (Printer Circuit Board)

especially around the GBTX component, where the density of extracted links is very high, about 300 out

of the 400 of the GBTX pins.

Two prototypes of these boards are currently available in the lab in Orsay and have been validated, the

final production of the board has been submitted.

The next steps will be to start testing the whole setup in a crate at CERN using the central acquisition

system. Later, we will proceed to install and commission the electronics and ramp up for data taking.
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Chapter 3

Allegro
”Once you kill a cow,

you gotta make a burger”

Lady Gaga

3.1 Dear b-baryons

The first observed baryon with a b-quark was the Λ0
b baryon (bud). This isospin-zero particle was discovered

in J/ψΛ decays, at the UA1 detector in proton-antiproton collisions at CERN [51] and was later confirmed

and studied by several experiments. Λ0
b particles are produced abundantly in the proton-proton collisions

of the LHC, their production rate1 relative to B-mesons is fΛ0
b
/(fu + fd) = 0.259 ± 0.018 [52].

Figure 3.1: Most probably one of the first Λ0
b distributions seen at LHCb.

Figure 3.1 shows the J/ψΛ invariant mass using 5 pb−1 from the 2010 dataset, when a requirement on

the decay time of the Λ0
b candidate to be higher than 0.3 ps is applied. I am particularly fond of this

1In 13 TeV proton-proton collisions.
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plot, because it was one of the first distribution of Λ0
b decays seen at LHCb and it really marked the start

of my research activities with b-baryons. With more data, more b-baryons were seen and discovered, in

particular I was involved in the studies of the Ξ−b and Ω−b baryons at LHCb. For what concerns NP

searches, b-baryons allow to verify the anomalies in a different hadronic environment. Furthermore, since

they carry half-integer spin, NP-sensitive observables which are not present in B-mesons can be measured

in Λ0
b decays. Table 3.1 summarises the current experimental knowledge on the lightest b-baryons.

Table 3.1: Properties of the lightest b-baryon states. Based on Ref. [1].

Name
Quark
content

Mass, MeV/c2 Lifetime
or width

JP (I,I3) S

Λ0
b udb 5619.60± 0.17 1.470± 0.010 ps 1/2+ (0, 0) 0

Ξ0
b usb 5791.9± 0.5 1.479± 0.031 ps 1/2+ (1/2, 1/2) −1

Ξ−b dsb 5797.0± 0.9 1.571± 0.040 ps 1/2+ (1/2,−1/2) −1

Σ+
b uub 5810.55± 0.25 4.83± 0.48 MeV/c2 1/2+ (1, 1) 0

Σ0
b udb not yet observed 1/2+ (1, 0) 0

Σ−b ddb 5815.64± 0.28 5.33± 0.56 MeV/c2 1/2+ (1,−1) 0

Ξ ′0b usb not yet observed 1/2+ (1/2, 1/2) −1

Ξ ′−b dsb 5935.02± 0.05 < 0.08 MeV/c2 1/2+ (1/2,−1/2) −1

Ω−b ssb 6046.1± 1.7 1.64± 0.18 ps 1/2+ (0, 0) −2

Σ∗+b uub 5830.28± 0.28 9.34± 0.54 MeV/c2 3/2+ (1, 1) 0

Σ∗0b udb not yet observed 3/2+ (1, 0) 0

Σ∗−b ddb 5834.73± 0.30 10.68± 0.68 MeV/c2 3/2+ (1,−1) 0

Ξ∗0b usb 5949.8± 1.4 0.90± 0.18 MeV/c2 3/2+ (1/2, 1/2) −1

Ξ∗−b dsb 5955.33± 0.13 1.65± 0.33 MeV/c2 3/2+ (1/2,−1/2) −1

Ω∗−b ssb not yet observed 3/2+ (0, 0) −2

3.2 Mass measurements

My main collaborators for the measurements [53] discussed in this section were Sneha Malde and Matthew

Needham. Within the SM of particle physics, mesons and baryons are colourless objects composed of

quarks and gluons as discussed in Chapter 1. These systems are bound through the strong interaction,

described by QCD. A basic property of hadrons that can be compared to QCD theoretical predictions is

their masses. In 2008, there was the controversial discovery of the Ω−b first claimed by the DØ experiment

with M(Ω−b ) = 6165±10(stat)±13(syst) MeV/c2. A few months later the CDF collaboration also reported

a measurement of the mass of this baryon M(Ω−b ) = 6054.4 ± 6.8(stat) ± 0.9(syst) MeV/c2. Assuming

the uncertainties to be uncorrelated across experiments, the difference between these two measurements,

111±12(stat)±13(syst) MeV/c2, represents a discrepancy of more than six standard deviations. What was
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particularly puzzling about the DØ measurement is that it was in disagreement with the expectations of

mass splittings inferred from quark model predictions of both beauty and charm particles. For example,

as shown in Chapter 1, the theoretical predictions for the Ω−b mass are fairly broad, they lie in the range

of 5940 - 6120 MeV/c2.

A key aspect of mass measurements is controlling the momentum scale of the experiment. A time-dependent

momentum scale calibration procedure was used to “correct” the measured b-baryon masses [54].

Figure 3.2: Measured J/ψ → µ+µ− mass (top) and resolution (bottom) as a function of run number during
the entire 2010 data-taking period. The steps (indicated with vertical lines) correspond to the times when
the TT operating temperature was altered.

The principles behind the momentum scale calibration can be described as follows. For a two-body decay

P → c1c2 relativistic mechanics gives:

m2
12 = (E1 + E2)2 − (~p1 + ~p2).(~p1 + ~p2). (3.1)

It can be shown that if the momentum scale is wrong by a factor (1-α), the the measured mass m12 is

given to first order in m/p by:

m12 =
m2
P − f

(1− α)2
+ f, (3.2)

where

f = m2
1 +m2

2 +
p2

p1
m2

1 +
p1

p2
m2

2. (3.3)

If α� 1 this expression simplifies, to first order, to

∆m = α
f −m2

P

mP
(3.4)
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where ∆m = mP − m12. For decays of quarkonia or heavy hadrons where the mass of the final state

particles can be neglected with respect to the parent particle, the correction needed can be written as:

∆m = −α mP . (3.5)

A set of two-body decay modes was considered for the calibration of the momentum scale. The central

value of the momentum scale is taken as the value of α extracted using J/ψ → µ+µ− decays. An example

of the trends is shown in Figure: 3.2.
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Figure 3.3: Average momentum scale bias α extracted from the reconstructed mass of various decay modes after
the momentum calibration procedure. The K0

S decays are divided into two categories: those where the two child
tracks have hits in the vertex detector (labelled L) and those without (labelled D). The black error bars represent
the statistical uncertainty whilst the (yellow) filled areas also include contributions to the systematic uncertainty
from the fitting procedure, the effect of QED radiative corrections, and the uncertainty on the mass of the decaying
meson [1]. The (red) dashed line shows the assigned uncertainty of ±0.03% on the momentum scale.

To understand the odd behaviour in the trends (around Run 500), we relied on the log-books of the LHCb

data shifter. We identified that it was due to a temperature variation of the TT tracker. To evaluate the

impact of these variations, two versions of the detector alignment were tested, the standard one and one were

the hits from the TT are systematically excluded from the track reconstruction. The whole exercise (track

reconstruction, selection, mass fits) was repeated. Finally, the impact of the TT temperature variation was

found not to be significant on the observables of interest, and no additional systematic uncertainty was

assigned.

The systematic uncertainty on the momentum scale was taken as the difference between the values of α

extracted form J/ψ → µ+µ− and K0
S → π+π− decays. The calibration was cross-checked using other
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Table 3.2: Comparison of the b-baryon mass measurements using the full LHCb 2011 data sample with the single most
precise results from the ATLAS [55], CDF [56, 57] and D0 [58, 59] collaborations, and with the PDG averages [60].
The PDG averages (2014) contain the results from CDF and DØ as well as the Λ0

b measurement from LHCb
performed with the 2010 data sample. The quoted errors include statistical and systematic uncertainties. All values
are in MeV/c2.

M(Λ0
b) M(Ξ−b ) M(Ω−b )

ATLAS 5619.7± 1.3 – –
CDF 5619.7± 1.7 5790.9± 2.7 6054.4± 6.9
DØ – 5774 ± 19 6165 ± 16
PDG (2014) 5619.4± 0.7 5791.1± 2.2 6071 ± 40

LHCb 5619.5± 0.5 5795.8± 1.0 6046.0± 2.3

b-decay modes.

Figure 3.3 shows a summary of the momentum scale calibration. To measure the impact of systematic

effects, the overall momentum scale was shifted by α = 0.5×10−3 with little variation amongst the modes.

The momenta of all the tracks used to form the b-baryon candidates are multiplied by 1−α before any mass

constraint is applied, the uncertainty on the knowledge of α is later propagated to the final measurement

as a systematic uncertainty on the mass measurements.

The decay modes employed to measure the masses of the Λ0
b , Ξ

−
b and Ω−b , were J/ψΛ, J/ψΞ(→ Λπ−)

and J/ψΩ(→ ΛK−) respectively. The Λ particle that decays to a pion and a proton travels a relatively

long distance in the LHCb detector, O(cm). The child tracks from the Λ baryon are referred to as long

tracks if they leave energy deposits in the vertex locator or downstream tracks if they don’t. To improve

the resolution on the measured mass of the b-baryons by almost a factor two, a constraint on the known

masses of the J/ψ and the Λ particles was systematically applied.

For these measurements simple cut-based selections relying on the kinematic properties of the final state

particles and their identification probabilities were sufficient to select clean signal samples. The values of

the masses were extracted from maximum likelihood fits to the invariant mass. The fit model was based

on a Gaussian function to describe the signal and an exponential function to describe the combinatorial

background. In the case of the Ω−b baryon, given the discrepancy which was observed between the previous

measurements, the fitted value of the mass was kept blind throughout the analysis process, although not

the mass distribution itself. The results are reported in Table 3.2.

To take into account the “look elsewhere effect”, the significance of the Ω−b signal was determined using a

large number of pseudo-experiments with background only. For each pseudo-experiment a sample of mass
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Figure 3.4: Distribution of the negative log-likelihood difference ln(Lmax/L0) in 2.5× 106 pseudo-experiments with
background only. The red arrow corresponds to the value observed in the data.

values with the same size as the data sample is generated using the exponential background distribution

determined from the fit to the data candidates. We determined the probability that, in these pseudo-

experiments, any signal seen in the mass range 5.8–6.3 GeV/c2 would lead to a value of ln(Lmax/L0) larger

than in the data, and interpret it as the probability that the observed Ω−b peak in the data is due to

a statistical fluctuation of the background. The distribution of ln(Lmax/L0), determined with 2,500,000

pseudo-experiments, is shown in Figure 3.4. The fact that no pseudo-experiment yields a value larger than

the data suggests a p-value smaller than 4×10−7, which translates to a statistical significance consistent

with 6.8σ.

The LHCb collaboration measured the Ω−b mass, using the hadronic final state Ω0
c (→pKKπ)π [61]. The

result was found to be in agreement with the measurement discussed in this section and the result from

CDF. The measurement from the DØ experiment is no longer taken into account in the PDG averages [1].

Spectroscopy and mass measurements have a bright future at LHCb, the first observation of Ω−b baryon

excited states was reported recently in Ref. [62].

3.3 Lifetime measurements

My main collaborators on the lifetime measurements [63] were Francesca Dordei and Greig Cowan. Lifetime

measurements are often considered to be the “bread & butter” of a flavour experiment. Whoever thinks this

should be sent to jail. The analysis discussed in this section grouped many b-hadrons. The decays of these

hadrons all shared J/ψX topologies displayed in Figure 3.5, where X was required to be K+,K0
S ,K

∗0, φ or
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a Λ. Thanks to the clean dimuon signatures of these decays and the usage of mass constraints on the known

Figure 3.5: Sketch of the decay of a b-hadron to a J/ψ and an additional particle X. The b-hadron is
produced at the primary vertex (PV) and it decays at the decay vertex (SV). The length L is the spatial
separation between the two vertices.

values mass of the J/ψ , K0
S and Λ particles, simple cut-based selections were found to be sufficient to select

all the signals. Furthermore, cut-based selections were even favoured to more sophisticated multivariate

ones, since we were trying to track down all the possible sources of biases that might influence the measured

lifetimes. The decay time, t, of a particle in its rest frame, can be computed as follows:

t = L
m

| ~p | (3.6)

where L is the flight distance travelled by the b-hadron, p is the reconstructed three-momentum and m its

reconstructed mass.

Two approaches were used to access the observable of interest. The first one was based on a two-dimensional

likelihood fit to the invariant mass and decay time of the b-hadron. In the second approach, sWeights [64]

were extracted from a fit to the invariant mass distribution and exploited to subtract the background

components from the lifetime distributions, which were then fitted. While doing the analysis it was thought

to be very useful to have two methods for cross-checks.

The signal probability density function used in the lifetime fit to extract the observable of interest τHb
can

be written as follows:

[e(t′/τHb
) ⊗R(t, t′)]×Acc(t) (3.7)
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Figure 3.6: Sketch of a decay-time distribution, decay-time resolution and decay-time acceptance of a
b-hadron (x-axes not to scale).

A sketch of a typical shape of the decay time resolution (R) and the decay time acceptance (Acc) are

shown in Figure 3.6. Given that the expected statistical uncertainty for these measurements was around

a few femtoseconds, it was mandatory to have a very good control of the acceptance effects in particular.

The decay-time resolution was measured using data. At the start of the LHCb data taking, large samples

of “prompt-J/ψ” decays were recorded with dedicated trigger lines. Given that they were produced at zero

lifetime, the width of their decay time distribution was dominated by the decay time resolution. Typical

values of the decay time resolution for these decay modes was about 50 fs.

Understanding the decay-time acceptances turned out to be a tricky job. Figure 3.7 displays the breakdown

of all the effects entering the decay-time acceptance seen in Λ0
b decays. When we first started to test the

fitting procedure using simulated samples, on which the full reconstruction and event selection was applied,

biases up to 18 fs were observed for the decay modes where all the tracks were decaying inside the vertex

locator. The biases were smaller ∼10 fs for decays with long-lived particles (K0
S and Λ). This observation

allowed to point towards effects coming from the vertex locator reconstruction. And indeed, an assumption

that the tracks were produced in a region close to the interaction region was used in the pattern recognition

algorithms. This assumption was the main cause for the “upper lifetime” acceptance. Since this was the

start of LHCb data taking and the time-dependent analyses did not have the maturity that they have now,

we did not feel comfortable to simply plug whatever bias was measured from simulation into the data fit.

We developed a data-driven method to address this point. A large sample of B+→ J/ψK+ decays was used

where the kaon was reconstructed without using the information from the vertex locator2. For the purpose

of these studies, we reprocessed both the data and simulation samples using the downstream tracking on

the kaon. The vertex locator reconstruction efficiency was then computed using a tag-and-probe technique.

2The K was reconstructed using only the downstream tracking.
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Figure 3.7: Λ0
b acceptance steps as a function of the different reconstruction, selection and trigger require-

ments in the analysis.

A parametrisation based on the distance of closest approach of one of the final state particles allowed

to model the efficiency of this algorithm on data. This parametrisation took into account the different

tunings of the reconstruction in the trigger and offline, as well as correlations between tracks. Weights

were extracted from the vertex locator reconstruction efficiency distribution and applied to the signal

candidates in data to correct for this effect.

The remaining effects that contributed to the decay time acceptances were: the position of the primary

vertex, the vertex quality of the fit which was worse for tracks with a small opening angle (for example

φ→ K+K−), a requirement on the displacement of the J/ψ from the primary vertex in the software trigger

and in the stripping selection.

The absolute lifetimes of the b-hadrons are reported in Table 3.3. Besides the Λ0
b measurement all the

others were the world’s best measurements.

The early measurements of the ratio of Λ0
b to B0 lifetimes were mainly driven by the Tevatron, and gave

results which were considerably smaller than the theoretical expectation [22, 65, 66]. It was considered for

a while by the theory community that additional operators should be included in the description of the Λ0
b

amplitude to account for these differences. However, today the combined measurement of the Λ0
b lifetime

from LHCb, 1.468± 0.009± 0.008 ps is in agreement with most of the predictions from HQET [19]. With

work, it is fair to say that we closed the Λ0
b lifetime saga.
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Table 3.3: Fit results for the B+, B0, B0
s mesons and Λ0

b baryon lifetimes. The first uncertainty is statistical and
the second is systematic.

Lifetime Value [ ps ]

τB+→J/ψK+ 1.637 ± 0.004 ± 0.003

τB0→J/ψK∗0 1.524 ± 0.006 ± 0.004

τB0→J/ψK0
S

1.499 ± 0.013 ± 0.005

τΛ0
b→J/ψΛ 1.415 ± 0.027 ± 0.006

τB0
s→J/ψφ 1.480 ± 0.011 ± 0.005

The cherry on the cake from this analysis, was that the lifetimes of B0→ J/ψK∗0 and B0→ J/ψK0
S decays

were used to measure ∆Γd/Γd as suggested in Ref. [67]. Flavour-specific final states such as B0→ J/ψK∗0

have AB
0→J/ψK∗0

∆Γd
= 0, while AB

0→J/ψK0
S

∆Γd
= cos(2β) to a good approximation in the SM, where for a given

final state f :

Af∆Γd
=

2Re(λf )

1 + |λf |2
, and λf =

q

p

Āf
Af

(3.8)

where, parameters Āf and Af are the complex amplitudes for the decay of a B̄0 and B0 to the final state

f , respectively, and β ≡ arg [−(VcdV
∗
cb)/(VtdV

∗
tb)] is one of the CKM unitarity triangle angles [26]. Hence,

the two effective lifetimes can be expressed as

τB0→J/ψK∗0 =
1

Γd

1

1− y2
d

(
1 + y2

d

)
, (3.9)

τB0→J/ψK0
S

=
1

Γd

1

1− y2
d

(
1 + 2 cos(2β)yd + y2

d

1 + cos(2β)yd

)
. (3.10)

Using the effective lifetimes reported in Table 3.3 and β = (21.5+0.8
−0.7)◦ [26], a fit of ∆Γd and Γd to the

expressions in Eq. (3.9) and Eq. (3.10) leads to

Γd = 0.656± 0.003± 0.002 ps−1, (3.11)

∆Γd = −0.029± 0.016± 0.007 ps−1, (3.12)

where the first uncertainty is statistical and the second is systematic. The correlation coefficient between

∆Γd and Γd is 0.43 when including statistical and systematic uncertainties. The combination gives

∆Γd
Γd

= −0.044± 0.025± 0.011, (3.13)

consistent with the SM expectation: 40.9+8.9
−9.9 × 10−4 [68, 69] and the current world-average value [26].
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3.4 Lepton universality test

In this section, I will discuss the first test of lepton universality measurement with b-baryons from Ref.[70].

