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Preface

The conjugation operator (C) exchange particles in antiparticles and viceversa, the par-
ity operator (P ) reverses the axis direction of the reference frame and the time reversal
operator (T ) inverts the time flow of a process. It would seem reasonable to expect that
the physical properties of particles will not change with the application of either of these
operators, and certainly not with the both the couple CP and T . How long a particle
lives and the manner in which it decays should not depend on the charge, nor on its
direction compared to, say, its own axis of spinning rotation. Physical measurable quan-
tities should not depend on the direction of the arrow of time. However, in a series of
experimental revelations first P and then CP/T symmetry were found to be violated
under the weak nuclear force.

In 1957, a team of physicists (Wu et al.) found that a weak decay violated parity
symmetry. In a magnet, they aligned the spin angular momentum of some very cold,
radioactive cobalt nuclei and then observed that, as they decayed, the ejected electron
was not emitted isotropically. The weak decay, somehow stipulated a particular direc-
tion, preferentially close to the direction of the spin vector. This absolute directional bias
meant that the mirror image of the process does not occur. In direct contrast the other
fundamental forces of nature, weak decays maximally violated P symmetry.

In 1964, another team (Cronin et al.) observed that long-lived “strange” mesons,
assumed to consist equally of K0 and K0 with a value of CP = −1, decayed 0.2% of
the time into two pions which are definitely CP = +1. This demonstrated that, as the
neutral kaons travelled through space, the quantum mechanical proportion of K0 and
K0 slightly altered such that a small portion of CP = +1 arose. The altering of K0

and K0 proportions are possible only if their interactions by the weak force differ. This
is why the term “CP violation” immediately implies a difference between matter and
antimatter (K0 and K0 in this case).

The cosmological relevance of a matter/antimatter asymmetry in particle interac-
tions is clear. In an inflationary model of the Big Bang, equal particle production of
matter and antimatter is expected. However at very early time a difference in behaviour
must have been present to leave us with a Universe made exclusively of matter. In this
context, the discovery made by Cronin et al. would seem to have astonishing signifi-
cance. However, estimates done later show that the amount of CP violation in kaons is
orders of magnitude too small to explain the Universe.

Over the following decades the Standard Model (SM) of particle physics was de-
veloped around three generation of quarks, three generations of leptons and three forces
(gravity excluded). CP violation is introduced in the SM through the Cabibbo-Kobayash-
Maskawa mechanism (CKM) which predict that all CP violating phenomena originate
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from the same complex phase in the CKM quark-mixing unitary matrix. In 1973, it not
only predicted the third quark generation now known as the “top” and “bottom” quarks,
but also that the matter/antimatter differences should be even more glaring in the de-
cays of bottom particles. The validation of this prediction had to wait until 2001 when
two competing experiments, Belle at KEK (Japan) and BaBar at SLAC (California) dis-
covered a large difference in the time evolution of B0 and B0 mesons. This CP violation
is∼ 10 times greater than the effect first observed in kaons 37 years earlier; the long delay
was mainly due to the difficulty in producing the much-heavier bottom mesons. In the
first decade of the new millenium, CP violation was seen in a number of decay modes
of the B0, B+ and B0

s mesons. The effects varied in size but all were consistent with
the SM expectation. Nowadays we are in a regime where the SM CP violation must be
tested to high precision by cross-comparing all the known effects to constraint the CKM
matrix parameters and verify its unitarity. A deviation from the prediction would be a
clear sign of new physics, and in particular new sources of CP violation.

The LHCb detector is a single-arm spectrometer situated on the Large Hadron Col-
lider at CERN. It is optimised to select and reconstruct the b and c hadrons produced in
high energy pp collisions, in order to study CP -violating processes and rare decays with
unprecedented precision.

The unprecedented number of b baryons available with the data sample collected in
LHCb will allow a completely new world class measurements. It opens a new unex-
plored sector in particle physics for precision measurements in b-baryon decays where
also new physics effect could be observed. In particular, with the increase of the statis-
tics, we could search for CP violation in heavy baryon decays where it has never been
observed. It is extremely important to confirm the CKM mechanism in baryons, where
it predicts sizeable effects in b baryons.

CP violation could manifest itself not only in dynamic processes such as decays, but
also in static properties of the particles such as the electric dipole moment (EDM). The
existence of permanents EDM requires the violation of P and T symmetries and thus,
relying on the validity of the CPT symmetry, the violation of CP symmetry. In the SM,
contributions to the EDM of baryons is highly suppressed but can be largely enhanced
in some of its extensions. Hence, the experimental searches for the EDM of fundamental
particles provide powerful probes for physics beyond the SM.

This thesis is composed by two parts, main subjects of the work of the author during
the PhD, preceded by two chapters:

• the first chapter provides an introduction on the CP violation. After a short pream-
ble on the flavour physics, the author lists the motivations why it is important to
search for CP violation and what fundamental informations it could reveals. Our
actual knowledge and how it manifests itself in all known phenomena up to date
is described in the final part;

• the second chapter gives a short overview of the LHCb detector, the experimental
apparatus used to perform the analysis described in the first part of this thesis;

• the first part of the thesis presents the search for CP violation in the angular dis-
tributions of Λ0

b → pπ−π+π− decay. The measurement is performed exploiting
the full LHCb dataset, taken during Run 1 and Run 2 (from 2011 to 2017), and
it is in review within the collaboration. The author has been responsible for the
analysis from its early stages. Using the Run 1 dataset, taken during 2011 and
2012, the first evidence at 3.3σ of CP violation in a baryon decay was obtained in
Λ0
b→ pπ−π+π−. The result was published in [Nature Physics 13, 391-396 (2017)].
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The same technique has been applied also to other Λ0
b→ ph−h+h− baryon decays;

the results are compatible with the CP symmetry and already published [JHEP 08
(2018) 039]. This was the first observation of these modes and the first time CP
violation was searched for in baryon decays with this technique. I presented this
analysis at the SIF National Congress and I’ve been awarded the first prize as the
best presentation in the nuclear and subnuclear physics area. The prize consisted
of a report of the analysis published in [Il Nuovo Cimento 39 C (2016) 273];

• the second part of the thesis describe the new proposal for searching a non-zero
EDM of heavy and strange baryons at LHCb, extending the ongoing worldwide
experimental program on the neutron, muon and atoms. The existence of a non-
zero EDM in fundamental particles requires a breaking of the T and P symmetries
and consequently, relying on the CPT theorem, the violation of the CP symmetry.
The use of bent crystals is crucial to induce an appreciable spin precession in few
centimeter before the decay occurs. With the same apparatus it is also possible
to measure the magnetic dipole moment (MDM) of such particles. The proposed
experiment would represents the first direct measurement of EDM and MDM for
charmed baryons. The author demonstrated the feasibility of this proposal solving
the equation of motion of the spin precession, calculating the expected sensitivity,
determining the optimal parameters of the crystal, the occupancies of the detector
and verifying the possibility of the LHCb detector to reconstruct the signal with
good resolution and isolate it from the dangerous background. The proposal has
already been published [Eur. Phys. J. C (2017) 77, 181] with also an update [Eur.
Phys. J C (2017) 77, 828] where the analytical resolution of spin precession has been
verified through simulations. I’ve been awarded the first poster prize for present-
ing this work at one of the most important conferences on the High Energy Physics:
the XXVIII International Symposium on Lepton Photon conference in Guangzhou
(China) during 2017.

During the writing of this thesis we submitted a new proposal for the direct mea-
surement of the elusive τ MDM and EDM to PRL and arXiv [arXiv:1901.04003].
The experimental approach and setup is similar to the one proposed in this thesis
for the heavy baryons, but an higher statistics is required to test the SM prediction
of the τ MDM. However this novel method is not discussed here.
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CHAPTER 1

Introduction

In the past, flavour physics has driven indirect discoveries of new particles through pre-
cision measurements of other processes before the actual particles could be produced
directly. For example the discovery of the differences in the behaviour of matter and
antimatter, CP violation (CPV ), has led to the explanation of flavour mixing with three
families of quarks; the absence of the K0

L→ µ+µ− decay drove the prediction of the c
quark trough the GIM mechanism; the measurement of the B0 mixing allowed for the
prediction of high mass of the t quark.

The asymmetry between matter and antimatter behaviour is related to the violation
of the CP symmetry, where C and P are the charge-conjugation and parity operators.
CPV is accommodated in the Standard Model (SM) of particle physics by the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism that describes the transitions between up- and
down-type quarks, in which quark decays proceed by the emission of a virtual W boson
and where the phases of the couplings change sign between quarks and antiquarks. A
significant excess of CPV with respect to the theoretical predictions would represent a
proof of new physics beyond the SM (BSM). The experiments BaBar and Belle have sys-
tematically studied the B0 and B± mesons. The heavy baryon sector (i.e. containing the
b quark) still remains largely unexplored. Given the large production of heavy baryons
at LHCb, precision measurements have become possible in this field. Moreover, the in-
terest of the scientific community is growing on heavy baryons: the last measurement
on |Vub| in the channel Λ0

b → pµ−ν and the discovery of the pentaquark in the channel
Λ0
b→ J/ψpK− are only few relevant examples. Actually the theory describes very well,

within the experimental error, the CPV mechanism so far observed in meson decays.
Since in the mesons and baryons decays the quark transitions are the same, the CKM
theory predicts CPV also in the baryon sector, which has never been observed so far. It
is important to measure CPV also in baryons to check if the mechanisms through which
it is generated is the same as mesons. We know that CPV is a key ingredient for baryo-
genesis, but the CKM mechanism cannot explain it quantitatively. New sources of CPV
are necessary to explain baryogenesis.

The search for electric dipole moment (EDM) of baryons represents a powerful probe
for new sources of CPV and new physics beyond the Standard Model. In particular, it
is sensitive to flavour diagonal CPV contributions that are predicted to be minuscule
in the SM. The existence of permanent EDMs requires the violation of parity (P ) and
time reversal (T ) symmetries and thus, relying on the validity of the CPT theorem, the
violation of CP symmetry. These measurements are not foreseen in the physics program
of the LHCb experiment dedicated to the study of the CP violation of heavy hadron via
flavour-changing observables, and require new instrumentation.

1



2 1.1 Physics motivations

1.1 Physics motivations

The CP symmetry is minimally violated in nature. It is not only relevant for the under-
standing of a small set of rare weak processes but it actually bears on one of the most
intriguing mysteries of cosmology, namely the fact that the universe contains only matter
and not antimatter.

The fundamental and deep connection between particles and antiparticles which is
expressed by theCPT symmetry, the only discrete symmetry which appears to be exactly
valid in nature, could lead to the expectation that matter and antimatter are equally
abundant in the universe. This appears, however, not to be the case and only one of the
two, which we call matter, is present around us.

1.1.1 Baryogenesis

It is believed that at the time of the Big Bang, about 13.8 billion years ago, equal amounts
of matter and antimatter were populating the early universe. Then, particles and anti-
particles started to annihilate each other until a universe exclusively composed of matter
was left. Such a phenomenon, called baryogenesis, can be explained if there exists some
kind of asymmetry which differentiates the behaviour of matter and anti-matter parti-
cles.

The presence of antimatter in the observed universe is excluded [1], otherwise the
amount of radiation produced in the regions where matter and antimatter annhilate will
be much larger than what observed. Information on the presence of antimatter in the
universe can be also obtained from extra galactic cosmic rays, searching for antiparti-
cles with energies greater than O(100) PeV which are believed not to be of solar origin.
The only antiparticles that are identified in cosmic rays are positrons and antiprotons
in an amount that is consistent with the production through high energy collisions with
ordinary matter. If antimatter exists, it must be separated from us at least by the ob-
servable universe [2, 3]. There seems to be no plausible way of separating baryons and
antibaryons from each other on such large scales. The experimental evidence is that we
live in a matter-dominated universe.

The present universe contains radiation, mostly in the form of the Cosmic Microwave
Background (CMB). As the baryon number density evolves with the expansion of the
universe, the excess of baryons over antibaryons is conveniently expressed by the di-
mensionless ratio

η =
nB − nB

nγ
∼ nB
nγ
≈ 6 · 10−10 (1.1)

where nB , nB are the densities of baryons and antibaryons and nγ the density of
photons. The value of η is experimentally determined in two independent ways: from
Big-Bang nucleosynthesis [4] and from the angular distribution of anisotropies of the
CMB [5]. The quantity η is usually called the Baryon Asymmetry of the Universe (BAU),
which corresponds to the matter-antimatter asymmetry. It means that, while today the
baryon asymmetry is maximal (as no antibaryons are found), in the early universe it was
very small: there was an excess of a single baryon for every 1/η ∼ 109 baryon-antibaryon
pairs. It is interesting to note that in a homogeneous, baryon-symmetric universe, there
would still be a few baryons and antibaryons left since annihilations aren’t perfectly
efficient, but the departure from equilibriumpredicts an abundance of η ≈ 10−18 [6],
which is far too small for the measured value in Equation (1.1).
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Sakharov pointed out in his paper [7] that a baryon asymmetry can actually arise
dynamically during the evolution of the universe from an initial symmetric state if the
following three necessary conditions hold:

Baryon number (B) violation
If every fundamental interaction conserves B-number individually, then it will al-
ways be conserved globally. Thus, there must exists a process of the form:

X → Y +B (1.2)

where X and Y have the same baryon number and B is the baryons excess.

C and CP violation
C symmetry has to be violated otherwise every B-number violation reaction X→
Y +B proceeds at the same rate as the C-conjugate reaction

Γ(X→ Y +B) = Γ(X→ Y +B) (1.3)

and the B-number is totally conserved. However if C symmetry is violated and CP
symmetry holds

Γ(X→ YLBL) = Γ(X→ Y RBR) (1.4)

Γ(X→ YRBR) = Γ(X→ Y LBL) (1.5)

Γ(X→ YLBL) + Γ(X→ YRBR) = Γ(X→ Y RBR) + Γ(X→ Y LBL). (1.6)

and by summing over helicities the equality of decay widths in Equation (1.6) still
preserves baryon number. Then both C and CP symmetry has to be violated.

Departure from thermal equilibrium
If the process X→ Y +B is in thermal equilibrium, then by definition:

Γ(X→ Y +B) = Γ(Y +B→ X) (1.7)

and no net baryon asymmetry can be produced since the inverse process destroys
B as fast as Equation (1.2) creates it.

The theoretical challenge has been to find out if SM support scenarios that yield to the
correct order of magnitude of the BAU. In principle all the three Sakharov requirements
are present in the SM.

The SM Lagrangian conserves B classically, but there are global anomalies under
which B conservation can be violated [8]. SM baryon number violating processes are
non-perturbative and violate B and Leptonic Number (L) by 3 units ∆B = ∆L = ±3
with the selection rules ∆B = ∆L. These processes are extremely suppressed and com-
pletely negligible in normal conditions, occurring with a probability ∼ exp (− 4π

αW
) ∼

10−164 (where αW is the weak gauge coupling constant) [6]. In the extreme conditions
of the early universe such processes, often called sphaleron processes, become significant
at temperatures T > TEW ∼ 100 GeV, which the universe had at the time of the electro-
weak phase transition, when it was energetically favourable for the Higgs scalar field to
acquire a non-zero expectation value [9].

The violation of C and CP symmetries are well incorporated in the SM, the former
was firstly observed in the decay of muons and antimuons [10] while the latter in the
K0
L→ π+π− decays [11]. The amount of CPV in the standard model could only account
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for η ∼ 10−20 [3, 6, 2, 12], far too small for the measured value in Equation (1.1). There
is now a general consensus, among practitioners, that CPV á la CKM is irrelevant in the
BAU. This means that other sources of CPV must be present beyond the SM and the aim
of this thesis is to search for them.

1.2 Standard Model

The Standard Model is the theory that describes electromagnetic, weak and strong inter-
actions which are responsible for the dynamics of all known sub-atomic particles. It is
essentially a merger between two theories: the Glashow-Weinberg-Salam (GWS) model
describing the electromagnetic and the weak interactions and Quantum Chromodynam-
ics (QCD), describing the strong interaction. The particles contained in this model are
divided into two families: fermions (with semi-integer spin) and bosons (with integer
spin). Fermions are then further divided into leptons and quarks, depending on whether
they interact via the electromagnetic and weak forces only, or also via the strong force.
Moreover, leptons and quarks are then organized in 3 families which contain particles
that couple with the same coupling constants to the fundamental forces and differ by the
mass, as shown in Figure 1.1.

Each interaction has its own mediator: γ for the electromagnetic interaction, W± and
Z for the weak interaction and 8 gluons for the strong interaction. Finally the Higgs
boson is the result of the weak isospin symmetry breaking of the Higgs field that is also
responsible for the non-zero mass of the W± and Z bosons and fermions. Their masses
and their principal properties are shown in Figure 1.1.

Figure 1.1: Elementary particles forming the Standard Model: 6 quarks (purple), 6 leptons
(green), four gauge bosons (red) and the Higgs boson (yellow).

The Standard Model is formulated using the framework of the quantum field theory
where the quarks, leptons and bosons are represented via quantum fields. The SM is
described by a Lagrangian density that is invariant under a local gauge transformation.
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The local gauge symmetry group for the SM is:

GSM = SU(3)C ⊗ SU(2)L ⊗U(1)Y . (1.8)

The strong interactions, described by the QCD, are obtained requiring the local gauge
invariance of the Lagrangian for SU(3)C transformation, where C is the colour charge,
while the request of invariance for transformations of the SU(2)L ⊗ U(1)Y group de-
scribes the electroweak interactions, where L refers to left-handed fermions while Y is
the weak hypercharge.

1.3 CP violation in the Standard Model

The operation of CP is obtained combining the two discrete transformations of parity P
and charge conjugation C. Under C, particles turn into antiparticles, by conjugation of
their internal quantum numbers. Under P , spatial coordinates are reversed, changing
the handedness of the reference frame.

The CPT theorem [13] establishes the invariance of any local quantum field theory
when the three discrete symmetries C, P and T are applied. Following this theorem,
observing CP violation, then T violation is implied and viceversa. But, if T is violated in
fundamental processes, then the assertion that local past and future are not distinguish-
able falls down.

During the past years it has been verified experimentally that only gravitational, elec-
tromagnetic and strong interactions respect the C and P symmetries and, therefore, also
their combination CP . Conversely, it has been found that weak interactions do not re-
spect P and C symmetries. Before 1964 it was thought that all of the fundamental inter-
actions had to respect the CP symmetry, but an experiment by Fitch and Cronin, involv-
ing neutral kaon decays, observed for the first time that also CP was violated [11]. From
that moment, CPV has been deeply studied using decays of K, B, and D mesons. Up to
date no evidence of CPV in baryons sector have been found.

CP violation can arise from three different sources, namely:

• the flavour mixing of neutral mesons, i.e. the transformation of a neutral meson to
its CP counterpart

• directly from decay diagram, where the decay rate of a particle to a final state
differs from the decay rate of the relative antiparticle to the charge conjugate final
state

• in the interference between mixing and decay amplitudes.

It is relevant to note that, since the baryon number is conserved, only CPV in decay is
possible in baryons.

CPV is still nowadays a very promising field of research, with an exhaustive pro-
gramme of precision measurements being pursued by LHCb, and next by the Belle II
experiment in Japan. In particular, charmless four-body beauty baryon decays proceed
through loop-level quark transitions and are sensitive to potential contributions from
physics beyond the SM.

1.3.1 Brief history of flavour physics and discrete symmetries violation

The SM was formulated in its current form at the beginning of the ’70s and since then it
has collected an extraordinary series of successes but to arrive at this point lots of experi-
ments, measurements and discoveries were required. Until 60 years ago, it was believed
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that all laws in nature were invariant under the application of charge conjugation and
parity transformations. It was clear that it was an incorrect assumption when C. S. Wu
and her team, in 1957, found a clear evidence of P violation in the 60Co β decay [14] and
soon after a team led by Lederman observed C violation in the decays of muons and
antimuons [10]. After this experimental evidence, the fact that P and C are violated by
weak interactions was definitely established. A subsequent experiment made by Gold-
haber et al. [15] in 1958 showed that the neutrino is left-handed, i.e. its spin is antiparallel
with respect to its momentum. It was soon pointed out that the independent application
of C and P operators to the left-handed neutrino (νL) led to physical states not observed
in nature (right-handed neutrino (νR) and left-handed anti-neutrino (νL), respectively), but
that the application of the CP operator to the νL led to the observed νR. For this reason
it was thought that the CP symmetry was indeed conserved. However, in 1964, Cronin
and Fitch discovered thatCP symmetry was broken in a small fraction ofK0

L decays [11],
yielding the first experimental evidence of CPV .

Murray Gell-Mann and George Zweig developed some years later a classification
scheme for hadrons that soon became known as the quark model. This model initially
comprised only the up, down and strange quarks. In 1963, to preserve the universality of
weak interactions, i.e. the fact that the coupling constant was the same in all transitions,
Nicola Cabibbo introduced a mixing angle θC (the so-called Cabibbo angle) and made
the hypothesis that the state coupling to the up quark was a superposition of down-type
quarks [16], i.e.:

d′ = d cos θC + s sin θC . (1.9)

Few years later, in 1970, Glashow Iliopoulos and Maiani proposed to explain the ob-
served suppression of flavour-changing neutral currents (FCNC) processes with the hy-
pothesis that the up quark coupled to a second superposition of down-type quarks, or-
thogonal to d′ and defined as:

s′ = −d sin θC + s cos θC . (1.10)

Moreover, they also theorized the existence of a fourth quark, the c quark [17], which is
necessary for a complete cancellation of the tree-level FCNC diagrams in K0

L→ µ+µ−

decay. This prediction was experimentally confirmed four years later by two groups led
by Samuel C. C. Ting at Brookhaven National Laboratory [18] and by Burton Richter
at the Stanford Linear Accelerator [19], through the discovery of the first cc resonance,
called the J/ψ meson.

We can write d′ and s′ combinations in matrix notation as
(
d′

s′

)
=

(
cos θC sin θC
− sin θC cos θC

)(
d
s

)
, (1.11)

where the 2× 2 matrix is known as the Cabibbo matrix.
By noting that CPV could not be explained in a four-quark model, Kobayashi and

Maskawa generalized the Cabibbo matrix into the so-called Cabibbo-Kobayashi-Maskawa
matrix (or CKM matrix)



d′

s′

b′


 =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





d
s
b


 , (1.12)

thus predicting the existence of another quark doublet [20]. This hypothesis was then
confirmed with the discovery of the bottom quark in 1977 by Leon M. Lederman and
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collaborators at FermiLab [21] and with the discovery of the top quark in 1995 by the
CDF [22] and DØ [23] collaborations. The CKM matrix is characterized by four free
parameters: three mixing angles and one complex phase, the latter being responsible for
the CPV . This formalism has proven to be very successful in explaining and predicting
CPV in different decays. For their work, Kobayashi and Maskawa were awarded the
Nobel Prize in 2008.

Since its discovery in 1964, systematic studies of CPV have been carried out by sev-
eral experiments. Another important leap was made by the ARGUS collaboration in 1987
through the discovery of the B0-B0 mixing [24]. It opened the venue for the measure-
ment of CPV using mesons containing b quark. Some years ago the CDF Collaboration
reported the first observation ofB0

s -B0
s mixing [25], and recently the LHCb collaboration

reported that of D0-D0 mixing [26]. The existence of CPV in the decays of B0 mesons
was observed by the BaBar and Belle experiments [27, 28]. Finally, the first observation
of CPV in the B0

s decays was reported by LHCb [29].

1.3.2 The CKM matrix

In the SM, the CP symmetry is broken by a complex phase in the Yukawa couplings of
quark fields with the Higgs scalar. When the symmetry group of the SM electroweak
interaction SU(2)L ⊗ U(1)Y is broken, leading to a non-zero vacuum expectation value
to the Higgs field, then mass terms for the quarks appear. The mass eigenstates are thus
obtained diagonalizing the Yukawa matrix (Y f ) using four matrices (V fL , V

f
R ):

Mf
diag =

v√
2
V fL Y

fV f†R , f = u, d (1.13)

where v√
2

is the vacuum expectation value of the Higgs field, with the requirement that
the V matrices are unitary. As a consequence, in the new basis of mass eigenstates, the
electroweak currents for quarks are given by

LW± =
g√
2
ULiγ

µ(V uL V
d†
L )ijDLjW

+
µ + h.c. (1.14)

LZ =
g

cos θW
cFHFHiγ

µ(V FH V
F†
H︸ ︷︷ ︸

=I

)ijFHjZµ + h.c., F = U,D, H = L,R (1.15)

where g is the electroweak coupling constant, θW is the Weinberg angle, cFH is the cou-
pling constant relative the fermion of type F and handedness H , UL(DL) is the up
(down) left-handed fermion field and W+, Z are the weak fields, i and j run over the
three families. The effect of Equation (1.15) is that the neutral current is still diagonal in
flavour (in the SM there are no FCNC at tree level) while the charged current mixes up-
and down- type quarks as shown in Equation (1.14). The product of the two V fL matrices
contains the couplings of an up-type antiquark and a down-type quark to the charged
W bosons and is called Cabibbo-Kobayashi-Maskawa (CKM) matrix:

VCKM ≡ V uL V d†L =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


 . (1.16)

Properties of the CKM matrix

The first important feature of the CKM matrix is its unitarity, expression of the FCNC
suppression and universality of the weak interaction. Such a condition determines the
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number of free parameters of the matrix. A generic N × N unitary matrix depends on
N(N − 1)/2 mixing angle and N(N + 1)/2 complex phases. The SM Lagrangian allows
us to redefine the phase of each quark field such that:

{
U → e−iϕUU

D → e−iϕDD
⇒ VUD → eiϕUVUDe

−iϕD . (1.17)

In this way 2N − 1 unphysical phases of the CKM cancel out. As a consequence any
N ×N complex matrix describing mixing between N generations of quarks has

1

2
N(N − 1)
︸ ︷︷ ︸

mixing angles

+
1

2
(N − 1)(N − 2)
︸ ︷︷ ︸
physical complex phases

= (N − 1)2 (1.18)

free parameters. The case N = 2 leads to a mixing matrix with only one free parameter,
known as the Cabibbo angle θC , with a mixing matrix VC as defined in Equation (1.11).
No complex phases appear and no CPV is possible in this case.

In the case N = 3, the resulting number of free parameters is four: three mixing
angles and one complex phase. This phase alone is responsible for CPV in the weak in-
teractions of the SM. The presence of a complex phase in the mixing matrix is a necessary
but not sufficient condition for CP violation. As pointed out in Reference [30], another
key condition is

(m2
t −m2

c)(m
2
t −m2

u)(m2
c −m2

u)(m2
b −m2

s)(m
2
b −m2

d)(m
2
s −m2

d)× JCP 6= 0 (1.19)

where
JCP =| =(ViαVjβV

∗
iβV

∗
jα) | (i 6= j, α 6= β) (1.20)

is the “Jarlskog parameter”. This condition is related to the fact that according to Equation (1.17)
it would be possible to remove the CKM phase if any of the two quarks with the same
charge were degenerate in mass. As a consequence the origin of CPV is deeply con-
nected to the origin of the quark masses hierarchy and the number of fermion gen-
erations. JCP can be interpreted as a measurement of the amount of CP violation in
the SM. Its value does not depend on the phase convention of the quark field as in
Equation (1.17). Experimentally one has JCP = O(10−5), which states that CPV in SM
is suppressed due to the small mixing angles. Various extension of the SM foresee new
sources of flavour mixing which could enhance the strength of the violation.

Experimental information lead to the following consideration: transition within the
same generation imply VCKM elements ofO(1); those between the first and second gen-
eration are suppressed by a factor O(10−1); those between the second and third gen-
erations are suppressed by a factor O(10−2); and those between the first and the third
generations are strongly suppressed by a factorO(10−3). The “Wolfenstein parametriza-
tion” [31] of the CKM matrix exploits these considerations

VCKM =




1− λ2

2 λ Aλ3(ρ− iη)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


+O(λ4) (1.21)

written as a power expension of the parameter λ = |Vus|√
|Vud|2+|Vus|2

= sin θC , where

Aλ =
∣∣∣ VcbVus

∣∣∣ and Aλ3(ρ − iη) = Vub. The measured values are A = 0.8403+0.0056
−0.0201, λ =

0.224747+0.000254
−0.000059, ρ = ρ

(
1− λ2

2

)
= 0.1577+0.0096

−0.0074 and η = η
(

1− λ2

2

)
= 0.3493+0.0095

−0.0071.
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Unitary triangles

The unitary of the CKM matrix VCKMV
†
CKM = V †CKMVCKM = I, leads to a set of 12

equations relating the matrix elements: 6 for diagonal terms equal to 1 and 6 for the off-
diagonal terms equal to 0. The equations for the off-diagonal terms can be represented
as triangles in the complex plane, all having the same area JCP /2

VudV
∗
us︸ ︷︷ ︸

O(λ)

+VcdV
∗
cs︸ ︷︷ ︸

O(λ)

+VtdV
∗
ts︸ ︷︷ ︸

O(λ5)

= 0, (1.22)

VusV
∗
ub︸ ︷︷ ︸

O(λ)4

+VcsV
∗
cb︸ ︷︷ ︸

O(λ2)

+VtsV
∗
tb︸ ︷︷ ︸

O(λ2)

= 0, (1.23)

VudV
∗
ub︸ ︷︷ ︸

O(λ3)

+VcdV
∗
cb︸ ︷︷ ︸

O(λ3)

+VtdV
∗
tb︸ ︷︷ ︸

O(λ3)

= 0, (1.24)

V ∗udVcd︸ ︷︷ ︸
O(λ)

+V ∗usVcs︸ ︷︷ ︸
O(λ)

+V ∗ubVcb︸ ︷︷ ︸
O(λ5)

= 0, (1.25)

V ∗cdVtd︸ ︷︷ ︸
O(λ4)

+V ∗csVts︸ ︷︷ ︸
O(λ2)

+V ∗cbVtb︸ ︷︷ ︸
O(λ2)

= 0, (1.26)

V ∗udVtd︸ ︷︷ ︸
O(λ3)

+V ∗usVts︸ ︷︷ ︸
O(λ3)

+V ∗ubVtb︸ ︷︷ ︸
O(λ3)

= 0. (1.27)

Only two out of the six unitary triangles have sides of the same order of magnitude re-
sulting in non squashed triangles: they are represented by Equation (1.24) and (1.27).
Normalizing to the common factor Aλ3, the former is usually called “The Unitary Trian-
gle” (UT) and its fit is shown in Figure 1.2. Since the three sides and the three angles of
each triangles must be measured experimentally, a class of tests of the SM is to check that
each triangle closes, i.e. that Equations (1.22)-(1.27) are verified. This is the purpose of
a modern series of experiments under way: Belle II at KEK (Japan) and LHCb at CERN
(Switzerland).

1.4 CP violation in beauty baryons

In contrast with the study of CP violation in beauty meson decays, the sector of beauty
baryons remains almost unexplored. Prior to the LHC era, only a measurement of di-
rect CP asymmetries in Λ0

b → pK− and Λ0
b → pπ− decays was available with O(0.1)

precision [32]. Thanks to the large production cross-section of beauty baryons in pp col-
lisions at the LHC, the LHCb experiment is capable of expanding our knowledge in
this sector. This is more interesting considering the fact that these decays are not ac-
cessible at the e+e− KEK collider. To date a handful of CP asymmetries of Λ0

b decays
have been measured by LHCb in Λ0

b → pK0
Sπ
− [33], Λ0

b → J/ψpπ−, Λ0
b → J/ψpK− de-

cays [34], Λ0
b → ΛK+π− and Λ0

b → ΛK+K− [35], Λ0
b → pK−µ+µ− [36] and Λ0

b → pK−

and Λ0
b → pπ− [37]. The landscape of CP violation in the decays of beauty baryons is

expected to change rapidly in the next few years.
The unprecedented number of beauty baryons available with the data sample col-

lected in LHCb will allow for a precision measurement programme of CP violation ob-
servables in b-baryon decays. These studies can be seen as a complementary approach
with respect to the study of B mesons, to probe the SM and search for new physics be-
yond. It is clear that analyses similar to those carried out with b-meson decays will also
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Figure 1.2: The Unitary Triangle fit overlayed with the experimental constraint at 68% of confi-
dence level in the space parameter (ρ, η).

be possible with b-baryon decays.
A very interesting sector is the one of beauty baryons decaying to final states without

a charm quark. These decays receive relevant contributions from b → d, s loop-level
transitions, where new physics beyond the SM may appear. As for the case of B-meson
decays, CP -violating observables should be measured in baryon decays. In Run 2 a
statistical precision of O(10−2) or below is expected for the CP asymmetries of the Λ0

b→
ph− decays and for several multi-body final states of Λ0

b and Ξ0
b decays: Λ0

b→ pπ−π+π−

and Λ0
b → pK−K+K− decays [38], Ξ0

b → pK−π+K− decays [39]. In multi-body final
states it is possible to perform measurements of CP -violating quantities over the phase
space, characterised by a rich set of resonances. Unfortunately, as for the charmless
decays of B mesons, the interpretation of these quantities in terms of CKM parameters
is still unclear from the theoretical point of view. Hence, more theoretical work is crucial
to exploit the full potential of beauty baryons.

From the experimental point of view, the main issues are represented by the determi-
nation of particle-antiparticle production asymmetries and detection asymmetries that
could mimic CP violation effects. This task is generally more difficult to accomplish
for heavy baryons, with respect to B mesons, since methods used for measuring meson
production asymmetries [40] cannot be applied. In addition, different interactions of
baryons and antibaryons with the detector material are difficult to calibrate. Nonethe-
less, several quantities can be measured in b-baryon decays that are sensitive to different
manifestations of CP violation and are largely unaffected by experimental effects. A few
examples are the difference of CP -violating asymmetries of particles decaying to sim-
ilar final state, ∆ACP , as measured in Λ+

c → pK−K+ and Λ+
c → pπ−π+ decays [41],

the triple-product asymmetries measured in Λ0
b→ pπ−π+π− and Λ0

b→ pπ−K+K− de-
cays [38] and the energy-test [42] yet to be performed in multi-body baryon decays. The
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triple-product asymmetries used here is an important tool for the observation and dis-
covery of CP violation in multi-body decays, while an amplitude analysis would be
advantageous to study the origin of CP violation.

The first observation of CP violation in a baryon decay is potentially within the reach
of LHCb with the data collected during the Run 2 of the LHC, considering that a first
evidence for CP violation in baryon decays has been reported in Λ0

b → pπ−π+π− de-
cays [38]. Searches for CPV are particularly suited to Λ0

b four-body decays to hadrons
with no charm quark [43] thanks to the rich resonant substructure which is dominated
by ∆(1232)++→ pπ+ and ρ0→ π+π− resonances in the Λ0

b → pπ−π+π− final state. In
four-body particle decays, the CP asymmetries may vary over the phase space due to
resonant contributions or their interference effects, possibly cancelling when integrated
over the whole phase space. In the previous reported measurement, measurements of
asymmetries in the entire phase space did not show any evidence of P or CP viola-
tion [38]. The asymmetries were also measured in different regions of phase space for
the Λ0

b→ pπ−π+π− decay using two binning schemes, defined before examing the data,
as shown in Figure 1.3. Scheme A was designed to isolate regions of phase space ac-
cording to their dominant resonant contributions. Scheme B exploited in more detail the
interference of contributions which could be visible as a function of the angle Φ between
the decay planes formed by the pπ− and the π+π− systems. The overall significance for
CPV in Λ0

b→ pπ−π+π− decays from the results of the two schemes was determined by
means of a permutation test, taking into account correlations among the results. A sig-
nificance of 3.3 standard deviations was found including both statistical and systematic
uncertainties. Alternative binning schemes were studied as a cross-check, such as using
8 or 12 bins in |Φ|. For these alternative binning schemes, the significance of the CPV
measurement was reduced to below 3σ.
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Figure 1.3: The results of the fit in each region of the two binning schemes A and B are shown
for the previously published LHCb Run 1 analysis. The P -violating (aT̂ -odd

P ) and CP -violating
asymmetries (aT̂ -odd

CP ) for Λ0
b→ pπ−π+π− decays are represented by open boxes and filled circles,

respectively. The error bars represent one standard deviation, calculated as the sum in quadrature
of the statistical and systematical uncertainty. The values of the χ2/ndf are quoted for the P - and
CP -conserving hypotheses for each binning scheme, where ndf indicates the number of degrees
of freedom.
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1.4.1 Motivation for searching CP violation in Λ0
b→ pπ−π+π−

The study of matter-antimatter asymmetries in B-meson decays contributed to estab-
lishing the validity of the CKM mechanism for CPV in the SM. By contrast, no CPV has
been observed in the baryon sector to date. However, sizeableCP -violating asymmetries
of up to 20% are expected in certain b-baryon decays [44], and a systematic study will
either confirm the CKM mechanism in baryon decays, or will bring insights into new
sources of CP violation.

In this thesis, a search forCP violation based on triple-product asymmetries in charm-
less Λ0

b→ pπ−π+π− decay is presented. This decay is mediated by the weak interaction
and governed mainly by two amplitudes expected to be of similar magnitude, from dif-
ferent diagrams describing quark-level tree b→ udu and penguin b→ duu transitions,
shown in Figure 1.4 with a relative large weak phase, arg (−VtdV ∗tb/VudV ∗ub), that in the
literature is referred to as the CKM angle α, depicted in Figure 1.4. CPV could arise from

b u
p

d

ū
W− π−

Λ0
b

u

ū

d̄(s̄)

d(s)

π+(K+)

π−(K−)

Vub

u u
d d

b

p
Λ0

b

u
d

u
d

W

u, c, t

d

u

ū π−

ū

u
d̄(s̄)

d(s)
π−(K−)

π+(K+)

Vub,cb,tb Vud,cd,td

Figure 1.4: Examples of tree (left) and penguin (right) diagrams for Λ0
b→ pπ−π+π− decays. The

tree and penguin diagrams have the same magnitude and CPV effects can potentially arise from
the interference of amplitudes with different weak phases.

the interference of two amplitudes with relative phases that differ between particle and
antiparticle decays, leading to differences in the Λ0

b and Λ0
b decay rates. The main source

of this effect in the SM would be the large relative phase α, between the product of the
CKM matrix elements VudV ∗ub and VtdV

∗
tb, which are present in the different diagrams

depicted in Figure 1.4. P violation is also expected in weak interactions, but has never
been observed in the Λ0

b decays. In addition, new physics effects could be caused by
new particles contributing to penguin loop diagrams. The study of triple product asym-
metries in Λ0

b decays is particularly sensitive to new physics effects [45]. Triple product
asymmetries which are expected to vanish in the SM can be very large (up to 50%) in
the presence of new physics [45]. This technique is very promising in the baryon sector
to search for CP violation also from an experimental point of view [43]. In the present
analysis, the triple-product CP -violating asymmetries are measured integrated over all
the phase space and in specific phase space regions. It is important to measure the size
and nature of these CP asymmetries in as many decay modes as possible, to determine
wheather they are consistent with the CKM mechanism or, if not, what extensions to the
SM would be required to explain them [46, 45].

The triple product asymmetries defined in Section 1.4.3 are by construction largely
insensitive to production and detection asymmetries. These properties are particularly
important in a pp collider where Λ0

b/Λ0
b production asymmetry can arise, and p/p inter-

actions with matter are quite different for different energy regimes. The copious Λ0
b →

pK−π+π− and Λ0
b→ Λ+

c π
− control samples, roughtly 3 and 15 times the Λ0

b→ pπ−π+π−

signal yield, are used to optimize the selection criteria and to determine the systematic



Introduction 13

uncertainties, respectively.

1.4.2 Experimental technique and its sensitivity to CP violation

Let us consider two transitions of amplitudesM ({si, pi}) andM ({si, pi}). They involve
an equal number of particles respectively labeled by i and i, with helicities si,i and four-
momenta pi,i.

If these two processes are CP conjugate of each other, with i = CP [i], CPV at any
phase-space point takes the form of a difference between the squared moduli ofM ({si, pi})
andM ({si, pi}) where p ≡ P [p] is the parity conjugate of the momentum p. Testing CP
conservation phase-space point by phase-space point thus implies a comparison of the
differential rates of two processes involving CP -conjugate particles of identical spins but
opposite three-momenta.

It reveals useful to define an operator, denoted here by T̂ , that reverts both momen-
tum and spin three-vectors [47]. Its action on helicities and momenta is thus identical
to that of CP and it can be viewed as the unitary component of the antiunitary time-
reversal operator T . In general, the amplitudes above can then be decomposed into two
pieces that are respectively T̂ -even and T̂ -odd

M ({si, pi}) =Me ({si, pi}) +Mo ({si, pi}) ,
M ({si, pi}) =Me ({si, pi}) +Mo ({si, pi}) ,

=Me ({si, pi})−Mo ({si, pi}) . (1.28)

Those two terms can receive several contributions whose absorptive parts take the form
of CP -even phases δ. One can then write

Me ({si, pi}) = ajee
i(δje+φ

j
e),

Me ({si, pi}) = ajee
i(δje−φ

j
e),

Mo ({si, pi}) = akoe
i(δko+[φko+π/2]),

Mo ({si, pi}) = akoe
i(δko−[φko+π/2]), (1.29)

with implicit summation over the j, k indices, and real aj,ke,o, δj,ke,o , φj,ke,o functions of the
spins and momenta {si, pi}. The above conventions imply that all CP violation is en-
coded in the CP -odd phases φj,ke,o. When they vanish,

Me ({si, pi}) = +Me ({si, pi}) ,
Mo ({si, pi}) = −Mo ({si, pi}) , (1.30)

so that the CP -conjugate rates are identical, phase-space point by phase-space point.
For processes involving only scalars in their initial and final states, T̂ is actually

equivalent to parity conjugation P . The measured differential rates of any pair of CP -
conjugate processes can therefore be decomposed into four pieces of definite T̂ and CP
transformation properties

dΓ

dΦ

∣∣∣∣
T̂ -even

odd

CP -even
odd

≡ I± T̂
2

I± CP
2

dΓ

dΦ
(1.31)
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with the shorthand Φ ≡ {si, pi}.
For simplicity, let us assume there are respectively two and one contribution(s) to the

T̂ -even and T̂ -odd parts of the amplitude in the process under scrutiny

M ({si, pi}) = a1
ee
i(δ1

a+φ1
a) + a2

ee
i(δ2

a+φ2
a) + ia1

oe
i(δ1

o+φ1
o),

M ({si, pi}) = a1
ee
i(δ1

a−φ
1
a) + a2

ee
i(δ2

a−φ
2
a) + ia1

oe
i(δ1

o−φ
1
o). (1.32)

All functions of the phase space are evaluated at {si, pi}. Note the convention of Equation (1.29)
causes the appearance of a factor i in front of the T̂ -odd term. Up to a flux factor, the
squared modulus of this expression and of its CP conjugate provides us with the differ-
ential rates which can be decomposed as prescribed in Equation (1.31)

dΓ

dΦ

∣∣∣∣
T̂ -even

CP -even
∝ a1

ea
1
e + a2

ea
2
e + a1

oa
1
o + 2a1

ea
2
e cos

(
δ1
e − δ2

e

)
cos
(
φ1
e − φ2

e

)
,

dΓ

dΦ

∣∣∣∣
T̂ -odd

CP -even
∝ 2a1

ea
1
o sin

(
δ1
e − δ1

o

)
cos
(
φ1
e − φ1

o

)
+ 2a2

ea
1
o sin

(
δ2
e − δ1

o

)
cos
(
φ2
e − φ1

o

)
,

dΓ

dΦ

∣∣∣∣
T̂ -even

CP -odd
∝ −2a1

ea
2
e sin

(
δ1
e − δ2

e

)
sin
(
φ1
e − φ2

e

)
,

dΓ

dΦ

∣∣∣∣
T̂ -odd

CP -odd
∝ 2a1

ea
1
o cos

(
δ1
e − δ1

o

)
sin
(
φ1
e − φ1

o

)
+ 2a2

ea
1
o cos

(
δ2
e − δ1

o

)
sin
(
φ2
e − φ1

o

)
.

