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Resumen

Los c(charm) and b(bottom) quarks (heavy quarks) tienen masas arriba de la escala
de QCD (cromodinamica cuántica), su production y tratamiento teórico debe ser
calculable a nivel perturbativo. Hay muchas implementaciones comunes usando este
enfoque, las más comunes QCD factorization (QCDF), perturbative QCD (pQCD),
heavy-quark-effective theory (HQET) por decir algunas. Bajo este enfoque de quarks
pesados se soporta la suposición de que la información proveniente del quark se
preserva después de la hadronización.

En este trabajo, un análisis angular del barion Λb en los decaimientos Λb → J/ψ Λ,
que fue realizado para medir la polarización de y tres parámetros angulares, así
com o las amplitudes de helicidad en el decaimiento. El análisis se llevo a cabo
tomando datos de colisiones proton-proton a energías del centro de masa de 7 y
8TeV, colectados por el detector CMS en el LHC. La polarización de medida es de
0.00 ± 0.06(stat) ± 0.06(syst) y el parámetro de asimetría de violation de paridad de
0.14 ± 0.14(stat) ± 0.10(syst). Las medidas son comparadas con varias predicciones
teóricas incluyendo aquellas de QCD y con medidas de los experimentos LHCb y
ATAS del LHC.





Abstract

The c and b quarks have masses significantly above of the ΛQCD QCD scale, and
therefore their production and treatment should be perturbatively calculable. There
are many common implementations taking these ideas, the most common QCD fac-
torization (QCDF), perturbative QCD (pQCD), heavy-quark-effective theory (HQET).
The assumption heavy quarks remain quark information rather hadronization has
support under the heavy quark approach.

In this work, an analysis of the bottom baryon decay is performed to measure the
Λb polarization and three angular parameters in data from pp collisions at

√
s = 7

and 8TeV, collected by the CMS experiment at the LHC. The Λb polarization is
measured to be 0.00 ± 0.06(stat) ± 0.06(syst) and the parity-violating asymmetry
parameter is determined to be 0.14 ± 0.14(stat) ± 0.10(syst). The measurements
are compared to various theoretical predictions, including those from perturbative
quantum chromodynamics.
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Chapter 1

Introduction

The b (bottom) quark belongs to the third generation of quarks with its doublet
partner the t (top) quark. The existence of the third generation of quark doublet
was proposed by Kobayashi and Maskawa [1] in 1973 with their model of the quark
mixing matrix (CKM matrix). There is evidence that the quarks exist as bound states
(except for the t quark), the existence of quarks has been confirmed by hadrons 1, in
particular the three generation was confirmed with the observation of the bb meson
called Υ(bb) [2].

Since the b quark is the lighter element of the third generation quark doublet,
the decays of b-flavored hadrons occur via generation-changing process through the
CKM matrix elements. Because of this, and the fact that the CKM matrix is a 3 × 3
unitary matrix, many interesting features such as loop and box diagrams, flavor
oscillations, as well as charge-parity (CP) asymmetries, can be observed in the weak
decays of b-flavored hadrons.

Recent developments in physics of b hadrons (B-physics) include the significant
improvement in experimental determination of CKM angle, the increased informa-
tion on BS, Bc and Λb decays, the precise measurement of Λb lifetime and decay
angular parameters, the observation of the rare decay BS → µ+µ− with ever increas-
ing precision. Before to continue in the following we shall use nature units (c = 1
and h̄ = 1) unless otherwise stated.

In high energy collisions, the produced b or b quarks can hadronize with dif-
ferent probabilities into the full spectrum of b hadrons, either in ground or excited
states. The world average production fraction of b baryons is fbaryon(b → baryon) =
8.5 ± 1.1% [3] in unbiased sample of weakly decaying b hadrons produced at the

1Hadrons are particles composed by quarks. The particles composed by two or three quarks are
called mesons and baryons, respectively.
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Z resonance, and fbaryon(b → baryon) = 19.7 ± 4.6% [3] in pp collisions, but these
values are a mixture of Λb, Ξ−

b , Ξb, Ω−
b , Σb

2, etc. For many years, the only well es-
tablished b baryon was Λb (quark composition udb) discovered in 1991 at CERN [4],
and the only indirect evidence for Ξb (dsb) production from LEP [5, 6]. This sit-
uation has changed in the few last years with measurements from Tevatron and
LHCb, however measurements of fragmentation fractions fΛb,Ξ−

b ,Ω−
b

are not well
determined and they are presented as a product with the branching fractions, as is
the case of B(Λb → J/ψ Λ) fΛb = 5.8 ± 0.8 × 10−5 [3].

A fundamental law of physics CPT invariance is the product of three operations,
time reversal T, parity P, i.e. the inversion of the coordinates axes, and particle-
antiparticle conjugation C. The CPT invariance implies that the particles and their
antiparticles have the same mass , lifetime and spin and all charges of opposite
values. The Λb particle has a spin 1/2 and positive intrinsic parity JP = 1/2+,
however these values have not been measured.

On the other hand, the Λb mass mΛb has the world-average value of mΛb =

5619.58 ± 0.17MeV and the current world-average lifetime of τΛb = 1.470 ± 0.010 ps
corresponding to the decay length of cτ = 440.7µm [3]. The Λb lifetime has a
history of discrepancies, however with recent results from LHC experiments, the
discrepancy between theory and experiment on the Λb lifetime can be considered
resolved.

Many aspects of b hadronic decays can be understood through the Heavy Quark
Effective Theory (HQET). For hadronic decays one typically uses effective Hamilto-
nian calculations that rely on a perturbative expansion with Wilson coefficients [7].
In addition some form of factorization hypothesis is commonly used, such that
b hadron decays are expressed by the product of two independent currents, one
describing the formation of charm meson and the other one the hadronization of
the remaining cs system from the internal emission of W− boson. Explicitly the
Feynman diagram is shown in Figure 1.1.

The decay Λb → J/ψ Λ is a rich source of information about the effect of strong
interactions in hadronic decays. For this particular decay, perturbative quantum
chromodynamics (pQCD) can be applied and therefore a systematic approach can
be taken to study its characteristics. Several techniques [8–17] are used to study and
calculate the decay amplitudes and the effect of the b quark polarization on this
decay. A measurement b quark polarization could provide crucial information about
the structure of the new physics.

2Baryon states containing a b quark are labeled with a b subscript.
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Fig. 1.1 Feynman diagram of Λb → J/ψ Λ decay

The most interesting parameters that can be measured are the polarization, P,
and the parity-violating decay asymmetry of the Λb, which is called αb in some
papers and is equal to −α1 in the notation used in this analysis. The LHCb and
ATLAS experiments have reported measurements on this decay [18, 19]. The LHCb
Collaboration measured the Λb polarization and the decay amplitudes, while AT-
LAS assumed a Λb polarization of zero and measured the amplitudes. In this
paper, a measurement of the Λb transverse polarization is presented using the decay
Λb → J/ψ Λ, with J/ψ → µ+µ− and Λ → pπ−. Charge-conjugate modes are implied
throughout this work unless otherwise stated.

The data were collected with the CMS detector in pp collisions at center-of-mass
energies of 7 and 8TeV, corresponding to integrated luminosities of 5.2 and 19.8fb−1,
respectively.





Chapter 2

Theoretical and experimental
techniques

In the following sections we review the theoretical framework and tools used in the
analysis. The information were extracted from Refs. [20, 21] and different reviews in
Ref. [3].

2.1 Preliminary concepts and decays

2.1.1 Spin density matrix and polarization

A particle A with spin J can be represented by a mixture of quantum states |psi⟩,
accounting for all possible projections M of the spin which take on values {−J, ..., J}
then

|ψ⟩ =
+J

∑
M=−J

cM |JM⟩ (2.1)

where cM are complex coefficients. The spin density matrix d of the system is then

d = |ψ⟩ ⟨ψ| . (2.2)

its dimension is (2J + 1)× (2J + 1) and has the following properties:

• It is Hermitian d† = d i.e. the matrix elements d∗M′M = dMM′

• Tr(d) = 1.

• The expectation value for an arbitrary physical observable with a correspond-
ing Hermitian operator OP is given by ⟨OP⟩ = Tr(dOP).
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On the other hand, the polarization characterizes the alignment of the particle spin
with a given direction. Consider the set of matrices S⃗ representing the spin operator.
By the definition the polarization vector is given by the expectation value of the spin
matrices,

P⃗ =
〈

S⃗
〉
=

Tr(dS⃗)
Tr(d)

, (2.3)

where the denominator is a normalization factor. The known case for particles with
spin-1/2 where S⃗ are the Pauli matrices σ⃗ and the spin density matrix is defined by

d =
1
2
(I + σ · P). (2.4)

A detailed review of the density matrix, polarization are found in Ref. [22] and a
generalization of Pauli matrices in Ref. [23].

2.1.2 Decays

Subnuclear physics deals with two types of processes: collisions and decays. In
both cases transition amplitude is given by the matrix elements of the interaction
Hamiltonian between final ⟨ f | and initial |i⟩ states

M f i = ⟨ f |Hint |i⟩ .

Consider for example a the two-body decay A → B + C. Depending on what we
measure, the final state can be defined with more or fewer details, for instance
the decay rate ΓB+C, or partial width of A into B C channel 1, other quantity is the
total width Γ which is the sum of all partial decay rates, or the branching ratio
BR = ΓB+C/Γ, etc.

We shall recall a few concepts starting with Fermi ’golden rule’, which gives the
interaction rate W per particle

W = 2π
∣∣M f i

∣∣2ρ(E),

where E is the total energy and ρ(E) is the phase-space volume (or simply the phase-
space) available in the final state. In the non-relativistic formalism the probability
of a particle i in the position r⃗i is |ψ(⃗ri)|2. However to have a Lorentz invariant,

1Given the initial particle A, we can have different particles in the final state. Each of these
processes is called a channel and its decay rate is called the partial decay rate of that channel.
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the probability density is defined as
∣∣∣(2E)

1
2 ψ(⃗ri)

∣∣∣2 (the factor 2 is due to historical
convention).

The number of phase-space per unit volume is d3pk/h3 for each particle k in the
final state. For n particles in the final state the volume of the phase space is therefore

ρn(E) = (2π)4
∫ n

∏
k=1

d3pk
2Ek(h3)

δ(
n

∑
k=1

Ek − E)δ3(
n

∑
k=1

pk − p)

or, in nature units (h̄ = 1 implies h = 2π)

ρn(E) = (2π)4
∫ n

∏
k=1

d3pk
2Ek(2π)3 δ(

n

∑
k=1

Ek − E)δ3(
n

∑
k=1

pk − p),

where p is the total momentum and δ is the Dirac function. In the case of the decay
of a particle A with energy E and momentum p, the probability of transition of A
into final state f of n particles per unit of time is

Γ f i =
1

2E

∫ ∣∣M f i
∣∣2(2π)4

n

∏
k=1

d3pk
2Ek(2π)3 δ(

n

∑
k=1

Ek − E)δ3(
n

∑
k=1

pk − p). (2.5)

With these expressions, we can calculate the measurable quantities once the matrix
elements are known. The Standard Model gives the rules to evaluate all the matrix
elements in terms of set of constants. Even if we do not have the theoretical instru-
ments for such calculations, we shall be able to understand the physical essence of
the predictions of the model and study their experimental verification.

2.2 Standard Model and the CKM matrix

The standard model (SM) provides a simple picture of quarks and leptons and
their non-gravitational interactions, which has been verified by many experiments
during the last four decades. In brief, the picture is as follows. The matter units are
arranged in three families of fermions with spin-1/2. They are two types, leptons and
quarks. Both are structureless at the smallest distances probed by the highest-energy
accelerators. The leptons are generalizations of the electron, the term denoting
particles which, if charged, interact both electromagnetically and weakly; and if
neutral, only weakly. By contrast, the quarks interact via all three interactions
strong, weak and electromagnetically. The weak and electromagnetic interactions
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of both quarks and leptons are described in a unified way by the electroweak (EW)
theory by Glashow, Salam and Weinberg, which is a generalization of quantum
electrodynamics (QED), the theory is described by the symmetry group SU(2)×
U(1). On the other hand, strong interactions of quarks are described by quantum
chromodynamics (QCD), which is also an analogous of QED and described by
the group symmetry SU(3). The similarity with QED lies in the fact that all three
interactions are types of gauge theories. The mediators of those interactions are
bosons, particles of spin-1, whose are photons, two W±, Z0, and six kind of gluons.
The picture is summarized in Fig. 2.1.

Quarks carry color charge, and the gluons mediate the strong interactions be-
tween color charged particles. A consequence of the QCD theory is that quarks are
strongly bound (confined) in color-neutral composite particles, the hadrons.

In the SM the mass of the quarks, flavor violation and CP violation arise from
Yukawa interactions with the Higgs field. The strength of the flavor-changing
through a charged W boson are parametrized by entries of the CKM matrix (VCKM)
in the charge current Jµ

CC associated to W boson field the Lagrangian

LCC = − g√
2

Jµ
CCW†

µ + h.c., (2.6)

where γµ are the Dirac matrices notation and h.c. stands for the Hermitian conjugate
of the previous terms, the Jµ

CC is given as

Jµ
CC =

(
νe νµ ντ

)
γµ

 eL

µL

τL

+
(

uL cL tL

)
γµVCKM

dL

sL

bL

, (2.7)

and the CKM matrix is given by

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

. (2.8)

Mathematically, the CKM matrix is derived from the unitary matrices to transform
the weak eigenstates into the mass eigenstates for left-handed quark fields. Physi-
cally, the element Vij describes the probability of a transition from one quark flavor i
to another quark flavor j. These transitions are proportional to

∣∣Vij
∣∣2.
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Fig. 2.1 The standard model of elementary particles and their interactions [24].

To deal with strong interactions, depending on the case theoretical approaches
and tools have been developed such as perfect symmetries (CP conservation), ap-
proximate symmetries (Isospin, flavor SU(3), chiral and heavy quark symmetries).
lattice QCD (LQCD), perturbation QCD (pQCD) for exclusive processes, QCD sum
rules (QCDSR), etc.
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2.3 Effective field theories

Quantum field theories (QFT) provides a precise computational tools for describing
physics at highest energies. One of their characteristic features is that they almost
inevitably involve multiple length scales. As reviewed in Sec. 2.1 the calculations
demands that all possible virtual states and hence all particles be included. Since
these particles have widely different masses, the final prediction is sensitive to many
scales. This represents a practical point of view because no realistic QFTs can be
solved exactly,and one needs to resort to approximation schemes.

Effective field theories (EFTs) provide a general theoretical framework to deal
with multi-scale problems of realistic QFTs. This framework aims at reducing such
problems to a combination of separate and simpler single-scale problems. EFTs can
play a role both within analytic perturbative computations and in the context of
non-perturbative numerical simulations.

One of the simplest applications of EFTs to particle physics concerns the descrip-
tion of an underlying theory that is only probed at energy scales E < Λ. Any particle
with mass m > Λ cannot be produced as a real state and therefore only leads to
short-distances virtual effects. Thus, one can construct an effective theory in which
the quantum fluctuations of such heavy particles are "integrated out" form generat-
ing functional for Green functions. This results in a simpler theory containing only
those degrees of freedom that are relevant to the energy scales under consideration.

2.3.1 Heavy quarks

A heavy quark is by definition a quark with mass much larger than QCD scale 2(mq ≫
ΛQCD). In the SM u, d, and s are light quarks, whereas c, b, and t are heavy quarks.
These heavy-quarks systems provide prime examples for applications of EFT be-
cause provides a natural separation of scales. Physics at mq scale is a short-distance
nature and can be treated pertubatively, while for heavy-quark is always also some
hadronic physics governed by the confinement scale ΛQCD of the strong interaction.
Being able to separate the short- to long-distance effects associated with these two
scales is crucial for any quantitative description.

2ΛQCD = 220MeV
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2.4 Expectations on the polarization and asymmetry pa-
rameter of Λb

In QCD massless quarks conserves helicity and no single-quark polarization can
occur. Once the mass parameter is non zero. the helicity conservation can be violated
allowing for helicity flip and thus single-flip helicity amplitudes requires imaginary
parts of the amplitudes which are only generated in loop corrections.

The polarizations expected from the QCD processes qq′ → qq′, qg → qg, gg → qq,
qg → qg and qq → q′q′ are calculated and summarized in Ref. [25]. The largest
contributions for the quark polarization come from quark annihilation (∼ 0.10) and
gluon fusion (∼ 0.05). From the calculation in Ref. [25] it follows that the polarization
should depend on the quark mass at a given momentum the heaviest quark acquires
the largest polarization. The maximum occurs at mq/pq ≃ 0.3, where mq and pq

are the quark mass and momentum, respectively, and the b quark polarization is
predicted to be greater an order of magnitude than the s quark. It is not possible to
measure directly the polarization of a quark (except for top), but it can be deduced
from the polarization of the resultant hadrons.

For Λb baryons originating from energetic b quark, heavy-quark effective theory
(HQET) predicts a large fraction of the transverse b quark polarization to be retained
after hadronization [26, 8], while longitudinal polarization should vanish due to
parity conservation in strong interactions. Theoretical predictions of the transverse
polarization in Λb decays are 0.10 [12] and 0.20 [13]. The SM predicts that b quarks
from Z0 have large longitudinal polarization retained by the resultant baryon [26, 9].
The longitudinal Λb polarization have been measured at LEP in e−e+ → Z0 → bb,
the reported polarizations spread in the range (−0.79,+0.01) [10, 27, 28], while the
only measurement of the transverse Λb polarization in pp collisions was reported by
LHCb [18], excluding a polarization of 0.20 at the level of 2.7 standard deviations.

Λb baryons can also be produced as decay products of heavier states by strong
decays of Σ∗±

b → Λbπ±[29–32], where the polarization is partially diluted [12,
33]. These strong decays are experimentally difficult to distinguish from Λb that
hadronize directly from pp collisions, therefore contribute to the measurement
presented in this work.

The parity violating asymmetry parameter of the Λb → J/ψ Λ decay is of particu-
lar interest since provide a test for various quark models such pQCD and factoriza-
tion models. Calculations of this parameter are predicted in many publications. The
expectations vary within a wide range, generally between -0.14 and 0.78. Table 2.1
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shows the expectations values. A measurement of this parameter is of high interest
to point the quark models with realistic predictions.

Table 2.1 Asymmetry parameter predictions in Λb → J/ψ Λ decays.

Method Value Reference

Factorization −0.1 [34]
Factorization −0.18 [35]
Covariant oscillator quark model −0.208 [36]
Perturbative QCD −0.17 to −0.14 [17]
Factorization (HQET) 0.777 [13]
Light front quark model −0.204 [37]
Covariant confined quark model −0.07 [16]

2.5 Helicity formalism

The helicity formalism is well suited to relativistic problems because the helicity
operator is invariant under both rotations and boost. The formalism provides a
method to obtain the angular distributions of a decay particle. It is described in
detail in Refs. [38, 39] and more recently in Ref. [40] in its arXiv version. The method
derives from conservation of the total angular momentum and CP conservation in
strong and electromagnetic decays. A short overview is discussed as follows.

The total angular momentum J⃗ combines the spin S⃗ and the orbital angular
momentum L⃗,

J⃗ = L⃗ + S⃗.