This measurement was the PhD thesis of Vitalii Lisovskyi [71] whom I co-supervised together with Marie-

Hélène. We were then joined by Carla Marin Benito who is funded by the ANR BACH project.

In the SM the couplings of the W and Z bosons to all charged lepton species are identical and a large

number of experiments where the electroweak bosons are directly produced have tested this property. The

LEP measurements of the Z → e+e−, Z → µ+µ− and Z → τ+τ− partial widths are in very good agreement

with each other [72]:

Γ(Z → µ+µ−)

Γ(Z → e+e−)
= 1.0009± 0.0028. (3.14)

Γ(Z → τ+τ−)

Γ(Z → e+e−)
= 1.0019± 0.0032. (3.15)

In addition to the measurement at the Z pole, a good agreement was also found in the LHC measure-

ments [73]. A detailed review of further LU tests with W bosons, as well as in light pseudo scalar mesons

can be found in Ref. [74]. Under the assumption of LU, all the decay widths of the Z boson decay to

leptons are expected to be equal in the SM.

As it was shown in the previous sections, Λ particles have a rather long lifetime and a lower reconstruction

efficiency in comparison to particles produced close to the interaction point. Therefore, the overall yields

of Λ0
b → Λ`+`− decays were expected to be smaller than Λ0

b→ pK`+`− decays. This is what motivated the

choice of this particular decay for the LU test. Table 3.4 summarised the current experimental knowledge

on Λ0
b baryon to pKX final states. What can be seen is that at the time when this analysis started only

the branching fraction of the decays to charmonia decays were known. The pK resonant structure was

resolved only for the J/ψ mode3, as shown in Figure 3.8.

Table 3.4: Status of the decay modes of interest of the Λ0
b baryon before the work discussed in this section.

Decay mode Observed Published BR measured Refs.

Λ0
b→ pKµ+µ− Yes Yes No [75]

Λ0
b→ pKe+e− No No No N/A

Λ0
b→ pKJ/ψ Yes Yes (3.17± 0.04+0.57

−0.45)× 10−4 [76]

Λ0
b→ pKψ(2S) Yes Yes (6.6+1.2

−1.0)× 10−5 [77]
Λ0
b→ pKγ (Yes) No No N/A

3This analysis that led to the discovery of the states compatible with pentaquark particles.
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Figure 3.8: Invariant mass of m(pK) in Λ0
b→ pKJ/ψ (left) and Λ0

b→ pKµ+µ− (right) data. Figures taken
from and Ref. [78] Ref. [75] respectively.

The identification of electrons is peculiar with respect to the other charged tracks in the LHCb detector.

Electrons4 emit bremsstrahlung radiation when they interact with the material in the detector. This

radiation is emitted colinearly to the electron direction. This effect will have an impact on the electron

momentum estimate. If the bremsstrahlung photon is emitted before the magnet, it will continue its path

in the original direction of the electron, while the electron will be bent in the magnet. Hence the electron

and the photon will not be absorbed in the same cells of the electromagnetic calorimeter. The measured

momentum of the electron is lower given that it lost some of its energy to the photon. In this configuration

the emitted bremsstrahlung does not affect the measured ratio E/p used in the electron identification. If

on the other hand the photon is emitted after the magnet, but before the electromagnetic calorimeter, the

momentum of the electron has already been estimated. The photon and the electron end up in the same

cell. Hence their combined energy release provides the original electron energy and here also E/p is not

affected.

In order to account for the bremsstrahlung effects, dedicated algorithms are used inside the LHCb recon-

struction algorithms to correct for them. One of the main impacts of the bremsstrahlung radiation is the

very striking and non-trivial shape of the b-hadron invariant mass distribution. Typically, three5 bifurcated

Crystal-Ball functions are necessary to describe the shapes decays involving electrons like B+→ K+e+e−,

B0→ K∗0e+e− or Λ0
b→ pKe+e−. Furthermore, because of the worse overall mass resolution with respect

to muon modes, great care is needed to model the partially reconstructed backgrounds which populate the

4The average transverse momentum of electrons from b-decays is a couple of GeV.
5One per bremsstrahlung category.
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left hand side of the invariant mass distributions. These distributions were quite a change of scenery to

me, given that I was used to very clean dimuon signatures. The observable of interest R−1
pK can be written

Figure 3.9: Illustration of the bremsstrahlung photons emitted by an electron before and after the magnet.

as:

R−1
pK =

BR(Λ0
b→ pKe+e−)

BR(Λ0
b→ pKµ+µ−)

× BR(Λ0
b→ pKJ/ψ (→ µ+µ−))

BR(Λ0
b→ pKJ/ψ (→ e+e−))

. (3.16)

It is defined this way to ensure the best possible cancellation of effects that can be introduced by the

differences in the treatment of reconstruction effects between muons and electrons. For example, the

universality of the J/ψ decays which has been already tested very precisely:

ΓJ/ψ→e+e−

ΓJ/ψ→µ+µ−
= 1.0016± 0.0031, (3.17)

is used to evaluate R−1
pK as a double ratio rather than a more obvious single ratio.

One of the most frequent questions that the proponents of the analysis and myself received since the

publication of our results is: “Why did you measure R−1
pK and not RpK?”. The answer to this question is

illustrated in Figure 3.10 which indicates better behaviour of the log-likelihood profile for R−1
pK with respect

to RpK . This effect is driven by the fact that a log-likelihood profile will be more Gaussian if the smaller

number (the electron yield in our case) is at the numerator rather than the denominator. The first RK
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and RK∗0 measurements were done at the B-factories where the overall yields of the electron and muon

rare modes were of about the same size and this particular point was not as relevant for them.

The R−1
pK analysis was performed in trigger categories. Indeed it was shown that the kinematics of the

decay vary depending on whether the candidates were triggered by the hardware trigger based on the elec-

tromagnetic calorimeter or by the “other” particles in the event. In the jargon of LHCb, this classification

is called TIS for Triggered Independently of the Signal and this was the prime category for the electron

channel, or TOS for Trigger On Signal and this was the second category. In our construction these two

categories were exclusive. For decays involving muons in the final state, only one trigger category based

on the information from the muon stations in the hardware level was used.

To reduce the combinatorial background, multivariate approaches based on boosted-decision trees were

employed. The algorithms were trained on simulated signal samples which were reweighed to account

for differences between data and simulation. The background samples were obtained from the upper side

bands of the invariant mass data distribution and k-folding was used to avoid biases in the training phase.
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Figure 3.10: Log-likelihood profile for RpK (left) and R−1
pK (right) using “fake” efficiency to constrain the

central value to be equal to unity.

Requirements based on the particle identification probabilities were applied to all the tracks to reduce the

backgrounds originating from hadron mis-identification. The remaining components were then later taken

into account in the fit to the invariant mass distributions.

Besides these sources of background, one has to take into account backgrounds from cascade decays. The

branching fraction of b→c `ν decays is typically three orders of magnitude larger than the b→s one. These

types of backgrounds are not relevant in the cases where the leptons decay via a resonance like the J/ψ .

Dedicated vetoes were setup to suppress some of them, the remaining events are then modelled in the fit
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or taken into account as part of the systematic studies.

One of the most important aspects of a LU test is to ensure a good control of the efficiencies; this was

achieved as stated earlier thanks to the evaluation of the ratio r−1
J/ψ computed as:

r−1
J/ψ =

N(Λ0
b→ pKJ/ψ (→ e+e−))

N(Λ0
b→ pKJ/ψ (→ µ+µ−))

× ε(Λ0
b→ pKJ/ψ (→ µ+µ−))

ε(Λ0
b→ pKJ/ψ (→ e+e−))

. (3.18)

The aim of this stringent test is to make sure that this ratio is equal to unity and flat across phase-space.

The simulation is known not to be a perfect description of the data. A set of “corrections” derived from

data are applied to the simulation to account for these differences. They are based on the kinematics and

decay model of the Λ0
b particle but also on the multiplicity of the events. The r−1

J/ψ test was performed

separately for each of the trigger categories and data taking periods.

2016 L0E! 2016 L0I R1 L0E! R1 L0I

-1
ψ

J/r

0.85

0.9

0.95

1

1.05

Figure 3.11: Comparison of unblinded r−1
J/ψ values in different trigger categories and datasets, with total

and statistical-only uncertainties displayed.

The procedure described below to measure r−1
J/ψ is identical between the datasets, with the only difference

arising from selection requirements and weights applied to the simulation.

1. The Λ0
b→ pKJ/ψ (→ µ+µ−) generator-level simulation sample, with the relevant weights applied, is

used to extract the number of simulated events at the generator stage.

2. The Λ0
b→ pKJ/ψ (→ µ+µ−) reconstructed-level simulation sample, processed through the complete

chain of selection requirements, and having all the relevant weights applied, is used to extract the

number of simulated events after the final selection.

3. The number of reconstructed-level events (step 2) is divided by the number of generated-level events
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(step 1), and multiplied by the values of generating and filtering efficiencies, to get the total efficiency.

4. For Run I, the 2011 and 2012 datasets have to be merged. To do so, their simulation samples are

merged, having a dedicated weight applied ensuring the correct ratio of integrated luminosity (1:2)

between the two datasets. In addition, the ratio of Λ0
b production cross-sections at 8 and 7 TeV is

taken to be 1.23, as per the LHCb measurement [76]. The relevant values of generation and filtering

efficiencies are passed to each of the two datasets. Steps 1 and 2 are performed with already merged

generator-level and reconstruction-level samples.

5. The simulation samples of the specific backgrounds, with the final selection applied, are used to

extract their invariant mass shapes.

6. The Λ0
b→ pKJ/ψ (→ µ+µ−) simulation sample is used to extract the signal invariant mass shape.

7. The fit is performed to the Λ0
b→ pKJ/ψ (→ µ+µ−) data, with the final selection applied. The signal

yield and its uncertainty are extracted from the fit.

8. The signal yield is divided by the total efficiency (step 3) to obtain the efficiency-corrected yield.

9. All the previous steps are repeated for the Λ0
b→ pKJ/ψ (→ e+e−) mode.

10. Efficiency-corrected yields of the Λ0
b→ pKJ/ψ (→ e+e−) are divided by the efficiency-corrected Λ0

b→

pKJ/ψ (→ µ+µ−) yields to get the value of r−1
J/ψ .

Comparisons of r−1
J/ψ between trigger categories and datasets are shown in Fig. 3.11. The uncertainties

displayed are statistical uncertainties only. Getting r−1
J/ψ “right” as a function of phase-space, r−1

J/ψ =

0.96± 0.05, took the best part of a year of Vitalii’s PhD.

Finally, R−1
pK is measured using a simultaneous fit to both Λ0

b→ pKµ+µ− and Λ0
b→ pKe+e− decay modes,

using all available data sets and trigger categories. The yields of the control modes and the efficiencies are

measured beforehand and are plugged as Gaussian constrains in the fit. The fit has two observables, R−1
pK

and rB = B(Λ0
b→ pKµ+µ−)/B(Λ0

b→ pKJ/ψ (→ µ+µ−)). The branching fraction of the rare electron mode

is later derived as a byproduct of the simultaneous fit.

The result of the test of LU in Λ0
b → pK`+`− decays, R−1

pK , in the range 0.1 < q2 < 6 GeV2/c4 and

m(pK−) < 2600 MeV/c2 is

R−1
pK

∣∣∣
0.1<q2<6 GeV2/c4

= 1.17 + 0.18
− 0.16 ± 0.07,
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Figure 3.12: Measured value of R−1
pK in the range 0.1 < q2 < 6 GeV2/c4 and m(pK−) < 2600 MeV/c2 (red

point), including statistical and systematic uncertainties, compared to unity (dashed line).

where the first uncertainty is statistical and the second systematic.

The first measurement of the branching fraction of the rare muonic decay mode Λ0
b→ pKµ+µ− is also per-

formed and its value is found to be B(Λ0
b→ pKµ+µ−)

∣∣
0.1<q2<6 GeV2/c4

=
(
2.65± 0.14± 0.12± 0.29 + 0.38

− 0.23

)
× 10−7.

The electron mode Λ0
b → pKe+e− is observed for the first time B(Λ0

b→ pKe+e−)
∣∣
0.1<q2<6 GeV2/c4

=
(
3.1± 0.4± 0.2± 0.3 + 0.4

− 0.3

)
× 10−7, with a significance larger than 7σ including systematic uncertainties.

To conclude, more data are needed to confirm or exclude the presence of NP contributions in these decays.

It should be noted that the current analysis is sensitive to different experimental uncertainties than those

of lepton-universality tests performed with B mesons, such as the backgrounds that affect the extraction

of the signal yields from data, or the control modes which are used to calibrate the simulation and measure

the double ratio. Consequently, it provides an independent test of the SM.

Finally, the prospects for b → s`+`− decays with the LHCb Upgrades are very exciting. The statistical

uncertainties will be significantly reduced, so that with 23 fb−1 we expect to reach about 0.025, 0.031 and

0.076 precision on RK , RK∗0 and RpK respectively [79]. It will also be possible to investigate new b-decay

modes, and especially to explore angular observables, to probe directly the Wilson coefficients and who

knows maybe discover New Physics ?
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Chapter 4

Conclusion
“Que mon conte soit beau et se

déroule comme un long fil”

Marie Louise Taous Amrouche

Le grain magique

I had the good fortune to contribute to a few, yet very diverse facets of flavour physics, as well to the

LHCb detector and its first upgrade. The months ahead of us are extremely important, as we are about

to embark in the commissioning of an almost whole new detector, while working on the analysis of the

legacy datasets and preparing LHCb upgrade II. Truly somedays, it seems like a titanic work. However,

the excitement and the myriad of possibilities from flavour physics are such, that I believe all the efforts

are worth it (although to be honest, sometimes after sitting in four or five hours long meetings, discussing

the impact of the phases of the moon on our measurements of detector designs, I do think that all of it

should be tossed out a window).

The results presented in this habilitation explored different properties of b-baryons. To achieve precise

mass measurements of the Λ0
b , Ξb and Ω−b baryons, it was shown that a good control and understanding

of the momentum scale played an essential role. The Ω−b measurement allowed to clarify the observed

discrepancy between the two previous measurements from the Tevatron. I then proceeded to discuss

lifetime measurements of the b-hadrons using decay modes with J/ψ in the final state. Given the size of

the statistical uncertainties, it was mandatory to have an excellent handle on the systematic uncertainties.

With this analysis, lifetime acceptance effects were broken down as much as physically possible. Data-

driven methods were employed to estimate the impact of reconstruction effects. The results were in

good agreement with the theoretical prediction from HQET and contributed to significantly reduce the

uncertainty of the updated world averages. Finally, I discussed the first test of lepton universality using
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Λ0
b decays, R−1

pK . With this analysis, the first observation of the rare mode Λ0
b→ pKe+e− was established

as well as the measurement of the branching fraction of Λ0
b→ pKe+e− in q2 ∈ [1, 6] GeV2/c4 and mpK <

2600 MeV/c2. A key aspect of this analysis relies on the computation of the observable r−1
J/ψ which gives

confidence in the good control of the reconstruction effects and expected differences between electrons and

muons. While this is statistically limited, it follows the same trend observed in lepton universality tests

performed with other B-mesons. With this measurement, we did not close the window on the anomalies,

so let us see if they will remain and lead to the discovery of new particles, or fade away with more data.

To conclude, the experimental measurements of b-baryon properties contributed to the understanding or

validation of theoretical computations. However, there are still plenty of measurements to be done and

phenomena to be further investigated, and I am looking forward to doing so in LHCb in the next few

years.
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Apprentices

An HDR would make little to probably no sense without the participation of students. I had the pleasure to

supervise and co-supervise many bachelor (L3) and master (M1 or M2) students since I started working at

CNRS in 2012. I don’t mention in this section the contribution of my PhD students Renato Quagliani and

Vitalii Lisovskyi as they each produced almost 300 pages of material describing their work [48], [71]. They

all played very different roles and contributed to many areas of my research activities for example, they

helped me to kick-start physics analyses, learn new techniques, methods or software, study the feasibility

of a measurement, address a specific analysis point. I would like to thank all of them for their enthusiasm

and energy. I would like also to thank Carla Marin Benito & Sébastien Descotes-Genon who shared some

of the supervision with me.

Kevin de Vasconcelos Corga 2013/M1

With Kevin we evaluated the expected statistical uncertainty on ∆Γd and τB0 using LHCb 2011 and 2012

datasets. Kevin wrote a new fitting program which permitted to access the observables of interest in a

simulatanous way from B0 →J/ψK0
S and B0 →J/ψK∗0 signal events. He also made an extrapolation for

the LHCb Upgrade. For this study, there was no special treatment of the K0
S tracks, both types of track

categories were accounted for and each of them had their own decay time acceptance.

Ilham Dami 2015/L3

With Ilham we stated the lepton universality analysis with Λ0
b decays. During her internship, Ilham studied

the shape of the rare electron mode using simulated samples of Λ0
b → Λ(1520)e+e− decays. We also had a
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look at multivariate selections for this decay mode, she used the scikit learn software and we played with

the various algorithms and optimisation techniques [80].