(1.33)

The last two expressions above vanish in the CP symmetry limit. There are thus two
distinct kinds of CP -violating differential rates: the presence of the T̂ -even one requires
nonvanishing differences in the CP -even phases δ while the T̂ -odd-CP -odd does not.
This can be understood as, in the absence of absorptive part to the amplitude, T̂ is equiv-
alent to T so that CPT conservation imposes any CP -odd quantity to also be T̂ odd.

On the other hand, T̂ -odd-CP -even piece of the differential rate could be used to
isolate relatively small differences in the CP -even phases δ, in the absence of CP -odd
phase φ. It can thus serve to better understand final-state interactions.

The total rate asymmetry is constructed upon the T̂ -even-CP -odd differential rate

∫
dΦ

dΓ

dΦ

∣∣∣∣
T̂ -even

CP -odd
. (1.34)

A second family of observables can be obtained from integrals of its T̂ -odd-CP -odd ho-
mologue

∫
dΦf (Φ)

dΓ

dΦ

∣∣∣∣
T̂ -odd

CP -odd
(1.35)

with some T̂ -odd function f (Φ) without which the phase-space integral would vanish.
As a product of a T̂ -odd kinematic function with a T̂ -odd-CP -even differential rate,

the observables of Equation (1.35) are T̂ even and CP odd but have not definite T trans-
formation properties.
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There are two tensors available to construct Lorentz invariants from spin and mo-
menta four-vectors. The metric gµν leads to T̂ -even contractions like invariant masses,
and the completely antisymmetric εµνρσ produces T̂ -odd combinations of four-vectors.

Dot products and antisymmetric contractions of four-momenta and Pauli-Lubański
spin vectors (respectively denoted by p and w) have definite P parities. The P -even
combinations are

p1 · p2, w1 · w2 (1.36)
εµνρσp

µ
1p
ν
2p
σ
3w

ρ
4 , and εµνρσp

µ
1w

ν
2w

σ
3w

ρ
4 (1.37)

while the P -odd ones are

p1 · w2 (1.38)
εµνρσp

µ
1p
ν
2p
σ
3p
ρ
4, εµνρσp

µ
1p
ν
2w

σ
3w

ρ
4 , εµνρσw

µ
1w

ν
2w

σ
3w

ρ
4 (1.39)

The completely antisymmetric Lorentz structure can originate directly from Lagrangian
couplings like iεµνρσF

µνF ρσ , or arise in the presence of chiral fermions, since γ5 =
i
4!εµνρσγ

µγνγργσ . Because it is completely antisymmetric, however, a necessary con-
dition for the presence of a T̂ -odd part Mo in an amplitude is the availability of four
independent and distinguishable four-vectors. In a process involving scalars or particles
of unmeasured spins, at least five external momenta are therefore required.

In a reference frame where aµ =
(
a0,0

)
, the completely antisymmetric combina-

tion of four four-vectors εµνρσaµbνcσdρ reduces to a0b · (c× d) scalar triple product (for
ε0123 = +1). The observables constructed from the T̂ -odd parts of the differential rate
are therefore customarily called triple-product asymmetries. A significant amount of ef-
fort, both theoretical and experimental has been devoted to their study. A triple product
asymmetry has been measured in K0

L→ π+π−e+e− and applications are also found in
heavy meson, baryon, top, Z, Higgs, and BSM physics and the method is described in
Reference [46, 45, 48].

The simplest triple product asymmetries are based on the sign of one of the con-
structible triple product (see Equation (1.35))

f (Φ) = sign{εµνρσaµbνcρdσ}. (1.40)

The usual quantities defined in the literature

AT̂ =

∫
dΦf (Φ) [ dΓ

dΦ

∣∣T̂ -odd
CP -even + dΓ

dΦ

∣∣T̂ -odd
CP -odd]

∫
dΦ[ dΓ

dΦ

∣∣T̂ -even
CP -even + dΓ

dΦ

∣∣T̂ -even
CP -odd]

AT̂ =

∫
dΦf (Φ) [ dΓ

dΦ

∣∣T̂ -odd
CP -even −

dΓ
dΦ

∣∣T̂ -odd
CP -odd]

∫
dΦ[ dΓ

dΦ

∣∣T̂ -even
CP -even −

dΓ
dΦ

∣∣T̂ -even
CP -odd]

(1.41)

are ratios of integrated T̂ -odd and T̂ -even differential rates and have no definite CP
transformation properties. In the notations of Equation (1.29)

AT̂ ∝ 2ajea
k
o sin

[(
δje − δko

)
+
(
φje − φko

)]

AT̂ ∝ 2ajea
k
o sin

[(
δje − δko

)
−
(
φje − φko

)]
. (1.42)
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As reported in References [49, 50], AT̂ and AT̂ observables are affected by final state
interaction effects and it is difficult to predict their value theoretically. On the contrary

aT̂ -odd
CP =

1

2

(
AT̂ −AT̂

)
(1.43)

is always CP odd.
The CP -violating asymmetry based on triple product aT̂ -odd

CP is different and com-
plementary observable with respect to the total rate asymmetry ACP proportional to
Equation (1.34) [51, 52, 50]. Following the notations used in Equation (1.29)

ACP ∝ −2ajea
k
e sin

(
δje − δke

)
sin
(
φje − φke

)
(1.44)

The observable aT̂ -odd
CP is sensitive to the interference of T̂ -even and T̂ -odd amplitudes

with different CP -odd (“weak”) phases. Unlike the overall asymmetry in the decay rate
ACP that is sensitive to the interference of T̂ -even amplitudes, aT̂ -odd

CP does not require a
non-vanishing difference in the CP -invariant (“strong”) phase between the contributing
amplitudes [51, 53].

To avoid dilutions in the integral of Equation (1.35), the functions chosen should
ideally change sign wherever the T̂ -odd-CP -odd piece of the differential decay rate itself
changes sign. The bins’ boundaries should also be placed there.

The question of what set of f (Φ) functions would yield the best sensitivity to CP
violation is nontrivial and depends on the process at hand. Actually, when the form of
the differential decay rate is known with confidence, one may rely on an unbinned like-
lihood fit to the data for extracting CP -violating parameters as done in many amplitude
analyses.

However in many hadronic decays of heavy baryons the decay rate in not known
and no amplitude analyses has been carried out. Using tests of CP violation that have a
limited reliance upon the process dynamics and its parametrization is therefore desider-
able.

1.4.3 Definition of the triple product observables

We define the triple product of final-state particle in the Λ0
b centre-of-mass frame asCT̂ ≡

pp ·
(
pπ−fast

× pπ+

)
, where π−fast identifies the π− with the highest momentum in the Λ0

b

frame. The triple productC T̂ is defined similarly forΛ0
b using the momenta of the charge

conjugate particles. The triple products observables CT̂ and C T̂ are T̂ -odd. Since they
are constructed with final-state particle momenta, they are also P -odd. We analyse a
four-body decay in order to have three T̂ -odd independent quantities, i.e. three final
state momenta, and experimentally define the asimmetries AT̂ and AT̂

AT̂ =
Γ(CT̂ > 0)− Γ(CT̂ < 0)

Γ(CT̂ > 0) + Γ(CT̂ < 0)
, (1.45)

AT̂ =
Γ(−C T̂ > 0)− Γ(−C T̂ < 0)

Γ(−C T̂ > 0) + Γ(−C T̂ < 0)
, (1.46)

where Γ (Γ) is the decay rate for Λ0
b (Λ0

b) decay. These asymmetries are P -odd and T̂ -
odd and so change sign under P or T̂ transformation, that is, AT̂ (CT̂ ) = −AT̂ (−CT̂ ) or
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AT̂ (C T̂ ) = −AT̂ (−C T̂ ). Consequently the asymmetryAT̂ (AT̂ ) is sensitive to P violation
in the Λ0

b (Λ0
b) decay. They could be summed to obtain a P -violating asymmetry for both

the decays Λ0
b (Λ0

b), or subtracted to compare the P violation in Λ0
b and Λ0

b decays. Then
the P - and CP -violating observables are defined as

aT̂ -odd
P =

1

2

(
AT̂ +AT̂

)
, aT̂ -odd

CP =
1

2

(
AT̂ −AT̂

)
, (1.47)

and a significant deviation from zero in these observables would indicate P violation
and CP violation, respectively.

1.5 Electric and magnetic dipole moments

The experimental searches for permanent electric dipole moments (EDMs) of fundamen-
tal particles constitute a promising attempts to probe for physics beyond the Standard
Model. We propose to search for the EDM of heavy and strange baryons at LHCb, ex-
tending the ongoing worldwide experimental program on the neutron, muon, atoms,
molecules and light nuclei. For Λ+

c , Ξ+
c , Ξ

+
and Ω

+
baryons and anti-baryons, to be

produced in a fixed-target experiment using 7 TeV protons extracted from the LHC beam
and channeled in a bent crystal in front of the LHCb detector, the spin precession is in-
duced by the intense electromagnetic field between crystal atomic planes. Measurements
of the magnetic dipole moment (MDM) for all these systems would provide experimen-
tal anchor points for testing non-perturbative QCD dynamics and further insight in our
understanding of the internal structure of hadrons and heavy quarks. Here we discuss
the physics motivations for this research opportunity, the experimental layout and the
performance with the LHCb detector, along with the expected sensitivities.

1.5.1 Motivations and physics opportunities

The existence of permanent EDMs requires the violation of parity (P ) and time rever-
sal (T ) symmetries and thus, relying on CPT invariance, the violation of CP symme-
try. Since EDM searches started in the fifties [54, 55], there has been an intense exper-
imental program, leading to limits on the EDM of leptons [56, 57, 58], neutron [59],
heavy atoms [60], proton (indirect from 199Hg) [61] and Λ baryon [62]. New experi-
ments are ongoing and others are planned, including those based on storage rings for
muon [63, 64], proton and light nuclei [65, 66, 67]. These searches are currently putting
the most stringent bounds on new models of CP violation, being considered of first im-
portance in model-building. In addition, any signal of an EDM in the upcoming years
would be an undisputed sign of T violation, which has only been observed inK0 decays
and entangled B0B0 systems [68, 69, 70]. Here, we propose to extend this worldwide
program to heavy (charm and beauty) and strange baryons produced by interaction of
7 TeV protons extracted from the LHC beam on a fixed target and channeled in a bent
crystal located in front of the LHCb detector. The initiative is based on previous works
discussed in References [71, 72, 73].

The amount of CP violation induced by the CKM matrix cannot account for the ob-
served baryon asymmetry η defined in Equation (1.1). BSM physics, also referred to as
new physics, is needed and must bring new CP violation sources that need to be tested
experimentally.

These sources can be probed not only through flavour-changing, CP -violating transi-
tions (the core of the LHCb physics program and the topic of the first part of this thesis),
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but also via flavour-diagonalCP -violating processes where the SM represent a negligible
background [74]. The EDM of a particle falls in the latter category, as in fact is the only
static property that violates P , T and CP . In addition to that, since the SM contributions
to EDMs are highly suppressed (at the third order of the perturbation theory), these
provide a “background free” search for BSM physics, whose contributions can largely
enhance EDMs.

As BSM models vary in their contributions to the effective Lagrangian, EDM searches
in different systems are complementary to disentangle the underlying source of CP vio-
lation. In this context, free particles bring the most valuable and cleanest information. In
the case of heavy baryons, the dominance of the valence heavy quark in the low-energy
hadronic calculation allows a clear interpretation.

EDM searches of fundamental particles rely on the measurement of the spin preces-
sion angle induced by the interaction with an external electromagnetic field. For un-
stable particles this is challenging since the precession has to take place before the de-
cay. A solution to this problem requires large samples of high-energy polarized particles
traversing an intense electromagnetic field.

No direct limits exist for the EDM of heavy baryons, since negligibly small spin pre-
cession would be induced by magnetic fields used in current particle detectors. Any
experimental observation of an EDM in a heavy or strange baryon would be an unam-
biguous indication of BSM physics.

A large spin precession angle for positively- charmed (Λ+
c ,Ξ+

c ) and strange (Ξ
+

,Ω
+

)
baryons and anti-baryons, channeled in a bent crystal, would be expected by exploiting
the intense electromagnetic field between crystal atomic planes.

The spin precession phenomenon can also be exploited to measure the MDM of the
baryons. The proof of principle of the spin precession of particles with bent crystals
was obtained by the E761 experiment at Fermilab that measured the MDM of the Σ+

baryon [75].
Searches for electric dipole couplings of heavy quarks can be carried out at hadron

colliders through Higgs observables [76]. These indirect upper limits, however, are
largely overtaken by the limits from EDM experiments [77, 78] and are not expected
to improve significantly with Run 2 data since they are dominated by systematic un-
certainties [79]. Exploiting the geometrical shape and the tracking system of the LHCb
detector there is a unique opportunity to perform direct measurements of baryon EDMs
requiring additional but rather minimal setup upstream to the pp collision point. The
proposed program will make the LHC competitive in the field of direct EDM searches.

1.5.2 Electric dipole moments

EDM concept

Classically the EDM of a charge distribution ρ(r) is defined as δ =
∫
rρ(r)d3r and quan-

tifies the electric charge separation. As any vector-like quantity in a subatomic system,
it must be either parallel or anti-parallel to the spin. The former transforms under parity
and time-reversal as a polar vector, while the latter as an axial vector. Contrary to the
MDM, the existence of an EDM in fundamental particles therefore requires the violation
of both the P and T symmetries [80]. This can be seen also using the classical Hamilto-
nian, in which the term proportional to δ changes sign under P and T , while the term
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proportional to µ does not,

H = −µ ·B− δ ·E P−→ H = −µ ·B + δ ·E ,

H = −µ ·B− δ ·E T−→ H = −µ ·B + δ ·E .

Hence, the existence of a δ 6= 0 requires a breaking of the T and P symmetries [74].
Figure 1.5 illustrates the effect of these two symmetries on a system with a magnetic and
electric dipole moment.

sµ

µ

µ

+

−
+

−

−

+P

T

s

s

δ

δ

δ

E B

E B

E B

Figure 1.5: A particle with spin s is represented as a sphere with a spinning charge distribution.
Its transformations under P and T operators are also shown, together with the corresponding
particle magnetic moment µ and the external magnetic B and electric E fields.

In the relativistic quantum field theory the EDM of any spin- 1
2 particle is defined as

the coupling constant δ of the operator

− i

2
δ ψ̄σµνγ5ψFµν , (1.48)

where ψ is the Dirac field of the particle, Fµν = ∂µAν −∂νAµ the electromagnetic tensor,
and γ5 and σµν are the commonly defined products of Dirac matrices. It can be shown
that only this operator in the non-relativistic limit induces the spin of the particle (ψ) to
change direction in a way that breaks CP symmetry according to the classical equations
of motion of an electric dipole moment subjected to an external electric field (Fµν).

Electromagnetic Form Factors

Being electromagnetic properties, the EDM and MDM of a particle are described, within
quantum field theory, as the couplings of the particle with an external photon. These
type of couplings appear in the transition amplitude of the baryon with the electromag-
netic current Jµem, and can be parametrized by four linearly independent operators [81]1,
whose coefficients are the so-called electromagnetic form factors Fi(q2) (i = 1, 2, 3, 4).
The form factors only depend on a Lorentz-invariant quantity, chosen to be q2, the trans-
ferred momentum (i.e the momentum of the photon).

1 This parametrization is done in the most general way through a linear combination of all the terms that
respect the symmetries of Jµ and are linearly independent. There are three requirements [81]: Lorentz covari-
ance, hermiticity (Jµ = Jµ †) and gauge invariance (∂µJµ = 0).
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For baryons2 with spin-1/2, the matrix element is [82]

= 〈B(p′)|Jνem|B(p)〉 (1.49)

= ū(p′)

{
γνF1

(
q2)− i F2

(
q2
)

2mB
σµνqµ −

F3

(
q2
)

2mB
σµνqµγ5 + i

(
γνq2γ5 − 2mBq

νγ5

)
FA
(
q2)}u(p) ,

where mB is the baryon mass.

Each of these form factors describes one specific coupling of the particle to a photon,
and together they contain all its electromagnetic properties. In particular [81], F1(0) = Q
is the electric charge of the baryon; 1

2mB
[F1(0) + F2(0)] = µ is the magnetic moment;

FA(0) is the anapole moment; and 1
2mF3(0) = δ is the electric dipole moment, which

corresponds to the unique term in Equation (1.49) that violates CP symmetry. Being
a static property, the EDM coupling δ is defined using an external photon that is on-
shell, i.e. at q2 = 0. This requirement can only be met in direct measurements as the
one proposed in this work. Other searches use dynamical observables with large q2

values [83, 84] or even with q2 integrated over all momenta inside the loops [85].

Baryon EDMs

In the case of baryons, the EDM arises from their inner structure of quarks and gluons.
Any process involving an external photon and a flavour-conserving CP -violating vertex
within the bound state would contribute to the overall EDM of the baryon. All of these
CP -violating operators behind the EDM of a baryon are accounted in theCP -odd flavour

2 This expression is still valid for any fermion with spin 1/2 including quarks and leptons.
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diagonal effective Lagrangian, here at 1 GeV,

L 6P6Teff =− i

2

∑

q=u,d,s,c,b

δq q̄σ
µνγ5q Fµν qEDM

+ i
∑

q=u,d,s,c,b

δ̃q q̄σ
µνγ5taq G

a
µν qCEDM

+
∑

i,j,k,l=u,d,s,c,b

Cijkl q̄iΓqj q̄kΓ′ql 4q op. (1.50)

+
dW
6
fabcε

µναβGaαβG
b
µρG

c ρ
ν gCEDM (Weinberg op.)

− θ̄ g2

64π2
εµναβGaµνG

a
αβ θ-QCD term,

where the notation has been taken from Reference [86], except for the δ symbol, referred
to as d therein. We can easily recognize Equation (1.48) in the qEDM term. The qCEDM
(quark chromo-EDM) term is the analogous term when the external photon is replaced
by a gluon. Overall, a measurement of a heavy or strange baryon EDM is directly sen-
sitive to the qEDM and qCEDM couplings, as the other contributions are either sup-
pressed because the involved operators are of higher dimension (4q and gCEDM) or are
constrained by the neutron EDM (θ-QCD term).

This effective Lagrangian plays an intermediate role between the fundamental theo-
ries and the EDM of baryons. The various extensions of the SM present very different
contributions to these operators , which in turn do not contribute in equal amounts to
the EDM of baryons. Evaluating the contribution of these operators at the quark-gluon
scale to the hadronic EDM requires the calculation of nonperturbative matrix elements,
which is not trivial since QCD cannot be analytically solved at low energy. Different
approaches exist such as naive dimensional analysis, chiral theories, QCD sum rules
or lattice QCD. The reliability of these techniques can be tested experimentally through
low-energy observables among which the magnetic moment of charm baryons could
play an important role [87], as discussed in Section 1.5.3.

With the exception of the neutron and the proton, only few theoretical works have
developed expressions for the EDM of baryons in terms of the coupling constants in L6P6Teff ,

δB = δB(θ̄) + δ
qEDM
B (δq) + δ

qCEDM
B (δ̃q) + δ

gCEDM
B (dW ) + δ

4q
B (Cijkl) . (1.51)

Since this set of operators is linearly independent, in principle, all different contributions
can, be added up. There exist expressions for the EDM of the Λ evaluating the contri-
butions of the θ term [88, 89, 82], the quark chromo-EDM (qCEDM) and four quark
(4q) operators [90], and the quark EDM (qEDM) [91]. The latter uses the non-relativistic
quark model to compute the EDM of the Λ in terms of the EDM of the constituent quarks
which yields a null contributions from the u and d quarks, obtaining δqEDM

Λ = δs.
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In contrast, no calculation of charmed baryon EDMs exists in the literature, although
the dominance of the valence charm quark contributions might make this observable
especially sensitive to the charm q(C)EDM. Nevertheless, the calculations of the EDM
within the non-relativistic quark model are equivalent to those of the magnetic moment,
from which we can infer that δΛ+

c
has a contribution from the charm-quark EDM of order

δ
qEDM
Λ+
c

= δc [92]. Using the counting of Naive Dimensional Analysis of H. Georgi [93],
we obtain the estimation to the overall δΛ+

c
also from the charm qCEDM, which holds

also for the s-quark contribution in strange baryons,

δΛ+
c
≈ ± dc ±

e

4π
d̃c . (1.52)

The SM has very small contributions to the couplings in Equation (1.50), which hap-
pen at 3-loop level [94], while many BSM theories predict sizable contributions in differ-
ent operators [86]. Any measurement of a non-zero EDM in the experiments planned for
the next years would be a clear a sign of new physics.

EDM searches

The existence of non-zero EDM in different systems is related to different theories rang-
ing from the nuclear scale to the TeV scale, as illustrated in Figure 1.6. As a result, an
extensive experimental program is taking place worldwide to search for these non-zero
EDMs. The systems that are putting the most stringent conditions in models of CP vi-
olation are those of the neutron, the diamagnetic atom 199Hg and the electron. Bounds
on the electron EDM are obtained by exploiting the strong electric field (∼ 84 GV/cm)
that the unpaired electron feels in the polar molecule ThO [56], achieving limits below
10−28 e cm. This technique requires theoretical input to infer the bound on the electron
EDM. In contrast, the proposed experiment would measure directly the spin precession
in baryons due to the intense electric field. So far, direct limits of baryon EDMs only
exist for neutrons, which with 10−26 e cm represents the EDM value closest to the SM
prediction [95], and a rather loose bound on the Λ [62], 1.5 × 10−16 e cm, which could
be improved by two orders of magnitude by LHCb at the end Run 3 using pp collision
data [71].

The proton EDM, in turn, has only been measured indirectly using atoms and molecules.
A direct measurement of the proton EDM might be carried out at CERN with a future
storage ring facility [96] together with new bounds of light nuclei such as D or He3. The
first direct proton EDM measurement is expected to increase the current bound by three
orders of magnitude up to ∼ 10−29 e cm.

The measurement of the EDM for different systems will disentangle which mecha-
nisms contribute and thereby put constraints on different theories [86]. Additionally,
upper bounds on a broad range of systems are complementary to constrain the BSM
parameters.

Indirect upper limits

Indirect bounds on the charm and beauty quark EDMs can be extracted from observables
containing qEDM and qCEDM couplings combined with model and computational as-
sumptions, including extrapolations to q2 = 0.

In the case of the charm quark EDM, indirect upper limits have been obtained from
the cross section e+e−→ cc [84], the branching ratio ofB→ Xsγ decays [77], the electron
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Figure 1.6: Contributions from every CP -violating term, going from fundamental theories ( TeV
scale) to the atomic regime. Dashed lines represent suppressed contributions. The terms at the
”QCD scale” (meant as <∼ 1 GeV) grouped under a brace constitute the effective CP -odd La-
grangian in Equation (1.50). The boxed elements are the EDMs for which direct measurements
can be done. This figure is based on [94] including the proposed observables: c-, b and s-baryon
EDMs.

EDM [85] and the neutron EDM [77, 85], as illustrated in Figure 1.7. These limits, pre-
sented in Table 1.1, vary by several orders of magnitude, approximately from 10−17 to
10−15 e cm, depending on the method used but also on the specific details of the calcula-
tion. From the strongest limit [77], the indirect upper bound on the Λ+

c baryon results in
δΛ+

c
<∼ 4.4 × 10−17 e cm. As discussed in Section 9.2, this indirect limit could be reached

and improved by the direct measurements proposed here. Using the neutron EDM as
input we see, however, that Reference [77] and [85] obtain different limits on dc based
on the same experimental bound on the neutron EDM, |dn| < 2.9× 10−26 e cm. This dif-
ference arises from the longitudinal component of the W boson propagator, which are
taken into account in [85], obtaining a much more conservative bound.

Similarly, indirect upper limits on the beauty quark EDM have been obtained from
the cross section e+e−→ bb [84], the Z→ bb partial width [83], the electron EDM [85] and
the neutron EDM [85, 97], as reported in Table 1.2. These limits vary by several orders of
magnitude, from 10−17 to 10−12 e cm. In the case of References [85, 97] the upper limits
differ by more one order of magnitude despite they use the same input.

At LHC, constraints on the beauty [charm] qCEDM could be placed through the
total cross sections σ(pp→ bbh) [σ(pp→ hX)] [76], reaching limits on the order of |d̃b| .
10−18 e cm [|d̃c| . 10−17 e cm] 3. These bounds are much weaker than those coming from
the neutron EDM, also shown in Table 1.1 and 1.2. They could be improved by one order
of magnitude by looking at the kinematic structure of σ(pp→ bbhX) events [98], in which
the pT of the Higgs boson is enhanced in the presence of a beauty CEDM.

3These values could be achieved with 14TeV data and are dominated by systematic uncertainties.
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Figure 1.7: Examples of flavor-diagonal observables that can be used to set indirect bounds on
the charm qEDM and qCEDM.

The strange Λ baryon is the only one for which a direct EDM limit exists and it was
determined to be 1.5×10−16 e cm (95% C.L.) in a fixed-target experiment at Fermilab [62].
This bound is however much weaker than the indirect upper bounds based on the neu-
tron EDM, which are predicted to be <∼ 4.4×10−26 e cm [82, 99, 88, 89]. The are no indirect
bounds for baryons with two or three s valence quarks, although they are expected to
differ by no more than approximately two orders of magnitude.

Potential to constrain BSM physics

As it will be discussed in Section 9.2, the sensitivity level that could be achieved by
LHCb with this proposal would establish the most stringent constraint on the parameter
dc (charm quark EDM) and would lie close to the indirect constraints on db (beauty quark
EDM). In this section we focus on the new and competitive constraints that can be put on
specific BSM theories through this experiment. Indeed, it can be noted that the indirect
bounds quoted in Table 1.1 and 1.2 are already being used to constrain BSM physics. For
instance, the charm and beauty CEDM have been used to constrain CP -violating param-
eters in models of composite Higgs [101, 102, 103]. However, predictions for the charm
EDM at the expected sensitivity level (∼ 10−17ecm) exist within different versions of
supersymmetry, namely for the baryon-lepton minimal supersymmetric extension [104]
and the low-energy SUSY model [105].

Other predictions for charm and beauty (C)EDM that are below the expected sen-
sitivity may be found within the minimal supersymmetric extension [106, 107] (dc ∼
10−19 e cm and db ∼ 10−20 e cm, respectively), extended color octet scalar [108] (db, d̃b ∼
10−21 e cm), effective CP -violating Yukawa couplings to quarks and gluons [79] (d̃c ∼
10−22 e cm, d̃b ∼ 10−21 e cm) and radiative flavor SUSY [109] (d̃c ∼ 10−29 e cm). In gen-
eral, charm quark EDM upper limit is relevant for models that allow a non-negligible
flavour violation in the up-quark sector, providing stronger constraints than from ∆ACP
measurements [77].

As it can be observed, predictions of different new physics models lie in a large range
of orders of magnitude. Thus, both the presence or absence of an EDM signal in the
proposed measurements would help to reveal the nature of the BSM theory.



Introduction 25

Table 1.1: Indirect bounds on the charm quark EDM and chromo-EDM obtained from different
experimental measurements. Ordered by year of publication.

Bound (e cm) Reference Measurement Method(year)

|dc| < 4.4× 10−17 [77]
(2014)

neutron EDM Considers threshold contributions of dc into dd. Ne-
glects all other contributions to the dn

|dc| < 3.4× 10−16 [77]
(2014)

BR(B→ Xsγ) Considers contributions from dc to the Wilson coeffi-
cient C7

|dc| < 3× 10−16 [85]
(2009)

electron EDM Extracted from dc threshold contribution to de
through light-by-light scattering diagrams

|dc| < 1× 10−15 [85]
(2009)

neutron EDM Similar approach than ref. [77]. Evaluates contribu-
tions in two steps: c-quark→ d-quark→ neutron

|dc| < 5× 10−17 [84]
(2009)

e+e−→ cc The total cross section (LEP) might be enhanced by the
charm qEDM vertex ccγ

|dc| < 8.9× 10−17 [83]
(1994)

Γ(Z→ cc) Measurement at the Z peak (LEP). Uses model depen-
dent relationships to weight contributions from dc and
dwc

chromo EDM

|d̃c| < 1.0× 10−22 [77]
(2014)

neutron EDM Considers threshold contributions of dc into the light
quark EDMs du,d and the Weinberg operator w

|d̃c| < 3× 10−14 [100]
(2012)

ψ′→ J/ψπ+π− The d̃c contributes to the static potential between c and
c both inψ′ and J/ψ . It also affects the dynamical tran-
sition amplitudes

1.5.3 Magnetic dipole moments

Baryon magnetic moments are sensitive to non-perturbative QCD. Therefore their mea-
surement can put non-perturbative QCD models to a stringent test, as well as improve
our understanding of the internal structure of hadrons.

In this respect, baryons with a heavy quark Q are handled considering specific sim-
plifications such asmQ →∞ that introduce new symmetries involving the contributions
of the subcomponents to the overall baryon spin. Magnetic moments of heavy baryons
have been considered in many theoretical approaches, and there exists an extensive liter-
ature. Thus, contrary to the EDM case, for which there exists almost no theoretical work
on the EDM of heavy baryons, there is a wide range of predictions for non-measured
magnetic moments. All these models used to calculate the electromagnetic properties
can only be tested through direct measurements and give access to test the possibil-
ity of an anomalous magnetic moment of the valence heavy quark. Table 1.3 and 1.4
summarize a number of predictions for the MDM of the Λ+

c , Ξ+
c , Λ, Ξ−, Ω−, Ξ−b and

Ω−b , extracted from [87, 110] and references therein. With a sensitivity at the order of
10−2 − 10−1µN , where µN is the nuclear magneton, we would be able to discriminate
between many of these models.

The MDM of other systems such as leptons can be predicted by the SM with much
higher accuracy, thanks to the perturbative nature of QED. This is the case of the muon
g − 2 where, in fact, the largest theoretical uncertainty comes from the hadronic contri-
butions of mesons entering the loops [111]. The validity of the simplifications and the
uncertainties of the low-energy QCD methods are thus the bottleneck to understand the
electromagnetic properties of the SM particles.
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Table 1.2: Indirect bounds on the beauty quark EDM and chromo-EDM obtained from different
experimental measurements. Ordered by year of publication.

Bound (e cm)
Reference

Measurement Method
(year)

|db| < 7× 10−15 [85]
(2009)

electron EDM From the b-quark EDM threshold contribution to de
through light-by-light scattering diagrams

|db| < 2× 10−12 [85]
(2009)

neutron EDM Similar estimation but evaluating contributions in two
steps: b-quark→ up-quark→ neutron

|db| < 2× 10−17 [84]
(2009)

e+e−→ bb The total cross section (LEP) might be enhanced by the
charm qEDM vertex bbγ

|db| < 1.22× 10−13 [97]
(2008)

neutron EDM Similar estimation than [85]. But neglects longitudinal
component in the W propagator, thus missing emerg-
ing divergences

|db| < 8.9× 10−17 [83]
(1994)

Γ(Z→ bb) Measurement at the Z peak (LEP). Uses model depen-
dent relationships to weight contributions from db and
dwb

chromo EDM

|d̃b| . 1.1× 10−21 [101]
(2014)

neutron EDM Numerical result based on the the contribution of the
beauty CEDM into the Weinberg operator derived in
[78]

Table 1.3: Magnetic dipole moment of c- and s-baryons (in units of µN ) calculated in different
approaches: non-relativistic quark model (NRQM), lattice QCD, QCD sum rules (QCDSR), QCD
spectral sum rules (QSSR), light cone QCD sum rules (LCQSR), and the contributions of valence
quarks, quark sea and their orbital angular momentum from SU(4) chiral constituent quark model
(χCQM). Extracted from Reference [87] and references therein.

Baryon Data NRQM Lattice QCDSR LCQSR Valence Sea Orbital Total
QCD QSSR

µ(Λ+
c ) ... 0.39 ... 0.15± 0.05 0.40± 0.05 0.409 −0.019 0.0002 0.392

µ(Ξ+
c ) ... 0.39 ... ... 0.50± 0.05 0.41 −0.02 0.01 0.40

µ(Λ) −0.613± 0.004 −0.65 −0.50± 0.07 −0.56± 0.15 −0.7± 0.2 −0.59 0.02 −0.01 −0.58

µ(Ξ−) −0.651± 0.003 −0.53 −0.51± 0.07 −0.64± 0.06 −0.7± 0.2 −0.59 0.03 0.06 −0.50

µ(Ω−) −2.02± 0.06 −1.94 −1.40± 0.10 −1.49± 0.45 −1.65± 0.35 −1.76 0.08 −0.03 −1.71

Table 1.4: Magnetic dipole moment of b-baryons (in units of µN ) calculated in different ap-
proaches: effective quark mass scheme, shielded quark charge scheme, MIT bag model, MIT bag
model with center-of-mass motion corrections, hypercentral model, relativistic three quark model
and NRQM using AL1 potential and power-law potential model. Extracted from Reference [110]
and references therein.

Baryon Effective Screened MIT bag MIT bag hypercentral relativistic power-low
quark mass quark charge corrections three quark potential

µ(Ξ−b ) −0.062 −0.066 −0.063 −0.050 ... −0.06 ...

µ(Ω−b ) −0.741 −0.863 −0.545 −0.79 −0.960 −0.82 −0.714



CHAPTER 2

LHC collider and LHCb detector

LHCb is one of the four major experiments operating at the Large Hadron Collider
(LHC) at CERN, located near Geneva, at the border between France and Switzerland.
In this chapter we will give a short description of the LHC collider, followed by an
overview of the LHCb detector.

2.1 The Large Hadron Collider

LHC is a circular collider with a circumference of 26.7 km, lying between 45 m and 170
m below the surface and housed in the former LEP tunnel. The accelerator is designed
to collide protons with an energy of 7 TeV per beam with an instantaneous luminosity of
1034 cm−2 s−1. Heavy-ion collisions (Pb-Pb) are also possible with an energy of 2.76 TeV
per nucleon and a peak luminosity of 1027 cm−2 s−1. This energy will be reached after
the restart of the LHC machine in 2021, following the second long shutdown. Until now,
the LHC has collided protons at a centre-of-mass (CM) energy of

√
s = 7, 8 and 13 TeV

in 2011, 2012 and 2015-2018, respectively. The schematic view with the underground
structures is shown in Figure 2.1. Four main experiments operate at the LHC: ALICE,

Figure 2.1: Schematic view of the LHC collider which is about 100 m underground. There are 4
access points to the main experiments (ALICE, ATLAS, CMS, LHCb).

ATLAS, CMS, LHCb. Not only the locations of the four experiments are different but

27
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also their scope: ATLAS and CMS are so called “General Purpose Detectors” for high
transverse momentum physics; ALICE investigates the quark-gluon-plasma, a state of
matter present in the early universe by studying heavy-ion collisions; LHCb is a ded-
icated b-physics experiment, focusing on CP -violating and rare decays of beauty and
charm hadrons, but also performing analyses in the field of electroweak physics and
spectroscopy.

To achieve the design energy of 7 TeV, the bending magnets for protons have a field
strength of 8.3 T. This requires the usage of superconducting magnets cooled with su-
perfluid helium at 1.9K.

Radio Frequency (RF) cavities are used to accelerate the protons. These cavities op-
erate at a frequency of 400 MHz and accelerate the protons using a longitudinally oscil-
lating electric field. To achieve a constant acceleration over many turns of the protons,
the frequency of the RF must be precisely tuned to the revolution frequency of the LHC.
The RF system relies on superconducting technology to avoid losses of the electric field
in the walls of the cavity.

The LHC is the last piece of a complicated chain of devices that produce and ac-
celerate protons (and Pb atoms) until they finally collide at one of the four interaction
points. Protons are extracted from ionized hydrogen atoms with an energy of 50 keV and
guided to a linear accelerator (LINAC), where the energy is increased to 50 MeV. They
are then injected into a booster synchrotron which increases their energy to 1.4 GeV until
they finally arrive at the Proton Synchrotron (PS). In this machine the protons are not
only accelerated but also grouped into trains of bunches, a structure that is kept until
the beams finally collide in the LHC. After leaving the PS, these bunch-trains are in-
jected into the Super Proton Synchrotron (SPS), where they are further accelerated to the
energy of 450 GeV. They are transferred to the LHC via one of the two transfer lines.
After filling both counter rotating beams with bunch-trains, the protons are accelerated
while the magnetic field, in the bending dipoles, is simultaneously increased until the
collision energy is reached. At the LHCb interaction point the beams are slightly defo-
cused to reduce the instantaneous luminosity to 2 × 1032 cm−2 s−1. Running at lower
luminosity has some advantages: events are dominated by a single pp interaction per
bunch crossing which are simpler to analyse than those with multiple primary pp inter-
actions. Furthermore the occupancy in the detector remains low and radiation damage
is reduced.

The excellent LHC performance allowed the LHCb experiment to collect more than 3
fb−1 of data during 2011-2012 data taking (Run 1) and 5.7 fb−1 during 2015-2018 (Run 2),
with an efficiency of well over 90% (see Figure 2.2). The dataset collected in 2018 is not
included in this thesis. This implies that an unprecedented large sample of D, B and
heavy baryons has been collected, allowing the LHCb collaboration to perform world
class precision measurements.

2.2 Beauty production at LHCb

The pp strong interactions can be analysed in terms of long- and short-distance contribu-
tions to the cross section.

The long distance interaction is non perturbative: protons see each other as point
like particles without structure. The scattering is known as “soft”, as the transferred
momentum is low, the out-coming particles are therefore produced at small polar angles
with respect to the beam axis. This process is not relevant for b-hadron production.

In short distance interactions the interacting particles are the partons of the incoming
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Figure 2.2: Above: Recorded luminosity by the LHCb experiment as a function of time. Below:
pie chart showing the data taking efficiency of the LHCb detector (green) and various sources of
inefficiency.

protons. In this case the interaction is described by perturbative QCD followed by a
non perturbative hadronization into colourless hadrons. The transferred momentum is
large, therefore the out-coming particles are produced with relatively large transverse
momentum with respect to the beam axis. For leading-order (LO) contributions, the
dominant processes are quark-antiquark annihilation (qq→ bb) and gluon-gluon fusion
(gg→ bb), commonly referred to as pair creation. The corresponding Feynman diagrams
are shown in Figure 2.3. In the next-to-leading order (NLO), gluon-splitting and flavour-
excitation come into play and are shown in Figure 2.4. The contribution of the leading-
order processes with respect to the total b cross section decreases with increasing energy.
In a pp collider at the CM energy of 7 TeV and 14 TeV the dominating process is flavour-
excitation. The different contribution as implemented in the event generator PYTHIA 6.4
are shown in Figure 2.5. The cross section of bb pairs production increases almost linearly
from 7 to 14 TeV.

Since the mass of b and b quark is low with respect to the energy involved in the pp
collisions at the LHC, the pairs bb are created at high pseudorapidity. Furthermore there
is a strong correlation between the b and the b which causes them both to end up in the



30 2.3 LHCb Detector

�D� �E�

)LJXUH ����� )H\QPDQ�GLDJUDPV�IRU�WKH�RSHUDWRUV O7 �D�� O9 DQG O10 �E��

�D� �E� �F�

)LJXUH ����� )H\QPDQ�GLDJUDPV�IRU�OHDGLQJ�RUGHU�IRU bb̄ SURGXFWLRQ�LQ�SURWRQ�SURWRQ�FRO�
OLVLRQV� �D��DQG��E��VKRZ�JOXRQ�JOXRQ�IXVLRQ�SURFHVVHV�ZKLOH��F��VKRZV�TXDUN�
DQWLTXDUN�DQQLKLODWLRQ�SURFHVVHV�

DQG� JOXRQ�JOXRQ� IXVLRQ� �gg → bb̄�� FRPPRQO\� UHIHUUHG� WR� DV� SDLU� FUHDWLRQ� 7KH� FRU�
UHVSRQGLQJ�)H\QPDQ�GLDJUDPV�DUH� VKRZQ� LQ�)LJ� ���� ,Q�QH[W�WR�OHDGLQJ�RUGHU� �1/2��
JOXRQ�VSOLWWLQJ�DQG�IODYRXU�H[FLWDWLRQ�FRPH�LQWR�SOD\� VHH�)LJ� ���� 7KH�FRQWULEXWLRQ�RI �WKH
OHDGLQJ�RUGHU�SURFHVVHV�ZLWK�UHVSHFW�WR�WKH�WRWDO b�FURVV�VHFWLRQ�GHFUHDVHV�ZLWK�LQFUHDVLQJ
HQHUJ\� )RU�FHQWUH�RI�PDVV�HQHUJLHV�RI �� 7H9 RU��� 7H9 DW�WKH�/+& �VHH�QH[W�FKDSWHU�� WKH
GRPLQDWLQJ�SURFHVV�LV�IODYRXU�H[FLWDWLRQ� 7KH�GLIIHUHQW�FRQWULEXWLRQV�DV�LPSOHPHQWHG�LQ
WKH�HYHQW�JHQHUDWRU�3<7+,$ ��� >��@�DUH�VKRZQ�LQ�)LJ� ����

bb̄ TXDUN�SDLUV�DUH�RIWHQ�FUHDWHG�ZLWK�D�ODUJH�ERRVW�DQG�WKHUHIRUH�WHQG�WR�IO\�DORQJ�WKH�D[LV
RI �RQH�LQFRPLQJ�SURWRQ� )XUWKHUPRUH�WKHUH�LV�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ�WKH b DQG�WKH
b̄ TXDUN�ZKLFK�FDXVHV�WKHP�ERWK�WR�HQG�XS�LQ�WKH�IRUZDUG��RU�EDFNZDUG�GLUHFWLRQ� 7KLV�LV
YLVXDOLVHG�LQ�)LJ� ��� DQG�SOD\HG�DQ�LPSRUWDQW�UROH�LQ�WKH�GHVLJQ�RI �WKH�/+&E�H[SHULPHQW�
FI� &KDS� �� 7KH bb̄ FURVV�VHFWLRQ�KDV�EHHQ�PHDVXUHG�LQ�WKH�IRUZDUG�UHJLRQ�DW�WKH�/+&E

��

Figure 2.3: Feynman diagrams for leading order for bb production in pp collisions. (a) and (b)
show gluon-gluon fusion processes while (c) shows quark-antiquark annihilation processes.

forward or backward direction. This is visualized in Figure 2.6 and played an important
role in the design of the LHCb experiment.

