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Abstract

In this thesis the first measurement of CP-violation effects ever performed on
rare heavy beauty baryon Ay — pK~pu*p~ decay is described. This analysis
is carried out on the whole dataset recorded by the LHCb experiment during
2011 and 2012.

The CP symmetry violation study is one of the most promising method for
searching physics beyond the standard model, the most accurate theory de-
scribing interactions of elementary particles to date. Indeed, the measured
amount of CP-violation in high-energy physics experiments, even though
compatible with standard model expectations, is not sufficient for explain-
ing the observed matter-antimatter asymmetry of our universe. Hence, new
sources of CP-violation could come from physics beyond standard model.
The Ay — pK~ptpu~ decays occur via electroweak loop diagrams which, on
the one hand make this process very rare in the standard model, on the
other hand allow possible new physics fields to give this process a sensible
contribution. For the Ay, — pK p*p~ decay a limited quantity of CP-
violation is expected in the standard model, therefore a significatively large
CP-violation observation in this analysis would be a sign of beyond standard
model physics. In this thesis, CP-violation is searched exploiting direct CP
asymmetries and triple-products based on T-odd correlations, two comple-
mentary measurements sensible to different new physics contributions.
Experimentally, the study of A, — pK ~p*pu~ transition is very clean thanks
to the high performance of the muon detection and particle identification sys-
tems of LHCDb experiment, this enabling to discard most of the background
events. The A, — pK~J/1¢ decays are used as control channel, since they
have a far higher yield as well as the same final particles.

The measured asymmetries

AAcp = (—4.8 £ 5.0 (stat) 0.3 (syst)) x 1072
Ap = (—2.8 4+ 7.2 (stat) & 1.0 (syst)) x 1072
Ar = (—4.0£6.9 (stat) & 1.0 (syst)) x 1072
agst = (+0.6 + 5.0 (stat) £ 0.7 (syst)) x 1072
are found compatible with the C'P-conservation hypothesis.

This thesis is organized in the following sections:

e In section [I] there is the introduction to the analysis. First, the role of
symmetries in the standard model and the study of discrete symmetry



violation are presented, then the section details the theoretical moti-
vations of the study of CP-violating asymmetries in A, — pK p*pu~
decay and the performed CP-violation measurements. Finally the cur-
rent experimental status regarding CP-violation searches and loop elec-
troweak processes studies in the A, sector is summarized.

In section [2| the LHCb experiment is described. It is given an overview
of the LHC ring, of LHCb subdetectors and of the LHCD trigger system.
Moreover, the LHCb analysis and simulation software are depicted.

In section [3] the muon identification procedure implemented at LHCD is
detailed. Thanks to the very high performance of the muon identifica-
tion, processes with two final-state muons like Ay, — pK ~ptpu~ decay
are among the cleanest ones in terms of background rejection.

In section 4| it is explained how data relative to Ay, — pK~u*p~ decay
are extracted from the whole LHCb Run I dataset. Details regard-
ing the stripping procedure, the applied preselection cuts and trigger
requirements as well as the vetoes needed for removing physical back-
ground components are reported.

In section || signal and background probability density functions (PDF)
composing the fit model are chosen. Signal PDFs are derived from
simulated datasets, differently for signal and control decays.

Section[6]is devoted to the selection of signal events over the combinato-
rial background surviving preselection cuts. A multivariate (machine-
learning) technique exploits differences in signal and background dis-
tributions of several variables for building a classifier. The cut on such
a classifier is chosen in order to maximize a figure-of-merit minimizing
the CP-violating observable statistical uncertainties. The selection ef-
ficiency is crucial for this analysis, so every detail of this selection is
studied and optimized.

In section [7] CP-observables are extracted using unbinned extended si-
multaneous maximum likelihood fits to selected data. The fit procedure
is validated using several simulated toy MC experiments.

Section[8)is devoted to the study of the possible systematic uncertainties
affecting the C'P-violating asymmetries measurements. Moreover, the
performed cross-checks are described.

In section [9] the final results and the analysis conclusions are reported.



e In the appendices some technical aspects of the analysis are detailed.
It is derived the expected branching fraction between signal A, —
pK~p ™ and control Ay, — pK~J /v decays. It is explained the resam-
pling of particle identification variables and the kinematic reweighting
of the simulated signal sample. Finally, a table of the employed vari-
ables is given for a better clarity.
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1 Introduction

1.1 Theoretical introduction
1.1.1 Symmetries and invariances

Symmetries are the transformations of a physical system such that the trans-
formed system is undistinguishable from the original one. The identification
of the symmetries associated to a physical system is of great relevance for un-
derstanding its basic properties and for its description. Global symmetries,
not depending on system coordinates, are connected to conserved quantities
via Noether’s theorem [1]. It states that for every continuous symmetry a
corresponding conservation law exist, where the generators of the symmetry
group are the conserved quantities, i.e. they are constant of the motion. As
an example, it will be shown how translational symmetry is associated to the
conservation of spatial momentum in the quantum mechanism formalism:
From basic quantum mechanics it is known that translations on a quan-
tum system are represented by a three-parameter group of unitary operators
U(d). The action of the translation of a spatial vector @ on a quantum state
is defined as

U@ [(7)) = [(7 + a)) (1)
The translation properties imply these operators satisfy
U@U(b) = U(T+b) U@U(—T) =1 (2)
while the symmetry requirement for every scalar product
W(@) (@) = W@ +a@) |47 +a@)) = (w(@) [ U @U@ |+(@))  (3)
implies their unitarity

u'(a) =u='(a@) = U(-a) (4)

Translation operators can be expressed in terms of their generators ]3, the
spatial momentum operators, via the exponential map

-
U(d) = exp (—ﬁP : EL’) (5)
For infinitesimal translations of parameter € this reduces to

U@=1-P.¢ (6)

SAS



Symmetry Conserved quantity

Translations Spatial momentum (P)
Rotations Angular momentum (.J)
Time translation Energy (F)

Phase invariance Electric charge (q)

Table 1: Symmetry-conserved quantity relations following from Noether’s
theorem.

The unitary time-evolution operator describing the evolution of quantum

states is defined as
[h(t)) = T(t —to) [¢(to)) (7)

for the evolution of a quantum state from a reference time %, to time t.
As a consequence of translational symmetry, the translation operators com-
mute with the time-evolution operator

(W(T = €to) | T —to) [ (¥ — €10)) = (V(Z — € t0) | (¥ — €1))

= (V(Z, ) [ V(Y. 1))

= ((Z,to) [ T(t —to) | (¥, t0))

= ((T — & to) |UN@T (t — to)U(E) | V(T — Eto)) (8)

for every couple of states |¢(Z)),|v)(%)). Therefore, UT(E)T (t — to)U(E) =
T (t —ty), implying [U(€), T (t — to)] = 0. Substituting the expression for the
infinitesimal translation Eq. [f] it is straightforward to obtain

[P, T(t —to)] =0 (9)

for each momentum component. Commutation of the momentum operators
with time-evolution implies conservation of momentum expectation values
on every quantum state

(Pi(t)) = (W) | Pi | 4(1))
Ult) | Tt — to) BT (t —to) | ¥(t0))
W(to) | TH(t — to)T(t — to) Pr | ¥(to))

U(to) | Pi[1(to)) (10)

therefore translational symmetry entails spatial momentum conservation.
Table (1| reports the relation between symmetry and conserved quantities
following from Noether’s theorem for some important symmetries.

{
=
=
=



A very important role in physics is played by local symmetries (depending
on system coordinates). In fact, the invariance of a system under a local
symmetry can determine the dynamics of a system. The first application
of this principle is general relativity, where the invariance under arbitrary
spacetime coordinate transformations completely constrains the gravitational
interaction as curvature of the spacetime. This later inspired Yang-Mills
theories 2], where the dynamics of the system is determined by the request
of local invariance under a given symmetry group (called gauge group). Each
generator of the symmetry group introduces a massless vector field mediating
the interaction among those fields having a non-trivial transformation law
under the gauge group. The interaction form results to be fixed by the local
symmetry requirement except for the coupling constant value.

1.1.2 The standard model

The Standard Model (SM) of particle physics, currently the most reliable
theory describing strong, weak and electromagnetic interactions, is a Lorentz-
invariant Yang-Mills theory based on SU(3) ® SU(2), ® U(1)y gauge group
[3-6]. The SU(3) group acts in the three-dimensional space of color charges
giving rise to the strong interaction, mediated by 8 massless gluons, involv-
ing only quark fields. The SU(2);, ® U(1)y group generates the unified
electroweak interaction. SU(2), group acts in the two-dimensional space of
weak isospin, where the L subscript indicates that only left-handed chiral-
ity fields transforms under this group. They transform as isospin doublets
where the three neutrinos are paired with their associated leptons and the
three up-type quarks with down-type ones,

() Co)(7) Ga) o) (a) o

where dy, sy, by are combinations of the three down-type quark mass eigen-
states, a phenomenon known as quark mixing (Sec. . It is important to
note that also v; are not neutrino mass eigenstate, this being a completely
analogous lepton mixing phenomenon. The U(1)y group acts as a phase
transformation on fields, the Y subscript indicates that this is not the U(1)
gauge group of electromagnetism, but a different one based on hypercharge
conservation. The electroweak interaction is mediated by 4 vector fields,
corresponding to the 4 generators of the SU(2), ® U(1)y group. The spon-
taneous symmetry breaking of the electroweak gauge group (Brout-Englert-
Higgs mechanism [7,[8]) accounts for the huge mass of W* and Z° vector
fields by means of an interaction with a complex scalar field'] The residual

Lwhose associated particle is called Higgs boson.
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symmetry group U(1) gy, is the gauge group of electromagnetism, associated
to the massless photon.

1.1.3 Discrete symmetries

Both the mentioned global and local symmetries in Sec. are continuous
symmetries, as they are represented by a group of operators labelled by one
or more continuous parameters. For example, rotations around a fixed axis
are parametrized by the continuous angle 6 of rotation. However, a very
important role in physics is played also by discrete symmetries, described
by a finite (or at least countable) number of operators, not continuously
connected with the identity. In this case Noether’s theorem does not hold.
The most important discrete symmetries in particle physics are parity (P),
charge-conjugation (C') and time-reversal (7') transformations as well as their
sequential combinations CP and CPT [9].

Parity transformation is the inversion of spatial coordinates, equivalent to
the transformation acted by a mirroxﬂ Table [2| shows the effect of parity
transformation on some physical quantities.

On quantum states it is represented by a unitary operator P acting as

P|y(Z,1)) = np [Y(=7,1)) (12)

The normalization of quantum states is not changed by parity

1= ((=7,1) [$(=7,1)) = (T, 1) (T, 1))
= (U@, t) | PP (@, 4)) = Inp* (=, 1) [0 (=2,8)) = [np|* (13)

implying np being a phase €, with real . The consideration that a second
application of parity restores the initial system, P? = 1, along with unitarity
PP' =1 imply that parity is also an hermitian operator P = P~ = Pt Its
eigenstates are said to be parity-defined states and their real eigenvalues +1
represent a multiplicative quantum number called P-parity.

Charge conjugation transforms each particle into its own antiparticle, chang-
ing sign to all charges associated to the quantum state. Table 2 reports the
effect of charge-conjugation transformation on some physical quantities.

As parity, it is represented by a unitary and hermitian operator C acting as

Cl) = nc [¥) (14)

with nc being a phase and a C-parity quantum number can be defined on
charge-conjugation eigenstates.

2Actually the mirror transformation is an inversion of spatial coordinates followed by
a rotation of angle .

11



Observable P-transformed C-transformed 7T-transformed

Time t t t —t
Position T -7 T T
Momentum D —p 14 —p
Energy E E E E
Angular momentum J J J —J
Electric charge q q —q q
Electric field E —E —E E
Magnetic field B B -B -B

Table 2: Transformation of some physical quantities under parity, charge-
conjugation and time-reversal transformations.

Existence of P- and C-parity allows to test directly the conservation of these
symmetries on physical processes. If parity is a symmetry, transitions be-
tween states with different parities are forbidden and any observable A odd
under parity (such that PAPT = —A) must have zero expectation value on
every state of the system.

Time-reversal transformation reverses the time direction: hence it leaves un-
changed the spatial coordinates but it reverses the direction of all momenta
and swaps initial and final states. From conservation of the canonical commu-
tation relation [z, p] = ih under time reversal operator T follows T4iTT = —i,
meaning that time-reversal is represented by an antiunitary (unitary and an-
tilinear) operator. For this reason, investigation of T-conservation must be
quite different from what possible for P and C' symmetries. For instance, the
observation of a non-zero expectation value of a T-odd observable does not
necessarily imply T-violation [9]. In practice, conservation of time-reversal
symmetry is usually tested indirectly, because of the impossibility of build-
ing a time-reversed version of a quantum state, apart few (too) simple cases.
Obviously, it is not possible, for example, to experimentally implement the
time-reversed state of a decaying particle starting from the incoherent super-
position of its asymptotic daughter particles states.

Gravity, electromagnetic and strong interaction conserve separately P, C' and
T symmetries, as far as it is currently known. This is not true for electroweak
interaction. The first suggestion that parity could not be a symmetry for
weak interaction was put forward in 1956 by Lee and Yang [10] as an explana-
tion of the so-called o — 7 puzzle, while the first experimental evidence of par-
ity violation came one year later from study of cobalt-60 S-decay [11]. Due to
the tight link between P and C' symmetries in weak interaction, many of the

12



early experiments showing parity violation implied also charge-conjugation
violation. It was soon realized that weak interaction maximally violate P
and C' symmetries, this because weak interaction involves only left-handed
fields. In fact, given a left-handed neutrino, from weak interaction perspec-
tive does not exist neither the right-handed neutrino (its P-transformed) nor
the left-handed antineutrino (its C-transformed). On the contrary, the fact
that right-handed antineutrino existed (its CP-transformed) suggested that
CP symmetry could be conserved by weak interaction. The discovery of CP-
violation in kaon decays [12| was as unexpected as inexplicably small, raising
a great interest in CPV studies, still lively now.

On the contrary, no evidence for CPT-violation has been observed to date.
This is a very important fact because it is demonstrated that CPT-violation
it is not compatible with a local, Lorentz-invariant field theory like the SM
(CPT theorem [13]).