Rabah Abdul Khalek 2016/M1

Rabah’s internship happened during a time where I was working on the software of the scintillator fibre

tracker for the LHCb Upgrade. Trying to reduce the processing time and optimise the algorithms was a

priority. Using dedicated tools such as Valgrind, Rabah identified that a significant amount of processing

time was spent in the first loop making combinations from hits from x-layers. He rewrote part of this code

in a smarter way and this allowed to reduce the processing time in this step by a factor two. Later on,

he gave a try to using a Neural Network in the suppression of the ghosts track combinations inside the

algorithm. With this improvement the ghost rate was reduced by a factor two.

Florian Mercier - 2017/L3

Co-supervised with Sébastien Descotes-Genon.

During three years, I shared a course called ”introduction to particle physics” for second year bachelor

students. Amongst my students Florian was probably the most curious one, and he asked me for advice.

He wanted to do an internship working on a ”theory” project but he was worried to end up only reading

papers and making photocopies. After discussing with S. Descotes-Genon, we agreed to share his supervisor

and investigate what would be the impact of measuring properties of Λ0
b → Λ(1520)`+`− decays in global

fits. Florian used flavio a python based package for global flavour fits [81]. A few assumptions had to

me made given that no form factors were computed for this decay, he used approximations suggested in

arXiv:1102.00897 based on quark models and Heavy Quark Effective theory and produced constraints on

the Wilson coefficients C9 and C10.

Mathieu Markovitch & Corentin van Den Broek D’obrenan - 2019/L3

Co-supervised with Carla Marin Benito.

The work of Mathieu and Corentin was based on arXiv:1807.01643. Mathieu studied the impact of the

radiative decay Bs → f1(1420)γ on the Wilson coefficient C ′7 associated with right-handed currents in b→ s
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transitions using the flavio package. The final state Bs → f1(1420)(→ KKπ0)γ is quite challenging to

reconstruct at LHCb. Corentin used multivariate approches from the scikit learn software to evaluate the

possibility of seeing this signal in the LHCb data.

Felicia Volle - 2019/M2

Co-supervised with Carla Marin Benito.

The m(pK) spectrum from Λ0
b → pK`+`− decays has never been measured outside of the J/ψ region,

ultimately it will be needed to know the resonant structure of the hadronic part of the rare modes to be

able to compare any result to theoretical predictions and this will be possible when enough data will be

analysed. One can use the region around q2 = 0, where the photon is produced on shell to perform such

a study. As part of her internship, Felicia worked on a selection using a multi-variable method to isolate

Λ0
b → pKγ decays. She showed that one can expect to have about 1’000 signal candidates in 2012 data

collected by LHCb.

Anja Beck - 2019/M2

Co-supervised with Carla Marin Benito.

Anja is enrolled at the University of Dortmund in Johannes Albrecht’s group. She spent six months in

our group at IJCLab as part of an Erasmus program. Anja’s work is a follow up of Felicia’s one. She

first investigated the shape of the angular acceptance and resolution. Anja dived in the helicity formalism

needed to perform the amplitude analysis of Λ0
b → pKγ. This work is now documented in arXiv:2002.02692

and submitted to JHEP. The amplitude fit that she is developing is based on the TensorFlow software. She

already has a version of the fit which gives sensible results of the fractions for the different Λ∗ resonances,

using the legacy Run 1/2 LHCb datasets.
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Abstract
Bottom baryons decaying to a J/ψ meson and a hyperon are reconstructed using
1.0 fb−1 of data collected in 2011 with the LHCb detector. Significant Λ0

b → J/ψΛ,
Ξ−b → J/ψΞ− and Ω−b → J/ψΩ− signals are observed and the corresponding masses
are measured to be

M(Λ0
b) = 5619.53 ± 0.13 (stat) ± 0.45 (syst) MeV/c2,

M(Ξ−b ) = 5795.8 ± 0.9 (stat) ± 0.4 (syst) MeV/c2,
M(Ω−b ) = 6046.0 ± 2.2 (stat) ± 0.5 (syst) MeV/c2,

while the differences with respect to the Λ0
b mass are

M(Ξ−b )−M(Λ0
b) = 176.2 ± 0.9 (stat) ± 0.1 (syst) MeV/c2,

M(Ω−b )−M(Λ0
b) = 426.4 ± 2.2 (stat) ± 0.4 (syst) MeV/c2.

These are the most precise mass measurements of the Λ0
b , Ξ

−
b and Ω−b baryons to

date. Averaging the above Λ0
b mass measurement with that published by LHCb

using 35 pb−1 of data collected in 2010 yields M(Λ0
b) = 5619.44 ± 0.13 (stat) ±

0.38 (syst) MeV/c2.

Submitted to Physical Review Letters

c© CERN on behalf of the LHCb collaboration, license CC-BY-3.0.

†Authors are listed on the following pages.
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Hadrons are systems bound by the strong interaction, described at the fundamental
level by quantum chromodynamics (QCD). While QCD is well understood at high energy
in the perturbative regime, low-energy phenomena such as the binding of quarks and
gluons within hadrons are more difficult to predict. Several models and techniques, such as
constituent quark models or lattice QCD calculations, attempt to reproduce the spectrum
of the measured hadron masses (for a review, see Ref. [1]). While the masses of all expected
ground-state mesons are now well measured, baryon data are still sparse. In particular,
only six out of the sixteen b-baryon ground states predicted by the quark model have been
observed so far [2]. A complete and reliable experimental mass spectrum would allow for
precision tests of a variety of QCD models [3].

The mass measurement of the heaviest observed b baryon, the Ω−b state with bss
valence quark content, is of particular interest. While both the D0 and CDF collaborations
have claimed the observation of the Ω−b → J/ψΩ− decay, the reported mass values,
6165± 10 (stat)± 13 (syst) MeV/c2 from D0 [4] and 6054.4± 6.8 (stat)± 0.9 (syst) MeV/c2

from CDF [5], differ by more than 6 standard deviations. On the other hand, there is good
agreement between the mass measurements of the Ξ−b (bsd) baryon, which has also been
observed by D0 [6] and CDF [7] in the Ξ−b → J/ψΞ− mode and, more recently, by CDF [8]
in the Ξ−b → Ξ0

cπ
− mode. These measurements average to 5791.1 ± 2.2 MeV/c2 [2].

This letter presents mass measurements of the weakly decaying Λ0
b (bud), Ξ−b and Ω−b

baryons using the decay modes Λ0
b → J/ψΛ, Ξ−b → J/ψΞ− and Ω−b → J/ψΩ− (charge-

conjugated modes are implied throughout). The mass differences with respect to the Λ0
b

mass are also reported. This analysis uses data corresponding to an integrated luminosity
of 1.0 fb−1 and collected in pp collisions at a centre-of-mass energy of

√
s = 7 TeV with

the LHCb detector in 2011.
The LHCb detector [9] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c
quarks. The detector includes a high precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution ∆p/p that varies from 0.4% at 5 GeV/c to
0.6% at 100 GeV/c, and an impact parameter resolution of 20µm for tracks with high
transverse momentum. Charged hadrons are identified using two ring-imaging Cherenkov
detectors. Photon, electron and hadron candidates are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter
and a hadronic calorimeter. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers. The trigger [10] consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by a
software stage which applies a full event reconstruction.

Precision mass measurements require the momenta of the final state particles to be
determined accurately. Therefore, an important feature of this analysis is the calibration
of the tracker response. This accounts for imperfect knowledge of the magnetic field and
tracker alignment [11]. In order to reduce these dominant contributions to the systematic
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uncertainty, a two-step momentum calibration procedure is applied. Firstly, inclusive
J/ψ → µ+µ− decays are used to account for the changes in the relative momentum
scale between different data taking periods. Secondly, the absolute scale is derived from
B+ → J/ψK+ decays, taking the known masses [2] as references. In this procedure, the
use of a J/ψ mass constraint allows the momentum scale to be determined as a function
of the K+ track kinematics. The resulting calibration is checked with a variety of fully
reconstructed decays listed in Fig. 1. For each mode the mass distribution is modelled
taking into account the effect of QED radiative corrections, resolution and background,
and the mean mass value is determined. Following the procedure described in Ref. [11],
the deviation of the measured mass from the expected value is converted into an estimate
of an average momentum scale bias independent of time and track kinematics. The bias
is referred to as α, which is defined such that the measured mass becomes equal to the
expected value if all particle momenta are multiplied by 1−α. By definition, one expects
α = 0 to a good precision for the B+ → J/ψK+ calibration mode. Figure 1 shows the
resulting values of α. The nominal mass measurements are performed with α = 0 and
the largest value of |α| amongst the considered modes, 0.3× 10−3, is conservatively taken
as the systematic uncertainty on the calibrated momentum scale. This uncertainty is
somewhat larger than the 0.2× 10−3 achieved with the 2010 data [11], due to changes in
the alignment of the tracking devices.

In this analysis, the b-baryon decays Λ0
b → J/ψΛ, Ξ−b → J/ψΞ− and Ω−b → J/ψΩ−,

followed by J/ψ → µ+µ−, Λ→ pπ−, Ξ− → Λπ− and Ω− → ΛK−, are reconstructed. The
topology of these decays is characterised by the long-lived particles in the decay chain.
The lifetime of weakly-decaying b baryons is ∼1.5 ps and their decay vertex is expected
to be separated from the primary pp interaction vertex by ∼6 mm on average. The J/ψ
candidates are reconstructed from pairs of oppositely-charged tracks, originating from the
secondary vertex, that have hits in the muon detector. In the Ξ−b (Ω−b ) decay chain the
long-lived Ξ− (Ω−) decays into a Λ and a charged pion (kaon) at a tertiary vertex and
the Λ decays at a quaternary vertex. Since ∼90% of the decays are not fully contained in
the vertex detector, tracks that have no hits in the vertex detector are also considered in
the reconstruction of the tertiary and quaternary vertices.

The selections of Ξ−b and Ω−b candidates are identical apart from the choice of the
Ξ−, Ξ−b , Ω−, Ω−b invariant mass ranges and particle identification requirements on the
pion (kaon) from the Ξ− (Ω−) vertex. The Λ0

b selection is slightly different, owing to the
different topology.

The J/ψ candidates are required to satisfy |Mµµ −MJ/ψ| < 4.2σ where Mµµ is the
reconstructed di-muon mass, MJ/ψ the J/ψ mass [2] and σ the estimated event-by-event
uncertainty on Mµµ (typically 10 MeV/c2). The invariant mass windows for the Λ, Ξ−

and Ω− candidates are ±6 MeV/c2, ±11 MeV/c2 and ±11 MeV/c2 around the expected
masses [2], respectively. Particle identification requirements are applied to the kaon from
the Ω− candidate and the proton from the Λ decay to improve the purity of the selected
daughter particles, but none is placed on the pion from the Ξ− candidate. In addition,
the hyperon decay vertices are required to be downstream of the b-hadron decay vertex.

The Λ0
b , Ξ

−
b and Ω−b mass resolutions are improved by performing a fit of the decay
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Figure 1: Average momentum scale bias α determined from the reconstructed mass of various
decay modes after the momentum calibration procedure. The K0

S decays are divided into two
categories according to whether both daughter tracks (a) have hits or (b) do not have hits
in the vertex detector. The black error bars represent the statistical uncertainty whilst the
(yellow) filled areas also include contributions to the systematic uncertainty from the fitting
procedure, the effect of QED radiative corrections, and the uncertainty on the mass of the
decaying meson [2]. The (red) dashed lines show the assigned uncertainty of ±0.3× 10−3 on the
momentum scale.

topology and vertices [12] while constraining the masses of the J/ψ , Λ, Ξ− and Ω− hadrons
to have their known values [2], the final-state and intermediate long-lived particles to
originate from common vertices according to the decay chain, and the b baryon to originate
from the primary vertex. Three additional variables are considered for the selection. These
are the χ2 per degree of freedom (χ2/ndf) from the fit, the reconstructed decay time and
the χ2

IP of the b baryon from the primary vertex. The χ2
IP is defined as the difference in the

χ2 of the primary vertex fit with and without the b-baryon candidate. In the case of the
Ξ−b candidates, the selection requirements for these variables are chosen to maximise the
expected significance of the Ξ−b signal; the same selection is used for theΩ−b candidates. To
determine the significance for a set of selection criteria the background yield is estimated
from the yield of Ξ−b candidates found in mass side-bands in the ranges 5600–5700 MeV/c2

and 5900–6100 MeV/c2. The expected signal yield is estimated using the product of the
world average hadronisation fraction for b → Ξ−b and branching fractions for Ξ−b →
J/ψΞ− and subsequent daughter particle decays [2], the bb̄ production cross-section in
the LHCb acceptance [13] and the selection efficiencies obtained from simulation. The
selection criteria giving the highest expected signal significance correspond to a decay time
greater than 0.25 ps, a χ2/ndf smaller than 4 and a χ2

IP smaller than 16. Amongst these,
the decay time requirement is the most powerful given the high level of background close
to the interaction point. In the case of the Λ0

b candidates, the decay time is required to be
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Figure 2: Invariant mass distribution for (a) Λ0
b → J/ψΛ, (b) Ξ−b → J/ψΞ− and (c) Ω−b →

J/ψΩ− candidates. The results of the unbinned maximum likelihood fits are shown with solid
lines.

greater than 0.3 ps and the χ2/ndf smaller than 5 (no requirement on the χ2
IP is made).

The possibility of a cross-feed background between Ξ−b and Ω−b is investigated using
simulation and found to be negligible in comparison with the combinatorial background.

The invariant mass distributions of the selected Λ0
b , Ξ

−
b and Ω−b candidates are shown

in Fig. 2. In each case, the mass is measured by performing an unbinned extended
maximum likelihood fit. The Λ0

b , Ξ
−
b , Ω−b candidates are retained for the mass fit if their

invariant mass lies in the range 5500–5750, 5600–6000, 5800–6300 MeV/c2, respectively.
The signal component is described with a single Gaussian function (or the sum of two
Gaussian functions with common mean in the case of the Λ0

b baryon) and the background
is modelled with an exponential function. The widths of the Λ0

b and Ξ−b signals are left
unconstrained in the fit. Due to the low expected yield for the Ω−b signal, the width of
the Gaussian function describing the Ω−b signal is fixed to the measured Ξ−b signal width
multiplied by the ratio of Ω−b and Ξ−b widths from the simulation (8.2 MeV/c2 for Ω−b and
8.9 MeV/c2 for Ξ−b ). The fit results are given in Table 1.

The statistical significance of the Ω−b signal is determined using simulated pseudo-
experiments with background only. We determine the probability that, anywhere in the
mass range between 5800 and 6300 MeV/c2, a peak appears with the expected width and
a yield at least as large as that observed in the data. This probability corresponds to 6
standard deviations, which we interpret as the statistical significance of the Ω−b signal.
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Table 1: Results of the fits to the invariant mass distributions. The quoted uncertainties are
statistical. The Λ0

b signal is described by a double Gaussian function with widths σ1 and σ2; the
fraction of the yield described by the first component is 0.58± 0.11.

Signal yield Mass [MeV/c2 ] Width(s) [MeV/c2 ]

Λ0
b 6870± 110 5619.53± 0.13

σ1 = 6.4± 0.5
σ2 = 12.5± 1.3

Ξ−b 111± 12 5795.8± 0.9 7.8± 0.7
Ω−b 19± 5 6046.0± 2.2 7.2 (fixed)

The systematic uncertainties are evaluated by repeating the complete analysis (in-
cluding the track fit and the momentum scale calibration when needed), varying in turn
within its uncertainty each parameter to which the mass determination is sensitive. The
observed changes in the central values of the fitted masses relative to the nominal results
are then assigned as systematic uncertainties and summed in quadrature. The systematic
uncertainties are summarised in Table 2.

The dominant systematic uncertainty is due to the momentum scale calibration de-
scribed previously, which is assigned an uncertainty of ±0.3×10−3. A significant contribu-
tion to this uncertainty comes from the overall detector length scale along the beam axis,
which is known to a relative precision of 10−3 [14]. This translates into a ±0.13×10−3 un-
certainty on the momentum scale, and is included in the overall ±0.3× 10−3 uncertainty.
Most of the uncertainty related to the momentum scale is removed in the measurements
of the mass differences.

The uncertainty on the amount of material assumed in the track reconstruction for
the energy loss (dE/dx) correction has been found to be small [11]. It translates into an
uncertainty on the Λ0

b mass of 0.09 MeV/c2, which we apply to all masses.
The invariant mass of Ω−b candidates is computed assuming the central value of the

Ω− world-average mass [2]. The uncertainty of ±0.29 MeV/c2 on this value is propagated
as a systematic uncertainty. A similar, but smaller, uncertainty is estimated for the Ξ−b
and Λ0

b masses from the imperfect knowledge of the Ξ− and Λ masses, respectively.
Two alternative fits for the Λ0

b signal are performed: a first fit where the candidates are
split into two categories depending on whether the daughter tracks have vertex detector
information or not, each category being described with a single Gaussian function where
the two Gaussian functions have a common mean, and a second fit using the sum of
two Crystal Ball functions [15] with common peak value and otherwise unconstrained
parameters. The second fit allows to take into account possible QED radiative corrections.

The Ξ−b mass fit is repeated using as an alternative model either the sum of two
Gaussian functions with a common mean, or a single Crystal Ball function. In the Ω−b
mass fit, the fixed Gaussian width is varied within both the uncertainty of the fitted Ξ−b
width and the statistical uncertainty of the width ratio from simulation.

An alternative background model assuming a linear shape leads to negligible changes.
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Table 2: Systematic uncertainties (in MeV/c2) on the mass measurements and their differences.
The total systematic uncertainty is obtained from adding all uncertainties in quadrature.

Source Λ0
b Ξ−b Ω−b Ξ−b –Λ0

b Ω−b –Λ0
b

Momentum scale 0.43 0.43 0.31 0.01 0.12
dE/dx correction 0.09 0.09 0.09 0.01 0.01
Hyperon mass 0.01 0.07 0.25 0.07 0.25
Signal model 0.07 0.01 0.24 0.07 0.25
Background model 0.01 0.01 0.02 0.01 0.02
Total 0.45 0.45 0.47 0.10 0.37

We also repeat the Ξ−b and Ω−b mass fits in a restricted mass range of 5650–5950 MeV/c2

and 5900–6200 MeV/c2, respectively, and assign the resulting change as a systematic un-
certainty.