The bb cross section has been measured in the forward region at the LHCb experiment
in the pseudorapidity interval 2 < η < 6 and is 75.3 ± 5.4 ± 13.0µb [113], where η =

− ln
(
tan

(
θ
2

))
≈ 1

2 ln
(
|p|+pL
|p|−pL

)
(θ is the angle between the beam axis and a direction, |p|

is the momentum magnitude and pL the transversal momentum of a particle).
In vacuum quarks do not exists as unconfined objects and can only be observed as

bound states in the form of mesons or baryons. At some point the individual quarks
must fragment into colourless bound objects. However the fragmentation fractions of
quarks into bound states, i.e. the fraction of a quark to hadronize into a specific bound
state, are difficult to predict theoretically as the fragmentation happens in the non-perturbative
regime of QCD. They can however be measured experimentally e.g. by measuring the
relative production of different b-hadron species [114]. The average results of the frag-
mentation fractions from different experiments are presented in Table 2.1. However it

Table 2.1: Fragmentation fractions for different hadrons containing b quark. For the first row, the
B0 and B+ fraction are set equal and the number only applies for one type of B meson and not
for both together. The numbers are taken from Reference [115].

Hadron species Fraction

B0 or B+ 0.406± 0.005
B0
s 0.104± 0.006

b-baryon 0.084± 0.011

should be noted that fragmentation fractions can depend on quantities like the energy
or the transverse momentum of the created hadron and so the quoted averages may
therefore not be universally applicable.

2.3 LHCb Detector

The LHCb detector [116, 117, 118] is a single arm spectrometer with a forward geom-
etry as shown in Figure 2.7, covering angles from about 10 mrad to approximately 300
(250) mrad in the horizontal (vertical) direction. The difference in the horizontal and ver-
tical acceptance is justified by the fact that the horizontal plane is the bending plane for
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Figure 2.4: Feynman diagrams at next-to-leading order for bb production in pp collisions. (a) and
(b) show flavour excitation processes while (c) and (d) show gluon splitting processes.

the charged particle deflected by the dipole magnetic field along the vertical axis. Its
forward design originates from the fact that b and b quarks are produced in pairs and
predominantly in the forward or backward direction (see Section 2.2). The fraction of b
or b quark produced in a pp collision inside the LHCb acceptance is 27%. This geometry
allows LHCb to reconstruct a large fraction of the produced particles containing a b or b
quark while only covering a small solid angle.

The design luminosity of LHCb is 2 × 1032 cm−2 s−1, two order of magnitude lower
than the maximum capacity of the LHC. The maximum instantaneous luminosity in
LHCb was 2 × 1033 cm−2 s−1, in the 2017 data collection period. LHCb has decided
against using the full luminosity provided by the LHC for several reasons. The forward
region is dominated by a very high flux of particles which creates high occupancies in
the detectors and induces radiation damage. Running at full luminosity would have put
severe constraints on the choice of detector materials and segmentations to use. More-
over, separation of primary and secondary vertices is crucial for many analyses in LHCb,
a task which is more difficult with large pile-up. Additionally, the ability to reconstruct
all tracks in the event degrades with increasing number of interactions. The instanta-
neous luminosity for LHCb was therefore chosen as a compromise between all these
parameters.

The LHCb detector can be grouped in three parts:

• the track reconstruction system for the measurement of the particle momentum;

• the particle identification system to identify different particle types;

• the trigger system selects the events of interest for the offline physics analysis.
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Figure 4: The total (a) charm and (b) bottom cross sections for pp collisions as a
function of ECM =

√
s. The contributions from pair creation, flavour excitation and

gluon splitting are shown separately.

3 Simple model properties

In this section we examine some properties of the model as presented in the previous
section. In the first part we study purely perturbative properties of the model such as the
total cross section, p̂⊥ of the hard interaction and quark distributions. In the second part
we study the properties of the nonperturbative fragmentation. Experimental observables
will be presented and confronted with data in the next section.

3.1 Properties of the perturbative production

Above, three different production channels have been distinguished in the parton-shower
description: pair creation, flavour excitation and gluon splitting. In the following we will
present their separate contributions, even though this subdivision of course is unobservable
and model-dependent. It will still provide helpful insights.

The most basic and inclusive observable is the total heavy-flavour cross section. In
Fig. 4 we present it as a function of the pp center-of-mass energy, from the fixed-target
régime to LHC and beyond, both for charm and bottom. The cross section is divided into
the contributions from the three perturbative production channels. As noted before, we
assume that no nonperturbative effects contribute to the total cross section. The level
of the total cross section is in sensible agreement with the present data (not shown),
indicating that there is no need for any further significant production mechanism.

For small (fixed-target) energies the pair creation cross section is dominating the pro-
duction, followed by a non-negligible fraction of flavour excitation, whereas gluon splitting
is very small. As the energy is increased, flavour excitation overtakes pair production and
gluon splitting is catching up. At very large energies gluon splitting becomes the dominant
production mechanism, so that the low-energy pattern is completely reversed.

The reason is not so difficult to understand. If we think of any partonic process, it
will only contain one hardest 2 → 2 scattering whatever the energy, whereas the number
of branchings in the associated initial- and final-state showers will increase with energy.
This increase comes in part from the the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from the increase in accessible and
typical virtuality scales Q2 for the hard subprocess. The multiplication effect is at its full
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Figure 2.5: bb cross section at hadron colliders with different contribution due to pair creation,
flavour excitation and gluon splitting. Figure taken from Reference [112].
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Figure 2.6: Distribution of bb quarks in simulated pp collisions at
√
s = 7 TeV, with θ being the

angle between the quark and the beam axis. Red is the LHCb acceptance. The correlation between
the two angles and related peak in the forward and backward direction is clearly visible.
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2.4 The LHCb tracking system

The tracking system is devoted to the identification of the interaction vertex, the recon-
struction of the trajectories of charged particles in the dipole magnetic field and measure-
ment of their momentum. The first task is accomplished by the Vertex Locator, which is
also used for the track reconstruction, together with the Tracker Turicensis and the three
tracking stations T1, T2 and T3. Finally, a warm dipole magnet generates the magnetic
field.

2.4.1 The Vertex Locator

The Vertex Locator (VELO) [119] is the subdetector closest to the pp interactions. It is
designed to precisely measure the position of the primary and secondary vertices, which
is crucial to identify b (c)-hadrons with typical mean flight distance of about 1(0.3) cm at
LHCb. Due to high track multiplicity in LHC collisions, it is crucial to have a vertex
locator with a micrometer precision in order to select signal events and reject most of the
background.

The VELO is composed of 21 circular “stations” of silicon modules in a r-φ geometry
installed along the beam line, as shown in Figure 2.8. Each station is divided into two
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.
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Figure 2.8: Top: top view of the VELO silicon sensors. Bottom: frontal view of the modules in
the closed and open positions.

halves; detectors modules are installed on the left and on the right side of the beam
axis and a hole is left free in the middle for the proton beams that are not constant in
shape when going from the injection state to the collision state. The modules therefore
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have to be retractable to avoid the danger of being damaged during beam injection.
The open position places the two halves about 6 cm away from each other; when the
LHC is in pp collision the halves are moved in until the sensors have a distance from
the beam of only 8 mm. Each half is composed of two planes of 220µm thick silicon
microstrip sensors able to measure the distance from the beam and the azimuthal angle
of hits, namely r and φ, generated by the ionizing particles that cross the VELO. The third
coordinate z is simply measured knowing what modules give a signal for a particular
particle hit. The structure of r-φ sensors is reported in Figure 2.9. The r sensors are
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Figure 5.4: Sketch illustrating the rf geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the f -sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. The different arrangement of the bonding pads leads to the slightly
larger radius of the R-sensor; the sensitive area is identical.

is 38 µm, increasing linearly to 101.6 µm at the outer radius of 41.9 mm. This ensures that mea-
surements along the track contribute to the impact parameter precision with roughly equal weight.

The f -sensor is designed to readout the orthogonal coordinate to the R-sensor. In the simplest
possible design these strips would run radially from the inner to the outer radius and point at the
nominal LHC beam position with the pitch increasing linearly with radius starting with a pitch of
35.5 µm. However, this would result in unacceptably high strip occupancies and too large a strip
pitch at the outer edge of the sensor. Hence, the f -sensor is subdivided into two regions, inner
and outer. The outer region starts at a radius of 17.25 mm and its pitch is set to be roughly half
(39.3 µm) that of the inner region (78.3 µm), which ends at the same radius. The design of the
strips in the f -sensor is complicated by the introduction of a skew to improve pattern recognition.
At 8 mm from the beam the inner strips have an angle of approximately 20� to the radial whereas
the outer strips make an angle of approximately 10� to the radial at 17 mm. The skew of inner and
outer sections is reversed giving the strips a distinctive dog-leg design. The modules are placed so
that adjacent f -sensors have the opposite skew with respect to the each other. This ensures that
adjacent stations are able to distinguish ghost hits from true hits through the use of a traditional
stereo view. The principal characteristics of the VELO sensors are summarized in table 5.1.

The technology utilized in both the R- and f -sensors is otherwise identical. Both sets of
sensors are 300 µm thick. Readout of both R- and f -sensors is at the outer radius and requires
the use of a second layer of metal (a routing layer or double metal) isolated from the AC-coupled
diode strips by approximately 3 µm of chemically vapour deposited (CVD) SiO2. The second
metal layer is connected to the first metal layer by wet etched vias. The strips are biased using
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Figure 2.9: Geometry of the r (left) and φ (right) sensors of the silicon modules composing the
VELO. For completeness in the right part strips of two adjacent φ modules are drawn to show
their different orientation.

divided into four parts per half, each one covering about 45◦; the microstrips composing
these parts are modelled in a semi-circular shape. The pitch for the strips closest to the
beam is 40µm, which increases linearly to 101.6µm for the outermost strip. This design
makes sure that strips closer to the interaction point get a larger weight for the impact
parameter determination. The φ sensors are divided into two regions: the inner stops at
a radius of 17.25 mm and has a pitch of 78.3µm, the outer one starts at 17.25 mm and has
a pitch of 39.3µm. Inner and outer regions have different skew to the radial direction to
improve pattern recognition: they are tilted by 20◦ and 10◦ respectively. Furthermore,
to improve the track reconstruction, the longitudinally adjacent φ sensors have opposite
skew to each other. The modules are installed in an aluminium walled box which is
under vacuum.

The performance of the VELO detector have been analysed using the data collected.
The resolution in the X and Y coordinates ranges from 40µm to 10µm depending on the
number of tracks fitted while the resolution on the Z coordinate ranges from 250µm to
50µm and the trend is shown in Figure 2.10.
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Figure 2.10: Primary Vertex Resolution for X (a) and Z (b) axis in 2015 data/MC as a function of
number of tracks associated to PV (N). The fitter function is described by A/NB + C, where A,B
and C are free parameters. The resolution along the Y axis is comparable to the resolution for the
X axis.

2.4.2 The Tracker Turicensis

The Tracker Turicensis (TT) [120, 121] is located between RICH1 and the magnet. It is
mainly used to improve momentum resolution for particle traversing the whole detector.
It provides reference segments used to combine the tracks reconstructed in the tracking
stations with those reconstructed in the VELO, and reconstructs flight paths of particles
decaying after the VELO. It also improves the rejection of ghost tracks, which are tracks
that do not belong to a real particle. An illustration of the setup is shown in Figure 2.11.
It consists of four planes of silicon microstrip sensors with a pitch of 183µm, strip length
up to 37 cm and thickness of 500µm. Each of the four planes covers a rectangular region
of about 120 cm in height and about 150 cm in width. They are arranged in half modules,
consisting of seven silicon sensors which are read out in sectors, containing four and
three sensors (away from the beam pipe) or four, two and one sensors (close to the beam
pipe). The different length of these read out sectors is due to the different flux of particles
traversing the detector. The readout electronics are placed at the upper or lower edge of
the half modules, lying outside the acceptance of LHCb. Two halves are joined together
to span the full height of the TT. While the first and the last layer have sensors with
strips running vertically, the second and third layer are tilted with and angle of +5◦ and
-5◦ with respect to the vertical axis. The layers are divided into two stations: the first
two planes and the last two planes, called TTa and TTb respectively. The two stations
are separated by about 27 cm, while the layers inside TTa or TTb are divided by 36 mm.
TTa has 30 half modules while TTb has 34, to cover the larger area spanned by the same
solid angle at a larger value of z. The hit resolution is about 50µm.

2.4.3 The tracking stations T1, T2 and T3

The three tracking stations T1, T2 and T3 are placed downstream of the magnet. They
are divided in two main parts: the Inner Tracker (IT) [122] and Outer Tracker (OT) [123].
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Figure 2.15: Layout of the four TT stations. The front and rear planes have sensors vertically
arranged, while the two planes in the middle represent the u-plane and v-plane described in the
text with sensors tilted by ±5� respectively.

x-plane of the station in the middle. If the prediction matches a hit, it is added to the segment
and it is used to determine more accurately the parameters of the parabola and all x hits in a
window around the trajectory are collected to form the X �Z projection of the segment candi-
date. After this step also the compatible hit from u� and v� planes of the tracking stations are
added to the X � Z projection in order to reconstruct the 3-dimentional segment. In a second
step hits not associated with any reconstructed segment are matched with parabolic trajectories
to find tracks crossing di↵erent X � Y plane regions. Finally, reconstructed segments must
satisfy quality requirements in order to be accepted.

Track finding is organized in a hyerarchical way: firstly the algorithm tries to reconstruct
long tracks, then it picks up unused segments to reconstruct downstream and upstream tracks.
In the end of each step a clone killer algorithm is applied. Long tracks are reconstructed using
two algorithms. The first one extrapolates VELO segments to the tracking stations collecting
together matching hits in the X � Z plane and then adding also u and v plane hits. All the
hits in the TT compatible with the trajectory are added to the track. The second algorithm
matches reconstructed VELO and T stations segments one to each other, extrapolating VELO
segments in the forward direction and T segments in the backward direction. TT hits close to
the resulting track are added afterwards. Downstream tracks are reconstructed extrapolating T
station segments to the TT and adding compatible hits. Upstream tracks are extracted from

Figure 2.11: TT illustration. The first and the fourth stations have sensors parallel to the vertical
plane, while the second and the third stations (called u-plane and v-plane) have sensors tilted
respectively by +5◦ and -5◦. The different colours correspond to different readout sectors, the blue
region is the position of the readout electronics.

They are arranged as in Figure 2.12.

The IT forms the inner part closest to the beam pipe. As the particle flux is higher
in these regions, silicon sensors were chosen as detecting devices. Each of the three
stations comprise four detector boxes which are arranged around the beam pipe as in
Figure 2.13. Each boxes houses four detector layers and each layer has a total number of
seven modules. The first and last layer within a box run vertically, while the second and
the third layer are tilted by +5◦ and -5◦. The modules to the left and right of the beam
pipe consist of two sensors, while the ones on top and bottom have only one sensor. The
silicon sensors have a thickness of 320µm for the one-sensor modules, 410µm for the
two-sensor modules. The strip pitch is 198µm, which leads to a similar resolution as
obtained in the TT. The total IT size is about 1.2 m in the bending plane and about 40 cm
in the vertical plane.

The OT is built as an array of straw tube modules. The modules are arranged in
three stations with four layers each, with the middle two layers in a station tilted by
±5◦. Each plane is composed of two rows of tubes, arranged in a honeycomb structure,
as shown in Figure 2.14. The module of each drift tube is filled with a gas mixture
of Ar/CF4/CO2, which allows for a short drift time. The knowledge of the relation
between the distance of closest approach of the particle to the anode and the drift time,
which is the experimentally measured quantity, allows for a spatial resolution of about
200µm for a single cell with a hit efficiency of more than 99%.
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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8⇥10�4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw
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Figure 5.36: Cross section of a straw-tubes module (left) and overview of a straw-tubes module
design (right).

tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.

Construction

The straw tubes are produced by winding together two strips of thin foils,29 as shown in figure 5.37:
the inner (cathode) foil is made of 40 µm carbon doped polyimide (Kapton-XC30); the outer foil
(Kapton-aluminium) is a laminate31 made of 25 µm polyimide, to enhance the straws gas tightness,
and 12.5 µm aluminium, crucial to ensure fast signal transmission and good shielding.

To build a monolayer the straw-tubes were glued to panels with a cored sandwich structure
consisting of a 10 mm Rohacell core and two 120 µm carbon fibre skins. High precision aluminium
templates (figure 5.37) were used during the glueing to position the straw-tubes to better than
50 µm over the entire module length. After the straw-tubes were glued to the panel the wiring was
started. A gold-plated tungsten wire32 with a diameter of 25.4 µm is used for the anodes. The wire
was sucked through the straw-tube. At each end the wire is guided using injection-molded Noryl
endpieces. To centre the wire also along the straw-tube Noryl wire locators had been placed every
80 cm inside the straws. The wires were strung with a tension of 0.7 N and were soldered to 5 mm
long pads of a printed circuit board.

Special holding-devices, shown in figure 5.38, were used to keep the support panels flat to
within 100 µm during the glueing of the straws and wiring. They were also used to assemble two
monolayer panels into a detector module (figure 5.38). The sides of the modules were closed by
400 µm thick carbon fibre sidewalls. Spacers at the two module ends ensure the proper separation

29Lamina Dieletrics Ltd., UK.
30DuPontTM.
31GTS Flexible Materials Ltd., USA.
32California Fine Wire, USA.
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Figure 2.12: Sketch of one of the T stations with the OT in blue and the IT in orange.

2.4.4 The dipole magnet

The LHCb detector is provided with a warm (i.e. non superconducting) dipole mag-
net [124, 125, 126] with two aluminium coils inside an iron yoke placed between the TT
and T stations. Its shape and field strength are illustrated in Figure 2.15. The magnet
has an integrated field of

∫
Bdl = 4 T m, where the main field component is along y axis

with a maximum intensity of 1 T. Note that there is practically no field at the position of
the VELO, while there is only a small field at the position of the TT and the T stations.
The magnetic field polarity can be reversed, a procedure which is regularly undertaken
during operation of the detector to minimize systematic effects.

In order to track the particles through the LHCb detector, a precise knowledge of the
magnetic field map is crucial. The magnetic field was measured with Hall probes with
a relative resolutions, whose results could then be compared to magnetic field simula-
tions. The relative resolution on the magnetic field measurements was 3 × 10−4. More
information on this can be found in Reference [127].

2.4.5 Tracking algorithm and performances

We will now describe briefly how the tracking algorithm reconstructs the various track
types, divided in five categories, as shown in Figure 2.16:

Long tracks
Particles generating hits in all tracking sub detectors.

VELO tracks
Particles generating hits only inside the VELO because they have been produced
with a wide angle with respect to the beam pipe, escaping the geometrical accep-
tance of the detector before traversing the TT.

Upstream tracks
Particles with a very low momentum that are swept out by the magnetic field from
the detector acceptance before they can reach T1. It is possible to measure the mo-
mentum of these particles thanks to the residual magnetic field present between
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Figure 2.13: Sketch of a layer in IT (a) with the light blue being the silicon sensors and the dark
blue being the position of the readout electronics, the four boxes of an IT station (b) with its four
layers of modules.

the VELO and the TT, even if the measurement is affected by a 20 % relative uncer-
tainty.

Downstream tracks
Long lived neutral particles (e.g.K0

S or Λ) can decay between the VELO and the TT,
producing charged particles that generate hits in the TT and in the three tracking
stations.

T tracks
Track segments with hits in the tracking stations only are classified as T tracks.

Track finding and reconstruction algorithms are organized in different steps. The first
starts with definition of segments in the various subdetectors. Inside the VELO, the
segments are created matching all hits that lie on a straight line. In the tracking stations, a
segment is created matching the hits contained in a section of the first and third stations,
using the information given only by planes of vertically orientated microstrip sensors.
Then, under the hypothesis of a parabolic trajectory, the algorithm calculates the position
of the hit in the middle stations and searches for compatible hits. If a signal is found, it is
added to the segment and it is used to better determine the parameters of the trajectory.
Finally, the compatible hits coming from the tilted layers are also added, in order to have
a 3-dimensional segment.

The reconstruction process is organized in a hierarchical way: the algorithm tries
firstly to reconstruct long tracks and then it picks up unused segments to reconstruct
downstream and upstream tracks. Long tracks are reconstructed with two algorithms
used concurrently: the first extrapolates VELO segments to the tracking stations, adding
to the track the compatible hits in the TT, the second matches VELO and tracking sta-
tions segments one to each other, extrapolating VELO segments in the forward direction
and tracking stations segments in the backward direction. Downstream tracks are recon-
structed starting from the T stations segments and then adding the compatible hits in the
TT to those segments. Upstream tracks are obtained extrapolating VELO segments to the
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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8⇥10�4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw
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Figure 5.36: Cross section of a straw-tubes module (left) and overview of a straw-tubes module
design (right).

tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.

Construction

The straw tubes are produced by winding together two strips of thin foils,29 as shown in figure 5.37:
the inner (cathode) foil is made of 40 µm carbon doped polyimide (Kapton-XC30); the outer foil
(Kapton-aluminium) is a laminate31 made of 25 µm polyimide, to enhance the straws gas tightness,
and 12.5 µm aluminium, crucial to ensure fast signal transmission and good shielding.

To build a monolayer the straw-tubes were glued to panels with a cored sandwich structure
consisting of a 10 mm Rohacell core and two 120 µm carbon fibre skins. High precision aluminium
templates (figure 5.37) were used during the glueing to position the straw-tubes to better than
50 µm over the entire module length. After the straw-tubes were glued to the panel the wiring was
started. A gold-plated tungsten wire32 with a diameter of 25.4 µm is used for the anodes. The wire
was sucked through the straw-tube. At each end the wire is guided using injection-molded Noryl
endpieces. To centre the wire also along the straw-tube Noryl wire locators had been placed every
80 cm inside the straws. The wires were strung with a tension of 0.7 N and were soldered to 5 mm
long pads of a printed circuit board.

Special holding-devices, shown in figure 5.38, were used to keep the support panels flat to
within 100 µm during the glueing of the straws and wiring. They were also used to assemble two
monolayer panels into a detector module (figure 5.38). The sides of the modules were closed by
400 µm thick carbon fibre sidewalls. Spacers at the two module ends ensure the proper separation

29Lamina Dieletrics Ltd., UK.
30DuPontTM.
31GTS Flexible Materials Ltd., USA.
32California Fine Wire, USA.
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Figure 2.14: Cross section of a straw tube plane. The zoomed part shows the honeycomb struc-
ture of the two rows of tubes.

TT, adding compatible hits and requiring a non compatibility with any of the tracking
station segments. Finally a clone killer compares the reconstructed tracks, two by two:
if a pair of tracks shares more than a fixed percentage of hits, they are considered clones
and the only one with the best χ2 is stored.

2.5 The LHCb particle identification system

Most of the CP violation measurements of the LHCb physics program, and in particular
those presented in this thesis, require the identification of charged particles. This task is
accomplished by some dedicated sub detectors.

2.5.1 The Ring Imaging Cherenkov detectors

LHCb uses two Ring Imaging Cherenkov Detectors (RICH) [128] for particle identifica-
tion. The structure of the two apparatus is shown in Figure 2.17. The working principle
is based on the Cherenkov effect, namely particles traversing a medium with velocity v
faster than the speed of light in this medium ( cn ) will emit photons at an angle

cos θc =
1

nβ
, (2.1)

where n is the refraction index of the material and β = v
c . Knowing the refractive index

of the material being traversed, this angle can be directly related to the speed of the
particle. With the knowledge of the particle’s momentum from the tracking system,
then the mass and therefore the particle type can be determined.

The first Cherenkov detector, RICH1, is situated between the VELO and the TT and
covers the full LHCb acceptance. It uses two kinds of radiators: the first is a 5 cm thick
Aerogel layer with a n = 1.03 to provide separation for particles with a momentum
of a few GeV/c; the second is a gaseous C4F10 layer with n = 1.0015 which fills the
remaining part of the detector and is employed to detect particles with higher momenta
(up to 50 GeV/c). The Cherenkov light is reflected via a spherical and a plane mirror
into an array of Pixel Hybrid Photon Detectors (HPDs) at the top and bottom of the
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Figure 4.1: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet.

coils with respect to the measured mechanical axis of the iron poles with tolerances of several
millimeters. As the main stress on the conductor is of thermal origin, the design choice was to
leave the pancakes of the coils free to slide upon their supports, with only one coil extremity kept
fixed on the symmetry axis, against the iron yoke, where electrical and hydraulic terminations
are located. Finite element models (TOSCA, ANSYS) have been extensively used to investigate
the coils support system with respect to the effect of the electromagnetic and thermal stresses
on the conductor, and the measured displacement of the coils during magnet operation matches
the predicted value quite well. After rolling the magnet into its nominal position, final precise
alignment of the yoke was carried out in order to follow the 3.6 mrad slope of the LHC machine
and its beam. The resolution of the alignment measurements was about 0.2 mm while the magnet
could be aligned to its nominal position with a precision of ±2 mm. Details of the measurements of
the dipole parameters are given in table 4.1. A perspective view of the magnet is given in figure 4.1.

The magnet is operated via the Magnet Control System that controls the power supply and
monitors a number of operational parameters (e.g. temperatures, voltages, water flow, mechanical
movements, etc.). A second, fully independent system, the Magnet Safety System (MSS), ensures
the safe operation and acts autonomously by enforcing a discharge of the magnet if critical param-
eters are outside the operating range. The magnet was put into operation and reached its nominal
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Figure 3.6: The main component of the magnetic field strength (By) along the
z axis.

Trigger Tracker, which is placed after RICH 1 and just in front of the magnet. Third,
after the magnet three tracking stations are located: T1, T2, and T3. The inner part of
these stations, close to the beam pipe, is referred to as the Inner Tracker; the outer part
covers the remaining acceptance and is called the Outer Tracker. The Outer Tracker is
constructed from straw tube drift chambers; the other tracking detectors are all silicon
strip detectors.

Charged particles are bent in the B field of the magnet [28]. Their momentum is
measured from the deflection of the trajectories as the particles traverse the magnet.
The di�erence between the track slope in the VELO and the track slope in the T stations
is inversely proportional to the particle’s momentum. In Chapter 6, this relation will
be discussed. The bending power of the magnet is represented by the total integrated
field, which is

�
Bdl = 4.2 T m. The strength of the main component of the magnetic

field along the z axis is shown in Fig. 3.6.
The detector design has gone through a number of optimisation phases. These

changes are referred to as the “reoptimisation” [26]. The detector setup described in this
thesis refers to this reoptimised design.

3.3 Vertex Locator

The Vertex Locator (VELO) [26, 29] contains 21 stations, positioned along and per-
pendicular to the beam axis. Figure 3.7 shows a cross section of the VELO and the
interaction region as seen from above. Two types of silicon sensors are used: one mea-
sures the r coordinate with circular strips centred around the beam axis, the other
measures the � coordinate with straight, radial strips. The half-disc sensors, shown in

28
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Figure 2.15: Technical drawing of the dipole magnet in LHCb (a) and strength of the y direction
of the magnet field as a function of the z position (b).

RICH1 (outside the acceptance). These sensors provide a photon position measurement
allowing the reconstruction of the “rings” created by the Cherenkov light. The radius of
these rings is proportional to the Cherenkov angle. The photon detectors are sensitive to
stray magnetic fields, hence they have to be embedded into a magnetic shield structure.

The second Cherenkov detector, RICH2 is located between T stations and the first
muon station. It has a reduced angular acceptance from 15 mrad to 120 (100) mrad in
the bending (non bending) plane. It uses CF4 as a radiator, with n = 1.0005 and it is
used for particle identification for high-momentum particles from about 15 GeV/c up to
100 GeV/c. RICH2 has the HPDs and mirrors situated to the left and right of the beam
pipe, incorporating a magnetic shield structure similar to the one in RICH1.

The Cherenkov angles for the three different radiators used in RICH1 and RICH2 are
shown in Figure 2.18.

2.5.2 The calorimetry system

The calorimetry system [129] serves multiple purposes. On the one hand it is used to
reconstruct photons and particularly π0 with good precision, on the other hand it is part
of the particle identification system providing information about the energy and position
of photons, electrons and hadrons. Furthermore it is part of the hardware trigger, for fast
decisions after the interaction.

The calorimetry system consist of three parts as represented in Figure 2.19: a scin-
tillating pad/preshower detector (SPD/PS), an electromagnetic calorimeter (ECAL) and
an hadronic calorimeter (HCAL). The SPD/PS and the ECAL follow the same substruc-
ture by dividing the active region in three parts, with a more coarse granulation away
from the beam pipe. The HCAL is divided into two subparts. The segmentations are
illustrated in Figure 2.20.

The SPD/PS consist of a 15 mm thick lead absorber, which is sandwiched by plates
of scintillating pads. The pads are read out via wavelength shifting fibres guiding the
light to photomultipliers. The SPD is used to discriminate between charged and neutral
particle improving discrimination between photons and electrons, as the former ones
produce light inside the scintillator layers while the latter do not. The lead absorber is
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Figure 2.13: Illustration of the various track types: long, VELO, upstream, downstream
and T tracks.

Downstream tracks: Long lived neutral particles can decay between the VELO and
the TT, producing charged particles that generate hits in the TT and in the three
tracking stations. These are the so-called downstream tracks.

T tracks: Hits only in the tracking stations are classified as T tracks.

Track finding and reconstruction are organized in different steps. The first starts with
the definition of segments in the various sub-detectors: inside the VELO, segments are
created matching all hits that lie on a straight line. In the tracking stations, a segment
is created matching the hits contained in a section of the first and third station (e.g.
in the left corner on these two stations), using the information given only by one plane
of vertically oriented microstrip sensors. Then, under the hypothesis of a parabolic
trajectory, the algorithm calculates the position of the hit in the middle stations and
searches for compatible hits. If a signal is found, it is added to the segment and it is
used to better determine the parameters of the trajectory. Finally, the compatible hits
coming from the u-plane and the v-plane are also added, in order to have a 3-dimensional
segment.

The reconstruction process is organized in a hierarchical way: the algorithm tries
firstly to reconstruct long tracks and then it picks up unused segments to reconstruct
downstream and upstream tracks. Long tracks are reconstructed with two algorithms:
the first extrapolates VELO segments to the tracking stations, adding to the track the
compatible hits in the TT. The second matches VELO and tracking stations segments
one to each other, extrapolating VELO segments in the forward direction and track-
ing stations segments in the backward direction. Downstream tracks are reconstructed
starting from T stations segments and then adding the compatible hits in the TT to
those segments. Upstream tracks are obtained extrapolating VELO segments to the

Figure 2.16: Illustration of the various track types.

used to start the showering, which can then be detected in the PS. It provides informa-
tions to improve the discrimination between pions and electrons, as they have different
shower lengths. The SPD and PS pads have dimension of approximately 4 × 4 cm2,
6 × 6 cm2, 12 × 12 cm2, depending on the region. The total material budget of the two
sub detectors corresponds to about 2.5-3 X0 (radiation length).

The structure of the ECAL is an alternating planes with absorbing layers made of lead
(2 mm thick) and detecting layers made of scintillating material (4 mm thick, polystyrene).
In total, there are 66 Pb and scintillating layers that form a stack of 42 cm length, which
corresponds to 25 X0. The read out of the scintillating tiles is similar to the one in the
SPD/PS. The outer acceptance boundary of the ECAL matches the one from the track-
ing stations (300/250 mrad), the inner acceptance boundary (25 mrad) is limited by the
radiation dose level close to the beam pipe.

The HCAL main task is to measure the energy of hadronic showers. This information
is fundamental for the Level-0 trigger. The HCAL is built as a sampling device as well,
made of layers of scintillators 4 mm thick separated by layers of iron 16 mm thick. The
total material budget corresponds to 5.6 nuclear interaction lengths. Module sizes are
bigger than for ECAL: 13× 13 cm2 for the inner ones and 26× 26 cm2 for the outer ones.

The calorimeter system performances have been evaluated from several test beams
made before the start of the data taking [130]. Energy resolution are given by σ(E)/E =

8-10%/
√
E/GeV⊕0.9% for ECAL and σ(E)/E = 69%/

√
E/GeV⊕9% for HCAL, where

the two first terms are the resolution due to statistical fluctuations and the second terms
are due to the read out. The ECAL calibration is obtained by reconstructing resonances
decaying to two photons like π0→ γγ and η→ γγ. Calibration of the HCAL can be re-
alized by measuring the ratio E/p between the energy E as measured in the calorimeter
for a hadron with momentum p, as measured by the tracking system.

2.5.3 Muon detectors

The muon system [131, 132, 133] consists of five stations: the first one (M1) is placed up-
stream of the calorimeters to avoid possible muon multiple scattering effects that could
modify the particle trajectory, the other four stations (M2 to M5) are situated after the
HCAL, and separated from each other with layers of 80 cm of iron, which serves as an
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Figure 2.24: Left: schematic layout from a side view of the RICH 1 detector. The Cherenkov
light as emitted by a charged track traversing the Aerogel tiles and the C4F10 radiator is also
drawn. Right: Schematic layout from a top view of the RICH2 detector.

2.4.2 Particle-identification performances

RICH detectors give the information to evaluate the mass-hypothesis likelihood for a given
particle. As Cherenkov photons emitted by a particle are charachterized by the same emission
angle ✓c, they are expected to form a ring on the HPD plane, with radius proportional to
✓c. Thus, given the direction of a particle, it is possible to extrapolate the position of the
corresponding ring centre on the photo detector plane. The distribution of Cherenkov photon
hits on the plane, as a function of the radial distance from the centre, is thus expected to be
peaked around a value (related to ✓c) and smeared by resolution e↵ects. In this way, fitting
the photon hit positions, it is possible to measure in a simple and fast way ✓c for each particle.
However, as the main background to the signal comes from photons emitted by other particles,
in LHCb a “global” approach has been developed to measure the mass-hypothesis likelihood of
tracks. Fig. 2.25 shows the Cherenkov angle as a function of track momentum (only for isolated
tracks) with the theoretical expectation superimposed. The straightforward way to the “global”
approach would be to perform a global fit of all Cherenkov photons emitted by all particles,
resulting in a very complex and slow multi-parameter fit, without solving the problem of the
other backgrounds, except that from cross-contamination between tracks.

Instead, for a given set of mass-hypotheses, the probability for a signal photon to be detected

Figure 2.17: Left: schematic layout from a side view of the RICH1 detector. Right: schematic
layout from a top view of the RICH2 detector.

absorber for all particles not being muons or neutrinos (see Figure 2.21). A muon needs
to have a momentum of about 6 GeV/c to reach all muon stations. Similar to the calorime-
ters, the muon system uses different segmentations to cope with the varying particle flux
over the full area: all stations are therefore divided into four regions (R1 to R4) with in-
creasing distance from the beam pipe. The linear dimensions and their segmentation
scale with factors of two from one region to another, as shown in Figure 2.22. The muon
system covers an acceptance between 20 (16) mrad and 306 (258) mrad in the bending
(non-bending) plane. It uses multi-wire proportional chambers (MWPC) for all stations,
except in the innermost region of M1, where triple-GEM detectors are used due to the
high particle flux and its demand for radiation hardness. MWPCs have four overlapped
gaps, each one 5 mm thick and with a distance between wires of about 2 mm. In M1, the
MWPCs only have two gaps to reduce the amount of material in front of the calorime-
ters. The triple-GEM detector consists of three gas electron multiplier foils sandwiched
between anode and cathode planes.

2.6 The LHCb trigger

The production cross sections of bb and cc pairs are small compared with the inelastic pp
cross section reported in Table 2.2. In addition, the capabilities to store data are limited
by technological and cost constraints. A good trigger is necessary to accept the interest-
ing events and reject most of the background events. The LHCb trigger [136] has been
developed to work at the bunch crossing frequency of the LHC, in order to process the
largest number of events. The only way to reach the desired performances is to divide
the trigger into different levels, each processing the output of the previous.

The trigger system consists of two parts: L0, the first stage of the trigger implemented
on hardware level, and the HLT, a two stage software trigger executed on event filter
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Figure 2.18: Cherenkov angle for the different radiators in different momentum regimes.

Table 2.2: Measured cross section at
√
s = 7 TeV in the LHCb acceptance. Values taken from

Reference [113, 134, 135]

Process Value

pp inelastic 55.0± 2.4 mb
pp→ ccX 1.23± 0.19 mb
pp→ bbX 75.3± 14.0µb

farms, to confirm the L0 decisions and to perform a (partial) event reconstruction for
further data reduction.

2.6.1 Level-0 trigger

The Level-0 trigger (L0) is run synchronously with the LHC clock and reduces the rate
of pp collisions to about 1.1 MHz, which is the maximum rate at which the full detector
can be read out. The calorimeters (SPD,PS, ECAL, HCAL) are used to select particles
with high transverse energy ET = E · sin θ (photons, electrons, hadrons) and assign
a particle hypothesis to them. The candidate with the highest ET for every species is
selected and triggers the event if the ET is above a given threshold. Furthermore the
SPD is used to provide an estimate for the charged particle multiplicity in the event. A
cut on the SPD-multiplicity was set to reject too busy events which would take too much
time to process and have a too high occupancy in the OT. The muon system performs a
standalone reconstruction of muon tracks by forming straight tracks out of hits in all five
stations, and calculates their transverse momentum under the assumption that the muon
are originated at the interaction point. There is a single muon trigger and a dimuon
trigger which have different thresholds for pT and

∑
pT respectively.
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2.5.3 The calorimeters system

The calorimeter system [52] is used to measure hadron, electron and photon energies, thus
giving information for their identification. Moreover, it provides important information
for the Level-0 trigger (L0-trigger), evaluating hadron, electron and photon transverse
energy2 ET . The calorimeter system is divided into four sub-detectors:

• Scintillator Pad Detector (SPD);

• Pre-Shower (PS);

• Electromagnetic Calorimeter (ECAL);

• Hadronic Calorimeter (HCAL).

In Fig. 2.17 we have schematically represented the calorimeter system and the inter-
actions of each sub-detector with each type of particle. Each sub-detector is divided

Figure 2.17: Signal deposited on the different parts of the calorimeter by an electron, a
hadron and a photon.

into regions with different dimensions and where differently sized sensors are used (the
smallest sensors, i.e. the most precise, are placed in the inner regions, while the biggest
are placed in the outer regions). SPD, PS and ECAL are divided in three regions (inner,
middle and outer), while the HCAL is divided only in two regions (inner and outer); a
schematic view of these structures is displayed in Fig. 2.18. The sensor size increases
as the distance from the beam pipe is greater in order to reach a compromise between
occupancy and the number of read-out channels.

2The transverse energy is defined as ET = E sin(✓), where E is the energy measured in the calorimeter
and ✓ is the polar angle of the hits in the calorimeter with respect to the beam pipe.

Figure 2.19: Signal deposited on the different parts of the calorimeter by an electron (e), a hadrons
(h) and a photon (γ).
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Figure 6.21: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are given for the
ECAL.

6.2.1 General detector structure

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) has been adopted. The most demanding identification is that of electrons. Within the
bandwidth allocated to the electron trigger (cf. section 7.1.2) the electron Level 0 trigger is required
to reject 99% of the inelastic pp interactions while providing an enrichment factor of at least 15
in b events. This is accomplished through the selection of electrons of large transverse energy
ET . The rejection of a high background of charged pions requires longitudinal segmentation
of the electromagnetic shower detection, i.e. a preshower detector (PS) followed by the main
section of the ECAL. The choice of the lead thickness results from a compromise between
trigger performance and ultimate energy resolution [122]. The electron trigger must also reject a
background of �0’s with high ET . Such rejection is provided by the introduction, in front of the
PS, of a scintillator pad detector (SPD) plane used to select charged particles. A thin lead converter
is placed between SPD and PS detectors. At Level 0, the background to the electron trigger will
then be dominated by photon conversions in the upstream spectrometer material, which cannot
be identified at this stage. Optimal energy resolution requires the full containment of the showers
from high energy photons. For this reason, the thickness of ECAL was chosen to be 25 radiation
lengths [123]. On the other hand, the trigger requirements on the HCAL resolution do not impose
a stringent hadronic shower containment condition. Its thickness is therefore set to 5.6 interaction
lengths [124] due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (shown in figure 6.21)
since the hit density varies by two orders of magnitude over the calorimeter surface. A segmenta-
tion into three different sections has been chosen for the ECAL and projectively for the SPD/PS.
Given the dimensions of the hadronic showers, the HCAL is segmented into two zones with larger
cell sizes.