1.1.4 Quark mixing and CP-violation in the standard model

The idea of quark mixing aroused when in the ’60 it was tried to classify the
known u, d and s quarks into weak isospin representations of SU(2), group.
In fact, the simple classification as a doublet plus a singlet

(4).o) (15

was not compatible with the observed s — wu transitions. This problem was
solved by the seminal idea of Cabibbo [14] who proposed that the isospin
eigenstates could be a combination of d and s quark mass eigenstates char-
acterized by a mixing angle 6

u :
(Cosﬁd+sin93>’(_Smed_l_coses) (16)

However, it was later noticed that this classification allowed flavour-changing
neutral current processes (FCNC, mediated by Z° field) to proceed with a
much higher probability than observed. This conflict was settled by the
introduction of the charm (c¢) quark (GIM mechanism [15]) and the isospin
classification involving two doublets

U c
( cos0d + sin fs ) ’ ( —sinfd + cos8s ) (17)

which correctly predicts the FCNC process suppression.
However, this scheme was still not complete because it did not include the

13



observed CP-violation in weak interaction. Indeed, a CP-violating term in
the weak interaction Lagrangian must come from the presence of complex
coefficients, nevertheless, with two quark generations (Eq. the only degree
of freedom is the real mixing angle #. In 1973, Kobayashi and Maskawa [16]
theorized the existence of a third quark generation introducing bottom (b)
and top (t) quarks. This way, mixing of the three down-type quark isospin
eigenstates (dy, sw, by ) in terms of the mass eigenstates (d, s, b) is expressed
by a unitary matrix called Cabibbo-Kobayashi-Maskawa (CKM) matrix

dW Vud Vus Vub d
sw | = Ve Ves Va s (18)
bw Via Vie Vi b

With three quark generations mixing is parametrized by three real mixing
angles and a complex phase allowing for C'P-violation.

CKM matrix features an interesting hierarchical structurd®, captured by the
Wolfenstein CKM matrix parametrization [17]

1—)%/2 A AX3(p —in)
A 1-A2/2 AN (19)
AN(1—p—in) —AN 1

as an approximation to third order of the hierarchical parameter A ~ 0.22,
ruling favoured and suppressed weak interaction processes. The amount of
CPV provided by CKM matrix is very small, as needed, since the only ma-
trix elements containing a complex phase V,;, and V4 are suppressed by a
factor A3 ~ 0.01.

At present, the CKM mechanism successfully accounts for the observed
amount of CPV in hadron processes. However, the measured CPV quantity
is still insufficient for explaining the observed matter-antimatter asymmetry
of the universe [18], for this reason new sources of CPV are expected to show
up in beyond standard model (BSM) physics.

Another source of CPV within SM should come from the three generations
lepton mixing, where CPV is given by the complex phase into the lepton mix-
ing matrix. Leptogenesis models, aimed at explaining the observed matter-
antimatter asymmetry via lepton mixing CPV, have been proposed [19].
Still in SM domain, the strong interaction Lagrangian admits a CP-violating
term, but its presence has never been detected. The presence of such a CPV
term can produce a non-zero neutron electric dipole momentum, which has
been experimentally constrained to a very tiny amount. The discussion on

3Interestingly not observed in the analogous lepton mixing matrix.

14



Figure 1: Electroweak penguin l@] and box @ Feynman diagrams for A, —
pK~ptp~ decay: x represents one of the three up-type quarks u,c and .
The wu pair originates from the hadronization process.

why this term is so suppressed is known as strong CP problem, to address
this issue different solutions have been proposed. Some solutions introduce
new particles, like the axion predicted by Peccei-Quinn theory [20], while
others try to explain the absence of the strong CPV term within the SM

(e.g. [21]).

1.2 Analysis motivation

The Ay — pK~ ptu~ decay is a flavour changing neutral current electroweak
process, occurring only via electroweak loop (penguin) and W# box Feyn-
man diagrams (Fig. [1]), being prohibited at tree-level in SM. As this is a very
rare process, it is a sensitive channel to look for BSM contributions. In fact,
new particles can contribute to the process by circulating into loops or by
providing new tree-level contributions, hopefully showing up in differences
between SM-predicted and measured physics observables.

For Ay, — pK p*p~ decay the expected amount of CPV is expected to
be very small in SM, because, looking at the CKM matrix Wolfenstein
parametrization Eq. [I9, amplitudes containing a CPV term are propor-
tional to Vj,Vys ~ A%, while the others are proportional to V;; Vs ~ A% and
VieVes ~ A2 (Fig. . Hence, the CP-violating amplitudes are suppressed by a
factor A2 ~ 4.8% relative to the leading ones. Contribution of possible BSM
physics providing additional sources of CPV might therefore be detectable
in a CPV measurement on this decay channel. In any case, evidence for CP-
violation in Ay — pK~ptu~ decays, also if compatible with SM expectation,
would be a remarkable result since no evidence of CPV has been found in
any baryon decay. The only evidence for CPV in baryonic final-state pro-

15
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Figure 2: Tree I@] and electroweak penguinl@] Feynman diagrams for control
Ay — pK~J/1¢ decay. Here z is one of the three up-type quarks, but only
the t quark loop diagram has a significant effect being enhanced by the large
t quark mass.

cesses was found for the decay BT — ppK ™t [22].

The Ay — pK~J/1 decay is used as a control channel, where J/1 resonance
decays to two muons (Fig. . It is mediated by a b — ¢ transition not
particularly suppressed by the CKM mechanism with far higher yield than
Ay = pK ptu~. Ay — pK~J /¢ decay is especially suited as control channel
because it has the same final particles as A, — pK " p~, the main differ-
ence between the two processes is their kinematics, as A, — pK~J/¢ is a
3-body rather than a 4-body decay.

1.3 (CP-violation measurements

CP-violation effects become manifest when a given process is compared with
its CP-conjugate one, this can be done by building observables sensitive to
differences of the two process differential rates. In principle such a compari-
son can be performed phase-space point by phase-space point. Following 23],
M({\;, p;}) represents the process amplitude in terms of final particle helic-
ities \; and momenta p;, while M({)\;, p;}) denotes its CP-conjugate ampli-
tude. CPV at any phase-space point takes the form of a difference between
the squared moduli of M({\;,p;}) and M({\;, —p;}), the latter having CP-
transformed helicities (CP-even) and momenta (CP-odd). Therefore it is the
comparison of differential rates of two processes involving CP-conjugate par-
ticles with identical helicities and opposite momenta.

It is useful to introduce the motion-reversal transformation 7' reversing both
momentum and angular momentum, constituting the unitary component of
the time-reversal transformation presented in Sec. [I.1.3] because motion-

16



reversal does not swap initial and final states.
The two considered amplitudes can be decomposed into T-even and T-odd
parts:

({/\i7pi})
({)\i,pi})

({)‘Z7pz}) + Mo({/\upz}>
(i, =pi}) + Mo({Ni, —pi})
= Mc({Ni,pi}) = Mo({Ni, pi}) (20)

These four pieces can be expressed as modulus-phase decomposition
M. ({ i, pi}) = Z al exp{i (67 + ¢1)}
M ({Nipi}) Zaﬂ exp{i (67 — 1)}
M,({ i, pi}) Za exp{i ( (5k [goo +7/2])}
Mo({hipi}) = Z ag exp{i (5 — [05 +7/2])} (21)

k

M M
M M.

where aZ¥, 6% 7% are real functions of the helicities and momenta. All the

CPV effects are included in the CP-odd weak phases gai’;, while 67:% k are CP-
even strong phases. These CP-even phases come from the contrlbutlon of all
orders in QCD perturbation theory (known as effective Hamiltonian operator
rescattering) representing final-state interactions (FSI) not described by the
QCD factorization approach [24].

The differential rate of any pair of CP-conjugate processes can be decomposed

into four parts with definite CP and T transformation properties:

ar|TEE 1L T1LCPdr

A%|eper 2 2 dD

odd

(22)

where ® = {\;,p;}. Assuming, for simplicity, that in the process under
study there are respectively two T-even and one T-odd contributions, the
amplitudes becomes

M, pi}) = alexp{i (6, + pl)} + aZexp{i (67 + ¢2)}
+ ia) exp{i (6) + ¢5) }
M, pi}) = ag exp{i (6; — wp) } + a2 exp{i (67 — ¢2)}
+ ia) exp{i (6 — 1)} (23)

17



where all functions are evaluated at the same phase-space point ®. The
squared modulus of the above expressions provide the differential rates which
can be decomposed as in Eq.[22] The CP-even terms are

dF Tfeven

— = alal + aZa? + alal + 2ala? cos(5} — 62) cos(p! — p?) (24)
do CP—even

ar T—odd

— = 2alalsin(0! — 6}) cos(pl — b)) + 2a2al sin(6? — &%) cos(p? — o))
do CP—even

(25)

For CP-violation studies the relevant parts are the CP-odd terms, vanishing
in the CP-conservation hypothesis, which take the form

dr T—even . . . )

— = —2ala?sin(6! — 62)sin(pl — p?) (26)
d®|op_oaa

ar T—odd

— = 2alal cos(0! — 6)) sin(pl — @) + 2aal cos(0? — 6)) sin(p? — ©))
d®|op_oaa

(27)

These constitute two different types of CP-violating differential rates: a non-
zero T-even rate needs strong phase differences in at least two T-even inter-
fering amplitudes, while the T-odd does not. In fact, in absence of strong
phase contribution to the amplitude T is equivalent to 7', so that CPT con-
servation implies any CP-odd quantity to be also T-odd [25].

Although no phase-space integration of CP-odd rates is in principle required
for testing CP conservation, practical constraints like the finite available
statistics impose the introduction of phase-space integrated observables. In
this analysis two classes of integrated observables are measured: direct CP
asymmetries derived from T-even differential rate and triple-product asym-
metries resulting from T-o0dd rate integration.

1.3.1 Direct CP asymmetry

Direct CP asymmetry is defined as the phase-space integration of the T-even
CP-odd differential rate over the T-even C'P-even one

T—even . —
qu) d® |CP—odd (i — f) —E(E (28)
1

A _
- deI) T—even T(i— f)+T(

CP—even

reducing to the total rate asymmetry between the process under study and
its CP-conjugate. Different observables may be defined multiplying the T-
even CP-odd differential rate by any T-even function f(®).
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An upper limit to direct CP asymmetry expectation in the SM for A, —
pK~ptp~ decay can be computed as follows: substituting the differential
rates Eqs. into direct CP asymmetry definition Eq. 28 one obtains

24 AZsin(A; — A7) sin(¢, — ¢7)
ALAL + A2A2 + 2A1 A2 cos(AL — A2) cos(pl — ¢?)
where A AJ and ¢/ are the phase-space integrated versions of a/, ¢/ and
@l while T-0dd terms al are neglected. Referring to Fig. |1} let us suppose

that amplitude j = 1 refers to a CP-conserving one and amphtude j=2to
a CP-violating one. As seen in Sec. [[.2] the CKM hierarchy implies

A2JAL ~ N7 = 4.8%

Acp = (29)

therefore the denominator can be replaced by
(AD? < ALAL + A2A% 4 2AL A% cos(AL — A?) cos(¢} — ¢2)

The weak phase ¢! is zero as no CPV term is present in amplitude 1, while
amplitude 2 contains Vi, = |V,;|e®® with a weak phase of ¢ = 1.2 rad, hence
sin(¢! —¢?) = sin(1.2) = 0.93. Strong phases are hard to calculate, since they
involve non-perturbative strong interaction effects, therefore the conservative
upper limit sin(A! — A?2) < 1 is placed. Following these considerations, the
upper limit on Acp is

2AL A% sin(Al — A?)sin(g! — ng) 2-1-0.9342
e e e e e e e <
(ALY Al 8.9%  (30)

Evidence for a direct CP asymmetry well above this limit would be a clear
sign of BSM physics.

Experimentally, direct CP asymmetries are measured starting from raw asym-
metries

Acp <

N(Ay = pK—putp™) — N(Ay — pKHptp™)
N(Ay — pK—ptp=) + N(Ay — pK+tputp-)
= Acp(Ay = pK ™1 107) + Aproa (M) — Adet(K) + Aaer(p)  (31)
where terms in Eq. [31]are the CP, A, production and detection asymmetries
e(X) — e(X)
e(X) +e(X)
with €(X) being the detection efficiency on particle X. Inverting Eq. the
direct CP asymmetry (corresponding to that of Eq. is expressed as
Acp(My = pK p 1) = Avaw(Ny = pKp )
— Aprod(Ap) + Ader (K) — Ader(p) (33)

Avaw(Ny = pK~p ™) =

Adet (X) = (32)
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Therefore A, is not an experimentally clean observable, because production
and detection asymmetries are poorly known. But a similar expression holds
also for the control decay A, — pK~J/v

Acp(Ay = pK~J/Y) = Araw(Ap — pK ™ J /1)
- Aprod(Ab) + Adet(K) - Adet (p) (34)

The difference between Egs. [33] and [34] is called AAcp

AAcp = Acp(Ny = pK~p ™) — Acp(Ny — pK ™~ J /1)
= AraW(Ab — pK_M+ﬂ_) - AraW<Ab — pK—‘]/Q/}) (35)

This observable is simply the difference between the two real CP asymme-
tries, independent of production and detection asymmetries, hence an ex-
perimentally clean observable. Since detection asymmetries depend on the
decay kinematics, Eq. [35]is actually true only when the different kinematics
between signal and control decays is taken into account. This is done by
assigning a systematic uncertainty to AAcp measurement (Sec. .
Sensitivity of AAgp to CP-violation should not be decreased with respect
to Acp(Ay — pK~ptp™), because the Ay — pK~J/1 decay is expected to
have a basically zero Agp in the SM. In fact, the only diagram providing a
CPV term is the penguin with a u quark loop one (Fig. 2(b)|), suppressed
with respect to the tree diagram and further suppressed by the tiny u
quark mass and the CKM hierarchy factor \2.

As seen, a non-negligible direct CP asymmetry requires a large strong phase
difference between two interfering amplitudes. For this reason, direct CP
asymmetries are sensitive to SM-BSM interference contributions, because of
the sizeable SM strong phase contributions, but it can be shown that only
vector-axial BSM operators can produce a considerable CPV [24]. Such con-
tributions can not arise from BSM-BSM interference since negligible BSM
strong phase contributions are expected [26].

1.3.2 (CP-violating asymmetries based on 7-odd correlations

CPYV effects can also be studied by using the so-called T-odd correlations
19,123,127, 28], that is by exploiting the T-odd part of the differential rates
Eqgs. Phase-space integrated T-odd observables are constructed from
differential rates as

T—o0dd
[aos@) 5 (36)

CP—odd

with some T-odd function f(®) without which the phase-space integral would
vanish. One of the simpler way to define such a function is to take the
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asymmetry with respect a T-odd observable Cp({\;, p;}), that is
f(®) = sign{Cr(®)}

One class of such observables are triple products 0y - (v X U3), where ¢; can
be spins or momenta of final particles in the mother particle rest frame.
In the literature are usually defined the following asymmetries

_Jaeso
qu)[ T—even " ar |T- even]

T—odd dr | T—odd
ch> CP—even ' d® |CP—odd

CP—even d® |CP—odd
(Z—)f,CT>O>— (’l—>f,CT<O>

37
F(Z—)f,CT>O)+F(Z—>f,CT<O) ( )
T—odd T—odd
qu)f |: CP—even % CPfodd]
- T—even T—even
qu) [ CP—even % CP—odd]
f(5—>f CT>0)+F(Z—)f —Cr <0)

where C is the Cp observable evaluated for the CP-conjugate process, that
is using helicities and momenta of the CP-conjugate process final particles.
Since Ap and Ay refer separately to the process under study and to its CP-
conjugateﬁ they have no definite CP transformation properties, therefore a
non-vanishing value of these observables is not a sign of CP-violation.