In summary, the Λ0
b , Ξ

−
b and Ω−b baryons are observed in the Λ0

b → J/ψΛ, Ξ−b →
J/ψΞ− and Ω−b → J/ψΩ− decay modes using 1.0 fb−1 of pp collisions collected in 2011
at a centre-of-mass energy of

√
s = 7 TeV. The statistical significance of the observed

Ω−b → J/ψΩ− signal is 6 standard deviations. The masses of the b baryons are measured
to be

M(Λ0
b) = 5619.53± 0.13± 0.45 MeV/c2,

M(Ξ−b ) = 5795.8 ± 0.9 ± 0.4 MeV/c2,

M(Ω−b ) = 6046.0 ± 2.2 ± 0.5 MeV/c2,

where the first (second) quoted uncertainty is statistical (systematic). The dominant
systematic uncertainty, due to the knowledge of the momentum scale, partially cancels in
mass differences. We obtain

M(Ξ−b )−M(Λ0
b) = 176.2± 0.9± 0.1 MeV/c2,

M(Ω−b )−M(Λ0
b) = 426.4± 2.2± 0.4 MeV/c2.

A measurement of the Λ0
b mass based on the 2010 data sample, M(Λ0

b) = 5619.19 ±
0.70± 0.30 MeV/c2, has been previously reported by LHCb [11]. Since the new alignment
and momentum calibration procedures differ from those applied in the previous study, a
possible correlation between the systematic uncertainties related to the momentum scale
can be neglected. Considering that the only correlated systematic uncertainties are those
due to energy loss correction and mass fitting, the weighted average of the two Λ0

b mass
measurements that minimizes the total uncertainty is

M(Λ0
b) = 5619.44± 0.13± 0.38 MeV/c2 .

These Λ0
b , Ξ

−
b and Ω−b mass measurements are the most precise to date. They are

compared in Table 3 with the single most precise measurements from ATLAS, CDF and
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Table 3: Comparison of the b-baryon mass measurements using the full 2011 data sample with
the single most precise results from the ATLAS [16], CDF [5, 17] and D0 [4, 6] collaborations,
and with the PDG averages [2]. The PDG averages contain the results from CDF and D0 as well
as the Λ0

b measurement from LHCb performed with the 2010 data sample. The quoted errors
include statistical and systematic uncertainties. All values are in MeV/c2.

M(Λ0
b) M(Ξ−b ) M(Ω−b )

ATLAS 5619.7± 1.3 – –
CDF 5619.7± 1.7 5790.9± 2.7 6054.4± 6.9
D0 – 5774 ± 19 6165 ± 16
PDG 5619.4± 0.7 5791.1± 2.2 6071 ± 40
LHCb 5619.5± 0.5 5795.8± 1.0 6046.0± 2.3

D0, and with the current world averages [2]. The Λ0
b and Ξ−b results are in agreement with

previous measurements. The Ω−b result is in agreement with the CDF measurement [5],
but in disagreement with the D0 measurement [4].
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Measurements of b-hadron lifetimes are reported using pp collision data, corre-
sponding to an integrated luminosity of 1.0 fb−1, collected by the LHCb detector
at a centre-of-mass energy of 7 TeV. Using the exclusive decays B+ → J/ψK+,
B0→ J/ψK∗(892)0, B0→ J/ψK0

S , Λ0
b→ J/ψΛ and B0

s→ J/ψφ the average decay
times in these modes are measured to be

τB+→J/ψK+ = 1.637 ± 0.004 ± 0.003 ps,

τB0→J/ψK∗0 = 1.524 ± 0.006 ± 0.004 ps,

τB0→J/ψK0
S

= 1.499 ± 0.013 ± 0.005 ps,

τΛ0
b→J/ψΛ = 1.415 ± 0.027 ± 0.006 ps,

τB0
s→J/ψφ = 1.480 ± 0.011 ± 0.005 ps,

where the first uncertainty is statistical and the second is systematic. These represent
the most precise lifetime measurements in these decay modes. In addition, ratios
of these lifetimes, and the ratio of the decay-width difference, ∆Γd, to the average
width, Γd, in the B0 system, ∆Γd/Γd = −0.044± 0.025± 0.011, are reported. All
quantities are found to be consistent with Standard Model expectations.
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1 Introduction

Within the framework of heavy quark expansion (HQE) theory [1–7], b-hadron observables
are calculated as a perturbative expansion in inverse powers of the b-quark mass, mb. At
zeroth order the lifetimes of all weakly decaying b hadrons are equal, with corrections
appearing at order 1/m2

b . Ratios of b-hadron lifetimes can be theoretically predicted with
higher accuracy than absolute lifetimes since many terms in the HQE cancel. The latest
theoretical predictions and world-average values for the b-hadron lifetimes and lifetime
ratios are reported in Table 1. A measurement of the ratio of the Λ0

b baryon lifetime, using
the Λ0

b → J/ψpK− decay mode1, to that of the B0 meson lifetime has recently been made
by the LHCb collaboration [8] and is not yet included in the world average.

In this paper, a measurement of the lifetimes of the B+, B0 and B0
s mesons and Λ0

b

baryon is reported using pp collision data, corresponding to an integrated luminosity of
1.0 fb−1, collected in 2011 with the LHCb detector at a centre-of-mass energy of 7 TeV.
The lifetimes are measured from the reconstructed b-hadron decay time distributions of
the exclusive decay modes B+→ J/ψK+, B0→ J/ψK∗(892)0, B0→ J/ψK0

S , B0
s→ J/ψφ

and Λ0
b→ J/ψΛ. Collectively, these are referred to as Hb→ J/ψX decays. In addition,

measurements of lifetime ratios are reported.
As a result of neutral meson mixing the decay time distribution of neutral B0

q mesons
(q ∈ {s, d}) is characterised by two parameters, namely the average decay width Γq and
the decay width difference ∆Γq between the light (L) and heavy (H) B0

q mass eigenstates.

The summed decay rate of B0
q and B

0

q mesons to a final state f is given by [9–11]

〈Γ(B0
q (t)→ f)〉 ≡ Γ(B0

q (t)→ f) + Γ(B
0

q(t)→ f) = Rf
q,Le

−Γq,Lt +Rf
q,He

−Γq,Ht, (1)

where terms proportional to the small flavour specific asymmetry, aqfs, are ignored [12].
Therefore, for non-zero ∆Γq the decay time distribution of neutral B0

q decays is not purely

exponential. In the case of an equal admixture of B0
q and B

0

q at t = 0, the observed average
decay time is given by [11]

τB0
q→f =

1

Γq

1

1− y2
q

(
1 + 2Af∆Γq

yq + y2
q

1 +Af∆Γq
yq

)
, (2)

where yq ≡ ∆Γq/(2Γq) and Af∆Γq
≡ (Rf

q,H − Rf
q,L)/(Rf

q,H + Rf
q,L) is an observable that

depends on the final state, f . As such, the lifetimes measured are usually referred to as
effective lifetimes. In the B0

s system, where ∆Γs/Γs = 0.159± 0.023 [13], the deviation
from an exponential decay time distribution is non-negligible. In contrast, in the B0

system this effect is expected to be small as ∆Γd/Γd is predicted to be (42± 8)× 10−4 in
the Standard Model (SM) [14,15]. Both the BaBar [16,17] and Belle [18] collaborations
have measured |∆Γd/Γd| and the current world average is |∆Γd/Γd| = 0.015± 0.018 [13].
A deviation in the value of ∆Γd from the SM prediction has recently been proposed [19] as

1Charge conjugation is implied throughout this paper, unless otherwise stated.

1



Table 1: Theoretical predictions and current world-average values [13] for b-hadron lifetimes and
lifetime ratios.

Observable Prediction World average
τB+ [ ps ] – 1.641± 0.008
τB0 [ ps ] – 1.519± 0.007
τB0

s
[ ps ] – 1.516± 0.011

τΛ0
b
[ ps ] – 1.429± 0.024

τB+/τB0 1.063± 0.027 [15,22,23] 1.079± 0.007
τB0

s
/τB0 1.00 ± 0.01 [15,23–25] 0.998± 0.009

τΛ0
b
/τB0 0.86–0.95 [3, 23, 26–32] 0.941± 0.016

a potential explanation for the anomalous like-sign dimuon charge asymmetry measured by
the D0 collaboration [20]. In this paper, ∆Γd/Γd is measured from the effective lifetimes
of B0→ J/ψK∗(892)0 and B0→ J/ψK0

S decays, as proposed in Ref. [21].
The main challenge in the measurements reported is understanding and controlling

the detector acceptance, reconstruction and selection efficiencies that depend upon the
b-hadron decay time. This paper is organised as follows. Section 2 describes the LHCb
detector and software. The selection criteria for the b-hadron candidates are described
in Sec. 3. Section 4 describes the reconstruction efficiencies and the techniques used to
correct the decay time distributions. Section 5 describes how the efficiency corrections are
incorporated into the maximum likelihood fit that is used to measure the signal yields and
lifetimes. The systematic uncertainties on the measurements are described in Sec. 6. The
final results and conclusions are presented in Sec. 7.

2 Detector and software

The LHCb detector [33] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector
(TT) located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream. The
combined tracking system provides a momentum, p, measurement with relative uncertainty
that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact parameter resolution
of 20µm for charged particles with high transverse momentum, pT. Charged hadrons
are identified using two ring-imaging Cherenkov detectors [34]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers [35]. The right-handed coordinate system adopted has the z-axis along the
beam line and the y-axis along the vertical. The trigger [36] consists of a hardware stage,
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based on information from the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction.

Two distinct classes of tracks are reconstructed using hits in the tracking stations on
both sides of the magnet, either with hits in the VELO (long track) or without (downstream
track). The vertex resolution of b-hadron candidates reconstructed using long tracks is
better than that for candidates reconstructed using downstream tracks. However, the use
of long tracks introduces a dependence of the reconstruction efficiency on the b-hadron
decay time.

In the simulation, pp collisions are generated using Pythia 6.4 [37] with a specific
LHCb configuration [38]. Decays of hadronic particles are described by EvtGen [39],
in which final state radiation is generated using Photos [40]. The interaction of the
generated particles with the detector and its response are implemented using the Geant4
toolkit [41] as described in Ref. [42].

3 Candidate selection

The reconstruction of each of the Hb→ J/ψX decays is similar and commences by selecting
J/ψ → µ+µ− decays. Events passing the hardware trigger contain dimuon candidates with
high transverse momentum. The subsequent software trigger is composed of two stages.
The first stage performs a partial event reconstruction and requires events to have two
well-identified oppositely charged muons with an invariant mass larger than 2.7 GeV/c2.
The selection at this stage has a uniform efficiency as a function of decay time. The second
stage performs a full event reconstruction, calculating the position of each pp interaction
vertex (PV) using all available charged particles in the event. The average number of PVs
in each event is approximately 2.0. Their longitudinal (z) position is known to a precision
of approximately 0.05 mm. If multiple PVs are reconstructed in the event, the one with the
minimum value of χ2

IP is associated with the J/ψ candidate, where χ2
IP is the increase in

the χ2 of the PV fit if the candidate trajectory is included. Events are retained for further
processing if they contain a J/ψ → µ+µ− pair that forms a vertex that is significantly
displaced from the PV. This introduces a non-uniform efficiency as function of decay time.

The offline sample of J/ψ meson candidates is selected by requiring each muon to
have pT larger than 500 MeV/c and the J/ψ candidate to be displaced from the PV by
more than three times its decay length uncertainty. The invariant mass of the two muons,
m(µ+µ−), must be in the range [3030, 3150] MeV/c2.

The b-hadron candidate selection is performed by applying kinematic and particle
identification criteria to the final-state tracks, the details of which are reported in Sec. 3.1
to 3.5. No requirements are placed on variables that are highly correlated to the b-hadron
decay time, thereby avoiding the introduction of additional biases. All final-state particles
are required to have a pseudorapidity in the range 2.0 < η < 4.5. In addition, the z-position
of the PV (zPV) is required to be within 100 mm of the nominal interaction point, where
the standard deviation of the zPV distribution is approximately 47 mm. These criteria
cause a reduction of approximately 10% in signal yield but define a fiducial region where
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the reconstruction efficiency is largely uniform.
The maximum likelihood fit uses the invariant mass, m(J/ψX), and proper decay

time, t, of each b-hadron candidate. The decay time of the b-hadron candidate in its
rest frame is derived from the relation t = ml/q, where m is its invariant mass and the
decay length, l, and the momentum, q, are measured in the experimental frame. In this
paper, t is computed using a kinematic decay-tree fit (DTF) [43] involving all final-state
tracks from the b-hadron candidate with a constraint on the position of the associated
PV. Unlike in the trigger, the position of each PV is calculated using all available charged
particles in the event after the removal of the b-hadron candidate final-state tracks. This
is necessary to prevent the final-state tracks from biasing the PV position towards the
b-hadron decay vertex and helps to reduce the tails of the decay-time resolution function.
This prescription does not bias the measured lifetime using simulated events. The χ2 of
the fit, χ2

DTF, is useful to discriminate between signal and background. In cases where
there are multiple b-hadron candidates per event, the candidate with the smallest χ2

DTF

is chosen. The z-position of the displaced b-hadron vertices are known to a precision of
approximately 0.15 mm.

Studies of simulated events show that in the case of B0→ J/ψK∗0 (B0
s→ J/ψφ) decays,

imposing requirements on χ2
DTF introduces a dependence of the selection efficiency on

the decay time if the K+ and π− (K+ and K−) tracks are included in the DTF. If no
correction is applied to the decay time distribution, the measured lifetime would be biased
by approximately −2 fs relative to the generated value. Using simulated events it is found
that this effect is correlated to the opening angle between the K+ and π− (K+ and K−)
from the K∗0 (φ) decay. No effect is observed for the muons coming from the J/ψ decay
due to the larger opening angle in this case. To remove the effect, the calculation of χ2

DTF

for the B0→ J/ψK∗0 and B0
s→ J/ψφ channels is performed with an alternative DTF in

which the assigned track parameter uncertainties of the kaon and pion are increased in
such a way that their contribution to the b-hadron vertex position is negligible.

Candidates are required to have t in the range [0.3, 14.0] ps. The lower bound on the
decay time suppresses a large fraction of the prompt combinatorial background that is
composed of tracks from the same PV, while the upper bound is introduced to reduce
the sensitivity to long-lived background candidates. In the case of the B0→ J/ψK0

S and
Λ0
b→ J/ψΛ decays, the lower bound is increased to 0.45 ps to compensate for the worse

decay time resolution in these modes.
In events with multiple PVs, b-hadron candidates are removed if they have a χ2

IP with
respect to the next best PV smaller than 50. This requirement is found to distort the decay
time distribution, but reduces a source of background due to the incorrect association of
the b hadron to its production PV.

The invariant mass is computed using another kinematic fit without any constraint
on the PV position but with the invariant mass of the µ+µ− pair, m(µ+µ−), constrained
to the known J/ψ mass [44]. Figures 1 and 2 show the m(J/ψX) distributions for the
selected candidates in each final state and Table 2 gives the corresponding signal yields.
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Figure 1: Distributions of the (left) mass and (right) decay time of B+ → J/ψK+,
B0→ J/ψK∗0 and B0→ J/ψK0

S candidates and their associated residual uncertainties
(pulls). The data are shown by the black points; the total fit function by the black solid
line; the signal contribution by the red dashed line and the background contribution by
the blue dotted line.
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contribution by the red dashed line and the background contribution by the blue dotted
line.
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Table 2: Estimated event yields for the five b → J/ψX channels selected using the criteria
described in Sec. 3.1 to 3.5.

Channel Yield
B+→ J/ψK+ 229 434± 503
B0→ J/ψK∗0 70 534± 312
B0→ J/ψK0

S 17 045± 175
B0
s→ J/ψφ 18 662± 152

Λ0
b→ J/ψΛ 3 960± 89

3.1 Selection of B+→ J/ψK+ decays

The B+ candidates are reconstructed by combining the J/ψ candidates with a charged
particle that is identified as a kaon with pT larger than 1 GeV/c and p larger than 10 GeV/c.
The invariant mass, m(J/ψK+), must be in the range [5170, 5400] MeV/c2, where the lower
bound is chosen to remove feed-down from incompletely reconstructed B0 → J/ψK∗0

decays. The χ2
DTF of the fit, which has 5 degrees of freedom, is required to be less than 25.

Multiple B+ candidates are found in less than 0.02% of selected events.

3.2 Selection of B0→ J/ψK∗0 decays

The K∗0 candidates are reconstructed by combining two oppositely charged particles
that are identified as a kaon and a pion. The pion and K∗0 must have pT greater than
0.3 GeV/c and 1.5 GeV/c, respectively. The invariant mass, m(K+π−), must be in the
range [826, 966] MeV/c2.

The B0 candidates are reconstructed by combining the J/ψ and K∗0 candidates. The
invariant mass, m(J/ψK+π−), must be in the range [5150, 5340] MeV/c2, where the upper

bound is chosen to remove the contribution from B0
s → J/ψK

∗0
decays. The χ2

DTF of the
fit, which has 3 degrees of freedom, is required to be less than 15. Multiple B0 candidates
are found in 2.2% of selected events.

3.3 Selection of B0→ J/ψK0
S

decays

The K0
S candidates are formed from the combination of two oppositely charged particles

that are identified as pions and reconstructed as downstream tracks. This is necessary
since studies of simulated signal decays demonstrate that an inefficiency depending on
the b-hadron decay time is introduced by the reconstruction of the long-lived K0

S and Λ
particles using long tracks. Even so, it is found that the acceptance of the TT still depends
on the origin of the tracks. This effect is removed by further tightening of the requirement
on the position of the PV to zPV > −50 mm.