All calorimeters follow the same basic principle: scintillation light is transmitted to a Photo-
Multiplier (PMT) by wavelength-shifting (WLS) fibres. The single fibres for the SPD/PS cells are
read out using multianode photomultiplier tubes (MAPMT), while the fibre bunches in the ECAL
and HCAL modules require individual phototubes. In order to have a constant ET scale the gain in
the ECAL and HCAL phototubes is set in proportion to their distance from the beampipe. Since
the light yield delivered by the HCAL module is a factor 30 less than that of the ECAL, the HCAL
tubes operate at higher gain.
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Figure 2.27: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are also given.

is subdivided only into two regions. The size of sensor elements increases going far from the
beam-pipe and the high occupancy region. Such choice is motivated by a compromise between
occupancy (in order to guarantee a good resolution in energy and position of clusters) and the
necessity to mantain a reasonable number of read-out channels. SPD and PS are auxiliary sub-
detectors of ECAL and are placed before it. SPD is used to discriminate between charged and
neutral particles, as the former ones produce light inside the scintillator layers while the latter do
not. The PS is used for a better discrimination between electrons and pions both at the trigger
level and in the o✏ine reconstruction. Both sub-detectors consist of a scintillator plane and they
are separated by a lead converter layer about 15 mm thick. The total material budget of the
two sub-detectors corresponds to about 2.5-3 radiation lengths. The light produced inside the
scintillator is collected, by wave length shifter optical fibers, on multi-anode photo-multipliers.

The ECAL is a sampling calorimeter realized using Shashlik technology and separated into
di↵erent independent modules (a schematic view of an ECAL module is shown in Fig. 2.28).
It is composed of 66 lead converter layers (2 mm thick), each one sandwiched between plastic
scintillator layers 4 mm thick. The total material budget for each module is about 25 radiation
lengths and 1.1 nuclear interaction lengths. The optical fibers WLS (drawn in green in Fig. 2.28)
cross longitudinally the entire module and bring light to the read-out photo-multipliers situated
in the backward part of the module. Sizes and number of read-out channels of modules for
di↵erent regions are di↵erent: the inner region has modules with a section of 4⇥ 4 cm2 with 9
read-out channels per module; the middle region has modules of 6⇥6 cm2 with 4 channels each;
finally the outer region has 12⇥ 12 cm2 modules with one channle each.

The hadronic calorimeter HCAL has as main purpose the measurement of energies of
hadronic showers that is the main information needed by the Level-0 hadronic trigger. Its
structure is similar to ECAL, but each module is built by layers of scintillators 4 mm thick
separated by layers of steal 16 mm thick. The total material budget corresponds to 5.6 nuclear
interaction lengths. Module sizes are bigger than for ECAL and only two regions are defined:
inner and outer (see Fig. 2.27). In the inner region modules are 13⇥ 13 cm2, while in the outer
region they are 26⇥ 26 cm2.

Figure 2.20: Layout of the SPD/PS/ECAL (left), showing the three segmentations, and layout of
the HCAL (right) with only two segmentations. Note that only a quarter of the detectors is shown
and the black region represents the beam pipe.

The efficiency of L0 strongly depends on the decay channel:

• forB decays to two muons, the L0 muon requirements are typically more than 90%
efficient;

• the efficiency of the L0 hadron trigger for fully hadronic decay modes varies from
∼ 60% for B0→ h+h− decays to 20-30% for charm decays. Charm decays typically
have lower efficiencies due to the lower mass of the charmed hadrons compared
to a B hadron;

• the L0 photon/electron requirements are more than 80% efficient for radiative B
decays, such as B0→ K∗0γ.

The L0 hadron and muon efficiencies are shown in Figure 2.23.

2.6.2 The high level trigger

The High Level Trigger (HLT) is subdivided in two software based stages, namely HLT1
and HLT2. The task of this trigger level is to reduce the input rate from the L0 trigger to
a more manageable level of 3.5, 5 and 12.5 kHz for 2011, 2012 and Run 2 data taking pe-
riods, respectively. VELO reconstruction is fast enough to allow the full information on
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Figure 6.46: Side view of the muon system.

Appropriate programming of the L0 processing unit (see section 7.1.2) allows the muon trig-
ger to operate in the absence of one station (M1, M4 or M5) or with missing chamber parts, al-
though with degraded performance (worse pT resolution).

The layout of the muon stations is shown in figure 6.47. Each Muon Station is divided into
four regions, R1 to R4 with increasing distance from the beam axis. The linear dimensions of the
regions R1, R2, R3, R4, and their segmentations scale in the ratio 1:2:4:8. With this geometry,
the particle flux and channel occupancy are expected to be roughly the same over the four regions
of a given station. The (x,y) spatial resolution worsens far from the beam axis, where it is in any
case limited by the increase of multiple scattering at large angles. The right part of figure 6.47
shows schematically the partitioning of the station M1 into logical pads and the (x,y) granularity.
Table 6.5 gives detailed information on the geometry of the muon stations.

Simulation

A complete simulation of the muon system was performed using GEANT4. Starting from the
energy deposits of charged particles in the sensitive volumes, the detector signals were created and
digitized taking into account detector effects such as efficiency, cross-talk, and dead time as well as
effects arising from pile-up and spill-over of events occurring in previous bunch crossings [167].
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Figure 6.51: Exploded schematic view of a chamber showing the various elements.
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Figure 6.52: Cross section of a wire chamber showing the four gas gaps and the connection to the
readout electronics. SPB: Spark Protection Board; CARDIAC: FE Electronics Board. In this case
the hardwired OR forming the two Double Gaps (see text) is achieved in the SPB.

inside the Faraday cage to minimize electrical pickup. The HV is brought in through a custom-
made multipin connector and multiconductor cable. LVDS shielded cables are used for signal
transmission and control.

The general design and construction is the same for all chambers and is discussed in detail
in [183].

Chamber construction

Given the large number of chambers, the production was distributed among six production sites. A
great effort went into ensuring that all those sites had equivalent facilities and tooling, albeit with
some flexibility. The same stringent quality criteria and test protocols were adopted throughout to
ensure a constant quality of the produced chambers.
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Figure 2.21: Side view of the five chambers of the muon system with the interleaved calorimeters
and iron absorbers.

the primary vertex to be used by the HLT1 but the full reconstruction can be performed
only for a limited number of tracks due to limited time available. This is the reason why
the HLT has been divided in two sub-triggers.

HLT1 rejects events with an OT occupancy larger than 20% because it would take
more than ∼ 25 ms to take a decision. After this first rough selection, it partially re-
constructs the event around the object that triggered L0, while using information from
different subdetectors. This task is for example accomplished by muon triggers which
combine the information from the VELO with the one from the muon stations. Other
triggers exists to confirm information from calorimeters. Additionally, a different type
of HLT1 triggers exists, which does not rely on information from the L0 and are based
on single track with high momentum, large impact parameter and good track quality. In
total HLT1 has an output rate of approximately 50 kHz. Figure 2.24 shows the efficiency
of the HLT1 selection criteria as a function of pT for both decays containing muons in the
final state and purely hadronic decays.

The output rate of HLT1 is low enough to allow HLT2 to perform a reconstruction
of the event which is was very close in Run 1 and has the same quality in Run 2 to the
offline reconstruction. A great variety of trigger lines exist in HLT2, ranging from lines
selecting prompt and detached muons to “topological lines” selecting n-body decays
starting from two charged daughter tracks. The output rate of HLT2 was up to 3 kHz.

The HLT2 efficiency for B decays with muons in the final state is above 90%, while
for heavy flavour decays with hadrons in the final state is over 60%.
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Figure 6.47: Left: front view of a quadrant of a muon station. Each rectangle represents one
chamber. Each station contains 276 chambers. Right: division into logical pads of four chambers
belonging to the four regions of station M1. In each region of stations M2-M3 (M4-M5) the number
of pad columns per chamber is double (half) the number in the corresponding region of station M1,
while the number of pad rows per chamber is the same (see table 6.5).

A realistic simulation of the detector occupancy requires the detailed description of the cav-
ern geometry and of the beam line elements and the use of very low energy thresholds in GEANT4.
The CPU time needed for such a simulation would be prohibitive for the stations M2–M5 inter-
leaved with iron filters. The strategy chosen to overcome this problem was therefore to generate
once for all a high statistics run of minimum bias events with low thresholds. The distributions of
hit multiplicities obtained were parametrized and then used to statistically add hits to the standard
LHCb simulated events. The latter were obtained by running GEANT4 at higher thresholds and
with a simplified geometry of the cavern and the beam line [168]. Simulated events have been ex-
tensively used to evaluate the rates in the various detector regions in order to establish the required
rate capabilities and ageing properties of the chambers and to evaluate the data flow through the
DAQ system [169]. At a luminosity of 2⇥1032 cm�2 s�1 the highest rates expected in the inner
regions of M1 and M2 are respectively 80 kHz/cm2 and 13 kHz/cm2 per detector plane. In the de-
tector design studies, a safety factor of 2 was applied to the M1 hit multiplicity and the low energy
background in stations M2-M5 has been conservatively multiplied by a factor of 5 to account for
uncertainties in the simulation.

Detector technology

The LHC bunch crossing rate of 40 MHz and the intense flux of particles in the muon system [169]
impose stringent requirements on the efficiency, time resolution, rate capability and ageing char-
acteristics of the detectors, as well as on the speed and radiation resistance of the electronics.
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Figure 2.32: Left: front view of a quadrant of a muon station. Each rectangle represents one
chamber. Right: segmentation of four chambers belonging to the four regions of station M1.
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Figure 6.51: Exploded schematic view of a chamber showing the various elements.

Figure 6.52: Cross section of a wire chamber showing the four gas gaps and the connection to the
readout electronics. SPB: Spark Protection Board; CARDIAC: FE Electronics Board. In this case
the hardwired OR forming the two Double Gaps (see text) is achieved in the SPB.

inside the Faraday cage to minimize electrical pickup. The HV is brought in through a custom-
made multipin connector and multiconductor cable. LVDS shielded cables are used for signal
transmission and control.

The general design and construction is the same for all chambers and is discussed in detail
in [183].

Chamber construction

Given the large number of chambers, the production was distributed among six production sites. A
great effort went into ensuring that all those sites had equivalent facilities and tooling, albeit with
some flexibility. The same stringent quality criteria and test protocols were adopted throughout to
ensure a constant quality of the produced chambers.
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Figure 6.57: Schematic cross section of a
triple-GEM detector showing the most rele-
vant elements and dimensions (see text).

Figure 6.58: Exploded view of a triple-GEM
detector.

Design

The triple-GEM detector, which consists of three gas electron multiplier (GEM) [193–195] foils
sandwiched between anode and cathode planes, can effectively be used as tracking detector
with good time and position resolution. A cross section of the detector, showing the different
elements and their physical dimensions, is shown in figure 6.57. An exploded view is presented in
figure 6.58.

The ionisation electrons, produced in the drift gap between the cathode and the first GEM
foil, are attracted by electric fields through the three GEM foils where they are multiplied. Once
they cross the last GEM foil they drift to the anode in the induction gap, giving rise to an induced
current signal on the pads.

Prototype tests have shown that the fast Ar/CO2/CF4(45 : 15 : 40) gas mixture allowed to
achieve a time resolution better than 3 ns, to be compared with the time resolution of ⇠10 ns ob-
tained with the standard Ar/CO2 (70:30) gas mixture [196].

Another improvement in time performance has been obtained by optimizing the detector
geometry. Mechanical considerations indicate that a minimum distance of 1 mm should be kept
between GEM foils. The size of the drift gap gD is large enough to guarantee full efficiency
for charged tracks. The first transfer gap gT 1 is kept as small as possible to avoid that primary
electrons produced in the same gap give rise to a signal over threshold. The second transfer gap
gT 2 is larger than the first one to let the diffusion spread the charge over more holes and then lower
the discharge probability. The induction gap gI is kept as small as possible to maximize the signal
fraction integrated by the amplifier.

The best values of the gap fields and of the voltage across the GEM foils were determined
experimentally by optimizing time resolution versus discharge probability and are typically ED =
3.5 kV/cm, ET = 3.5 kV/cm and EI = 5 kV/cm and V1 = 440 V, V2 = 430 V, V3 = 410 V. The anode
pad printed circuit board is such that the pad to pad distance is 0.6 mm and the pads are surrounded
by a ground grid of 0.2 mm thickness to suppress cross-talk.
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Figure 2.33: Left: schematic view of a MWPC showing the various elements. Right: schematic
cross section of a triple-GEM detector showing the most relevant elements and dimensions.

muon detector is 1380. The triple-GEM detector consists of three gas electron multiplier (GEM)
foils sandwiched between anode and cathode planes (see Fig. 2.33).

2.4.6 Performances of the muon-ID algorithm

The algorithm for muon-ID in the hardware trigger starts from hits in the M3 station. For
each hits a straight line is extrapolated to the interaction region defining a “field of interest”,
that takes into account also the magnetic field kick, around such a trajectory. In order to
identify a muon coincidence in all five muon stations and inside the field of interest are required.
The muon identification algorithm for physics analysis starts from long and downstream tracks,
extrapolated from the T stations to all the muon stations. Hits found inside a region of interest
around the extrapolated trajectory are then fitted together to form a muon track. In order to
flag the track as a muon it is required to have hits in M1-M3 if its momentum is between 3

Figure 2.22: Front view of a quadrant of a muon station. Each rectangle represents one chamber.
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Figure 2: L0 efficiencies for data taken during 2012 of (a) L0 muon requirements for B± →
J/ψ (→ µ+µ−)K± and (b) L0 hadron requirements for several fully hadronic decay modes as a
function of the parent pT.

(a) (b)

Figure 3: HLT1 efficiencies for data taken during 2012 (a) for the HLT1 muon lines for B± →
J/ψ (→ µ+µ−)K± and (b) the HLT1 lines selecting displaced tracks for several purely hadronic
decays.

3.3 Second stage of the HLT

Events selected by HLT1 are passed on to the second stage of the HLT (HLT2). Here all tracks
with a minimum pT of 300MeV/c are reconstructed, independent of their IP or matching hits in
the muon chambers. In 2012 HLT2 reduced the event rate further to 5kHz (3kHz in 2011) which
is written to disk. Several exclusive selections are performed in the HLT. In particular high rate,
prompt charm decays require exclusive trigger selections using a narrow invariant mass window.
The charm selections accept events at a rate of about 2kHz. A further example of an exclusive
selection in HLT2 is the lifetime unbiased trigger for Bs → K+K− decays.
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Figure 2.23: L0 efficiencies for data taken during 2012 of L0 muon requirements forB±→ J/ψ (→
µ+µ−)K± (left) and L0 hadron requirements for several fully hadronic decay modes as a function
of the parent pT (right).
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Figure 3: HLT1 efficiencies for data taken during 2012 (a) for the HLT1 muon lines for B± →
J/ψ (→ µ+µ−)K± and (b) the HLT1 lines selecting displaced tracks for several purely hadronic
decays.

3.3 Second stage of the HLT

Events selected by HLT1 are passed on to the second stage of the HLT (HLT2). Here all tracks
with a minimum pT of 300MeV/c are reconstructed, independent of their IP or matching hits in
the muon chambers. In 2012 HLT2 reduced the event rate further to 5kHz (3kHz in 2011) which
is written to disk. Several exclusive selections are performed in the HLT. In particular high rate,
prompt charm decays require exclusive trigger selections using a narrow invariant mass window.
The charm selections accept events at a rate of about 2kHz. A further example of an exclusive
selection in HLT2 is the lifetime unbiased trigger for Bs → K+K− decays.
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Figure 2.24: HLT1 efficiencies for data taken during 2012 for the HLT1 muon lines for B± →
J/ψ (→ µ+µ−)K± (left) and the HLT1 lines selecting displaced tracks for several purely hadronic
decays (right).
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Measurement of CP violation in
the angular distribution of

Λ0
b→ pπ−π+π− baryonic decay





CHAPTER 3

Selection

Using data from the LHCb experiment at the LHC, we made a search for CP -violating
asymmetries in the decay angle distributions of Λ0

b baryons decaying to pπ−π+π− final
state. This analysis uses Run 1 and Run 2 data, corresponding to about 3.0 fb−1 and
3.7 fb−1 respectively, collected at centre-of-mass-energies of 7, 8 and 13 TeV in the 2011-
2012 and 2015-2017 years. We update and extend the analysis of such decays that found
first evidence for CPV in baryon decays in Run 1 data [38]. The sensitivity to CPV is
improved according to an amplitude model that has been developed using the new data.
Triple product asymmetries are evaluated and used to search for P -odd CPV effects.

Monte Carlo (MC) samples have been produced and used to study possible sources
of background and characterize signal events.

The MC samples are divided into event types as reported in Table 3.1 and processed
with identical selection requirements applied to data.

Table 3.1: MC samples and number of generated events. Events are produced with up/down
magnet polarity in equal quantity.

Decay Mode Yields (2011, 2012, Run 2)

Λ0
b→ pK−π+π− 1046073, 2017682, 4137806
Λ0
b→ pπ−π+π− 1033876, 2025489, 4264938

B0→ K+π−π+π− 2048997, 4021486, 4605692

3.1 Trigger requirements

The events are required to pass through selected trigger lines, that ensure minimal bias
from the trigger, see Table 3.2.

The L0Hadron trigger, used in both Run 1/2 data taking, selects events with the
number of hits in the SPD less than 600 and with at least one cluster in the HCAL with
transverse energy greater then 3.5 GeV. The L0Global trigger, used in both Run 1/2
data taking, is a logical OR of all L0 physics lines.

The Hlt1TrackAllL0 trigger algorithm [137], used during Run 1 data taking, is
divided into three steps. In the first step it applies cuts on global event variables in order
to reduce the time used for the online reconstruction of the events. The requirements
are: the number of hits in the OT (OTHits) less than 15000, the number of hits in the IT
(ITHits) less than 3000 and the number of hits in the VELO (VeloHits) less than 10000. In
the second step the algorithm performs the reconstruction of the primary vertices [138]
and of the Velo Tracks using the following requirements:
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Table 3.2: Trigger lines used in the analysis. We require each of the trigger level requirements and
at least one of the trigger lines per each level to be flagged. The TOS (Trigger On Signal) indicates
if the candidates fired the trigger, while TIS (Trigger Independent of Signal) if something else of
the candidates fired the trigger.

Trigger Level Trigger line

Run 1 Run 2

L0 Hadron TOS Hadron TOS
Global TIS Global TIS

HLT1 TrackALLL0 TOS TrackOneTrackMVA TOS
TrackTwoTrackMVA TOS

HLT2 Topo(2,3,4)Simple TOS Topo(2,3,4)Body TOSTopo(2,3,4)BBDT TOS

• a difference between the expected and observed Velo hits less than 2;

• a number of hits in the Velo greater than 10;

• the minimum impact parameter with respect to all primary vertices of 100µm.

The Velo Tracks are then fully reconstructed using the entire LHCb tracking system.
These tracks are selected requiring:

• a number of total hits in the tracking system greater than 17;

• a transverse momentum greater than 1.7 GeV/c;

• a momentum greater than 10 GeV/c.

The selected tracks are then fitted using a BiDirectional Kalman filter [139] and are re-
quired to have a χ2 of the fit less than 2.5 and a χ2 of the minimum impact parameter
with respect to all the primary vertices greater than 16. The trigger algorithm selects
events with at least one track satisfying the selection criteria described above.

The Hlt2TopoSimple(BBDT) trigger [137], used during Run 1 data taking, exploits
the topological structure of B decays in a cut-based method using a multi-variate classi-
fier. The principle of the topological triggers revolves around a corrected mass, which is
used to trigger B decays using a subset of the final state particles. The corrected mass is
defined as:

mcorrected =
√
m2 + |p′T missing|2 + |p′T missing| (3.1)

where p′T missing is the missing momentum transverse to the direction of flight of the
B meson candidate calculated as the direction from the PV to the B candidate partially
reconstructed vertex, and m is the invariant mass of the subset of the reconstructed par-
ticles in the final state of the B candidate. The cut-based topological triggers require that
mcorrected lies in the range 4 < mcorrected < 7 GeV/c2. Since this inclusive method is
very robust against missing daughters particles, it can apply tight requirements on the
selected tracks without penalty of efficiency [137]. These consist of 1.5 GeV/c on the hard-
est track pT and the sum of the daughter pT values be greater than 4 GeV/c, 4.25 GeV/c,
4.5 GeV/c for the 2-body, 3-body and 4-body lines, respectively. Also, in order to remove
backgrounds from D decays, the (n − 1)-body objects of the n-body topological trigger
are required to have an invariant mass greater than 2.5 GeV/c2 or an IP χ2 with respect to
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the primary vertex (the difference in χ2 when including or excluding the candidate from
the primary vertex fit) greater than 16. Due to the relatively small difference between the
masses of the final states with respect to the B hadron mass, the kaon mass is assigned
to the tracks. The multi-variate classifier topological trigger is trained with a Boosted
Decision Tree (BDT) [140] where the input variables are the corrected mass, information
on the transverse momentum and IP χ2 of the track candidates and flight distance χ2

(the significance of the separation between the primary and secondary vertex) of the B
candidate.

The Hlt1TrackOneTrackMVA trigger [141], used during Run 2 data taking, searches
for either one high transverse momentum (pT > 500 MeV/c) or high displacement track
(IP χ2 > 4). A hyperbolic function in the plane defined by these two variables is used
to define the interesting region to select the events. The Hlt1TrackTwoTrackMVA trig-
ger [141], used during Run 2 data taking, searches for two tracks that form a displaced
vertex. In this case a multivariate algorithm is used to select interesting events. It uses
informations on the scalar sum of the transverse momentum of the two tracks, χ2 of the
vertex fit and flight distance χ2.

The Hlt2Topo(2,3,4)Body trigger [141], used during Run 2 data taking, are de-
signed to trigger efficiently on any B decay with at least two charged daughter tracks.
It is designed to handle the possible omission of daughter particles, i.e. it is an inclusive
trigger. It is a reoptimization of the Hlt2TopoBBDT trigger used during Run 1.

3.2 Preselection requirements

The preselection for Λ0
b → pπ−π+π− candidates is outlined in Table 3.3 and it is the

same for Run 1 and Run 2 data taking. The decay chain of the Λ0
b candidate that satisfy

the preselection is then fitted with the contraint that it comes from the primary ver-
tex [142] to increase the resolution on the reconstructed invariant mass. In case multiple
primary vertex are reconstructed, the primary vertex with the smallest impact parameter
is choosen.

3.3 Resonance vetoes

The following charm resonances, reconstructed in the invariant mass of subsets of the
Λ0
b daughters, are vetoed by requiring the reconstructed invariant mass to be more than

3σ away from the peaks, where σ is the resolution of the reconstructed invariant mass
determined from a fit:

• c-quark long-lived particles Λ+
c , D0, D+, D+

s , including when the Λ0
b candidate is

reconstructed under mis-ID hypothesis of K and π, e.g. assigning the K (π) mass
to the p (K) track candidate;

• c-quark resonances poorly reconstructed (J/ψ ) mainly due to the misidentification
π→ µ.

In order to further reduce cross-feed from B0 decays, we veto also events with K∗0
resonance reconstructed with the p candidate having the K mass hypothesis. No light-
quark long-lived particles having a flight length cτ ≈ O(1 cm), such as Λ and K0

S , are
reconstructed. They are removed applying the cut χ2

vtx < 20 in the preselection stage.
Strongly decaying resonances are part of the signal. The vetoed regions are listed in
Table 3.4.
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Table 3.3: Preselection criteria

Description Cut type

proton

Transverse momentum pT > 250 MeV/c
χ2 difference between primary ver-
tex fits when the track is added or
excluded from the fit

χ2
IP(PV ) > 16

χ2 of the track fit divided by the
number of degrees of freedom

χ2
track/ndf < 3

Output of a multivariate classifier
that identifies ghost tracks, which
are tracks that do not belong to real
particles [143]

Ghost.Prob. < 0.4

Output of a multivariate classifier
that identifies proton tracks [144,
145]

ProbNNp > 0.05

Momentum magnitude p > 1.5 GeV/c

π

pT > 250 MeV/c
χ2

IP(PV ) > 16
χ2/ndf < 3

Ghost.Prob. < 0.4
p > 1.5 GeV/c

Daughters
tracks

combination
(prior the
vertex fit)

Invariant mass when the proton
mass is assigned to one track and
the pion mass to the others

m(pπππ) < 6.405 GeV/c2

Invariant mass when the proton
mass is assigned to one track and
the kaon mass to the others

m(pKKK) > 5.195 GeV/c2

Sum over the daughters of the
transverse momentum

∑
dau pT > 3.5 GeV/c

Transverse momentum of the com-
bination

pT > 1.5 GeV/c

Significance of the distance be-
tween each pair of tracks

χ2
DOCA < 20

Λ0
b

Vertex χ2 χ2
vtx < 20

Significance of the separation be-
tween the primary and secondary
vertex

χ2
VD(PV ) > 50

Difference between primary vertex
fits when the daughters tracks are
added or excluded from the fits

χ2
IP(PV ) < 16

Cosine of the angle between the Λ0
b

candidate momentum and the di-
rection from the primary to the sec-
ondary vertex

cos(DIRA) > 0.9999
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Table 3.4: List of vetoed resonances and the corresponding vetoed mass window. The misidenti-
fied particles are red. Fraction of rejected candidates for charm resonances veto is reported.

Resonance Veto region [ GeV/c2] Rejection fraction

Λ+
c → pπ+π−slow 2.253-2.307

2.6%
Λ+
c → pπ+π−fast 2.255-2.304
D0→ π+π−slow 1.826-1.881

2.6%
D0→ π+π−fast 1.842-1.873

J/ψ→ µ+µ− (µ→ π+, π−fast) 3.061-3.129
2.0%

J/ψ→ µ+µ− (µ→ π+, π−slow) 3.054-3.139
Λ+
c → pK−π+ (K−→ π−fast) 2.24-2.31

3.2%
Λ+
c → pK−π+ (K−→ π−slow) 2.24-2.31

K∗0(892)→ K+π−fast (K+→ p) 0.84-0.96 -
K∗0(892)→ K+π−slow (K+→ p) 0.84-0.96 -

3.4 Offline selection

The signal events are further selected using a MultiVariate Analysis (MVA) (based on
the TMVA [146] toolkit) and particle identification criteria. A few kinematic variables
are used to build the multivariate classifiers. We apply the selection with the multivari-
ate classifiers and then optimize the p, π andK particle identification criteria on a control
sample composed of vetoed resonances listed in Table 3.4. The ProbNNh (h = p, π,K)
is the output of a multivariate classifier which uses kinematic variables and informa-
tion from the PID detectors (RICH, CALO and MUON) to distinguish among particle
types [144, 145]. From now on, we define the PID variables as a combination of different
ProbNNh response, i.e. how much they are likely to be the correct mass hypothesis times
not to be the wrong one:

• PIDp = ProbNNp · (1− ProbNNK) · (1− ProbNNπ) · (1− ProbNNµ),

• PIDπ = ProbNNπ · (1− ProbNNK) · (1− ProbNNp) · (1− ProbNNµ),

• PIDK = ProbNNK · (1− ProbNNp) · (1− ProbNNπ) · (1− ProbNNµ).

The key point is that the full offline selection is optimized on data without relying on
Monte Carlo samples.

3.4.1 Boosted decision tree selection

We use the Λ0
b → pK−π+π− signal sample, with higher signal yields but similar kine-

matics to the Λ0
b→ pπ−π+π− signal sample, to train the classifier. With a random choice

we divide the Λ0
b → pK−π+π− signal sample into three statistically independent sub-

samples with equivalent statistics. We train the classifier on the first subsample, then
test the response and choose the cut value of the classifier on the second sample and
finally apply the selection to the third sample. This procedure, called k-fold or cross-
validation method in the literature [147], is repeated iteratively changing the order of
the subsamples and optimizing the classifier without introducing any bias.
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We apply a preliminary cut of PIDh > 0.2 on all final state tracks in order to be
able to fit the spectra and extract the signal distributions directly from data using the
sPlot technique [148]. This technique is applied to the fits shown in Figure 3.1 for the
Λ0
b→ pK−π+π− decay, where also a peak due toΞ0

b→ pK−π+π− appears, and it is used
to extract the signal distributions for the BDT signal training sample. As background
training sample for the classifier we use the events in the right sideband of the recon-
structed Λ0

b → pK−π+π− invariant mass, defined as 5.85 GeV/c2 < m(pK−π+π−) <
6.4 GeV/c2. In this region there are no peaking backgrounds and events are combina-
toric background. For the fits described here, we use a simplified model where the Λ0

b
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Figure 3.1: Fit to the Λ0
b→ pK−π+π− control samples divided in three statistically independent

samples after the preselection cuts and resonances veto. To perform easily the fit and remove most
of the background an additional PIDh > 0.2 cut is applied to all the four daughter tracks. In these
fits the background from B0

(s) is removed by vetoing the relative mass windows once the proton
candidate track is reconstructed using the kaon or pion mass hypothesis.

(Ξ0
b ) signal is described as a sum of two Crystal ball functions, described in Section 4.1,

with relative fractions and parameters describing the tails of the mass distribution fixed
from Monte Carlo results. The quality of the fits is insured by the pulls because most of
them lie within the interval [−3, 3] and we checked they are Gaussian distributed. The
combinatorial background is described by an exponential function, and the cross-feed
background from Λ0

b → pπ−π+π− events where a π has been misidentified as a K, is
described with a non-parametric distribution [149] from Monte Carlo simulations. An
Argus function, described in Section 4.2.1, convoluted with a Gaussian function is used
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to describe the partially reconstructed background at low invariant mass. This back-
ground is not well modelled by the shape. Since it lies outside the signal window it
does not have any impact on the extraction of the signal distributions. An additional
veto is imposed on the B0

(s) masses to remove backgrounds B0
(s) → h+h+h−h− where

a misidentification h+ → p occurred. It is crucial to remove this kind of misidentified
events from the background training sample since it could mimic the signal kinematic
distributions.

The distributions of the relevant variables for the classifier obtained with the proce-
dure described above are shown in Figures 3.2 and 3.3 for Run 1 and Run 2 data taking
periods, respectively, and described in Table 3.5. Since the centre of mass energy of the
pp collissions changes considerably between Run 1 and Run 2 and some variables used
as input clearly depend on the energy, we decided to use two different classifiers for the
two different data taking periods. Their relevance in the classifier is shown in Table 3.6.

Table 3.5: Description of the discriminating variables used as input in the BDT.

Particle Variable Description

Λ0
b

Lb Cone PTAsym 1
p
T Λ0

b
−
∑
pT

p
T Λ0

b
+
∑
pT

, where pT Λ0
b

is the Λ0
b pT and

∑
pT is the sum of all

charged long tracks pT in a cone around the Λ0
b candidate with

a radius R =
√

(∆φ)2 + (∆η)2 = 1 (η = pseudorapidity, φ = az-
imuthal angle)

Lb LogIPChi2 log(χ2
IP ), χ2

IP is the χ2 difference between primary vertex fits
when the Λ0

b candidate is added or excluded from the fit
Lb LogACosDIRA OWNPV log (arccos(DIRA)), DIRA is the cosine of the direction angle, i.e.

the angle between the particle momentum and the vector from
the primary to the secondary vertex

DTF VCHI2NDOF χ2
vtx/ndf where is the χ2 of the vertex fit

p
proton pt proton pT

proton pz proton pz

h−h+h−
Log hm IP OWNPV

log(IPOWNPV), IPOWNPV is the impact parameter of the track with
respect the primary vertexLog hm2 IP OWNPV

Log hp IP OWNPV

The ranking of the BDT input variables is derived by counting how often the variables
are used to split decision tree nodes, and by weighting each split occurrence by the sep-
aration gain-squared it has achieved and by the number of events in the node [150].

Table 3.6: Ranking of the discriminating variables used as input in the BDT.

Variable Relevance

proton pt 1.953e-01
Lb LogACosDIRA OWNPV 1.813e-01

proton pz 1.082e-01
Log hm2 IP OWNPV 1.054e-01

DTF VCHI2NDOF 9.470e-02
Log hp IP OWNPV 9.429e-02
Lb Cone PTAsym 1 8.401e-02
Log hm IP OWNPV 7.922e-02

Lb LogIPChi2 5.757e-02
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Figure 3.2: Discriminating variables described in Table 3.5 used as input to the BDT for Run 1
data taking period.
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Figure 3.3: Discriminating variables described in Table 3.5 used as input to the BDT for Run 2
data taking period.
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Different types of classifiers with various parameter configurations have been tested.
The BDT with Adaptive Boost after de-correlation obtained the best performance, as
shown in the ROC curve in Figure 3.4 (Left). We obtain a signal efficiency of 80/90% with
90/95% of background rejection. The BDT output on the training and testing samples
are shown in Figure 3.4 (Right). No sign of overtraining was found. Correlation matrices
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Figure 3.4: (Left) ROC curve for BDTDA (red line) and BDTA (black line) classifiers shows that
BDTDA provides best performance in terms of signal efficiency and background rejection. (Right)
BDTDA output for signal and background events. The Kolmogorov-Smirnov test does not show
evidence of overtraining.

of the input variables are shown in Figure 3.5.
The applied cut on BDT output is chosen by optimising the significance S/

√
S +B.

The significance, purity and efficiency dependence on different BDT cuts is shown in
Figure 3.6. The signal (background) yield S = εSS0 (B = εBB0) is estimated using
the yield S0 (B0) obtained before applying the BDT cut and the BDT efficiency εS (εB).
S0 and B0 are determined from the fit to the invariant mass spectrum on data before
applying BDT cuts and are calculated in the signal window [5.5-5.7] GeV/c2. The data
samples are selected with appropriate PID cuts, e.g. PID > 0.2, so that a signal peak
is evident and a fit can be performed. The optimal cuts were found to be compatible
among the 3 independent signal subsamples that we used for the classifier optimization
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Figure 3.5: Correlations among BDT variables for signal (Left) and background (Right) for dif-
ferent data taking periods.
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Figure 3.6: Significance, purity and efficiency dependence on the BDT cut applied for different
data taking periods.

and therefore we applied the common cut BDToutput > 0.1479 (BDToutput > 0.268) on
all Run 1 (Run 2) subsamples.

3.4.2 PID optimisation for charged tracks

We perform the PID optimization after the BDT selection to suppress the combinatorial
background and cross-feed backgrounds Λ0

b → pK−π+π− and B0→ K+π−π+π− that
are kinematically similar to signalΛ0

b→ pπ−π+π− decays. We determine PID efficiencies
for signal and backgrounds from the vetoed resonance sample Λ0

b→ Λ+
c (→ pπ+π−)π−.

The significance S, and purity P , are then calculated for the signal data samples:

S =
εS(PID) ·NS√

εS(PID) ·NS + εB(PID)NB
, (3.2)

P =
εS(PID) ·NS

εS(PID) ·NS + εB(PID) ·NB
, (3.3)

where εS(PID) (εB(PID)) are the efficiencies for the signal (background) for different PID
cuts and NS (NB) are the number of signal (background) events after BDT cut is applied
and obtained from fit to the signal data sample. All these variables are calculated within
Λ0
b mass window [5.5, 5.7] GeV/c2.

The dependence of signal significance and purity vs. PID cuts is shown in Figures 3.7
and 3.8 for Run 1 and Run 2 data taking periods, respectively. Our FoM is the signifi-
cance S and we choose the cuts that maximize this quantity.

The final PID selections are PIDp > 0.3 and PIDπ > 0.4.

3.5 Λ0
b→ Λ+

c (→ pK−π+)π− control sample

The Λ0
b → Λ+

c (→ pK−π+)π− decay proceeds through b→ c transition and subsequent
c → s transitions for the Λ+

c decay. In the SM CPV is expected to be negligible and
hence we use this decay mode for systematic uncertainty studies and to perform control
checks.
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Figure 3.7: Signal efficiency (Top Left), background efficiency (Top Right), significance (Bottom
Left) and purity (Bottom Right) for different PID cuts on p and π candidate tracks for Run 1 data
taking period.

The kinematic distributions of protons and pions in Λ0
b→ pπ−π+π− and Λ0

b→ Λ+
c (→

pK−π+)π− samples are compared in Appendix A.1. The small differences are taken
into account in Section 7.5.1 where we show the measured asymmetries do not depend
on different final state kinematic distributions we obtain for different PID cuts. In Ap-
pendix A.2 we show the kinematic distributions of protons and pions in Λ0

b → Λ+
c (→

pK−π+)π− sample for different PID cuts.
To select the Λ0

b → Λ+
c (→ pK−π+)π− decays we applied some additional criteria

listed in Table 3.7 with respect to the preselection stage: loose PID cuts and mass window
selection around the Λ+

c mass. The reconstructed m(pK−π+) mass after the preselection
stage, used to select the Λ+

c candidates, is shown in Figure 3.9.
We define the triple product for the Λ0

b→ Λ+
c (→ pK−π+)π− control sample using the

Λ+
c daughter momenta in the Λ0

b rest frame, as CT̂ ≡ pp · (pK− × pπ+) and analogously
for C T̂ ≡ pp · (pK+ × pπ−).
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Figure 3.8: Signal efficiency (Top Left), background efficiency (Top Right), significance (Bottom
Left) and purity (Bottom Right) for different PID cuts on p and π candidate tracks for Run 2 data
taking period.
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Figure 3.9: The reconstructed pK−π+ invariant mass after the preselection criteria have been
applied. A clear peak is visible due to the contribution of Λ+

c → pK−π+ decays. The vertical lines
indicate the cuts applied on m(pK−π+) to select the Λ0

b→ Λ+
c (→ pK−π+)π− candidates for the

control sample.
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Table 3.7: Additional selection criteria with respect to the preselection for Λ0
b → Λ+

c (→
pK−π+)π− control sample.

variables values

PIDp > 0.05
PIDK > 0.05
PIDπ > 0.05
Λ+
c signal region ( MeV/c2) m(pK−π+) ∈ [2260, 2300]





CHAPTER 4

Fit Model

An unbinned extended maximum likelihood fit to the m(pπ−π+π−) mass spectrum is
performed using the signal and background shapes described in Section 4.1 and 4.2.

We define both the nominal and alternative shapes used in the nominal and the alter-
native fit, respectively. The latter is useful to estimate the systematic uncertainties due
to the fit model in Section 7.3. The shapes are determined with the help of MC samples
which are reweighted using data control samples to improve the description of the PID
response. We use D∗+→ D0(→ K−π+)π+ control samples for π and K tracks and Λ+

c →
pK−π+ for p tracks. The reweighting procedure is performed in bins of pseudorapidity-
momentum of the tracks and is deeply described in References [145, 151].

The likelihood L is defined as

L
(
θ,Nsig, Nbkg;m

)
=

N∏

i=0

NsigPsig
(
mi; θ

)
+
∑
j NbkgjPbkgj

(
mi; θ

)

Nsig +
∑
j Nbkgj︸ ︷︷ ︸

pdf mass model

×
∏

ω constr.

G (ω;ω, σω)︸ ︷︷ ︸
Gaussian constraint

×P


N ;Nsig +

∑

j

Nbkgj




︸ ︷︷ ︸
extension

(4.1)

and it depends on the parameters θ of the signal (j-th background component) pdf Psig
(Pbkgj ), number of signal (j-th background component)Nsig (Nbkgj ) given a dataset with
N mass measurementsm. To keep into account external measurements ω with resolution
σω on the parameter ω that could either belong to θ and Nbkg , we apply Gaussian con-
straints multiplying the likelihood with a Gaussian function G with mean ω and sigma
σω . Finally we extend it to allow Poisson fluctuation on the total number of fitted events
Nsig +

∑
j Nbkgj multiplying the likelihood with a Poisson distribution P with mean

Nsig +
∑
j Nbkgj .

We ensure the goodness of each fit to data (integrated and in bins of phase space) and
MC showing the pulls on top of them. The vast majority of them lies within the interval
[-3,3] and we check they are Gaussian distributed.

4.1 Signal shape

The invariant mass signal shape is determined by using Λ0
b→ pπ−π+π− simulated MC

decays and it is modeled by using the sum of two Crystal Ball (CB) functions [152] with
the same peak and width parameters. In this way we are able to describe the Gaussian
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core of the distribution, along with the polynomial tail on the left and right hand side.
The general form of the double CB signal shapes is

Psig = f · CB1(x;µ, σ, α1, n1) + (1− f) · CB2(x;µ, σ, α2, n2), (4.2)

CB(x;µ, σ, α, n) = N ·





( n
|α| )

ne−
1
2
α2

( n
|α|−|α|−

x−µ
σ )n

, for x < −|α|
e−

1
2 ( x−µσ )2

, for x > −|α|
(4.3)

where N is a normalisation factor. The signal candidates in the simulated sample are
truth-matched by requiring that the four reconstructed daughters of theΛ0

b candidate are
either directly produced from a Λ0

b decay or via strong intermediate resonances. Then
they are reweighted using data control samples to improve the description of the PID
response. The fitted shapes and pull distributions are shown in Figure 4.1 and the fit
results are listed in Table 4.1. In the fit to data the peak µ and the σ of the signal
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Figure 4.1: Double Crystal Ball model fit to signal MC Λ0
b→ pπ−π+π− events for nominal and

alternative fit.

distribution are free to vary for obtaining optimal fit results, while the tail parameters
α1/2, n1/2 and the relative fraction fCB1

are fixed to values obtained from the nominal fit
to MC signal events.

4.2 Sources of background

Three main categories of background can be identified in this analysis:

• Partially reconstructed decays: it is localised in the region of low invariant mass.
Part of these candidates are from Λ0

b→ pπ+π−ρ−(ρ− → π−π0) and similar decays,
in which the π0 is not reconstructed. These candidates appear as a shoulder-like
shape on the low-energy side of the mass distribution.
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Table 4.1: Fit results to the invariant mass m(pπ−π+π−) of the Λ0
b → pπ−π+π− Monte Carlo

sample.

Variable Nominal Value Alternative Value

µ(Λ0
b)(MeV/c2) 5621.5± 0.1 5621.6± 0.1

σ(MeV/c2) 17.0± 0.1 17.2± 0.1
n1 2.54± 0.19 3.86± 0.29
α1 1.48± 0.13 1.47± 0.08
n2 2.40± 0.18 3.68± 0.32
α2 −1.85± 0.11 −1.51± 0.11
fCB1

0.48± 0.10 0.59± 0.07

• Cross-feed background: it is mainly due to 4-body Λ0
b and B0 decays where one

of the daughter particles has been misidentified and reconstructed with a wrong
mass hypothesis. In particular it is due to Λ0

b → pK−π+π− channels and B0 →
K+π−π+π− decays where a K is misidentified as a π or a p, respectively. This
background can be reduced using adequate PID requirements and “ad hoc” res-
onance vetoes, e.g. veto K∗0(892) resonance once reconstructing the decay with
different mass hypothesis for proton candidate. This background is potentially
dangerous since it is due to b-hadron decays that in principle can violate CP sym-
metry and also it has a distribution that is close to, and in some cases overlapping
with, the signal shape, as can be seen in Figure 4.6. It can be considered as a peak-
ing background source in the invariant mass spectrum.