We now that the total angular momentum of a system is a conserved quantity by
Noether’s theorem. For a particle with momentum p⃗ and total angular momentum
J⃗, the helicity operator λ is defined as the projection of the total angular momentum
on the momentum direction:

λ = (⃗L + S⃗) · p⃗
| p⃗| = S⃗ · p⃗

| p⃗| , (2.9)

where the total angular momentum has not component along of the direction of
p̂. As a consequence from Eq. 2.9 one can construct a relativistic basis where its
eigenstates are either of total angular momentum and helicity or linear momentum
and helicity. If the m is the spin quantum number thus the eigenvalues of the helicity
λ are 2m + 1 with values {−m, ...,m}.
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Let us focus in the two-body decay A → B + C, where A has total angular mo-
mentum JA and spin-projection mA along a quantization z−axis. Thus A can be
expressed in the basis of its spin eigenstates |JA,mA⟩. Applying the rotation operator
R(θ, φ,ϕ)3 it is possible to get the spin eigenstates of the particle A in the center of
mass (CM) frame, |JA,m′

A⟩, with the help of Wigner’s D-matrices

|JA,mA⟩ = ∑
m′

A

D JA
mAm′

A
(θ, φ,ϕ)∗

∣∣JA,m′
A
〉

, (2.10)

where

D JA
mAm′

A
(θ, φ,ϕ)∗ = ⟨JA,mA|R(θ, φ,ϕ)

∣∣JA,m′
A
〉∗

= eimAθdJA
mAm′

A
(φ)eim′

Aϕ, (2.11)

and where the small-d Wigner matrix contains known functions of φ that depend
on JA,mA, and m′

A.
If we choose the rest frame of A with |JA,m′

A⟩, the final states B and C particles
have momenta p⃗B = p f and p⃗C = −p f and helicities λ1 and λ2, respectively. The
key idea in the helicity formalism is that rotational invariance of the helicities
allows to define a set of two-particles basis states |j,m′,λ1,λ2⟩, where j total angular
momentum, angular projection m′, and helicities λ1,λ2, i.e., the final states can be
characterized by the direction of a decay axis given by polar and azimuthal angles
(θ, φ,ϕ), and by the helicity states of the decay products.

Since angular momentum conservation requires m′
A = m′

B + m′
C = λ1 − λ2 (be-

cause Eq. 2.9, and B and C go in opposite directions), it can be demonstrated that the
transition amplitude

M f i = TA→B+C
λ1,λ2

D JA
mA,λ1−λ2

(θ, φ,ϕ)∗, (2.12)

where TA→B+C
λ1,λ2

are complex constants describing the helicity couplings J = L +

S in terms of Clebsch-Gordon coefficients and the helicities λ = λ1 − λ2. If the
decay is strong or electromagnetic, it conserves parity which reduces the number of
independent helicity couplings via the relation

TA→B+C
−λ1,−λ2

= PA PB PC(−1)jB +jC−JA TA→B+C
λ1,λ2

, (2.13)

3θ, φ and ϕ are the Euler angles
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where P stands for the intrinsic parity of a particle. In addition the sum over L and
S is constrained by the value of J and takes values |L − S| ≤ J ≤ L + S, next possible
helicities are constrained by |λ1| ≤ jB, |λ2| ≤ jC and |λ1 − λ2| ≤ JA.

2.5.1 Angular distributions

In the collisions pp→ Λb +X, Λb is produced by strong interactions originating from
energetic b quarks. According to theory a large fraction of transverse polarization is
predicted and retained after hadronization, while longitudinal polarization should
vanish due to parity conservation in strong mechanism [8, 9, 13].

In pp collisions, we define the transverse polarization of the Λb as the mean
value of the Λb spin along the unit vector:

n̂ =
p⃗beam × p⃗Λb∣∣ p⃗beam × p⃗Λb

∣∣ , (2.14)

normal to its production plane in the rest frame of Λb, where p⃗beam is in the direction
of the counterclockwise proton beam direction [41], and p⃗Λb is the Λb momentum. In
the rest frame of Λb the quantization axis z is chosen parallel to n̂. The choice of the
orthogonal axis xy is not important since the production process ensures azimuthal
symmetry.

The Λb → J/ψ Λ decay into the µ+µ− pπ− final state is illustrated in Fig. 2.2.
Particles in the Λb → J/ψ Λ decay have well defined spins 1/2, 1/2 and 1 for Λb,
Λ and J/ψ, respectively. If λ1 and λ2 are the helicities for Λ and J/ψ, respectively,
it follows that possible helicities are λ1 = ±1/2 and λ2 = 0,±1. Since the spin
projections mΛb of the Λb along of the z−axis are ±1/2, it must be satisfied ±1/2 =

λ1 − λ2, and then the available matrix elements of TΛb→J/ψ Λ
λ1,λ2

are T−−, T+0, T++, T−0.
The total decay chain Λb → J/ψ(µ+µ−)Λ(pπ−) is more complicated than the

two-body decay A → B + C, however the calculation can be found in Ref. [14] and
the joint angular distribution is given by five observable angles

d5Γ
dcosθΛdΩpdΩµ

(
θΛ,θp,θµ, φp, φµ

)
= W(θΛ,θp,θµ, φp, φµ), (2.15)

where, the angle θΛ is the polar angle of the Λ momentum relative to n̂ in the Λb

rest frame; θp and φp are the polar and azimuthal angles of the proton, respectively,
defined with respect to the axes ẑ1 = p⃗Λ/| p⃗Λ| and ŷ1 = (n̂ × p⃗Λ)/|n̂ × p⃗Λ| in the
rest frame of the Λ; and the angles θµ and φµ are the polar and azimuthal angles,
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respectively, of the positively charged muon, defined with respect to the axes ẑ2 =

p⃗J/ψ/
∣∣ p⃗J/ψ

∣∣ and ŷ2 =
(
n̂ × p⃗J/ψ

)
/
∣∣n̂ × p⃗J/ψ

∣∣ in the J/ψ rest frame. Here, p⃗Λ and p⃗J/ψ

are the momenta of the Λ and J/ψ, respectively, and dΩp = d(cosθp)dφp and dΩµ =

d(cosθµ)dφµ are differential solid angles.
Moreover with a proper parametrization, the angular distribution can be more

conveniently present by the sum of 20 terms [15], where each term factorize as

d5Γ
dcosθΛdΩpdΩµ

(
θΛ,θp,θµ, φp, φµ

)
=

1
(4π)3

20

∑
i=1

ui(Tλ1λ2)vi(P,αΛ)wi(θΛ,θp,θµ, φp, φµ), (2.16)

here wi are trigonometric functions, vi stands for 1, P, αΛ, or PαΛ; P is the Λb

polarization and αΛ is the asymmetry parameter in the decay Λ → pπ−; ui are
bilinear combinations of the helicity amplitudes Tλ1λ2 as proposed in Ref. [15],

α1 = |T++|2 − |T+0|2 + |T−0|2 − |T−−|2,

α2 = |T++|2 + |T+0|2 − |T−0|2 − |T−−|2,

α3 = 2Re(T++T∗
+0)− 2Re(T−−T∗

−0),

α4 = 2Re(T++T∗
−0)− 2Re(T−−T∗

+0),

β1 = 2Im(T+0T∗
−0),

β2 = 2Im(T++T∗
−−),

β3 = 2Im(T++T∗
+0)− 2Im(T−−T∗

−0),

β4 = 2Im(T++T∗
−0)− 2Im(T−−T∗

+0),

γ0 = |T++|2 − 2|T+0|2 − 2|T−0|2 + |T−−|2,

γ1 = 2Re(T+0T∗
−0),

γ2 = 2Re(T++T∗
−−),

γ3 = 2Re(T++T∗
+0) + 2Re(T−−T∗

−0),

γ4 = 2Re(T++T∗
−0) + 2Re(T−−T∗

+0),

δ1 = 2Im(T++T∗
+0) + 2Im(T−−T∗

−0),

δ2 = 2Im(T++T∗
−0) + 2Im(T−−T∗

+0),

(2.17)

where the right hand sides are understood to be normalized by

1 = |T++|2 + |T+0|2 + |T−0|2 + |T−−|2. (2.18)
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Corresponding to the four complex helicity amplitudes minus one relevant overall
phase and the normalization condition only six angular parameters (αk,αk,γk,δk) are
independent observables. The functional forms of ui, vi, and wi are listed in Table 2.2.
Assuming uniform detector acceptance over the azimuthal angles φp and φµ, the

x̂2

ŷ2

ẑ2
n̂

n̂

⇤b

p

p p
µ�

µ+

✓µ

✓p

✓⇤
J/ 

⇡�

⇤

'µ

x̂1

ẑ1

ŷ1

'p

Fig. 2.2 Definition of the angles used to describe the Λb → J/ψ(→ µ+µ−)Λ(→ pπ−).

angular distribution can be simplified through an integration over these two angles:

d3Γ
dcosθΛ dcosθp dcosθµ

(θΛ,θp,θµ)

=
∫ π

−π

∫ π

−π

d5Γ
dcosθΛ dΩp dΩµ

(θΛ,θp,θµ, φp, φµ)dφp dφµ

∼
8

∑
i=1

ui

(∣∣Tλ1λ2

∣∣2)vi(P,αΛ)wi(θΛ,θp,θµ). (2.19)

The eight ui factors are written in terms of only three angular decay parameters α1,
α2, and γ0 proposed in Ref. [15], and the constant 1, which themselves can be written
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in terms of the Tλ1λ2 amplitudes as

1 = |T++|2 + |T+0|2 + |T−0|2 + |T−−|2,

α1 = |T++|2 − |T+0|2 + |T−0|2 − |T−−|2,

α2 = |T++|2 + |T+0|2 − |T−0|2 − |T−−|2,

γ0 = |T++|2 − 2|T+0|2 − 2|T−0|2 + |T−−|2,

(2.20)

where α1 is the asymmetry parameter for the decay Λb → J/ψ Λ, α2 represents
the longitudinal polarization of the Λ, and γ0 is a parameter that depends on the
longitudinal and transverse polarizations of the J/ψ[16]. From the normalization
condition and the definitions above the allowed range for α1 and α2 is [−1,+1] and
for γ0 is [−2,+1]. Moreover, the angular decay parameters are related to the four
helicity amplitudes through the following expressions:

| T+0 |2=
−3(α1 − α2) + 2(1 − γ0)

12
, | T−0 |2=

3(α1 − α2) + 2(1 − γ0)

12
,

(2.21)

| T++ |2=3(α1 + α2) + 2(2 + γ0)

12
, | T−− |2= −3(α1 + α2) + 2(2 + γ0)

12

so that, α1, α2 and γ0 are required to satisfy the four additional constraints imposed
by the positiveness of |Tλ1λ2 | and Eq. 2.21:

0 ≤− 3(α1 − α2) + 2(1 − γ0),

0 ≤ 3(α1 − α2) + 2(1 − γ0),

0 ≤− 3(α1 + α2) + 2(2 + γ0), (2.22)

0 ≤ 3(α1 + α2) + 2(2 + γ0).

The CP invariance of Eq. 2.19 implies that the parameters for Λb and Λb are related
as follows:

P = −P,

α1 = −α1,

α2 = −α2,

γ0 = γ0.

(2.23)

In addition the CP conservation in Λ → pπ− decays implies that αΛ = −αΛ [3]. In
this analysis, the four parameters (P,α1,α2,γ0) are extracted from an analysis of the
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angular distribution given in Eq. (2.19), where αΛ is fixed to its world-average value
of 0.642 ± 0.013 [3].

Table 2.2 Functions used in Eq. 2.16 to describe the angular distribution in the decay
Λb → J/ψ Λ, with J/ψ → µ+µ− and Λ → pπ−.

i ui vi wi

1 1 1 1
2 α2 αΛ cosθp
3 −α1 P cosθΛ
4 − (1 + 2γ0)/3 αΛP cosθΛ cosθp
5 γ0/2 1

(
3cos2 θµ − 1

)
/2

6 (3α1 − α2)/4 αΛ cosθp
(
3cos2 θµ − 1

)
/2

7 (α1 − 3α2)/4 P cosθΛ
(
3cos2 θµ − 1

)
/2

8 (γ0 − 4)/6 αΛP cosθΛ cosθp
(
3cos2 θµ − 1

)
/2

9 −3α3/(2
√

2) P sinθΛ sinθµ cosθµ cos φµ

10 +3δ1/(2
√

2) P sinθΛ sinθµ cosθµ sin φµ

11 +3α4/(2
√

2) αΛ sinθp sinθµ cosθµ cos
(

φp + φµ

)
12 −3δ2/(2

√
2) αΛ sinθp sinθµ cosθµ sin

(
φp + φµ

)
13 −3γ1/2 αΛP sinθΛ sinθp sin2 θµ cos φp
14 +3β1/2 αΛP sinθΛ sinθp sin2 θµ sin φp
15 −3γ2/4 αΛP sinθΛ sinθp sin2 θµ cos

(
φp + 2φµ

)
16 +3β2/4 αΛP sinθΛ sinθp sin2 θµ sin

(
φp + 2φµ

)
17 −3γ3/(2

√
2) αΛP sinθΛ cosθp sinθµ cosθµ cos φµ

18 +3β3/(2
√

2) αΛP sinθΛ cosθp sinθµ cosθµ sin φµ

19 −3γ4/(2
√

2) αΛP sinθΛ cosθp sinθµ cosθµ cos
(

φp + φµ

)
20 +3β4/(2

√
2) αΛP sinθΛ cosθp sinθµ cosθµ sin

(
φp + φµ

)



Chapter 3

The experimental setup

The CERN (Conseil Europèen pour la Recherche Nuclèaire) laboratory sits in the
Franco-Swiss border near Geneva. The laboratory was founded in 1954 with the
mandate of establishing a fundamental physics research organization in Europe. At
that time, physics research was concentrated on understanding the inside of the
atom, hence the word "nuclear". Now, our understanding of matter goes much
deeper than the nucleus and the main area of research at CERN is particle physics,
with a global community of more than 13 000 visiting scientist and engineers of
which Mexico is part. This chapter contains an overview of the accelerator machine
located at CERN, followed by a more detailed description of the CMS (Compact
Muon Solenoid) detector and the relevant subdetectors in the analysis.

3.1 The Large Hadron Collider

The accelerator complex at CERN (Fig. 3.1) is a succession of machines that accelerate
particles to increasingly higher energies, each machine boosts the energy of a beam
of particles and injecting the beam into the next machine in the sequence. The Large
Hadron Collider (LHC) - the last element in this chain - is one of the largest scientific
instruments ever built, with the prime motivation of to collide protons and heavy
ions at TeV energy scales. The LHC is installed inside the former 27 km long LEP
(Large Electron-Positron Collider) tunnel, and located at an average depth of 100 m
below the surface.

The protons source for the LHC is a simple bottle of hydrogen gas, an electric
field is used to strip hydrogen atoms of their electrons and leaving only protons to
enter in the accelerator. The protons are guided into the first accelerator machine,
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Fig. 3.1 The LHC accelerator complex at CERN.

LINAC2, where particles are accelerated to the energy of 50MeV; then the beam is
injected into the Proton Synchrotron Booster (PSB) which pushes the beam up to
1.4GeV; as a next step the Proton Synchrotron (PS) accelerates the beam to 25GeV,
and the 6 bunches injected from the booster are split into four 4 trains of 72 bunches;
the bunches are transfered into the Super Proton Synchrotron (SPS) and further
accelerated up to 450GeV, the injection energy of the LHC (see Fig. 3.1). The protons
are finally transferred to the two beam pipes of the LHC. The beam in one pipe
circulates clockwise while the beam in the other pipe circulates anticlockwise. It
takes 4 minutes and 20 seconds to fill each LHC ring, and 20 minutes for the protons
to reach their maximum energy of 6.5 TeV.

An schematic view of the LHC is shown in Figure. 3.2, the ring is divided in eight
arcs (octant’s) occupy most of the ring whereas interaction points (IP) are located at
the centers of the octants. Two insertion points are located in IP2 and IP8 and the
two largest experiments ATLAS and CMS are diametrically opposite in IP1 and IP5,
respectively.
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Fig. 3.2 Layout and experiments in the LHC. The LHC machine accelerates protons
in two separated beams and opposite directions as shown in the blue and red lines.
The ring is divided in eight sections, with pits at the middle of the octants. The
two large experiments CMS and ATLAS are diametrically opposite in pits 5 and 1,
respectively.
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3.1.1 The RF system

To accelerate and collide particles of the same charge, radio frequency (RF) cavities
generate dipole fields in opposite directions. To ensure the particles always see an
accelerating voltage when they transit the RF cavities, the frequency of the electric
field has to be an integer multiple of the machine revolution frequency. Each period
of the electric field define a RF bucket. The harmonic number of the electric field or
number of buckets is given by:

h =
fRF

frev
, (3.1)

where fRF is the frequency of the RF system and frev is the revolution frequency. The
total number of bunches is limited by h and the desired bunch spacing. The LHC
RF frequency is 400 MHz and a bucket corresponds to 2.5ns. The total number of
available buckets are 35640. For a bunch spacing design of 25 ns, the maximum
number of bunches will be 3564. In the reality, due to the injection and dump kicker
gaps, the maximum number of bunches is only 2808.

A description about the physics in the accelerators can be found in Ref. [42], and
a more detailed description about the electric field and RF cavities can be found in
Ref [43].

3.1.2 Magnets

To guide charged particles on a circular path, a dipole magnetic field orthogonal
to the traveling direction is required. An ingenious design of the magnetic field in
every dipole generates a vector B⃗ (Fig. 3.3a) on each pipe opposite in direction to
that of the other pipe. This makes the forces over both proton beams act in the same
direction towards the center of the ring (Fig. 3.3a). The LHC comprises 1232 dipole
magnets located on the eight arches, each one having a magnetic length of 14.3 m
and deflecting the beam by 2π/1232 = 5.1 mrad. In addition to just curving the
beam, it is also necessary to focus it, this allows width and height to be constrained
so that it stays inside of the pipe. To provide the focusing, a total of 858 quadrupole
magnets are installed around the ring in the arcs. Other magnetic multipoles act
to help in beam focusing and counteracting other interactions that each beam suf-
fers (gravitational interactions over protons, electromagnetic interactions among
bunches, electron clouds from the pipe walls, etc). The arrangement of multipoles
magnets can be shown schematically as a sequence of divergent and convergent
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lenses, focuses and defocuses the beam in the transverse plane with respect to the
nominal beam trajectory. An typical pattern in an arc would be seen in Figure 3.3b.

A description about the design of the magnets in the LHC can be found in Ref [43].

~v

~B

~F

�~v

�~B

(a) The dipolar magnetic field (B) is cre-
ated for superconductive currents which
circulate on each side of the pipe by where
the protons travel with a velocity v in op-
posite directions. The acting force (F) is
pointing out towards the center of the
ring.

(b) An schematic view of the basic multi-
polar magnetic cell, the cell can be seen
as a sequence of divergent and conver-
gent lenses that focuses and defocuses the
beam in different directions.

Fig. 3.3 Magnetic multipoles in LHC.

3.1.3 The LHC machine parameters

The machine parameters relevant for the operation of CMS are listed in Table 3.1.
Taking the nominal beam trajectory as the longitudinal axis, the transverse beam
size can be expressed in terms of two quantities, the transverse emittance ϵ1, and
the betatron function β [42, 43]. Assuming the transverse beam shape as a Gaussian,
the beam size is σ(s) =

√
ϵβ(s), where s is the location along of the nominal beam

trajectory and σ(s) as the width of the Gaussian.
The luminosity is a measure of the number of collisions that occur each second,

it is often given in cm−2 s−1 and defined by:

L =
γ frev kB N2

p

4π ϵn β∗ F, (3.2)

1The emittance ϵ is a measure for the average spread of particle coordinates in position-and-
momentum
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Table 3.1 The machine parameters relevant for the CMS. For HI operation the design
luminosity for Pb-Pb collisions is given.

pp HI
Energy per nucleon E 7 2.76 TeV
Dipole field at 7TeV B 8.33 8.33 T
Design Luminosity L 1034 1027 cm−2 s−1

Bunch separation 25 100 ns
No. of bunches kB 2808 592
No. of particles/bunch Np 1.15×1011 7.0×107

In collisions
β−value at IP β∗ 0.55 0.5 m
RMS beam radius at IP σ∗ 16.7 15.9 µm
Luminosity lifetime τL 15 6 hr
No. of collisions/crossing nc ≈ 20 –

where γ is the Lorentz factor, frev is the revolution frequency, kB is the number
of bunches, Np is the number of protons/bunch, ϵn is the transverse emittance
normalized to Lorentz factor (with a design value of 3.75µm), β∗ is the betatron
function at the IP, and F is the reduction factor due to the crossing angle at the IP.
The design energy of each proton beam is 7TeV, which instantaneous luminosity of
L = 1 × 1034 cm−2 s−1 leads to around 1 billion pp interactions per second.