On the contrary, their value is influenced by the presence of final-state inter-
actions as Ar turns out to be proportional to

Ap o Z 2A Al sin [(A] — AF) + (6] — ¢%)] (39)

where a non-vanishing value can be produced by differences among strong
phases A? of interfering CP-even amplitudes [23]. Moreover, if the chosen
C7 observable is P-odd, A7 becomes a P-odd observable, therefore its value
being sensible also to parity-violation effects. This is the case when using
triple-products like 7 - (P> X p3) or pj - (Xl X Xz) as Cp observable.

A CP-odd observable allowing to unambiguously witness CP-violation is the
difference between the two C'P-conjugated process asymmetries, defined as

N | —

Toda
acp

5 (Ar — Az) (40)

40r equivalently since they are a combination of CP-even and CP-odd differential rates.
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where the CP-even final-state contributions cancel out.
For A, — pK pu*u~ decay, triple products (TP) are defined consistently
with [29]:

Cr = Py - (Dp X Pk-) Cr =P - (Pp X Pic+) (41)

with momenta Lorentz-transformed to the A, rest frame. TP asymmetries,

corresponding to Eqs. B7)38] are defined as

_ Ny (Cr>0) = Ny, (Cr <0) Nz, (=Cr > 0) — Ng, (=Cr < 0)
T Np, (Cr>0)+ Ny (Cr<0) 7" 7 Ng (—Cr > 0) + Ny, (—Cr < 0)

(42)
The ags* observable defined in Eq. 40]is independent of A, production asym-
metry as well as reconstruction efficiency, because this efficiency is identical
for both Cp > 0 and Cr < 0 events, separately for A, and A, decays. This
fact is explicitly checked on simulated A, — pK "~ events (Sec. [8.3.2)
Contrary to direct CP asymmetry, a non-zero angdd value needs only a weak
phase difference to be produced, no strong phases between interfering ampli-
tudes are required. For this reason CPV effects on this observable may stem
from both SM-BSM and BSM-BSM contributions: in the first case important
BSM effects can arise only from vector-axial operators, while in the latter
one BSM contributions can mainly arise from scalar-pseudoscalar or tensor
operators [24].

Ar

1.4 Experimental status of A, particle study

A, particle is the lightest beauty baryon, first observed by UA1 experiment
at CERN [30]. The first extensive studies on this particle were performed
by D@ and CDF experiments at Fermilab and by LHCb collaboration which
precisely measured its mass [31] and lifetime [32].

The first CPV studies in A, sector were performed by CDF collaboration who
measured the direct CP asymmetry in A, — pK~ and A, — pr~ decays [33]

Acp(Ay — pK ™) = +0.37 £ 0.17(stat) £ 0.03(syst)
Acp(Ay — pr~) = +0.03 £+ 0.17(stat) + 0.05(syst) (43)

LHCb experiment has investigated direct CP asymmetries in A, — Fopﬂ'_
[34] and Ay — pr—J/4¢ [35] decays

Acp(Ay — K pr~) = +0.22 4 0.13(stat) = 0.03(syst) (44)
Acp(Ay = pr=J /) — Acp(Ay = pK~J /1) = (+5.7 & 2.4(stat) £ 1.2(syst))%
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All these CPV measurements are compatible with the CP conservation hy-
pothesis. Study of CP-violation using T-odd correlations in A, — ph~h*h~
decays in LHCb experiment is ongoing.

A, decays involving b — s quark transitions occurring via electroweak pen-
guin diagrams, like A, — pK~pt ™, have been studied by LHCb experiment
in Ay — Aptp decays, first observed by CDF experiment [36], measuring
its differential branching fraction and forward-backward asymmetries [37].
Measurement of A, — pK~pu"p~ differential branching fraction in LHCb ex-
periment is ongoing.
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Figure 3: The CERN accelerator complex and the different experiments.

2 The LHCDb experiment

LHCD is one of the main experiments at CERN (Conseil Européen pour la
Recherche Nucléaire) in Meyrin, Geneva canton, Switzerland. The purpose
of the experiment is to search for indirect evidence of new physics making
very precise measurements on heavy hadron (composed by charm and beauty
quarks) decays, especially by looking for rare processes and CP-violating ef-
fects. LHCD experiment analyses data recorded from proton-proton collisions
taking place inside the LHC (Large Hadron Collider) accelerator. Through-
out this section an overview of the LHCb detector during Run I is given,
since this analysis is performed on the Run I data. The major improvements
implemented for Run II are mainly related to the trigger system.

Figures reported in this section are taken from CERN or LHCb related web-
sites.

2.1 Large hadron collider

The particle accelerator LHC [38] is built inside a 26.7 km circular tunnel
at a depth of about 100 m underground, between Switzerland and France.
Up to now, it is the most powerful particle accelerator ever built, operating
at a centre of mass energy /s of 7 TeV from 2010 to 2011, 8 TeV during
2012 and 13 TeV from 2015, after the two years planned stop called Long
Shutdown 1. The accelerator complex at CERN, consisting of four smaller
accelerators (see Fig. [3), injects the proton flux into the LHC pipes after a
stepwise preliminary acceleration up to a proton momentum of 450 GeV/c.
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Figure 4: Lateral view of the LHCb detector.

LHC is composed of two beam pipes where the proton bunches travel in
opposite directions in ultra-high vacuum. The necessary acceleration is given
by a system of helium-cooled superconducting magnets operating at 1.9K
temperature placed alongside the ring. The protons are then forced to collide
in four points (corresponding to the four experiments on LHC ring: IP1 -
ATLAS, IP2 - ALICE, IP5 - CMS, IP8 - LHCb) with a crossing rate of 40
MHz, namely 25 ns between two consecutive collisions. This corresponds to
a nominal peak luminosity of L = 103*cm 2571,

2.2 LHCDb detector

The LHCb detector has been specifically designed for flavour physics studies
at LHC accelerator. Its peculiar structure is much more similar to a fixed-
target experiment design than to the “barrel plus endcaps” design which
characterizes the other large detectors at CERN. In fact, the dominant pro-
duction mechanism of bb quark pairs is the fusion of two (or more) gluons
radiated by the proton quark constituents. This results in a peaked angular
distributions at low polar angles (Fig. |5]), so beauty particles are very likely
to be produced in the same forward (or backward) direction at very small an-
gles with respect to the beam axis. The LHCb detector is thus designed as a
single-arm forward spectrometer with an angular acceptance from ~10 mrad
to 300 mrad in the magnet bending plane and to 250 mrad in the non-bending
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Figure 5: bb production angle in LHCb experiment at /s = 7 TeV.

plane, which corresponds to a pseudorapidity range of 2 < n < 5 . The
LHCDb detector is composed by several subdetectors, each one has a specific
design and is optimized to measure a different physical quantity (see Fig. [4)).
The LHCb experiment in Run I operated at a nominal average luminosity of
2% 1032 cm~2?s~! which is about 1/50 of the nominal peak luminosity of LHC.
This choice was made in order to have a smaller number of interaction (usu-
ally one p-p collision per bunch crossing) for a better vertex reconstruction,
which is a fundamental requirement for flavour physics. Indeed, multiple p-p
interactions in the same event may be mistaken for secondary (detached from
the interaction point) vertices.

At LHCD experiment a large quantity of beauty particles (compared to other
B-factories experiment) are produced thanks to the rather high bb cross-
section. At /s = 7TeV p-p center of mass energy the cross-section to pro-
duce beauty hadrons is measured to be

o(pp = HpX) = (75.3 £ 545141 £ 13.05y5) b (45)

Extrapolating this result to the full pseudorapidity region the total bb cross-
section is found to be

o(pp — bbX) = (284 4 2040; & 494y6t) pb (46)

2.2.1 Vertex locator (VELO)

Starting from the interaction point, the first subdetector is the Vertex Lo-
cator (VELO) . Displaced secondary vertices are a distinctive feature
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of charm and beauty hadron decays, so a fundamental requirement for the
LHCDb experiment is a precise measurement of track coordinates close to the
interaction point. The VELO system consists in 25 silicon stations placed
along the beam direction, each one composed by one left module and one
right module. Each module is composed by two measuring sensors: a radial
one (R sensor) and an angular one (® sensor). The azimuthal coverage is
about 182° for each sensor, giving a small overlap between the right and
left modules in order to simplify the relative alignment and to guarantee a
full azimuthal acceptance. The VELO system configuration and a schematic
view of the sensors are shown in Fig. [6]

The VELO system is able to measure tracks in the full LHCb angular ac-
ceptance, moreover, the backward hemisphere is also partly covered (for im-
proving the primary vertex resolution) and the two most upstream modules
are used as a pile-up veto counter for the Level-0 trigger. The error on the
primary vertex position is mainly related with the number of tracks produced
in a p-p collision. For a typical event, the resolution in the beam direction
is 42 uym and 10 pm in the perpendicular direction.

2.2.2 Ring-imaging Cherenkov (RICH) detectors

Hadron identification in LHCb is performed by using a high performance
Ring-Imaging Cherenkov system composed by two detectors aiming at dif-
ferent momentum ranges [42]. RICHLI is located upstream of the magnet and
it identifies low momentum particles (from 1GeV/c up to about 60 GeV/c).
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It is made by silica aerogel and CyF}o gas radiators with a polar angle accep-
tance from 25 to 300 mrad. RICH2, located downstream of the magnet and
the tracking stations, has a more limited angular acceptance (from 15 to 120
mrad in the horizontal plane and from 15 to 100 mrad in the vertical plane)
and it covers the high momentum range, from about 15GeV/c up to about
100 GeV/c by means of a C'F radiator. Both RICH1 and RICH2 layouts are
shown in Fig. [7]

Cherenkov light is focused onto the photon detector planes using tilted spher-
ical mirrors and secondary plane mirrors, in order to reflect the image out of
the spectrometer acceptance. The baseline photon detectors are multianode
photomultiplier tubes (MaPMT).

2.2.3 Tracking system

The tracking system consists of 4 stations (TT, T1, T2, T3) between the
vertex detector and the calorimeters. It provides efficient reconstruction
and precise momentum measurement of charged tracks, track directions for
ring reconstruction in the RICH and information for the higher level trigger
[43,44]). Each tracking station (except for TT) is composed by an Inner
Tracker (IT) located in an elliptical shaped region around the beam pipe
and an Outer Tracker (OT) which covers most of the acceptance. In the
region covered by the IT the particle flux is about 20 times bigger than
the flux in the OT region, so IT requires a finer granularity and a different
technology to deal with a greater flux.
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Figure 8: LHCb magnet.

The Trigger Tracker (TT) is located between RICH1 and the magnet. Due
to its reduced dimensions it contains only IT modules. The other stations
are located between the magnet and RICH2. The silicon tracker system
(composed by TT and IT) uses approximately 270000 silicon microstrips
detectors with a strip pitch of 198 pm for the IT and 183 pm for the TT.
For improving track reconstruction, these detectors are composed by four
layers in which strips are vertical in the first and in the last layer whereas
the other two layers are rotated by stereo angles of £5°, providing sensitivity
in the vertical direction. The Outer Tracker is composed by an array of straw
tubes modules each one consisting of two panels and two sidewalls forming
a stable, gas-tight box containing up to 256 straw tubes. Each tube has an
inner diameter of 4.9 mm, filled with a mixture of argon (70%) and carbon
dioxide (30%) guaranteeing fast drift time and a sufficient drift-coordinate
resolution (200 um). Like the silicon tracker, also OT modules are composed
by four layers arranged in a similar geometry.

2.2.4 Magnet

For achieving a good momentum resolution the LHCb experiment employs a
dipole warm magnet for bending charged particles tracks [45]. The magnet
is composed by two trapezoidal coils bent at 45° on the two transverse sides
and placed mirror-symmetrically (see Fig. [§)). It has a bending power (given
by the integrated magnetic field) of 4 Tm that allows to measure momenta
of charged particles up to 200 GeV/c within 0.5% uncertainty.
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2.2.5 Calorimeters

The LHCb calorimeter system [46] has been devised for the identification of
high transverse energy hadrons, electrons and photons candidates. It mea-
sures their energy and position providing essential information for the Level-0
trigger candidate selection. Its structure consists of a single-layer pre-shower
detector (PSD) made by 14 mm thick lead plates and 10 mm square scintil-
lators, followed by an electromagnetic calorimeter (ECAL) and an hadronic
calorimeter (HCAL). A scintillator pad detector (SPD) is located before the
PSD.

The ECAL is made up of 70 layers consisting of 2 mm thick lead plates and
4 mm thick polystyrene-based scintillator plates. It has the important func-
tion of detecting photons with adequate granularity and energy resolution for
prompt photons and 7 reconstruction. For pr < 2 GeV/c neutral pions are
mainly reconstructed combining two separate clusters in the ECAL (resolved
7%), while for greater transverse momenta the two photons are measured as
a single cluster (merged 7°).

The HCAL consists of 16 mm thin iron plates spaced with 4 mm thick scin-
tillating tiles arranged parallel to the beam pipe.

2.2.6 Muon system

The muon system for the LHCb experiment [47] consists of five tracking
stations placed along the beam axis, the first one (M1) lies in front of the
calorimeters and the other four, interleaved with three iron filters, lie after
the calorimeters (see Fig. @ The muon stations are equipped with Multi
Wire Proportional Chambers (MWPCs) except for the inner region of MI1.
This region is equipped with Gas Electron Multiplier (GEM) chambers which
have better ageing properties as they have to stand a greater particle flux.
The efficiency for each chamber is required to be enough to achieve a 95%
trigger efficiency on the trigger algorithm, which requires a five-fold coinci-
dence in a time lapse smaller than the p-p collision period (25 ns). This gives
a lower momentum threshold for efficient muon triggering of about 6 GeV/c,
since the total absorber thickness is about 20 interaction lengths.

The inner and outer angular acceptances of the muon system are 20 (16)
mrad and 306 (258) mrad in the bending (non-bending) plane, similar to the
tracking system acceptances. This corresponds to a geometrical acceptance
of about 20% of the full solid angle for muons coming from b quark decays.
Each station is subdivided in four regions R1-R4 whose linear dimensions
and logical pad size scale in the ratio 1:2:4:8 with the beam distance.

The detector granularity varies such that its contribution to the muon pr
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Figure 9: (left) Side view of the Muon System and (right) Station layout
with the four regions R1-R4, from [4§].

resolution compensates the multiple-scattering contribution. This latter con-
tribution increases as the muons energy decrease, therefore the detector res-
olution must increase with the distance from the beam axis because high-
momentum tracks tend to be closer to the beam.

2.2.7 'Trigger

In LHCDb detector useful proton-proton interactions occur at a rate of 10
MHz but this rate needs to be reduced at about 2-5 kHz in order to be able
to store all the interesting data for the offline analysis. This is achieved by
means of two trigger selections: the Level-0 trigger (L0) and the High Level
Trigger (HLT) [3949.550].