For particles produced close to the interaction region, this effect is suppressed by the
requirements on the fiducial region for the PV, which is further tightened by requiring
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that , to account for the additional acceptance introduced by the TT.
The downstream pions are required to have pT greater than 0.1 GeV/c and p greater

than 2 GeV/c. The K0
S candidate must have pT greater than 1 GeV/c and be well separated

from the B0 decay vertex, to suppress potential background from B0→ J/ψK∗0 decays
where the kaon has been misidentified as a pion. The χ2 of the K0

S vertex fit must be less
than 25 and the invariant mass of the dipion system, m(π+π−), must be within 15 MeV/c2

of the known K0
S mass [44]. For subsequent stages of the selection, m(π+π−) is constrained

to the known K0
S mass.

The invariant mass, m(J/ψK0
S ), of the J/ψ and K0

S candidate combination must be in
the range [5150, 5340] MeV/c2, where the upper bound is chosen to remove the contribution
from B0

s → J/ψK0
S decays. The χ2

DTF of the fit, which has 6 degrees of freedom, is required
to be less than 30. Multiple B0 candidates are found in less than 0.4% of selected events.

3.4 Selection of B0
s→ J/ψφ decays

The φ candidates are formed from two oppositely charged particles that have been identified
as kaons and originate from a common vertex. The K+K− pair is required to have pT

larger than 1 GeV/c. The invariant mass of the K+K− pair, m(K+K−), must be in the
range [990, 1050] MeV/c2.

The B0
s candidates are reconstructed by combining the J/ψ candidate with the K+K−

pair, requiring the invariant mass, m(J/ψK+K−), to be in the range [5200, 5550] MeV/c2.
The χ2

DTF of the fit, which has 3 degrees of freedom, is required to be less than 15. Multiple
B0
s candidates are found in less than 2.0% of selected events.

3.5 Selection of Λ0
b→ J/ψΛ decays

The selection of Λ0
b→ J/ψΛ candidates follows a similar approach to that adopted for

B0→ J/ψK0
S decays. Only downstream protons and pions are used to reconstruct the

Λ candidates. The pions are required to have pT larger than 0.1 GeV/c, while pions and
protons must have p larger than 2 GeV/c. The Λ candidate must be well separated from
the Λ0

b decay vertex and have pT larger than 1 GeV/c. The χ2 of the Λ vertex fit must
be less than 25 and m(pπ−) must be within 6 MeV/c2 of the known Λ mass [44]. For
subsequent stages of the selection, m(pπ−) is constrained to the known Λ mass.

The invariant mass, m(J/ψΛ), of the J/ψ and Λ candidate combination must be in the
range [5470, 5770] MeV/c2. The χ2

DTF of the fit, which has 6 degrees of freedom, is required
to be less than 30. Multiple Λ0

b candidates are found in less than 0.5% of selected events.

4 Dependence of efficiencies on decay time

Section 3 described the reconstruction and selection criteria of the Hb→ J/ψX decays and
various techniques that have been used to minimise the dependence of selection efficiencies
upon the decay time. After these steps, there remain two effects that distort the b-hadron
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Figure 3: VELO-track reconstruction efficiency for kaon tracks reconstructed using the (a) online
and (b) offline algorithms as a function of the kaon ρ, as defined in Eq. (3). The red solid lines
show the result of an unbinned maximum likelihood fit using the parameterisation in Eq. (4) to
the background subtracted data (black points).

decay time distribution. These are caused by the VELO-track reconstruction efficiency,
εVELO, and the combination of the trigger efficiency, εtrigger, and offline selection efficiency,
εselection|trigger. This section will describe these effects and the techniques that are used to
evaluate the efficiencies from data control samples.

4.1 VELO-track reconstruction efficiency

The largest variation of the efficiency with the decay time is introduced by the track
reconstruction in the VELO. The track finding procedure in the VELO assumes that
tracks originate approximately from the interaction region [33,45]. In the case of long-lived
b-hadron candidates this assumption is not well justified, leading to a loss of reconstruction
efficiency for charged particle tracks from the b-hadron decay.

The distance of closest approach of the track to the z-axis is defined as

ρ ≡ |(d− v) · (p× ẑ)|
|p× ẑ| , (3)

where p is the momentum of the final-state track from a b-hadron candidate decaying at
point d, ẑ is a unit vector along the z-axis and v is the origin of the VELO coordinate system.
During data taking the position of the LHCb VELO is monitored as a function of time and
is centred around the LHC beam line. Using a control sample of B+→ J/ψK+ candidates
where the K+ is reconstructed as a downstream track, the VELO-track reconstruction
efficiency, εVELO(ρ), is computed as the fraction of these tracks that are also reconstructed
as long tracks. From samples of simulated b-hadron decays, it is observed that εVELO(ρ)
can be empirically parameterised by

εVELO(ρ) = a(1 + cρ2), (4)

9



Table 3: VELO reconstruction efficiency in data for kaon tracks reconstructed with the online
and offline algorithms. In both cases, the correlation coefficient between a and c is 0.2.

a c [ mm−2]
Online 0.9759± 0.0005 −0.0093± 0.0007
Offline 0.9831± 0.0004 −0.0041± 0.0005

where the parameters a and c are determined from a fit to the unbinned efficiency
distribution.

Figure 3 shows the VELO-track reconstruction efficiency obtained using this method
and Table 3 shows the corresponding fit results. Since different configurations of the VELO
reconstruction algorithms are used within the LHCb software trigger (online) and during
the subsequent processing (offline), it is necessary to evaluate two different efficiencies.
The stronger dependence of the online efficiency as a function of ρ is due to the additional
requirements used in the first stage of the software trigger such that it satisfies the required
processing time.

Applying the same technique to a simulated sample of B+→ J/ψK+ decays yields
qualitatively similar behaviour for εVELO(ρ). Studies on simulated data show that the
efficiency for kaons and pions from the decay of φ and K∗0 mesons is smaller than for the
kaon in B+→ J/ψK+ decays, due to the small opening between the particles in the φ and
K∗0 decays, as discussed in Sec. 3. In addition, there are kinematic differences between the
calibration B+ sample and the signal samples. Scaling factors on the efficiency parameters
are derived from simulation to account for these effects, and have typical sizes in the range
[1.04, 1.65], depending on the decay mode and final-state particle being considered.

The distortion to the b-hadron candidate decay time distribution caused by the VELO-
track reconstruction is corrected for by weighting each b-hadron candidate by the inverse
of the product of the per-track efficiencies. The systematic effect introduced by this
weighting is tested using simulated samples of each channel. The chosen efficiency depends
on whether the particle is reconstructed with the online or offline variant of the algorithm.
Studies on simulated data show that tracks found by the online tracking algorithm are
also found by the offline tracking efficiency. For example, the efficiency weight for each
B0→ J/ψK∗0 candidate takes the form

wB0→J/ψK∗0 = 1/
(
εµ

+

VELO,online ε
µ−

VELO,online ε
K+

VELO,offline ε
π−
VELO,offline

)
, (5)

since the two muons are required to be reconstructed online, while the kaons and the pions
are reconstructed offline.

In the case of the B0→ J/ψK0
S and Λ0

b→ J/ψΛ channels, since no VELO information
is used when reconstructing the K0

S and Λ particles, the candidate weighting functions

take the form w = 1/
(
εµ

+

VELO,online ε
µ−

VELO,online

)
.
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Figure 4: Combined trigger and selection efficiency, εselection(t), for B+→ J/ψK+ candidates.

4.2 Trigger and selection efficiency

The efficiency of the second stage of the software trigger depends on the b-hadron decay time
as it requires that the J/ψ meson is significantly displaced from the PV. A parameterisation
of this efficiency, εtrigger(t), is obtained for each b → J/ψX decay mode by exploiting a
corresponding sample of b→ J/ψX candidates that are selected without any displacement
requirement. For each channel, the control sample corresponds to approximately 40% of
the total number of signal candidates. A maximum likelihood fit to the unbinned invariant
mass distribution m(J/ψX) is performed to determine the fraction of signal decays that
survive the decay-time biasing trigger requirements as a function of decay time.

The same technique is used to determine the decay time efficiency of the triggered
candidates caused by the offline selection, εselection|trigger(t), which is introduced by the
requirement on the detachment of the J/ψ mesons in the sample used to reconstruct the
b-hadron decays. The combined selection efficiency, εselection(t), is given by the product of
εtrigger(t) and εselection|trigger(t).

Figure 4 shows εselection(t) obtained for the B+→ J/ψK+ channel as a function of decay
time. The efficiencies obtained for the other Hb→ J/ψX channels are qualitatively similar.
Studies using simulated events show that the efficiency drop below 0.5 ps is caused by the
J/ψ displacement requirement. The dip near 1.5 ps appears because the PV reconstruction
in the software trigger is such that some final-state tracks of short-lived b-hadron decays
may be used to reconstruct an additional fake PV close to the true b-hadron decay vertex.
As a result the reconstructed J/ψ meson does not satisfy the displacement requirement,
leading to a decrease in efficiency.

The efficiency parameterisation for each channel is used in the fit to measure the
corresponding b-hadron lifetime. An exception is made for the Λ0

b → J/ψΛ channel where,
owing to its smaller event yield, εselection(t) measured with B0→ J/ψK0

S decays is used
instead. The validity of this approach is checked using large samples of simulated events.
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5 Maximum likelihood fit

For each channel, the lifetime is determined from a two-dimensional maximum likelihood fit
to the unbinned m(J/ψX) and t distributions. The full probability density function (PDF)
is constructed as P = fs(Sm × St) + (1− fs)(Bm × Bt), where fs is the signal fraction,
determined in the fit, and Sm ×St and Bm ×Bt are the (m(J/ψX), t) PDFs for the signal
and background components, respectively. A systematic uncertainty is assigned to the
assumption that the PDFs factorise.

The signal mass PDF, Sm, is modelled by the sum of two Gaussian functions. The free
parameters in the fit are the common mean, the width of the narrower Gaussian function,
the ratio of the second to the first Gaussian width and the fraction of the first Gaussian
function. The background mass distribution, Bm, is modelled by an exponential function
with a single free parameter.

The signal b-hadron decay time distribution is described by an exponential function
with decay constant given by the b-hadron lifetime, τHb→J/ψX . The signal decay time
PDF, St, is obtained by multiplying the exponential function by the combined t-dependent
trigger and selection efficiency described in Sec. 4.2. From inspection of events in the
sidebands of the b-hadron signal peak, the background decay time PDF, Bt, is well modelled
by a sum of three exponential functions with different decay constants that are free in
the fit. These components originate from a combination of prompt candidates, where
all tracks originate from the same PV, and long-lived candidates where tracks from the
associated PV are combined with other tracks of long-lived particles. For each channel
the exponential functions are convolved with a Gaussian resolution function with width σ
and mean ∆, an offset of the order of a few femtoseconds that is fixed in the fit. Using
a sample of prompt J/ψ background events, the decay time resolution for Hb→ J/ψX
channels reconstructed using long tracks has been measured to be approximately 45 fs [46].
For B0→ J/ψK0

S and Λ0
b→ J/ψΛ decays, which use downstream tracks to reconstruct the

K0
S and Λ particles, a similar study of an event sample composed of prompt J/ψ mesons

combined with two downstream tracks, reconstructed as either a K0
S or Λ, has determined

the resolution to be 65 fs. The systematic uncertainties related to the choice of resolution
model are discussed in Sec. 6.

The negative log-likelihood, constructed as

− lnL = −α
∑

events i

wi lnP , (6)

is minimised in the fit, where the weights wi correspond to the per-candidate correction for
the VELO reconstruction efficiency described in Sec. 4.1. The factor α =

∑
iwi/

∑
iw

2
i

is used to include the effect of the weights in the determination of the uncertainties [47].
Figures 1 and 2 show the result of fitting this model to the selected candidates for each
channel, projected onto the corresponding m(J/ψX) and t distributions.

As a consistency check, an alternative fit procedure is developed where each event is
given a signal weight, Wi, determined using the sPlot [48] method with m(J/ψX) as the
discriminating variable and using the mass model described above. A weighted fit to the
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decay time distribution using the signal PDF is then used to measure the b-hadron lifetime.
In this case, the negative log-likelihood is given by Eq. (6) where wi is replaced with Wiwi
and α =

∑
i(Wiwi)/

∑
i(Wiwi)

2. The difference between the results of the two fitting
procedures is used to estimate the systematic uncertainty on the background description.

6 Systematic uncertainties

The systematic effects affecting the measurements reported here are discussed in the
following and summarised in Tables 4 and 5.

The systematic uncertainty related to the VELO-track reconstruction efficiency can
be split into two components. The first uncertainty is due to the finite size of the
B+→ J/ψK+ sample, reconstructed using downstream kaon tracks, which is used to
determine the per-candidate efficiency weights and leads to a statistical uncertainty on the
εVELO(ρ) parameterisation. The lifetime fits are repeated after varying the parameters by
±1σ and the largest difference between the lifetimes is assigned as the uncertainty. The
second uncertainty is due to the scaling factors, which are used to correct the efficiency for
phase-space effects, obtained from simulated events. The fit is repeated using the unscaled
efficiency and half of the variation in fit results is assigned as a systematic uncertainty.
These contributions, of roughly the same size, are added in quadrature in Table 4.

A number of additional consistency checks are performed to investigate possible
mismodelling of the VELO-track reconstruction efficiency. First, εVELO(ρ) is evaluated in
two track momentum and two track multiplicity bins and the event weights recalculated.
Using both data and simulated events, no significant change in the lifetimes is observed
after repeating the fit with the updated weights and, therefore, no systematic uncertainty is
assigned. Secondly, to assess the sensitivity to the choice of parameterisation for εVELO(ρ)
(Eq. 4), the results are compared to those with linear model for the efficiency. The effect is
found to be negligible and no systematic uncertainty is applied. Thirdly, the dependence
of the VELO-track reconstruction efficiency on the azimuthal angle, φ, of each track is
studied by independently evaluating the efficiency in four φ quadrants for both data and
simulation. No dependence is observed. Finally, the efficiency is determined separately for
both positive and negative kaons and found to be compatible.

The techniques described in Sec. 4 to correct the efficiency as a function of the decay
time are validated on simulated data. The lifetime is fit in each simulated signal mode and
the departure from the generated lifetime, ∆τ , is found to be compatible with zero within
the statistical precision of each simulated sample. The measured lifetimes in the data
sample are corrected by each ∆τ and a corresponding systematic uncertainty is assigned,
given by the size of the statistical uncertainty on the fitted lifetime for each simulated
signal mode.

The assumption that m(J/ψX) is independent of the decay time is central to the
validity of the likelihood fits used in this study. It is tested by re-evaluating the signal
weights of the alternative fit in bins of decay time and then refitting the entire sample
using the modified weights. The systematic uncertainty for each decay mode is evaluated
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as the sum in quadrature of the lifetime variations, each weighted by the fraction of signal
events in the corresponding bin.

For each signal decay mode, the effect of the limited size of the control sample used
to estimate the combined trigger and selection efficiency is evaluated by repeating the
fits with εselection(t) randomly fluctuated within its statistical uncertainty. The standard
deviation of the distribution of lifetimes obtained is assigned as the systematic uncertainty.

The alternative likelihood fit does not assume any model for the decay time distribution
associated with the combinatorial background. Therefore, the systematic uncertainty
associated to the modelling of this background is evaluated by taking the difference in
lifetimes measured by the nominal and alternative fit methods.

The fit uses a double Gaussian function to describe the m(J/ψX) distribution of signal
candidates. This assumption is tested by repeating the fit using a double-sided Apollonios
function [49] where the mean and width parameters are varied in the fit and the remaining
parameters are fixed to those from simulation. The differences in lifetime with respect to
the default results are taken as systematic uncertainties.

As described in Sec. 5 the dominant background in each channel is combinatorial in
nature. It is also possible for backgrounds to arise due to misreconstruction of b-hadron
decays where the particle identification has failed. The presence of such backgrounds is
checked by inspecting events in the sidebands of the signal and re-assigning the mass
hypotheses of at least one of the final-state hadrons. The only contributions that have an
impact are Λ0

b → J/ψpK− decays in the B0
s → J/ψφ channel where a proton is misidentified

as a kaon and the cross-feed component between B0 → J/ψK0
S and Λ0

b → J/ψΛ decays
where pion and protons are misidentified. In the case of B0

s → J/ψφ decays, the fit is
repeated including a contribution of Λ0

b → J/ψpK− decays. The two-dimensional PDF
is determined from simulation, while the yield is found to be 6% from the sidebands of
the B0

s sample. This leads to the effective lifetime changing by 0.4 fs, which is assigned
as a systematic uncertainty. A similar procedure is used to determine the invariant mass
shape of the cross-feed background between B0 → J/ψK0

S and Λ0
b → J/ψΛ decays, while

the decay time is modelled with the exponential distribution of the corresponding signal
mode. A simultaneous fit to both data samples is performed in order to constrain the
yield of the cross-feed and the resulting change in lifetime of −0.3 fs and +1.1 fs for B0

and Λ0
b , respectively, is assigned as a systematic uncertainty.

Another potential source of background is the incorrect association of signal b hadrons
to their PV, which results in an erroneous reconstruction of the decay time. Since the fitting
procedure ignores this contribution, a systematic uncertainty is evaluated by repeating
the fit after including in the background model a component describing the incorrectly
associated candidates. The background distribution is determined by calculating the decay
time for each B+→ J/ψK+ decay with respect to a randomly chosen PV from the previous
selected event. In studies of simulated events the fraction of this background is less than
0.1%. Repeating the fit with a 1% contribution results in the lifetime changing by 0.1 fs
and, therefore, no systematic uncertainty is assigned.