The main performance parameter of a collider is the integrated luminosity mea-
sured in area units. At a time T the integrated luminosity is given by:

Lint =
∫ T

0
Ldt. (3.3)

During the first full year of physics running for pp collisions and with at 7TeV
center-of-mass energy, the LHC reached a peak of maximum luminosity of L =

4 Hznb−1 (=4×1033 cm−2 s−1)2 and the total integrated luminosity delivered to CMS
was Lint = 6fb−1. In the "low luminosity" phase in 2012, the maximum delivered
luminosity by LHC was ≈ 7.6 Hznb−1 and a total delivered integrated luminosity of
Lint = 23fb−1 (see Fig. 3.4a). To the nominal regime of 13–14TeV at center-of-mass
energy, in the actual period 2015–2022, it is expected a total integrated luminosity
of 40fb−1 per year (see Fig. 3.4a), but 100 − 300fb−1 over next years of operations
(Fig. 3.4b) [44].

2barn= 1 × 10-24 cm2, then nb−1 = 1 × 1033 cm−2 and so on.
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Fig. 3.4 LHC luminosity.
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3.2 Coordinate conventions

The coordinate system adopted by CMS has the origin at the nominal collision
point inside the experiment, the y−axis pointing vertically upward, and the x−axis
pointing radially inward toward to the center of the LHC. Thus z−axis points
along the counterclockwise proton beam. The azimuthal angle ϕ is measured from
the x−axis in the x − y plane. The polar angle θ is measured from the z−axis.
Pseudorapidity is defined as η = −lntan(θ/2). The momentum transverse to the
beam direction, denoted by pT is computed from x and y. A description of the
coordinate conventions can be found in Ref. [41] and a representative figure is
shown in Fig. 3.5.

⌘ = 0
⌘ = 1

⌘ ! 1 ✓

x

y

z

pT

CMS

LHC

�

Fig. 3.5 Coordinate system adopted by CMS.

3.3 CMS overview

The overall concept and the design of the detector can be found in Refs. [41, 45].
The detector is installed about 100 m underground at the LHC IP5 close to the
French village of Cessy, between Lake Geneva and the Jura mountains. CMS is a
multi-purpose apparatus used to study a wide range of phenomena produced in
high-energy collision.
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An important aspect driving the detector design and layout is the reconstruction
lepton signatures which is essential for an excellent muon and electron identification
and momentum resolution; moreover, a precise measurement of secondary vertexes
and impact parameter is necessary for an efficient identification of heavy flavor and
lepton decays.

The short bunch crossing separation and the high event rate at the LHC impose
further challenges to the design. At design luminosity, 20 inelastic interaction per
bunch crossing will occur on average (see Table 3.1). This phenomenon is know as
pile-up. The effect of pile-up can be reduced by using high-granularity detectors
resulting in low occupancy. This requires a large number of detector channels and
an excellent synchronization among them. In addition, a good time resolution is
needed to discriminate the interaction under study from the interactions occurring
in neighboring bunch crossings. Another difficulty arises from the large flux of
particles near the interaction point which leads to high radiation levels and the need
of radiation hard detectors and front-end electronics.

The CMS detector is 22 m long, has a diameter of 15 m and a overall weight 12.5 t,
an schematic view is shown in Figure 3.6. The main features are high-field magnetic
field of 4 T in the superconducting solenoid, a full-silicon based inner tracking
system, a homogeneous scintillating-crystals-based electromagnetic calorimeter, a
large enough return field to saturate 1.5 m of iron, allowing 4 muon "stations" to be
integrated to ensure robustness and full geometric coverage. All these features are
implemented to meet the challenges of the LHC.

3.3.1 Solenoid

At the heart of CMS sits a 13 m long, 6 m inner-diameter, 4 T superconducting
solenoid. A high magnetic field was chosen to provide a large bending power for
high-energy charged particles and achieve a good momentum resolution in the
tracking detectors. The inner bore of the solenoid is large enough to accommodate
the inner tracker and the calorimetry inside. With this dimensions the CMS solenoid
is the largest superconducting magnet ever built and has a capacity to store an
energy of 2.6GJ at full current. The magnetic flux is returned through a 10,000 iron
yoke in which the muon detector are integrated.
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Fig. 3.6 A perspective view of the CMS detector.

3.3.2 Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) is a hermetic and homogeneous
detector with a large pseudorapidity coverage up to |η| < 3. The ECAL is divided
into barrel and endcap detectors. Scintillation crystals made from lead tungsten
(PbWO4) are used to measure the energy of electromagnetically interacting particles,
mainly electrons and photons. The choice of PbWO4 as the scintillation material is
motivated by its fast response time and high radiation resistance. The scintillation
light output and the amplification have a strong temperature dependence. The
response to an incident electron changes by (3.8 ± 0.4)%/◦ C which in turn means
that temperature has to be closely monitored and kept stable to a precision of
±0.05◦ C and is provided by a water cooling system.

3.3.3 Hadronic calorimeter

The energy measurement of the ECAL is complemented by the measurement of
the hadronic calorimeter (HCAL). The HCAL is a sampling calorimeter built from
alternating layers of massive absorbing brass plates and plastic scintillator tiles
arranged in trays. The quality of the energy measurements depends on the fraction
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of the hadronic shower detected in the calorimeter. Consequently, the thickness of
the material in the tray has to be large enough to absorb the major part of the shower.
The HCAL is divided into a barrel part HB and HO 3 at |η| < 1.3, an endcap HE on
each side at 1.3 < |η| < 3, and forward calorimeter HF extending up to |η| < 5.2 to
achieve a most hermetic detector coverage.

3.3.4 Tracking detectors

One of the oldest tricks in particle physics is to put a track-measuring device in a
strong magnetic field so that trajectories of the charged particles are helical tracks,
with a radius proportional to their momenta (see Eq. 4.1). The CMS Tracker [46],
shown in Fig.3.7, consists in two main detectors: a silicon pixel detector, covering
the region 4 to 15cm in radius, and 49cm on either side of the collision point along
the LHC beam axis, and silicon strip detector covering the region 25 to 110cm in
radius, and within 280cm on either side of the collision point along the LHC beam
axis.

Fig. 3.7 r-z slice of the CMS tracker detector.

By considering the charged particle flux at various radii at high luminosity, three
regions can be delineated:

3HO outer detector located between the solenoid and the muon detectors
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• Closest to the interaction vertex where the particle flux is the highest (≈ 107/s
at r ≈ 10cm), pixel detector are placed. The size of a pixel is ≈ 100 × 150µm2,
giving an occupancy4 of about 10−4 per pixel per LHC bunch crossing.

• In the intermediate region (20 < r < 55cm), the particle flux is low enough
to enable use of silicon microstrip detectors with a minimum cell size of
10cm × 80µm with a thickness of 320µm, and a strip pitch which varies from
80 to 120µm. The occupancy in this region is about of ≈ 2− 3%/LHC crossing.

• In the outermost region (r > 55cm) of the inner tracker, the particle flux has
dropped sufficiently to allow use of larger-pitch silicon microstrips varying
from 120 to 180µm and a thicker silicon sensors of 500µm. The maximum cell
size of 25cm × 180µm, whilst keeping the occupancy to ≈ 1%.

Even in heavy-ion running, the occupancy is expected to be at the level of 1% in
the pixel detectors and less than 20% in the outer silicon strip detectors, permitting
track reconstruction in the high density environment.

Strip tracker

The barrel tracker region is divided in two parts: a TIB (Tracker Inner Barrel) in the
intermediate region interaction, and a TOB (Tracker Outer Barrel) in the outermost
region. The TIB is made of 4 layers, the first two of those are made with double-sided
detector modules. The double-sided modules are made of two single-sided detectors
mounted back to back with a strip inclination of 5.7◦ against each other. Thus, these
"stereo" modules deliver two-dimensional hit position, and lead to a single point
resolution of between 23–24µm in the r − ϕ direction and 230µm in z. The TOB
comprises 6 layers, also for the TOB, the first 2 layers provide a stereo module with
the same angle strip inclination, then single-point resolution varies from 35–53µm
in the r − ϕ direction and 530µm in the z.

The endcaps are divided into the TEC (Tracker End Cap) and TID (Tracker Inner
Disks). Each TEC comprises 9 disks that extend into the region 120cm < |z|< 280cm,
and each TID comprises 3 small disks that fill the gap between the TIB and the TEC.
The TEC and TID modules are arranged in rings, centered on the beam line, and
have strips that point towards the beam line, therefore having a variable pitch. The
first 2 rings of the TID and the innermost 2 rings and the fifth ring of the TEC have
stereo modules.

4The occupancy measures the number of particles traversing a detector cell per event.
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Pixel tracker

The pixel detector is located in the closest region to the interaction point, it consists
of 3 barrel layers with 2 endcap disks on each side on them. The 3 barrel layers
are located at mean radii of 4.4cm, 7.3cm and 10.2cm, and have a length of 53cm.
The 2 end disks, extending from 6 to 15cm in radius, are placed on each side at
|z| = 34.5cm and 46.5cm.

To achieve the optimal vertex position resolution, CMS has been adopted a
design with square pixel shape of 100 × 150µm2 in both the (r.ϕ) and z. The barrel
comprises 768 pixel modules arranged into half-ladders of 4 identical modules. The
endcap disks are assembled in a turbine-like geometry with blades rotated by 20◦.

The spatial resolution is measured to be about 10µm for the r − ϕ measurement
and 20µm for the z measurement.

3.3.5 Muon detectors

Centrally produced muons are measured 3 times: in the inner tracker, after the coil,
and in the return flux. Measurement of the momentum of muons using only the
muons system is essentially determinate by the muon bending angle at the exit of
the 4 T coil, taking the interaction point (which will be known to ≈ 20µm) as the
origin of the muon. For low-momentum muons (pT <10GeV), the best momentum
resolution is given by the resolution obtained from the silicon tracker. However, the
muon trajectory beyond the return yoke extrapolates back to the beam-line due to
the compensation of the bend before and after the coil when multiple scattering and
energy loss can be neglected.

Three types of gaseous detectors are used to identify and measure muons [47].
The choice of the detector technologies has been driven by the very large surface to
be covered and the different radiation environments, an schematic view is shown
in Fig. 3.8. In the barrel region (|η| < 1.2), where the neutron induced background
is small, the muon rate is low and the residual magnetic field in the chambers is
low, drift tube (DT) chambers are used. In the 2 endcaps, where the muon rate
is high as well as the neutron induced background rate, and the magnetic field is
also high, cathode strip chambers (CSC) are developed and cover the region up to
|η| < 2.4, which provide a faster response, high granularity and a better resistance
against radiation. In addition to this, resistive plate chambers (RPC) are used in both
the barrel and the endcap regions. These RPCs are operated in avalanche mode to
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ensure good operation at high rates (up to 10cm−2 s−1) and have double gaps which
are 2mm each one.

RPCs provide a fast response with good time resolution but with a wider position
resolution than the DTs or CSCs. RPCs can therefore identify unambiguously the
correct bunch crossing.

The DTs or CSCs and the RPCs operate within the first level trigger system,
providing 2 independent and complementary sources of information. The complete
system results in a robust, precise and flexible trigger device.

Fig. 3.8 r-z layout of one quarter of the CMS muon system for initial low luminosity
running. New RPCs have been installed to cover region of |η| < 2.4.

3.3.6 Trigger

The CMS trigger system [48, 49] is designed to cope with the high luminosity and
interaction rates. It must ensure high data recording efficiency for a wide variety of
physics objects and event topologies, while applying online selective requirements
to reduce the 40 MHz event rate to an output rate of 100 Hz allowing permanent
storage of an event.

The CMS trigger system reduces the event rate in two steps called level-1 (L1) and
high-level-trigger (HLT). The L1 trigger is designed to achieve a maximum output
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rate of 100 kHz and consist of custom-designed, programmable electronics while
the HLT is based on software algorithms running on a large cluster of commercial
processors, the event filter farm.

The L1 trigger system uses only raw data from the muon system and calorimeters,
while the full granularity data stored in the front-end electronics is waiting for the
L1 decision. The L1 decision has to be taken within a latency time of 3.2µs and
is based on the decision of local, regional and global trigger components. It also
depends on the readiness of the other subdetectors and the data acquisition system
(DAQ) which is supervised by the trigger control system. The trigger architecture is
displayed in Fig. 3.9.

a) b)

Fig. 3.9 CMS trigger overview. a) L1 trigger architecture. b) the CMS choice data
flow, the HLT providing all filtering after the L1 decision.

The ECAL and HCAL cells form trigger towers in (η,ϕ). The L1 decision is based
on the presence of "trigger primitives", they are objects such as muons, electrons, pho-
tons above set transverse energy ET

5 or pT thresholds. The primitives are generated
by calculating the ET of a trigger tower and assigning it to the correct bunch cross-
ing. Then a regional calorimeter trigger determines regional electron, photon and
information relevant for muon and tau identification. Finally the global calorime-
ter trigger uses the information from all parts of the calorimeters and provides
information about the total transverse energy in the event.

On the other hand, in the muon system the three types of detectors take part
in the trigger decision. The DTs provide track segments in the ϕ projection and

5The transverse energy is defined by ET =
√

m2 + p2
T for a particle of mass m.
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hit pattern in the η, while the CSCs determine three-dimensional track segments.
The track finders in the DTs and CSCs calculate the pT of a track segment, its
location, and quality. The RPCs deliver an independent measurement derived
from regional hit patterns. Finally the global muon receives up to four candidates
from each subsystem (DT and barrel RPC, CSC and endcap RPC) together with
information regional calorimeter trigger. The aim is to improve the efficiency and
reduce the rate by making use the redundancy of subsystems. Finally the global
muon trigger selects a maximum of four muon trigger candidates and determines
their momentum, charge, position and quality.

The trigger objects extracted by the global muon and calorimeter trigger are sent
to a further global trigger where the decision to accept or reject an event is taken.
The decision is the results of algorithms which apply momentum thresholds or to a
single object or require object multiplicities to exceed predefined values.

When a event is accepted by the L1 trigger, the full detector information (1 MB/event)
is read out by the DAQ system at a rate up to 100 kHz, and passed to the event
filter farm as input for the HLT. The HLT algorithms are implemented in the same
software as used in the offline reconstruction and analysis. The framework uses a
modular architecture, those are executed in subsequent steps from the reconstruction
to the selection. The HLT trigger is applied as a menu of trigger paths, each path
addressing a specific physics object selection. The execution of a path is interrupted
if the processed event does not fulfill the conditions imposed by a given module, a
description about the HLT selection is given in Ref. [50].

The HLT paths are grouped according to the different physics analysis groups
(PAGs). The accepted events are streamed into the corresponding primary data sets,
for instance MuOnia is the primary data set for b-physics (BPH) PAG which is the
responsible for the development, maintenance and validation.

3.4 CMS software overview

The overall collection of software, referred to as CMSSW [45], is built around a Frame-
work, Event Data Model (EDM), and Services needed by simulation, calibration and
alignment of the detector; reconstruction modules that process event and analysis
data; and the support of a distributed computing infrastructure. The main goal
of the Framework and EDM is to facilitate the development and deployment of
reconstruction and analysis software.
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The CMSSW event processing model consists of one executable, called cmsRun,
and many plug-in modules which are managed by the Framework. All the code
needed in the event processing (calibration, reconstruction algorithms, etc.) is
contained in the modules (C++ classes). The same executable is used for both
detector and Monte Carlo simulations.

The CMSSW executable (cmsRun) is configured at run time by a configuration file.
The file tells cmsRun:

• which data to use,

• which module to execute,

• which parameter settings to use for each module,

• what is the order or the executions of modules, called path,

• how the events are filtered within each path, and

• the output files.

The CMS EDM is centered around the concept of an Event. An Event is a C++
object container for all raw and reconstructed data related to a particular collision.
During processing, data are passed from one module to the next via the Event, and
are accessed only through the Event.

The event reconstruction, selection and simulations (discussed in Chapter 4 and
Appendix A) was developed using the CMSSW−4−2−8 and CMSSW−5−3−X releases.
Since the work architecture on lxplus was changed and the CMSSW−4−X series was
deprecated, our final results are obtained with the CMSSW−5−3−X version.





Chapter 4

Event reconstruction and selection

The goal of this chapter is to show how the decays Λb → J/ψ Λ into the µ+µ−

pπ− final states are reconstructed and give a measure of the number of Λb events.
Charged-conjugate modes are implied throughout this chapter unless otherwise
stated. We shall see a brief review of the track and vertex reconstruction, the used
data sets selected by a trigger and its definition. The offline selection is described
first to the J/ψ → µ+µ− candidates and then for the Λ → pπ− candidates. Finally
we shall see the reconstruction of Λb particles as well as the measurements of the
numbers of Λb signal and background events.

4.1 Track reconstruction

The Lorentz force causes the charged particles to follow circular or helical trajectories
in a magnetic field. The bending radius of particle paths (tracks) is related to the mag-
netic field strength and the momentum component of the particular perpendicular
to the magnetic field by the relation [51]:

pT[GeV] = 0.03 B[T ]ρ[ cm ], (4.1)

where B is the magnitude of the magnetic field and ρ is the bending radius. This
allows us to measure a dynamic property (momentum) from a geometric property
(radius of curvature). The track reconstruction [52, 45] refers to the process of both
searching and linking hits1 to form a track and obtain estimates of the momentum
and position parameters of the associated charged particles. A basic element to

1Charged particles produce signals in several detector modules to form clusters called "hits".
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start the CMS tracking is the definition of beam spot (BS)2 and the corresponding
uncertainties, which are around σx, σy = 15 − 20µm and σz = 5cm. Then a track can
be expressed by five parameters (but the parametrization is not unique) which are:

• the pT of the tracks in terms the radius of curvature;

• the ϕ angle of the trajectory at a given point on the track;

• the angle of the trajectory at a given point on the track with respect to the beam
line, which is usually expressed in terms of the pseudorapidity η;

• the transverse distance of closest approach (DCA) with respect to BS, referred
as "impact parameter" dxy;

• the DCA with respect to BS along of the beam line, usually called dz.

The track reconstruction is an iterative process, repeating several times a com-
binatorial track finder (CTF) which is an adaptation of the combinatorial Kalman
filter [53, 54]. The basic idea in each iteration is search tracks from the easiest to the
most difficult to find and reduce the combinatorial, by applying different require-
ments on the track parameters, using the normalized χ2 of the track and the number
of hits. Tracks that pass the tightest selection are labeled high-purity. The iterations 0
and 1 are designed to recover prompt tracks (originating near to the IP) with high–pT

and searching for three or two pixel hits, respectively. The iteration 2 is configured
to find low–pT prompt tracks. Iterations 3–5 are intended to find high and low–pT

tracks that originate outside of the BS referred as displaced vertex tracks. After
each iteration, the fully reconstructed tracks are added to the collection from the
previous iterations and hits associated with tracks are removed. An improvement in
the efficiency of the track reconstruction for the next data taking and beyond is on
the number of iterations, being more than eight iterations.

The reconstruction starts with the hit reconstruction, which consist of clustering
of pixels or strips and estimating a position and its uncertainty. Then the CTF is
used in each iteration and performed in four main parts, the seed generation, track
finding, track-fitting, and the track selection. The Figure 4.1 shows an sketch of CTF.

2The beam spot is the beam position averaged over multiple bunch crossing.
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Fig. 4.1 Sketch of the combinatorial track finder. After hit reconstruction the CTF
is used in each iteration as follows: a) the seed generation provides initial track
candidates, b) the track finding extrapolates the seed trajectories searching for
additional hits, c) the track-fitting is used to provide the best possible trajectory, and
d) the track selection discards tracks that fail specified criteria [55] .

Seed generation

The seed generation provides initial track pattern recognition using pairs or triplets
of hits and information of the position of the beam spot or primary vertexes (PV). A
seed defines the initial estimate of the trajectory and their uncertainties.

The seed generation algorithm is controlled by two sets of parameters: seeding
layers, and tracking regions. The seeding layers are pairs or triplets of detector layers
in which hits are searched for. In the main iterations triplets of pixel layers are used,
and the following iterations use combination of pixel and strip layers. On the other
hand, the tracking regions specify the limits on the acceptable track parameters. It
is well known that a circular or helical trajectory can be constructed with at least
three points. If we get a pair of hits plus the BS position or three hits from different
layers, we can construct a trajectory and then we can compute their associated track
parameters. A hit pair is accepted as a seed if their corresponding track parameters
are consistent with the requirements of tracking region. If the seeding layers decision
corresponds to triplets, then, after a hit pair is accepted a search for a third hit is
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performed in the next layer. If the track parameters derived three hits are compatible
with the tracking region the seed is accepted [52].