• Combinatorial background: Mainly due to random combinations of charged tracks
in the event. This source of background is reduced by requiring good quality tracks
compatible with displaced vertices of Λ0

b hadrons.

4.2.1 Background fit model

The distribution of the partially reconstructed background can be empirically modelled
by an Argus function convoluted with a Gaussian resolution function

PPart. reco = m

(
1−

(
m

mt

)2
)pPart. reco

· exp

(
cPart. reco

(
1−

(
m

mt

)2
))
⊗G(0, σ),

(4.4)
where m is the mass, mt is the threshold point, cPart. reco controls the low mass slope
and pPart. reco the power. The functional shape is shown in Figure 4.2 with different
values for the parameter cPart. reco.

The threshold point is needed to describe the effect of the missing π0 from the recon-
structed Λ0

b decay. In the nominal fit, mt is fixed to µ −mπ0 where µ is the peak of the
signal distribution in Equation (4.2), σ is the mass resolution appearing in Equation (4.2)
and cPart. reco and pPart. reco are allowed to vary.

The distributions of the cross-feed backgrounds are parametrised with kernel esti-
mated probability density functions [153] by modelling the invariant mass distributions
of Λ0

b→ pK−π+π− and B0→ K+π−π+π− decays of MC samples under the wrong mass
hypothesis for daughter particles, e.g. π mass and p mass for K daughter particles, re-
spectively, as shown in Figure 4.3. The Monte Carlo is reweighted using data control
samples to improve the description of the PID response. The potential systematic ef-
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Figure 4.2: Argus function convoluted with a Gaussian resolution function defined in
Equation (4.4) used to describe the partially reconstructed background. The blue shape repre-
sents the function fitted to data with the values of the parameters listed in Table 4.3, while for the
others the cPart. reco value is changed accordingly to the legend. The signal region is delimited by
the red lines placed at ±3σ, where σ is the experimental resolution of the signal peak.

fects in modelling the shapes from the MC is accounted for in the assigned systematic
uncertainties discussed in Section 7.3. In the alternative model, the cross feed shapes
are described with an unweighted MC, where the scale factors data/MC have not been
applied. In Figure 4.4 it is shown the comparison between the nominal and alternative
shapes used in the fit, along with the shapes smeared with a larger resolution in order
to match the resolution measured on data. The smearing is performed with a Gaussian
with resolution σ =

√
σ2
data − σ2

MC , where σdata = 17.7 MeV/c2 (from Table 4.3) and
σMC = 17.0 MeV/c2 (from Table 4.1). It is clear that this correction is negligibly small.
The yields of cross-feed backgrounds from B0, and other Λ0

b decays are estimated di-
rectly on data. Fits to the invariant mass spectrum obtained when assuming different
mass hypothesis for final state particles are used to estimate the cross-feed background
contributions, as shown in Figure 4.5. The spectra are fitted with a polynomial and a
Gaussian to model the background and the signal respectively. In particular to estimate
the contribution of the B0→ K+π−π+π− (Λ0

b→ pK−π+π−) decays the Λ0
b→ pπ−π+π−

candidates are reconstructed using the K mass hypothesis for the p (π) candidate. The
estimates, listed in Table 4.2, are then applied as Gaussian constraints on cross-feed back-
ground yields in the nominal fit presented in Section 4.3.

Table 4.2: Estimates on the yields for the cross feeds present in Λ0
b → pπ−π+π− candidates.

They are applied as Gaussian constraint in the nominal invariant mass fit of the Λ0
b→ pπ−π+π−

candidates.

Cross feed Yield Error

Λ0
b→ pK−π+π− 5834 303

B0→ K−π+π−π− 2109 154

Finally, the distribution of the combinatorial background is modelled with an expo-
nential function

Pcomb = A exp (−λcomb ·m). (4.5)

with a shape parameter λcomb that is left free to vary in the fit.
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Figure 4.3: Parametrisation of the m(pπ−π+π−) invariant mass for Λ0
b→ pK−π+π− (Left) and

B0→ K+π−π+π− (Right) decays under the wrong mass hypothesis for daughter particles, e.g. π
mass and p mass for K daughter particles, respectively. The Monte Carlo has been reweighted
using data control samples to match the response of the PID to data. These shapes are used in the
nominal fit to describe the shapes of the cross feed backgrounds. The signal region is delimited by
the red lines placed at ±3σ, where σ is the experimental resolution of the signal peak.

4.3 Fit to the invariant mass distributionm(pπ−π+π−)

We perform an unbinned maximum likelihood fit to the invariant mass distribution
m(pπ−π+π−) using the likelihood definition given in Equation (4.1) and the signal and
background shapes described in Section 4.1 and 4.2. The results are listed in Table 4.3
and shown in Figure 4.6. The parameter cPart. reco has an higher error with respect to
the fit to the control sample in Table 4.4. Indeed, as shown in Figure 4.2, this parameter
describe the low mass shape of the partially reconstructed background, where the mass
spectra of the control sample is further extended. However it does not affect the signal
region and have no impact on the measured signal asymmetries.

4.4 Fit to the invariant mass distribution forΛ0
b→ Λ+

c (→ pK−π+)π−

control sample

Since the Λ0
b → Λ+

c (→ pK−π+)π− decay is governed by the b → c transition, CPV is
expected to be negligible. We use this control sample to assess systematic uncertainty in
Section 7.1.

We perform an unbinned extended maximum likelihood fit to the Λ+
c (pK−π+)π−

mass spectrum with the likelihood definition given in Equation (4.1).

The relative fraction fΛ0
b→Λ

+
c K−

=
B(Λ0

b→Λ
+
c K
−)

B(Λ0
b→Λ

+
c π−)

εPID(Λ0
b→Λ

+
c π
−)

εPID(Λ0
b→Λ

+
c K−)

of the cross-feed back-

ground from Λ0
b→ Λ+

c K
− with respect to the more abundant Λ0

b→ Λ+
c π
−, where B(X)

and εPID(X) are the branching fraction and the PID efficiency of the X mode, is esti-
mated from the measured branching fractions, (3.59±0.30)×10−4 and (4.9±0.4)×10−3,
and the PID efficiencies (47.66± 0.12)% and (92.73± 0.05)%, respectively. The PID effi-
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Figure 4.4: Comparison between cross feed shapes for Λ0
b → pK−π+π− (Left) and B0 →

K+π−π+π− (Right) decay used in the nominal and alternative fit model, along with the shapes
smeared with a resolution extracted from data.

Table 4.3: Fit results and parameters for the fit to data of Λ0
b → pπ−π+π− candidates. Signal

model parameters are fixed in the fit from Monte Carlo results except for the peak µ and the σ
value.

Variable Value

Part. reco bkg 6931± 374
Comb. bkg 23766± 636

B0→ K+π−π+π− 2108± 154
Λ0
b→ pK−π+π− 6407± 233
Λ0
b→ pπ−π+π− 27629± 210

µ(Λ0
b)(MeV/c2) 5618.1± 0.1

σ(MeV/c2) 17.7± 0.1
cPart. reco −6.4± 13.7
pPart. reco 0.40± 0.20

λcomb(c
2/GeV) −4.40± 0.13

Λ0
b signal model Value (fixed from MC)

n1 2.54
α1 1.48
n2 2.40
α2 -1.85
fCB1 0.48

ciencies are obtained from high statistics control samples. The obtained relative fraction
fΛ0

b→Λ
+
c K−

= (3.77± 0.44)% has been Gaussian constrained in the fit. The shape is deter-
mined from Λ0

b→ Λ+
c (→ pK−π+)K− MC sample reweighted to improve the description

of the PID response and parametrised with a kernel estimated probability density func-
tion.

The partially reconstructed and combinatorial background are modelled with an Ar-
gus convolved with a Gaussian (the resolution is measured from data) and an exponen-
tial, respectively. The yields are left free to vary in the fit.

The invariant mass distribution is shown in Figure 4.7, and the results of the fit in
Table 4.4.
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Table 4.4: Fit results to the invariant mass distribution for the Λ0
b → Λ+

c (→ pK−π+)π− control
sample.

Variable Value

Part. reco bkg 115171± 1198
Comb. bkg 86292± 1440

Λ0
b→ Λ+

c (→ pK−π+)π− 425767± 1593
fΛ0

b→Λ
+
c (→pK−π+)K− 0.031± 0.003

µ(MeV/c2) 5618.25± 0.04
σ(MeV/c2) 16.91± 0.04
cPart. reco −15.14± 0.91
pPart. reco 0.09± 0.01
λ(c2/GeV) −6.13± 0.07

n1 17.48± 1.65
α1 1.02± 0.03
n2 20.00± 0.52
α2 −1.32± 0.03
fCB1

0.452± 0.029
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Figure 4.5: Fit to the invariant mass m(pK−π+π−) (Left) and m(K+π−π+π−) (Right) for the
Λ0
b → pπ−π+π− candidates reconstructed using the K mass hypothesis for the π and K candi-

dates, respectively. The peaks correspond to the cross feeds and the estimate on the yield is used
as Gaussian constraint in the nominal fit.
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Figure 4.6: Fit to the reconstructed invariant mass distribution for Λ0
b→ pπ−π+π− signal candi-

dates using the combined Run 1 and Run 2 data samples. The fit result is overlaid, as described in
the text.

5.4 5.6 5.8

)2) (GeV/c
π) +π


(pK+

cΛm(

0

10000

20000

30000

40000

50000

 )
2

E
v
en

ts
 /

 (
 0

.0
0
5
5
 G

eV
/c


π) +

π


(pK+
cΛ → 

0

b
Λ

Comb. bkg

Part. reco


) K+

π


 (pK+
cΛ → 

0

b
Λ

Full Fit

5.4 5.6 5.8

P
u

ll

3

 0

+3

Figure 4.7: Fit to the reconstructed invariant mass of the Λ0
b→ Λ+

c (→ pK−π+)π− control sample
using the combined Run 1 and Run 2 data sample.



CHAPTER 5

Sensitivity studies for CP violation and optimisation of
the analysis method

The default LHCb Monte Carlo cocktail for Λ0
b → pπ−π+π− does not describe well the

dynamics since the decay model does not take into account several resonant contribu-
tions and the interference among amplitudes. We improved the decay model descrip-
tion in the MC in order to be sensitive to P -odd CPV effects based on the interference
between P -odd and P -even amplitudes.

5.1 Λ0
b→ pπ−π+π− decay model

The aim of this analysis is to search for P -odd CPV using a method based on triple-
product asymmetries. Contrarily to P -even CPV effects generated by the interference
of two generic amplitudes with different strong and weak phases, P -odd CPV effects
could be present only in some particular decay topologies, such as two different interfer-
ing amplitudes with opposite parity, as pointed out in the literature [51]. We developed
an amplitude model for the Λ0

b→ pπ−π+π− decays in order to improve the description
of the relevant resonant contribution and identify interesting regions where to search
for P -odd CPV effects, or excluding non-interesting regions from the search. We devel-
oped the amplitude model using the helicity formalism, which is briefly explained in the
following section.

5.1.1 Helicity formalism

The helicity formalism describes the decay of a mother into any number of daughters
in the final state with sequential two-body decays proceeding via resonant contribution
such that the full matrix element is obtained as a multiplication of the matrix element of
each two-body decay. For each two-body decay A→ BC, a coordinate system is defined
in the rest frame of A, with ẑ being the direction of the quantization axis for its spin. We
denote this coordinate system as (x{A}0 , y

{A}
0 , z

{A}
0 ), where the superscript “{A}” means

“in the rest frame of A”, while the subscript “0” means the initial coordinates. For the
first particle in the decay chain (Λ0

b), the choice of these coordinates is arbitrary. However,
if a particle is known to be produced with a polarization along a direction, it’s worth to
define the initial reference frame with an axis along that particular direction in order to
avoid dilution to the polarization sensitivity.

Once defined, these coordinates must be consistently used in the decay chain de-
scribed by the matrix elements. For the subsequent decays, e.g. B→ DE, the choice of
these coordinates is determined by the transformation from the A to the B rest frame,
as discussed below. Helicity is defined as the projection of the spin of the particle onto
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the direction of its momentum. When the z axis coincides with the particle momentum,
we denote its spin projection onto it (i.e. the mz quantum number) as λ. To use the helic-
ity formalism, the initial coordinate system must be rotated to align the z axis with the
direction of the momentum of one of the daughter particles, e.g. the B.

A generalized rotation operator can be formulated in three-dimensional space, R(α,
β, γ), that uses Euler angles. Applying this operator results in the sequence of rotations:
first by the angle α about the ẑ0 axis, followed by the angle β about the rotated ŷ1 axis
and then finally by the angle γ about the rotated ẑ2 axis. We use a subscript denoting the
axes, to specify the rotations which have been already performed on the coordinates. The
spin eigenstates of particle A in the (x{A}0 , y

{A}
0 , z

{A}
0 ) coordinate system, |JA,mA〉, can be

expressed in the basis of its spin eigenstates in the rotated (x{A}3 , y
{A}
3 , z

{A}
3 ) coordinate

system, |JA,m′A〉, with the help of Wigner’s D-matrix,

|JA,mA〉 =
∑

m′A

DJA
mA,m′A

(α, β, γ)|JA,m′A〉 (5.1)

where,

DJA
mA,m′A

(α, β, γ)∗ = 〈J,m|R(α, β, γ)|J,m′〉∗ = eimαdJm,m′(β)eim
′γ , (5.2)

where the small-dWigner’s matrix contain known functions of β that depends on J,m,m′.
To achieve the rotation of the original z{A}0 axis onto the B momentum (p{A}B ), it is suf-
ficient to rotate by α = φ

{A}
B , β = θ

{A}
B , where φ{A}B , θ{A}B are the azimuthal and polar

angles of theB momentum vector in the original coordinates i.e. (x{A}0 , y
{A}
0 , z

{A}
0 ). Since

the third rotation is not necessary [154], we set γ = 0. The angle θ{A}B is usually called
“the A helicity angle”, thus to simplify the notation we will denote it as θA. For simplic-
ity of notation, we will also denote φ{A}B as φB . These angles can be obtained from:

φB = atan2(p
{A}
B y, p

{A}
B x)

= atan2(ŷ
{A}
0 · p{A}B , x̂

{A}
0 · p{A}B )

= atan2((ẑ
{A}
0 × x̂{A}0 ) · p{A}B , x̂

{A}
0 · p{A}B )

cos θA = ẑ
{A}
0 · p{A}B

(5.3)

Angular momentum conservation implies, m′A = m′B +m′C = λB − λC (m′C = −λC ,
since p{A}C points in the opposite direction to ẑ{A}3 ). Each two-body decay adds a multi-
plicative term to the full matrix element. Here, for example, the matrix element for the
A→ BC decay

MA→BC = MB(mB)MC(mC)
∑

λB ,λC

HA→BCλB ,λC D
JA
mA,λB−λC (φB , θA, 0)∗. (5.4)

where MX describe the mass shape of the broad resonance X and depends on the
actual invariant mass of the X daughters mX . These terms are not present if B and C
are not broad resonances.

The helicity couplings HA→BCλB ,λC
are complex numbers. Their products for subsequent

decays have to be determined from the fit to data, and represent the decay dynamics. In
strong decays parity is conserved and the number of independent helicity couplings is
reduced using the relation,
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HA→BC−λB ,−λC = PAPBPC(−1)JB+JC−JAHA→BCλB ,λC , (5.5)

where P stands for intrinsic parity of a particle. The sum in Equation (5.4) is over
all possible helicity values of B and C particles constrained by |λB | ≤ JB , |λC | ≤ JC ,
|λB − λC | ≤ JA.

When dealing with the subsequent decay of the daughter, B→ DE, the four-vectors
of all particles must be first boosted to the rest frame of B, along the p{A}B i.e. in the
ẑ
{A}
3 direction. This transformation does not change vectors which are perpendicular

to the boost direction. The transformed coordinates (x̂{A}3 , ŷ
{A}
3 , ẑ

{A}
3 ) become the initial

coordinate system for the quantization of the spin of B in its rest frame,

x̂
{B}
0 = x̂

{A}
3 ,

ŷ
{B}
0 = ŷ

{A}
3 ,

ẑ
{B}
0 = ẑ

{A}
3 .

(5.6)

The processes of rotation and subsequent boosting can be repeated until the final
state particles are reached. In practice, there are two equivalent ways to determine ẑ{B}0

direction. Using Equation (5.6) we can set it to the direction of B momentum in the A
rest frame,

ẑ
{B}
0 = ẑ

{A}
3 = p̂

{A}
B . (5.7)

Alternatively, we can make use of the fact thatB andC are back-to-back in the rest frame
of A, p̂{A}C = −p̂{A}B . Since the momentum of C is antiparallel to the boost direction from
the A to B rest frames, the C momentum in the B rest frame will be different, but it will
still be antiparallel to this boost direction,

ẑ
{B}
0 = −p̂{B}C . (5.8)

To determine x̂{B}0 from Equation (5.6), we need to find x̂
{A}
3 . After the first rotation by

φB about ẑ{A}0 , the x̂{A}1 axis is along the component of p{A}B which is perpendicular to
the ẑ{A}0 axis,

a
{A}
B⊥z0 ≡ (p

{A}
B )

ẑ
{A}
0

= p
{A}
B − (p

{A}
B )‖ẑ{A}0

= p
{A}
B − (p

{A}
B · ẑ{A}0 )ẑ

{A}
0

x̂
{A}
1 = â

{A}
B⊥z0 =

a
{A}
B⊥z0

|a{A}B⊥z0 |

(5.9)

After the second rotation by θA about ŷ{A}1 , ẑ{A}2 ≡ ẑ
{A}
3 = p̂

{A}
B , and x̂

{A}
2 = x̂

{A}
3

(since γ = 0) is antiparallel to the component of the ẑ{A}0 vector that is perpendicular to
the new z axis i.e. p̂{A}B ,

a
{A}
B⊥z0 ≡ (ẑ

{A}
0 )⊥p{A}B

= ẑ
{A}
0 − (ẑ

{A}
0 · p̂{A}B )p̂

{A}
B

x̂
{B}
0 = x̂

{A}
3 = −â{A}z0⊥B = −

a
{A}
z0⊥B

|a{A}z0⊥B |

(5.10)
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then, ŷ{B}0 = ẑ
{B}
0 × x̂{B}0 .

If C also decays, C→ FG, then the coordinates for the quantization of C spin in the
C rest frame are initially defined by,

ẑ
{C}
0 = −ẑ{A}3 = p

{A}
C = −p̂{C}B

x̂{C} = x̂
{A}
3 = −â{A}z0⊥B = +â

{A}
z0⊥C

ŷ{C} = ẑ
{C}
0 × x̂{C}0

(5.11)

i.e. the z axis is reflected compared to the system used for the decay of particleB (it must
point in the direction of C momentum in the A rest frame!), but the x axis is kept the
same, since we chose particle B for the rotation used in Equation (5.4).

The full matrix elements of A → daughters for a certain decay chain where it is
present the resonant contribution of B and C is given by the multiplication of each two-
body decay matrix element in Equation (5.4)

MA→daughters =MA→BC · MB→X1 · MC→X2 · ... . (5.12)

The spin quantization axes depend on the different decay chain taken into account to
perform the transformations. Consequently the helicity λ in Equation (5.4) depends on
the decay chains. If we consider the helicity of the intermediate particles, this argument
has no consequences after we sum (coherently) over all the available helicities because
they belong to the same decay chain. However, the proton is a final state particle and we
have to sum coherently matrix elements that belong to different decay chains. Therefore
the proton helicity λp for a decay chain must be expressed in terms of the helicity λ′p in
the other decay chain as follows

|λ〉 =
∑

λ′

D
Jp
λ,λ′(φ, θ, 0)∗|λ′〉, (5.13)

such that we are able to sum coherently the matrix elements of different decay chains
DC1, DC2, ... in Equation (5.12) as

MA→pX
λp

=MDC1

λp
+MDC2

λp
+ ...

=MDC1

λp
+
∑

λ′p

D
Jp
λp,λ′p

(φp, θp, 0)∗MDC2

λ′p
+ ... . (5.14)

5.1.2 Resonant contributions to the decay model

The description of the decay amplitude over the 4-body phase space of Λ0
b→ pπ−π+π−

decay is quite complicated and we have to include many resonances in order to repro-
duce the Run 1 data distributions. The magnitude of the amplitudes is tuned to improve
the description of the invariant mass distributions. However, since the angular distri-
butions depend mostly on the phases of these couplings, our simplified model is not
able to reproduce them. We include all the resonances, compatible with the subinvariant
masses, that have a status of at least 3 stars over 4 in the PDG [155]. In the following, the
resonant contribution of the model are listed:

• Λ0
b→ (N+∗→ (∆++→ pπ+)π−)π−

N+∗(1520), N+∗(1535), N+∗(1650), N+∗(1675), N+∗(1680), N+∗(1700), N+∗(1710),
N+∗(1720), N+∗(1875), N+∗(1900), N+∗(2190)
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• Λ0
b→ (N+∗→ p(ρ→ π+π−))π−

N+∗(1720), N+∗(1875), N+∗(1900)

• Λ0
b→ (N+∗→ p(σ→ π+π−))π−

N+∗(1535), N+∗(1650), N+∗(1675), N+∗(1680), N+∗(1700), N+∗(1875), N+∗(1900)

• Λ0
b→ (a−1 → (ρ→ π+π−)π−)p

• non resonant Λ0
b→ pπ−π+π−.

All the resonances have already been discovered and their existence is undisputed [155].
The model has more than 80 helicity couplings which means more than 160 free real

parameters. In principle a fit to data could determine these values. However a more
refined description of the resonances shape is needed. The efficiency and detector reso-
lution are not taken into account in the model. Figure 5.1 shows the comparison between
the toy-model distributions and the invariant mass distributions obtained from Run 1
data using the sPlot technique. A reasonably good agreement is obtained, which helps
to better understand the dynamics of the decay and determine the most relevant reso-
nant contributions, fundamental to optimize the binning scheme and avoid to dilute the
asymmetries. In Appendix A.3 the model is described with more details and the values
for all the parameters are listed.

The most important contributions are Λ0
b → N∗+π− and Λ0

b → pa−1 . Since they are
located in different region of the phase space they almost do not interfere and can be
easily separated with a cut m(pπ+π−slow) < 2.8 GeV/c2 (see Figure 5.1 Top Right).

5.2 Binning scheme for optimised sensitivity to CP violation

The goal is to optimize the binning scheme to enhance the violating effect of CPV and
identify the relevant phase-space regions where it comes from. P -odd CPV effects are
present only in particular decay topologies, for example where there is interference be-
tween two partial waves with opposite parity. We studied several angular distributions
of different decay topologies and, according to Table 5.1, conclude that Λ0

b→ pa−1 can’t
produce CPV effects if

• Λ0
b is not polarized. According to LHCb [156], ATLAS [157], and CMS [158] results

the Λ0
b polarization is small and compatible with zero. P -odd CPV effects, differ-

ence between P -violating effects in particle and antiparticle decays, could just be
introduced by the P -odd terms. If the Λ0

b is unpolarized, most of the P -odd terms
vanish and P violation remains encoded only in the last bunch of terms. However,
here, no different behaviour is possible between particle and antiparticle because
all the weak helicity amplitudes are squared and no CKM phases could appear in
the angular distribution.

• the Λ0
b → (a−1 → (ρ0 → π+π−)π−)p is the dominant amplitude and does not in-

terfere with other amplitudes. This is confirmed by our model, where a−1 decays
mostly to ρ0π−, consistently with expectations [155].

We exclude this region from the CPV measurement to avoid dilution when measur-
ing the triple product asymmetries. To exclude the Λ0

b → a−1 p contribution from the
measurement we apply a cut m(pπ+π−slow) < 2.8 GeV/c2 (see Figure 5.1 Top Right). It
represents about 45% of all the signal. We use this vetoed sample for checking that the
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Figure 5.1: Invariant mass distributions for our amplitude model compared to Run 1 background
subtracted data shown as black dot. The red histogram represents the decay model, in blu Λ0

b→
(N+∗→ (∆++→ pπ+)π−)π−, in green Λ0

b→ (N+∗→ p(ρ→ π+π−))π−, in black Λ0
b→ (N+∗→

p(σ → π+π−))π−, in purple Λ0
b → (a−1 → (ρ → π+π−)π−)p, in grey the non resonant Λ0

b →
pπ−π+π− contributions. The efficiency and detector resolution are not taken into account in the
model.
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measured asymmetries are compatible with no CPV in this region, but it will be not
included in the calculation of the p-value for CPV .

Since the N∗+ resonances have different spins, the decay Λ0
b → N∗+π− proceeds

through partial waves with opposite parities depending on the N∗+ spin. For example,
if N∗+ has spin 1/2, the allowed partial waves are S and P, while if the spin is 3/2, P
and D are allowed. Neglecting the higher partial waves contributions and assuming the
two N∗+1/2 and N∗+3/2 resonances are close enough in mass, we have interference between
S and P waves, the former due to N∗+1/2 and the latter due to N∗+3/2. This interference
could introduce P -odd CPV effects. The last argument is just an example, confirmed by
the angular distribution for the topology Λ0

b→ (N+∗→ (∆++→ pπ+)π−)π−, shown in
Table 5.2, where the two contributions from two general N∗+ resonances with spin 1/2
(N∗+1/2) and 3/2 (N∗+3/2) are added coherently: it contains terms that are P -violating and if
the P violation is different between particle and antiparticle then CPV occurs. The last
four terms could introduce P -violating effects since they are proportional to sinφp or
sin 2φp where the azimuthal angle φp is P -odd. Only the helicity amplitudes A± and B±
refer to the weak decay Λ0

b → N+∗π− and could contain a CKM phase. Then the CPV
effects, difference between P -violating effects in particle and antiparticle decay, could
just be encoded in the 8-th and 10-th angular term, where a CKM phase could appear.

We identify the interesting region where possible CPV effects could be present in
the low mass m(pπ+π−slow) region, where several broad N∗+ resonances interfere. Their
contribution is indeed evident looking to both model, described in Section 5.1.2, and
data in Figure 5.1 (Top Right). In this section we use a simpler decay model to study
CPV effects and generate pseudoexperiments with three main resonant contributions:

1. Λ0
b→ (N+∗

1/2→ (∆++→ pπ+)π−)π−;

2. Λ0
b→ (N+∗

3/2→ (∆++→ pπ+)π−)π−;

3. Λ0
b→ (a−1 → (ρ→ π+π−)π−)p.

This sample is used to test the sensitivity to CPV of the new binning scheme that
will be introduced hereafter. In order to enhance the contribution of the CPV terms
with respect to the CP conserving ones in the interference between two general N∗+
resonances with 1/2 and 3/2 spins, we choose for the helicity amplitudes, defined in
Table 5.2, the values shown in Table 5.3. The relations b1/2/3+ = −b1/2/3− are imposed
by the P conservation in the strong decays N∗+1/2,3/2→ ∆++π−.

In Figure 5.2 we plot the asymmetry aT̂ -odd
CP , defined in Equation (1.47), versus the

angle Φ (angle between the planes defined by the pπ+ and π−π− systems) and Φp (az-
imuthal angle of the proton in the ∆++ rest frame). We are able to introduce CPV in
region of phase space, although it integrates to zero over the phase space. CPV in N∗+
resonances decay amplitudes is capable to reproduce, at least qualitatively, the asymme-
try in |Φ| measured in Run 1. The sensitivity to CPV is increased using the Φp variable
to divide the phase space because it is the angle directly related to the CPV amplitudes
and to the specific decay N+∗ topology. Instead we have dilution by dividing the phase
space in |Φ| regions. However, we were able to reproduce aT̂ -odd

CP different from 0 in |Φ|,
similarly to the effect that was measured in Run 1 data.

We define different binning schemes in order to improve the sensitivity to CPV :

• scheme A: the asymmetries are measured as a function of the angle |Φ|, between
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Figure 5.2: CPV asymmetries in regions of phase space are evident, while globally it integrates
to 0. The sensitivity to CPV is is diluted in |Φ| (left plot) while it is increased in |Φp| (right plot).

the two decay planes defined by the pπ−slow and the π+π−fast tracks,

Φ = arccos
(
n̂pπ−slow

· n̂π+π−fast

)
, (5.15)

where n̂ab is the normal to the plane defined by the particles a and b. The angle
Φ is defined in the interval (−π, π). We measure the asymmetries in 10 bins of |Φ|
uniformly distributed in the interval (0, π) for scheme A. This scheme has been
used in the Run 1 analysis and could be subdivided into:

– scheme A1: a cutm(pπ+π−slow) > 2.8 GeV/c2 to enhance the Λ0
b→ pa−1 (→ ρπ−)

contribution.
– scheme A2: a cut m(pπ+π−slow) < 2.8 GeV/c2 to enhance the Λ0

b → N∗(→
∆++π−)π− contribution.

• scheme B: this new binning scheme with respect to Run 1 analysis is designed
to enhance the sensitivity to CPV . It improves the sensitivity to the interference of
differentN∗ resonances with different spins in the topologyΛ0

b→ N∗(→ ∆++π−)π−.
It is defined In Table 5.4. This scheme could be subdivided into:

– scheme B1: a cut m(pπ+π−slow) > 2.8 GeV/c2 is applied to enhance the Λ0
b →

pa−1 (→ ρπ−) contribution.
– scheme B2: a cut m(pπ+π−slow) < 2.8 GeV/c2 is applied to enhance the Λ0

b →
N∗(→ ∆++π−)π− contribution.

We apply the binning schemes B1 and B2 to the pseudoexperiments to calculate the
χ2 with respect to the no CPV hypothesis. In Figure 5.3 the result is shown and com-
pared with the binning scheme A used in Run 1. When the Run 1 binning scheme is
used, we obtain a χ2 different from 0 but far worse than the one obtained with the new
binning schemes B1 and B2. When we exclude the Λ0

b → a−1 p region, where we do not
expect CPV , the sensitivity improves.

The new defined binning scheme is more sensitive toCPV effects in theΛ0
b→ pπ−π+π−

decay with respect to the analysis performed with Run 1 data [38] and it represents a big
step forward. It demonstrates it is fundamental to understand the underlying dynam-
ics of the Λ0

b → pπ−π+π− decay, with toys described in Section 5.1.2, to improve the
sensitivity and avoid to dilute the asymmetry.
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Table 5.1: Helicity amplitude decomposition for the Λ0
b → a−1 (ρ0π−)p cascade. Only the he-

licity amplitudes denoted with capital letters refer to the weak decay Λ0
b → a−1 p and could

contain a CKM phase. The definition for the helicity amplitudes: HΛ
0
b→a

−
1 p

λ
a
−
1

=0,λp=±1/2 = A±,

HΛ
0
b→a

−
1 p

λ
a
−
1

=±1,λp=±1/2 = B±,Ha
−
1→ρ

0π−

λ
a
−
1

=0,λ
π−=0 = b0,Ha

−
1→ρ

0π−

λ
a
−
1

=±1,λ
π−=0 = b1±,Hρ

0→π+π−

λ
π+=0,λ

π−=0 = 1.

Parity P Coeff. Helicity amplitudes Pol. Angular terms

P -even

+9/2 (|B+|2 + |B−|2)|b0|2 cos2 θπ+ sin2 θρ0

+9/8 (|B+|2 + |B−|2)(|b1+|2 + |b1−|2) sin2 θπ+ (1 + cos2 θρ0)
+9/4 (|B+|2 − |B−|2)(|b1+|2 − |b1−|2) sin2 θπ+ cos θρ0

+9 (|A+|2 + |A−|2)|b0|2 cos2 θπ+ cos2 θρ0

+9/4 (|A+|2 + |A−|2)(|b1+|2 + |b1−|2) sin2 θπ+ sin2 θρ0

+9/4 (|B+|2 − |B−|2)<((b∗1+ − b∗1−)b0) sin 2θπ+ sin θρ0 cosφπ+

−9/8
(
2(|A+|2 + |A−|2)− (|B+|2 + |B−|2)

)
<((b∗1+b1−)b0) sin 2θπ+ sin 2θρ0 cosφπ+

+9/4
(
2(|A+|2 + |A−|2)− (|B+|2 + |B−|2)

)
<(b∗1+b1−) sin2 θπ+ sin2 θρ0 cos 2φπ+

P -even ∝ Pz

+9/4 (|B+|2 + |B−|2)(|b1+|2 − |b1−|2) Pz cos θa−1
sin2 θπ+ cos θρ0

+9/2 (|B+|2 − |B−|2)|b0|2 Pz cos θa−1
cos2 θπ+ sin2 θρ0

+9/8 (|B+|2 − |B−|2)(|b1+|2 + |b1−|2) Pz cos θa−1
sin2 θπ+ (1 + cos2 θρ0)

−9 (|A+|2 − |A−|2)|b0|2 Pz cos θa−1
cos2 θπ+ cos2 θρ0

−9/4 (|A+|2 − |A−|2)(|b1+|2 + |b1−|2) Pz cos θa−1
sin2 θπ+ sin2 θρ0

+9/4 (|B+|2 + |B−|2)<((b∗1+ − b∗1−)b0) Pz cos θa−1
sin 2θπ+ sin θρ0 cosφπ+

+9/8
(
2(|A+|2 − |A−|2) + (|B+|2 − |B−|2)

)
<((b∗1+ + b∗1−)b0) Pz cos θa−1

sin 2θπ+ sin 2θρ0 cosφπ+

−9/4
(
2(|A+|2 − |A−|2) + (|B+|2 − |B−|2)

)
<(b∗1+b1−) Pz cos θa−1

sin2 θπ+ sin2 θρ0 cos 2φπ+

+9
√

2/2 <(A∗+B+ −A∗−B−)|b0|2 Pz sin θa−1
cos2 θπ+ sin 2θρ0 cosφρ0

−9
√

2/8 (|b1+|2 + |b1−|2)<(A∗+B+ −A∗−B−) Pz sin θa−1
sin2 θπ+ sin 2θρ0 cosφρ0

−9
√

2/4 (|b1+|2 − |b1−|2)<(A∗+B+ +A∗−B−) Pz sin θa−1
sin2 θπ+ sin θρ0 cosφρ0

+9
√

2/4 <((A∗−B− −B∗+A+)b∗1+b1−) Pz sin θa−1
sin2 θπ+ (1 + cos θρ0) sin θρ0 cos(2φπ+ + φρ0)

+9
√

2/4 <((A∗+B+ −B∗−A−)b∗1+b1−) Pz sin θa−1
sin2 θπ+ (1− cos θρ0) sin θρ0 cos(2φπ+ − φρ0)

+9
√

2/4 <((B∗+b
∗
1+A+ −B∗−b∗1−A−)b0) Pz sin θa−1

sin 2θπ+ cos θρ0 cos(θπ+ + θρ0)

+9
√

2/4 <((A∗+b
∗
1−B+ −A∗−b∗1+B− +B∗+b

∗
1+A+ −B∗−b∗1−A−)b0) Pz sin θa−1

sin 2θπ+ cos2 θρ0 cos(φπ+ + φρ0)

−9
√

2/4 <((A∗+b
∗
1−B+ −A∗−b∗1+B−)b0) Pz sin θa−1

sin 2θπ+ cos(φπ+ + φρ0)

−9
√

2/4 <((B∗+b
∗
1−A+ −B∗−b∗1+A−)b0) Pz sin θa−1

sin 2θπ+ cos θρ0 cos(φπ+ − φρ0)

+9
√

2/4 <((A∗+b
∗
1+B+ −A∗−b∗1−B− +B∗+b

∗
1−A+ −B∗−b∗1+A−)b0) Pz sin θa−1

sin 2θπ+ cos2 θρ0 cos(φπ+ − φρ0)

−9
√

2/4 <((A∗+b
∗
1+B+ −A∗−b∗1−B−)b0) Pz sin θa−1

sin 2θπ+ cos(φπ+ − φρ0)

P -odd ∝ Pz

+9/4 (|B+|2 + |B−|2)=((b∗1+ + b1−∗)b0) Pz cos θa−1
sin 2θπ+ sin θρ0 sinφπ+

+9/8 (2(|A+|2 − |A−|2) + (|B+|2 − |B−|2))=((b∗1+ − b∗1−)b0) Pz cos θa−1
sin 2θπ+ sin 2θρ0 sinφπ+

−9/4 (2(|A+|2 − |A−|2) + (|B+|2 − |B−|2))=(b∗1+b1−) Pz cos θa−1
sin2 θπ+ sin2 θρ0 sin 2φπ+

−9
√

2/2 =(A∗+B+ +A∗−B−)|b0|2 Pz sin θa−1
cos2 θπ+ sin 2θρ0 sinφρ0

+9
√

2/8 (|b1+|2 + |b1−|2)=(A∗+B+ +A∗−B−) Pz sin θa−1
sin2 θπ+ sin 2θρ0 sinφρ0

+9
√

2/4 (|b1+|2 − |b1−|2)=(A∗+B+ −A∗−B−) Pz sin θa−1
sin2 θπ+ sin θρ0 sinφρ0

+9
√

2/4 =((A∗−B− −B∗+A+)b∗1+b1−) Pz sin θa−1
sin2 θπ+ (1 + cos θρ0) sin θρ0 sin(2φπ+ + φρ0)

+9
√

2/4 =((A∗+B+ −B∗−A−)b∗1+b1−) Pz sin θa−1
sin2 θπ+ (1− cos θρ0) sin θρ0 sin(2φπ+ − φρ0)

+9
√

2/4 =((B∗+b
∗
1+A+ −B∗−b∗1−A−)b0) Pz sin θa−1

sin 2θπ+ cos θρ0 sin(φπ+ + φρ0)

−9
√

2/4 =((A∗+b
∗
1−B+ +A∗−b

∗
1+B− −B∗+b∗1+A+ −B∗−b∗1−A−)b0) Pz sin θa−1

sin 2θπ+ cos2 θρ0 sin(φπ+ + φρ0)

+9
√

2/4 =((A∗+b
∗
1−B+ −A∗−b∗1+B−)b0) Pz sin θa−1

sin 2θπ+ sin(φπ+ + φρ0)

+9
√

2/4 =((B∗+b
∗
1−A+ +B∗−b

∗
1+A−)b0) Pz sin θa−1

sin 2θπ+ cos θρ0 sin(φπ+ − φρ0)

+9
√

2/4 =((A∗+b
∗
1+B+ +A∗−b

∗
1−B− −B∗+b∗1−A+ −B∗−b∗1+A−)b0) Pz sin θa−1

sin 2θπ+ cos2 θρ0 sin(φπ+ − φρ0)

+9
√

2/4 =((A∗+b
∗
1+B+ +A∗−b

∗
1−B−)b0) Pz sin θa−1

sin 2θπ+ sin(φπ+ − φρ0)

P -odd
+9/4 (|B+|2 − |B−|2)=((b∗1+ + b∗1−)b0) sin 2θπ+ sin θρ0 sinφπ+

−9/8 (2(|A+|2 + |A−|2)− (|B+|2 + |B−|2))=((b∗1+ − b∗1−)b0) sin 2θπ+ sin 2θρ0 sinφπ+

+9/4 (2(|A+|2 + |A−|2)− (|B+|2 + |B−|2))=(b∗1+b1−) sin2 θπ+ sin2 θρ0 sin 2φπ+
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Table 5.2: Helicity amplitude decomposition for theΛ0
b→ (N+∗→ (∆++→ pπ+)π−)π− cascade,

with the Λ0
b polarization assumed vanishing and parity conservation in the decay of ∆++. The

definition for the helicity amplitudes: HΛ
0
b→N

+∗(3/2)π−

λ
N+∗(3/2)

=±1/2,λ
π−=0 = A±, HΛ

0
b→N

+∗(1/2)π−

λ
N+∗(1/2)

=±1/2,λ
π−=0 =

B±, HN
+∗(3/2)→∆++π−

λ
∆++=±1/2,λ

π−=0 = b1±, HN
+∗(3/2)→∆++π−

λ
∆++=±3/2,λ

π−=0 = b2±, HN
+∗(1/2)→∆++π−

λ
∆++=±1/2,λ

π−=0 = b3±,

H∆++→pπ+

λp=+1/2,λ
π+=0 +H∆++→pπ+

λp=−1/2,λ
π+=0 = 1,H∆++→pπ+

λp=+1/2,λ
π+=0 −H

∆++→pπ+

λp=−1/2,λ
π+=0 = 0.

Coeff. Helicity amplitudes Angular terms
√

2 Re((A∗+B+ +A∗−B−)(b∗1+b3+ + b∗1−b
∗
3−)) (1 + 3 cos2 θp) cos θ∆++

1/2 (|B+|2 + |B−|2)(|b3+|2 + |b3−|2) (1 + 3 cos2 θp)
9/4 (|A+|2 + |A−|2)(|b2+|2 + |b2−|2) sin2 θp sin2 θ∆++

1/4 (|A+|2 + |A−|2)(|b1+|2 + |b1−|2) (1 + 3 cos2 θp) (1 + 3 cos2 θ∆++)

−3
√

2/2 Re((A∗+B+ +A∗−B−)(b∗2+b3+ + b∗2−b3−)) sin 2θp sin θ∆++ cosφp
−3/2 (|A+|2 + |A−|2)Re(b∗1+b2+ + b∗1−b2−) sin 2θp sin 2θ∆++ cosφp
3/2 (|A+|2 + |A−|2)Re(b∗1+b2− + b∗1−b2+) sin2 θp sin2 θ∆++ cos 2φp

−3
√

2/4 Im((A∗+B+ −A∗−B−)(b∗2+b3+ + b∗2−b3−)) sin 2θp sin 2θ∆++ sinφp
−3/2 (|A+|2 − |A−|2)Im(b∗1+b2+ + b∗1−b2−) sin 2θp (1− 3 cos2 θ∆++) sin θ∆++ sinφp

3
√

2/2 Im((A∗+B− −A∗−B−)(b∗2+b3− + b∗2−b3+)) sin2 θp sin2 θ∆++ sin 2φp
−9/4 (|A+|2 − |A−|2)Im(b∗1+b2− + b∗1−b2+) sin2 θp sin θ∆++ sin 2θ∆++ sin 2φp

Table 5.3: The specific choice of amplitudes used to include CPV in the MC sample for decays
Λ0
b→ (N+∗

1/2→ (∆++→ pπ+)π−)π− and Λ0
b→ (N−∗1/2→ (∆−−→ pπ−)π+)π+.