The measurement of the effective lifetime in the B0
s→ J/ψφ channel is integrated over

the angular distributions of the final-state particles and is, in the case of uniform angular
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efficiency, insensitive to the different polarisations of the final state [46]. To check if the
angular acceptance introduced by the detector geometry and event selection can affect
the measured lifetime, the events are weighted by the inverse of the angular efficiency
determined in Ref. [46]. Repeating the fit with the weighted dataset leads to a shift of
the lifetime of −1.0 fs, the same as is observed in simulation. The final result is corrected
by this shift, which is also assigned as a systematic uncertainty. The B0

s effective lifetime
could also be biased due to a small CP -odd S-wave component from B0

s → J/ψK+K−

decays that is ignored in the fit. For the m(K+K−) mass range used here (Sec. 3), Ref. [50]
indicates that the S-wave contribution is 1.1%. The effect of ignoring such a component is
evaluated by repeating the fit on simulated experiments with an additional 1% CP -odd
component. A change in the lifetime of −1.2 fs is observed, which is used to correct the
final lifetime and is also taken as a systematic uncertainty. Finally, as described in Sec. 3,
only events with a decay time larger than 0.3 ps are considered in the nominal fit. This
offset leads to a different relative contribution of the heavy and light mass eigenstates such
that the lifetime extracted from the exponential fit does not correspond to the effective
lifetime defined in Eq. (2). A correction of −0.3 fs is applied to account for this effect.

The presence of a production asymmetry between B0 and B
0

mesons could bias the
measured B0→ J/ψK0

S effective lifetime, and therefore ∆Γd/Γd, by adding additional
terms in Eq. (2). The production asymmetry is measured to be AP(B0) = (0.6± 0.9)% [51],
the uncertainty of which is used to estimate a corresponding systematic uncertainty on the
B0→ J/ψK0

S lifetime of 1.1 fs. No uncertainty is assigned to the B0→ J/ψK∗0 lifetime
since this decay mode is flavour-specific2 and the production asymmetry cancels in the
untagged decay rate. For the B0

s system, the rapid oscillations, due to the large value of
∆ms = 17.768± 0.024 ps−1 [52], reduce the effect of a production asymmetry, reported as
AP(B0

s ) = (7± 5)% in Ref. [51], to a negligible level. Hence, no corresponding systematic
uncertainty is assigned.

There is a 0.02% relative uncertainty on the lifetime measurements due to the un-
certainty on the length scale of LHCb [52], which is mainly determined by the VELO
modules z positions. These are evaluated by a survey, having an accuracy of 0.1 mm over
the full length of the VELO (1000 mm), and refined through a track-based alignment.
The alignment procedure is more precise for the first track hits, that are less affected by
multiple scattering and whose distribution of z positions have an RMS of 100 mm. In
this region, the differences between the module positions obtained from the survey and
track-based alignment are within 0.02 mm, which is taken as systematic uncertainty. The
systematic uncertainty related to the momentum scale calibration affects both the b hadron
candidate mass and momentum and, therefore, cancels when computing the decay time.

The systematic uncertainty related to the choice of 45 fs for the width of the decay-time
resolution function (65 fs in the case of B0→ J/ψK0

S and Λ0
b→ J/ψΛ) is evaluated by

changing the width by ±15 fs and repeating the fit. This change in width is larger than
the estimated uncertainty on the resolution and leads to a negligible change in the fit

2Flavour-specific means that the final state is only accessible via the decay of a B0
(s) meson and

accessible by a meson originally produced as a B
0

(s) only via oscillation.
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Table 4: Statistical and systematic uncertainties (in femtoseconds) for the values of the b-hadron
lifetimes. The total systematic uncertainty is obtained by combining the individual contributions
in quadrature.

Source τB+→J/ψK+ τB0→J/ψK∗0 τB0→J/ψK0
S

τΛ0
b→J/ψΛ τB0

s→J/ψφ

Statistical uncertainty 3.5 6.1 12.8 26.5 11.4

VELO reconstruction 2.0 2.3 0.9 0.5 2.3
Simulation sample size 1.7 2.3 2.9 3.7 2.4
Mass-time correlation 1.4 1.8 2.1 3.0 0.7
Trigger and selection eff. 1.1 1.2 2.0 2.0 2.5
Background modelling 0.1 0.2 2.2 2.1 0.4
Mass modelling 0.1 0.2 0.4 0.2 0.5
Peaking background – – 0.3 1.1 0.4
Effective lifetime bias – – – – 1.6
B0 production asym. – – 1.1 – –
LHCb length scale 0.4 0.3 0.3 0.3 0.3

Total systematic 3.2 3.9 4.9 5.7 4.6

results. Consequently, no systematic uncertainty is assigned. Furthermore, to test the
sensitivity of the lifetimes to potential mismodelling of the long tails in the resolution,
the resolution model is changed from a single Gaussian function to a sum of two or three
Gaussian functions with parameters fixed from simulation. Repeating the fit with the
new resolution model causes no significant change to the lifetimes and no systematic
uncertainty is assigned. The lifetimes are insensitive to the offset, ∆, in the resolution
model.

Several consistency checks are performed to study the stability of the lifetimes, by
comparing the results obtained using different subsets of the data in terms of magnet
polarity, data taking period, b-hadron and track kinematic variables, number of PVs in
the event and track multiplicity. In all cases, no trend is observed and all lifetimes are
compatible with the nominal results.

The majority of the systematic uncertainties described above can be propagated to the
lifetime ratio measurements in Table 7. However, some of the uncertainties are correlated
between the individual lifetimes and cancel in the ratio. For the first set of ratios and
for ∆Γd/Γd, the systematic uncertainty from the VELO-reconstruction efficiency weights
and the LHCb length scale are considered as fully correlated. For the second set of ratios,
other systematic uncertainties, as indicated in Table 5, cancel, since the ratio is formed
from lifetimes measured using the same decay mode. In contrast to the situation for the
measurement of the B0 lifetime in the B0→ J/ψK∗0 mode, the B0 production asymmetry
does lead to a systematic uncertainty on the measurement of τB0→J/ψK∗0/τ

B
0→J/ψK∗0 since

terms like AP cos(∆mdt) do not cancel in the decay rates describing the decays of B0 and

B
0

mesons to J/ψK∗0 and J/ψK
∗0

final states. The effect of candidates where the flavour,
via the particle identification of the decay products, has not been correctly assigned is
investigated and found to be negligible.
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Table 5: Statistical and systematic uncertainties (in units of 10−3) for the lifetime ratios and
∆Γd/Γd. For brevity, τB0 (τ

B
0) corresponds to the measurement of τB0→J/ψK∗0 (τ

B
0→J/ψK∗0). The

total systematic uncertainty is obtained by combining the individual contributions in quadrature.

Source τB+/τB0 τB0
s
/τB0 τΛ0

b
/τB0 τB+/τB− τΛ0

b
/τ
Λ
0
b

τB0/τ
B

0 ∆Γd/Γd

Statistical uncertainty 5.0 8.5 18.0 4.0 35.0 8.0 25.0

VELO reconstruction 1.6 1.7 1.1 – – – 4.1
Simulation sample size 2.0 2.2 2.8 2.1 5.3 3.0 6.3
Mass-time correlation 1.6 1.2 2.3 – – – 4.7
Trigger and selection eff. 1.1 1.8 1.5 – – – 4.0
Background modelling 0.3 0.1 1.5 0.2 3.0 1.4 3.8
Mass modelling 0.2 0.4 0.2 0.1 0.2 0.2 0.8
Peaking background – 0.3 0.7 – – – 0.5
Effective lifetime bias – 1.0 – – – – –
B0 production asym. – – – – – 8.5 1.9

Total systematic 3.2 3.7 4.4 2.1 6.1 9.1 10.7

Table 6: Fit results for the B+, B0, B0
s mesons and Λ0

b baryon lifetimes. The first uncertainty is
statistical and the second is systematic.

Lifetime Value [ ps ]
τB+→J/ψK+ 1.637 ± 0.004 ± 0.003
τB0→J/ψK∗0 1.524 ± 0.006 ± 0.004
τB0→J/ψK0

S
1.499 ± 0.013 ± 0.005

τΛ0
b→J/ψΛ 1.415 ± 0.027 ± 0.006

τB0
s→J/ψφ 1.480 ± 0.011 ± 0.005

7 Results and conclusions

The measured b-hadron lifetimes are reported in Table 6. All results are compatible
with existing world averages [13]. The reported τΛ0

b→J/ψΛ is smaller by approximately 2σ

than a previous measurements from LHCb [8]. With the exception of the Λ0
b→ J/ψΛ

channel, these are the single most precise measurements of the b-hadron lifetimes. The
B0
s meson effective lifetime is measured using the same data set as used in Ref. [46] for

the measurement of the B0
s meson mixing parameters and polarisation amplitudes in

B0
s→ J/ψφ decays. The B0

s meson effective lifetime computed from these quantities is
compatible with the lifetime reported in this paper and a combination of the two results
is, therefore, inappropriate.

Table 7 reports the ratios of the B+, B0
s and Λ0

b lifetimes to the B0 lifetime measured in
the flavour-specific B0→ J/ψK∗0 channel. This decay mode provides a better normalisation
than the B0→ J/ψK0

S channel due to the lower statistical uncertainty on the B0 meson
lifetime and due to the fact that the B0→ J/ψK∗0 lifetime only depends quadratically
on ∆Γd/Γd, as shown in Eq. (7). The statistical and systematic uncertainties from
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Table 7: Lifetime ratios for the B+, B0, B0
s mesons and Λ0

b baryon. The first uncertainty is
statistical and the second is systematic.

Ratio Value
τB+/τB0→J/ψK∗0 1.074 ± 0.005 ± 0.003
τB0

s
/τB0→J/ψK∗0 0.971 ± 0.009 ± 0.004

τΛ0
b
/τB0→J/ψK∗0 0.929 ± 0.018 ± 0.004

τB+/τB− 1.002 ± 0.004 ± 0.002
τΛ0

b
/τ
Λ
0
b

0.940 ± 0.035 ± 0.006

τB0→J/ψK∗0/τ
B

0→J/ψK∗0 1.000 ± 0.008 ± 0.009

the absolute lifetime measurements are propagated to the ratios, taking into account
the correlations between the systematic uncertainties. All ratios are consistent with SM
predictions [15,22–25,30–32] and with previous measurements [13]. Furthermore, the ratios
τB+/τB− , τΛ0

b
/τ
Λ
0
b

and τB0→J/ψK∗0/τ
B

0→J/ψK∗0 are reported. Measuring any of these different

from unity would indicate a violation of CPT invariance or, for B0→ J/ψK∗0 decays,
could also indicate that ∆Γd is non-zero and B0→ J/ψK∗0 is not 100% flavour-specific.
No deviation from unity of these ratios is observed.

The effective lifetimes of B0→ J/ψK∗0 and B0 → J/ψK0
S decays are used

to measure ∆Γd/Γd. Flavour-specific final states such as B0 → J/ψK∗0 have

AB0→J/ψK∗0

∆Γd
= 0, while AB

0→J/ψK0
S

∆Γd
= cos(2β) to a good approximation in the SM, where

β ≡ arg [−(VcdV
∗
cb)/(VtdV

∗
tb)] is one of the CKM unitarity triangle angles. Hence, the two

effective lifetimes can be expressed as

τB0→J/ψK∗0 =
1

Γd

1

1− y2
d

(
1 + y2

d

)
, (7)

τB0→J/ψK0
S

=
1

Γd

1

1− y2
d

(
1 + 2 cos(2β)yd + y2

d

1 + cos(2β)yd

)
. (8)

Using the effective lifetimes reported in Table 6 and β = (21.5+0.8
−0.7)◦ [13], a fit of ∆Γd and

Γd to the expressions in Eq. (7) and Eq. (8) leads to

Γd = 0.656± 0.003± 0.002 ps−1, (9)

∆Γd = −0.029± 0.016± 0.007 ps−1, (10)

where the first uncertainty is statistical and the second is systematic. The correlation coef-
ficient between ∆Γd and Γd is 0.43 when including statistical and systematic uncertainties.
The combination gives

∆Γd
Γd

= −0.044± 0.025± 0.011, (11)

consistent with the SM expectation [14,15] and the current world-average value [13].
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1 Introduction

Decays involving b→ s`+`− transitions, where `± represents a lepton, are mediated by
flavour-changing neutral currents (FCNC). Since FCNCs are forbidden at tree level in the
Standard Model (SM) and can only proceed through amplitudes involving electroweak
loop (penguin and box) Feynman diagrams, these transitions are an ideal place to search
for effects beyond the SM. The potential contributions of new particles to these processes
can be manifested as modifications in the rate of particular decay modes, or changes in the
angular distribution of the final-state particles. Hints for possible disagreement with the
SM have been reported, for example in several measurements of angular observables [1–4]
of rare b→ s`+`− decays. The SM predictions of these quantities are affected by hadronic
uncertainties and more precisely predicted observables are desirable.

In the SM, the electroweak couplings of the charged leptons are independent of their
flavour. The properties of decays to leptons of different flavours are expected to be the
same up to corrections related to the lepton mass. This property, referred to as Lepton
Universality (LU), has already been tested in B-meson decays by measuring the ratio

RH ≡
∫

dΓ(B→Hµ+µ−)
dq2

dq2

∫
dΓ(B→He+e−)

dq2
dq2

, (1)

where H represents a hadron containing an s quark, such as a K or a K∗ meson. The
decay rate, Γ, is integrated over a range of the squared dilepton invariant masses, q2. The
RH ratios allow for very precise tests of LU, as hadronic uncertainties cancel in their
theoretical predictions. In the SM, they are expected to be close to unity with O(1%)
precision [5].

At e+e− machines operating at the Υ (4S) resonance, the ratios RK(∗) have been
measured to be consistent with unity with a precision between 20 and 50% [6–9]. The
most precise measurements of RK in the q2 range between 1.1 and 6.0 GeV2/c4 and
RK∗0 in the regions 0.045 < q2 < 1.1 GeV2/c4 and 1.1 < q2 < 6.0 GeV2/c4 have been
performed by the LHCb collaboration and, depending on the theoretical prediction used,
are respectively 2.5 [10], 2.1–2.3 and 2.4–2.5 [11] standard deviations below their SM
expectations [5, 12–21]. Further tests of LU in other b→ s`+`− transitions are therefore
critical to improve the statistical significance of the measurement and to understand
the origin of any discrepancies. At the LHC, Λ0

b baryons are produced abundantly
and b→ s`+`− transitions can also be studied in their decays. The full set of angular
observables in Λ0

b→ Λµ+µ− decays has been measured in Ref. [22] and CP asymmetries
have been determined using Λ0

b→ pK−µ+µ− decays [23].
This paper presents the first test of LU in the baryon sector, through the measurement

of the ratio of branching fractions for Λ0
b→ pK−µ+µ− and Λ0

b→ pK−e+e− decays,1 RpK .
Both the experimental signature of the decays and the large data sample available motivate
the choice of Λ0

b→ pK−`+`− decays for this study. Similarly to other RH ratios, RpK is
expected to be close to unity in the SM [24].

The complementarity between RK and RK∗0 measurements in constraining different
types of new physics scenarios is widely discussed in the literature, see for example Ref. [25].
The spin one-half of the Λ0

b baryon and the rich resonant structure of the pK− hadronic
system [23,26] indicate a similar situation in Λ0

b→ pK−`+`− decays, where complementary

1The inclusion of charge-conjugate processes is implied throughout this paper.
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constraints could be derived once the pK− resonant structures are analysed. Following
the observations of Ref. [23] on the hadronic system, this analysis is restricted to invariant
masses m(pK−) < 2.6 GeV/c2, where most of the signal occurs. The analysis is performed
in a wide q2 region between 0.1 GeV2/c4 and 6.0 GeV2/c4. The lower boundary is chosen
to be far enough from the dimuon kinematic threshold so that the effect of radiative
corrections is negligible on the RpK ratio, using similar arguments to those discussed in
Ref. [5]. The upper boundary is set to reduce contamination from the radiative tail of
the J/ψ resonance. Contamination from Λ0

b→ pK−φ(→ `+`−) decays is estimated to be
negligible, therefore no veto around the φ mass is applied to the dilepton spectrum.

Relying on the well-tested LU in J/ψ→ `+`− decays [27], the measurement is
performed as a double ratio of the branching fractions of the Λ0

b → pK−`+`− and
Λ0
b→ pK−J/ψ(→ `+`−) decays:

R−1
pK =

B(Λ0
b→ pK−e+e−)

B(Λ0
b→ pK−J/ψ(→ e+e−))

/ B(Λ0
b→ pK−µ+µ−)

B(Λ0
b→ pK−J/ψ(→ µ+µ−))

, (2)

where the two decay channels are also referred to as the “nonresonant” and the “resonant”
modes, respectively. Due to the similarity between the experimental effects on the
nonresonant and resonant decay modes, many sources of systematic uncertainty are
substantially reduced in the double ratio. This approach helps to mitigate the significant
differences in reconstruction between decays with muons or electrons in the final state,
which are mostly due to bremsstrahlung emission and the trigger response.

The experimental quantities relevant for the LU measurement are the yields and the
reconstruction and selection efficiencies of the four decays entering the double ratio. The
definition of R−1

pK ensures that the smaller electron yields are placed in the numerator,
granting a likelihood function with a more symmetrical distribution. In order to avoid
experimental biases, a blind analysis is performed. In addition to the determination
of the R−1

pK ratio, this analysis provides the first measurement of the Λ0
b → pK−µ+µ−

branching fraction and the first observation of the Λ0
b→ pK−e+e− decay. Due to the

lack of information on the exact resonant content in the pK− spectrum, it is challenging
to compute the expected branching fraction of these decays in the SM, for which no
prediction has been found in the literature. Predictions for specific excited Λ resonances,
Λ∗, in the decays Λ0

b→ Λ∗`+`− with Λ∗ → pK−, have been computed [28, 29] but cannot
be directly compared to this result.

This paper is organised as follows: Sec. 2 describes the LHCb detector, as well as the
data and the simulation samples used in this analysis; the sources of background and
selection procedure of the signal candidates are discussed in Sec. 3; Sec. 4 details how the
simulation is corrected in order to improve the modelling of the signal and background
distributions in data and the efficiency determination; the resonant mass fits and related
cross-checks are outlined in Sec. 5; Sec. 6 summarises the fit procedure and the systematic
uncertainties associated with the measurements are described in Sec. 7; the results are
presented in Sec. 8; and Sec. 9 presents the conclusions of this paper.