Track finding

The track finding is a pattern recognition algorithm that determines which layers
are compatible with the seed trajectory. Then the algorithm builds track candidates
by adding hits from successive layers, updating the parameters at each layer. The in-
formation needed at each layer includes the location and uncertainty of the detected
hits, as well as the amount of material crossed, which is used to estimate the effects
of multiple Coulomb scattering and energy loss.

The track is implemented in four steps. The first step evaluates which adjacent
layers of the detector can be intersected through an extrapolation of the trajectory. At
this step the effects of multiple scattering are not included and it assumes a uniform
magnetic field. With this assumptions, the track trajectory is a perfect helix and the
trajectory can be extrapolated using fast analytical calculations. The second step,
involves a search for compatible modules in the layers returned by the first step.
The third step forms groups of hits found in the compatible modules. If several
compatible hits are found, a new trajectory candidate is built. Even if no hit is found,
a virtual hit is created, to take into account the possibility that the charged particle
did not leave a hit in the layer. The trajectory candidates are then updated with the
information from the additional hit and its uncertainties. In the fourth step when
the trajectory is updated, the algorithms create ambiguities in cases where several
trajectory candidates are built from the same seed, or in cases where the track may
be reconstructed from different seeds. To avoid a double counting of tracks, the
fraction of shared hits between two trajectory candidates, if the fraction exceeds 19%
a trajectory cleaner algorithm removes the track with the fewest number of hits, if
not the track with the largest χ2 is discarded [52].

Track fitting

The track fitting algorithm starts from the tracks that pass the ambiguity resolution
requirements and estimates the final tracks parameters. The trajectory candidates
are refitted with a Kalman filter approach, from the innermost to the outermost
layers. In a second step the obtained trajectory is smoothed by employing a second
Kalman filter, initialized by the information in the first filter in the outermost layer,
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and run backwards towards the innermost pixel layers. This procedure provides
optimal estimates of the track parameters [52]..

Track selection

Finally, the track selection candidates is carried out to avoid the usage of fake
tracks or tracks which are poorly reconstructed with large uncertainties on the
tracks parameters. The selection is done by using different selection criteria a
minimum number of layers in which track has a hit; the number of hits on the track;
requirements on the pT, η, impact parameters, and on the reduced χ2 of the track
fit [52]..

4.2 Muon reconstruction

A muon is identified as a track in the silicon tracker consistent with either a track or
several hits in the muon system, associated with an energy deficit in the calorimeters.
Based on this, there are two different muons reconstruction algorithms, the so-called
"global muons" and "tracker muons" which are detailed in Ref [47].

Global muons. The tracks detected in the muon system3 are matched to a track
in the inner tracker if the parameters of the two tracks propagated are compatible.
The global muon track is built by refitting the combined tracks using a Kalman filter.

Tracker muons. Each track with pT larger than 0.5GeV and a total momentum
in excess of 2.5GeV is extrapolated to the muon system. If at least muon segment
(DT or CSC subdetectors) of the muon system matches the extrapolated track, the
tracker track qualifies as a tracker muon.

Global muon reconstruction is designed to have high efficiency for muons pen-
etrating through more one muon detector plane. It typically requires segments to
be associated in a least two muon detector planes. For momenta below 10, this
requirement fails because of the larger multiple scattering in the steel yoke. For these
muons, the tracker muon reconstruction is more efficient, as it requires one segment
in the muon system. Combination of two algorithms improves the momentum
resolution as it can be seen in Fig. 4.2.

3Also called stand alone muons
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Fig. 4.2 The muon momentum resolution vs p using the muon system only, the
tracker only, or both. In the barrel |η| < 0.2 (left plot); and endcap, 1.8 < |η| < 2.0
(right plot) [45].

4.3 Primary vertex reconstruction

The reconstruction of the primary vertex (PV) in the event starts from the track
collection. The tracks are clustered based on longitudinal impact parameter (dz).
The clusters are fit with an adaptive vertex fit [56], where tracks in the vertex are
assigned a weight 0 and 1 based on their proximity to the common vertex.

The primary vertex resolution depends on the number of tracks used in fitting
and their pT, and improved with higher-pT tracks and the number of tracks. The val-
ues of the PV resolution vary from 10 µm up to 100 µm for the transverse coordinates,
and from 15µm up to 150µm [52].

4.3.1 Secondary vertex reconstruction

A good estimation of the secondary (SV) parameters is important for the b-hadron de-
cays. The SV reconstruction is constructed with a kinematic vertex fitting approach,
using all tracks and vertexes of the current decay and applying physics constraints.
The final vertex position is calculated from a simultaneous χ2 minimization of the
transverse impact parameter with respect the final vertex position.
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4.4 Event selection

This work use data collected by CMS detector during the LHC Run I (2011 and 2012),
when head-on collisions of protons took place at a center-of-mass energy of

√
s = 7

(2011) and 8TeV (2012), corresponding to an integrated luminosity of 5.28fb−1 (2011)
and 19.7fb−1 (2012). The data sets and their integrated luminosities are listed in
Table 4.1.

The data sets were collected with a L1 and HLT trigger designed for events
containing a pair of muons that form a vertex. In Figure 4.3 it is shown an overview
of the dimuon mass collected with various dimuon triggers in the first data taking
in 2011.
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Fig. 4.3 Dimuon mass distribution collected with various dimuon triggers, during
the first 1.1fb−1 of data taking in 2011. The colored paths correspond to dimuon
triggers with low pT thresholds collected in a narrow mass window, while the light
gray continuous distribution represents events collected with a dimuon trigger
with high pT thresholds. The dark gray band was a "quarkonium" dimuon trigger
collected during the first 220pb−1 only [57].

Since the Λb baryons travel a significant distance [3] with respect to the BS
before decaying into J/ψΛ, this analysis relies on HLT triggers that require a pair
muons coming from a J/ψ with the decay vertex displaced relative to the BS, and
commonly referred as "Displaced". The displacement requirement does not affect
the angular distributions of the decay products. The dimuon trigger configuration
were changed during the data taking at different center-of-mass energies, with
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Table 4.1 Data sample used in this analysis.

Dataset Integrated luminosity fb−1

2011 2012

/MuOnia/Run2011A-May10ReReco-v1/AOD 0.233 −
/MuOnia/Run2011A-PromptReco-v4/AOD 0.984 −
/MuOnia/Run2011A-05Aug2011-v1/AOD 0.476 −
/MuOnia/Run2011A-PromptReco-v6/AOD 0.722 −
/MuOnia/Run2011B-PromptReco-v1/AOD 2.863 −
/MuOnia/Run2012A-22Jan2013-v1/AOD − 0.876
/MuOnia/Run2012B-22Jan2013-v1/AOD − 4.412
/MuOnia/Run2012C-22Jan2013-v1/AOD − 7.054
/MuOnia/Run2012D-22Jan2013-v1/AOD − 7.363

Total integrated luminosity 5.278 19.705

increasingly stringent requirements to maintain an acceptable trigger rate as the in-
stantaneous luminosity increased. The requirements of the different trigger versions
are as follows:

• Each muon must be in |η(µ)| < 2.2 and have pµ
T > 3.5 or 4GeV in the different

versions.

• The DCA of each muon to the common vertex in the transverse plane must be
less than 0.5cm.

• The muon pair must satisfy pµµ
T > 6.5 or 6.9GeV in the different versions.

• The χ2 probability of the fit of the two muons to a common vertex must exceed
0.05, 0.10, or 0.15 from the earliest to the latest version.

• The distance from the PV and the dimuon vertex in the transverse plane
(Lxy(J/ψ)) must have a value that is at least a factor of three larger than its
uncertainty (standard deviation or SD).

• The "pointing" angle (β) between the reconstructed momentum vector pµµ of
the dimuon system and the vector pointing from the BS position to the dimuon
vertex must have a value of cos β > 0.9.

• The J/ψ candidates are selected in the invariant mass window 2.5–4.0GeV and
2.9–3.3GeV depending on the different versions.
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Table 4.2 lists the triggers which are fired by events that pass the selection
requirements in 2011 and 2012.

Table 4.2 Triggers fired by events in 2011 and 2012.

Trigger path 2011 2012

HLT−DoubleMu4− Jpsi−Displaced−v1 X
HLT−DoubleMu3p5− Jpsi−Displaced−v2 X
HLT−Dimuon7− Jpsi−Displaced−v1 X
HLT−DoubleMu4− Jpsi−Displaced−v4 X
HLT−Dimuon7−LowMass−Displaced−v4 X
HLT−Dimuon6p5−LowMass−Displaced−v1 X
HLT−DoubleMu4− Jpsi−Displaced−v5 X
HLT−Dimuon7−LowMass−Displaced−v3 X
HLT−DoubleMu3p5−LowMass−Displaced−v6 X
HLT−DoubleMu4− Jpsi−Displaced−v9 X
HLT−DoubleMu4− Jpsi−Displaced−v10 X
HLT−DoubleMu4− Jpsi−Displaced−v11 X

4.5 Offline selection

4.5.1 J/ψ selection

The offline selection requires pairs of oppositely charged muons originating from
a common vertex (displaced) to form the J/ψ candidates. The standard muon
reconstruction procedure is used to identify muons as mentioned in Sec. 4.2. The
displaced vertex is reconstructed as described in Sec. 4.3.1.

Since the trigger changed slightly over the different data-taking periods, the
offline selection is required to be more restrictive than the most-stringent trigger,
and are summarized as follows:

• Each muon must have pµ
T > 4GeV and the dimuon transverse momentum

must satisfy pµµ
T > 8GeV.

• The χ2 probability must exceed 0.15.

• The dimuon invariant mass must lie within ±150MeV of the world-average
J/ψ mass [3].
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• The additional requirements are applied as the trigger selection except for
the condition on the colinearity cos β > 0.99, even though this cut reduces the
signal events (S) it also reduces background (B), and the resulting significance
S/

√
S + B increases.

The J/ψ mass distribution is shown in Figure 4.4 after to apply the offline selection
cuts to 7 and

√
s = 8TeV data. The signal is modeled with the sum of three Gaussian

functions with a common mean and the background with a first-order polynomial.
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Fig. 4.4 The reconstructed mass distribution of J/ψ → µ+µ− candidates in data at
center-of-mass of 7 (left) and

√
s = 8TeV (right). The solid blue line represents the

simultaneous fit to 7 and
√

s = 8TeV data, and the dotted and dashed line represent
the signal and background components, respectively.

4.5.2 Λ selection

The Λ particles are long-lived (cτ > 1cm) neutral particles reconstructed by their
decay to two charged particles4 Λ → pπ−. The Λ decays are constructed by finding
oppositely charged tracks and requiring a successful vertex fit. The kinematics
of Λ → pπ− decay requires pp > pπ for all particles, which allows to identify the
highest and lowest momentum track as a proton and pion, respectively. To make
sure that assumption is true we look at the MC simulation (see appendix A). A
scatter plot of the p(p) and π−(π+) momenta from simulated tracks is shown in
Figure 4.5, also a solid line described by the equation y = x is shown. It can be seen

4Conjugate states are implied in this document
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that there are not events on the line or below, i.e. the proton momentum is always
greater than pion momentum (see also Figure 4.6).
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Fig. 4.5 Distribution of the p and π momentum from MC simulation. The solid line
represents the equation y = x. It can be seen there are not events on the line or below,
such that the momentum of p is always greater than the π momentum.

The selection of the Λ candidates is detailed in Ref. [58] and has been adopted
as the standard selection criteria for long-lived particles in CMS. The selection
requirements for Λ are as follows:

• High-purity tracks are used. A pair of oppositely charged tracks fit to a
common vertex with χ2 < 7 per degree of freedom (dof), and the probability is
required to be greater than 2%.

• The dxy of the tracks with respect to the BS is required to be greater than 3 SD,
where SD represents the square root of the beam spot and vertex uncertainties
added in quadrature.

• The tracks with the higher and lower momentum are assigned to the world-
average proton and pion masses [3].

• The transverse distance of the vertex to the BS, Lxy(Λ) is required to be greater
than 15 SD, where SD represents the square root of the beam spot and vertex
uncertainties added in quadrature.
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Energy loss (dE/dx) [59] studies in the silicon tracker [60] show that a large
concentration of pions are observed from 0.3GeV and protons from 1GeV (see
Fig. 4.6). It can also be seen the highest momentum tracks are generally found near
to the proton curve (solid red) while the lowest momentum track are inconsistent
with the proton curve. The few exceptions are consistent with background. In
addition to this, other requirements in the selection are pp > 1GeV, pπ > 0.3GeV
and ppπ > 1.3GeV.

Fig. 4.6 Estimated energy loss as a function of the momentum for the highest (left)
and the lowest (right) track from Λ decays. The solid curve represents the proton
curve taken from calibration runs [60].

Contamination from K0
S → π+π− decays arises when pions are misidentified

with protons (Fig. 4.7). The events are removed if their invariant mass falls within
±20MeV of the K0

S mass when the proton candidate is given the charged pion mass.
Finally the reconstructed invariant mass in Λ → pπ− decays is shown in Fig. 4.5.2.

The Λ candidates are selected within the mass range mPDG ± 9MeV, where mPDG is
the world-average Λ mass [3].

4.5.3 Λb reconstruction

The Λb candidates are fitted to a common vertex by combining the J/ψ and Λ
candidates, with the respective mass constraints to the world-average values of
the J/ψ and Λ masses [3]. The selection of Λb candidates is optimized to reduce
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Fig. 4.7 Contamination from K0
S → π−π+ candidates when a pion is misidentified as

a proton. Events are removed if their invariant mass falls within ±20MeV (dashed
lines).
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Fig. 4.8 Invariant mass distribution of the Λ candidates after to apply the selection
criteria to data at center-of-mass of 7 (left) and

√
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√
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line show the signal and background components, respectively.
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Fig. 4.9 Final requirements on Λb candidates are pJ/ψΛ
T > 10GeV and the vertex

probability of the J/ψ Λ have to be greater than 3%. These cuts are to be applied in
the selection of 2011 and 2012 data. The 2012 data is taken as an example.

background ( Fig. 4.9 ) with the additional requirements: pJ/ψΛ
T > 10GeV, a χ2

probability of the fit to the J/ψΛ vertex > 3%. The final reconstructed Λb and
Λb particles are shown in Figure 4.10 for data at center-of-mass energy of 7 and√

s = 8TeV. The correctly reconstructed candidates are expected to peak at world-
average of mJ/ψΛ [3] within 5.40 < mJ/ψΛ < 5.84GeV window mass region.

The dominant Gaussian-like signal peaks are modeled by the sum of two Gaus-
sian functions with different SDs, σ1 and σ2, but common mean µJ/ψΛ:

G(mJ/ψΛ;µJ/ψΛ,σ1,σ2, f ) = f G1(mJ/ψΛ;µJ/ψΛ,σ1) + (1− f )G2(mJ/ψΛ;µJ/ψΛ,σ2), (4.2)

where f is the fraction of the Gaussian functions. The background is modeled by
a first-order polynomial Q(mJ/ψΛ; a) = 1 + a mJ/ψΛ. To extract the number of signal
(Nsig) and background (Nbkg) events and to define the signal and sidebands (SBs)
regions, an unbinned extended maximum likelihood (ML) fit [61] to the invariant
mass (mJ/ψΛ) distributions is performed, and using simultaneously the four data sets
of the Λb and Λb candidates at

√
s = 7 and 8TeV. In this simultaneous fit the only

common parameter is µJ/ψΛ, while distinct resolutions (widths and fractions) are
different for each data sample. The yields of the fit are presented in Table 4.3. From
the fit, the observed Λb yields are 981 ± 39 and 2072 ± 55 signal events, and the Λb

yields are 916 ± 40 and 1974 ± 53 signal events at
√

s = 7 and 8TeV, respectively.
The definitions of the signal and SB regions are useful in the next chapter to extract
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the efficiency and angular background and to perform the fit. To define both regions
a common SD is used and defined by

SD =
√

f σ1 + (1 − f )σ2 = 16MeV, (4.3)

then the signal region is defined as µJ/ψΛ ± 3.5SD. The lower SB region is defined as
[5.46,5.54]GeV and the upper SB region as [5.70,5.78]GeV, which are equivalent to
[µJ/ψΛ − 10SD,µJ/ψΛ − 5SD] and [µJ/ψΛ + 5SD,µJ/ψΛ + 10SD], respectively. A sketch
of the regions are shown in Figure 4.11.
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Fig. 4.10 Reconstructed invariant mass for (a) Λb, (b) Λb at center-of-mass energy
of

√
s = 7TeV, and (c) Λb and (d) Λb at

√
s = 8TeV. The solid line indicate the

performed fit to the data, where a sum of two Gaussian functions is used to describe
the signal (dashed line) and a first-order polynomial to describe the background
(dotted line).
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Table 4.3 Results of the simultaneous ML fits to mJ/ψΛ distributions. Uncertainties
are statistical only.

Description Parameter Observed values√
s = 7TeV

√
s = 8TeV

Λb Λb Λb Λb

Numb. of bkg candidate Nbkg 945 ± 40 762 ± 38 1832 ± 54 1542 ± 52
Numb. of sig. candidates Nsig 981 ± 39 916 ± 40 2072 ± 55 1974 ± 55
Mean of Gaussian µ[GeV] 5.6193 ± 0.0002
Width of Gaussian σ1[GeV] 0.021 ± 0.003 0.024 ± 0.001 0.020 ± 0.001 0.020 ± 0.002
Width of Gaussian σ2[GeV] 0.006 ± 0.001 0.009 ± 0.007 0.007 ± 0.001 0.007 ± 0.001
Double Gaussian fraction f 0.578 ± 0.076 0.610 ± 0.105 0.625 ± 0.070 0.650 ± 0.073
Bkg. coeff. a −0.134 ± 0.056 −0.165 ± 0.063 −0.074 ± 0.040 −0.096 ± 0.044
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Fig. 4.11 Signal and sidebands (SB) regions of the (a) mJ/ψΛ at
√

s = 7TeV and (b)
mJ/ψΛ at

√
s = 8TeV.



Chapter 5

Measurements of the polarization and
angular parameters

The Λb and Λb decays reconstructed and selected as described in the Chapter 4 are
used in an angular analysis to measure the Λb polarization, P, and the angular decay
parameters α1, α2 and γ0. The measurements are extracted from an 3-dimensional
simultaneous fit to the angular variables (observables) cosθΛ, cosθp, and cosθµ in
the four data sets Λb, Λb at

√
s = 7 and

√
s = 8TeV.

In this chapter the correlation factors and the angular resolution of the variables
are discussed, followed by the analysis strategy to be applied and its validation. The
final results from the fit are presented as well as the relevant systematic uncertainties.

5.1 Correlation factors

As shown in the Sec. 2.5.1, the full angular distribution of the Λb → J/ψ(→ µ+µ−)Λ(→
pπ−) decays is described by three polar angles (θΛ,θp,θµ) and two azimuthal angles
(φp,φµ). However under the assumption the detector acceptance over azimuthal
angles is uniform the distribution can be simplified in the 3-dimensional angular
distribution. This analysis make use of the 3D angular distribution and does not take
into account possible correlations involving the azimuthal angles. Such correlations
could arise due to the geometrical acceptance and efficiency of the detector and
might require explicit correlations coefficients in the measurements.

The level of correlations between two variables X and Y is estimated by the
correlation factor ρXY defined as
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ρXY =
Cov(X;Y)

σX σY
, (5.1)

where Cov(X,Y) is the covariance of X and Y, and their SDs σX and σY respectively.
The correlation factors between the five angles are listed in Table 5.1 for 2012 data.
There is no correlation more than 1.5% involving the azimuthal angles and at least
of 6% between polar angles. Due to this observations correlation factors are not
introduced in the measurements. However the assumption of the uniformity of the
azimuthal angles is taken into account in the systematic uncertainty.

Table 5.1 Correlation factors of the observable angles in 2012 data.

Correlation Λb % Λb %

cosθΛ; cosθp 2.37 -1.21
cosθΛ; cosθµ -3.72 -6.26
cosθp; cosθµ 0.09 0.95
φp;φµ 0.24 1.75
φp; cosθΛ 0.32 0.98
φp; cosθp 0.48 0.55
φp; cosθµ -1.22 0.41
φµ; cosθΛ 0.36 0.38
φµ; cosθp 0.84 1.21
φµ; cosθµ -1.29 -0.45

5.2 Angular resolution

The angular resolution of the three angular variables is relevant in the analysis
because if the resolution is worse or better than the average along of the distribution
of each variable, the overall angular shape might change in a non negligible way.