L0 is hardware-implemented and reduces the event rate at 1 MHz, at which
the detector can be read out. LO selects candidates combining information
from calorimeter and muon system. HLT is software-based and reduces the
event rate at 2 kHz using a full event reconstruction based on particle iden-
tification, track measurement, vertex reconstruction and impact parameter
measurement. It consists of two different levels HLT1 and HLT?2 acting se-
quentially, where HLT1 is designed to be faster than HLT2 to cope with the
LO output event rate while HLT2 performs a careful event reconstruction
very close to the offline one.
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2.3 LHCDb analysis software

All LHCb analysis software is developed under Gaudi [51,[52] framework,
an experiment independent open project providing interfaces and services
for building HEP experiment frameworks for event data processing applica-
tions. Dedicated packages take care of the different steps necessary to obtain
completely reconstructed candidates from raw data as well as accurate event
simulations describing both particle physics and detector response.

2.3.1 Offline data reconstruction

Data selected by both L0 and HLT trigger levels, consisting of digitized data
coming from the different subdetectors, are stored for the offline analysis.
Candidates reconstruction is performed by Brunel [53] package: it takes
care of track identification starting from measured hits in each detector, re-
constructs particles momentum and energy as well as primary and secondary
vertexes (derived from the intersection of two or more tracks) and performs
the particle identification process combining data from RICH, ECAL, HCAL
and muon system and computing particles PID variables (see for example Sec.
for muon PID variables).

Next, data go through the stripping process, where candidates are divided
into categories called streams grouping decays with common features. For
example, events with at least a couple of high pr muons with opposite charges
like Ay — pK~p*tp~ decays belong to the Dimuon stream. For each stream
several loose selection criteria called stripping lines are defined. Each strip-
ping line is a set of standard requirements for restricting the search for a
particular decay channel to a subset of the whole data. A, — pK pu*u~
decays are searched by applying the B2XMuMu stripping line, selecting beauty
particle candidates decaying to a dimuon final state. Note that this line
selects also other channels like A, — pK~.J/4, our control channel, or like
BY — ¢ptu~ that will show up as physical background. The stripping pro-
cedure as well as the complete decay chain reconstruction is performed by
DaVinci [54] package.

2.3.2 Monte Carlo simulation

Simulated events generated with the Monte Carlo (MC) method are exten-
sively used throughout this analysis for studying decay properties, in par-
ticular for the rare Ay, — pK~utu~ decay which is kept blind. MC dataset
production process is carried out by Gauss [55] package, interfaced with spe-
cific packages for handling generation and simulation phases. Generation
of the physical process including the proton-proton interaction described by
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the known theoretical models and the subsequent hadronization process is
performed by PYTHIA [56] package, while simulation of the mother B parti-
cle decay of interest is done by EVIGEN [57] package. The simulation phase
consisting in describing the interaction among particles and detectors, tak-
ing into account all the geometric and material details of each subdetector,
is made by Geant4 [58,59] package. Output produced by Gauss package is
further elaborated by Boole [60] package, the LHCb digitization application,
simulating the detector response, the readout electronics behaviour and also
the Level-0 trigger level. Its output, digitized data reproducing real data
coming from the real detector, are then reconstructed exactly in the same
way as real data.
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3 Muon identification

Muons are the particles that can be best identified in HEP experiments
thanks to their very little interaction with matter. For this reason, dimuon
final state decays like Ay, — pK ~p*p~ provide channels with excellent back-
ground suppression and hence are ”golden modes” for seeking new physics.
Throughout this section it is explained how muon identification is carried
out in LHCb.

3.1 At detector level

The identification of a reconstructed track in the tracking system as a muon is
based on the association of the measured hits inside the muon system around
its extrapolated trajectory. A search for hits around the extrapolation points
is performed within rectangular windows whose dimensions change as a func-
tion of the track momentum at each station and separately for each muon
system region.

A muon needs a minimum momentum of 3 GeV/c to pass through the calorime-
ters and reach the M2 and M3 stations, while a minimum momentum of
6 GeV/c is needed for traversing all the five stations.

The possible misidentification of a proton as a muon may be due to either
a combination of wrong hits in the muon stations that are aligned with a
proton track or the existence of a true muon whose track inside the muon
system points exactly in the direction of a proton track. This muon can be
produced either close to the interaction point or in the calorimeter shower.
Since the window dimension decreases with momentum and an increasing
number of hits is required for tracks above 10 GeV/¢, a strong reduction of
the proton misidentification rate is seen in the interval 3 — 30 GeV/c and for
pr < 1.7GeV/c. Decays in flight are the main cause of misidentification of
pions and kaons as muons. To a good approximation, the misidentification
rate is the sum of the contribution of decays in flight and the proton misiden-
tification probability.

3.2 At LO trigger level

There are two main physics trigger in L0 devoted to muon selection: the
LOMuon and LODiMuon lines [61]. These LO muon processors look for the two
highest pr muon tracks reconstructed in the muon system. The position of
a track in the muon chambers alone allows the determination of its pr with
a precision of roughly 20%. The LOMuon line sets a threshold on the largest
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transverse momentum p'e 9" (1.48 GeV/c in 2011, 1.76 GeV/c in 2012) of the
muon candidates. The LODiMuon line sets a threshold on the product of the
two largest transverse momentum, pie9*" x pZTndlargeSt((l.?)O GeV/c)? in 2011,
(1.60 GeV/c)? in 2012) of the muon candidates [62]. The tightening of L0
thresholds in the 2012 configuration is a consequence of the increased lumi-
nosity and beam energy.

Moreover, all events are required to be clean enough. This is reached by lim-
iting the hit multiplicity in the SPD detector at 900 SPD hits for L.O dimuon
triggers and at 600 SPD for all other LO triggers.

The trigger efficiencies are assessed by using events reconstructed with the
full offline software and are computed with respect to candidates selected
by the full offline analysis of the respective channel excluding trigger. This
way is therefore possible to measure the inefficiencies due to simplified re-
construction, possible misalignments and reduced resolution relative to the
offline reconstruction. They also account for the selection requirements made
to satisfy rate and processing time limitations.

3.3 At HLT1 level

The muon triggers in HLT'1 are executed only on events which have been trig-
gered by LOMuon or LODiMuon lines. The HLT1 reconstruction and selection
sequence is a faster version of the offline one:

e A fast version of the offine Velo tracking is executed, followed by a
vertex reconstruction stage. Vertices found in a 300um radius of the
mean p-p interaction region are considered primary vertices (PV).

e Next, the track candidates are filtered using a fast muon identifica-
tion algorithm. Only Velo track candidates which have sufficient muon
hits associated are then used as seeds for the forward track pattern
recognition step.

e The produced long tracks (tracks having hits in both VELO and track-
ing system) are then fitted with a fast version of the offline Kalman
track fitter and the offline muon ID based on the fitted long tracks is
applied to increase the purity of the muon sample.

There are three main purposes for single muon triggers in HLT1:

e Inclusive signal trigger: for B mesons, D mesons and 7 lepton decays
with one or more muons in the final state, where the inclusive selection
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is based on only one of the muons. The displaced single muon trigger
Hlt1TrackMuon discriminates signal from background exploiting the
muon pr and impact parameter (respect to the primary vertex) e

(X%P)'

e Electroweak signal trigger: for muons coming from W¥* and Z°
decays. It exploits the very high pr of prompt muons for efficiently
triggering these electroweak events. It is implemented in the prompt
high pr single muon trigger H1t1SingleMuonHighPt.

e Calibration triggers: there is a variety of single muon triggers for
calibration and the determination of tracking and trigger efficiencies.

The HLT1 dimuon triggers act as signal trigger for many analyses with two
or more muons in the final state. The trigger decisions are based on the mass
of the dimuon candidate and the separation of the dimuon vertex in terms
of the muon y%. There are two different selections:

e High mass dimuons: Dimuon vertices with invariant mass at or
above the J/1 one can be selected by the H1t1DiMuonHighMass trigger
line without requiring any vertex separation. Both muons are required
to pass the muon ID steps and they are then combined if their distance
of closest approach (DOCA) is below 0.2 mm. The dimuon vertex is
required to have a reasonable fit quality (x? < 25). Dimuon candidate
vertexes with an invariant mass above 2.7 GeV/c? are then accepted
by the HLT'1 trigger. No vertex separation related quantity is cut on
to allow a precise analysis of trigger acceptance.

e Detached dimuons: Combinations of muons with lower masses are
selected in the trigger line H1t1DiMuonLowMass. This trigger line ac-
cepts dimuon vertexes with a mass above 1 GeV/c? where both tracks
must have a significant y?% with respect to their best primary vertex
(the one which minimizes the IP (x% < 3).

3.4 At HLT2 level

HLT?2 performs a full reconstruction of the event at the output rate of HLT1
(40 kHz). The track reconstruction sequence of HLT?2 is designed to be as
similar as possible to the offline sequence provided the limited time available.
With respect to HLT1 sequence there are only two differences, here the non-
pointing VELO tracks are also reconstructed (as in the offline sequence) and
the tracks are globally reconstructed.

The single muon triggers in HLT2 are devised for the following purposes:
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e Semileptonic signal trigger: Semileptonic decays of B and D mesons
can be triggered with a detached single muon trigger without biasing
the hadronic part of the event. This is one of the purposes of the trigger
line H1t2SingleMuon.

e Calibration trigger: Many calibration and efficiency methods use
J/ — ptu~ decays in tag & probe methods. Reasonable efficiency
for this task is provided by the H1t2SingleMuon detached single muon
trigger. For lowering the huge rate of single muon events this line firstly
requires the candidate to have been triggered by the Hlt1TrackMuon
line (TOS required, see definition in Sec. . In addition, a very good
track quality (track x* < 2), pr > 1.3 GeV/c and very large impact
parameter and Y7 are requested (IP > 0.5 mm and x% > 200). The
pr requirement is kept not too high for not biasing the hadronic part
of semileptonic decays.

e Electroweak signal trigger: W= and Z° decays to one or two muons
can be triggered effectively by exploiting the high pr of the tracks by
the prompt single muon trigger line H1t2SingleMuonHighPt which is
similar to its HLT1 counterpart but with tighter cuts (pr > 10 GeV/c)
for suitably reducing the event rate.

Inclusive dimuon triggers consists of prompt trigger selections, where the
dominant discriminants used to distinguish between signal and background
are the dimuon mass and muon identification algorithm response, and de-
tached dimuon trigger selections, based on the decay length significance
(DLS) of the dimuon vertex. Prompt dimuon triggers are organized in three
lines: two with mass windows of 120 MeV/c? around the J/+ (H1t2DiMuonJPsi)
and ¥(25) (H1t2DiMuonPsi2S) masses whereas the third line accepts all
dimuons with invariant mass above 4.7 GeV/c? (H1t2DiMuonB). There is no
prompt trigger selection for dimuon vertices with mass under the J/v mass,
for reducing the events rate. For these lines no pr cut is applied for not
biasing the muon’s final state angular distribution, while a good track and
vertex quality are required (track x?/ndff] < 5, vertex x* < 25, x? < 10 for
H1t2DiMuonB). There exist also two lines which apply cuts on the dimuon
resonance pr: H1t2DiMuonJPsiHighPT (pr(up) > 2 GeV/e for J/i events)
and H1t2DiMuonPsi2SHighPT (pr(uu) > 3.5 GeV/c for 1(25) events).
Detached dimuons triggers in HLT2 are organized in three inclusive lines:

e H1t2DiMuonDetached is primarly devoted to select dimuons with mass
below the J/1 one. The candidate must have m(up) above 1 GeV/c?,

SHere ndf is the number of degrees of freedom available for the track fitting
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a significant y% of the muons and a vertex separation with respect to
its closest PV (x% > 9 and DLS > 7) and a minimum pr(up) of 1.5
GeV/e.

e Hlt2DiMuonDetachedHeavy is a similar line for dimuons resonating at
the J/1¢ mass or at heavier mass resonances with the non-mass cuts
loosened with respect to the previous line (m(up) > 2.95 GeV/c?,
DLS > 5 and no requirements on x3 and pr(ppu)).

e Hlt2DiMuonDetachedJPsi enhances the efficiency within the relatively
small J/1 mass window (Am < 120 MeV/c?) by requiring a reduced
vertex separation compared to the H1t2DiMuonDetachedJPsi line (DLS >
3).

3.5 Muon PID variables

As part of the LHCb muon identification procedure [63] different particle
identification variables (PID) are defined and used for background rejection

e IsMuon: it is a boolean (yes/no) decision that states if a given track is
compatible with hits in the muon system. Given a track reconstructed
in the tracking system, hits in the muon stations are searched around
the track extrapolation in a suitably defined Field of Interest (FOI).
The decision is positive if a track has at least one hit within FOI in a
certain number of stations depending on track momentum (see Table

3).

e Delta Log Likelihood (DLL): using tracks passing the IsMuon se-
lection, likelihoods for the muon and non-muon hypotheses P, and Py,
are computed for each muon candidate. These quantities are estimated
by basing on the average squared distance D of the N hits within the
FOI from track extrapolation

2 2
— Ltrack Yi — Utrack
D = = 4
ZN{( pad, > +( pad, )} (47)

where z; and x4 are respectively the hits and extrapolated x coor-
dinates and pad, is the logical pad size in direction z, for normalizing
this distance to the granularity in that region of the muon detector.
Then, the logarithm of the ratio between the two hypotheses

P,
Al 4
og —+ P, (48)

can be used as discriminating variable for background rejection.
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Momentum Range ( GeV/c)  Muon Stations

3<p<b6 M2,M3
6<p<10 M2,M3,M4 or M5
p>10 M2,M3,M4,M5

Table 3: Muon stations required for a positive IsMuon decision as a function
of momentum range.

e ProbNN variables: these are more powerful PID variables, because
they combine information obtained separately from tracking, muon,
RICH, and calorimeter systems. The best method found to combine
this information consist of taking into account correlations among the
different detector systems and by including additional information.
This is carried out using multivariate techniques, combining PID in-
formation from each sub-system into a single probability value for each
particle hypothesis.

Samples of decays which can be selected without using PID information for
their relatively high statistics and low background (e.g. J/¢ — u*p~) are
essential for variable calibration, ProbNN multivariate analysis training and
performance evaluation. In fact, the variables definition presented earlier
are to be tuned properly using a test MC sample for taking into account
differences arising when dealing with real detectors, like efficiency losses.
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Variable Requirement

Global Event Cut (GEC)

SPD hits < 600
Muon tracks
track x?/ndf <5.0
ghost probability <04
min IPY?(PV) > 9
Muon PID
DLL,, > —3.0
isMuon true
pr
m(putp) < 7100.0 MeV/c
Vertex x?/ndf < 12.0
DIRA > —0.9
PV separation x? > 9.0
Ay
Q| <3
Mass 4600 < M < 7000 MeV/c
Vertex x?/ndf <8
[Py ?(related PV) <16
DIRA > 0.9999
related PV separation y? > 121.0

Table 4: B2XMuMu stripping line cuts. Here |@Q| is the particle charge equal
to the sum of daughters charge. See Table 21| for variable definitions.