2 Detector and data sets

The LHCb detector [30, 31] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or

2



c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm,
and three stations of silicon-strip detectors and straw drift tubes placed downstream
of the magnet. The tracking system provides a measurement of the momentum, p, of
charged particles with a relative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200 GeV/c. The minimum distance of a track to a primary vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
the component of the momentum transverse to the beam, in GeV/c. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic (ECAL) and a hadronic
(HCAL) calorimeter. Muons are identified by a system composed of alternating layers
of iron and multiwire proportional chambers. The trigger system consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. The hardware muon trigger selects events
containing at least one muon with significant pT (with thresholds ranging from ∼ 1.5
to ∼ 1.8 GeV/c, depending on the data-taking period). The hardware electron trigger
requires the presence of a cluster in the ECAL with significant transverse energy, ET,
(from ∼ 2.5 to ∼ 3.0 GeV, depending on the data-taking period). The software trigger
requires a two-, three- or four-track secondary vertex, with a significant displacement from
any primary pp interaction vertex. At least one charged particle must have significant pT

and be inconsistent with originating from any PV. A multivariate algorithm [32] is used
for the identification of secondary vertices consistent with the decay of a b hadron.

The analysis is performed using a data sample corresponding to 3 fb−1 of pp collision
data collected with the LHCb detector at a centre-of-mass energy of 7 and 8 TeV (Run 1)
and 1.7 fb−1 at a centre-of-mass energy of 13 TeV collected during 2016 (Run 2).

Samples of simulated Λ0
b → pK−µ+µ−, Λ0

b → pK−e+e−, Λ0
b → pK−J/ψ(→ µ+µ−)

and Λ0
b→ pK−J/ψ(→ e+e−) decays, generated according to the available phase space

in the decays, are used to optimise the selection, determine the efficiency of triggers,
reconstruction and signal event selection, as well as to model the shapes used in the
fits to extract the signal yields. The simulation is corrected to match the distributions
observed in data using the Λ0

b → pK−J/ψ control modes, as detailed in Sec. 4. In
addition, specific simulated samples are exploited to estimate the contribution from various
background sources. The pp collisions are generated using Pythia [33] with a specific
LHCb configuration [34]. Decays of hadronic particles are described by EvtGen [35], in
which final-state radiation (FSR) is generated using Photos [36], which is observed to
agree with a full QED calculation at the level of ∼ 1% for the RK and RK∗0 observables [5].
The interactions of the generated particles with the detector, and its response, are
implemented using the Geant4 toolkit [37] as described in Ref. [38].

3 Selection and backgrounds

The Λ0
b candidates are formed from a pair of well reconstructed oppositely charged particles

identified as muons or electrons, combined with a pair of oppositely charged particles,
which are identified as a proton and a kaon. The pK− invariant mass is required to be
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Figure 1: Distributions of dilepton invariant mass squared, q2, for Λ0
b candidates as a function

of pK−`+`− invariant mass, in data, for (left) ` = µ and (right) ` = e. The complete selection is
applied to both distributions, except for q2 and mcorr requirements, defined in Sec. 3.

smaller than 2600 MeV/c2. Each particle is required to have a large momentum and pT,
and to not originate from any PV. In particular, for muon and electron candidates the pT

is required to be greater than 800 MeV/c and 500 MeV/c, respectively. Kaon candidates
must have a pT larger than 250 MeV/c2 and the proton pT is required to be larger than
400 MeV/c in Run 1, and 1000 MeV/c in Run 2. All the particles must originate from a
good-quality common vertex, which is displaced significantly from all reconstructed PVs
in the event. When more than one PV is reconstructed, that with the smallest χ2

IP is
selected (and referred to as the associated PV), where χ2

IP is the difference in χ2 of a given
PV reconstructed with and without tracks associated to the considered Λ0

b candidate. The
momentum direction of the Λ0

b is required to be consistent with its direction of flight.
When interacting with the material of the detector, electrons radiate bremsstrahlung

photons. If the photons are emitted upstream of the magnet, the photon and the electron
deposit their energy in different ECAL cells, and the electron momentum measured by
the tracking system is underestimated. A dedicated procedure, consisting in a search for
neutral energy deposits in the ECAL compatible with being emitted by the electron, is
applied to correct for this effect. The limitations of the recovery technique degrade the
resolution of the reconstructed invariant masses of both the dielectron pair and the Λ0

b

candidate [11].
The distribution of q2 as a function of the four-body invariant mass for Λ0

b candidates
is shown in Fig. 1 for both muon and electron final states. In each plot, the contributions
due to the J/ψ and ψ(2S) resonances are visible. Despite the recovery of bremsstrahlung
photons, the e+e− invariant-mass distribution has a long radiative tail towards low values.
Due to the correlation in the measurement of the q2 and the pK−`+`−invariant mass, the
Λ0
b→ pK−J/ψ and Λ0

b→ pK−ψ(2S) contributions are visible as diagonal bands. Signal
Λ0
b→ pK−`+`− candidates form a vertical band, which is less prominent for the electron

mode due to worse mass resolution and lower yield. The effect of the resolution motivates
the choice of invariant-mass ranges considered for the analysis, which is presented in
Table 1. The Λ0

b invariant-mass resolution and the signal and background contributions
depend on the way in which the event was selected by the hardware trigger. The data
sample of decay modes involving e+e− pairs is therefore divided into two mutually exclusive
categories: candidates triggered by activity in the event which is not associated with any
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Table 1: Resonant and nonresonant mode q2 and m(pK−`+`−) ranges. The variables
m(pK−`+`−) and mJ/ψ(pK−`+`−), corresponding to the four-body invariant mass and the
four-body invariant mass computed with the J/ψ mass constraint on the dilepton system, are
used for nonresonant and resonant Λ0

b decays, respectively.

Decay mode q2 [ GeV2/c4 ] m(J/ψ)(pK
−`+`−) [ GeV/c2 ]

nonresonant e+e− 0.1 – 6.0 4.80 – 6.32
resonant e+e− 6.0 – 11.0 5.30 – 6.20

nonresonant µ+µ− 0.1 – 6.0 5.10 – 6.10
resonant µ+µ− 8.41 – 10.24 5.30 – 5.95

of the signal decay particles (L0I), and candidates for which at least one of the electrons
from the Λ0

b decay satisfies the hardware electron trigger and that are not selected by the
previous requirement (L0E). For the decay modes involving a pair of muons, at least one
of the two leptons must satisfy the requirements of the hardware muon trigger.

An important source of background arises from the misidentification of one or both
of the final-state hadrons, denoted as hadron misidentification, which is common to
both the resonant and nonresonant decays. All eight possible combinations of hadrons
that can be misidentified as signal, namely K+K−, π+K−, pπ−, pp, K+p, K+π−, π+p
and π+π−, are investigated using Λ0

b → pK−J/ψ(→ µ+µ−) candidates in data. Con-
tributions from misidentification of a single hadron are found to be dominant, namely
B0→ K∗0J/ψ(→ `+`−) with K∗0 → K−π+, and B0

s→ K+K−J/ψ(→ `+`−) decays, where a
pion or a kaon is misidentified as a proton. A veto is applied to candidates with m(K+K−)
in a ±12 MeV/c2 mass window around the known φ mass in order to suppress the narrow
φ contribution in misidentified B0

s→ K+K−J/ψ(→ `+`−) and B0
s→ K+K−`+`− decays.

Finally, a double misidentification of the K and p hadrons, referred to as pK-swap, can
occur. The particle identification (PID) requirements are optimised to suppress these
backgrounds. Residual background contributions passing the candidate selection, namely
B0 → K∗0J/ψ(→ `+`−), B0

s → K+K−J/ψ(→ `+`−) and pK-swap, are included in the
invariant-mass fits to the data described in Sec. 5.

For both the electron and muon resonant modes, a kinematic fit that constrains the
dilepton invariant mass to the known mass of the J/ψ meson is used to compute the
four-body invariant mass, mJ/ψ(pK−`+`−). A requirement on the four-body invariant
mass mJ/ψ(pK−`+`−) for the resonant and m(pK−µ+µ−) for the nonresonant mode to be
larger than 5100 MeV/c2 excludes backgrounds due to partially reconstructed decays, of
the type Λ0

b→ pK−`+`−X, where one or more of the products of the Λ0
b decay, denoted X,

are not reconstructed. These components can not be fully suppressed in the nonresonant
electron mode and are taken into account in the fit. For the decay modes involving
electrons, where a wider invariant-mass range is used, cascade backgrounds arising mainly
from Λ0

b → Λ+
c (→ pK−`+ν`X)`−ν`Y , where potential additional particles X, Y are not

reconstructed, are suppressed by a dedicated veto requiring m(pK−`+) > 2320 MeV/c2.
This requirement also allows the contamination from the hadronic decay Λ+

c → pK−π+

to be removed. Additional vetoes are applied to suppress backgrounds from D0 mesons
and Λ0

b→ pK−J/ψ(→ µ+µ−) decays, where the identification of a muon and a kaon are
swapped. Events in which the decay products of a B−→ K−`+`− decay are combined
with a random proton are suppressed by requiring m(K−`+`−) < 5200 MeV/c2. A two-
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dimensional requirement based on the invariant mass of signal candidates calculated using
the corrected dielectron momentum (mcorr) and the significance of the measured distance
between the PV and the decay vertex is applied to reduce the partially reconstructed
backgrounds. Following the procedure of Ref. [11], mcorr is computed by correcting the
momentum of the dielectron pair by the ratio of the pK− and the dielectron momentum
components transverse to the Λ0

b direction of flight.
After all the selection procedures described above, the dominant remaining background

is that originating from the combination of random tracks in the detector. This source
is referred to as combinatorial background, and its properties vary between different q2

regions. The separation between the signal and the combinatorial background is achieved
using a Boosted Decision Tree (BDT) algorithm [39], which exploits the gradient boosting
technique [40]. The classifier is constructed using variables such as transverse momenta,
the quality of the vertex fit, the impact parameter χ2 of the final-state particles, the angle
between the direction of flight and the momentum of the Λ0

b candidate, and the minimum
pT of the hadron pair and of the lepton pair. For each run period, a single BDT classifier
is trained for the resonant and nonresonant decays, where final states involving muons and
electrons are treated separately. The classifiers are trained using simulated Λ0

b→ pK−`+`−

decays, which are corrected for known differences between data and simulation (see Sec. 4),
to represent the signal, and candidates in data with pK−`+`− invariant mass larger than
5825 MeV/c2 are used to represent the background samples. To avoid potential biases
and to fully exploit the size of the data sample for the training procedure, a k-folding
technique [41] is adopted, with k = 10. For each decay mode and run period, the cut
applied on the classifier is optimised using a figure of merit defined as NS/

√
NS +NB,

where NS is the expected signal yield and NB is the expected background yield, which is
estimated by fitting the invariant mass sidebands in data. The BDT selection suppresses
the combinatorial background by approximately 97% and retains 85% of the signal. The
efficiency of each classifier is independent of m(pK−`+`−) in the regions used to measure
the signal yields. Once all the selection requirements are applied, less than 2.5% of the
events contain multiple candidates. In these cases, one candidate per event is selected
randomly and retained for further analysis. The effect of the multiple candidate removal
cancels in the ratios measured in this analysis.

4 Corrections to the simulation and efficiencies

In order to optimise the selection criteria, model the invariant-mass shapes and accurately
evaluate the efficiencies, a set of corrections to the simulation is determined from unbiased
control samples selected from the data. These corrections are applied to the simulated
samples of the nonresonant and resonant modes. The first correction accounts for the incor-
rect description of the hadronic structure of Λ0

b→ pK−`+`− and Λ0
b→ pK−J/ψ(→ `+`−)

decays. The simulation of these decays for both the resonant and nonresonant modes
relies on a simple phase-space model, while it is known from Ref. [26] that several reso-
nances populate the pK− invariant mass distribution of Λ0

b→ pK−J/ψ(→ µ+µ−) decays.
Corrections based on an amplitude analysis performed in Ref. [26] are applied to sim-
ulated Λ0

b → pK−J/ψ(→ `+`−) and Λ0
b → pK−`+`− decays. Differences between data

and simulation in the kinematics of Λ0
b decays are accounted for using two-dimensional

corrections derived from data as a function of the pT and pseudorapidity, η, of the Λ0
b
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Table 2: Efficiency ratios between the nonresonant and resonant modes,
ε(Λ0

b→ pK−`+`−)/ε(Λ0
b→ pK−J/ψ(→ `+`−)), for the muon final state and electron final

state in the two trigger categories and data-taking periods. The uncertainties are statistical only.

Channel Run 1 Run 2
µ+µ− 0.756 ± 0.010 0.796 ± 0.013

e+e− (L0I) 0.862 ± 0.017 0.859 ± 0.018
e+e− (L0E) 0.630 ± 0.013 0.631 ± 0.013

candidate. The simulation samples used in this analysis were generated with a value of
the Λ0

b lifetime that did not account for newer and more accurate measurements [27]; a
correction is applied to account for this small discrepancy.

A correction is also applied to account for differences between the PID response in
data and simulation [42]. Several high-purity control samples are employed to evaluate the
PID efficiencies in data using a tag-and-probe technique. For kaons and protons, samples
of D∗+ → D0(→ K−π+)π+ and Λ0

b → Λ+
c (→ pK−π+)π− are used, respectively. Finally,

the electron and muon identification efficiencies are obtained from B+→ K+J/ψ(→ `+`−)
decays. For each type of particle, the corrections are evaluated as a function of track
momentum and pseudorapidity. Corrections obtained from the distributions of the number
of reconstructed tracks per event, compared between data and simulation, are used to
account for the mismodelling in the average event multiplicity. The simulated response of
both the hardware and software triggers is corrected for using a tag-and-probe technique
on Λ0

b→ pK−J/ψ(→ `+`−) candidates. The corrections for the response of the leptonic
hardware triggers are parametrised as a function of the cluster ET or track pT. For the
software trigger, the corrections are determined as a function of the minimum pT of the
Λ0
b decay products. Once all the corrections are applied to the simulation, very good

agreement between data and simulation is found.
The efficiency for selecting each decay mode, which enters the computation of R−1

pK , is
defined as the product of the geometrical acceptance of the detector, and the efficiency
of the complete reconstruction of all tracks, the trigger requirements and the full set of
kinematic, PID and background rejection requirements. It takes into account migration
between bins of q2 due to resolution, FSR and bremsstrahlung emission. The efficiency
ratios between the nonresonant and the resonant modes, which directly enter the R−1

pK

computation, are reported in Table 2.

5 Mass fit to the resonant modes

The resonant yields are determined from unbinned extended maximum-likelihood fits
to the mJ/ψ(pK−`+`−) distributions separately for various data-taking periods. For the
Λ0
b→ pK−J/ψ(→ µ+µ−) decay, the probability density function (PDF) for the signal is

modelled by a bifurcated Crystal Ball (CB) function [43], which consists of a Gaussian
core with asymmetric power-law tails. The parameters describing the tails are fixed from
a fit to simulated signal decays. However, in order to account for possible remaining
discrepancies with data, the mean and the width of the function are allowed to vary
freely in the fit. The invariant-mass distribution of Λ0

b → pK−J/ψ(→ e+e−) decays is
fitted independently for the two trigger categories, since different relative amounts of
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Figure 2: Invariant-mass distribution, with the J/ψ mass constraint applied, of
Λ0
b→ pK−J/ψ(→ µ+µ−) (left) and Λ0

b → pK−J/ψ(→ e+e−) (right) candidates, summed over
trigger and data-taking categories. The black points represent the data, while the solid blue
curve shows the result of the fit. The signal component is represented by the red curve and the
shaded shapes are the background components, as detailed in the legend.

background and signal are expected. In each category, a sum of two bifurcated CB
functions is used to model the signal shape. Similarly to the approach adopted for the
muon mode, the parameters describing the tails of the signal distributions are fixed from
the fits to simulated signal. In addition, the difference of the means of the two functions,
and the ratio of their widths are also fixed according to the simulation. The mean and the
width of one CB function are allowed to vary. For both electron and muon modes, the
combinatorial background is parametrised using an exponential function with a free slope.
Contributions from misidentified B0→ K∗0J/ψ(→ `+`−) and B0

s→ K+K−J/ψ(→ `+`−)
decays and from pK-swap are included in the fits. They are described separately for the
electron and muon modes, using kernel estimation techniques [44] applied to simulated
events. The signal yield, as well as the yields of the combinatorial background and B0

components are free parameters of the fit. The yields of the pK-swap component are
related to the signal yields by a factor estimated from the Λ0

b→ pK−J/ψ(→ µ+µ−) fit
and propagated to the electron mode. The ratios between the B0

s and B0 background
components are fixed from dedicated fits to the data. The results of the invariant-mass
fits, including data from all the trigger categories and data-taking periods, are shown in
Fig. 2. A total of 40 980 ± 220 and 10 180 ± 140 decays are found for the muon and
electron resonant modes, respectively.

An important cross-check of the efficiencies is done using the ratio of branching
fractions of the muon and electron resonant channels

r−1
J/ψ =

N(Λ0
b→ pK−J/ψ(→ e+e−))

N(Λ0
b→ pK−J/ψ(→ µ+µ−))

× ε(Λ0
b→ pK−J/ψ(→ µ+µ−))

ε(Λ0
b→ pK−J/ψ(→ e+e−))

, (3)

which is expected to be equal to unity [27]. The measurement of r−1
J/ψ is a very stringent

test since, contrary to the double ratio R−1
pK , it does not benefit from the cancellation
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of the experimental systematic uncertainties related to the differences in the treatment
of muons and electrons. This quantity is found to be r−1

J/ψ = 0.96 ± 0.05, where the
uncertainty combines both statistical and systematic effects. Similar sources of systematic
uncertainties to the R−1

pK measurement are considered (see Sec. 7). The value of r−1
J/ψ is

compatible with unity within one standard deviation. The r−1
J/ψ ratio is examined as a

function of a number of kinematic variables such as pT and η of the Λ0
b baryon, m(pK−),

the final-state particle pT and the BDT classifier response. In all of the cases the result is
compatible with a flat distribution. The validity of the analysis is tested by measuring
the double ratio R−1

ψ(2S), defined in Eq. 2 where Λ0
b → pK−ψ(2S)(→ `+`−) decays are

used in place of Λ0
b→ pK−`+`−. The R−1

ψ(2S) ratio is found to be compatible with unity
within statistical uncertainties. However its statistical power is limited by the reduced
phase-space available in this high-q2 region.