The resolution is calculated from simulated events (see appendix A) by taking
the so-called residuals, which are the differences between the values of the angular
variables at generation level (before of detector simulation), and the resulting after
to apply the full simulation. Then residuals are fitted using Gaussian functions.
The means of the Gaussian functions near to 0 indicate no bias, and σ (or SD) is
considered as the resolution. The differences of the variables are taken in the range
[−1,1] divided into 10 intervals of the same length, the yields of the fits are shown in
Table 5.2. It can be seen the mean of the distributions are practically 0 indicates there
is no bias in the reconstruction. On the other hand, the resolution is almost constant
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along of the distributions, however differences are considered in the systematic
uncertainties.

Table 5.2 Angular resolutions of the angular variables in different ranges. The values
are obtained by a fit to the data in the range [−1,1] divided into 10 ranges, and using
Gaussian functions.

Range mean ±σ

cosθΛ cosθp cosθµ

[−1.0,−0.8] −3e − 5 ± 0.003 −9e − 4 ± 0.029 −1e − 4 ± 0.004
[−0.8,−0.6] −1e − 4 ± 0.005 −1e − 4 ± 0.037 −3e − 4 ± 0.006
[−0.6,−0.4] −4e − 5 ± 0.005 8e − 5 ± 0.040 −3e − 4 ± 0.008
[−0.4,−0.2] −1e − 4 ± 0.005 −5e − 4 ± 0.037 1e − 4 ± 0.009
[−0.2, 0.0] −1e − 5 ± 0.004 −3e − 4 ± 0.037 −1e − 4 ± 0.010
[0.0, 0.2] 1e − 4 ± 0.004 −7e − 5 ± 0.035 7e − 6 ± 0.009
[0.2, 0.4] 7e − 5 ± 0.004 4e − 5 ± 0.033 8e − 5 ± 0.009
[0.4, 0.6] 1e − 4 ± 0.005 −6e − 4 ± 0.030 2e − 4 ± 0.008
[0.6, 0.8] 1e − 4 ± 0.005 6e − 4 ± 0.028 −7e − 5 ± 0.006
[0.8, 1.0] 8e − 5 ± 0.003 2e − 5 ± 0.021 8e − 5 ± 0.004

5.3 Strategy of the measurement

The results are obtained from an unbinned and extended ML fit [61] to the J/ψΛ in-
variant mass distribution and the three angular variables Θ = (cosθΛ, cosθp, cosθµ),
using the full extended likelihood function:

L = exp(−Nsig − Nbkg)
N

∏[Nsig PDFsig + Nbkg PDFbkg], (5.2)

where N is the total number of events, Nsig and Nbkg are the yields of signal and
background events, respectively, and PDFsig and PDFbkg represent the probability
density functions (PDFs) for the signal and background, respectively.

This method takes into account the shape of the distributions and the number
of signal and background events. The signal PDF is given by the product of a
function of the invariant mass variable, the angular distribution of the decay, and
the efficiency shape given by:

PDFsig = Fsig (Θ)ϵ (Θ)G(mJ/ψΛ), (5.3)
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where Fsig(Θ) represents the angular distribution at particle level given by Eq. 2.19,
while G(mJ/ψΛ) stands for the sum of two Gaussian functions used to model the
invariant mass distribution as in Eq. 4.2. The effect of the detector on the angular
distribution is taken into account by the factor ϵ that represents the efficiency as a
function of the angles, and obtained by fitting the simulated angular distributions as
discussed in Sec 5.3.1.

To model the background events the PDFbkg is given by the product of

PDFbkg = Fbkg(Θ)Q(mJ/ψΛ), (5.4)

where a first-order polynomial Q(mJ/ψΛ) is used to model the invariant mass dis-
tribution. The angular distribution of background is modeled with the function
Fbkg (Θ), which is obtained using events from SB of the invariant mass distribution
as discussed in Sec. 5.3.2.

The complete likelihood function in Eq. (5.2) is maximized by fitting simulta-
neously the four data sets for Λb and Λb at

√
s = 7 and 8TeV, allowing for the

extraction of the common parameters P, α1, α2, and γ0. The fit parameters for the
angular background, efficiency distributions, and the signal and background mass
parameters are obtained from independent fits and fixed in the full ML function,
while the P and the angular parameters are left floating.

5.3.1 Efficiency shapes

For needs of this analysis the absolute value of the efficiency in terms of the fraction
reconstructed-selected/generated events is not of interest. The property relevance
are the shapes of the distortions introduced by the detector, and the reconstruc-
tion and selection effects. Clearly the original flat distributions at generation level
(Fig. 5.1) are distorted after full simulation and selection (Fig. 5.2).

The efficiency shapes are estimated from MC simulation (see Appendix A), where
Λb → J/ψ Λ decays were generated using the EVTGEN phase space (PHSP) decay
models to generate uniform angular distributions, and to achieve a precise angular
estimates in all angular region. The flat distributions are shown in Fig. 5.1.

After to apply the same reconstruction and selection processes to the simulation,
a few combinatorial background (Fig. A.1) remains and might affect the efficiency
calculation. So the remaining background is removed by the SB subtraction method,
which is based on the assumption that the background distribution in the SB region
is similar to the signal one. The regions are defined using the mJ/ψΛ mass distribution
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(a) cosθµ (b) cosθp (c) cosθΛ

Fig. 5.1 Angular distributions of the decay Λb → J/ψ Λ using the PHSP decay model
in EVTGEN.

as in Sec. 4.5.3, and used to create two 3D histograms of the angular variables with
events in the signal and SB regions, respectively. The ratio of the integrals of those
histograms is taken to get a multiplicative factor. Finally the SB histogram is scaled
by the multiplicative factor and subtracted from the signal-region histogram. The
resulting distributions are an estimation of pure signal events. The angular shapes
after full simulation and background subtraction are shown in Fig. 5.2. Taking the
background-subtracted simulation, a comparison of data/simulation is performed
to find possible differences between them. To ensure the simulation reproduces the
data a weighting process is performed as discussed in Appendix B. The weighted
simulation is used to obtain the efficiency distributions (Fig. 5.2).

To model the efficiency distributions we start from the numbers in Table 5.1,
where a low correlation is observed between the angular variables in the analysis.
Then we choose a product of three Chebyshev polynomials of the first kind as model
to the efficiency, and determined by:

ϵ(cosθΛ, cosθp, cosθµ) = ∏
i=Λ,p,µ

(
Ni

∑
j

Aij Tj (cosθi)), (5.5)

Ni is the maximal degree of the Chebyshev polynomials to be determinate. The free
coefficients Aij are obtained for Λb and Λb at

√
s = 7 and

√
s = 8TeV in separate

likelihood fits. The simulated efficiency distributions and the resulting fits are shown
in Figure 5.3. It can be seen from Fig. 5.3, the chosen model for the parametrization
describes well the shapes of the distributions. Information of the goodness of fit in
terms of χ2/dof per degree of freedom is presented in Table 5.3.
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Fig. 5.2 Efficiency distributions of cosθΛ, cosθp, cosθµ (from left to right) from full
simulations of (a) Λb → J/ψ Λ and (b) Λb → J/ψ Λ decays at

√
s = 7TeV, and (c)

Λb → J/ψ Λ and (d) Λb → J/ψ Λ decays at
√

s = 8TeV. The black dots represent the
signal events, the squares represent the background-subtracted signal, and triangles
show simulation after background subtraction and weighting process.



5.3 Strategy of the measurement 59

Λθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

1000
CMS

Simulation

pθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

1000 CMS
Simulation

(a)
µθcos 

1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

1000 CMS
Simulation

Λθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

1000
CMS

Simulation

pθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

1000
CMS

Simulation

(b)
µθcos 

1− 0.5− 0 0.5 1
E

ffi
ci

en
cy

 [a
rb

itr
ar

y 
sc

al
e]

0

500

1000 CMS
Simulation

Λθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

CMS
Simulation

pθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

CMS
Simulation

(c)
µθcos 

1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

200

400

600

800
CMS

Simulation

Λθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

500

CMS
Simulation

pθcos 
1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

200

400

600

CMS
Simulation

(d)
µθcos 

1− 0.5− 0 0.5 1

E
ffi

ci
en

cy
 [a

rb
itr

ar
y 

sc
al

e]

0

200

400

600

800
CMS

Simulation

Fig. 5.3 The efficiencies as a function of cosθΛ, cosθp, cosθµ (from left to right)
obtained from simulated (a) Λb → J/ψ Λ and (b) Λb → J/ψ Λ decays at

√
s = 7TeV,

and (c) Λb → J/ψ Λ and (d) Λb → J/ψ Λ decays at
√

s = 8TeV. The vertical bars on
the points are the statistical uncertainties in the simulated data and the lines show
the projections of a 3D fit to the distributions using Chebyshev polynomials.
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Table 5.3 Resulting χ2/dof by fitting the efficiency distributions

Observable
√

s = 7TeV
√

s = 8TeV

Λb Λb Λb Λb
cosθΛ 2.4 1.3 1.4 1.2
cosθp 1.4 0.9 0.9 0.9
cosθµ 1.5 1.9 1.3 1.5

5.3.2 Angular background estimation

Angular background is present along mJ/ψΛ distribution, an important assumption to
estimate the angular background below the mass peak is that the kinematic variables
of background events in the signal and sidebands region have a similar statistical
behavior (Fig. 5.4). The sidebands region is defined as mentioned in Sec. 4.5.3. Events
in SB are taken and modeled to be used in the complete likelihood function. The SB
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Fig. 5.4 Distribution of pJ/ψΛ
T taking events from signal, SB and both regions.

angular distributions are modeled by Chebyshev polynomials of the first kind for
cosθΛ and cosθp and error functions are used to describe the distribution in cosθµ.
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These functions are combined as follows:

Fbkg(Θ) = (
nΛ

∑
i=0

bi Ti(cosθΛ)) (
np

∑
j=0

cj Tj(cosθp))E (cosθµ), (5.6)

where bi and cj are the parameters to be determined, nΛ and np represent the
maximal degree of the Ti Chebyshev polynomials, and E is defined as

E(cosθµ) = (1 + erf(
cosθµ − d1

d2
)) (1 + erf(

−cosθµ − d3

d4
)). (5.7)

The b, c and d parameters are determined from separated 3D fits to the four data sets
Λb and Λb in 2011 and 2012 and fixed in the complete likelihood function (Eq. 5.2).
The results of the fits are shown in Figure 5.5. The cosθp distributions are well
described by fourth order polynomials, while to model cosθΛ distributions polyno-
mials up to sixth order are used. The χ2/dof of the resulting angular projections can
be found in Table 5.4.

Table 5.4 Resulting χ2/dof for the unbinned likelihood fit to the sidebands angular
distributions

Observable
√

s = 7TeV
√

s = 8TeV

Λb Λb Λb Λb
cosθΛ 1.53 2.06 1.25 0.87
cosθp 0.93 0.91 1.02 1.42
cosθµ 0.38 0.72 0.84 0.76

5.4 Fit results

The complete likelihood function in Eq. (5.2) is maximized by fitting simultaneously
the four data sets for Λb and Λb at

√
s = 7 and 8TeV, allowing for the extraction

of the common parameters P, α1, α2, and γ0. The simultaneous fit is performed in
the enriched signal mass range within 3.5 SDs of the mean Λb mass. This range
contains more than 99.9% of the signal events, and significantly reduces the number
of background events. As a result, the fit is less sensitive to the modeling discussed.
The fit parameters for the angular background and efficiency distributions are fixed
to those found in the previous fits in Secs. 5.3.1 and 5.3.2. The signal and background
mass parameters are obtained from previous fits to the mass distribution in Sec. 4.5.3,
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Fig. 5.5 Angular background of cosθΛ, cosθp, cosθµ (from left to right) distributions
for (a) Λb and (b) Λb decays at

√
s = 7TeV, and (c) Λb and (d) Λb decays at

√
s =

8TeV. The vertical bars on the points are the statistical uncertainties in SB data and
the solid line shows the projections of a 3D fit to the distributions using Chebyshev
polynomials and the complementary error functions described in Eq 5.6.
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and the numbers of signal and backgrounds events are fixed to the propagated
values in the signal mass region. The resulting fit values of the polarization and the
three angular decay parameters are:

P = 0.00 ± 0.06,

α1 = 0.14 ± 0.14,

α2 = −1.11 ± 0.04,

γ0 = −0.27 ± 0.08,

where the uncertainties are statistical only. The correlation matrix of the fitted
parameters is shown in Table 5.5. No strong correlations are found among these
parameters. Translating these values to the squares of the helicity amplitudes by
Eqs. 2.21 and using the correlation factors in Table 5.5, the results are:

|T++|2 = 0.05 ± 0.04,

|T+0|2 = −0.10 ± 0.04,

|T−0|2 = 0.51 ± 0.03,

|T−−|2 = 0.52 ± 0.04,

where the uncertainties are only statistical and propagated using the correlation
matrix in Table 5.5. The projections of the fit are shown in Figs. 5.6 and 5.7 for Λb

and Λb, respectively, using the combined data at
√

s = 7 and 8TeV.

Table 5.5 Correlation matrix for the fitted parameters.

Parameter P α1 α2 γ0

P 1 −0.039 −0.029 0.116
α1 1 −0.207 −0.030
α2 1 0.285
γ0 1

The most likely parameter values can be verified looking at the minimum values
of −lnL (i.e. the value that maximizes L) as shown in Figure 5.8, where it shows
the likelihood scan in the fit. The method used to determine the uncertainty on
maximum likelihood estimates is taking −lnLmin +

1
2 [62]. This approach may lead

to asymmetric errors, but better follows the non-local behavior of the likelihood func-
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Fig. 5.6 Distributions in (a) mJ/ψΛ, (b) cosθp, (c) cosθΛ, and (d) cosθµ for Λb can-
didates in the combined

√
s = 7 and 8TeV data. The vertical bars on the points

are the statistical uncertainties in the data, the solid line shows the result of the fit,
and the dashed and dotted lines represent, respectively, the signal and background
contributions from the fit.

tion. In practice the systematic uncertainties are estimated using MINUIT/MINOS
as implemented in Roofit [63].
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Fig. 5.7 Distributions in (a) , (b) cosθp, (c) cosθΛ, and (d) cosθµ for Λb candidates in
the combined

√
s = 7 and 8TeV data. The vertical bars on the points are the statistical

uncertainties in the data, the solid line shows the result of the fit, and the dashed
and dotted lines represent, respectively, the signal and background contributions
from the fit.

5.5 Validation of the likelihood fit

5.5.1 Toy Monte Carlo studies

The bias of an estimator is the average deviation of the estimate from its true value:

b(ι) =< ι̂ − ι >=< ι̂ > −ι.
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Fig. 5.8 Resulting projections of likelihood function of (a) P, (b) α1, (c) α2, and (d) γ0
in the fit.

The average is intended as the expected value over an infinitely large number of
repeated experiments. A possible bias due to the fitting procedure is investigated
using toy Monte Carlo samples generated according to the total 2011, 2012 PDF’s
for Λb and Λb. The samples are generated in the mass region ([µ − 10σ,µ + 10σ])
with the number of signal and background events in accordance with the numbers
observed in data, then a fit in the smaller region ([µ − 3.5σ,µ + 3.5σ]) of the m(J/ψΛ)

invariant mass peak is performed. The simultaneous full likelihood fit is then
applied to the generated samples to test if the fit is able to recover the input values of
the angular decay parameters and the Λb polarization used to generate the samples.
Results from 1,000 pseudo-experiments were used to study the distributions for the
four fitted parameters and their corresponding pull distributions, where the pull of
a quantity x in the i-Th pseudo-experiment is defined as

pull(xi) =
x f it

i − xtrue
i

σ
f it
i

(5.8)
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with x f it
i being the fitted value, xtrue

i the true (generated) value and σ
f it
i is the

error on x f it
i computed by the fit. Pulls normally distributed with a mean value

at 0 indicates no bias, and width at 1 suggest if the calculated errors are correct.
The distributions of the fitted parameters are shown in Fig. 5.9 with their error
distribution in Fig. 5.10, and their corresponding pulls distributions. Fig. 5.11 do
not show any bias introduced by the fitting procedure. The fit is able to recover
the input values. Table 5.6 presents the central values of the fit results and the pull
distributions along with the values used to generate the test samples.

Table 5.6 Input values and results from 1,000 toy Monte Carlo pseudo-experiments

Parameter Input Value Fit results pull mean pull deviation pull width

P 0.00 0.001 ± 0.002 −0.006 ± 0.034 0.4σ 1.04 ± 0.02
α1 0.12 0.123 ± 0.004 −0.0192 ± 0.030 0.97σ 1.14 ± 0.02
α2 −0.93 −0.931 ± 0.04 −0.019 ± 0.030 0.64σ 0.95 ± 0.02
γ0 −0.45 −0.452 ± 0.002 −0.032 ± 0.031 1.1σ 1.03 ± 0.02
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Fig. 5.9 Distributions of the fitted parameters from 1,000 simultaneous likelihood fit
to the toy MC test samples.
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Fig. 5.10 Error distributions from 1,000 simultaneous likelihood fit to the toy MC test
samples.

5.5.2 Testing the fit procedure

A closure test is performed by generating simulations of Λb and Λb decays at√
s = 7TeV and 8TeV as in Appendix A, but taking different input values of the

helicities and polarization in HELAMP decay model [64] for the Λb and Λ decays,
and VLL [64] models for the J/ψ decays which are implemented in EVTGEN. Then
after reconstruction and selection processes, a similar fit is performed as in data in
order to get back the input values. The input parameter values of each sample are
shown in Table 5.7. Equations. 2.20 are used to translate the angular parameters
to the helicity amplitudes, and the resulting values are set in the generation. The
distributions at generation level are shown in Figure 5.12. The yields of signal and
background from a fit to the full simulation are shown in Table 5.8.

After the generation step (Fig. 5.12), the same reconstruction procedure and selec-
tion cuts as data were applied. An unbinned simultaneous likelihood fit is applied
to Λb and Λb candidates of each test. The maximum likelihood function defined in
Eq. 5.2 is used to fit the simulated data. The efficiency models are obtained from dif-
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Fig. 5.11 Pull distributions from 1,000 simultaneous likelihood fit to the toy MC test
samples.

Table 5.7 Input parameter values to be translated by using the Eqs. 2.21 and then
set in EVTGEN. All samples were generated at

√
s = 7TeV conditions except for the

sample 4 which were at
√

s = 8TeV conditions.

Parameter Input Values

Sample 1 Sample 2 Sample 3 Sample 4

P 0.0 −0.3 0.8 0.002
α1 0.46 0.16 −0.13 0.11
α2 0.68 −0.99 0.008 −0.90
γ0 0.26 −0.72 −1.10 −0.50

ferent simulations, which are generated using the same procedure as in Appendix A.
The background models are obtained from a few combinatorial background pre-
sented in the simulations. The fit results are summarized in Figures 5.13–5.16, and
the resulting numbers in Table 5.9. Comparisons of the fit result and input values
are presented in absolute and SD differences. Both values are compatible within



70 Measurements of the polarization and angular parameters

Table 5.8 Different MC samples were generated with different input values of po-
larization and helicity amplitudes in EVTGEN. The yields of signal and background
after fit the simulated data samples are presented.

Sample Nsig Nbkg

Λb Λb Λb Λb

1 9276 ± 97 8336 ± 92 122 ± 20 96 ± 19
2 11714 ± 109 10511 ± 103 82 ± 14 69 ± 14
3 10381 ± 103 9377 ± 97 50 ± 13 63 ± 13
4 21854 ± 149 19686 ± 141 123 ± 16 87 ± 15

errors, however there are small differences at 3SD (α2) and they are considered in
the systematic uncertainties and discussed in Appendix C.

Table 5.9 Likelihood fit results for different MC test samples. Uncertainties are
statistical only.