4 Stripping and pre-selection

This analysis is carried out using the full LHCb Run I data sample took in
2011 and 2012 and corresponding to an integrated luminosity of 3fb~!. Can-
didates are reconstructed using the B2XMuMu stripping line (see Sec. @ for
stripping process description), whose requirements are detailed in Table zl
Table [5|lists the pre-selection cuts applied to stripped data for further reduc-
ing background events. These are quite standard cuts, apart from the one
on m(pK~), which is placed because it excludes a lot of background events.
Few signal events are expected above this cut since the m(pK~) spectrum
observed in A, — pK~J/1 channel [64] consists mainly of a main A*(1520)
and many other A* intermediate resonances, all with m(pK ~) below the cho-
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Quantity Requirement

any track arcsin(pr/p) € [0,0.4] rad
prob(DTF) >107°
DTFm(pK—ptp~) € [5350,6000] MeV/c?
DLL,x(p) > -3
DLL,x (p) > -9
DLL, (K) >3
DLLy,(K) > -8
p, K~ tracks hasRich
m(pK™) > 2350 MeV/c?

Table 5: Preselection requirements applied to stripped data. See Table
for variable definitions.

Stage Trigger Lines
LO LOMuon_TOS
HLT1 H1t1TrackA11LO_TOS

Hlt1TrackMuon_TOS

H1t2TopoMu[2,3,4]1BodyBBDT_TOS
H1t2Topo[2,3,4]1BodyBBDT_TOS
H1t28ingleMuon_TOS
H1t2DiMuonDetached _TOS

HLT?2

Table 6: Trigger requirements for candidate events.

sen cut.

In addition standard trigger requirements are applied, listed in Table [f], Two
categories of triggered events are usually defined according to the informa-
tion required to trigger the event: TOS (Trigger On Signal) where signal
particles are sufficient to trigger the event and TIS (Trigger Independent of
Signal) where non-signal particles are sufficient to trigger the event. Note
that a given event can belong to both categories (TIS&TOS) or to neither
of the two. For this analysis only TOS trigger requirements are put. Most
of these requirements are muon trigger lines (or combinations of more than
one line) described in Sec. , TrackA11LO refers to any track selected by LO
and H1t2Topo refers to HLT2 topological trigger lines, usually employed to
trigger inclusively on n-body B decays [65].

Ay — pK~J/1p and Ay, — pK~¢(2S) candidates are removed from A, —
pK~ptp~ sample by applying the standard LHCb veto for ¢¢ resonances on

41



the dimuon invariant mass ¢ = m(u*tu™)%

8 <¢*<11GeV¥c* and 12,5 < ¢* < 15GeV?/c?

Candidate reconstruction is improved by using the Decay Tree Fitter (DTF)
tool [66] which performs a kinematic simultaneous fit of the whole decay
topology imposing suitable constraints. Hence, a better resolution on the
A, mass distribution is attained using DTF than the usual sequential de-
cay reconstruction. DTF is set to constrain the A, particle origin to the
interaction point, while for A, — pK~J/¢ decays the J/¢ meson is not
mass-constrained, for reconstructing these events in exactly the same way as
Ay = pK~pup decays.

MC events are selected exactly in the same way as data. For Ay — pK~ putpu~
and Ay — pK~J/1» MC samples are considered only truth—matchedﬁ events.

4.1 Peaking component vetoes

The dominant peaking components affecting this analysis comprise B? —
Kt*K-p*p~ and B — Knutp~ decays with hadron mis-identifications,
Ay — pK~utpu~ signal decays with a p <> K swap and muons mis-identified
as kaons, where the muon is from a J/1 or 1(2S5) resonance. For the B°/BY
peaking components, the entire event is refitted using DTF to the specific
peaking component topology. The variables employed for setting B®/B°
vetoes are then calculated from the reconstruction corresponding to the best
refitted B°/B? topology. For MC studies the PID variables are corrected
using PIDCalib package (see Appendix [Bffor PID variable resampling).

No evidence of muons mis-identified as protons and of non-muonic peaking
components (like A, — pK 77~ with pions misidentified as muons) is seen.
In the next subsections the vetoes set for excluding these peaking components
from the signal dataset are detailed. All the invariant mass requirements are
given in MeV/c? units.

4.1.1 B — K"K~ p*u~ removal

The B — KK~ u*p~ background is dominated by the ¢(1020) — K+TK~
resonance, although some f5(1525) — K™K~ contribution is expected. Un-
fortunately, the proton PID variables are not discriminating enough to ren-
der an effective separation between signal and BY events. This is depicted

6A Ay — pK—ptp~ MC truth-matched event is a generated A, — pK T~ event.
Truth-matching excludes generated background events reconstructed as Ay — pK ~putu~
events.
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Figure 10: B? — KK~ pu*p~ removal: 2-D scatter plots of DLL, (p) versus
the reconstructed B? mass for (a) Ay, — pK p*p~ and (b) B? — ¢utp~
MC.

in Fig. where the B? invariant mass is taken from the best reconstructed
BY — KTK~p*u~ candidate in each event. Relying on the fact that the
narrow ¢(1020) resonance is the main background component, candidates
satisfying the following requirements are rejected

{m(KKpup) € [5300,5420), m(K K) € [1010,1035]} or
{Im(K K ) — 5366| < 40, m(KK) < 1080, DLL,x (p) < 30} or
{Im(K K pp) — 5366| < 10, DLL,x(p) < 0} (49)

After these cuts, in the Ay — pK~.J/1¢ mass spectrum some BY events not
coming from ¢(1020) resonance are still observed. No evidence of such events
is seen in the Ay — pK~p*p~ mass spectrum (Sec. [8.3.4) Fig. [40). For this
reason the following additional cuts are applied, only to Ay, — pK~J/v
control channel

{m(K Kpup) € [5300,5420], m(K K) < 1300, DLL,x(p) < 40} or
{Im(K K ju1) — 5366| < 40, DLL, (p) < 20} (50)

4.1.2 B’ — Knu*tpu~ removal

The B — Kmutpu~ background is dominated by the broad K*(892) — K
and f»(1430) — K resonances. Other possible partial wave contribution
are even wider in terms of m(Kr) invariant mass. PID swaps can occur in
two possible ways:

e Double swap {p +» K, K <> 7} candidates. Figure shows the plot of
DLLg(K) versus DLL,k(p) for signal and B° simulated events, where
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Figure 11: B — Knautpu~ “double swap” removal: 2-D scatter plots of
DLLg(K) versus DLL,(p) for (a) Ay = pK~pTp~ and (b) B — Krutpu~
MC. A cut has been placed on the reconstructed B® mass, |m(p — K, K —
T, ) — 5279] < 45.
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Figure 12: B — Kmutpu~ “p <+ " swap removal: 2-D scatter plots of
DLL,,(p) versus m(p — K, Kup) for (a) Ay, = pK~putp~ and (b) B —
Krutu~ MC.
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Figure 13: p <> K swap removal: 2-D scatter plots of the PID variables
for (a) non-truth-matched and (b) truth-matched MC Ay — pK - putp~. A
im(p <> K, pp) — 5620| < 45 MeV selection has been placed.

the double-swapped B® mass mp = m(p — K, K — 7, u,u)ﬂ is required
to satisfy |mp — 5279 < 45. Defining mx = m(p — K, K — 7),
candidates are rejected if

{Imx — 895| < 100, |mp — 5279| < 45, DLLy,(K) < 5, DLL,x(p) < 15} or
{Imx — 1430] < 100, |mp — 5279| < 45, DLL(K) < 5, DLL,x (p) < 15} or
{Imp — 5279] < 30, DLLgc,(K) < 3,DLL,k(p) < 10} (51)

e p <> m swap candidates. Figure |12|shows the plot of DLL,.(p) versus
m(p — K, uu) for signal and BY MC events. Defining my = m(p —
7, Kup) and mk = m(p — w, K), candidates are rejected if

{|my — 5279| < 50, DLL,,(p) < 4} or
{|Im% — 895| < 50, |mp — 5279| < 30, DLL,.(p) < 10} (52)

4.1.3 p <+ K swap removal

The convenient variables to study p <> K swaps are the PID variables
x = DLL,k(p) + DLL,k(K), y = DLL,k(p) — DLL,k (K) and the A, invari-
ant mass calculated swapping proton and kaon mass hypothesis, m(p <«
K, pp). Figure [13[shows the 2-D scatter plots of these PID variables around

"This expression means that the invariant mass is computed taking the K mass hy-
pothesis for the particle identified as a proton and the m mass for the particle identified
as a K.
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Figure 14: p < K removal: m(K — p,p) spectrum from data with
“KisMuon or DLL,.(K) > —2” requirements on the kaon. The J/1¢ and
1(2S5) peaks are clearly visible.

the A, region |m(p <> K, pp) — 5620 < 45. The p <» K swaps are subse-
quently removed by rejecting candidates satisfying

{Vx2+y? <15, m(p < K, up) — 5620| < 20} or

{Va?+y? <7, |m(p < K, pp) — 5620] < 40} or
{y <0, Im(p < K, pp) — 5620] < 45} (53)

4.1.4 pu <+ K swap removal

Since charmonium resonances are very copiously produced in LHCb, it is
not uncommon for a true muon from a J/¢ or 1(2S) resonance to be mis-
identified as a kaon. Figure shows the invariant mass m(K — p,u)
directly from data, where charmonium resonances are clearly visible. Swaps
are removed by rejecting candidates satisfying the further criteria

|m(K — p, 1) —3096| < 100 or |m(K — p, ) — 3686| < 60  (54)

4.1.5 Signal loss

The signal loss due to the applied veto cuts is checked on MC Ay, — pK ™
events by counting how many signal events are discarded when applying a
specific veto (Table [7)). As done before, only resampled PID variables are
considered.
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Veto A, Signal loss [%)]

BY - K"K putp~ 1.6
B® — Krutp™ p < m swap 0.6
B? — Knutpu~ double swap 0.3
K < p mis-ID 1.7
K < p mis-ID 0.9

Table 7: The percentage signal loss after application of each peaking compo-
nent veto cut.

5 Fit model

For fitting in a suitable way the A, mass distribution it is mandatory to un-
derstand how signal and background shapes can be parametrized. In similar
analyses the signal shape is usually parametrized using one or more Crystal
Ball (CB) probability density function (PDF) [67,/68]. The CB PDF is made
of a Gaussian PDF connected with a one power-law tail, so as to be a C!
functionf}

( . —
exp (%) for a > 0, (I;x) > —«
for o < 0,8 <« —
CB(x:7,0,a,n) = N { o, e o ST% (55
A (B - @) for a > 0, (x;m) < -«
\ for a < 0, @ < —a

where A = <ﬁ) exp <—‘°;j>, B = - |a| and N is the normalization

factor. Here, ¥ and o are the usual Gaussian PDFﬂ parameters, « sets the
power-law tail threshold (for o > 0 the tail is on the low-mass side and vice
versa) and n controls the power exponent.

The CB PDF is particularly well suited to parametrize radiative decays like
the Ay decay under study, characterized by power-law tails in the mother
particle mass distribution.

The combinatorial background, consisting of candidates where one or more
tracks are paired randomly, is fitted with an exponential PDF, as done in
similar analyses (e.g. [35/64,/69]).

After a careful study of A, — pK ™ and Ay — pK~J/¢ MC samples, the
signal shape has been parametrized by means of a PDF composed by 2 CB
and one Gaussian functions. For these shapes, all the PDF components share

8Derivable function with continuous derivative.
9For CB function Z is the most probable value, not the mean value.
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the same mean and one CB has the radiative tail on the high mass side (o <
0), allowing to take into account events whose mass is not properly measured.
Tail parameters o and n of the two CB, relative fractions and relative widths
are then fixed to the ones determined by fitting the A, mass distribution of
the MC data, differently for A, — pK~u"p~ and Ay, — pK~J/v decays
(Fig. [15] Table [8). The composition of m PDFs F(z) is normalized to the
total fitted number of events N,,; as

m—1

F(z) = NyPDF(z) + NoPDFa(z) + ... + (Nir — ¥ _ N;)PDF,,  (56)

=1

where N; is the number of events associated to the component PDF;. The
relative fraction for the component PDF; is then defined as N;/N;y, while
the relative width is computed with respect to the first CB component as
o(PDF;)/o(CB1). Therefore, when fitting data, the only floating parameters
will be the normalization, the common mean and one overall Widthm, this for
considering possible resolution differences between real and simulated events.
Fits are performed using the unbinned extended maximum likelihood method,
consisting in maximizing the likelihood defined as

L(v,d) = exp(— —| H p(z;, d (57)

over the PDF free parameters a and the fitted number of events v. Here z;
are the n events to be fitted and p(x;, @) is the fitting PDF evaluated at given
(x;,d@). Usually the likelihood maximization is done by minimizing — log L,
which is a more manageable expression since the multiplication turns into a
sum

—log L(v, a) Z log p(x;, @) — nlogv + v + const. (58)

The extended feature consists in determining the number of fitted events v
by adding a Poissonian distribution, with n as mean number of events, to the
likelihood. In fact, for repeated experiments the number of events will fluc-
tuate according to Poisson statistics. The employed method is unbinned as
no histogram is used during the maximum likelihood fitting. The histograms
reported in the following sections are used for graphical reasons, where the
plotted fitted PDFs are suitably normalized.

The fit quality is checked by reporting the distribution of the pulls, defined

10Ty practice the first CB width is left floating, while the other widths are linked to the
floating one using the fixed ratio derived from MC.
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Figure 15: Fit to Montecarlo Ay, — pK~putpu~ and Ay, — pK—J/¢ @
signal samples. Below the fit plots, the pulls between data points and fitted
function are reported.

for each histogram bin as the difference between the bin value and the fitted
function value, difference then divided by the associated bin error.

6 Selection

A selection for rejecting combinatorial background events is made by using a
multivariate classifier (MVA) based on a Boosted Decision Tree (BDT) [70l71]
implemented as one method of the Toolkit for Multivariate Data Analysis
(TMVA) [72], a package developed towards high energy physics (HEP) tasks.
Such a classifier learns how to distinguish signal events from background
events by exploiting differences between signal and background PDF distri-
butions of a set of chosen variables. During this stage, called training, a
discriminating variable (BDT variable), interpretable as a measure of signal-
likeness, is built. The more signal and background variable distributions are
different, the more the classifier will be able to separate signal and back-
ground events.

BDT is one of the two commonly used classifiers in HEP analyses, together
with artificial neural networks (NN). For this analysis BDT is chosen because
it is a simpler method than neural networks and its performance is stable
with respect to training variable number, separation and correlations among
them. For example, addition of a poorly discriminating variable to the train-
ing set do not decrease BDT performance, rather may further improve it. In
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MC Ay, = pK—ptu= MC Ay — pK—J/¢

Variable Fit Value Error Fit Value  Error
CB1 Events (103) 208.4 + 6.2 138 + 18
CB2 Events (10%) 185.6 + 79 103 + 20
Gaussl Events (10?) 99.2 + 7.0 99.4 + 8.8
Mean ( MeV/c?) 5620.70 + 0.04 5620.70 £ 0.04
CB1 o (MeV/c?) 14.87 + 0.17 13.58 + 0.19
CB2 o (MeV/c?) 15.04  +017 1496 =+ 0.51
Gaussl o (MeV/c?) 21.56 +0.43 20.11 + 0.48
CB1 « 1.322 + 0.026 1.469 + 0.086
CB2 « -1.330 + 0.045 -1.47 + 0.15
CBln 3.67 + 0.13 2.88 + 0.18
CB2n 4.23 + 0.28 4.03 + 0.70

Table 8: Fit results for MC A, — pK putp~ and Ay, — pK~J/v signal
samples.

general, this is not true for neural networks. Moreover, neural networks are
far more resource consuming and difficult to tune because of their several
free parameters.