A+ A− B+ B− b1+/− b1− b2+/− b2− b2+/− b2−
Λ0
b 1 0 i i 0 1 1

Λ0
b 1 0 i −i 0 1 1



86 5.2 Binning scheme for optimised sensitivity to CP violation

Table 5.4: Definition of the binning scheme B.

Bin number Polar angles Azimuthal angles

1 θp ∈ [0, π/4]&θ∆++ ∈ [0, π/4] |Φp| ∈ [0, π/2]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [π/2, 3π/4]

2 θp ∈ [0, π/4]&θ∆++ ∈ [π/4, π/2] |Φp| ∈ [0, π/2]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [3π/4, π]

3 θp ∈ [0, π/4]&θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [0, π/2]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [0, π/4]

4 θp ∈ [0, π/4]&θ∆++ ∈ [3π/4, π] |Φp| ∈ [0, π/2]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [π/4, π/2]

5 θp ∈ [π/4, π/2]&θ∆++ ∈ [0, π/4] |Φp| ∈ [0, π/2]
θp ∈ [3π/4, π]&θ∆++ ∈ [π/2, 3π/4]

6 θp ∈ [π/4, π/2]&θ∆++ ∈ [π/4, π/2] |Φp| ∈ [0, π/2]
θp ∈ [3π/4, π]&θ∆++ ∈ [3π/4, π]

7 θp ∈ [π/4, π/2]&θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [0, π/2]
θp ∈ [3π/4, π]&θ∆++ ∈ [0, π/4]

8 θp ∈ [π/4, π/2]&θ∆++ ∈ [3π/4, π] |Φp| ∈ [0, π/2]
θp ∈ [3π/4, π]&θ∆++ ∈ [π/4, π/2]

9 θp ∈ [0, π/4]&θ∆++ ∈ [0, π/4] |Φp| ∈ [π/2, π]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [π/2, 3π/4]

10 θp ∈ [0, π/4]&θ∆++ ∈ [π/4, π/2] |Φp| ∈ [π/2, π]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [3π/4, π]

11 θp ∈ [0, π/4]&θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [π/2, π]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [0, π/4]

12 θp ∈ [0, π/4]&θ∆++ ∈ [3π/4, π] |Φp| ∈ [π/2, π]
θp ∈ [π/2, 3π/4]&θ∆++ ∈ [π/4, π/2]

13 θp ∈ [π/4, π/2]&θ∆++ ∈ [0, π/4] |Φp| ∈ [π/2, π]
θp ∈ [3π/4, π]&θ∆++ ∈ [π/2, 3π/4]

14 θp ∈ [π/4, π/2]&θ∆++ ∈ [π/4, π/2] |Φp| ∈ [π/2, π]
θp ∈ [3π/4, π]&θ∆++ ∈ [3π/4, π]

15 θp ∈ [π/4, π/2]&θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [π/2, π]
θp ∈ [3π/4, π]&θ∆++ ∈ [0, π/4]

16 θp ∈ [π/4, π/2]&θ∆++ ∈ [3π/4, π] |Φp| ∈ [π/2, π]
θp ∈ [3π/4, π]&θ∆++ ∈ [π/4, π/2]



CHAPTER 6

Extraction of the asymmetries

The selected data sample is split into four subsamples according to the Λ0
b (Λ0

b) flavour
and the sign of CT̂ (C T̂ ). A simultaneous maximum likelihood fit to the m(pπ−π+π−)
distribution of the four subsamples is used to determine the number of signal and back-
ground events, and the asymmetriesAT̂ andAT̂ . The fit model is described in Chapter 4,
the shape parameters are common for all the 4 subsamples, while the yields of each com-
ponent are estimated separately. The two asymmetries AT̂ and AT̂ are included in the fit
model as

NΛ0
b ,CT̂>0 =

1

2
NΛ0

b
(1 +AT̂ )

NΛ0
b ,CT̂<0 =

1

2
NΛ0

b
(1−AT̂ )

NΛ0
b ,−CT̂>0 =

1

2
NΛ0

b
(1 +AT̂ )

NΛ0
b ,−CT̂<0 =

1

2
NΛ0

b
(1−AT̂ ) (6.1)

following the definition of AT̂ , AT̂ in Equation (1.45). The CP -violating (P -violating)
asymmetry aT̂ -odd

CP (aT̂ -odd
P ) is then calculated from AT̂ and AT̂ . Two different approaches

are followed to search for CPV : a measurement integrated over phase space and mea-
surements in different regions of phase space.

6.1 Search for CP violation integrated over phase space

A measurement integrated over phase space is performed. The results of this approach
are obtained by fitting the full data sample and the results are shown in Figure 6.1 and
Table 6.1.

The extracted asymmetries are listed in Table 6.2, where the uncertainties are statisti-
cal only. Negligible correlation (< 0.1%) is found between AT̂ and AT̂ asymmetries.

6.2 Search for localised CP violation in regions of the phase space

We perform measurements of triple-product asymmetries in bins of the phase space in
order to improve the sensitivity to CP violation using the binning schemes defined in
Section 5.2:

• Scheme A: the fits for each bin are shown in Figures 6.2 and 6.3 and aT̂ -odd
CP as a

function of |Φ| is shown in Figure 6.4
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Table 6.1: Results of the simultaneous fit to Run 1 and Run 2 data for the Λ0
b→ pπ−π+π− sample.

Variable Value

µ(Λ0
b)(MeV/c2) 5617.9± 0.1

σ(MeV/c2) 17.8± 0.1
cPart. reco −29.0± 19.5
pPart. reco 0.74± 0.30

λcomb(c
2/GeV) −4.86± 0.10

AT̂ (B0→ K+π−π+π−)(%) 7.7± 9.7

AT̂ (B0→ K+π−π+π−)(%) −2.1± 9.7
nΛ0

b
(B0→ K+π−π+π−) 1058± 106

nΛ0
b
(B0→ K+π−π+π−) 1054± 105

AT̂ (Λ0
b→ pK−π+π−)(%) −0.3± 1.2

AT̂ (Λ0
b→ pK−π+π−)(%) −0.1± 1.2

nΛ0
b
(Λ0

b→ pK−π+π−) 2522± 31

nΛ0
b
(Λ0

b→ pK−π+π−) 2510± 31

AT̂ (Part. reco)(%) 1.7± 4.6

AT̂ (Part. reco)(%) −0.4± 4.3
nΛ0

b
(Part. reco) 2744± 182

nΛ0
b
(Part. reco) 2892± 179

AT̂ (comb.)(%) 2.1± 1.8

AT̂ (comb.)(%) 2.4± 1.9
nΛ0

b
(comb.) 13627± 292

nΛ0
b
(comb.) 12796± 289

AT̂ (Λ0
b→ pπ−π+π−)(%) −4.68± 0.99

AT̂ (Λ0
b→ pπ−π+π−)(%) −3.29± 0.99

nΛ0
b
(Λ0

b→ pπ−π+π−) 13790± 142

nΛ0
b
(Λ0

b→ pπ−π+π−) 13803± 142

– Scheme A1: the fits for each bin are shown in Figures 6.5 and 6.6 and aT̂ -odd
CP

as a function of |Φ| is shown in Figure 6.9.

– Scheme A2: the fits for each bin are shown in Figures 6.7 and 6.8 and aT̂ -odd
CP

as a function of |Φ| is shown in Figure 6.10

• SchemeB:

– Scheme B1: the fits for each bin are shown in Figures 6.11, 6.12 and 6.13 and
aT̂ -odd
CP as a function of the bins is shown in Figure 6.14.

– Scheme B2: the fits for each bin are shown in Figures 6.15 6.16 and 6.17 and
aT̂ -odd
CP as a function of the bins is shown in Figure 6.18.
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Table 6.2: Fit results for asymmetries integrated over phase space. For comparison we report the
results for the dataset used in this thesis and for the Run 1 dataset already published [38]. With
the additional statistics we improve a factor of 2 the sensitivity. The reported uncertainty is only
statistical, however the systematic uncertainty is negligible.

Dataset AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

This thesis (2011-2017) −4.68± 0.99 −3.29± 0.99 −3.98± 0.70 −0.70± 0.70
Run 1 (2011-2012) −2.56± 2.05 −4.86± 2.05 −3.71± 1.45 1.15± 1.45
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Figure 6.1: Fit projections on the m(pπ−π+π−) distribution for the four different subsamples for
Λ0
b→ pπ−π+π− decay modes.
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Figure 6.2: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the first 5 bin of the scheme A.
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Figure 6.3: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the last 5 bin of the scheme A.
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Figure 6.4: Asymmetries aT̂ -odd
CP and aT̂ -odd

P as a function of |Φ|. The χ2 is calculated with re-
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statistical uncertainty is considered here.
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Figure 6.5: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the first 5 bin of the scheme A1.
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Figure 6.6: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the last 5 bin of the scheme A1.
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Figure 6.7: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the first 5 bin of the scheme A2.
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Figure 6.8: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the last 5 bin of the scheme A2.
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Figure 6.9: Asymmetries aT̂ -odd
CP and aT̂ -odd

P as a function of Φ for scheme A1. The χ2 is calculated
with respect the no CPV and P violation hypotheses, represented by the two horizontal red line.
Only statistical uncertainty is considered here.

0 1 2 3

|Φ|

15−

10−

5−

0

5

10

15

 [
%

]
T

o
d

d
C

P
a

 = 28.04/102χ

0 1 2 3

|Φ|

15−

10−

5−

0

5

10

15

 [
%

]
T

o
d

d
Pa

 = 29.62/102χ

Figure 6.10: Asymmetries aT̂ -odd
CP and aT̂ -odd

P as a function of Φ for schemeA2. The χ2 is calculated
with respect the no CPV and P violation hypotheses, represented by the two horizontal red line.
Only statistical uncertainty is considered here.
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Figure 6.11: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the first 5 bin of the scheme B1.
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Figure 6.12: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the bins from 6 to 10 of the scheme B1.
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Figure 6.13: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the last 6 bins of the scheme B1.
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Figure 6.14: Asymmetries aT̂ -odd
CP and aT̂ -odd

P for each bin for scheme B1. The χ2 is calculated with
respect the no CPV and P violation hypotheses, represented by the two horizontal red line. Only
statistical uncertainty is considered here.
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Figure 6.15: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the first 5 bin of the scheme B2.
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Figure 6.16: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the bins from 6 to 10 of the scheme B2.
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Figure 6.17: Projections of the simultaneous fit to the invariant mass m(pπ−π+π−) distribution
for the last 6 bins of the scheme B2.
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Figure 6.18: Asymmetries aT̂ -odd
CP and aT̂ -odd

P for each bin for scheme B2. The χ2 is calculated with
respect the no CPV and P violation hypotheses, represented by the two horizontal red line. Only
statistical uncertainty is considered here.





CHAPTER 7

Systematics uncertainties

A few sources of systematic uncertainties have been identified:

• experimental bias: possible bias introduced by the experimental reconstruction
and analysis technique;

• detector resolution: the resolution on triple products CT̂ and C T̂ could induce a
migration of events between the categories CT̂

(
C T̂
)
> 0 and CT̂

(
C T̂
)
< 0

• fit model: due to the uncertainty on signal and background models.

We describe in the following the determination of the relevant systematic uncertainties.

7.1 Experimental bias

The selection criteria applied for the reconstruction of the decays Λ0
b → pπ−π+π− and

the detector acceptance, in principle might introduce an experimental bias on the mea-
surement of the T̂ -odd variables CT̂ and C T̂ , hence on the AT̂ and AT̂ observables and
finally on aT̂ -odd

CP and aT̂ -odd
P .

As a control sample, the Cabibbo-favoured Λ0
b→ Λ+

c (→ pK−π+)π− decay has been
selected as described in Section 3.5. In this case CP -violating effects are expected to
be negligible. Any deviation from zero of the CP -violating asymmetry measured in
this decay is considered as an experimental bias. We measure the aT̂ -odd

CP (Λ0
b → Λ+

c (→
pK−π+)π−) = (0.04 ± 0.16)% to be compatible with zero, where the uncertainty is sta-
tistical only. We measure also AT̂ (Λ0

b → Λ+
c (→ pK−π+)π−) = (−0.54 ± 0.23)% and

AT̂ (Λ0
b → Λ+

c (→ pK−π+)π−) = (−0.63 ± 0.23)%. The fit is shown in Figure 7.1. We
assign the statistical uncertainty on aT̂ -odd

CP (Λ0
b→ Λ+

c (→ pK−π+)π−) as a systematic error
aT̂ -odd
CP for Λ0

b→ pπ−π+π− decays due to a possible experimental bias. We measure aT̂ -odd
CP

in regions of phase space, as shown in Figure 7.2 in bins of |Φ| and in Figure 7.3 for the
binning scheme defined in Table 5.4. In the latter no bias is observed and we conserva-
tively assign the statistical uncertainty as systematic uncertainty in each bin. In order
to take into account the high χ2 observed in the binning in |Φ|, we decide to assign the
statistical uncertainty as systematic uncertainty in each bin enlarged by the factor 1.57

that represents the standard deviation of the quantity aT̂ -odd
CP i/σi from 0, where aT̂ -odd

CP i is
the asymmetry measured in the bin i and σi is its uncertainty.

Since parity violation can introduce asymmetries in AT̂ , AT̂ and aT̂ -odd
P , we decide

to estimate their systematic uncertainty as the statistical error propagated starting from
aT̂ -odd
CP . The statistical error is the same for AT̂ and AT̂ and no correlation is measured,

107
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then we conservatively estimate the systematic uncertainties on AT̂ and AT̂ observable
as error propagation σ(AT ) = σ(ĀT ) =

√
2σ(aT̂ -odd

CP )cs, where σ(aT̂ -odd
CP )cs is the statistical

uncertainty of the CP -violating asymmetry measured on the control sample. The sys-
tematic uncertainty on aT̂ -odd

P is estimated as σ
(
aT̂ -odd
P

)
= σ

(
aT̂ -odd
CP

)
cs

The summary of
the systematic uncertainties due to a possible experimental bias is reported in Table 7.1.

Table 7.1: Systematic uncertainties due to a possible experimental bias for integrated measure-
ments and in bins of phase space.

Binning scheme Bin ∆AT̂ (%) ∆AT̂ (%) ∆aT̂ -odd
P (%) ∆aT̂ -odd

CP (%)

Integrated ±0.23 ±0.23 ±0.16 ±0.16

A, A1, A2

0 ±1.25 ±1.25 ±0.89 ±0.89
1 ±1.21 ±1.21 ±0.86 ±0.86
2 ±1.16 ±1.16 ±0.82 ±0.82
3 ±1.13 ±1.13 ±0.80 ±0.80
4 ±1.14 ±1.14 ±0.81 ±0.81
5 ±1.13 ±1.13 ±0.80 ±0.80
6 ±1.17 ±1.17 ±0.83 ±0.83
7 ±1.11 ±1.11 ±0.78 ±0.78
8 ±1.03 ±1.03 ±0.73 ±0.73
9 ±0.97 ±0.97 ±0.69 ±0.69

B1, B2

0 ±0.78 ±0.78 ±0.55 ±0.55
1 ±0.86 ±0.86 ±0.61 ±0.61
2 ±1.11 ±1.11 ±0.78 ±0.78
3 ±1.66 ±1.66 ±1.17 ±1.17
4 ±2.22 ±2.22 ±1.57 ±1.57
5 ±2.61 ±2.61 ±1.85 ±1.85
6 ±1.10 ±1.10 ±0.78 ±0.78
7 ±0.91 ±0.91 ±0.64 ±0.64
8 ±0.63 ±0.63 ±0.44 ±0.44
9 ±0.69 ±0.69 ±0.49 ±0.49

10 ±1.21 ±1.21 ±0.86 ±0.86
11 ±1.09 ±1.09 ±0.77 ±0.77
12 ±0.93 ±0.93 ±0.66 ±0.66
13 ±1.19 ±1.19 ±0.84 ±0.84
14 ±0.56 ±0.56 ±0.39 ±0.39
15 ±0.74 ±0.74 ±0.52 ±0.52

7.2 Bias due to detector resolution on CT̂

We aim to estimate the impact of the detector resolution on the T̂ -odd observables and
we assume that using Monte Carlo events is a reasonable approximation since it repro-
duces reasonably well momentum resolution for charged particle tracks. We apply the
same selection on Monte Carlo as in data, but the PID requirements that are not well
simulated. We reweight the Monte Carlo using data control sample. On Monte Carlo
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events we measured the residual distribution for signal truth matched events defined
as (CT,meas − CT,true), where CT,meas is the reconstructed CT̂ value, and CT,true is the
true generated CT̂ value. The residual distribution for CT̂ is shown in Figure 7.4 and the
mean is biased. The dependence of the detector resolution onCT̂ as a function of the true
generated CT,true value is shown in Figure 7.5. A small but sizeable bias at the per mill
level in the reconstruction of CT̂ as a function of CT,true is evident. The mean of the dis-
tribution is biased in different directions depending on the sign of CT,true. However this
bias doesn’t affect our measurement because for CT,true > 0 (CT,true < 0) the CT,meas
value is positively (negatively) biased and this helps us in improving the separation of
the data sample depending on the sign of CT,meas.

We evaluated the effect of the CT̂ resolution onAT̂ ,AT̂ , aT̂ -odd
P and aT̂ -odd

CP observables
using reweighted Monte Carlo signal events, as explained in Section 4.1, where neither
P - nor CP -violating effects are simulated. We measured the AT̂ , AT̂ , aT̂ -odd

P and aT̂ -odd
CP

observables by counting the number of Λ0
b and Λ0

b events with different values of CT̂ and
C T̂ , using first the reconstructed values ofCT̂ andC T̂ (rec) and then the generated values
(gen). Results are reported in Table 7.2. The systematic effect of detector resolution on

Table 7.2: Results for AT̂ , AT̂ , aT̂ -odd
P and aT̂ -odd

CP observables on reweighted Monte Carlo signal
events using CT̂ and CT̂ generated values (gen) and reconstructed values (rec).

AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

gen −0.05± 0.29 0.12± 0.30 0.04± 0.21 −0.07± 0.21
rec −0.04± 0.29 0.13± 0.30 0.03± 0.21 −0.08± 0.21

syst. unc. ∆AT̂ (%) ∆AT̂ (%) ∆aT̂ -odd
P (%) ∆aT̂ -odd

CP (%)
±0.01 ±0.01 ±0.01 ±0.01

CT̂ is less than 1‰.

7.3 Fit model

We generate 1,000 Toy MonteCarlo pseudoexperiments with the fit parameters tuned
to blind fit results to data using the alternative model. We perform a fit similar to
the one performed on data with the nominal and alternative model, both described
in Sections 4.1-4.2.1, and extract the asymmetry parameters values. The pull distribu-
tions, defined as pull(A) =

Arec−Agen
σArec

where Arec (σArec ) is the value (error) of the recon-
structed asymmetry returned from the fit with the nominal model and Agen is the gen-
erated asymmetry, are shown in Figure 7.6. The difference of the asymmetries obtained
fitting the nominal and alternative model to pseudoexperiments, defined as diff(Arec),
is shown in Figure 7.7. The pull distributions show the errors are correctly determined.
A minimal bias is observed in P -odd asymmetries AT̂ , AT̂ and aT̂ -odd

P , while the asym-
metry aT̂ -odd

CP is much more robust for different model parametrizations. We apply the
standard deviation σ of the diff(Arec) distributions as systematic uncertainty due to the
fit model. The systematic uncertainty for the asymmetries is summarized in Table 7.3.
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Table 7.3: Systematic uncertainty on the asymmetries due to the fit model.

∆AT̂ (%) ∆AT̂ (%) ∆aT̂ -odd
P (%) ∆aT̂ -odd

CP (%)

±0.08 ±0.08 ±0.06 ±0.06

7.4 Summary of systematic uncertainties

In Table 7.4 we summarize the systematic uncertainties assigned to the measured asym-
metries in the integrated sample and in bins of phase space.

7.5 Cross-checks

7.5.1 Particle identification requirements

The effects of particle identification criteria are tested by using theΛ0
b→ Λ+

c (→ pK−π+)π−

control sample. The asymmetries are measured with four alternative identification cri-
teria for the proton, kaon and pion, defined in Table 7.5, and the results are shown in
Figure 7.8. The differences between the measured asymmetries ∆A are compatible with
statistical fluctuations between different selection criteria when taking into account sta-
tistical correlations among them as shown in Table 7.6. The uncertainty σ∆A is calculated

as σ∆A =
√
σ2
Ai

+ σ2
A0
− 2ρσA0

σAi , where σAi(0)
is the uncertainty on the asymmetry

measured on the data sample with cut i(0) while ρ =
Nsigi
Nsig0

is the correlation between the

two different data samples with signal events Nsig
i(0).

7.5.2 Signal reconstruction efficiency on Monte Carlo events

The efficiency for positive and negative CT̂ (C T̂ ) values for Λ0
b (Λ0

b) has already been
checked directly on data on Λ0

b→ Λ+
c (→ pK−π+)π− control sample, where, as expected,

we don’t measure any CPV both integrated and in bins of the phase space. Any possible
effect on the measured asymmetries of the dependence on the CT̂ (C T̂ ) sign for the eff-
ciency is included in the systematic uncertainty assigned in Section 7.1. In Figure 7.9 we
check the efficiency on reweighted MC events. The efficiency for positive and negative
CT̂ (C T̂ ) values is defined as ε+ (ε+) and ε− (ε−) for Λ0

b (Λ0
b). The measured efficiencies

are consistent between positive and negative CT̂ (C T̂ ) values, i.e. they are compatible
with ε+/ε− = 1 (ε+/ε− = 1) for Λ0

b (Λ0
b).

7.5.3 L0 trigger requirement

Since the asymmetry that arises from the reconstruction could be large for protons, we
verify the stability of the result splitting the full data sample depending on different
L0 trigger requirements. We divide the full data sample depending if the responsible for
triggering the L0 are the final state candidates (TOS) or something else in the event (TIS).
The result is shown in Figure 7.10 and doesn’t show any dependence.
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Table 7.4: Summary of systematic uncertainties assigned to the measured asymmetries in the
integrated sample and in bins of the phase space. Where not specified, the systematic uncertainty
is assigned to both integrated measurements and in bins of phase space.

Bias Binning scheme Bin ∆AT̂ (%) ∆AT̂ (%) ∆aT̂ -odd
CP (%) ∆aT̂ -odd

CP (%)

Experimental Bias

Integrated ±0.23 ±0.23 ±0.16 ±0.16

A, A1, A2

0 ±1.25 ±1.25 ±0.89 ±0.89
1 ±1.21 ±1.21 ±0.86 ±0.86
2 ±1.16 ±1.16 ±0.82 ±0.82
3 ±1.13 ±1.13 ±0.80 ±0.80
4 ±1.14 ±1.14 ±0.81 ±0.81
5 ±1.13 ±1.13 ±0.80 ±0.80
6 ±1.17 ±1.17 ±0.83 ±0.83
7 ±1.11 ±1.11 ±0.78 ±0.78
8 ±1.03 ±1.03 ±0.73 ±0.73
9 ±0.97 ±0.97 ±0.69 ±0.69

B1, B2

0 ±0.78 ±0.78 ±0.55 ±0.55
1 ±0.86 ±0.86 ±0.61 ±0.61
2 ±1.11 ±1.11 ±0.78 ±0.78
3 ±1.66 ±1.66 ±1.17 ±1.17
4 ±2.22 ±2.22 ±1.57 ±1.57
5 ±2.61 ±2.61 ±1.85 ±1.85
6 ±1.10 ±1.10 ±0.78 ±0.78
7 ±0.91 ±0.91 ±0.64 ±0.64
8 ±0.63 ±0.63 ±0.44 ±0.44
9 ±0.69 ±0.69 ±0.49 ±0.49
10 ±1.21 ±1.21 ±0.86 ±0.86
11 ±1.09 ±1.09 ±0.77 ±0.77
12 ±0.93 ±0.93 ±0.66 ±0.66
13 ±1.19 ±1.19 ±0.84 ±0.84
14 ±0.56 ±0.56 ±0.39 ±0.39
15 ±0.74 ±0.74 ±0.52 ±0.52

CT̂ resolution ±0.01 ±0.01 ±0.01 ±0.01

Fit Model ±0.08 ±0.08 ±0.06 ±0.06

7.5.4 Magnet polarities

We check the stability of the results for different data taking conditions. The full dataset
is splitted into the two magnet polarities and the asymmetries are measured in each data
sample integrated and in bins of Φ, as shown in Figures 7.11-7.12 respectively. We found
no evidence of any dependence of the asymmetries over the two magnet polarities.
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Table 7.5: Definition of PID cuts for Λ0
b→ Λ+

c (→ pK−π+)π− control sample for each bin.

PID cuts Bins
0 (nominal) 1 2 3 4

PIDp 0.05 0.1 0.2 0.3 0.4
PIDK 0.05 0.1 0.2 0.3 0.4
PIDπ 0.05 0.1 0.2 0.3 0.4

Nsig 214528 179386 124825 91160 70511

Table 7.6: Difference between the asymmetries measured with nominal and alternative PID cuts
defined in Table 7.5 taking into account the correlations ρ among them. They are all compatible
with statistical fluctuation.

Bin samples ∆AT̂ (%) ∆AT̂ (%) ∆aT̂ -odd
CP (%) ∆aT̂ -odd

P (%) ρ(%)

(0,1) 0.180± 0.139 0.112± 0.141 0.034± 0.099 0.146± 0.099 83.80
(0,2) 0.009± 0.249 −0.237± 0.251 0.123± 0.177 −0.114± 0.177 58.41
(0,3) 0.174± 0.323 −0.059± 0.326 0.116± 0.230 0.058± 0.230 42.67
(0,4) 0.406± 0.381 0.051± 0.385 0.177± 0.271 0.228± 0.271 33.02
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Figure 7.1: Fit projections of the simultaneous fit to the invariant m(Λ+
c (pK−π+)π−) distribution
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Figure 7.10: Stability of the results on data divided by L0 TIS and TOS requirements.
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Figure 7.11: Stability of the result as a function of the magnet polarities.
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Figure 7.12: Measurements of the asymmetries in bins of Φ for different magnet polarities.



CHAPTER 8

Results

8.1 Measurement of the asymmetries integrated over the phase space

The asymmetries measured from the fit on the full dataset are listed in Table 8.1. We do
not observe any deviation from the CP conserving hypothesis, while we observe a non-
zero value for the aT̂ -odd

P asymmetry. The effect, estimated with the profile likelihood
ratio test, is at the level of 5.5σ and indicates the P violation is present integrated in the
phase space in the Λ0

b→ pπ−π+π− decay.

Table 8.1: Measurement of the asymmetries from the fit to the full dataset. The first uncertainty
is statistical and the second systematic. For comparison we report the results for the dataset used
in this thesis and for the Run 1 dataset already published [38].

Asymmetry Dataset
This thesis (2011-2017) Run 1 (2011-2012)

AT̂ (%) −4.68± 0.99± 0.24 −2.56± 2.05± 0.44
AT̂ (%) −3.29± 0.99± 0.24 −4.86± 2.05± 0.44

aT̂ -odd
P (%) −3.98± 0.70± 0.17 −3.71± 1.45± 0.32

aT̂ -odd
CP (%) −0.70± 0.70± 0.17 1.15± 1.45± 0.32

8.2 Measurement of the asymmetries in bins of the phase space

The asymmetries measured in Λ0
b→ pπ−π+π− decays in region of the phase space domi-

nated by the Λ0
b→ N∗+π− and Λ0

b→ pa1 contributions in bins of the angle |Φ|, defined in
Equation (5.15) and in bins of the helicity angles (binning schemes A, A1, A2, B1, B2 de-
fined in Section 6.2) are listed in Tables 8.2, 8.3, 8.4, 8.5 and 8.6, respectively. The result in
each bin is reported with the first (second) error that represents the statistic (systematic)
uncertainty. In the last row we calculate the weighted mean and its uncertainty over all
the bins as

σ2
x = (JTC−1J)−1 (8.1)

x = σ2
x(JTC−1X) (8.2)

where x is the mean and σx its error, X is the vector with all the measurements, J is a
vector of ones with length as the number of bins, C is the covariance matrix calculated as
the sum of the statistic and systematic covariance matrix. The systematic uncertainties
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Table 8.2: Measured asymmetries in bins of the |Φ| angle (scheme A). The first (second) error
represents the statistic (systematic) uncertainty. In the last row we calculate the weighted mean
and its error over all the bins.

Bin AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

0 5.7± 3.4± 1.3 −5.5± 3.3± 1.3 0.1± 2.4± 0.9 5.6± 2.4± 0.9
1 −8.6± 3.2± 1.2 −3.8± 3.4± 1.2 −6.2± 2.3± 0.9 −2.4± 2.3± 0.9
2 −7.8± 3.4± 1.2 −10.5± 3.4± 1.2 −9.2± 2.4± 0.8 1.3± 2.4± 0.8
3 2.4± 3.5± 1.1 −9.6± 3.4± 1.1 −3.6± 2.4± 0.8 6.0± 2.4± 0.8
4 −12.6± 3.5± 1.1 −3.1± 3.3± 1.1 −7.8± 2.4± 0.8 −4.7± 2.4± 0.8
5 −11.8± 3.3± 1.1 −4.3± 3.3± 1.1 −8.0± 2.3± 0.8 −3.8± 2.3± 0.8
6 −7.9± 3.1± 1.2 −1.8± 3.2± 1.2 −4.9± 2.2± 0.8 −3.0± 2.2± 0.8
7 −3.1± 2.9± 1.1 −3.9± 2.9± 1.1 −3.5± 2.0± 0.8 0.4± 2.0± 0.8
8 −1.9± 2.7± 1.0 −2.4± 2.7± 1.0 −2.2± 1.9± 0.7 0.3± 1.9± 0.7
9 −3.7± 2.6± 1.0 6.3± 2.6± 1.0 1.3± 1.9± 0.7 −5.0± 1.9± 0.7

Mean −4.8± 1.1 −3.2± 1.0 −4.0± 0.7 −0.8± 0.7

for the systematic covariance matrix are taken from Table 7.4 and assumed fully corre-
lated but the “Experimental bias” which is assumed uncorrelated among the bins. In
Figures 8.1 and 8.2 we show the measurements for aT̂ -odd

CP and aT̂ -odd
P for different binning

schemes and in Figure 8.3 we show the comparison of the measured aT̂ -odd
CP and aT̂ -odd

P

asymmetries in bins of |Φ|with the dataset used in this thesis and with the Run 1 dataset
already published [38]. To test the CP and P conservation hypotheses we calculate the
χ2 for each binning scheme keeping into account systematic effects as

χ2 = XT (Cstat + Csyst)
−1X (8.3)

where X is the vector of all the measurements in each bin and Cstat (Csyst) is the covari-
ance matrix for the statistic (systematic) uncertainty. The χ2 and p-value obtained for the
CP and P conserving hypotheses for different binning schemes are listed in Table 8.7.

The considered binning schemes for searching for CP violation, chosen before the
unblinding, are A2 and B2 where the contribution from N∗ resonances is dominant.
The observed p-values with respect to the CP conservation hypothesis correspond to
statistical significances of 2.9σ and 0.5σ, respectively. Instead the observed p-value for
the P symmetry hypothesis corresponds to a statistical significance of 5.1σ for binning
schemeA. The p-values for the binning schemesA1 andA2 indicates that the P violation
is concentrated in the a1 region where the significance reaches the level of 5.5σ. This
represents the first observation of P violation in region of the phase space in the Λ0

b →
pπ−π+π− decay.
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Table 8.3: Measured asymmetries in bins of the |Φ| angle in the region of the phase space dom-
inated by the Λ0

b→ pa1 contribution (scheme A1). The first (second) error represents the statistic
(systematic) uncertainty. In the last row we calculate the weighted mean and its error over all the
bins.

Bin AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

0 1.6± 4.4± 1.3 −10.1± 4.2± 1.3 −4.3± 3.0± 0.9 5.9± 3.0± 0.9
1 −6.9± 4.2± 1.2 2.4± 4.5± 1.2 −2.3± 3.1± 0.9 −4.7± 3.1± 0.9
2 −10.2± 4.7± 1.2 −12.2± 4.8± 1.2 −11.2± 3.4± 0.8 1.0± 3.4± 0.8
3 −0.2± 5.2± 1.1 −2.4± 4.8± 1.1 −1.3± 3.5± 0.8 1.1± 3.5± 0.8
4 −15.6± 5.2± 1.1 −5.9± 4.7± 1.1 −10.7± 3.5± 0.8 −4.9± 3.5± 0.8
5 −10.4± 5.0± 1.1 −10.3± 5.0± 1.1 −10.3± 3.5± 0.8 −0.1± 3.5± 0.8
6 −10.9± 5.0± 1.2 −11.3± 5.5± 1.2 −11.1± 3.7± 0.8 0.2± 3.7± 0.8
7 −12.6± 4.5± 1.1 −6.4± 4.7± 1.1 −9.5± 3.2± 0.8 −3.1± 3.3± 0.8
8 −10.8± 4.6± 1.0 −3.5± 4.6± 1.0 −7.1± 3.2± 0.7 −3.7± 3.2± 0.7
9 −3.9± 4.4± 1.0 15.3± 4.5± 1.0 5.7± 3.1± 0.7 −9.6± 3.1± 0.7

Mean −7.8± 1.5 −4.0± 1.5 −5.9± 1.1 −1.9± 1.1

Table 8.4: Measured asymmetries in bins of the |Φ| angle in the region of the phase space dom-
inated by the Λ0

b → N∗+π− contribution (scheme A2). The first (second) error represents the
statistic (systematic) uncertainty. In the last row we calculate the weighted mean and its error over
all the bins.

Bin AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

0 12.8± 5.4± 1.3 2.0± 5.3± 1.3 7.4± 3.8± 0.9 5.4± 3.8± 0.9
1 −9.5± 5.0± 1.2 −12.3± 5.0± 1.2 −10.9± 3.5± 0.9 1.4± 3.5± 0.9
2 −5.6± 4.8± 1.2 −8.6± 4.8± 1.2 −7.1± 3.4± 0.8 1.5± 3.4± 0.8
3 4.7± 4.8± 1.1 −17.7± 4.8± 1.1 −6.5± 3.4± 0.8 11.2± 3.4± 0.8
4 −10.4± 4.8± 1.1 −0.3± 4.5± 1.1 −5.3± 3.3± 0.8 −5.0± 3.3± 0.8
5 −14.2± 4.3± 1.1 1.0± 4.4± 1.1 −6.6± 3.1± 0.8 −7.6± 3.1± 0.8
6 −5.4± 3.9± 1.2 3.8± 3.9± 1.2 −0.8± 2.8± 0.8 −4.6± 2.8± 0.8
7 4.3± 3.8± 1.1 −2.3± 3.6± 1.1 1.0± 2.6± 0.8 3.3± 2.6± 0.8
8 3.7± 3.3± 1.0 −0.9± 3.3± 1.0 1.4± 2.4± 0.7 2.3± 2.4± 0.7
9 −3.5± 3.3± 1.0 0.9± 3.2± 1.0 −1.3± 2.3± 0.7 −2.2± 2.3± 0.7

Mean −2.2± 1.4 −2.5± 1.3 −2.3± 1.0 0.2± 1.0
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Table 8.5: Measured asymmetries in bins of the helicity angles in the region of the phase space
dominated by the Λ0

b → pa1 contribution (scheme B1). The first (second) error represents the
statistic (systematic) uncertainty. In the last row we calculate the weighted mean and its error over
all the bins.

Bin AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

0 −8.2± 4.6± 0.8 −2.3± 4.5± 0.8 −5.2± 3.2± 0.6 −3.0± 3.2± 0.6
1 −9.4± 2.7± 0.9 −4.7± 2.7± 0.9 −7.0± 1.9± 0.6 −2.3± 1.9± 0.6
2 −6.9± 9.0± 1.1 −8.5± 8.8± 1.1 −7.7± 6.3± 0.8 0.8± 6.3± 0.8
3 −5.9± 5.4± 1.7 2.7± 5.4± 1.7 −1.6± 3.8± 1.2 −4.3± 3.8± 1.2
4 −38.8± 11.4± 2.2 8.2± 9.9± 2.2 −15.3± 7.6± 1.6 −23.5± 7.6± 1.6
5 −26.6± 8.9± 2.6 −22.3± 9.5± 2.6 −24.4± 6.6± 1.8 −2.2± 6.6± 1.8
6 −12.6± 9.2± 1.1 11.4± 9.2± 1.1 −0.6± 6.6± 0.8 −12.0± 6.6± 0.8
7 −4.9± 7.1± 0.9 4.4± 8.0± 0.9 −0.3± 5.4± 0.6 −4.7± 5.4± 0.6
8 −15.6± 7.6± 0.6 −5.7± 9.2± 0.6 −10.7± 6.0± 0.4 −4.9± 6.0± 0.4
9 −1.4± 4.1± 0.7 −11.1± 4.0± 0.7 −6.3± 2.9± 0.5 4.9± 2.9± 0.5
10 −15.2± 7.9± 1.2 −12.2± 9.1± 1.2 −13.7± 6.0± 0.9 −1.5± 6.1± 0.9
11 4.6± 4.2± 1.1 −2.5± 4.2± 1.1 1.0± 3.0± 0.8 3.6± 3.0± 0.8
12 −10.2± 8.5± 0.9 −2.6± 8.4± 0.9 −6.4± 6.0± 0.7 −3.8± 6.0± 0.7
13 −6.7± 8.3± 1.2 −12.6± 8.2± 1.2 −9.6± 5.8± 0.8 3.0± 5.9± 0.8
14 −7.1± 11.2± 0.6 10.9± 10.9± 0.6 1.9± 7.9± 0.4 −9.0± 7.9± 0.4
15 −3.9± 14.1± 0.7 −10.8± 14.1± 0.7 −7.4± 10.1± 0.5 3.4± 10.1± 0.5

Mean −7.4± 1.5 −4.2± 1.5 −5.8± 1.1 −1.5± 1.1

Table 8.6: Measured asymmetries in bins of the helicity angles in the region of the phase space
dominated by the Λ0

b→ N∗+π− contribution (scheme B2). The first (second) error represents the
statistic (systematic) uncertainty. In the last row we calculate the weighted mean and its error over
all the bins.

Bin AT̂ (%) AT̂ (%) aT̂ -odd
P (%) aT̂ -odd

CP (%)

0 −5.7± 4.1± 0.8 −10.0± 4.2± 0.8 −7.8± 3.0± 0.6 2.2± 3.0± 0.6
1 −10.3± 5.8± 0.9 6.1± 6.2± 0.9 −2.1± 4.2± 0.6 −8.2± 4.2± 0.6
2 −1.1± 5.7± 1.1 −9.7± 5.9± 1.1 −5.4± 4.1± 0.8 4.3± 4.1± 0.8
3 −19.1± 7.7± 1.7 −10.0± 7.4± 1.7 −14.5± 5.4± 1.2 −4.5± 5.4± 1.2
4 0.8± 5.2± 2.2 −4.2± 5.1± 2.2 −1.7± 3.6± 1.6 2.5± 3.6± 1.6
5 −4.6± 5.3± 2.6 −1.2± 5.3± 2.6 −2.9± 3.8± 1.8 −1.7± 3.8± 1.8
6 −2.4± 4.1± 1.1 −4.0± 4.0± 1.1 −3.2± 2.9± 0.8 0.8± 2.9± 0.8
7 2.0± 5.4± 0.9 −10.3± 5.3± 0.9 −4.2± 3.8± 0.6 6.2± 3.8± 0.6
8 −1.5± 5.1± 0.6 −6.7± 4.9± 0.6 −4.1± 3.5± 0.4 2.6± 3.6± 0.4
9 −9.1± 7.4± 0.7 1.9± 7.1± 0.7 −3.6± 5.2± 0.5 −5.5± 5.2± 0.5

10 −2.0± 4.7± 1.2 3.1± 4.5± 1.2 0.6± 3.2± 0.9 −2.6± 3.2± 0.9
11 −0.4± 7.0± 1.1 6.6± 6.6± 1.1 3.1± 4.8± 0.8 −3.5± 4.9± 0.8
12 1.9± 4.1± 0.9 −5.2± 4.2± 0.9 −1.7± 3.0± 0.7 3.5± 3.0± 0.7
13 −1.1± 5.7± 1.2 −0.3± 5.3± 1.2 −0.7± 3.9± 0.8 −0.4± 3.9± 0.8
14 0.2± 5.0± 0.6 3.1± 4.9± 0.6 1.7± 3.5± 0.4 −1.4± 3.5± 0.4
15 8.9± 5.7± 0.7 6.6± 5.3± 0.7 7.7± 3.9± 0.5 1.1± 3.9± 0.5

Mean −2.0± 1.3 −2.6± 1.3 −2.3± 0.9 0.4± 0.9
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Figure 8.1: Measured aT̂ -odd
CP asymmetry in bins of the angle |Φ| (helicity angles) for schemes A1

and A2 (B1 and B2) in the region where the Λ0
b→ pa1 or Λ0

b→ N∗+π− contribution is dominant,
respectively. The systematic uncertainty is represented by an additional error bar line but for most
of the bins it is negligible and not visible. The χ2 takes into account both the statistical and the
systematic uncertainty.

Table 8.7: The χ2 and p-value obtained for the CP and P conserving hypotheses for different
binning schemes taking into account systematic effects.

Binning scheme Dominant contribution Hypotheses χ2/ndf p-values Significance

A CP conserving 25.20/10 0.50% 2.8σ
(in |Φ|) P conserving 49.38/10 3.47× 10−7 5.1σ

A1 Λ0
b→ pa1

CP conserving 18.49/10 4.72% 2.0σ
(in |Φ|) P conserving 54.27/10 4.32× 10−8 5.5σ

A2 Λ0
b→ N∗+π−

CP conserving 26.29/10 0.34% 2.9σ
(in |Φ|) P conserving 27.91/10 1.87× 10−3 3.1σ

B1 Λ0
b→ pa1

CP conserving 23.62/16 9.81% 1.7σ
(helicity angles) P conserving 50.59/16 1.84× 10−5 4.3σ

B2 Λ0
b→ N∗+π−

CP conserving 13.48/16 63.72% 0.5σ
(helicity angles) P conserving 25.34/16 6.40% 1.9σ
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Figure 8.2: Measured aT̂ -odd
P asymmetry in bins of the angle |Φ| (helicity angles) for schemes A1

and A2 (B1 and B2) in the region where the Λ0
b→ pa1 or Λ0

b→ N∗+π− contribution is dominant,
respectively. The systematic uncertainty is represented by an additional error bar line but for most
of the bins it is negligible and not visible. The χ2 takes into account both the statistical and the
systematic uncertainty.
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Figure 8.3: Comparison of the measured asymmetries aT̂ -odd
CP and aT̂ -odd

P in bins of the angle
|Φ| with the dataset used in this thesis and with the Run 1 dataset already published [38]. The
systematic uncertainty is represented by an additional error bar line but for most of the bins it
is negligible and not visible. The χ2 takes into account both the statistical and the systematic
uncertainty.