P α1 α2 γ0

Sample 1

Input 0.00 0.46 0.68 0.26
Fit 0.02 ± 0.02 0.68 ± 0.07 0.74 ± 0.02 0.36 ± 0.04
Absolute Diff 0.02 0.24 0.06 0.10
SD Diff 1.0 3.4 3.0 2.5

Sample 2

Input −0.30 0.16 −0.99 −0.72
Fit −0.33 ± 0.04 0.16 ± 0.03 −0.93 ± 0.02 −0.68 ± 0.03
Absolute Diff 0.03 0.003 0.06 0.03
SD Diff −0.07 0.0 3.0 1.4

Sample 3

Input 0.80 −0.13 −0.008 −1.10
Fit 0.76 ± 0.06 −0.13 ± 0.02 −0.02 ± 0.02 −1.10 ± 0.03
Absolute Diff 0.04 0.0 0.01 0.01
SD Diff −0.6 0.02 −0.6 0.3

Sample 4

Input 0.002 0.11 −0.90 −0.50
Fit 0.03 ± 0.02 0.206 ± 0.048 −0.857 ± 0.015 −0.386 ± 0.042
Absolute Diff 0.028 0.22 0.047 0.114
SD Diff 1.4 2.0 3.0 2.7



5.5 Validation of the likelihood fit 71

Λθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

pθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

(a)

µθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

Λθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

pθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

60

310×

Simulated Data

Fit

(b)

µθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

Λθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

pθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

(c)

µθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

20

40

310×

Simulated Data

Fit

Λθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

10

20

30

310×

Simulated Data

Fit

pθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

10

20

30

310×

Simulated Data

Fit

(d)

µθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ (
 0

.1
 )

0

10

20

30

310×

Simulated Data

Fit

Fig. 5.12 MC truth at generation level using different values of the table 5.7 . Projec-
tions of cosθΛ, cosθp, cosθµ from left to right of (a) Sample 1, (b) Sample 2 and (c)
Sample 3.
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Fig. 5.13 Fit to MC sample 1. Projections of (a) mJ/ψΛ, (b) cosθp, (c) cosθΛ and (d)
cosθµ for Λb candidates. The solid line shows the likelihood fit to MC events.
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Fig. 5.14 Fit to test sample 2. Projections of mJ/ψΛ, cosθp, cosθΛ and cosθµ for Λb
candidates. The solid line shows the likelihood fit to MC events.
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Fig. 5.15 Fit to test sample 3. Projections of (a) mJ/ψΛ, (b) cosθp, (c) cosθΛ and (d)
cosθµ for Λb candidates. The solid line shows the likelihood fit to MC events.
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Fig. 5.16 Fit to test sample 4. Projections of (a) mJ/ψΛ, (b) cosθp, (c) cosθΛ and (d)
cosθµ for Λb candidates. The solid line shows the likelihood fit to MC events.
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5.6 Crosschecks

As crosscheck two measurements are performed using the different parametrization
proposed by LHCb [18] and ATLAS [19]. The different parametrization and the
results obtained from them are discussed in the following.

5.6.1 The LHCb Parametrization

The functions describing the 3D-angular distribution in the parametrization pro-
posed by LHCb are listed in Table 5.10. The angular observables cosθΛ, cosθp, cosθµ

are the same as used in this analysis. The ui expressions are written in terms of the
following three angular parameters:

1 =|T+0|2 + |T−0|2 + |T−−|2 + |T++|2,

αb =|T+0|2 − |T−0|2 + |T−−|2 − |T++|2,

r0 =|T+0|2 + |T−0|2,

r1 =|T+0|2 − |T−0|2,

(5.9)

being (P,αb,r0,r1) the four parameters to be measured simultaneously, which are
related to the four helicity amplitudes by

|T+0|2 =
r0 + r1

2
, |T++|2 =

1 − αb − r0 + r1

2
,

(5.10)

|T−0|2 =
r0 − r1

2
, |T−−|2 =

1 + αb − r0 − r1

2
.

Note that αb, the parity violating-asymmetry parameter, and the other parameters
are related with our notation as:

−α1 =αb,

α2 =(2r1 − αb),

γ0 =(1 − 3r0).

(5.11)
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The physical ranges for αb, r0 and r1 are [−1,+1], [0,+1] and [−1,+1], respectively
and they are constrained by:

0 ≤r0 + r1,

0 ≤r0 − r1,

0 ≤1 − αb − r0 + r1, (5.12)

0 ≤1 + αb − r0 − r1.

Under the CP conservation the parameters in the angular distribution for particle
and antiparticle are related as:

αb = −αb,

r0 = r0,

r1 = −r1, (5.13)

P = −P,

αΛ = −αΛ.

Table 5.10 Functions describing the angular distribution in three dimensions.

i ui(αb,r0,r1) vi wi

1 1 1 1
2 αb P cosθΛ
3 2r1 − αb αΛ cosθp
4 2r0 − 1 αΛP cosθΛ cosθp
5 (1 − 3r0)/2 1 (3cos2 θµ − 1)/2
6 −(αb + r1)/2 αΛ cosθp(3cos2 θµ − 1)/2
7 (αb − 3r1)/2 P cosθΛ(3cos2 θµ − 1)/2
8 −(1 + r0)/2 αΛP cosθΛ cosθp(3cos2 θµ − 1)/2

Simultaneous fit

The same strategy described in section 5.3 is applied to measure the angular decay
parameters r0, r1, αb and the Λb polarization P. Accordingly, the full likelihood
function Eq. 5.2 with the angular distribution expressed in terms of the functions
shown in Table 5.10 is used to perform a simultaneous fit to 2011 and 2012 data
using Λb and Λb events from the signal mass region, mJ/ψΛ ∈ [µ − 3.5σ,µ + 3.5σ].
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The same efficiency shapes, angular background shapes and mass models described
in section 5 are implemented here. The results from the fit are:

P = 0.00 ± 0.06,

αb = −0.14 ± 0.14,

r0 = 0.43 ± 0.02,

r1 = −0.61 ± 0.07,

where the errors are statistical only. The correlations factors computed by the fit
are displayed in Table 5.11. A strong correlation between αb and r0, as expected
from their definitions, is observed. The central values of the angular decay do not
fully agree with the physical constraints given by Eq. 5.12, for instance −r1 > r0.
However, the measured values of the angular parameters are consistent with the
physical restrictions at the level of 1 SD. The corresponding measured values for the
squared moduli helicity amplitudes are

|T−0|2 = 0.52 ± 0.03,

|T+0|2 = −0.09 ± 0.04,

|T−−|2 = 0.52 ± 0.04,

|T++|2 = 0.05 ± 0.04,

This helicity amplitudes are consistent with the values measured using Kramer’s
parametrization. The same minimum of -lnL is found independently of the election
of the angular distribution parametrization. Our results using LHCb’s parametriza-
tion can also be compared directly with those obtained by them. Table 5.12 sum-
marizes the results obtained by CMS and LHCb where the uncertainties are only
statistical and shows the differences in terms of standard deviations.

Table 5.11 Correlation Matrix of the fitted parameters.

αb P r0 r1

αb 1 0.178 −0.030 0.953
P 1 0.024 0.177
r0 1 −0.066
r1 1
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Table 5.12 Comparison between the angular decay parameters in LCHb’s
parametrization as measured by CMS and LHCb.

CMS result LHCb result difference in SD

P 0.00 ± 0.06 0.06 ± 0.07 0.65
αb −0.14 ± 0.14 0.05 ± 0.17 0.86
r0 0.43 ± 0.02 0.58 ± 0.02 5.30
r1 −0.61 ± 0.07 −0.56 ± 0.10 0.41

Table 5.13 Functions describing the angular distribution in three dimensions.

i ui(αb,k+,k−) vi wi

1 1 1 1
2 αb P cosθΛ
3 (k2

+ + k2
− − 1) + αb(k2

+ − k2
−) αΛ cosθp

4 (k2
+ − k2

−) + αb(k2
+ + k2

− − 1) αΛP cosθΛ cosθp
5 [(3k2

− − 3k2
+ − 1) + 3αb(1 − k2

− − k2
+)]/8 1 (3cos2 θµ − 1)/2

6 [(1 − k2
− − k2

+) + αb(k2
− − k2

+ − 3)]/8 αΛ cosθp(3cos2 θµ − 1)/2
7 [3(1 − k2

+ − k2
−) + αb(3k2

− − 3k2
+ − 1)]/8 P cosθΛ(3cos2 θµ − 1)/2

8 [(k2
− − k2

+ − 3) + αb(1 − k2
− − k2

+)]/8 αΛP cosθΛ cosθp(3cos2 θµ − 1)/2

5.6.2 ATLAS parametrization

The angular decay parameters in the parametrization used by ATLAS are:

αb =|T+0|2 − |T−0|2 + |T−−|2 − |T++|2,

k+ =
|T+0|2

|T+0|2 + |T−−|2
,

k− =
|T++|2

|T−0|2 + |T++|2

(5.14)

being P, αb, k2
+ and k2

− the parameters to be measured. They are related to the helicity
amplitudes as follows:

|T+0|2 =
(1 + αb)k2

+

2
, |T−0|2 =

(1 − αb)(1 − k2
−)

2
,

|T++|2 =
(1 − αb)k2

−
2

, |T−−|2 =
(1 + αb)(1 − k2

+)

2
.

(5.15)
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The eight terms to describe the angular distribution of Λb → J/ψΛ decays, are shown
in Table 5.13. If CP is conserved, the parameters for the antiparticles transform
according to

αb = −αb,

k2
+ = 1 − k2

−,

k2
− = 1 − k2

+, (5.16)

αΛ = −αΛ

P = −P

and the angular distributions for Λb and Λb remain the same.

Simultaneous fit

The fit to the data is the same as described in Sec 5.3 using the same models for
the angular background, efficiencies, and mass distributions. The resulting values
obtained from the simultaneous fit to data are

P = 0.00 ± 0.08,

αb = −0.14 ± 0.14,

k2
+ = −0.04 ± 0.08,

k2
− = 0.10 ± 0.06,

The correlations factors are shown in Table 5.14. Despite ATLAS states that
its parametrization have only small correlation we have found strong correlations
between the angular decay parameters making it the less suitable among the three
parametrizations. The corresponding measured values for the helicity amplitudes
are

|T−0|2 = 0.52 ± 0.03,

|T+0|2 = −0.08 ± 0.04,

|T−−|2 = 0.51 ± 0.04,

|T++|2 = 0.05 ± 0.04.

The results of the helicities are compatibles with the values obtained in Sec. 5.4
within errors at the order of 1 SD. Clearly the minimum values of -lnL does not
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depend on the election of the parametrization in the angular distribution. We can
compare our results with those obtained by ATLAS under the assumption of a
polarization zero [19]. The comparison between our results and ATLAS’s results are
presented in Table 5.15, uncertainties are only statistical, the differences between
both results in SD units are also given.

Table 5.14 Correlation Matrix of the fitted parameters.

αb P k2
− k2

+

αb 1 0.655 −0.668 0.904
P 1 −0.419 0.644

k2
− 1 −0.665

k2
+ 1

Table 5.15 Comparison between the angular decay parameters in ATLAS’
parametrization as measured by CMS and ATLAS.

CMS result ATLAS result difference in SD

αb −0.14 ± 0.14 0.30 ± 0.16 2.07
k2
+ −0.04 ± 0.08 0.04+0.06

−0.09 0.66
k2
− 0.10 ± 0.06 0.02+0.05

−0.03 1.02

5.7 Systematic uncertainties

Various sources of systematic uncertainty that affect the measurement of the param-
eters P, α1, α2, and γ0 are discussed below.

Fit bias The bias introduced through the fitting procedure is studied by generating
1000 pseudo-experiments using the measured parameters as inputs. The difference
between the input and the mean of the fitted values is taken as the systematic
uncertainty.

Asymmetry parameter αΛ This parameter is varied up and down by its uncer-
tainty and the maximum deviation in the final result for each parameter is taken as
the systematic uncertainty.
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Model for the background mJ/ψΛ distribution An exponential function is used
instead of the first-order polynomial in the likelihood fit. The parameter of the
exponential and the background yield are varied by their uncertainties. The fit is
redone taking into account this variation on the background model for the mass,
and the differences between these results and the nominal fit results are taken as the
systematic uncertainty for this source.

Model for the background angular distributions Alternative parametrizations of
the background angular distributions are used to estimate the systematic uncertainty.
For cosθΛ and cosθµ the alternative models comprise a superposition of Gaussian
kernels, as implemented in Roofit RooKeysPdf [63], while for cosθp the alternative
model is an error function. The differences relative to the nominal results are
taken as the systematic uncertainties from the modeling of the background angular
distributions.

Model for the signal mJ/ψΛ distribution We estimate this uncertainty by changing
the parameters by their uncertainties, taking into account their correlations. In each
sample of Λb and Λb at

√
s = 7 and 8TeV, we use the parameter of the signal mass

model with the largest global correlation and add 1 SD to its nominal value if the
correlation is positive and subtract 1 SD if the correlation is negative. The difference
relative to the nominal result is quoted as a systematic uncertainty.

Angular efficiencies The values of the Chebyshev polynomial coefficients that
model the angular dependence of the efficiencies are changed by their uncertain-
ties. The difference relative to the nominal fitted result is taken as the systematic
uncertainty.

Angular resolution We study the systematic uncertainty in the angular resolution
of the measured observables cosθΛ, cosθp, and cosθµ by first determining the res-
olution using simulated events, then taking the difference between the generated
(before detector simulation) and reconstructed (fully simulated) distributions of the
cosines of the three polar angles, and fitting the resulting distributions to Gaussian
functions. Using these models, we generate random numbers that are added to the
three polar angles of the events at generation. The difference between the obtained
parameters from the likelihood fits using the same events, with and without the
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added random terms, it is quoted as the systematic uncertainty from the angular
resolution.

Azimuthal angle efficiency Uniform azimuthal efficiencies are assumed through-
out the analysis. Besides simplifying the measurement from a five- to a three-
dimensional angular analysis, this assumption also reduces the number of angular
parameters from 6 to 3. The effect of the non uniformity in the φp and φµ efficiencies
is investigated with 500 pseudo-experiments generated using the five-dimensional
angular distribution, multiplied by the polar and azimuthal efficiencies obtained
from the full simulation, as well as initializing the 3 extra parameters to values
away from the physical boundary. The resulting distributions are then fitted to the
nominal three-dimensional angular model. Differences in the mean values of P, α1,
α2, and γ0 relative to the input values (set to the nominal results) are taken as the
systematic uncertainties from the impact of the non uniformity of the azimuthal
efficiencies.

Weighting procedure To estimate the uncertainty from the weighting procedure,
we vary each weight by its uncertainty and use this as a new weight to correct the
efficiencies, then redo the fit with these new values. The differences between the
results of this fit and the nominal values are taken as the systematic uncertainty in
each parameter.

Reconstruction bias Possible unaccounted reconstruction biases are also consid-
ered. To estimate this systematic uncertainty, we use a simulated event sample with
input values of the helicity amplitudes and polarization similar to those observed in
data (see the Appendix C). Then, after reconstruction and selection as in data, we fit
the simulated events and take the differences between the input and fit values for
every angular parameter and polarization. Since we are using the full reconstruction
of the simulated events, we subtract in quadrature the systematic sources involved
in the fit from those observed differences, and finally take the square root of this
subtraction as the estimate of the systematic uncertainty component due to recon-
struction bias. This systematic uncertainty is by far the largest uncertainty however,
it is still smaller or comparable to the corresponding statistical uncertainty.

The contributions from the different uncertainty sources are assumed to be
independent and the total systematic uncertainty is calculated as the quadrature
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sum of all uncertainties. The values of the systematic uncertainties in each parameter
from the individual sources and their quadrature sum are given in Table 5.16.

Table 5.16 The sources and values of the systematic uncertainties in each parameter
and the total uncertainty. Each value in the table should be multiplied by 10−2 to
obtain the corresponding systematic uncertainty.

Source P(×10−2) α1(×10−2) α2(×10−2) γ0(×10−2)

Fit bias 0.1 0.3 0.1 0.2
Asymmetry parameter αΛ 0.4 0.7 2.0 0.6
Bkg. mJ/ψΛ dist. 0.01 0.5 1.0 0.9
Bkg. angular dist. 0.4 0.5 0.9 5.0
Sig. mJ/ψΛ dist. 0.01 0.3 1.0 1.0
Angular efficiencies 0.1 0.3 3.0 1.0
Angular resolution 1.0 0.1 2.6 0.8
Azimuthal efficiency 0.1 1.0 0.3 0.1
Weighting procedure 0.1 1.3 0.4 2.0
Reconstruction bias 5.7 9.8 2.0 9.1

Total (quadrature sum) 5.8 10.0 5.1 11.1



Chapter 6

Summary and conclusions

Based on an angular analysis of about 6000 events collected by the CMS experiment
at

√
s = 7 and 8TeV, a measurement of the Λb polarization P, the parity-violating

asymmetry parameter in the Λb decay α1, the Λ longitudinal polarization α2, and
the parameter γ0 has been performed. The obtained values are

P = 0.00 ± 0.06(stat) ± 0.06(syst),

α1 = 0.14 ± 0.14(stat) ± 0.10(syst),

α2 = −1.11 ± 0.04(stat) ± 0.05(syst),

γ0 = −0.27 ± 0.08(stat) ± 0.11(syst),

corresponding to the squares of the helicity amplitudes

|T++|2 = 0.05 ± 0.04(stat) ± 0.04(syst),

|T+0|2 = −0.10 ± 0.04(stat) ± 0.04(syst),

|T−0|2 = 0.51 ± 0.03(stat) ± 0.04(syst),

|T−−|2 = 0.52 ± 0.04(stat) ± 0.04(syst).

The measured Λb polarization value given above is consistent with the LHCb mea-
surement [18] and theoretical predictions of 0.10 [12] and 0.20 [13]. Note that in our
notation, α1 is the negative value of αb referred to in the theory [34, 35, 17, 36, 37, 16],
LHCb [18], and ATLAS [19] papers. To compare with the theoretical predictions
and the other measurements, we use the negative of our measured value of α1.
The many theoretical predictions for −α1 include −0.2 to −0.1 from quark model
techniques [34–37, 16], −0.17 to −0.14 from perturbative quantum chromodynamics
calculations [17], and 0.78 from heavy-quark effective theory [13, 11]. The measured
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value is inconsistent at more than 5 standard deviations with the heavy-quark ef-
fective theory prediction, but is consistent at less than one standard deviation with
the other predictions. The presented measurement of α1 is also consistent with
the measurements 0.05 ± 0.17(stat) ± 0.07(syst) and 0.30 ± 0.16(stat) ± 0.06(syst) by
LHCb [18] and ATLAS [19], respectively, and with no parity violation at the level of
one standard deviation. The measurement of α2, compatible with −1, indicates that
the positive-helicity states of the Λ coming from the Λb decay are suppressed.

The measured values for the helicity amplitudes are consistent with the values
reported by LHCb and ATLAS. Table 6.1 shows the polarization and the helicity
amplitudes reported by CMS and the measurements from LHCb and ATLAS along
with its corresponding deviation from CMS results.

This work was published in Physical Review D(see Appendix D), and could be
improved with more statistic to reduce the statistical uncertainty, clearly a better un-
derstanding about the dominant systematic uncertainty improves the measurement.
On the other hand, with the the prominent computing power that comes we will
be able to measure the all 20 parameters in the angular decay and to improve the
measurement with new data collected by CMS.

Table 6.1 Values of the helicity amplitudes and Λb polarization as measured by CMS
and the results from LHCb and ATLAS along with its corresponding difference from
CMS value in σ units. For the reported values, the first uncertainty is statistical and
the second systematic one.

CMS LHCb ATLAS

result diff. SD result diff. SD

|T++|2 0.05 ± 0.04 ± 0.04 −0.10 ± 0.04 ± 0.03 1.98 0.01+0.02
−0.01 ± 0.01 0.65

|T+0|2 −0.10 ± 0.04 ± 0.04 0.01 ± 0.04 ± 0.03 1.45 0.03+0.04
−0.06 ± 0.03 1.48

|T−0|2 0.51 ± 0.03 ± 0.04 0.57 ± 0.06 ± 0.03 0.72 0.35+0.07
−0.08 ± 0.04 1.60

|T−−|2 0.52 ± 0.04 ± 0.04 0.51 ± 0.05 ± 0.02 0.13 0.62+0.06
−0.08 ± 0.02 1.00

P 0.00 ± 0.06 ± 0.06 0.06 ± 0.07 ± 0.06 0.47 −− −−
αb −0.14 ± 0.14 ± 0.10 0.05 ± 0.17 ± 0.07 0.79 0.30 ± 0.16.06 1.8
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Appendix A

Monte Carlo simulation

The CMS experiment chooses to use a data driven, realistic and accurate Monte
Carlo (MC) program, a brief review of the simulation is discussed here.