Once BDT variable is produced, the cut value is chosen by optimizing a
proper figure of merit (FoM). The best sensitivity to CP asymmetry (min-
imization of statistical uncertainties) is usually achieved by optimizing the
significance FoM defined as

S
FoM — 2 50
TS+ (59)

Here S stands for the number of signal events after BDT cut, B is the
number of background events after BDT cut in the chosen signal region
m(Ay) € [5500,5700] MeV/c?. They are computed rescaling the number of
signal and background events before BDT selection with signal and back-
ground efficiencies obtained applying the BDT cut to the training samples.
This way, the optimization process is not biased by the statistical fluctua-
tions of the data sample. The expected number of A, — pK~utu~ events
before selection is taken as the fitted number of A, — pK~J/¢ events af-
ter preselection, rescaled by the theoretical branching fraction (derived in

Appendix , Eq.

B(Ay = pKptu™)

= 1.57%
Bl — K Jjoo o)) 0T
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The number of background events is derived by counting the number of A, —
pK~ "~ events in the signal region before selection minus the expected
Ay — pK~p™ i signal events.

As a cross check, an alternative BDT cut is chosen by optimizing the Punzi
FoM [73]

FoM = (60)

€s
VB +4
devised for gaining the best evidence for rare decays. Here ¢, is the BDT
signal efficiency, B is the number of background events, as before, and a
is the significance w.r.t the null hypothesis in (Gaussian equivalent) sigma
units that one would like to achieve: to obtain an evidence for a certain
decay a significance of 3 ¢ is required (chosen), while a significance of 5 o is
required for a decay observation. This FoM needs no estimate of the signal
yield before BDT cut.
The selection has been prepared first for the control sample A, — pK~J /1,
because for this decay it is possible to better assess possible issues by com-
paring the MC A, — pK~J/v variable distributions to the data signal dis-
tributions obtained using the sPlot statistical tool [74]. This method allow to
extract the signal distributions by reweighting each candidate with a weight,
called s-Weight, derived starting from a data fit.
J /1 particle is not mass-constrained for keeping the same reconstruction pro-
cedure as for Ay — pK~putu~ decay.
For the training stage a Montecarlo data sample of A, — pK~.J/1 events is
used as signal sample and the A, — pK~J/1 data right sideband m(Ay) >
5800 MeV as background sample. All preselection and peaking component
veto cuts are applied before developing the BDT selection.
Several variable types have been considered as possible training variables:
kinematic, topological and different classes of isolation variables (related to
extra tracks that can be added to the decay chain). Use of particle identifica-
tion variables is investigated later. The discriminating power of each variable
is measured as the statistical separation (S?) between signal and background
PDFs, defined as

(57 = L /(PDFs<y>—PDFB<y>>2 (61)

~ 2/ PDFs(y) + PDF5(y)

where PDFg p are the signal and background PDF of the variable y under
study.

Variables with higher signal /background statistical separation have been cho-
sen as training variables, taking into account the correlations among themEl

" Obviously, given a set of variables with fixed statistical separation, the resulting BDT
discriminating power will be maximum when variables are uncorrelated, hence the effective
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These are (see Appendix @ for variable definition, X refers to the pK~ sys-
tem):

e Kinematic variables: pp(X), p(X), pr(Ap)

e Topological variables: log(x%(Ay, K)), log arccos(DIRA(A)), Ts(Ay),
prob(DTF)

e Isolation Variables (see Sec.

Next, delta log likelihood PID variables (defined in Table are considered
for the training stage. Only the hadronic DLL,.(p), DLLg,(K), DLLk,(p),
DLL,,(K) are added to the training variable set. DLL regarding muons are
discarded because of their very low separating power and this is a sign of the
effectiveness of muon identification in LHCb experiment. All PID variables
of MC samples are resampled using the PIDCalib packages for correcting
discrepancies between data and MC PID distributions (Appendix . DLLs
have been exploited as BDT training variables also by [75,[76] analyses.
Differences observed between MC and s- Weighted variable distributions are
corrected by reweighting the MC A, — pK~J/v sample (Appendix . This
correction is very important because small data/MC discrepancies in train-
ing variable distributions can result in a sizeable difference between data/MC
BDT distributions, that would lead to a wrong estimation of the signal effi-
ciency and in turn a wrong optimization process.

Finally, also ProbNN PID variables (defined in Table are considered as
training variables, but even though they showed a good data/MC agreement
after PID resampling (Fig. the resulting BDT distributions for MC and
s-Weighted A, — pK~J/1¢ samples are still quite different (Fig. . This
problem is observed for both v2 and v3 ProbNN versions and it is not un-
derstood yet.

Once the training variable set is selected, different BDT training algorithms
are tested. The Adaptive boosting algorithm [77] is chosen as this showed the
best discriminating performance.

A testing stage is done after the training one, where the obtained BDT is
applied to another set of signal and background events, different from the
training one. Compatibility of the BDT distributions obtained for training
and testing datasets is checked using the Kolmogorov-Smirnov test, which
returns the probability that the two distributions are compatible within sta-
tistical fluctuations. Failure of this test (probability < 5%) would imply the
BDT classifier to be too specific for the samples used for building it (over-
training), therefore not applicable to other datasets. BDT booking options

separating power of a variable is decreased by its correlations with other variables.
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Figure 16: Comparison between MC (blue) and s-Weighted (red) A, —
pK~J/¢¥ BDT normalized distributions for a test BDT employing ProbNN
v3 in place of DLL PID variables.

are carefully chosen as a compromise between discrimination increase and
overtraining control.

BDT selection for A, — pK~ p*p~ candidates is set as for Ay, — pK~J/¢
channel, using 160000 events of MC Ay — pK ~putpu~ reweighted using the
weights derived for MC A, — pK~J/1) sample as signal sample and 160000
events of A, — pK ~ptpu~ data right sideband m(A,) > 5800 MeV as back-
ground sample. This way, it is assumed that MC reweighting corrects the
Ay, production effects for A, — pK~putpu~ events and that it is independent
of the particular A, decay process. No data right sideband event is later
used for CP-violating observables extraction, whose relative fits are done for
m(Ay) € [5400,5800] MeV/c2.

The testing stage is performed on different signal and background samples
of the same number of events used for the training stage. Overtraining check
is reasonably good, reported in Fig. Fig. shows that the data/MC
comparison for the BDT variable is fine.

Training variable distributions for signal and background samples are com-
pared in Fig. [I9] their statistical separation is given in Table [0} In Fig.
is shown the signal/background comparison for ProbNN v3 variables, their
statistical separation, reported in Table [10] is larger than the corresponding
DLL variables.

Correlations of BDT variable with reconstructed A, mass and Cp triple-
product have been checked to be low enough to exclude a biasing effect on
the latter variables (Fig.[21)). BDT linear correlations are found to be —0.3%
with m(Ay) and 1.7% with Cr.
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TMVA overtraining check for classifier: BDT
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Figure 17: Overtraining check for BDT classifier.
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Rank Variable (S%) (%)

1 DLL,.(p) 43.56
2 pr(X) 37.28
3 p(X) 36.70
4 DLLg(K) 26.70
5  prob(DTF) 21.52
6 Isolation BDT1 20.45
7 logarccos(DIRA(Ay))  17.78
8 DLL,,(K) 17.53
9 Isolation_ BDT2 17.20
10 log(x#(K)) 14.41
11 Isolation BDT3 14.13
12 5(Ay) 13.91
13 log(xde(Ay)) 13.21
14 Isolation.BDT4 12.99
15  DLLgx(p) 12.87

16  Isolation V2_15(u™) 12.85
17 Isolation_V2_15(p~) 12.79

18  Isolation(u™) 8.351
19  Isolation(u™) 7.918
20 Pr (Ab) 7.597
21 Isolation(p) 6.644
22 Isolation(K ™) 6.539

Table 9: MVA training variables ranked according to their statistical sepa-
ration.

Rank Variable (S?) (%)

1 ProbNN,(p)  46.38
ProbNN(p) 35.24
ProbNNy(K)  28.73
ProbNN, (K)  27.98
ProbNNgk(p) 5.294
ProbNN,,(K) 4.317

O O = W N

Table 10: ProbNN variables ranked according to their statistical separation.
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Figure 22: Fit to Ay, — pK~J/¢ data before BDT selection. Pulls defined
as in Sec. Bl

For what concerns the optimization process, the fit to A, — pK~J /¢ data
before BDT selection and relative fit results are showed respectively in Fig.
and Table . Starting from A, — pK~J/1 yield, the expected number of
Ay — pK~ptp~ events is 975, while the expected background events in the
signal region is 261020.

The significance optimization is reported in Fig. , suggesting a cut on
the BDT variable at 0.1775 with a maximum expected significance of 17.07.
The alternative Punzi FoM optimization is showed in Fig. suggesting
a tighter cut at 0.245.

Variable Fitted value Error
Signal Events (10%) 62.13 + 0.73
BKG Events (10%) 438.16 + 0.95
Exponential ¢ (107%) -5.46 + 0.28
Mean 5618.20 + 0.16
CBl o 13.96 + 0.17

Table 11: Fit results for A, — pK~J/1 data fit before BDT selection.
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6.1 Isolation variables

Many background events come from decays where additional charged tracks
are not reconstructed. These tracks will form good vertices with such A, —
pK "~ candidates, while for a true signal candidate it should not be
possible to add extra tracks to the decay topology. Isolation variables are
built for distinguishing this kind of background and therefore they are good
signal /background discriminators. Use of isolation variables for BDT training
is useful because, being not correlated with kinematic, topological or PID
variables, they provide a different S/B discriminating information. Moreover
they are not correlated with m(A;) or Cr triple-product. The following
isolation variables, exploited by [69,|76] analyses, are added to the BDT
training variable set.

e Hadron isolation [Isolation(p, K~)]: These variables, built for [76]
selection, consider the extra tracks (not belonging to the decay looked
for) forming a vertex with the hadron track. For each extra track the
following quantities are taken into account:

— Minimum distance between the extra track and the PV (pvdist).

— Minimum distance between the extra track and the A, vertex
(svdist).

The distance of closest approach (DOCA) between the extra track
and the hadron one.

Extra track IP significance (IP/TPepor)-
— Angle between the extra track and the hadron one (/).

— The quantity defined as:

|ﬁh + ﬁtrk|ah+trk,PV

|Ph + Do | TPV ey A+ e

Je (62)

where a"T"%PV ig the angle between the hadron and the track can-

didate, prn and pr gk are the hadron and extra track transverse
momenta with respect to the beam line.

Hadron isolation variables are built counting how many extra tracks
satisfy the following conditions:

— pvdist € [0.5,40] mm
— svdist € [-0.15,30] mm
— DOCA < 0.13 mm
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6.2

— Track IP significance > 3
- 5 <0.27
— f.<0.6

Muon isolation [Isolation(u™, 7 )]: these variables are built like the
hadron isolation ones (still for [76] selection) but employ a multivariate
approach: the six variables considered before for hadron tracks plus
extra track IP, extra track pr and extra track y?/ndf are fed into a
BDT which is trained using a phase-space B® — K*u™u~ MC sample
and an inclusive dimuon background sample. For this analysis two
different variables for each muon track corresponding to different BDT
training versions are added to the MVA selection.

BDT isolation [Isolation BDT_(1 —4)]: these are four different BDT
trainings considering the whole decay topology for selecting additional
extra tracks, developed for [69] selection. These BDTs include extra
track pr, the angle between piacx and py,,, extra track ghost probabil-
ity, extra track x? and extra track x% with respect to the pu vertex.
Behaviour of these BDT trainings on our signal and background sam-
ples changes gradually from Isolation_.BDT_1 which rejects more back-
ground events to Isolation_ BDT _4 which has an higher signal efficiency

(Fig. [19), for this reason they are all included in our BDT selection.

Comparison of different selections

The goal of this section is to show that our MVA selection strategy, that
is including both isolation and PID as BDT training variables, is better in
terms of attained significance FoM (Eq. with respect to other strategies,
used in other analyses, which do not include isolation variables or they apply
simple PID cuts. To this end four selection strategies are tested (variable
classes refer to Sec. [0)):

BDT1: Trained employing kinematic and topological variables.

BDT2: Trained employing kinematic, topological and isolation vari-
ables.

BDT1+C: Same as BDT1, but followed by cuts on hadronic ProbNN
PID variables.

BDT3: Our selection (Sec. [6)), namely trained employing kinematic,
topological, isolation and hadronic DLL PID variables.
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The squared grid highlights how the BDT rejection power increases from
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BDT 1 2 14+C 3
€sig (%0) 36 45 27 41
€bkg (1074) 35 52 4.7 8.7
Nsig 350 440 263 400
Significance FoM  9.79 10.35  13.41  15.96
Punzi FoM 0.0110 0.0117 0.0215 0.0247
Purity (%) 27 25 68 64

Table 12: Performance comparison of the four considered selection strategies.
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All the BDT configurations are trained on the same signal and background
samples with same BDT booking options and are subsequently optimized us-
ing the Punzi FOME| (Eq. 60| with @ = 3). The ROC curves (signal efficiency
vs background rejection plots) for the three BDTs are reported in Fig.
Performance comparison of the four selections is shown in Table[12] Accord-
ing to significance FoM (minimizing uncertainties on CPV observables) our
selection clearly outperforms the other considered strategies.

7 Extraction of CP-violating observables

7.1 Direct CP asymmetry

Data samples after selection are split into A, and A, subsamples according to
the kaon charge. An unbinned extended simultaneous maximum likelihood
fit to the A, mass distribution of both subsamples is performed for extract-
ing the raw CP asymmetry A,,,,. The simultaneous fit is done using the fit
model depicted in Sec. 5, where the signal and background shape free pa-
rameterg | are constrained to be equal for each of the two subsamples. The
raw asymmetry is extracted directly from the fit model by expressing the A,

yield as (Eq.
1 AraW

=N,

Ab 1 + Araw
while background yields are estimated separately for each subsample.
The minimized log-likelihood corresponding to this fit procedure is

- lOg [’(fa g,c, NAb> Araw7 Nexp,Aba Nexp,Kb) -

Ny, (63)

TLAb

NA NX A
— lo 2 S(x;,%,0) + ——22t _ B(x;,c
Z & (NAb + NeXPJ\b ( ) NAb + NeXPJ\b ( ))

— Ny, log(NAb + Nexp,Ab) + NAb + Nexp,Ab

"Kb a _
28\ Ny, TN, Ny, + N,

exp,Ay exp,Ay

— nxb log(NKb + Nexp,Kb) + NK;, + N

exp,Kb

(64)

where 7 is the signal shape mean, o is the first CB PDF width, ¢ is the expo-

nential parameter, Ny, is the number of fitted Ay signal events, Newpa, (Noyp 7,)

12In BDT1+C strategy ProbNN cuts are optimized on Punzi FoM after application of
BDT1 selection.