Part II

Proposal for the search of heavy
baryon EDM with bent crystal at

LHCb





CHAPTER 9

Experiment concept and sensitivity

The magnetic and electric dipole moment of a spin-1/2 particle is given (in Gaussian
units) by µ = gµBs/2 and δ = dµBs/2, respectively, where s is the spin-polarization vec-
tor1 and µB = e~/(2mc) is the particle magneton and m is its mass. The g and d dimen-
sionless factors are referred to as the gyromagnetic and gyroelectric ratios, respectively.
The interaction of magnetic and electric dipole moments with external electromagnetic
fields causes the change of the particle spin direction. The experimental setup to measure
this effect relies on three main elements:

• a source of polarized particles whose direction and polarization degree are known;

• an intense electromagnetic field able to induce a sizable spin precession angle dur-
ing the lifetime of the particle;

• the detector to measure the final polarization vector by analysing the angular dis-
tribution of the particle decays.

The possibility to measure the MDM of short-lived charm baryons using channel-
ing in bent crystals, in the momentum range of hundreds of GeV/c, is discussed in
References [159, 160]. Its feasibility at LHC energies is studied in Reference [72] and
offers clear advantages with respect to lower beam energies since the estimated number
of produced charm baryons that are channeled into the crystal is proportional to γ3/2,
where γ is the Lorentz factor of the particles. The possibility to exploit the spin rotation
in bent crystals to search for the EDM of charm baryons at LHC energies is discussed in
Reference [71].

9.1 Experiment concept

Charm baryons produced by interaction of protons on a fixed target, e.g. a W target, are
polarized perpendicularly to the production plane due to parity conservation in strong
interactions [161]. The production plane xz, shown in (Left) Figure 9.1, is determined
by the proton and the charm baryon momenta; the latter defines the z axis. The initial
polarization vector s0 = (0, s0, 0) is perpendicular to the production plane, along the y
axis. To induce spin rotation, the crystal is bent in the yz plane.

When a charged particle has an incident angle with respect to the crystallographic
plane (or axis) that is smaller than the so-called Lindhard critical angle, then the succes-
sive collisions of the particle with the lattice atoms are correlated. In that case, one can
consider the interaction of the charged particle with the atomic plane (string) rather than

1The spin-polarization vector is defined as s = 2〈S〉/~, where S is the spin operator.
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Figure 9.1: (Left) Production plane of the Λ+
c baryon defined by the proton and the Λ+

c momenta.
The initial polarization vector s0 is perpendicular to the production plane, along the y axis, due
to parity conservation in strong interactions. (Right) Deflection of the baryon trajectory and spin
precession in the yz and xy plane induced by the MDM and the EDM, respectively. The red,
dashed arrows indicate the sx spin component proportional to the particle EDM, magnified for
clarity purposes. Φ is the MDM precession angle and θC is the crystal bending angle.

the individual atoms [162]. The atomic plane (string) steers the particle away from the
atoms, suppressing the encounters with small impact parameters. The angle by which
the particle is reflected by the plane equals the incidence angle. Thus, if the particle is
misaligned with respect to the atomic plane (strings) but moves at a small angle with
respect to the crystallographic plane, the average potential well (≈ harmonic) can trap
the particle, which will oscillate in the plane transverse to its incident direction. If the
crystal is bent along the incident direction, the channeled particles would move along
the direction of the bent atomic planes, thus bending from the initial direction by the
angle of the crystal bending. The crystal bending angle is defined as θC = L/ρ0, where
L is the circular arc length of the crystal and ρ0 the curvature radius.

The intense electric field between the crystal planes, E, which deflects the charged
particles transforms into a strong electromagnetic field E∗ ≈ γE, B∗ ≈ −γβ × E/c in
the instantaneous rest frame of the particle and induces spin precession, as described in
detail in Reference [163, 164] and illustrated in (Right) Figure 9.1. For a crystal bent in
the y direction ,the precession angle Φ is defined as the angle between the polarization
vector and the y axis, as shown in (Right) Figure 9.1. In the limit of large boost with
Lorentz factor γ � 1, the precession angle in the yz plane induced by the MDM is [165]

Φ ≈ g − 2

2
γθC , (9.1)

where g is the gyromagnetic factor.
In presence of a non-zero EDM, the spin precession is no longer confined to the yz

plane, originating a sx component proportional to the particle EDM represented by the
red (dashed) arrows in (Right) Figure 9.1. The integration of the equation of motion in
presence of EDM is published in Reference [71] and derived in Appendix B.2, as well
as the approximations used to solve the equations analytically. It has been verified with
simulations in Reference [166]. The polarization vector, after channeling through the
crystal is

s =





sx ≈ s0
d

g − 2
(cos Φ− 1)

sy ≈ s0 cos Φ
sz ≈ s0 sin Φ

, (9.2)
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where Φ is given by Equation (9.1). Therefore, as illustrated in Figure 9.2, the signature
of the EDM is a polarization component perpendicular to the plane defined by the initial
baryon momentum and polarization vector, otherwise not present, whereas the signa-
ture of the MDM is a rotation of the initial polarization vector parallel to that plane.

y

zx

E*≈γE

B*≈-γ(β×E/c)

S0

v

y

zx

E*

B*

S
v

Φ

Sx

 

(b)

Figure 9.2: Spin precession in an electromagnetic field after time t for transversely polarized
charm baryons. s0 (s) represents the initial (final) polarization vector and v the particle veloc-
ity. The EDM signature is a spin component parallel to the magnetic field B∗ (perpendicular to
the particle motion and interplanar electric field) represented by a dashed red arrow. The MDM
induces spin rotation of an angle Φ in the plane perpendicular to B∗.

The polarization of channeled Λ+
c and Ξ+

c baryons, i.e. the final polarization, can
be determined by studying the angular distribution of the final state particles. For Λ+

c

decaying to two-body final states such as f = pK∗0, ∆++K−, Λ(1520)π+ and Λπ+, the
angular distribution is described by

dN

dΩ
∝ 1 + αfs · k̂ , (9.3)

where αf is a parity-violating coefficient depending on the final state f , k̂ = (sin θ cosφ,
sin θ sinφ, cos θ) the momentum direction of the final state baryon in its helicity frame,
Ω = (θ, φ) the corresponding solid angle, and s the Λ+

c polarization vector.
The initial polarization s0 would require in principle the measurement of the angular

distribution for unchanneled particles. In practice, however, this will not be required
since the measurement of the final polarization vector allows a simultaneous determina-
tion of g, d and s0, as discussed in Appendix B.1.

The same method applies to other positively-charged baryons, like the strange long-
lived Ξ

+
and Ω

+
and beauty Ξ+

b and Ω+
b anti-baryons. The main difference for the first

two anti-baryons is the relatively long lifetime compared to the charm baryons. This has
no effect on the spin rotation itself, as derived from Equation (9.1), although combined
with the large boost will reduce the efficiency to contain the baryon decay inside the
tracking volume. While the beauty anti-baryons have comparable lifetime compared
to charm baryons (just 3-4 times higher), the main difference in this case is the lower
production cross section that worsens the sensitivity on MDM and EDM.

9.2 Sensitivity reach

The number ofB baryons produced with 7 TeV protons on a fixed target can be estimated
as

NB =
Ft

A
σ(pp→ BX)Rq/qNT , (9.4)
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where F is the proton rate, t the data-taking time, A the beam transverse area, NT the
number of target nucleons, and σ(pp → BX) is the cross-section for B production in
pp interactions at

√
s = 114.6 GeV center-of-mass energy and Rq/q is the antibaryon-to-

baryon ratio for the case of antibaryon production. The number of target nucleons is
NT = NAρATANRpT /AT , where NA is the Avogadro number, ρ (T ) is the target density
(thickness), and AT (AN ) is the atomic mass (atomic mass number). The nuclear mod-
ification factor RpT quantifies the difference between the proton-nucleus collisions and
the proton-proton collisions, i.e. it is a correction needed to take into account the number
of participant nucleons of the target which might differ from the total number of target
nucleons (AN ) due to nuclear matter effects. For hard processes the cross section, in the
absence of strong final-state modification, scales with AN [167], thus we take RpT ≈ 1.
The number of B particles channeled in the bent crystal and reconstructed in the LHCb
detector is estimated as

N reco
B = NBB(B→ f)εCHεDF(B)εdet, (9.5)

where εCH represents the channeling efficiency, εDF the decay flight length efficiency, i.e.
the fraction of baryons that decay after the crystal length, εdet the detector reconstruction
efficiency. All these quantities and the corresponding estimated values are discussed
below and summarised in Tables 9.1, 9.2 and 9.3.

Two possible configurations have been considered for the fixed-target and detector
setup, referred to hereafter as S1 and S2. The former is based on the upgraded LHCb
detector [168], which will become operational in 2021 and will run for the rest of the
decade (LHC Run 3 and Run 4), whereas the latter is an hypothetical dedicated detector
considered to function at even higher luminosities and providing an angular coverage
to minimise the crystal bending angle. For the S1 scenario, a minimal crystal bending
angle of about 14 mrad is required for channeled baryons to be deflected inside the de-
tector fiducial volume. A beam intensity of 5 × 108 p/ s impinging the target, and an
overall data taking efficiency of 50% is assumed. In this case in six weeks of dedicated
detector operations, spanned over several years during the next decade, it would be pos-
sible to achieve a statistics of about 1015 protons on target (PoT). Accurate studies of the
attainable proton flux are in progress [169], which has to be compliant with the LHC
beam lifetime, machine operations and protection. An increase in proton fluxes, e.g. at
High Luminosity LHC (HL-LHC) [170], combined with the design of a dedicated detec-
tor capable to afford the higher occupancy levels and longer data taking periods, could
potentially offer the opportunity for S2 scenario to integrate ∼ 1017 PoT. Such detector
could also extend the angular coverage at larger pseudorapidity to minimise the crystal
bending angle.

9.2.1 Baryon and antibaryon production yields

The Λ+
c and Ξ+

c baryon cross sections can be estimated from the total charm production
cross section measured by the PHENIX experiment in pp collisions at

√
s = 200 GeV [172]

rescaled to
√
s = 114.6 GeV, assuming a linear dependence on

√
s, and the corresponding

fragmentation fractions. For the Λ+
c case the fragmentation fraction fΛ+

c
≈ 5.6% is de-

rived from [172], consistent with theoretical predictions [173]. The Λ+
c baryon branching

fractions to ∆++K− and Λπ+ final states are taken from Reference [171]. The Ξ+
c frag-

mentation fraction is estimated considering that all known c-hadron fractions, which
amount to about 92%, leave room for the unknown Ξ+

c , Ξ0
c and Ω0

c fractions [174, 175].
Assuming fΞ+

c
≈ fΞ0

c
� fΩ0

c
, we obtain fΞ+

c
≈ 4%, which is used to rescale the Λ+

c
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Table 9.1: Definitions and estimated values for a tungsten (W) target with a silicon (Si) or germa-
nium (Ge) bent crystal.

Definition Quantity [unit] Value

Avogadro number NA [atoms/mol] 6.022× 1023

Target density (W) ρ [g/cm3] 19.25
Target thickness T [cm] 0.5
Atomic mass (W) AT [g/mol] 183.84
Atomic mass number (W) AN 183.84
Nuclear modification factor (W) RpT ≈ 1

Si
Crystal bending θC [mrad] 14
Crystal length L [cm] 7
Crystal radius ρ0 [m] 5

Ge
Crystal bending θC [mrad] 15
Crystal length L [cm] 5
Crystal radius ρ0 [m] 3.33

cross section by a factor fΞ+
c
/fΛ+

c
≈ 0.71. The absolute Ξ+

c → ∆++K− branching frac-
tion is estimated from B(Ξ+

c → pK−π+), measured relative to that of Ξ+
c → Ξ−π+π+,

considering that all known decay modes sum to the total width and assuming that the
relative resonant contribution to the Ξ−π+π+ final state is the same in Ξ+

c and Λ+
c de-

cays. No other quasi-two body Λ+
c or Ξ+

c decays to the final state pK−π+ are consid-
ered for this study. However, there are additional contributions, e.g. Λ+

c → K∗0p and
Λ+
c → Λ(1520)π+, with similar branching fractions [171, 176] that can be exploited to

improve the sensitivity.
For Ξ+

b and Ω+
b baryons produced from 7 TeV protons impinging on fixed target, the

total beauty cross section can be estimated by rescaling the pp→ bb cross section mea-
sured at

√
s = 7 TeV [113]. As a working hypothesis the ratios Rq/q for bottom baryons

are assumed to be≈ 0.5, on the basis of the results for charm hadron production at lower
energies [177, 178, 179]. Branching fractions for Ξ+

b baryons are known for very few fi-
nal states. Two suitable two-body decays, requiring a simple two-body angular analysis,
are considered. Firstly, the Ξ+

b → Ξ
+
J/ψ decay, where the J/ψ and Ξ

+
can be detected

in the dimuon final state and as a positive track, respectively. This decay has been mea-
sured and its branching fraction times theΞ+

b fragmentation function is≈ 6×10−7 [171].
Secondly, the Ξ+

b → Ξ0
cπ

+ decay, where the charm antibaryon can be reconstructed in
the Ξ

+
π−π+π−, Ξ

+
π− or pK+K+π− final states. This decay has not been observed

but its branching fraction can be estimated by comparing the efficiency corrected signal
yields for Ξ−b → Ξ0

cπ
− and Λ0

b → Λ+
c π
− decays [180]. The average fragmentation frac-

tion fΛ0
b
≈ 7% [181], the measured B(Λ0

b → Λ+
c π
−) [171], and the Ξ0

c branching ratios,
estimated similarly to the previous Ξ+

c case, are used for this calculation. Summing to-
gether the contributions of the Ξ+

b → Ξ
+
J/ψ and the Ξ+

b → Ξ0
cπ

+ decays, we obtain a
global branching fraction times the fragmentation function as shown in Table 9.2. Sim-
ilar decays can be considered for the Ω+

b baryon. In this case, the Ω+
b → Ω0

cπ
+ and Ω0

c

branching ratios are unknown, and we assume the latter to be the same as for Ξ0
c decays
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Table 9.2: Production cross sections σ, initial polarizations s0and antibaryon-to-baryon ra-
tios Rq/q for pW collisions at

√
s ≈ 115 GeV, along with the anomalous magnetic moment

g′ = (g − 2)/2, decay channels, branching ratios B and decay asymmetry parameters αf , for
the different charm, beauty and strange charged baryons. For comparison purposes, the Λ+

c case
has been considered in the ∆++K− and Λπ+ final states. Other quantities like particle masses,
spins and lifetimes are taken from Reference [171]. For Ξ+

b and Ω+
b antibaryons, B includes the

fragmentation fraction from b quarks, and σ is the total pp→ bb beauty cross section.

Particle Λ+
c Ξ+

c Ξ+
b Ω+

b Ξ
+

Ω
+

Decay channel ∆++K− Λπ+ ∆++K− Ξ
+
J/ψ Ω

+
J/ψ Λπ+ ΛK+

Ξ0
cπ

+ Ω0
cπ

+

Cross section, σ [mb] 0.0182 0.0129 4.67× 10−3 4.67× 10−3 3.4 1.03
|s0| 0.6 0.6 0.6 0.6 0.5 0.2
g′ −0.3 −0.3 1.4 5.8 1.9 2.2
B 1.09% 0.83% 0.31% 2.9× 10−6 8.3× 10−7 63.83% 43.32%
αf −0.67 −0.91 −0.67 0.91 0.91 0.458 −0.642
Rq/q 1 1 0.5 0.5 0.8 0.9

and scale fΩ+
b
B(Ω+

b → Ω0
cπ

+) by ≈ 0.29, from the ratio between fΩ−b
B(Ω−b → Ω−J/ψ )

and fΞ−b B(Ξ−b → Ξ−J/ψ ) [171].

For the Ξ
+

and Ω
+

antibaryons, which contain two and three s valence antiquarks
respectively, the cross sections are estimated by scaling the Λ production cross section
using the universal strangeness suppression factor at high energies, λs ≈ 0.32 [182].
In turn, the Λ production cross section is estimated from the inclusive pp→ ΛX cross
section measured at beam momenta of 158 GeV [183] and 405 GeV [184] (

√
s ≈ 17.2 and

27.6 GeV, respectively). The ratios Rq/q are taken to be 0.8 and 0.9 for Ξ
+

/Ξ−, Ω
+

/Ω−,
respectively, as inferred from Au+Au collisions at

√
sNN = 130 GeV [185]. All branching

ratios are in this case known [171].

9.2.2 Efficiencies

The channeling efficiency εCH in Si and Ge crystals includes both the trapping efficiency
εt and deflection efficiency εc, and has been estimated separately for each baryon type
following the procedure described in Section 10.4. The trapping efficiency itself accounts
for the angular and momentum divergence of the baryons produced in the target, and
is evaluated from the fraction of baryons within the Lindhard angle and momentun &
800 GeV/c. Crystal parameters, optimized for charm baryons, are taken to be common
for all baryon species.

The decay flight efficiency εDF has two contributions: the survival efficiency, εs,
which accounts for the fraction of channeled baryons decaying after the crystal, and the
probability εl for long-lived baryons to decay within the VELO region, ≈ 80 cm down-
stream of the nominal pp collision point. When one of the baryon decay products is a
long-lived Λ, εl also accommodates the probability of the Λ to decay before the large-
area tracking system upstream the magnet, ≈ 2 m downstream of the collision point,
assuming it takes on average half of the initial baryon momentum. For simplicity, the
same requirements are applied for both S1 and S2 scenarios.

The detector efficiency εdet can be estimated from the product of the geometrical,
trigger and tracking efficiencies, the latter including combinatorics and selection efficien-
cies. The software-based trigger for the LHCb upgrade detector [186], our S1 scenario,



Experiment concept and sensitivity 133

Table 9.3: Channeling, survival, decay flight and detector efficiencies, along with the average en-
ergy and squared transverse momentum of channeled baryons (before decay flight requirements),
for a W target with a Si or Ge bent crystal in the S1 [S2] scenario. Note that εDF already includes
εs. The sensitivity study based on pseudo-experiments makes use of the complete energy spec-
trum after channeling, from which E and p2

⊥ reported here are obtained. All estimates, except
εdet (see text), are obtained from samples of charm and strange baryons generated separately for
each baryon type from 7 TeV proton beam collisions on protons at rest using PYTHIA. For beauty
baryons, we scale the energy of other simulated baryons to obtain an average energy shift esti-
mated assuming a linear dependence with the baryon mass difference.

Particle Λ+
c Ξ+

c Ξ+
b Ω+

b Ξ
+

Ω
+

Decay channel ∆++K− Λπ+ ∆++K− Ξ
+
J/ψ Ω

+
J/ψ Λπ+ ΛK+

Ξ0
cπ

+ Ω0
cπ

+

Si
εCH [×10−4] 1.24 [4.14] 1.04 [3.90] 2.09 [8.91] 2.11 [9.10] 1.75 [5.57] 1.44 [3.84]
E [ TeV] 1.36 [2.70] 1.24 [2.40] 1.24 [2.44] 1.24 [2.48] 1.12 [1.54] 1.09 [1.33]

p2
⊥ [ GeV2/c2] 1.22 [0.75] 1.09 [1.19] 1.55 [1.25] 1.49 [1.25] 0.20 [0.21] 0.34 [0.32]
εs [%] 9.9 [6.9] 31.7 [24.9] 46.3 [41.0] 45.1 [40.1] 99.8 [99.8] 99.5 [99.3]
εDF [%] 9.9 [6.9] 0.42 [0.16] 31.7 [24.7] 46.3 [39.5] 45.0 [38.7] 0.08 [0.05] 0.20 [0.15]

Ge
εCH [×10−4] 2.32 [5.57] 2.06 [5.18] 3.92 [11.34] 3.98 [11.63] 3.18 [7.34] 2.57 [5.17]
E [ TeV] 1.37 [2.26] 1.30 [2.07] 1.31 [2.16] 1.32 [2.18] 1.19 [1.51] 1.14 [1.30]

p2
⊥ [ GeV2/c2] 1.16 [1.05] 1.47 [1.09] 1.51 [1.32] 1.52 [1.33] 0.22 [0.22] 0.35 [0.33]
εs [%] 20.0 [17.4] 44.9 [40.9] 59.0 [57.4] 57.9 [56.5] 99.9 [99.9] 99.7 [99.6]
εDF [%] 20.0 [17.4] 0.85 [0.52] 44.9 [40.7] 58.9 [56.0] 57.8 [55.2] 0.08 [0.06] 0.20 [0.16]

εdet [%] 20 10 20 12 12 10 10

is expected to have efficiency for charm hadrons comparable to the current high level
trigger [187], ≈ 80%, and similarly for other baryons. A specific trigger scheme for the
fixed-target experiment based on the distinct signature of the signal events can enhance
the trigger efficiency to ≈ 100%. The tracking efficiency is estimated to be 70% per track.
We estimate the geometrical efficiency to be ≈ 50%. For decays to final states including
Λ baryons we further apply a penalty factor 1/2 to account for the additional inefficien-
cies to reconstruct highly displaced vertices. Note that the inefficiency due to the long
lifetime of the Λ baryon is separately taken into account in εDF, as discussed before.

9.2.3 Spin polarization of baryons

The asymmetry parameter of the Λ+
c → Λπ+ decay has been measured to be −0.91 ±

0.15 [171]. For other Λ+
c decays no measurements are available but an effective αf pa-

rameter can be calculated from a Dalitz plot analysis of Λ+
c → pK−π+ decays [176], e.g.

αΛ+
c→∆++K− = −0.67± 0.30 [71]. Eventually, a Dalitz plot analysis of Λ+

c → pK−π+ de-
cays would provide the ultimate sensitivity to dipole moments. For the Ξ+

c → ∆++K−

decay the asymmetry parameter is taken to be similar to the Λ+
c decay to the same final

state, whereas for all beauty antibaryon decays it is assumed to be about the same as
for the Λ+

c → Λπ+ decay. For the Ξ
+→ Λπ+ decay the asymmetry parameter is taken

from [171]. The Ω
+ → Λπ+ decay is predominantly parity-conserving and thus has a

negligibly small asymmetry parameter [188]. The polarization can be determined in this
case from the angular distribution of the antiproton from theΛ decay, as theΩ

+
polariza-

tion can be related to the polarization of its Λ child baryon such that s
Ω

+ = sΛ [189, 190].
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The initial polarization of Λ+
c particles produced from the interaction of 7 TeV pro-

tons on a fixed target is unknown. However, a measurement from interaction of 230
GeV/c π− on copper target yields s0 = −0.65+0.22

−0.18 for Λ+
c transverse momentum larger

than 1.1 GeV/c [191]. Moreover, from data produced in the interactions of 500 GeV/c π−

on five thin target foils (one platinum, four diamond) [176], the polarization of the Λ+
c

is measured as a function of the Λ+
c transverse momentum. The average polarization is

about−0.1, reaching−0.7 for p2
⊥ between about 1.24 and 5.2 GeV2/c2. Considering these

measurements and the average transverse momentum of channeled Λ+
c baryons given

in Table 9.3, we assume |s0| = 0.6 for both Λ+
c and Ξ+

c baryons [160]. The same polar-
ization is assumed for the Ξ+

b and Ω+
b antibaryons. Similarly, the initial polarization of

Ξ
+

and Ω
+

antibaryons produced from the interaction of 7 TeV protons on fixed target
is unknown. From proton production below the TeV region [189, 190, 192, 193, 194, 195],
the Ξ

+
are found to be polarized with the same sign and magnitude as the Ξ−, in-

creasing about linearly with momentum and reaching ≈ −0.2 at 250 GeV/c, whereas the
Ω− is consistent with no polarization. As a working hypothesis initial polarizations of
|s0| = 0.5 and 0.2 are assumed for Ξ

+
and Ω

+
, respectively, considering the large mo-

mentum of channeled antibaryons ≈ 1 TeV/c.
Theoretical predictions of g− 2 for the Λ+

c and Ξ+
c baryons range between −0.64 and

0.22 [87, 160], thus a central value g′ = (g − 2)/2 = −0.3 is considered. For Ξ+
b and

Ω+
b antibaryons we take effective quark mass MDM calculations [110]. For all strange

baryons under consideration there exist measurements [171].

9.2.4 Sensitivity on EDM and MDM

The main contribution to the statistical uncertainty on d and g, in the limit γ � 1, can be
estimated as

σd ≈ g − 2

αfs0 (cos Φ− 1)

1√
N reco
B

, σg ≈
2

αfs0γθC

1√
N reco
B

, (9.6)

where N reco
B is the number of channeled and reconstructed B baryons in Equation (9.5),

and Φ (≈ 2.5 rad for the case of Λ+
c ) is the precession angle defined in Equation (9.1),

which can be determined using the quantities reported in Tables 9.1, 9.2 and 9.3. The
other terms are the ones defined in Section 9.1. These estimates assume negligibly small
uncertainties on θC , γ and s0, and they follow from the d and g − 2 values that can be
derived from Equation (9.2),

d ≈ (g − 2)Ax
αfs0 (cos Φ− 1)

, g − 2 ≈ 2

γθC
arccos

(
Ay
αfs0

)
≈ 2

γθC
arcsin

(
Az
αfs0

)
, (9.7)

where the quantity Ax,y,z = αfsx,y,z can be measured from a fit to the angular distribu-
tion of the decay products.

Another approach to assess the sensitivity is to generate pseudo-experiments using
the angular distribution from Equation (9.3) and the dependence of the spin-polarization
from Equations (9.1) and (9.2). A probability density function is then constructed to
perform unbinned maximum likelihood fits to the pseudo-experiments with g and d
factors left floated (fixing or floating s0 does not affect the sensitivity on g nor d).

The two methods provide consistent results, although the former tends to underesti-
mate the uncertainties by about a factor two compared to the latter. While the pseudo-
experiments reproduce the energy dependence of the particles and their related sensi-
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tivity (γ enters in Equation (9.6)), the analytical formulas are useful to identify the main
dependences.

Combining all parameters, measurements and estimates discussed above and sum-
marized in Tables 9.2 and 9.3, we obtain the signal yields, normalized to the incident
proton flux F , shown in (top) Figure 9.3. These rates procure the expected EDM and
MDM sensitivities reported in (middle and bottom) Figure 9.3, for both Si and Ge crystals
and the two considered experimental scenarios, S1 with 1015 PoT and S2 with 1017 PoT.
Germanium crystals provide in all cases significantly better EDM (MDM) sensitivities,
which are for S1 scenario of order 10−17, 10−14 and 10−16 e cm (10−3, 10−1 and 10−3 µN )
for charm, beauty and strange baryons, respectively. Here µN = e}/2mpc is the nuclear
magneton, and mp the proton mass. Sensivities for S2 scenario would improve by about
one order of magnitude.
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Figure 9.3: (Top) Estimated yields of channeled and reconstructed signal baryons per incident
proton on target, and (middle) EDM and (bottom) MDM sensitivities, for Si and Ge with crystal
parameters optimized for S1 and S2 scenarios. A total of 1015 and 1017 protons on target have been
considered for S1 and S2 respectively. For comparison purposes, the Λ+

c case has been studied in
the ∆++K− and Λπ+ final states. Blue lines show the sensitivity of the current Ξ− and Ω− MDM
measurements.



CHAPTER 10

Experimental setup

10.1 Proof of principle

The spin precession of particles in a bent crystal was first observed by the E761 collab-
oration that measured the MDM of the strange Σ+ baryon in the decay of polarized
Σ+ → pπ0 [75]. A Σ+ beam with transversal polarization of about 12% and momentum
of 375 GeV/cwas produced by a 800 GeV/c proton beam impinging on a copper target. As
illustrated in (Left) Figure 10.1, two bent silicon crystals of about 2.50 × 0.04 × 4.50 cm3

with approximately identical deflection angles of about ±1.649 mrad were used. The
beam was incident perpendicularly on the surface of the crystal and channeled along its
4.50 cm length. The average spin precession angle for down-bending and up-bending
crystals was measured from an analysis of the angular distributions of decay protons in
the Σ+ rest frame, as shown in (Right) Figure 10.1, and found to be in agreement with
the predicted value.

Figure 10.1: (Left) Sketch of the E761 experiment channeling apparatus. The arrows illustrate the
opposite spin precession in the down-bending and up-bending crystals. Shaded areas depict the
Σ+ decay cone. The scintillation counters A and DF are part of the trigger system. In particular
A rejects tracks that missed the crystal and DF rejects undeflected beam tracks. (Right) Measured
polarizations and uncertainties (1σ statistical errors) after spins have been precessed by the two
crystals. The dashed arrows show the expected precessions.

10.2 Experimental layout

The experimental layout is sketched in Figure 10.2 and consists of:

• two crystal kickers for the deflection of 7 TeV protons from the beam halo. The
crystal kickers are positioned about 100 m upstream of the LHCb detector to deflect

137
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Figure 10.2: Conceptual layout of the fixed-target setup shown in side view with down- and
up-bending crystals. The red, dashed line represents the trajectory of deflected protons that did
not interact with the target and were not channeled by the crystal. The zoom in shows the spin
precession in the down-bending crystal for channeled Λ+

c baryons.

the protons from the LHC beam halo at an angle of about 100µrad, demonstrated
to be feasible by the UA9 collaboration [196], without affecting the LHC beam life-
time. A beam with intensity up to 5×108 proton/s, to be directed on a fixed target,
is attainable with this technique [197];

• fixed-target The fixed target has to be installed in front of the LHCb detector, pos-
sibly close to the VELO detector to obtain good vertex resolution. Two configura-
tions have been considered for the target position, one at z = −45 cm inside of the
VELO box, referred to hereafter as PI position, and a second one at z = −116 cm,
outside of the VELO vessel, referred to as PO. These two positions are illustrated
in the upper part of Figure 10.3. We carried out the simulations for both, but finally
the PO was choosen to minimize the impact on the VELO box. The target should
be attached to the crystal to maximize the yield of short-lived charm baryons to be
channeled.

• up- and down-bending crystals The use of up- and down-bending crystals in-
duces opposite spin precession to channeled baryons and it is crucial to prove the
robustness of the results and control systematic uncertainties.

A small polar tilt angle θtilt
y of the crystal in the yz axis with respect to the incoming

protons is required to avoid channeling of non-interacting protons. For tilt angles
smaller than 200µrad, the signal channeling efficiencies and the signal loss after
background-removal cuts (pΛ+

c
> 800 GeV/c, see Section 11.2) are almost identical

to the case of no tilt. Therefore, a crystal tilt θtilt
y around 25µrad, much larger

than the Lindhard critical angle of few µrad, would avoid channeling of incoming
protons with no impact on the signal channeling efficiency.

• Absorbers made of carbon-fibre composites positioned downstream of the LHCb
detector to stop the deflected proton beam and background particles. First results
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based on simulations of the layout are encouraging [169], and show that the pro-
posed methods to control spill rates present strong synergy with ongoing studies
of active loss controls for LHC collimation upgrades. The definition of the ab-
sorber system and its optimisation will be done in close connection with the LHC
collimation team. Preliminary studies [169] show that it is possible to design and
integrate such system in the present LHC layout and that a substantial reduction
of the induced beam halo should be obtained to allow synergetic operation with
the LHC.

PO PI
y

z

Figure 10.3: Sketch of the target and crystal setup position and rotation in the yz and xy planes.
The baseline position, PO, is at z = −116 cm upstream of nominal pp collisions, outside of the
VELO tank, whereas PI corresponds to z = −45 cm, on the external wall of the VELO box, both at
x = 0 and y = 0.4 cm (beam vacuum internal radius is 2.5 cm). The crystal bending axis is rotated
25◦ with respect to the detector y axis to avoid SciFi dead regions, maximizing reconstruction
efficiency of the highly collimated baryon decays. A bending angle around 15 mrad is required for
channeled particles to be within LHCb acceptance and have high reconstruction efficiency.

The construction of the fixed-target setup is based on few elements that already ex-
ist and were installed successfully in the LHC: bent crystals of high purity and high-
accuracy rotational systems or “goniometers”. Two types of bent crystals with differ-
ent characteristics are required: the first crystal for the deflection of the protons from
the beam halo is very similar to the one constructed at INFN Ferrara and used in the
LHC test [198], of 4 mm length and bending angle of ≈ 100µrad; the second crystal
should have larger bending angle θC ≈ 15 mrad, to induce spin precession to channeled
baryons. Remotely controlled goniometers equipped with bent crystals will be used,
similarly to the ones recently installed in the LHC. They were mounted on standard col-
limation supports using fast plug-in technology, which ensures fast handling of the ob-
ject in the tunnel. The installation of the goniometers in the LHC takes about one week.
They are based on a piezoelectric actuator and feature angular resolution of 0.1µrad and
linear resolution of 5µm, necessary to align the first bent crystal with respect to the beam
halo, and position the bent crystal to intercept the deflected beam. All these devices are
already in use at the LHC and are available on the market.
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Prior to the installation in the LHC, the fixed-target setup should be tested at CERN
North Area H8 proton beam line for a proof of principle. The optimal assembly and
the efficiency of the setup will be studied, and the background and the data taking rates
will be estimated. The tests will be based on 400 GeV protons with low divergence (<
10µrad).

The data taking for this program of measurements can be done with short dedicated
runs to prove firstly the feasibility and with no others interfering collisions. This option
has been studied using full LHCb simulations and are further discussed in Section 11.

10.3 Detector occupancies

The detector occupancy in fixed-target events is determined using the LHCb full simula-
tion. Proton collision events with the W target and the Ge bent crystal are generated us-
ing EPOS [199], while nominal pp collision events are generated using PYTHIA [200, 201].

The average number of interactions per bunch crossing for nominal pp collisions
is ν = 7.6. This is determined as νpp = Lσtot/f , where the nominal value of the in-
stantaneous luminosity for the LHCb upgrade is L = 2 × 1033 cm−2 s−1, the total pp
cross-section at

√
s = 14 TeV is σtot = 102.5 mb, and the bunch collision frequency

f = 11245 Hz × 2400 = 27 MHz is determined assuming 2400 bunches. The average
number of interactions for fixed-target collisions is νW and νGe for W target and bent
crystal respectively. They are determined as:

νW =
dN

dt

1

f
= F pW

1

f
= 0.181, (10.1)

νGe =
dN

dt

1

f
= F pGe

1

f
= 0.629, (10.2)

where pW (pGe) is the probability of a proton to interact in the W target (Ge crystal),
and F = 108 p/ s is the rate of impinging protons in the simulation. The probability
of a proton to interact with the W target can be estimated as pW = 1 − e−dW/λW =
0.049, where dW = 0.5 cm is the thickness of the W target and λW = 9.946 cm is the
W nuclear interaction length. Analogously for the Ge crystal the probability is pGe =

1−e−dGe/λGe = 0.170, where d = 5.0 cm is the thickness of the Ge crystal (see Section 10.4)
and λGe = 26.86 cm is the Ge nuclear interaction length. Due to the tilt of the Ge crystal,
the channeledΛ+

c produced inside the crystal are those produced at an higher angle with
a smaller momentum with respect to those produced inside the W target. A cut on the
Λ+
c momentum will be able to distinguish between these two topologies.

For the studies of the detector occupancy in fixed-target collision events we produce
two samples where the primary vertices (PVs) only occur in the W target (bent crystal)
with the number of PVs described by a Poissonian distribution with mean νW (νGe).
Then those samples are summed together to obtain the full occupancies reweighting the
contribution for W target (bent crystal) to 1 − e−νW (1− e−νGe) to take into account the
0 PV case of the Poissonian distribution. In this study the flux F = 108 p/ s is equally
divided by two targets (5 × 107 p/ s each), one positioned at positive y while the other
at negative y. The targets are placed at x = 0, y = ±(3, 4) mm, z = (−450, −639.5,
−1160, −1380) mm, in different positions to compare the results. We investigate also
the possibility to change the beam pipe material before the VELO from aluminium (by
default in the Upgrade) to beryllium. Figure 10.4 shows the occupancies produced by
fixed target events compared to those produced by nominal pp collisions for VELO, SciFi
and RICH detectors. The occupancies in the VELO decrease with the increase of the z
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Figure 10.4: Hit radial distribution in VELO (Top/Left), clusters per silicon photomultiplier in
SciFi (Top/Right), hit radial distribution in RICH1 (Bottom/Left) and RICH2 (Bottom/Right) for
fixed-target events at different z positions compared to bb events in nominal pp collisions (black).
The radial distance for RICH is calculated from point (200, 0) mm [(−200, 0) mm] in local coordi-
nates for top [bottom] RICH1 panel and from (400, 0) mm [(−400, 0) mm] for left [right] RICH2
panel.

distance from the target. RICH1, RICH2 and SciFi do not show appreciable dependence
on the distance. We demonstrate the impact of this change is negligible and no further
study this possibility. The contributions to the occupancy from PVs generated in W
target and Ge crystal are shown in Figure 10.5. Since the particles generated in W target
have to traverse all the crystal generating lots of secondaries, this contribution is very
important even if νW ≈ νGe/4. Figure 10.6 shows the occupancies varying the target
distance from the beam axis and the material of the beam pipe. The occupancies do not
show appreciable dependence on these parameters. All these distributions assume the
trigger on bb events.

At the baseline PO position, for VELO, SciFi and RICH2 the occupancies at flux F =

108 p/ s are 3-4 times smaller than for bb events at nominal L = 2×1033 cm−2 s−1 upgrade
luminosity, whereas for RICH1 it is comparable.

10.4 Crystal parameters

Optimal crystal parameters (bending angle θC and lengthL = θCR, withR the curvature
radius) have been determined by simulating approximately 107 Λ+

c → pK−π+ events,
produced in a 7 TeV proton beam collision on protons at rest, using PYTHIA. Figure 10.7
shows some kinematic variables of the Λ+

c produced in the fixed-target setup. The opti-
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Figure 10.5: Hit radial distribution in VELO (Top/Left), clusters per silicon photomultiplier in
SciFi (Top/Right), hit radial distribution in RICH1 (Bottom/Left) and RICH2 (Bottom/Right) for
fixed-target events (red) compared to bb events in nominal pp collisions (black). It is also shown
the contribution from events where the PV is in the W target (green) and in the Ge bent crystal
(blue). The radial distance for RICH is calculated from point (200, 0) mm [(−200, 0) mm] in local
coordinates for top [bottom] RICH1 panel and from (400, 0) mm [(−400, 0) mm] for left [right]
RICH2 panel.

mization aims to identify the best values θC and L for the crystal in order to minimize
the error on the EDM d and MDM g.

The Λ+
c channeling effects are simulated using a parameterisation based on current

theoretical description and channeling measurements, as follows [162]:

• the polar angle θy of the generated Λ+
c must be below the Lindhard angle θL, i.e.

θy ≡ arctan
py
pz
< θL ≡

√
2U0

p , where p, pz and py denote total, longitudinal and y

components (along crystal bending axis) of the Λ+
c momentum. U0 ≡ U(xc) is the

potential-well depth, where xc ≈ dp/2− uT (in the harmonic potential approxima-
tion, U ∼ x2) is the critical transverse coordinate for the channeled particle, with
dp the interplanar spacing and uT the thermal vibration rms amplitude;

• the critical radius, Rc, must be below the crystal radius R, i.e. Rc ≡ pc
U ′(xc)

< R,
where U ′(x) is the interplanar electric field;

• the length travelled by the Λ+
c particle must be larger than the crystal length L, i.e.

ctγβ > L where t is the time of life for a Λ+
c before the decay occurs;

• the dechanneling effects in the bent crystal can be estimated in the harmonic po-
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Figure 10.6: Hit radial distribution in VELO (Top/Left), clusters per silicon photomultiplier in
SciFi (Top/Right), hit radial distribution in RICH1 (Bottom/Left) and RICH2 (Bottom/Right) for
fixed-target events at different distance from beam axis (y position) and different material for the
beam pipe before VELO, compared to bb events in nominal pp collisions (black). The radial dis-
tance for RICH is calculated from point (200, 0) mm [(−200, 0) mm] in local coordinates for top
[bottom] RICH1 panel and from (400, 0) mm [(−400, 0) mm] for left [right] RICH2 panel.

tential approximation through a per-event weight w defined as [162]

εc(θC , R) =

(
1− Rc

R

)2

exp

(
− θC

θD
Rc
R (1− Rc

R )2

)
, (10.3)

where θD = 256
9π

NZaTFd
2
p

ln (2mec2γ/I)−1 represents the ratio of the typical absorption length
in a straight crystal to Rc, N = NA

ρ
A is the number of atoms per unit volume,

NA the Avogadro number, A the atomic mass (g/mol), ρ the density, I the ioniza-
tion potential, Z the atomic number and aTF the screening distance, which char-
acterises the screening effects of the potential of the atom charge distribution com-
pared to the potential of the point-like charge. This weight is in fact the deflection
efficiency of a bent crystal.

Values for all the material parameters introduced above are taken from Reference [162]
and are listed in Table 10.1. The yields of channeled Λ+

c as a function of the crystal
parameters are shown in Figure 10.8, for both Si and Ge crystals and are then multiplied
by the reconstruction efficiency to determine the optimal values θC and L.

We perform a scan in θC from 10 to 20 mrad and in L from 1 to 20 cm to deter-
mine the minimal error on d and g separately. Since we have a momentum distribu-
tion for the channeled Λ+

c baryons, we generate and fit pseudo experiments using a
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Figure 10.7: Kinematic distributions for Λ+
c produced in a fixed-target setup with a 7 TeV beam.

The distribution are: (Top/Left) polar angle, (Top/Right) momentum, (Bottom/Left) transverse
momentum, and (Bottom/Right) correlation between the polar angle and momentum.

Table 10.1: Material parameters used in the crystal optimization. See text for their definitions.