Simulated events of the signal decay Λb → J/ψ Λ are used to study the effects of
detector acceptance and selection on the reconstructed angular distributions. The
events are generated using PYTHIA 6.4 [65] for production and hadronization, and
EVTGEN [64] is used to describe the b and c hadron decays. The generated events
are passed through the full CMS detector simulation based on GEANT4 [66]. The
simulated event samples are generated to reproduce

√
s = 7 and 8TeV data-taking

conditions, where additional simulation of pp interactions in the same or nearby
beam crossings and the impact of the HLT are included.

The MC events are reconstructed with the same algorithms and requirements as
used in data, and the offline selection requirements imposed in data are applied to
the MC, as well. The number of signal events and the simulation samples are shown
in Table A.1. The invariant mass distributions are shown in Figure A.1.

Table A.1 Official Monte-Carlo samples used in this analysis. The events were
obtained using a double-Gaussian function with the same mean.

Sample Λb (events) Λb(events)
/LambdaBToJPsiLambda_lambdaFilter_7TeV-
pythia6evtgen/Summer11LegDR-
PU_S13_START53_LV6-v1/AODSIM

15706 14161

/LambdaBToJPsiLambda_lambdaFilter_8TeV-
pythia6-evtgen/Summer12DR53X-
PU_RD2_START53_V19F-v2/GEN-SIM-RECO

11599 10278

PYTHIA simulates pp collisions. The aim of the generator is to provide as accurate
as possible a description of what happens in a hadron collision. The software
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Fig. A.1 Invariant mass distribution of Λb candidates in the 7 (left) and 8TeV (right)
MC samples. The plots show a few combinatorial background events remaining
after final selection requirements.

contains theoretical models for a number of physics aspects, such as hard and soft
interactions, parton distributions, initial and final state parton showers, multiple
interactions, fragmentation and decays. PYTHIA allows the generation of bb quark
pairs with massive matrix elements: qq → bb, gg → bb, gγ → bb, γγ → bb and
secondary vertex of gauge bosons. After hadronization, b hadrons are manually set
stable. The rest of the particles can suffer fragmentation and decays.

EVTGEN implements specialized models according to the properties of the hadron,
such as models for semileptonic decays, CP-violating decays and spin correlations.
For the Λb → J/ψ Λ and J/ψ → µ+µ− we use a phase space decay model, and in
particular for J/ψ → µ+µ− decays the decay is combined with a routine that allows
QED photon radiative corrections for muons (see Ref. [64]). Since Λ is a long lived
particle that decay far away the PV, it can not forced to decay to a specific channel.

PYTHIA and EVTGEN work as an input to the full detector simulation as signal
collisions and decays. The CMS simulation [67] is based on GEANT4 [66], which
provides a rich set of physics process describing electromagnetic and hadronic
interactions. Also provides tools for modeling the full CMS detector geometry and
interfaces to retrieve information from particle tracking through those detectors
and magnetic field. The simulation is implemented in all CMS detectors in both
the central and forwards regions, including the field map from the solenoid. The
program implements the sensitive detector behavior, track selection mechanism hit
collection and digitization. The effect of the L1 and HLT triggers are implemented
as in data by L1 seeds and HLT menus. The pile-up effect is simulated separately
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from the signal collisions by producing simulated hits and then merging the events
randomly to the signal events.





Appendix B

Comparisons of simulation and data

The MC simulation is generated as discussed in Appendix A. The variables used
in the selection (Sections. 4.4 and 4.5) are taken to compare data with simulated
events and fix possible discrepancies that could change the efficiency distributions.
The comparisons of the data and MC simulation are shown in Figures B.1 and B.2
for the variables used in the J/ψ selection, Figures B.3 and B.4 show distributions
of the variables used in the Λ selection, and B.5 and B.6 in the Λb selection. The
histograms are normalized to their number of events and a background subtraction
is performed to each histograms. The data/MC ratio plot and the Kolmogorov
test are shown in Figures as well. It can be seen there are discrepancies between
distributions, however to ensure that MC reproduces data a weighting procedure is
performed, so that weights are assigned to the simulated events to match the data.

The weights are computed in an iterative process in which, for each iteration,
the ratio (weight) between data and simulation histograms is calculated bin by bin
with its propagated systematic uncertainty. The weights are assigned to each bin
in the next simulation histogram recomputing the data/MC ratio again, and the
same process is repeated until all histograms are used. The final weight per event
is the product of the weights in each iteration. The discrepancies are reduced after
weighting as shown in Figures B.7– B.12. Finally the weighted simulation is used in
the estimation of the efficiencies.
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Fig. B.1 Comparison of data and simulation at
√

s = 7TeV using the J/ψ selection vari-
ables. The variables are (a) pµ1

T , (b) pµ2
T , (c) vertex probability of J/ψ, (d) Lxy(J/ψ)/σ,

(e) cos β, (f) pµµ
T , (g) |η(µ1)| and (h) |η(µ2)|. The round and square points represent

the data sample and the simulation, respectively.
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Fig. B.2 Comparison of data and simulation at
√

s = 8TeV using the J/ψ selection vari-
ables. The variables are (a) pµ1

T , (b) pµ2
T , (c) vertex probability of J/ψ, (d) Lxy(J/ψ)/σ,

(e) cos β, (f) pµµ
T , (g) |η(µ1)| and (h) |η(µ2)|. The round and square points represent

the data sample and the simulation, respectively.
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Fig. B.3 Comparison data and simulation at
√

s = 7TeV using the Λ selection vari-
ables. The used variables are (a) Lxy(Λ)/σ, (b) pp

T, (c) pπ
T , (d) ppπ

T and (e) vertex
probability of Λ. The square and round points represent the simulation and data,
respectively.
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Fig. B.4 Comparison data and simulation at
√

s = 8TeV using the Λ selection vari-
ables. The used variables are (a) Lxy(Λ)/σ, (b) pp

T, (c) pπ
T , (d) ppπ

T and (e) vertex
probability of Λ. The round points represent the data distribution and the square
points represent the MC simulation.
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Fig. B.5 Comparison data and simulation at
√

s = 7TeV for variables used in the Λb
selection where the square and round points represent the MC simulation and data,
respectively. The variables used are (a) pJ/ψΛ

T , and (b) vertex probability of Λb.
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Fig. B.6 Comparison data and simulation at
√

s = 8TeV for variables used in the
Λb selection. The used variables are (a) pJ/ψΛ

T and (b) vertex probability of Λb. The
square and round points represent the simulation and data, respectively.
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Fig. B.7 Comparison data and simulation at
√

s = 7TeV of the J/ψ selection variables
after weighting process. After to assign weights to the simulation discrepancies of
data and MC are reduced. It shows the distributions of (a) pµ1

T , (b) pµ2
T , (c) vertex

probability of J/ψ, (d) Lxy(J/ψ)/σ, (e) cos β, (f) pµµ
T , (g) |η(µ1)| and (h) |η(µ1)|. The

square and round points represent the simulation and data, respectively.
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Fig. B.8 Comparison data and simulation at
√

s = 8TeV of the J/ψ selection variables
after weighting process. After to assign weights to the simulation discrepancies of
data and MC are reduced. It shows the distributions of (a) pµ1

T , (b) pµ2
T , (c) vertex

probability of J/ψ, (d) Lxy(J/ψ)/σ, (e) cos β, (f) pµµ
T , (g) |η(µ1)| and (h) |η(µ1)|. The

square and round points represent the simulation and data, respectively.
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Fig. B.9 Comparison data and simulation at
√

s = 7TeV of Λ selection variables
after weighting process. It shows the variables (a) Lxy(Λ)/σ, (b) pp

T, (c) pπ
T , (d) ppπ

T
and (e) vertex probability of Λ. The round and square dots represent the data and
simulation distributions, respectively.
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Fig. B.10 Comparison data and simulation at
√

s = 8TeV of the Λ selection variables
after weighting process. An improvement is clearly in the distributions. It shows the
variables (a) Lxy(Λ)/σ, (b) pp

T, (c) pπ
T , (d) ppπ

T and (e) vertex probability of Λ. The
round and square dots represent the data and simulation distributions, respectively.
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Fig. B.11 Comparison data and simulation at
√

s = 7TeV after weighting process
in the Λb selection variables. There is an improvement in the quality variables. It
shows used variables (a) pJ/ψΛ

T and (b) vertex probability of Λb. The round and
square points represent the data and simulation distributions.
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Fig. B.12 Comparison data and simulation at
√

s = 8TeV after weighting process
in the Λb selection variables. There is an improvement in the quality variables. It
shows used variables (a) pJ/ψΛ

T and (b) vertex probability of Λb. The round and
square points represent the data and simulation distributions.





Appendix C

Estimation of the reconstruction bias
systematic uncertainty.

In order to test the measuring procedure, we generated different MC samples using
different input values of the angular parameters (see section 5.5.2). The source
of the systematic uncertainty comes from a possible unaccounted reconstruction
bias showed in this closure test. Although the fit results and input values are
consistent within errors some discrepancies are showed (see Table 5.9). To estimate
this systematic uncertainty we consider only the MC sample where the input values
are similar to those observed in data (Table 5.9), after reconstruction and selection
processes we divide the sample in four partitions with ∼ 11000 Λb and Λb candidates
per partition. We get the fit results presented in the Table C.1.

Taking into account the values shown in the Table C.1, we compute the difference
between the input and fit values ∆i,k = inputVali,k − f itVali,k, with i = {P,α1,α2,γ0}
and k = {1,2,3,4} the number of the partition, and then we compute the mean of
those differences ∆̄{P,α1,α2,γ0} as it can be seen in the Table C.2.

Since we are considering Full MC, some systematic sources are involved in the
fit results. In order to avoid redundancy, we subtract the quadratic sum of the other
systematic sources from ∆̄{P,α1,α2,γ0} and finally the square root of this quantity is
taken as systematic uncertainty. The results of the final estimation are shown in the
Table 5.16.

It should be said we are not taking into account the following systematics in the
computation: the asymmetry parameter αΛ (known in MC), re-weight procedure
(no apply), and background sources (low influence in MC).
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Table C.1 Likelihood fit results for different partitions of MC sample described in
the section 5.5.2. Uncertainties are statistical only.

P α1 α2 γ0

Input values 0.002 0.109 −0.909 −0.5

Partition 1

Fit results 0.033 ± 0.042 0.200 ± 0.096 −0.874 ± 0.029 −0.374 ± 0.056
SD diff. −0.7 −0.9 −1.2 −2.2

Partition 2

Fit results 0.055 ± 0.046 0.184 ± 0.092 −0.854 ± 0.030 −0.380 ± 0.052
SD diff. −1.1 −0.8 −1.8 −2.3

Partition 3

Fit results 0.055 ± 0.042 0.263 ± 0.096 −0.851 ± 0.029 −0.500 ± 0.052
SD diff. −1.3 −1.6 −1.9 0.0

Partition 4

Fit results 0.097 ± 0.050 0.183 ± 0.097 −0.873 ± 0.033 −0.360 ± 0.060
SD diff. −1.9 −0.8 −1.1 −2.3

Table C.2 Considering the fit results in the Table C.1, we compute the differences
between input and fit values for every angular parameter in the different partitions
and then their means. We use the mean of the differences ∆̄ to give an estimation of
the final statistical uncertainty of reco-bias.

∆1 ∆2 ∆3 ∆4 ∆̄

P −0.0318 −0.053 −0.053 −0.095 −0.058
α1 −0.091 −0.075 −0.154 −0.074 −0.099
α2 −0.034 −0.054 −0.057 −0.035 −0.045
γ0 −0.126 −0.120 0.001 −0.140 −0.096
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An analysis of the bottom baryon decay Λb → J=ψð→ μþμ−ÞΛð→ pπ−Þ is performed to measure
the Λb polarization and three angular parameters in data from pp collisions at

ffiffiffi
s

p ¼ 7 and 8 TeV,
collected by the CMS experiment at the Large Hadron Collider. The Λb polarization is measured to be
0.00� 0.06ðstatÞ � 0.06ðsystÞ and the parity-violating asymmetry parameter is determined to be
0.14� 0.14ðstatÞ � 0.10ðsystÞ. The measurements are compared to various theoretical predictions,
including those from perturbative quantum chromodynamics.
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I. INTRODUCTION

The decay Λb → J=ψΛ is a rich source of information
about the effect of strong interactions in hadronic decays.
For this particular decay, perturbative quantum chromody-
namics can be applied and therefore a systematic approach
can be taken to study its characteristics. Several techniques
[1–10] are used to study and calculate the decay amplitudes
and the effect of the b quark polarization on this decay. The
most interesting parameters that can be measured are the
polarization, P, and the parity-violating decay asymmetry
of the Λb, which is called αb in some papers and is equal to
−α1 in the notation used in this analysis. The LHCb and
ATLAS experiments have reported measurements on this
decay [11,12]. The LHCb Collaboration measured the Λb
polarization and the decay amplitudes, while ATLAS
assumed a Λb polarization of zero and measured the
amplitudes. In this paper, a measurement of the Λb
transverse polarization is presented using the decay
Λb → J=ψΛ, with J=ψ → μþμ− and Λ → pπ−. Charge-
conjugate modes are implied throughout this paper unless
otherwise stated. The Λb baryons used in this measurement
come from both direct production in pp collisions and
decays of heavier b baryons [1,13–16]. The data were
collected with the CMS detector in pp collisions at center-
of-mass energies of 7 and 8 TeV, corresponding to
integrated luminosities of 5.2 and 19.8 fb−1, respectively.

II. ANGULAR DISTRIBUTION

The Λb → J=ψΛ decay into the μþμ− pπ− final state is
illustrated in Fig. 1. In pp collisions, we define the
polarization of the Λb as the mean value of the Λb spin
along the unit vector:

n̂ ¼ p⃗beam × p⃗Λb

jp⃗beam × p⃗Λb
j ; ð1Þ

normal to its production plane, where p⃗beam is in the
direction of the counterclockwise proton beam direction
[17], and p⃗Λb

is the Λb momentum. The decay is described
by four complex helicity amplitudes Tλ1λ2 , with λ1 ¼ �1=2
and λ2 ¼ �1; 0 referring to the helicities of the Λ and
J=ψ particles, respectively. The angular distribution is a
function of five decay angles ðθΛ; θp; θμ;φp;φμÞ and has
the form [8]

FIG. 1. Definition of the angles used to describe the
Λb → J=ψΛ decay into the μþμ− pπ− final state as explained
in the text.

*Full author list given at the end of the article.
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d5Γ
d cos θΛdΩpdΩμ

ðθΛ; θp; θμ;φp;φμÞ

¼ 1

ð4πÞ3
X20
i¼1

uiðTλ1λ2ÞviðP; αΛÞwiðθΛ; θp; θμ;φp;φμÞ;

ð2Þ

where wi are trigonometric functions, ui are bilinear
combinations of the helicity amplitudes Tλ1λ2 , and vi stands
for 1, P, αΛ, or PαΛ; P is the Λb polarization and αΛ is the
asymmetry parameter in the decay Λ → pπ−. The angle θΛ
is the polar angle of theΛmomentum relative to n̂ in theΛb
rest frame; θp and φp are the polar and azimuthal angles of
the proton, respectively, defined with respect to the axes
ẑ1 ¼ p⃗Λ=jp⃗Λj and ŷ1 ¼ ðn̂ × p⃗ΛÞ=jn̂ × p⃗Λj in the rest
frame of the Λ; and the angles θμ and φμ are the polar
and azimuthal angles, respectively, of the positively
charged muon, defined with respect to the axes ẑ2 ¼
p⃗J=ψ=jp⃗J=ψ j and ŷ2 ¼ ðn̂ × p⃗J=ψ Þ=jn̂ × p⃗J=ψ j in the J=ψ
rest frame. Here, p⃗Λ and p⃗J=ψ are the momenta of the Λ and
J=ψ , respectively, and dΩp ¼ dðcos θpÞdφp and dΩμ ¼
dðcos θμÞdφμ are differential solid angles. Assuming uni-
form detector acceptance over the azimuthal angles φp and
φμ, the angular distribution can be simplified through an
integration over these two angles:

d3Γ
d cos θΛd cos θpd cos θμ

ðθΛ; θp; θμÞ

¼
Z

π

−π

Z
π

−π

d5Γ
d cos θΛdΩpdΩμ

ðθΛ; θp; θμ;φp;φμÞdφpdφμ

∼
X8
i¼1

uiðjTλ1λ2 j2ÞviðP; αΛÞwiðθΛ; θp; θμÞ: ð3Þ

The eight functional forms of ui, vi, and wi are listed in
Table I. The ui factors are written in terms of the three
angular decay parameters α1, α2, and γ0 proposed in
Ref. [8], and the constant 1, which themselves can be
written in terms of the Tλ1λ2 amplitudes as

1 ¼ jTþþj2 þ jTþ0j2 þ jT−0j2 þ jT−−j2;
α1 ¼ jTþþj2 − jTþ0j2 þ jT−0j2 − jT−−j2;
α2 ¼ jTþþj2 þ jTþ0j2 − jT−0j2 − jT−−j2;
γ0 ¼ jTþþj2 − 2jTþ0j2 − 2jT−0j2 þ jT−−j2; ð4Þ

where α1 is the asymmetry parameter for the decay
Λb → J=ψΛ, α2 represents the longitudinal polarization
of the Λ, and γ0 is a parameter that depends on the
longitudinal and transverse polarizations of the J=ψ [9].
TheCP invariance of Eq. (3) implies that the parameters for
Λb and Λ̄b are related as follows:

P̄¼−P; ᾱ1 ¼−α1; ᾱ2¼−α2; γ̄0¼ γ0: ð5Þ

In addition, CP conservation in Λ → pπ− decays implies
that ᾱΛ ¼ −αΛ [18]. In this analysis, the four parameters
ðP; α1; α2; γ0Þ are extracted from an analysis of the angular
distribution given in Eq. (3), where αΛ is fixed to its world-
average value of 0.642� 0.013 [18].

III. THE CMS DETECTOR

The CMS detector is used to study a wide range of
phenomena produced in high-energy collisions, with its
central feature being a superconducting solenoid of 6m
internal diameter, providing a magnetic field of 3.8 T.
A silicon pixel and strip tracker, a lead tungstate scintillat-
ing crystal electromagnetic calorimeter, and a brass and
scintillator sampling hadron calorimeter, including a central
barrel and endcap detectors, are located within the magnetic
volume.
The silicon tracker detects charged particles within the

pseudorapidity range jηj < 2.5. It consists of 1440 silicon
pixel and 15 148 silicon strip detector modules. For non-
isolated particles with transverse momentum of 1 < pT <
10 GeV and jηj < 1.4, the track resolutions are typically
1.5% in pT and 25–90 ð45–150Þ μm in the transverse
(longitudinal) impact parameter [19]. Muons are detected
in gas-ionization chambers within the pseudorapidity range
jηj < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive
plate chambers [20]. The global event reconstruction (also
called particle-flow event reconstruction [21]) consists of
reconstructing and identifying each individual particle with
an optimized combination of all subdetector information. In
this process, muons are identified as a track in the silicon
tracker consistent with either a track or several hits in the
muon system, associated with an energy deficit in the
calorimeters.
Events of interest are selected using a two-tiered trigger

system [22]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around

TABLE I. Functions used in Eq. (3) to describe the angular
distribution in the decay Λb → J=ψΛ, with J=ψ → μþμ− and
Λ → pπ−.

i ui vi wi

1 1 1 1
2 α2 αΛ cos θp
3 −α1 P cos θΛ
4 −ð1þ 2γ0Þ=3 αΛP cos θΛ cos θp
5 γ0=2 1 ð3 cos2 θμ − 1Þ=2
6 ð3α1 − α2Þ=4 αΛ cos θpð3 cos2 θμ − 1Þ=2
7 ðα1 − 3α2Þ=4 P cos θΛð3 cos2 θμ − 1Þ=2
8 ðγ0 − 4Þ=6 αΛP cos θΛ cos θpð3 cos2 θμ − 1Þ=2
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100 kHz within a time interval of less than 4 μs. The second
level, known as the high-level trigger (HLT), consists of a
farm of processors running a version of the full event
reconstruction software optimized for fast processing, and
reduces the event rate to around 1 kHz before data storage.
A more detailed description of the CMS detector, a

definition of the coordinate system used and the relevant
kinematic variables, can be found in Ref. [17].