13These are the signal shape mean, the first CB component width and the exponential
¢ parameter.
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Figure 25: Simultaneous fit for A, extraction to Ay, — pK~u*u~ data.

is the number of fitted background A, (A,) events and Ng, is a function of
Ny, and A,y via Eq. ny, and ng, are the number of A, and A, candidates
to be fitted, x; and y; refers to the i-th A, and A, candidate, S(z;,Z, o) and
B(x;, ¢) are the signal and background shapes defined in Sec. .
Simultaneous fits to Ay, — pK uTp~ and Ay, — pK~J/¢ data are shown
respectively in Fig. 25 and Fig. [26] the relative fit results are reported in
Table 13|

AAcp is then derived from fitted raw asymmetries, obtaining

AAcp = (—4.8 £5.0) x 1072

where the reported uncertainty is statistical only.

The goodness of fit is first checked looking at the pulls, defined for each his-
togram bin as the difference between the bin value and the fitted function
value, difference then divided by the associated bin error. The pull distri-
bution should be compatible with statistical fluctuations if the resulting fit
parametrization is good. No significant structure in the pull distributions is
visible. A more careful study of the fit behaviour on toy MC experiments is
carried out in Sec. [7.3]
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Figure 26: Simultaneous fit for A,,, extraction to A, — pK~J/¢ data.

Pull

Ay — pK—ptp~ Ay — pK=J/¢
Variable Fit Value Error Fit Value Error
Apaw (1072) -2.8 + 5.0 1.97 + 0.70
A, Signal N 291 + 22 11674 + 115
Ay BKG N 706 + 30 3036 + 67
A, BKG N 671 + 29 3049 + 67
Mean (MeV/c?) 5615.60 +0.94 561830 £ 0.13
CB1 o (MeV/c?) 14.58 + 0.88 14.29 + 0.10

Exponential ¢ (107%) -4.18 + 027  -1.89 + 0.12

Table 13: Fit results for direct CP asymmetry simultaneous fits to A, —
pK~ptp~ and Ay — pK~J/1) samples.
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Figure 27: Simultaneous fit for Ar, Ar extraction to Ay — pK~ptp~ data
divided in l@‘ Ay and @ Ay datasets. Left (right) plots are Cr > 0 (Cr < 0)
subsamples.
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Variable Fit Value Error

Ap(1072) -2.8 + 7.2
Ar(1072) -4.0 + 6.9
Ay Signal Events 291 + 22
Ay Signal Events 309 + 22
Ay Cr > 0 BKG Events 354 + 21
Ay, Cr < 0 BKG Events 351 + 21

A, Cr > 0 BKG Events 347 + 21
A, Cr < 0 BKG Events 323 + 20

Mean (MeV/c?) 5615.60 =+ 0.95
CB1 o (MeV/c?) 14.63 £+ 0.88
Exponential ¢ (1073) -4.19 + 0.27

Table 14: Fit results for Ap, Ap extraction simultaneous fit to A, —
pK~ptpu~ sample.

7.2 Triple-product asymmetries

The Ay — pK~ptpu~ data sample after selection is split into 4 subsamples
according to A, flavour and Cr/Crp sign. The A, mass distributions of all
subsamples are simultaneously fit in analogy to what done for direct CP
asymmetry in the previous section, where now triple-product asymmetries
Ap, Ap are extracted from the fit model by writing the following yields as

(Eq.

Ny cr>0 = %NAb(l + Ar)
Np,cr<o = %NAb(l — Ar)
NR, Cr>0 = %NAb(l + Ar)
N3, Gr<0 = %NAb(l — Ar) (65)

The minimized log-likelihood is analogous to Eq. [64] with four terms corre-
sponding to the four considered datasets.

Simultaneous fit to A, — pK~putu~ data is shown in Fig. 27 results are
reported in Table a:g‘;;*d is then computed from fitted Ay, Ar, obtaining

agsd = (0.6 + 5.0) x 1072

where the reported uncertainty is statistical only. The goodness of fit is first
checked looking at the pulls of the four histograms, no significant structure
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in the pull distributions is visible. A more careful study of fit behaviour on
toy MC experiments is carried out in Sec. [7.3|

7.3 Fit validation

Inaccuracies in data parametrization due to the chosen fit model may produce
a biasing effect on CPV observables. This effect is studied by generating
10000 simulated experiments (toy MC). For each toy, the data subsamples
are generated according to the m(A,) data distribution after selection, the
number of generated events per subsample is one half of the real data events
after selection, plus a Poissonian fluctuation different for each subsample.
This ensures that every toy MC is generated starting from a zero asymmetry
condition, this way a possible resulting bias can not be due to a toy generation
asymmetry, but must come from a fit model effect. Toys are then fitted using
the unbinned simultaneous maximum likelihood fits set for data fit, described
in Secs. [7.1][7.2] The pull distribution for each asymmetry A is defined as

Aﬁt - Agen

U(Aﬁt) (66)

where Agen = 0 from toy generation and it is fitted with a Gaussian function,
which should have mean compatible with zero if the fit model cause no bias.
The fit validation for A,,, observable is carried out separately for signal and
control channels (Fig. . The fit validation for triple-product asymmetries
is done only for signal events (Fig. . No bias is observed as the Gaussian
function means are all compatible with zero.
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Figure 28: Toy MC study on A,,, observable for Ay — pK~ptp~ and
@ Ay, — pK~J/1 events. Left plots are the fitted A, values, the dashed
red line represents the generated zero asymmetry. Central plots are the fitted
A..w errors and right plots are the pull distributions, fitted with a Gaussian

function.
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Figure 29: Toy MC study on triple-product asymmetries for Ay, — pK "y~
data. are the fitted values, where dashed red lines correspond to the
generated zero asymmetries. @ are the fitted statistical errors and are
the pull distributions, fitted with a Gaussian function.



Variable Fit Value Error

Araw(1072) 1.69 + 0.68
Ay Signal N 11925 4+ 114
Ay BKG N 2767 + 65
A, BKG N 2762 + 65
Mean ( MeV/c?) 5618.50 =+ 0.13
CB1 o (MeV/c?) 1425  £0.10

Exponential ¢ (107?) -2.03 + 0.13

Table 15: Fit results for A,.,, extraction simultaneous fit to reweighted A, —
pK~J/v data.

8 Systematic uncertainties

8.1 Direct CP asymmetry measurement

The study of the possible systematic uncertainties sources affecting the direct
CP asymmetry measurement is carried out following [35].

8.1.1 Experimental bias

As mentioned in Sec. proton and kaon detection asymmetries do not
completely cancel out in Eq. because they depend on the different kine-
matics of control and signal decays, possibly introducing fake AAcp asym-
metry. This effect is estimated by reweighting A, — pK~J/¢ candidates
using weights derived from proton and kaon momentum distribution com-
parison between MC A, — pK ~ptpu~ and MC A, — pK~J/v samples. The
observed difference in A,y (A, — pK~J/1) between simultaneous fits made
using reweighted or not A, — pK~.J/1 data is taken as systematic uncer-
tainty due to the experimental setup bias.

Simultaneous fit to reweighted A, — pK~J/1 data is shown in Fig. , rel-
ative fit results are reported in Table [I5] to be compared to the unweighted
Ay — pK~J/v data simultaneous fit results (Table . The difference be-
tween the two fitted Ayay (Ay — pK~J/1) gives an experimental bias sys-
tematic uncertainty on AAgp of £0.3 x 1072,

8.1.2 Fit model

The choice of the shapes parametrizing signal and background events (Sec. |5)
is in practice not unique nor perfect. The measured CPV observables may
therefore depend on the particular fit model chosen for the simultaneous fit.
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Figure 30: Simultaneous fit for A, extraction to reweighted A, — pK~J/v
data.

To assess possible fit model biasing effects a different fit model, alternative
to the nominal one of Sec. 7], is set as follows.

The signal shapes for signal and control decays are made of one Gaussian
and two bifurcated Gaussian functiond™, sharing the same mean. Signal
shape parameters are fixed from MC fit as done for the nominal ones, leav-
ing the overall normalization, the common mean and the Gaussian width as
free parameters. Different signal shapes like one bifurcated plus one standard
Gaussian, double Gaussian or Johnson SU| PDFs have been tested but they
are not able to parametrize the observed signal tails.

As background shape a linear function is chosen in place of the exponential
one.

The possible fit model biasing effect on C'PV observables is studied by gen-

14Bifurcated means that the Gaussian function has different widths for left and right
sides.
5The Johnson SU function is a four-parameter PDF defined as

Jsu(z) = N‘% 1 +1(zf)2 exp {—; {y +5sinh ! (“"” < 6)}2} .

72



—~ LA R B S B L ~—~ FTr T~ T T T T T T [ T T [ T T T3
B [ MenA,, Pul=-0000432£000068 ] & [ Mean A, Pull =-0.000652 + 0.00013 |
g ool SOMaA, Pl = 006773000048 ] %500_' SigmaA,_, Pull = 0.008972 + 0.000090 ]
S | it S I :
= 1 Sa00F { ]
ESOO_— — E [ 1
(Tieoof- ] |.u300:‘ ]
400[ § 200} .
200f ] 100F .
0' T B Obed [P B |
-02 0 0.2 004 002 0 002
A, PUII A4 PUIl

1

3 fH- &1 :

-3

=)

'
(8]

(a) (b)

Figure 31: Pull distributions (Eq. @ fitted with a Gaussian function, ob-
tained from the toy MC study for fit model bias on A,,, observable for @
Ay — pK~ptp~ and @ Ay — pK~J/1 events.
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erating 10000 toy MC for signal decays and 5000 for control decayq™®} As
done for fit validation (Sec. , Ay and Ay, subsamples are generated accord-
ing to the m(A;) data distribution after selection, the number of generated
events is one half of the data events after selection per subsample, plus a
Poissonian fluctuation different for each sample. This ensures that each MC
toy is generated starting from a zero asymmetry condition. MC toys are
then fitted using the unbinned simultaneous maximum likelihood fit set in
Sec. employing both the nominal and the alternative fit models. The pull
distribution, for an asymmetry A, is defined as

Anom B Aalt (67)
0<Anom) U(Aalt>

where Ao and A,y are the fitted asymmetries using the two models. This
pull distribution is then fitted with a Gaussian function, whose mean should
be compatible with zero if differences in fitted asymmetries between the two
models are compatible with statistical fluctuations.
The fit model study for A,.,, observable is carried out separately for signal
and control channel (Fig. [31)). No bias is observed in the pull distribution
for signal decays. The uncertainty on the fitted Gaussian mean for signal
decays 40.068 x 1072 rescaled by the Au.w(Ay — pK utpu~) statistical
uncertainty (Table gives a very small systematic uncertainty on A,..
(Apy = pK—ptu™) of £0.0034 x 1072, A fit model bias is observed in control
decays, however, the fitted Gaussian mean —0.0652 x 1072, rescaled by the
Araw (A — pK~J /1) statistical uncertainty (Table [13)) gives an even smaller
systematic uncertainty on A, (A, — pK~J/v) of £0.00045 x 1072, There-
fore the systematic uncertainty due to a possible fit model bias on AAcp
observable is considered negligible.

8.2 Triple-product asymmetries measurement

The study of the possible sources of systematic uncertainties affecting the
triple-product asymmetries measurement is carried out following [29).

8.2.1 Experimental bias

An experimental bias on triple-product asymmetries may be introduced by
both the selection made on A, — pK ptpu~ candidates and the detector
acceptance. This is assessed in the first place by checking the correlation

16Less MC toys are considered for control decays because of their higher computing
resource consumption.
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Figure 32: Simultaneous fit for Ar,
divided in @ Ay and @ Ay datasets
subsamples.

Ap extraction to Ay — pK~J/v data
. Left (right) plots are Cpr > 0 (Cr < 0)

75



Variable Fit Value Error

Ap(1072) -1.97  £0.97
Ap(1072) -1.0 + 1.0
A, Signal Events (10%) 11.67 + 0.11
A, Signal Events (10%) 11.22  +£0.11
Ay Cp > 0 BKG Events 1481 + 46
Ay, Cr < 0 BKG Events 1555 4+ 48
A, Cr > 0 BKCG Events 1563 + 47
Ay, Cr < 0 BKG Events 1486 + 46

Mean (MeV/c?) 5618.30 & 0.13
CBL o (MeV/c?) 1429 £ 0.10
Exponential ¢ (107%) -1.89 + 0.11

Table 16: Fit results for Az, A extraction simultaneous fit to A, — pK~J/9
sample.

between Cr and BDT variable, which is found negligible (Fig. . In
the second place, the ag}’;“ observable is measured for our control channel
Ay — pK~J/1p. Any CP-violating effect is expected to be zero for this pro-
cess, since the only diagram providing a CPV term is the penguin with a
u quark loop one (Fig. , suppressed with respect to the tree diagram
as well as by the tiny u quark mass and the CKM hierarchy factor A\2.
Hence, a non-zero ag‘};“ value can be regarded as an experimental bias effect.
Simultaneous fit to A, — pK~J/¢ data is shown in Fig. , relative results
are reported in Table [16]

For our control channel ag‘};“ = (0.48 £ 0.70) x 1072 is found compatible
with zero as expected, where the reported uncertainty is only statistical.
This statistical uncertainty is assigned as systematic error on ag‘}ﬁd for Ay —
pK~ "~ decay. Even though final-state interactions and parity-violation
effects may produce a non-zero expectation value of Ap and Ay asymmetries,
also for our control channel, these are found to be quite small. Since the sta-
tistical error on the two asymmetries is basically the same and no correlation
between them is observed, the systematic uncertainties on Ay and Az ob-
servables are conservatively estimated as o(Ar) = o(Ar) = V20 (ags?). The
experimental bias systematic uncertainties on triple-product observables are

summarized in Table [171
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AAr (1072)  AAp (1072)  Aags® (1072)
Syst. error + 1.0 + 1.0 + 0.7

Table 17: Systematic uncertainties assigned for a possible experimental bias.
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Figure 33: Comparison between Cp normalized distributions for MC A, —
pK~J/v (blue) and s-Weighted Ay, — pK~J/1¢ (red) samples.

8.2.2 Detector resolution bias on Cr

The possible biasing effect due to detector resolution is estimated by studying
the residual distribution defined as (Crreco — Crgen) o0 MC Ay — pK—pt ™
events, where Cfreco is the reconstructed Crp value and Crge, is the true
generated value. A small data/MC discrepancy for Cp distributions, due
to differences between real and simulated decay dynamics between the two
samples, is observed (Fig. , but it is considered irrelevant for the purpose
of this study.