Material dp [Å] aTF [Å] uT[Å] U(xc)[ eV] U ′(xc)[ GeV/ cm] I[ eV] ρ[g/ cm3] A[g/mol] Z

Si 110 1.92 0.194 0.075 16 5.7 173 2.329 28.0855 14
Ge 110 2.00 0.148 0.085 27 10 350 5.323 72.630 32
W 110 1.58 0.112 0.050 63 30 727 19.3 183.84 74

conditional probability density function constructed from the angular distribution from
Equation (9.3) and the dependence of the spin-polarization from Equation (9.2) and (9.1),
assuming g′ = (g − 2)/2 = −0.64,−0.3, 0.22 (range of variation of Λ+

c magnetic mo-
ment theoretical estimates, see Section 9.2.4), d = 0, α = −0.67, s0 = 0.6 and mΛ+

c
=

2286.43 MeV/c2. Figure 10.9 shows regions whose uncertainties on d (g) are increased
by 20% (30%) with respect to the minimum, for Si and Ge at both PO and PI positions.
The fact that g prefers higher L values is mainly due to the dependence σg ∝ 1/γ, as
given by Equation (9.6), which has a small impact on d but it is not neglibible in the case
of g. The d contours do not depend on the generated g value, as expected according to
Equation (9.6). There are wide minimum regions around L = 7 cm and θC = 14 mrad
for Si, and L = 5 cm and θC = 15 mrad for Ge. These values are referred hereafter as
reference optimal crystal parameters (optimal crystal, in short). The optimization with
reconstruction efficiencies at 2 TeV does not affect the 20% regions for d, as the recon-
struction efficiency is largely independent of the signal Λ+

c momentum, as discussed in
Section 11.1 (Figure 11.9).

The average momentum of channeled Λ+
c as a function of the crystal parameters,

as well as the momentum distributions for channeled particles at the reference optimal
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Figure 10.8: Number ofΛ+
c channeled in 10M ofΛ+

c generated as a function of the crystal parame-
ters for Si (Left) and Ge (Right) crystals, with (Top) and without (Bottom) requiring p > 800 GeV/c.
This channeling efficiency, which also accounts for the efficiency of the Λ+

c to decay after the crys-
tal, i.e. εCHεDF, is independent of the target position.

configuration are shown in Figure 10.10, for both Si and Ge crystals. In the efficiency
plot a requirement pΛ+

c
> 800 GeV/c is applied to experimentally reject the background

as explained in Section 11.2.
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eters L and θC , for Si (Left) and Ge (Right) at PO (Top) and PI (Bottom) positions. The coloured
markers and continuous lines represent the minimum uncertainty and regions whose uncertain-
ties on d are increased 20% with respect to the minimum, respectively. Dotted lines represent 30%
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several assumptions for g′ = (g − 2)/2, ranging from −0.64 (black) to 0.22 (blue), with a central
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Figure 10.10: (Top) Average momentum (in TeV/c) of channeledΛ+
c baryons with p > 800 GeV/c

as a function of the crystal parameters for Si (Left) and Ge (Right) crystals. (Bottom) Momentum
distribution for an optimal Si (Left) crystal with parameters L = 7 cm, θC = 14 mrad and an
optimal Ge (Right) crystal with L = 5 cm, θC = 15 mrad.





CHAPTER 11

Event reconstruction and identification

Particles from fixed-target collisions are produced in the very forward region. The polar
angle distribution in the plane yz (θy), with respect to the impinging proton direction,
versus the particle momentum is shown in Figure 11.1 for Λ+

c baryons. The signature

0

5

10

15

20

25

310×
 FT spectrum 

 (mrad)yθ
20− 15− 10− 5− 0 5 10 15 20

p 
(T

eV
/c

)

0

1

2

3

4

5

6

 FT spectrum 

Figure 11.1: Distribution of polar angle θy vs momentum for Λ+
c baryons produced in the fixed

target.

of a typical Λ+
c event produced in the target and channeled inside the crystal is shown

in Figure 11.2. The vast majority of the particles produced in the target do not enter the
detector acceptance, remaining confined inside the beam pipe. The bent crystal is tilted
of a small angle with respect to the incoming proton beam direction and rotated with
respect to the y detector direction, as discussed in detail below. Particles entering the
crystal with momenta parallel to the crystal atomic planes, within the Lindhard critical
angle of few µrad, follow their orientation without hitting the atoms. The hard compo-
nent of the momentum spectrum is channeled and bent inside the detector acceptance
where they can be reconstructed.

11.1 Acceptance, signal reconstruction and setup positioning

We study the Λ+
c reconstruction performance in fixed-target events using EPOS [199] to

generate soft p (W+Ge) collisions and PYTHIA [200, 201] for hard interactions where the
Λ+
c signal particles are produced.

149
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Figure 11.2: Sketch of a typical signal event: the Λ+
c baryon, produced in the W target at the

primary vertex (PV) of the event, is channeled and bent at an angle θC determined by the curvature
of the crystal. The Λ+

c decays outside of the crystal and the decay position (V
Λ+
c

) is determined by
the vertex of the decay products reconstructed by the VELO detector.

We study the LHCb reconstructibility with particle decays in the TeV energy regime,
simulating Λ+

c → pK−π+ for different polar (θy) and azimuthal (φ) angles. Maximal
reconstruction efficiency is found to be around φ = 7

10
π
2 ≈ 65◦. The drop in efficiency

at π/2 and 0 is due to the not instrumented regions between the SciFi modules (4 mm
at φ = 90◦ and 2 mm at 0◦) [202] and the fact that the Λ+

c decay products are highly
collimated. The optimal φ ≈ 65◦ determines the ≈ 25◦ rotation of the crystal bending
axis with respect to the detector y axis, as illustrated in the lower part of Figure 10.3 and
in Figure 11.3. We are able to reconstruct Λ+

c events at θy = 12 mrad (or θx = 16 mrad,
the polar angle in the xz plane). However, a bending angle around 15 mrad (or θx =
19 mrad) is required for channeled particles to get well inside detector acceptance and be
reconstructed efficiently, with a total efficiency around 40%. These differences are due to
the LHCb dipole magnet, which bends charged particles in the xz plane.

We choose to generate the Λ+
c baryons at polar angle θy = 15 mrad (crystal bend-

ing angle) and azimuthal angle φ = 0.7π2 , 0.7
π
2 + π in order to maximize reconstruction

efficiencies. The W target is 0.5 cm thick and is positioned at z = −1160 mm. The Ge
crystal is 5 cm long. Figure 11.3 shows a sketch of the target and crystal geometries im-
plemented in the simulation, while a radiography of the device is shown in Figures 11.4
and 11.5. All the results reported below assume a dedicated run, i.e. pp collision events
are not superimposed to the target fixed target collisions.

The kinematics of the channeled Λ+
c generated in this study is shown in Figure 11.6,

where we require the flight distance of the baryon to be at least 5 cm. For technical
reasons it is not possible to generate different PV interactions pW and pGe in the same
simulation. To be conservative we generate pW PVs with an average number of interac-
tions νW + νGe and distribute those PVs in target and crystal according to the interaction
probability of the two materials.

Figure 11.7 shows the Λ+
c → pK−π+ reconstructed invariant mass and decay vertex

resolutions for different incident proton fluxes, ranging from 108 to 109 p/s. Both the
mass and decay vertex resolutions are independent of the proton flux. The resolutions
on the PV reconstruction are shown in Figure 11.8, for events which have only one gen-
erated and one reconstructed PV generated in the target positioned at z = −1160 mm.
We obtain resolutions around 0.06, 0.06 and 7 mm for the x, y, and z coordinates, respec-
tively. The bias along positive z is due to tracks originated at secondary vertices which
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Figure 11.3: xy view of the target+crystal geometry (in azure). The yellow region at the center
are the wake field suppressor elements, with the VELO modules visible downstream (grey and
red elements).
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Figure 11.4: Radiography of the target and crystal geometries as integrated within the LHCb
simulation, in the xy (Left), zy (Middle) and zx (Right) planes. The distributions show the origin
vertex for stable charged particles in the simulation from different physics processes (Compton,
δ rays, hadronic interactions and pair production). The presence of the Λ+

c decay vertex after the
crystal is clearly visible.

cannot be resolved from the PVs.
Figure 11.9 shows the Λ+

c → pK−π+ reconstruction efficiency as a function of the
incoming proton flux and the Λ+

c momentum. It is observed that the reconstruction
efficiency is stable with proton fluxes ranging from 108 to 109 p/s. There is an increase of
reconstruction efficiency with momentum, which in practice can be considered almost
constant for p > 800 GeV/c.

The probability that an extra positively-charged particle is channeled in the bent crys-
tal, once the Λ+

c is channeled, has been evaluated using pW collisions simulated with the
EPOS generator. About 3% of the events with a pW interaction have a charged parti-
cle that is channeled in the bent crystal. In this case, the separation between charged
particles from signal Λ+

c events and extra channeled particles from pW interactions is
performed by requiring the charged tracks to be originated from a common vertex (i.e.
the Λ+

c decay vertex) and the reconstructed invariant mass to be peaked at the nominal
Λ+
c mass.

Given the TeV momentum regime of signal baryons, their decay products are highly
collimated so they might not be resolved in the VELO. Figure 11.10 shows the opening
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Figure 11.5: Radiography of the target and crystal geometries as integrated within the LHCb
simulation, in the yz plane. The distributions show the origin vertex for stable charged particles in
the simulation from Compton (Top/Left), δ rays (Top/Right), hadronic interactions (Bottom/Left)
and pair production processes (Bottom/Right). The hadronic interactions are the dominating pro-
cesses.

angle distribution for all pairs of tracks in signal Monte-Carlo Λ+
c → pK−π+ decays. As

expected, the average angular separation increases as the particles involved are lighter:
1.9 mrad for pK−, 2.5 mrad for pπ+ and 2.7 mrad for π+K−. With the Λ+

c being produced
at z = −116 cm (z = −45 cm), this results in an average radial separation at the first
VELO station, located at z ≈ −28.9 cm, of about r = 2∆z tan θ/2 ≈ ∆zθ ≈ 1.7 (0.3) mm,
well above the VELO pitch (55× 55µm2).

11.2 Signal identification and background rejection

The sketch of a typical Λ+
c signal event is shown in Figure 11.2. Signal events have a

distinct signature which is characterized by particles with high momentum and fixed
direction, determined by the crystal bending angle θC . This helps to distinguish signal
from background events effectively.

These features as well as the separation of backgrounds from particle decays of simi-
lar kinematics and the requirements to have non-zero baryon polarization are discussed
in the following.

11.2.1 Background from Λ+
c baryons

Among all Λ+
c particles produced in the fixed target setup (W target and bent crystal)

only a tiny fraction (≈ 10−5) are created in the W target and channeled through the
whole crystal (signal events). The background from other Λ+

c baryons is composed by
Λ+
c particles that:

• are created in the W target but are not channelled

• are channeled but decay inside the crystal

• are dechanneled



Event reconstruction and identification 153

0

5

10

15

20

25

30

35

40

45

0 1000 2000 3000

) [GeV/c]+
cΛp(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

) 
[p

s]
+ c

Λ(
τ

0 0.5 1

) [ps]+

c
Λ(τ

0

0.01

0.02

0.03

0.04

0.05

0.06

 p/s
8

 10×flux = 1 

 p/s
8

 10×flux = 2.5 

 p/s
8

 10×flux = 5 

 p/s
8

 10×flux = 7.5 

 p/s
9

 10×flux = 1 

Signal Only

0 1000 2000 3000

) [GeV/c]+
cΛp(

0

0.01

0.02

0.03

0.04

0.05

0.06  p/s
8

 10×flux = 1 

 p/s
8

 10×flux = 2.5 

 p/s
8

 10×flux = 5 

 p/s
8

 10×flux = 7.5 

 p/s
9

 10×flux = 1 

Signal Only

Figure 11.6: (Top/Left) Distribution of decay time versus momentum of the channeled Λ+
c gen-

erated for the study of signal reconstruction performance in full fixed-target events. (Top/Right)
and (Bottom/Left) show the corresponding projections.

• are produced in the crystal and therefore do not see the electrical field of the whole
crystal.

The Λ+
c particles that, being produced in the W target, are channeled but do not

reach the end of the crystal (either because they decay or are dechanneled) acquire a
bending angle θy smaller than θC , as it is shown in Figure 11.11 (Top). These background
events can be rejected applying a selection on the outgoing Λ+

c angle requiring θy to be
within ±5σθy around θC , given the good angular resolution σθy ≈ 25µrad. After this
cut the full Λ+

c spectrum, shown in Figure 11.11 (Bottom/Left), still contain Λ+
c particles

produced initially with large angle that, however, must have small momentum due to
the correlation between θy and momentum shown in Figure 11.1. An additional cut
pΛ+

c
> 800 GeV/c leaves a sample of candidates, shown in (Bottom/Right) Figure 11.11,

with only 4% of background events while retaining 81% of the signal.
Another type of background comes from Λ+

c particles produced in the crystal and
channeled, reaching the end of the crystal with the same angle θy ≈ θC as signal events.
These Λ+

c particles are produced with an initial polar angle parallel to the channel along
the full crystal length (θy > (<)0 for upward (downward) bending crystal). These
events, however, have typically lower momentum as shown in Figure 11.1, and the
momentum cut rejects about 78% of these. The remaining events, which give a back-
ground/signal ratio of 19%, are those with smaller |θy| angle, which means that they are
produced in the first part of the crystal and therefore have travelled through almost the
whole crystal (signal-like events).

The latter background can be reduced using PV information to ensure that the parti-
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Figure 11.7: Reconstructed Λ+
c → pK−π+ mass and decay vertex resolutions in full fixed-target

events for different incident proton fluxes.

cles are produced in the target. With a resolution σzPV ≈ 100 µm, which would require
additional tracking stations a few cm after the fixed target setup at z ≈ −1 m, the back-
ground/signal ratio improves to 2%. More sophisticated vertexing techniques could be
envisaged to fully exploit the primary and secondary vertex information available with-
out instrumenting the fixed target setup.

11.2.2 Background from channeled charmed mesons

In order to distinguish Λ+
c signal events from other particles that are channeled and have

similar kinematics, e.g. D+ and D+
s mesons, we use the reconstructed invariant mass as

a discriminating variable. Typical Λ+
c → pK−π+ resolutions are about 20 MeV/c2.

Channeled D+ and D+
s mesons decaying to three hadrons may be easily misidenti-

fied as signal due to the poor hadron particle identification available at TeV/c momen-
tum regime. The most important decay modes areD+→ K−π+π+ andD+

s → K+K−π+

due to their high branching fractions. These can be separated from the signal by vetoing
events whose reconstructed invariant mass with mass hypothesis interchanged peak at
the charmed meson mass. Particle mass hypothesis is based on momentum hierarchy, as
illustrated in Figure 11.12: the highest momentum track is assigned to be the proton, the
second the K− and the third the π+.

In D+ → K−π+π+ one pion can be reconstructed as a proton: as an example, re-
moving events with |m(π+K−π+)−m(D+)| < 55 MeV/c2 and requiring a signal region
|m(p+K−π+)−m(D+)| < 55 MeV/c2, aD+ background efficiency of≈ 1.6% is expected,
along with a signal efficiency of ≈ 70%. Figure 11.13 (Left) shows the expected back-
ground/signal ratio of ≈ 12%, obtained normalising the yields with c quark fragmenta-
tion functions and decay branching fractions.
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Figure 11.8: PV reconstruction resolution in full fixed-target simulated events. The bias along
positive z is due to tracks originated at secondary vertices which cannot be disentagled from the
PVs.

In D+
s → K+K−π+ decays the positive kaon can be misidentified either as a proton

or as a pion, where in the latter case the pion is reconstructed as a proton. Requir-
ing |m(K+K−π+) − m(D+

s )| < 30 MeV/c2 and |m(π+K−p) − m(D+
s )| < 30 MeV/c2 in

the same signal region as before, a D+
s background efficiency of ≈ 3.2% is expected,

along with a signal efficiency of ≈ 68%. (Right) Figure 11.13 shows the expected back-
ground/signal ratio of ≈ 5.2%.
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Figure 11.11: (Top) Momentum and polar angle θy of Λ+
c particles produced in the W target

that do not reach the end of the crystal due to the decay or dechanneling processes. (Bottom/Left)
Λ+
c events left after applying a cut on the polar angle θy ∈ |θC ± 5σθ| and (Bottom/Right) on

momentum p
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CHAPTER 12

Results

We demonstrated the possibility to measure the EDM and MDM for strange, charm and
beauty baryons with bent crystal. This would be the first measurement ever of these
quantities for a charm and beauty baryon. Any sign of non-zero EDM, at the current
experimental sensitivities, would represents BSM physics.

Baryons produced by interaction of protons on a fixed target are polarized and the
intense electric field between the crystal planes induces a spin precession. MDM and
EDM measurement are related to the precession angle. The polarization is measured via
angular distribution of decay products. Solving the spin precession equation, we show
the EDM signature is the appearance of a polarization component perpendicular to the
plane defined by the initial baryon momentum and polarization vector, otherwise not
present.

Combining all parameters, measurements and estimates discussed in this thesis we
obtain the signal yields, normalized to the incident proton flux. These rates procure
the expected EDM and MDM sensitivities, for both Si and Ge crystals, in the two consid-
ered experimental scenarios: at LHCb with 1015 PoT and in a dedicated experiment with
1017 PoT. Germanium crystals provide in all cases significantly better EDM (MDM) sen-
sitivities, which are for LHCb scenario of order 10−17, 10−14 and 10−16 e cm (10−3, 10−1

and 10−3 µN ) for charm, beauty and strange baryons, respectively. Here µN = e~/2mpc
is the nuclear magneton, and mp the proton mass. Sensitivities for the dedicated experi-
ment scenario would improve by about one order of magnitude.

The experimental layout at LHCb consist of two crystal kickers for the deflection of
7 TeV protons from the beam halo, a fixed target installed in front of the LHCb detector
and up- and down-bending crystals attached to the target. They deflect the signal par-
ticles inside the LHCb detector acceptance. Optimal bent crystal parameters are deter-
mined to be 7 cm (5 cm) length and 14 mrad (15 mrad) bending angle for Si (Ge), whereas
for the dedicated experiment are found to be 12 cm (7 cm) and 7 mrad (8 mrad).

In this configuration, with a proton flux of 108 p/s, the detector occupancy for fixed-
target events is found to be well below than for pp collision events. We demonstrate the
signal reconstruction efficiency does not depend on the incoming proton flux and it is
feasible up to 109 p/s.

The typical signature of signal events allows to isolate them from the background.
They are characterized by particles with high momentum at a fixed direction, deter-
mined by the crystal bending angle. Moreover the optimal mass resolution of ≈ 20 MeV
for Λ+

c at 1 TeV of energy helps to distinguish signal from backgrounds of particle decays
with similar kinematics.

This proposal represents a unique program of measurements of EDM and MDM
of charm, beauty and strange charged baryons at the LHC. The MDM measurements
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would provide important experimental anchor points for QCD calculations on the in-
ner structure of baryons, while EDM measurements would extend the search for new
physics at LHC improving the current indirect limits provided by the neutron EDM.



CHAPTER 13

Conclusions

In the first part of the thesis we present a search for CP and P violation using triple-
product asymmetries in the Λ0

b→ pπ−π+π− decay. Two different approaches have been
followed to exploit the full potential of the data sample: a measurement integrated over
phase space and measurements in bins of phase space. We perform a novel study of the
dynamics of this decay developing an amplitude model and identifying the most im-
portant resonant contributions. Introducing CPV in the interference of N∗+ resonances
we are able to reproduce the pattern of the first hint of CPV observed at 3.3σ with Run
1 data. We identify the region where the Λ0

b→ N∗+π− contribution is dominant as the
most promising to search for CPV and exclude the region Λ0

b → pa1 where no P -odd
CPV is expected. We define a new binning scheme with respect to the previous anal-
ysis, based on the helicity angles, in order to improve the sensitivity to CPV and keep
the binning scheme based on |Φ|, i.e. the angle between the two decay planes defined
by pπ−slow and π+π−fast tracks, where fast (slow) label indicates the most (less) energetic
π− in the Λ0

b frame. The region of the a1 contribution is kept as a control check and
doesn’t show any significant deviation from the CP symmetry hypothesis. We measure
a deviation from the CP conserving hypothesis with a statistical significance of 2.9σ in
the N∗+ resonances for the binning scheme based on |Φ|. We found the first evidence
of P violation in heavy b-baryon decays with a statistical significance of 5.5σ in bins of
the phase space and 5.5σ integrated in phase space. The first hint of CPV , with a signif-
icance of 3.3σ, obtained with the analysis of Run 1 data is not still resolved. Additional
data will be crucial to verify if this is a first hint of CPV in baryons or refuse it, if due to
statistical fluctuation. Thanks to the increased signal yields, about a factor 4 with respect
to Run 1, we reach a sensitivity at O(1%) for the integrated measurement. The phe-
nomenological amplitude model for the Λ0

b→ pπ−π+π− decay that we have developed
allowed to define a new binning scheme with potential improved sensitivity to P -odd
CPV effects. We found clear structures due to the resonances in the phase space of the
decay. This result suggest that a full amplitude analysis of this decay mode could un-
veil unexpected features and support searches for CPV in the resonant structure of the
decay. The analysis is very promising for the LHCb Upgrade due to the low systematic
uncertainties and the possibility of relying on a large control sample, e.g. the Cabibbo
favoured Λ0

b→ Λ+
c (→ pK−π+)π−, for their estimate. LHCb experiment allows unprece-

dented measurements in the heavy baryon sector offering the possibility to search and
eventually find CPV in this sector.

In the second part of the thesis a unique opportunity to measure the EDM and MDM
of charm, beauty and strange charged baryons at LHC has been discussed. Electric and
magnetic dipole moments of short-lived baryons are powerful probes for physics within
and beyond the SM. However, EDM and MDM for charm and beauty baryons have not
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been accessible to date. The EDM is sensitive to flavour diagonalCPV contributions that
are predicted to be minuscule in the SM. The idea is to use heavy baryons produced by
the interaction of protons with a fixed target positioned in front of the LHCb detector and
channeled in a bent crystal. The EDM and MDM are measured from the spin precession
that is induced by the intense electric field between crystal atomic planes. We developed
a detailed simulation and demonstrated the feasibility of this proposal solving the equa-
tion of motion of the spin precession, calculating the expected sensitivity, determining
the optimal parameters of the crystal, the occupancies of the detector and verifying the
ability of the LHCb detector to reconstruct the signal with a good resolution and isolate
it from the dangerous backgrounds. Optimal bent crystal parameters are determined to
be 7 cm (5 cm) length and 14 mrad (15 mrad) bending angle for Si (Ge). For proton flux
of ∼ 108p/s the occupancy for these fixed-target events is 2-4 times lower than the ex-
pected occupancy from pp collision in the LHCb Upgrade allowing a good performance
for the signal reconstruction that reaches 20 MeV/c2 of mass resolution for Λ+

c particles
withO(TeV) energy. LHCb can reach a sensitivity of∼ 10−17 e cm on charm EDM, better
than the indirect constraint from the neutron EDM and useful to discriminate between
new physics models. The sensitivity on the MDM will be at the level of∼ 10−2µN , where
µN is the nuclear magneton, and would provide important experimental anchor points
for QCD calculations. Those searches will extend the new physics discovery potential of
the LHC.
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APPENDIX A

Part I

A.1 Kinematic distributions comparison of Λ0
b→ Λ+

c (→ pK−π+)π−

control sample and Λ0
b→ pπ−π+π− data

In Figures A.1-A.2-A.3A.4 we compare the kinematic distributions of protons and pi-
ons between Λ0

b→ pπ−π+π− and Λ0
b→ Λ+

c (→ pK−π+)π− samples integrated in phase
space and in bins of Φ (scheme A defined in Section 5.2), where the angle Φ is defined in
Equation (5.15). The Λ0

b→ pπ−π+π− data distributions are background subtracted with
the sPlot technique where the model fitted to data to calculate the sWeights is described in
Chapter 4. The Λ0

b→ Λ+
c (→ pK−π+)π− control sample distributions are obtained select-

ing the Λ0
b reconstructed invariant mass to be within ±2σ (σ is the resolution obtained

from the fit to data in Table 4.4) where the background contribution is negligible.
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A.1 Kinematic distributions comparison of Λ0

b→ Λ+
c (→ pK−π+)π− control sample and

Λ0
b→ pπ−π+π− data
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Figure A.1: Proton momentum distributions of Λ0
b → Λ+

c (→ pK−π+)π− control sample and
Λ0
b→ pπ−π+π− data integrated in phase space and in bins of Φ.
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Figure A.2: Proton pseudorapidity distributions of Λ0
b→ Λ+

c (→ pK−π+)π− control sample and
Λ0
b→ pπ−π+π− data integrated in phase space and in bins of Φ.
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A.1 Kinematic distributions comparison of Λ0

b→ Λ+
c (→ pK−π+)π− control sample and

Λ0
b→ pπ−π+π− data
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Figure A.3: Pion momentum distributions of Λ0
b→ Λ+

c (→ pK−π+)π− control sample and Λ0
b→

pπ−π+π− data integrated in phase space and in bins of Φ.
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Figure A.4: Pion pseudorapidity distributions of Λ0
b → Λ+

c (→ pK−π+)π− control sample and
Λ0
b→ pπ−π+π− data integrated in phase space and in bins of Φ.
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c (→ pK−π+)π− control sample

A.2 Kinematic distributions ofΛ0
b→ Λ+

c (→ pK−π+)π− control sam-
ple

In Figure A.5 we show the momentum and pseudorapidity distributions of protons and
pions in Λ0

b → Λ+
c (→ pK−π+)π− control sample for different PID cuts defined in Ta-

ble 7.5.
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A.3 Amplitude model description

Here we give some further information on how the amplitude model is developed. We
use the helicity formalism described in Section 5.1.1.

All the resonances are parametrized with relativistic Breit-Wigner line shapes of the
form

fBW (M2) =
FΛ0

b
(M,LΛ0

b
)

m2
r −M2 −mrΓ(M)

(A.1)

with the mass-dependent width Γ(M,Lr) given by

Γ(M) = Γ0

(
p(M)

p0

)2Lr+1
mr

M
F 2
r (M,Lr), (A.2)

and the Blatt-Weisskopf form factors for the resonance Fr(M,Lr) and Λ0
b FΛ0

b
(M,LΛ0

b
).

The form factors Fr and FΛ0
b

are parametrised as

Fr,Λ0
b
(M,L) =





1 L = 0√
1+z2(M)

1+Z2
0

L = 1√
9+3z2(M)+z4(M)

9+3z2
0+z4

0
L = 2√

225+45z2(M)+6z4(M)+z6(M)
225+45z2

0+6z4
0+z6

0
L = 3

(A.3)

where z(M) = p(M)d, z0 = p0d, d is the radial parameter (5.0GeV−1 forΛ0
b and 1.5GeV−1

for resonances), p(M) is the momentum of two-body decay with the resonance mass
equal to M , and p0 is the momentum for resonance mass equal to its nominal mass.
Mass-dependent width and form factors depend on the angular momentum of the two-
body decay. For the weak decay of Λ0

b we take the minimum possible angular momen-
tum equal to LΛ0

b
= J − 1/2 (where J is the spin of the resonance), while for the strong

decay of the intermediate resonance, the angular momentum Lr is uniquely identified
by the parity of the resonance, P = (−1)Lr+1, and conservation of angular momentum
Lr = J±1/2. We know that some of resonances, especially a1, have different shape than
the Breit-Wigner, however this model is not used to fit the data but just to give some hint
what are the main resonant contributions.

The values for the helicity amplitudesHA→BCλB ,λC
in Equation (5.4) are listed in Tables A.1

and A.2.
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Table A.1: Values for helicity amplitudes for the different contributions to the model. Not all
the amplitudes are listed for strong decays: we use the parity conservation to derive them with
Equation (5.5).

Decay Values

H1/2,0 H−1/2,0

Λ0
b→ N∗+(1520)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(1535)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(1650)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(1675)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(1680)π− 0.1 + 0.1i 0.1 + 0.1i

Λ0
b→ N∗+(1700)π− 0.1 + 0.1i 0.1 + 0.1i

Λ0
b→ N∗+(1710)π− 0.15 + 0.15i 0.15 + 0.15i

Λ0
b→ N∗+(1720)π− 0.15 + 0.15i 0.15 + 0.15i

Λ0
b→ N∗+(1875)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(1900)π− 0.2 + 0.2i 0.2 + 0.2i

Λ0
b→ N∗+(2190)π− 0.9 + 0.9i 0.9 + 0.9i

H1/2,0 H3/2,0

N∗+(1520)→ ∆++π− 1 + i 1 + i
N∗+(1535)→ ∆++π− 0.47 + 0.47i /
N∗+(1650)→ ∆++π− 0.8 + 0.8i /
N∗+(1675)→ ∆++π− 0.8 + 0.8i 0.8 + 0.8i
N∗+(1680)→ ∆++π− 0.8 + 0.8i 0.8 + 0.8i
N∗+(1700)→ ∆++π− 1.3 + 1.3i 1.3 + 1.3i
N∗+(1710)→ ∆++π− 1 + i /
N∗+(1720)→ ∆++π− 1.3 + 1.3i 1.3 + 1.3i
N∗+(1875)→ ∆++π− 0.8 + 0.8i 0.8 + 0.8i
N∗+(1900)→ ∆++π− 1.05 + 1.05i 1.05 + 1.05i
N∗+(2190)→ ∆++π− 1 + i 1 + 1i

H1/2,0

∆++→ pπ+ 1 + i

H1/2,1 H1/2,0 H1/2,−1

N∗+(1720)→ pρ 1.3 1.3 1.3
N∗+(1875)→ pρ 0.8 + 0.8i 0.8 + 0.8i 0.8 + 0.8i
N∗+(1900)→ pρ 0.2 + 0.2i 0.2 + 0.2i 0.2 + 0.2i

H1/2,0

N∗+(1535)→ pσ 0.375 + 0.375i
N∗+(1650)→ pσ 0.375 + 0.375i
N∗+(1675)→ pσ 0.3 + 0.3i
N∗+(1680)→ pσ 0.75 + 0.75i
N∗+(1700)→ pσ 0.08 + 0.08i
N∗+(1875)→ pσ 0.6 + 0.6i
N∗+(1900)→ pσ 0.075 + 0.075i
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Table A.2: Values for helicity amplitudes for the different contributions to the model. Not all
the amplitudes are listed for strong decays: we use the parity conservation to derive them with
Equation (5.5).

Decay Values

H0,0

ρ→ π+π− 1 + i
σ→ π+π− 1 + i

H1/2,0 H3/2,0

N∗+(1700)→ N∗0(1520)π+ 4 + 4i 4 + 4i
N∗+(1900)→ N∗0(1700)π+ 3 + 3i

H1/2,0

N∗0(1520)→ pπ− 1 + i
N∗0(1700)→ pπ− 1 + i

H1/2,1 H1/2,0 H−1/2,0 H−1/2,−1

Λ0
b→ pa−1 0.18 + 0.18i 0.18 + 0.18i 0.18 + 0.18i 0.18 + 0.18i

H1,0 H0,0

a−1 → ρπ− 0.8 + 0.8i 0.8 + 0.8i
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A.4 Fit Model validation in each bin

We validate the fit model in each bin of the phase space generating pseudo experiments
and fitting them with the same model. The pull distribution of the asymmetries are
shown in Figures A.6-A.7, A.8-A.9, A.10-A.11, A.12-A.13-A.14 and A.15-A.16-A.17 for
binning scheme A, A1, A2, B1 and B2 respectively. No sign of bias is observed, while the
uncertainty is correctly estimated from fit.
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Figure A.6: Pull distributions for asymmetries in A binning scheme for bins from 0 to 4.
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Figure A.7: Pull distributions for asymmetries in A binning scheme for bins from 5 to 9.
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Figure A.8: Pull distributions for asymmetries in A1 binning scheme for bins from 0 to 4.
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Figure A.9: Pull distributions for asymmetries in A1 binning scheme for bins from 5 to 9.
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Figure A.10: Pull distributions for asymmetries in A2 binning scheme for bins from 0 to 4.
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Figure A.11: Pull distributions for asymmetries in A2 binning scheme for bins from 5 to 9.
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Figure A.12: Pull distributions for asymmetries in B1 binning scheme for bins from 0 to 4.
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Figure A.13: Pull distributions for asymmetries in B1 binning scheme for bins from 5 to 9.
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Figure A.14: Pull distributions for asymmetries in B1 binning scheme for bins from 10 to 15.
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Figure A.15: Pull distributions for asymmetries in B2 binning scheme for bins from 0 to 4.
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Figure A.16: Pull distributions for asymmetries in B2 binning scheme for bins from 5 to 9.
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Figure A.17: Pull distributions for asymmetries in B2 binning scheme for bins from 10 to 15.



APPENDIX B

Part II

B.1 Discrete ambiguities

From Equations (9.1) and (9.2) we observe that, if all the three components of the final
polarization vector are measured, the g and d factors can be extracted simultaneously
with the initial polarization s0, up to discrete ambiguities. If {s0, g

′, d} is a solution,
where g′ = (g − 2)/2 is the anomalous magnetic moment, then

{
−s0, g

′ ± nπ

γθC
, d

(
1± nπ

γθC

1

g′
cos Φ− 1

cos Φ + 1

)}
,

{
s0, g

′ ± mπ

γθC
, d

(
1± mπ

γθC

1

g′

)}
, (B.1)

are also solutions, with n (m) an odd (even) integer. Performing a simultaneous fit to the
angular distributions in bins of γ will resolve the ambiguity.

B.2 Spin time evolution for positively charged baryons

The time evolution of the spin-polarization vector for a particle with charge q in an elec-
tromagnetic field, as a function of the proper time τ , is given by the Thomas-Bargmann-
Michel-Telegdi (T-BMT) equation [203, 204, 205],

daµ

dτ
=
gµB
~

[
Fµνaν +

(
aαF

αβuβ
) uµ
c2

]
− (aαu̇

α)
uµ

c2
− dµB

~

[
F ∗µνaν +

(
aαF

∗αβuβ
) uµ
c2

]
,

(B.2)
where Fµν is the electromagnetic tensor, aµ = (a0,a) is the spin 4-pseudovector, and
pµ = muµ = (E/c,p) is the momentum 4-vector. For homogeneous fields, the velocity
derivative is given by the Lorentz force,

u̇µ ≡ duµ

dτ
=

q

mc
Fµνuν . (B.3)

In the rest frame of the particle, aµ = (0, s), pµ = (mc,0), where s is the non-relativistic
spin-polarization vector. Therefore, in any frame aµpµ = 0 and aµaµ = −s2.

In a frame comoving with respect to the particle rest frame where the particle has
velocity β = p/mγ, e.g. the laboratory frame, aµ is given by [206, 207]

a = s +
γ2

γ + 1
(β · s)β , a0 = β · a = γ(β · s), (B.4)

187
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where the components of the momentum 4-vector are p0 = γmc2 and p = γmβc. Substi-
tuting in the covariant Equation (B.2), the spin precession equation is [206, 207, 208, 209],

ds

dt
= s×Ω , Ω = ΩMDM + ΩEDM + ΩTH, (B.5)

where t is the time in the laboratory frame, and the precession angular velocity vector Ω
has been split into three contributions,

ΩMDM =
gµB
~

(
B− γ

γ + 1
(β ·B)β − β ×E

)
,

ΩEDM =
dµB
~

(
E− γ

γ + 1
(β ·E)β + β ×B

)
,

ΩTH =
γ2

γ + 1
β × dβ

dt
=

=
q

mc

[(
1

γ
− 1

)
B +

γ

γ + 1
(β ·B)β −

(
1

γ + 1
− 1

)
β ×E

]
, (B.6)

corresponding to the MDM, EDM and Thomas precession. The electric and magnetic
fields, E and B, respectively, are expressed in the laboratory frame.

For a neutral particle (q = 0) the Thomas precession term, arising from Lorentz
forces, does not contribute and we obtain the classical equation, ds/dτ = µ × B∗ +
δ × E∗, where E∗ and B∗ are the external fields in the rest frame of the particle [206].
Equations (B.5) and (B.6) can be generalized to account for field gradient effects as de-
scribed in Reference [210, 211].

For B = 0 and q = +1, Equation (B.6) simplifies to

Ω =
2µ′

~
(E× β) +

dµB
~

E +
1

γ + 1

2µB
~

(E× β)− dµB
~

γ

γ + 1
(β ·E)β, (B.7)

where
µ′ =

g − 2

2

e~
2mc

, (B.8)

is the anomalous magnetic moment for a spin-1/2 particle. Since we are dealing with
ultra relativistic baryons with γ ' 500 at 1 TeV energy, in first approximation the terms
∝ 1/γ are neglected.

We describe the particle trajectory in a bent crystal using radial coordinates [163], as
shown in Figure B.1,

x(t) = const.,

y(t) = ρ(t) cos(Ωt),

z(t) = ρ(t) sin(Ωt), (B.9)

where Ω is the revolution frequency for the particle traversing the bent crystal. In our
ultra-relativistic case it is well approximated by Ω ≈ c/ρ0, where ρ0 is the crystal curva-
ture radius. The radius of the trajectory as a function of time is

ρ(t) = ρ′0 + a cos(Ωkt+ δ), (B.10)

where a, Ωk and δ are the oscillation amplitude, frequency and phase, respectively; a
and δ depend on the particle energy and incident angle, while Ωk depends on the crystal
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potential and particle energy. The radial equilibrium position ρ′0 differs from the elec-
tric potential minimum position ρ0, due to the centrifugal potential, avoiding periodical
cancellations and therefore inducing spin precession [164]. The electric potential in the
crystal around the minimum can be approximated as an harmonic potential,

V =
k

e

[ρ(t)− ρ0]
2

2
, (B.11)

and the corresponding electric field is

Ex = 0,

Ey = −dV
dρ

cos(Ωt),

Ez = −dV
dρ

sin(Ωt), (B.12)

where the oscillation frequency of the particle around its equilibrium position ρ′0 is Ωk =√
kc2/eW with W being the particle energy. Typical values for the relevant quantities

are ρ0 ∼ 30 m, Ω ≈ c/ρ0 ∼ 107 Hz, a ∼ 10−10 m, k = 4 × 1017 eV/ cm2 for a Si crystal,
yielding Ωk ∼ 1013 Hz for 1 TeV particles.

Substituting the radial coordinates and applying the ultra-relativistic approximation
to Equation (B.7) we obtain:

Ωx ≈ 2µ′

~
(Eyβz − Ezβy) =

2µ′

~

(
−dV
dρ

ρΩ

c

)
,

Ωy ≈ dµB
~

[Ey − (β ·E)βy] = −dµB
~

dV

dρ
cos(Ωt) +

dµB
~

dV

dρ

ρ̇

c2
[−ρΩ sin(Ωt) + ρ̇ cos(Ωt)] ,

Ωz ≈ dµB
~

[Ez − (β ·E)βz] = −dµB
~

dV

dρ
sin(Ωt) +

dµB
~

dV

dρ

ρ̇

c2
[ρΩ cos(Ωt) + ρ̇ sin(Ωt)] .

(B.13)

In absence of EDM, i.e. d = 0, the spin precession inside the bent crystal occurs in the
yz plane with the following spin time evolution [163],

s(t) =





sx(t) = 0
sy(t) = s0 cos (ωt)
sz(t) = s0 sin (ωt)

, (B.14)

for the initial condition s0 = (0, s0, 0) and where ω ≈ 2µ′E(ρ′0)/~ is the precession fre-
quency. The spin precession angle defined in Equation (9.1) is Φ = ωt, where t is the time
needed to traverse the crystal. In presence of a non-zero EDM the spin precession is no
longer confined to the yz plane, generating a sx spin component otherwise not present,

dsx
dt

= syΩz−szΩy =
dµB
~

dV

dρ
s0

{
−sin [(ω + Ω)t]+

ρ̇ρΩ

c2
cos [(ω + Ω)t]+

ρ̇2

c2
sin [(ω + Ω)t]

}
.

(B.15)
To derive Equation (B.15), EDM effects are assumed to be small compared to the MDM
effects, i.e. d� (g − 2), and therefore Ωy,Ωz � Ωx. We neglect terms of order ρ̇/c where

ρ̇ = −aΩk sin(Ωkt+ δ) ∼ aΩk ∼ 103 m/s, (B.16)
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since the second term of Equation (B.15) is about ρ̇ρΩ/c2 ∼ ρ̇/c ∼ 3× 10−4 and the third
term is about ρ̇2/c2 ∼ 9 × 10−8. We demonstrate that Ω � ω by requiring the electric
force to be identical to the centripetal force,

mγc2

ρ′0
= eE(ρ′0), (B.17)

and obtain ω ≈ 2µ′

~ E(ρ′0) ∼ 1010 Hz� Ω ∼ 107 Hz.
Then, Equation (B.15) simplifies as

dsx
dt

=
dµB
~

(
−dV
dρ

)
s0 sin(ωt), (B.18)

and the time evolution is

sx(t) = −dµB
~
E(ρ′0)

∫ t

0

sin(ωt′)dt′ − dµB
~

ka

e

∫ t

0

cos(Ωkt
′ + δ) sin(ωt′)dt′. (B.19)

The second integral is negligibly small since Ωk � ω and its fast oscillation averages
the integral to zero. The calculation can be decomposed into two analytically integrable
terms proportional to sin(Ωkt

′) sin(ωt′) and cos(Ωkt
′) sin(ωt′). Assuming Ωk � ω, the

maximum value of this integral is

∼ dµB
~

ka

eΩk
∼ 2

d

g − 2
ξ, (B.20)

where ξ = µ′ka/~eΩk . 10−2 and terms proportional to ξ were neglected to derive
Equation (B.14) [163]. Finally we obtain the time evolution of the polarization vector in
presence of a non-negligible EDM,

s(t) =





sx(t) ≈ s0
d

g − 2

[
cos(ωt)− 1

]

sy(t) ≈ s0 cos (ωt)
sz(t) ≈ s0 sin (ωt)

. (B.21)
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z

y

ρ0 ρ'0

E

a

Ωt

Figure B.1: Radial coordinates definition: ρ0 is the radius corresponding to the minimum
of the harmonic electric potential; ρ′0 represents the radial equilibrium position of the
electric and centrifugal potential. The red curve represents the particle trajectory inside
the crystal in presence of the radial electric field E, a is the oscillation amplitude and Ω
the revolution frequency.
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