IV. DATA AND SIMULATED EVENTS

We use data collected with a trigger designed for events
containing a J=ψ meson decaying to two muons that form a
displaced vertex relative to the mean pp collision point
(beamspot). The requirement on the displacement does not
affect the angular distributions of the reconstructed Λb
decay products. The dimuon trigger configurations were
changed during the data taking at different center-of-mass
energies, with increasingly stringent requirements to main-
tain an acceptable trigger rate as the instantaneous lumi-
nosity increased. The requirements of the different trigger
versions are as follows: the J=ψ candidates are selected in
the invariant mass window 2.5–4.0 GeV and 2.9–3.3 GeV
depending on the version; the angle (β) between the
reconstructed momentum vector of the dimuon system
and the vector pointing from the beamspot position to the
dimuon vertex must have a value of cos β > 0.9; the
distance between the beamspot and the dimuon vertex in
the transverse plane must have a value that is at least a
factor of 3 larger than its uncertainty (standard deviation or
SD); the muon pair must satisfy pμμ

T > 6.5 or 6.9 GeV in
the different versions; the χ2 probability of the fit of the two
muons to a common vertex must exceed 0.05, 0.10, or 0.15
from the earliest to the latest version; each muon must be in
jηðμÞj < 2.2 and have pμ

T > 3.5 or 4 GeV; and the distance
of closest approach of each muon to the common vertex in
the transverse plane must be less than 0.5 cm.
Simulated events of the signal decay are used to study the

effects of detector acceptance and selection on the recon-
structed angular distributions. The events are generated
using PYTHIA 6.4[23] for production and hadronization, and
EVTGEN [24] is used to describe the b and c hadron decays.
The generated events are passed through the full CMS
detector simulation based on GEANT4 [25]. The simulated
event samples are generated to reproduce

ffiffiffi
s

p ¼ 7 and
8 TeV data-taking conditions, where additional simulation
of pp interactions in the same or nearby beam crossings
and the impact of the HLT are included. Simulated events
are reconstructed and selected using the same algorithms
and requirements as used for data.

V. RECONSTRUCTION AND
EVENT SELECTION

The offline selection requires pairs of oppositely charged
muons originating from a common vertex to form the J=ψ

candidates. The standard CMS muon reconstruction pro-
cedure [20] is used to identify the muons. Since the trigger
changed slightly over the different data-taking periods, the
offline selection is required to be more restrictive than the
most-stringent trigger, and is summarized as follows:
(i) each muon must have pμ

T > 4 GeV and the dimuon
transverse momentum must satisfy pμμ

T > 8 GeV; (ii) the
χ2 probability must exceed 0.15; and (iii) the dimuon
invariant mass must lie within �150 MeV of the world-
average J=ψ mass [18]. Additional requirements are the
same as the trigger selection and, to reduce background, the
J=ψ candidates must satisfy cos β > 0.99.
The Λ candidates are constructed from pairs of oppo-

sitely charged tracks that have a successful fit to a common
vertex. Since the default CMS algorithms cannot distin-
guish between pions and protons, the higher- and lower-
momentum tracks are assumed to have the proton and pion
masses [18], respectively. The selections used for Λ and K0

S
particles are detailed in Ref. [26]. They are optimized to
reduce background using the following additional require-
ments: (i) each track is required to have at least 6 hits in the
silicon tracker and a χ2 track fit per degree of freedom < 7;
(ii) the tracks coming from the Λ decay are required to have
pπ
T > 0.3 GeV, pp

T > 1.0 GeV; (iii) the transverse impact
parameter of the tracks relative to the beamspot is required
to be greater than 3 SD; (iv) the probability of the two-track
vertex fit must exceed 2%; (v) the transverse separation of
the two-track vertex from the beamspot is required to be
larger than 15 SD; (vi) the invariant mass of theΛ candidate
is selected to lie within�9 MeV of the world-average value
[18] and satisfy ppπ

T > 1.3GeV; and (vii) to reduce the
contamination of K0

S → πþπ− decays, events are removed
if their invariant mass falls within �20 MeV of the K0

S
mass when the proton candidate is given the charged
pion mass.
The Λb candidates are fitted to a common vertex

by combining the J=ψ and Λ candidates, with the respec-
tive mass constraints to the world-average values of the
J=ψ and Λ masses [18]. The selection of Λb candidates is
optimized to reduce background with the additional
requirements: pJ=ψΛ

T > 10 GeV, a χ2 probability of the
fit to the J=ψΛ vertex > 3%, and the J=ψΛ invariant
mass 5.40 < mJ=ψΛ < 5.84 GeV.
To extract the number of signal and background

events and to define the signal and sidebands regions,
unbinned maximum likelihood fits to the reconstructed
invariant mass (mJ=ψΛ) distributions are performed, using
separate data sets of theΛb and Λ̄b candidates at

ffiffiffi
s

p ¼ 7 and
8 TeV. The signal shape is modeled by two Gaussian
functions with different SDs, σ1 and σ2, but common
mean μJ=ψΛ, and the background by a first-order poly-
nomial. We define in the four data sets the signal
region as μJ=ψΛ � 16 MeV, the lower sideband region as
[5.46, 5.54] GeV, and the upper sideband region as
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[5.70, 5.78] GeV. From the fits the Λb yields are 981� 39

and 2072� 55 signal events, and the Λ̄b yields are
916� 40 and 1974� 53 signal events at

ffiffiffi
s

p ¼ 7 and
8 TeV, respectively.

VI. MEASUREMENT OF THE POLARIZATION
AND ANGULAR PARAMETERS

The analysis extracts the Λb polarization, P, and the
angular decay parameters α1, α2, and γ0. The results are
obtained from an unbinned maximum likelihood fit to the
J=ψΛ invariant mass distribution and the three angular
variables Θ3 ¼ ðcos θΛ; cos θp; cos θμÞ, using the extended
likelihood function:

L ¼ exp ð−Nsig − NbkgÞ
YN

½NsigPDFsig þ NbkgPDFbkg�;
ð6Þ

where N is the total number of events, Nsig and Nbkg are the
yields of signal and background events, respectively,
determined from the fit in Sec. V, and PDFsig and
PDFbkg represent the probability density functions
(PDFs) for the signal and background, respectively. The
PDFsig has the form

PDFsig ¼ FsigðΘ3ÞϵðΘ3ÞGðmJ=ψΛÞ; ð7Þ

where Fsig represents the theoretical angular distribution
given by Eq. (3) and G is the sum of two Gaussian
functions used to model the J=ψΛ invariant mass distri-
bution, as mentioned in Sec. V. The effect of the detector on
the angular distribution is taken into account by the factor ϵ
that represents the efficiency as a function of the angles.
To estimate the angular efficiency, simulated events of

Λb → J=ψΛ decays are generated with uniform distribu-
tions in cos θΛ, cos θp, and cos θμ. After full detector
simulation, reconstruction, and implementation of the final

selection requirements, the slight differences between the
simulated events and the background-subtracted data are
minimized through a weighting procedure where weights
are assigned to the simulated events to match the data. The
weights are computed with an iterative process in which,
for each iteration, the histograms of a selection variable in
background-subtracted data and simulated events are used
to calculate the ratio bin by bin (weight) with its propagated
statistical uncertainty. The final weight per event is the
product of the weights in each iteration. The efficiency
distributions as a function of the variables are fit with a
product of Chebyshev polynomials, where the coefficients
are obtained for Λb and Λ̄b at

ffiffiffi
s

p ¼ 7 and 8 TeV in separate
likelihood fits. The simulated efficiency distributions and
the results of these fits are shown in Fig. 2 for the Λb

candidates at
ffiffiffi
s

p ¼ 8 TeV.
The background PDFbkg is given by the product of a

first-order polynomial PðmJ=ψΛÞ for the invariant mass and
an angular distribution function FbkgðΘ3Þ:

PDFbkg ¼ PðmJ=ψΛÞFbkgðΘ3Þ: ð8Þ

The background angular distributions FbkgðΘ3Þ are esti-
mated using events from the mJ=ψΛ invariant mass side-
bands. They are modeled using Chebyshev polynomials for
cos θΛ and cos θp, and a product of two complementary
error functions for cos θμ, as shown in Fig. 3 for Λb

candidates at
ffiffiffi
s

p ¼ 8 TeV.
The complete likelihood function in Eq. (6) is maxi-

mized by fitting simultaneously the four data sets for Λb

and Λ̄b at
ffiffiffi
s

p ¼ 7 and 8 TeV, allowing for the extraction of
the common parameters P, α1, α2, and γ0. The simulta-
neous fit is performed in the enriched signal mass range
within 3.5 SDs of the mean Λb mass. This range contains
more than 99.9% of the signal events, and significantly
reduces the number of background events. As a result, the
fit is less sensitive to the modeling discussed above. The fit
parameters for the background and efficiency distributions
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FIG. 2. The efficiencies as a function of (a) cos θΛ, (b) cos θp, and (c) cos θμ obtained from simulated Λb → J=ψΛ decays atffiffiffi
s

p ¼ 8 TeV. The vertical bars on the points are the statistical uncertainties in the simulated data, and the lines show the projections of a
3D fit to the distributions using Chebyshev polynomials. The scales of the vertical axes are arbitrary.
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are fixed to those found in the previous fits. The signal and
background mass parameters are obtained from previous
fits to the mass distribution within 10 SDs, and the numbers
of signal and backgrounds events are fixed to the propa-
gated values in the signal mass region. The resulting fit
values of the polarization and the three angular decay
parameters are

P ¼ 0.00� 0.06; α1 ¼ 0.14� 0.14;

α2 ¼ −1.11� 0.04; γ0 ¼ −0.27� 0.08;

where the uncertainties are statistical only. The correlation
matrix of the fitted parameters is shown in Table II. No
strong correlations are found among these parameters.
Translating these values to the squares of the helicity
amplitudes, the results are

jTþþj2 ¼ 0.05� 0.04; jTþ0j2 ¼ −0.10� 0.04;

jT−0j2 ¼ 0.51� 0.03; jT−−j2 ¼ 0.52� 0.04;

where the uncertainties are statistical only. The projections
of the fit are shown in Figs. 4 and 5 for Λb and Λ̄b,
respectively, using the combined data at

ffiffiffi
s

p ¼ 7 and 8 TeV.

VII. SYSTEMATIC UNCERTAINTIES

Various sources of systematic uncertainty that affect the
measurement of the parameters P, α1, α2, and γ0 are
discussed below.

Fit bias.—The bias introduced through the fitting pro-
cedure is studied by generating 1000 pseudoexperiments
using the measured parameters as inputs. The difference
between the input and the mean of the fitted values is taken
as the systematic uncertainty.
Asymmetry parameter αΛ.—This parameter is varied up

and down by its uncertainty and the maximum deviation in
the final result for each parameter is taken as the systematic
uncertainty.
Model for the background mJ=ψΛ distribution.—An

exponential function is used instead of the first-order
polynomial in the likelihood fit. The parameter of the
exponential and the background yield are varied by their
uncertainties. The fit is redone taking into account this
variation on the background model for the mass, and the
differences between these results and the nominal fit results
are taken as the systematic uncertainty for this source.
Model for the background angular distributions.—

Alternative parametrizations of the background angular
distributions are used to estimate the systematic uncer-
tainty. For cos θΛ and cos θμ the alternative models com-
prise a superposition of Gaussian kernels, as implemented
in Roofit RooKeysPdf [27], while for cos θp the alternative
model is an error function. The differences relative to the
nominal results are taken as the systematic uncertainties
from the modeling of the background angular distributions.
Model for the signal mJ=ψΛ distribution.—We estimate

this uncertainty by changing the parameters by their
uncertainties, taking into account their correlations. In each
sample of Λb and Λ̄b at

ffiffiffi
s

p ¼ 7 and 8 TeV, we use the
parameter of the signal mass model with the largest global
correlation and add 1 SD to its nominal value if the
correlation is positive and subtract 1 SD if the correlation
is negative. The difference relative to the nominal result is
quoted as a systematic uncertainty.
Angular efficiencies.—The values of the Chebyshev

polynomial coefficients that model the angular dependence
of the efficiencies are changed by their uncertainties. The

Λθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ 0
.1

3

0

50

100

 (8 TeV)-119.8 fb

CMS

(a)

pθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ 0
.1

3

0

50

100

 (8 TeV)-119.8 fb

CMS

(b)

μθcos
1− 0.5− 0 0.5 1

E
ve

nt
s 

/ 0
.1

3

0

50

100

 (8 TeV)-119.8 fb

CMS

(c)

FIG. 3. The background angular distributions of (a) cos θΛ, (b) cos θp, and (c) cos θμ are shown, as obtained from the sidebands in the
J=ψΛ invariant mass distribution at

ffiffiffi
s

p ¼ 8 TeV. The vertical bars on the points represent the statistical uncertainties, and the solid lines
are the results of the fits to data as described in the text.

TABLE II. Correlation matrix for the fitted parameters.

Parameter P α1 α2 γ0

P 1 −0.039 −0.029 0.116
α1 1 −0.207 −0.030
α2 1 0.285
γ0 1
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difference relative to the nominal fitted result is taken as the
systematic uncertainty.
Angular resolution.—We study the systematic uncer-

tainty in the angular resolution of the measured observables
cos θΛ, cos θp, and cos θμ by first determining the resolution
using simulated events, then taking the difference between
the generated (before detector simulation) and reconstructed
(fully simulated) distributions of the cosines of the three
polar angles, and fitting the resulting distributions to
Gaussian functions. Using these models, we generate
random numbers that are added to the three polar angles
of the events at generation. The difference between the
obtained parameters from the likelihood fits using the same
events, with and without the added random terms, is quoted
as the systematic uncertainty from the angular resolution.
Azimuthal angle efficiency.—Uniform azimuthal effi-

ciencies are assumed throughout the analysis. Besides
simplifying the measurement from a five- to a three-
dimensional angular analysis, this assumption also reduces
the number of angular parameters from 6 to 3. The effect of
the nonuniformity in the φp and φμ efficiencies is inves-
tigated with 500 pseudoexperiments generated using the

five-dimensional angular distribution, multiplied by the
polar and azimuthal efficiencies obtained from the full
simulation, as well as initializing the 3 extra parameters to
values away from the physical boundary. The resulting
distributions are then fitted to the nominal three-dimen-
sional angular model. Differences in the mean values of P,
α1, α2, and γ0 relative to the input values (set to the nominal
results) are taken as the systematic uncertainties from the
impact of the nonuniformity of the azimuthal efficiencies.
Weighting procedure.— To estimate the uncertainty from

the weighting procedure, we vary each weight by its
uncertainty and use this as a new weight to correct the
efficiencies, then redo the fit with these new values. The
differences between the results of this fit and the nominal
values are taken as the systematic uncertainty in each
parameter.
Reconstruction bias.—Possible unaccounted reconstruc-

tion biases are also considered. To estimate this systematic
uncertainty, we use a simulated event sample with input
values of the helicity amplitudes and polarization similar to
those observed in data. Then, after reconstruction and
selection as in data, we fit the simulated events and take
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FIG. 4. Distributions in (a)mJ=ψΛ, (b) cos θp, (c) cos θΛ, and (d) cos θμ for Λb candidates in the combined
ffiffiffi
s

p ¼ 7 and 8 TeV data. The
vertical bars on the points are the statistical uncertainties in the data, the solid line shows the result of the fit, and the dashed and dotted
lines represent, respectively, the signal and background contributions from the fit.
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the differences between the input and fit values for every
angular parameter and polarization. Since we are using the
full reconstruction of the simulated events, we subtract in
quadrature the systematic sources involved in the fit from
those observed differences, and finally take the square root

of this subtraction as the estimate of the systematic
uncertainty component due to reconstruction bias. This
systematic uncertainty is by far the largest uncertainty;
however, it is still smaller or comparable to the correspond-
ing statistical uncertainty.
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FIG. 5. Distributions in (a)mJ=ψΛ̄, (b) cos θp, (c) cos θΛ, and (d) cos θμ for Λ̄b candidates in the combined
ffiffiffi
s

p ¼ 7 and 8 TeV data. The
vertical bars on the points are the statistical uncertainties in the data, the solid line shows the result of the fit, and the dashed and dotted
lines represent, respectively, the signal and background contributions from the fit.

TABLE III. The sources and values of the systematic uncertainties in each parameter and the total uncertainty.
Each value in the table should be multiplied by 10−2 to obtain the corresponding systematic uncertainty.

Source Pð×10−2Þ α1ð×10−2Þ α2ð×10−2Þ γ0ð×10−2Þ
Fit bias 0.1 0.3 0.1 0.2
Asymmetry parameter αΛ 0.4 0.7 2.0 0.6
Background mJ=ψΛ distribution 0.01 0.5 1.0 0.9
Background angular distribution 0.4 0.5 0.9 5.0
Signal mJ=ψΛ distribution 0.01 0.3 1.0 1.0
Angular efficiencies 0.1 0.3 3.0 1.0
Angular resolution 1.0 0.1 2.6 0.8
Azimuthal angle efficiency 0.1 1.0 0.3 0.1
Weighting procedure 0.1 1.3 0.4 2.0
Reconstruction bias 5.7 9.8 2.0 9.1

Total (quadrature sum) 5.8 10.0 5.1 11.1
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The contributions from the different uncertainty sources
are assumed to be independent and the total systematic
uncertainty is calculated as the quadrature sum of all
uncertainties. The values of the systematic uncertainties
in each parameter from the individual sources and their
quadrature sum are given in Table III.

VIII. SUMMARY AND CONCLUSIONS

Based on an angular analysis of about 6000 Λb →
J=ψð→μþμ−ÞΛð→pπ−Þ events collected by the CMS
experiment at

ffiffiffi
s

p ¼7 and 8 TeV, a measurement of the
Λb polarization P, the parity-violating asymmetry param-
eter in the Λb decay α1, the Λ longitudinal polarization α2,
and the parameter γ0 has been performed. The obtained
values are

P ¼ 0.00� 0.06ðstatÞ � 0.06ðsystÞ;
α1 ¼ 0.14� 0.14ðstatÞ � 0.10ðsystÞ;
α2 ¼ −1.11� 0.04ðstatÞ � 0.05ðsystÞ;
γ0 ¼ −0.27� 0.08ðstatÞ � 0.11ðsystÞ;

corresponding to the squares of the helicity amplitudes

jTþþj2 ¼ 0.05� 0.04ðstatÞ � 0.04ðsystÞ;
jTþ0j2 ¼ −0.10� 0.04ðstatÞ � 0.04ðsystÞ;
jT−0j2 ¼ 0.51� 0.03ðstatÞ � 0.04ðsystÞ;
jT−−j2 ¼ 0.52� 0.04ðstatÞ � 0.04ðsystÞ:

The measured Λb polarization value given above is con-
sistent with the LHCb measurement [11] and theoretical
predictions of 0.10 [5] and 0.20 [6]. Note that in our
notation, α1 is the negative value of αb referred to in the
theory [9,10,28–31], LHCb [11], and ATLAS [12] papers.
To compare with the theoretical predictions and the
other measurements, we use the negative of our measured
value of α1. The many theoretical predictions for −α1
include −0.2 to −0.1 from quark model techniques
[9,28–31], −0.17 to −0.14 from perturbative quantum
chromodynamics calculations [10], and 0.78 from
heavy-quark effective theory [4,6]. The measured value
is inconsistent at more than 5 standard deviations with the
heavy-quark effective theory prediction, but is consistent at
less than one standard deviation with the other predictions.
The presented measurement of α1 is also consistent with
the measurements 0.05� 0.17ðstatÞ � 0.07ðsystÞ and
0.30�0.16ðstatÞ�0.06ðsystÞ by LHCb [11] and ATLAS
[12], respectively, and with no parity violation at the level
of one standard deviation. The measurement of α2, com-
patible with −1, indicates that the positive-helicity states of
the Λ coming from the Λb decay are suppressed.
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