The residual distribution (Crreco — Crgen) is found to be compatible with no
bias (symmetric with zero mean) and its dependence on Cy g, is almost flat
(Fig. [34) as desirable.

Then, triple-product asymmetries are measured by counting the number of
Ay and A, events belonging to each Cp > 0 and Cp < 0 subsample for both
reconstructed and generated C'r variables. Differences between reconstructed
and generated values are taken as detector resolution systematic uncertainties

(Table [18)).

8.2.3 Fit model

The possible biasing effect of the chosen fit model on triple-product asym-
metries is carried out in analogy to what done for direct CP asymmetries
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same as a function of Cr4en. Black points and error bars correspond respec-
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CT,gen bin.

Ar (1072) A7 (1072)  af3® (1072)

Reco 0.09 + 0.58 0.75 &+ 0.60 -0.33 4 0.42

Gen 0.09 £ 0.58 0.71 + 0.60 -0.31 4 0.42
AAr (1072) AAp (1072)  Aags® (1072)

Syst. error 4 0.00 + 0.04 + 0.02

Table 18: Triple-product asymmetries measured on MC A, — pK pu*tu~
events using reconstructed and generated Cr observables. Differences be-
tween the two values are taken as systematic uncertainties due to resolution
bias.
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Figure 35: Pull distributions (Eq. fitted with a Gaussian function, ob-
tained from the toy MC study for fit model bias on triple-product asymme-
tries.

(Sec. . 10000 MC toys are generated, where for each of the four A,/A,
and Cr < 0/Cp > 0 subsamples a number of events equal to one quarter
of the data events after selection plus different Poissonian fluctuations are
generated according to the m(A;) data distribution. Toys are then fitted us-
ing the unbinned simultaneous maximum likelihood fit described in Sec.
using both nominal and alternative models. For each observable, the pull
distribution defined in Eq. [67]is fitted with a Gaussian function.

The fit model study for triple-product asymmetries is reported in Fig.
No bias is observed in the pull distributions. As the resulting systematic
uncertainties resulting from the Gaussian means statistical uncertainties are
tiny (0.0034 x 1072 for ag‘}ﬁd) the systematic uncertainties due to a possible
fit model bias on triple-product asymmetries are considered negligible.

8.2.4 A, polarization effects

In contrast to spinless B meson decays, A, baryon is a spin 1/2 particle which
may be produced with a non-zero polarization. While A, longitudinal polar-
ization is expected to vanish for parity conservation in strong interactions,
heavy-quark effective theory predicts A, baryon to retain the initial b quark
transverse polarization after the hadronization process. Previous measure-
ments found A, polarization in LHCb to be compatible with zero, although
statistical uncertainties do not exclude a polarization of a few %: [78] mea-
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sured A, polarization to be P = 0.06 £ 0.07, = 0.024y5; [64] found a polar-
ization value of P = —0.020 £ 0.023.

The Cr triple-product (Eq. is built using only particles momenta, without
spin vectors, but nonetheless they may be sensible to the daughter particles
momentum angular distribution.

The ag}?d observable is insensible to polarization effects if A, and A, polariza-
tions are equal, this because in absence of CPV A, and A, decay amplitudes
are identical, thus any polarization effect would be equal for Ay and Ar ob-
servables and would cancel out in ag}’;“ expression. Actually, the different
production processes of A, and A, particles may cause differences in their
polarizations, but 78] found them equal within statistical uncertainties.
Recently the ongoing A, — ph~h*h~ analysis measured triple-product asym-
metries on a A, polarized generated sample showing that Ar, Ap and ag‘;;“
observables are all insensitive to any A, polarization effects.

For these reasons polarizations effects are not further investigated and no

systematic uncertainty is given.

8.3 Cross-checks
8.3.1 Stability of results

Stability of measured CPV observables with respect to magnet polarity and
data taking year has been checked by measuring the CPV observables into
the four up/down polarity and 2011/2012 year data subsamples (Fig.[36]). No
significant deviation from the measured CPV observables is seen. Stability
of measured CPV observables with respect to BDT cut has been checked by
applying different BDT cuts (Fig. . No significant dependence of measured
CPV observables on the BDT cut is observed. It is important to note that
BDT is trained including PID variables, so this check implies that dependence
of CPV observables on the PID variables used for the selection process is
under control.

8.3.2 Reconstruction efficiency vs Cr

Reconstruction efficiency of the employed selection for positive and negative
Cr events, defined as

e(+) = N(Cr > 0,BDT > 0.1775) (=) = N(Cr < 0,BDT > 0.1775)
N N(CT>0) n N(CT<O>

(68)
are studied on MC A, — pK~utp~ events, separately for A, and A, events.
A slight dependence of the reconstruction efficiency on |Cp| is observed
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A(AAcp) (1072)  AAp (1072)  AAp (1072)  Aalp? (1072)
Shift ~ 0.26 +0.66  0.05 4 0.97 0.10 +0.93  0.08 + 0.67

Table 19: Difference between fitted observables with or without multiple
candidates. Correlation between the two fit samples is taken into account.

(Fig. , but their ratio is found compatible with one for both A, and A,
events (Fig. . This ensures that the a:gf;;“ observable is independent of
reconstruction efficiencies, as mentioned in Sec. [1.3.2]

8.3.3 Multiple candidates

The fraction of multiple candidates after the full selection procedure is ob-
served to be 0.9% in the signal sample and 0.8% in the control sample. The
effect of multiple candidates is checked by measuring the CPV observables
retaining only the best Ay, — pK ~pu*p~ candidate per event according to the
higher DTF probability. Differences with respect to the nominal fit results
are found compatible with their statistical uncertainties (Table[L9), therefore
no systematic uncertainty is assigned.

8.3.4 Effectiveness of the veto cuts

The yields of each peaking component are checked directly on data after
preselection, c¢ veto and BDT selection, but without any peaking component
veto (Fig. . Apparently, the BDT selection is sufficient to exclude the
major part of peaking background events, as the only significant component
observed is the p <> K swap one. After the application of its relative veto
cut Eq. p4|its residual yield is negligible (Fig. . For this reason and given
that the signal loss due to the applied vetoes is very small (Table no
biasing effect of the chosen vetoes on CPV observable is investigated and no
systematic uncertainty is given.
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Source AAcp (1072)  Ap (1072)  Ap (1072)  afs® (1072)

Experimental bias + 0.3 + 1.0 + 1.0 + 0.7
Cr resolution bias unaffected + 0.00 + 0.04 + 0.02
Fit model negligible negligible
A, polarization unaffected negligible
Multiple candidates negligible negligible
Veto cuts negligible negligible

Table 20: Summary of the systematic uncertainty studies performed in Sec.

9 Conclusions

The first measurement of AAgp observable (defined in Sec. [1.3.1]) and triple-

product asymmetries Ap, Ar and ag}’:‘}d (defined in Sec. |1.3.2)) is performed
on the full Run I dataset recorded by the LHCb experiment. After an ac-
curate selection procedure (Secs. , these observables are extracted from
data by means of unbinned extended simultaneous maximum likelihood fits
(Secs. . Several studies have been performed for identifying the system-
atic uncertainties affecting the measured observables (Sec.[§), summarized in
Table 20 Only the experimental bias source has a significant contribution
to the overall uncertainty. The measured observables are

AAcp = (—4.8 £ 5.0 (stat) 0.3 (syst)) x 1072

Ap = (—2.8 4 7.2 (stat) + 1.0 (syst)) x 1072

Ar = (—4.0 £6.9 (stat) £ 1.0 (syst)) x 1072
agsd = (+0.6 + 5.0 (stat) £ 0.7 (syst)) x 1072 (69)

All these observables are compatible with the C'P-conservation hypothesis.
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A Signal-to-control decay branching fraction
estimate

An estimate for B(Ay, — pK~utu™)/B(Ay — pK~J/Y(— ptp~)) branching
fraction is necessary for optimizing the selection using the significance figure-
of-merit (FoM) while keeping the A, — pK ~pu*u~ signal blinded.

The estimation is based on the A, — A*u™ pu~ BR expectations for SM derived
in [79] and the amplitude fit to the m(pK~) spectrum for A, — pK~J/9
channel obtained in |64].

We start from the SM predictions for

B(Ay — A*(1520)u ™) = 1.3 (2.1) x 107 for SCA (MCN) FF  (70)

where the two values refers to two different sets of Form Factors (FF) used
for the computation. These form factors are derived within the framework
of Heavy Quark Effective Theory (HQET), an effective description for the
phenomenology of hadrons containing a single heavy quark. SCA form fac-
tors are obtained by using a non-relativistic reduction of the quark spinors
and computed using single component wave functions. On the contrary,
MCN form factors are obtained using the full relativistic form for the quark
spinors and the full (multi-component) quark model wave function. The lat-
ter method should provide the more reliable results, since it makes use of
fewer approximations, for this reason the BF estimate will be derived using
the MCN predictions. Then, B(A, — pK ~pt ™) is found rescaling the above
prediction by

B(A*(1520) — pK ™) = 22.5% (71)

from [80] and
B(Ay — pK—ptu)
B(Ay — A*(1520)(— pK~)utu~)

= 6.05 (72)

derived from the ratio between the sum of all the A, — A*.J/v fractions found
in the A, — pK~J/v amplitude fit [64] (excluding the two pentaquark states)
and the A*(1520) fraction. The resulting BR estimate is

B(Ay = pK ptp™) =2.86x 1077 (73)
B(Ay — pK~J/¢¥(— ptp™)) is taken from the first LHCb measurement [81]
B(Ay — pK~J/1(— any final state)) = 3.04 x 107 (74)

rescaled by
B(J/p — p ™) =5.961% (75)

87



from [80], obtaining
B(Ay — pK~J/y(— ptp)) =1.81 x 107° (76)
Hence, the estimated BF turns out to be

B(Ay = pKptu™)
B(Ay = pK=J[¢(= ptpu7))

— 1.57% (77)

B PID resampling

PID is an important aspect of the LHCb detector capabilities very useful to
obtain a clean sample of signal A; events. It was used in Sec. to veto
peaking background components. PID is also a powerful input to the mul-
tivariate classifier described in Sec. [6] However, it is important to ensure
a good agreement between data and MC PID distributions, so as to not
introduce biases. In order to improve the agreement, the distributions for
each PID variable is resampled using the MCResampling tool of the PIDCalib
packages.

The PID resampling is done in two steps. First, histograms of the PID vari-
ables are produced in bins of nTracks, pseudorapidity and pr using standard
PIDCalib data samples. These include D** — D°(— K~ 7n")r~, prompt
A — pr~ and J/¢ — ptp decays. Protons from hadronic and semi-leptonic
decays of A, were also included. In the second step, the PID variables in the
MC samples are updated using the corresponding histograms, such that the
resampled MC distributions look like the data. This resampled value re-
places the PID variable for the simulated event and it is used in subsequent
operations. PID variables after resampling show a rather good data/MC
comparison (Figs. , apart some discrepancies in DLL variables involv-
ing K~ particle.

C MC reweighting

Comparison between MC A, — pK~J/¢ and s-Weighted A, — pK~J/v
data highlight sizeable differences in some of the variable distributions em-
ployed for the MVA selection (Fig. , which is a known issue due to the
incorrect simulation of A, production (observed also in [64]).

MC variable distributions are corrected by reweighting each event in order
to recover the s-Weighted data distributions. Reweighting is done in three
sequential steps:
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Ay — pK~J/4¢ data (red) normalized distributions for ProbNN v3 PID vari-
ables after PID resampling.

e A first reweighting is done using nTracks, nSPDHits, (pr(Ap),p(Ap))
and log(x% (K)) variables, where brackets stand for a multi-dimensional
reweighting.

e This preliminary weight is employed to reweight (p(p),DLL,:(p),DLLk,(p))
variable distributions.

e In turn, the resulting weight is used for reweighting (p(K),DLLg, (K ),DLL,,(K))
variables and the final MC weight is produced.

The comparison between variable distributions after reweighting shows that
discrepancies are satisfactorily removed (Fig. [44)).

C.1 MC decay model

Throughout this analysis both the employed MC Ay, — pK ™ p~ and Ay —
pK~J/¢ samples are generated using a phase-space model, where no under-
lying decay structure is simulated. Actually a rich structure is observed in
the m(pK~) spectrum [64], consisting of a main A*(1520) and many other
A* intermediate resonances.

As a test, MC Ay, — pK~J/¢ dataset is reweighted to the m(pK~) spec-
trum derived from the amplitude fit in [64], but no sensible differences in
MVA variable distributions is seen.
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D Variables

In Table 21| all the variables employed throughout this thesis are defined.

Variable

Notation

Description

Kinematic Variables

Momentum

Transverse
momentum

Pseudorapidity

p

pr

n

Modulus of the particle momentum
vector |p| = \/p3 + pj + p2.

Modulus of the particle momentum
vector projection on the zy plane nor-
mal to the z-axis defined as the proton
beam direction [pr| = /p2 + pZ.
Quantity describing the angle a be-
tween the particle and the proton beam
direction as n = —log(tan(a/2)). It
can expressed in terms of the particle

momentum as 7 = %log (1%).

Isolation Variables

p—p-
Defined in Sec. .

PID Variables

Delta log
likelihood

ProbNN

DLLy 7 (X)

ProbNNy (X)

Combined likelihood for particle X to
be a Y particle with respect to Z hy-
pothesis, obtained by adding the like-
lihood information produced by each
LHCb subdetector linearly.

Probability value for particle X to be
a Y particle. These variables combine
the PID information produced by each
LHCb subdetector taking into account
correlations among them as well as ad-
ditional information employing a mul-

tivariate approach (see also Sec. [3.5)).

Topological Variables

DIRA angle

Distance of
closest approach

DIRA

DOCA

Cosine of the angle between the mo-
mentum of the particle and the flight
direction from primary vertex to Ay de-
cay vertex.

Minimum distance between two given
tracks.
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DTF probability

Impact
parameter

IP 2

T significance

prob(DTF)

P

2
Xip

Ts

Probability that the fitted decay chain
using Decay Tree Fitter tool is com-
patible with Ay — pK~u" = hypothe-
sis.

Minimum distance between a given
track and a reference vertex (in this
analysis the primary vertex).

IP given as a 2 with respect to the zero
IP hypothesis.

T/Terr Tratio, where 7 is the particle
proper lifetime and 7., is its measure-
ment error.

Track Variables

Ghost probability

hasRich

isMuon

nTracks

nSPDHits
PV separation x?
Track x?/ndf

Vertex x?/ndf

Probability that the reconstructed
track is a fake (ghost) track.

Boolean decision true when a given
track has hits in RICH detectors (see
Sec. .

Boolean decision true if a given track is
compatible with hits in the muon sys-
tem (details in Sec. .

Number of total identified tracks in one
event as output of the whole tracking
algorithm.

Number of hits in the scintillator pad
detector (SPD, see Sec. .
Separation between the given vertex
and the primary vertex expressed as x>
x? per degree of freedom of the fitted
track.

x? per degree of freedom of the fitted
vertex.
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