6 Mass fit to the nonresonant modes

An unbinned maximum-likelihood fit to the invariant-mass distribution of nonresonant
pK−`+`−candidates is performed simultaneously to the muon and electron modes in all
the trigger and data-taking categories to extract the observables of interest. For each
category i, the nonresonant yields are expressed in terms of the parameters of interest

N i(Λ0
b→ pK−µ+µ−) = rB ×

N i(Λ0
b→ pK−J/ψ(→ µ+µ−))

B(J/ψ → `+`−)

× εi(Λ0
b→ pK−µ+µ−)

εi(Λ0
b→ pK−J/ψ(→ µ+µ−))

, (4)

N i(Λ0
b→ pK−e+e−) = R−1

pK × rB ×
N i(Λ0

b→ pK−J/ψ(→ e+e−))

B(J/ψ → `+`−)

× εi(Λ0
b→ pK−e+e−)

εi(Λ0
b→ pK−J/ψ(→ e+e−))

, (5)

where N i is the event yield for the given decay in category i, εi the reconstruction and
selection efficiency in that category, and rB ≡ B(Λ0

b→ pK−µ+µ−)/B(Λ0
b→ pK−J/ψ) and

R−1
pK the observables. The yields of the resonant modes are obtained from the fits described

in Sec. 5, and the ratios of efficiencies are extracted from calibrated simulated samples
and reported in Table 2. The branching fraction of the leptonic decay of the J/ψ meson
is assumed to be flavour universal [27]. For the nonresonant decays, no constraint can
be imposed on the dilepton mass, and the pK−`+`−invariant-mass resolution is therefore
worse than in the resonant case. For the electron final state, it is significantly degraded
compared to the resolution in the muon case. The fit range is extended accordingly as
summarised in Table 1. As a consequence, more sources of background have to be taken
into account in the electron mode. Both models are described separately in the following.

The Λ0
b → pK−µ+µ− signal contribution is modelled by a bifurcated CB function,

with the tail parameters determined on simulated data. The mean and the width of the
distribution are allowed to vary freely in the fit to data. The combinatorial background is
described with an exponential PDF with free slope and yield. The contamination from
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misreconstructed B0→ K∗0µ+µ− and B0
s→ K+K−µ+µ− decays is modelled by kernel

estimation techniques applied to simulation. The B0→ K∗0µ+µ− yield is constrained to
the value expected from simulation and the measured branching fraction [27] and the
relative contributions of B0

s→ K+K−µ+µ− and B0→ K∗0µ+µ− decays are constrained to
the ratio observed in the corresponding J/ψ modes. An associated systematic uncertainty
is added for this choice. The contamination from pK-swap candidates is found to be
negligible for the nonresonant modes, so no component is added to the fit to account for
it.

The Λ0
b→ pK−e+e− signal component is modelled by the sum of three distributions,

describing candidates where the electron candidates have no associated bremsstrahlung
photon, have only one, or more than one. In the first case, the distribution presents a tail
at low mass, due to unrecovered losses, but no tail at high mass and is thus modelled by a
single CB function. The other two present a smaller tail at low mass, since energy losses
are partially recovered, but also a tail at high mass, due to wrongly associated photons,
and are modelled by the sum of two bifurcated CB functions. The tail parameters of
these functions are fixed from fits to simulated signal. The proportions between the three
cases are also obtained from simulation. Combinatorial and misidentified backgrounds
are modelled in an analogous way to the muon mode. However, partially reconstructed
backgrounds of the type Λ0

b→ pK−e+e−π0, where the π0 is not reconstructed, cannot be
efficiently excluded in this case, due to the worse resolution and the wider invariant-mass
range used in the electron mode fit. This background is modelled using kernel estimation
techniques applied to simulated Λ0

b→ pK∗−e+e− events, with K∗−→ K−π0, since this is
the most realistic physical background contributing to this type of decay. The yield of this
component is free to vary in the fit to data. Finally, Λ0

b→ pK−J/ψ(→ e+e−) decays that
lose energy by bremsstrahlung can also pollute the nonresonant Λ0

b→ pK−e+e− candidates
in the low invariant-mass region. This contribution is modelled using simulated events. Its
yield is constrained in the fit, based on the measured Λ0

b→ pK−J/ψ(→ e+e−) yield and
the probability of such q2 migration determined using simulated samples. The stability of
the fit is evaluated with a large number of pseudoexperiments before proceeding to the
final fit to data. The moments of the pull distributions of the R−1

pK and rB parameters are
examined and the estimators are observed to be unbiased.

The results of the fit to data, where candidates are accumulated over all the trigger
and data-taking categories, are shown in Fig. 3. In total, 444± 23 Λ0

b→ pK−µ+µ− and
122± 17 Λ0

b→ pK−e+e− decays are observed.

7 Systematic uncertainties

Systematic uncertainties arise from the computation of efficiencies, the limited precision
on the measurement of the resonant mode yields and the fit model. Uncertainties that are
uncorrelated between different trigger and data-taking categories are taken into account
as Gaussian constraints on the input parameters to the fit, so that they are accounted
for by the uncertainty returned by the fit. Correlated uncertainties are accounted for by
smearing the likelihood profile for the given parameter of interest.

The main systematic uncertainties on the ratio of branching fractions, rB, come
from the procedure used to correct the simulation for the imperfect description of the
Λ0
b → pK−µ+µ− decay model and the detector response. The first one is evaluated
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Figure 3: Invariant-mass distribution of (left) Λ0
b → pK−µ+µ− and (right) Λ0

b → pK−e+e−

candidates summed over trigger and data-taking categories. The black points represent the data,
while the solid blue curve shows the total PDF. The signal component is represented by the
red curve and the combinatorial, B0→ K∗0`+`− and B0

s→ K+K−`+`− components by yellow,
brown and green filled histograms. In the electron model, the grey and blue filled histograms
represent the partially reconstructed and Λ0

b→ pK−J/ψ(→ e+e−) backgrounds.

by reweighting the distributions of m(pK−), q2 and the helicity angles, cos θK and
cos θ`, in the Λ0

b → pK−µ+µ− simulation to match those observed in data, instead of
the amplitude model of the Λ0

b → pK−J/ψ(→ µ+µ−) decay explained in Sec. 4. The
distributions of m(pK−), q2 and the helicity angles are corrected separately and the
systematic uncertainties are added in quadrature. Since this is a decay-model effect,
it is correlated between different data-taking periods and trigger categories. For the
other corrections applied to simulation, the systematic uncertainty is evaluated using
an alternative parameterisation of the correction, as well as different control samples to
determine the corrections. After all the corrections are applied, a small disagreement
between data and simulation is seen in the proton momentum and impact parameter
distributions. An associated systematic effect is estimated by correcting these distributions
to match those observed in data.

A bootstrapping technique is used to evaluate the effect of the limited size of the sim-
ulated samples used to calculate the corrections. The systematic uncertainties accounting
for data and simulation differences are computed separately for each data-taking period
and trigger category and are thus uncorrelated. Systematic uncertainties associated with
the fit model are estimated using pseudoexperiments and are fully correlated between
data-taking periods. Different sets are generated with alternative B0→ K∗0µ+µ− and
B0
s→ K+K−µ+µ− yields and different smearing parameters for the nonparametric shapes.

Alternatively, possible contributions of partially reconstructed backgrounds with a missing
π0 meson or from cascade decays of the type Hb → Hc(→ K−µ+νµX)µ−νµY , where H de-
notes hadrons and the potential additional particles X and Y are not always reconstructed,
are also included in the generated sets. These generated samples are fit with the default
model and the difference obtained on rB is assigned as a systematic uncertainty. Also,
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Table 3: Systematic uncertainties in percent associated to the ratio of branching fractions, rB,
for the different data taking periods. For uncertainties that are correlated between data taking
periods, a single value is given.

Source Run 1 Run 2 Correlated
Decay model – – 3.6
Other corrections 2.5 3.3 –
Normalisation mode 0.9 1.4 –
Fit model – – 1.4
Total uncorrelated 2.6 3.6 –
Total correlated – – 3.9

the uncertainties on the Λ0
b→ pK−J/ψ(→ µ+µ−) yields are propagated to the systematic

uncertainties of rB. The systematic uncertainties associated to the measurement of the
ratio of branching fractions are summarised in Table 3.

The sources of systematic uncertainties described for rB also affect the double ratio
R−1
pK , but their sizes are expected to be smaller due to cancellations in the ratios. However,

some additional sources have to be considered, which are specific to the electron mode
and are related to the worse resolution of the nonresonant decay compared to the resonant
one. Signal decays that migrate in and out of the 0.1 < q2 < 6 GeV2/c4 window due
to resolution effects are taken into account in the efficiency determination. However,
potential mismodelling of the q2 resolution or its distribution in the simulation can
introduce a systematic bias. The first effect is estimated by smearing the q2 distribution
of Λ0

b→ pK−e+e− decays in simulation according to the differences observed between
Λ0
b → pK−J/ψ(→ e+e−) data and simulated candidates. Similarly, the effect of an

alternative q2 model is estimated by weighting simulated Λ0
b→ pK−e+e− events to match

the q2 distribution of B0 → K∗0e+e− decays generated with the model described in
Ref. [45]. This uncertainty is taken to be fully correlated between trigger categories
and data-taking periods. Potential disagreement between the resolution in simulation
and data for the mcorr variable, which is only used in the selection of Λ0

b→ pK−e+e−

candidates, is studied with Λ0
b→ pK−J/ψ(→ e+e−) candidates. A correction is obtained

by comparing the distribution of this quantity for Λ0
b→ pK−J/ψ(→ e+e−) candidates

in data and simulation and is applied to the Λ0
b→ pK−e+e− simulation. No significant

variation on the efficiency is found but a systematic contribution corresponding to one
half of its uncertainty is conservatively assigned and considered to be fully correlated
between trigger categories and data-taking periods. Systematic uncertainties affecting
the Λ0

b→ pK−e+e− fit model are evaluated using pseudoexperiments. The scale factor
of the signal width is varied by ±5%, the kernel of the nonparametric models describing
the B0→ K∗0e+e−, B0

s → K+K−e+e−, Λ0
b→ pK−e+e−π0 and Λ0

b→ pK−J/ψ(→ e+e−)
backgrounds is varied and a component describing cascade Hb → Hc(→ K−`+νeX)`−νeY
decays is added to the model. The largest effect comes from the limited knowledge of
the Λ0

b→ pK−e+e−π0 invariant-mass shape. It is alternatively obtained from simulated
decays with an intermediate ∆ resonance decaying to pπ0, decays with an intermediate
Λ(1810) resonance decaying to pK∗−, followed by K∗−→ K−π0, and from decays with no
resonant structure. The latter approach gives the largest variation in the signal yield with
respect to the default fit model, which is assigned as systematic uncertainty. Ignoring this
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Table 4: Systematic uncertainties in percent associated to the measurement of R−1
pK , for the

different data taking periods and trigger categories. For uncertainties that are correlated between
data taking periods and categories, a single value is given.

Source Run 1 L0I Run 1 L0E Run 2 L0I Run 2 L0E Correlated
Decay model – – – – 1.9
Other corrections 3.4 3.6 3.6 3.2 –
mcorr cut efficiency – – – – 0.5
q2 migration – – – – 2.0
Normalisation mode 3.7 3.7 3.5 2.7 –
Fit model – – – – 5.2
Total correlated – – – – 5.9
Total uncorrelated 5.0 5.2 5.0 4.2 –

background in the fit model is also considered, but provides a smaller difference in the
signal yield. These uncertainties are treated as fully correlated between trigger categories
and data-taking periods. The systematic uncertainties associated to the measurement of
R−1
pK are summarised in Table 4.

As a cross-check, the effect of all the corrections applied to the simulation is evaluated
by removing them and estimating the change in the R−1

pK value. A 8.5% effect is observed
on the double ratio.

8 Results

The ratio of branching fractions rB = B(Λ0
b→ pK−µ+µ−)/B(Λ0

b→ pK−J/ψ(→ µ+µ−))
and the R−1

pK observable in the range 0.1 < q2 < 6 GeV2/c4 and m(pK−) < 2600 MeV/c2

are obtained directly from the fit to data candidates. The result for the ratio of branching
fractions is

B(Λ0
b→ pK−µ+µ−)

B(Λ0
b→ pK−J/ψ)

∣∣∣∣
0.1<q2<6 GeV2/c4

= (8.4± 0.4± 0.4)× 10−4,

where the first uncertainty is statistical and the second systematic. The absolute
branching fraction for the decay Λ0

b → pK−µ+µ− in the range 0.1 < q2 < 6 GeV2/c4

and m(pK−) < 2600 MeV/c2 is computed using the value of B(Λ0
b→ pK−J/ψ) measured

by LHCb [46]

B(Λ0
b→ pK−µ+µ−)

∣∣
0.1<q2<6 GeV2/c4

=
(
2.65± 0.14± 0.12± 0.29 + 0.38

− 0.23

)
× 10−7,

where the first uncertainty is statistical, the second is systematic and the third and fourth
are due to the precision of the normalisation mode Λ0

b→ pK−J/ψ, namely the knowledge
of the B0→ J/ψK∗0 branching fraction and the Λ0

b hadronisation fraction.
The result of the test of LU in Λ0

b → pK−`+`− decays, R−1
pK , in the range

0.1 < q2 < 6 GeV2/c4 and m(pK−) < 2600 MeV/c2 is

R−1
pK

∣∣
0.1<q2<6 GeV2/c4

= 1.17 + 0.18
− 0.16 ± 0.07,
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Figure 4: Logarithm of the profile likelihood of the R−1
pK parameter in blue (red) including only

statistical (total) uncertainty. The dashed line indicates the one standard deviation interval.

where the first uncertainty is statistical and the second systematic. The profile likelihood
of the R−1

pK parameter, including the smearing accounting for correlated systematic un-
certainties, is shown in Fig. 4. The result is compatible with unity at the level of one
standard deviation. For comparison with other LU tests, RpK is computed from the R−1

pK

results by inverting the minimum and one standard deviation lower and upper bounds of
the likelihood profile

RpK |0.1<q2<6 GeV2/c4 = 0.86 + 0.14
− 0.11 ± 0.05,

with a more asymmetric likelihood distribution in this case.
The first observation of the rare decay Λ0

b→ pK−e+e− is also reported, with a signifi-
cance greater than 7σ, accounting for systematic uncertainties. Combining the results
obtained for rB and R−1

pK , and taking into account the correlations, the ratio of branching
fractions for the dielectron final states is obtained

B(Λ0
b→ pK−e+e−)

B(Λ0
b→ pK−J/ψ)

∣∣∣∣
0.1<q2<6 GeV2/c4

=
(
9.8 + 1.4
− 1.3 ± 0.8

)
× 10−4,

where the first uncertainty is statistical and the second systematic. Taking into account
the measured value of B(Λ0

b→ pK−J/ψ) [46], the branching fraction of the nonresonant
electron mode is found to be

B(Λ0
b→ pK−e+e−)

∣∣
0.1<q2<6 GeV2/c4

=
(
3.1± 0.4± 0.2± 0.3 + 0.4

− 0.3

)
× 10−7,

where the first uncertainty is statistical, the second systematic and the third and fourth
are due to the uncertainties on B(Λ0

b→ pK−J/ψ).

9 Conclusions

A test of lepton universality is performed for the first time using rare b-baryon de-
cays, namely Λ0

b → pK−`+`− with ` = e, µ. The measurement is performed in the
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range 0.1 < q2 < 6 GeV2/c4 and m(pK−) < 2600 MeV/c2 and the result is found to be
R−1
pK = 1.17 + 0.18

− 0.16 ± 0.07, compatible with unity within one standard deviation. This result
is also in agreement with the deviations observed in lepton-universality tests with B
mesons [10, 11], denoted RK and RK∗0 . More data is needed to confirm or exclude the
presence of New Physics contributions in these decays. It should be noted that the current
analysis is affected by different experimental uncertainties than those of lepton-universality
tests performed with B mesons, such as the backgrounds that affect the extraction of the
signal yields from data, or the control modes which are used to calibrate the simulation
and measure the double ratio. Consequently, it provides an independent test of the SM.

The first measurement of the branching fraction of the rare muonic de-
cay mode Λ0

b→ pK−µ+µ− is also performed and its value is found to be
B(Λ0

b→ pK−µ+µ−)|0.1<q2<6 GeV2/c4 =
(
2.65± 0.14± 0.12± 0.29 + 0.38

− 0.23

)
× 10−7, where the

uncertainty is dominated by the limited knowledge of the Λ0
b→ pK−J/ψ normalisation

mode. This result is obtained in the range m(pK−) < 2600 MeV/c2, which includes several
resonant structures, and thus cannot be directly compared to the recent predictions
computed for the exclusive decay Λ0

b→ Λ(1520)`+`− [29].
Finally, the electron mode Λ0

b → pK−e+e− is observed for the first time with a
significance larger than 7σ including systematic uncertainties, and its branching fraction
is determined by combining the results of R−1

pK and B(Λ0
b→ pK−µ+µ−)/B(Λ0

b→ pK−J/ψ),

B(Λ0
b→ pK−e+e−)|0.1<q2<6 GeV2/c4 =

(
3.1± 0.4± 0.2± 0.3 + 0.4

− 0.3

)
× 10−7. This is the first

observation of a rare b-baryon decay with electrons in the final state and it opens the door
to further tests of lepton universality in baryon decays.
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