CERN-THESIS-2019-423

12/12/2019

@

LHCb L5 R EF 5w SHIF X
CP #RRY 32

(Wt e T 2 e 30)

Bk B THREHEZ

7 G S S N
ot Arxl F O
weRAW K D B % &

F\.ji,

—Oo—NEFTH






Search for pentaquark state and
measurement of CP violation with
the LHCDb detector

Dissertation Submitted to
Tsinghua University
in partial fulfillment of the requirement
for the degree of
Doctor of Philosophy
in

Nuclear Science and Technology

by
LIU Xuesong

Dissertation Supervisor : Professor CHEN Shaomin

December, 2019






- RTERALR X fE AR EY 17 A

ANFER T HRHEREARRE ERRARSIE, B

THEREEMAAEERGEIUETE B N £ A0E SCRYE AL, Hrfrel
i (1) BEREAL RIS A A L E PR AT AR 0, AT LASR
R ED gREIa A E H T B ORI R AR ESTHY AR TS0 (2) A
MBI E Y, ST LA RITRYZA A SCVE N BORME B F31E . BB
TP A A B2, BRI N _E A P T AR B SE AR A (3)
MR «rpte N RAEANE A A S B AT SE Iy 17 B 4 B AR %
T LAARTTFHI 2 AL S

ANGRIUEESY EIBHLE o

(PREFHY IS SCTERR 25 I DL ST L)

g, P8 B4 Fg\ ”y%

By )2 oo g3







w =

R g bR AT SR AN B B, R H AR IE RO BT A AN N B AT
YIRS R I . R T0HENL (LHC) i LHCb LT TeV B O fE & X
[EREE TR - (pp) XA, ALAERITOFHAL TR RE. 483
TR Jy KRS, R T W R R S ST, AIKREdE
R ash e I S P A e S s W & T A A kAR (CP) %
IHHA by, T ARFRUERIB SN B P B AL SRR TR . 1B S R B TAE A

LAHr TR SR 3 07! B RAEEAE 7 TeV 1 8 TeV i pp X #%HE
(Run-) , HUOWME] = — JwAK™ 3878, 33 B(E, — IpAK B, —
Thy A) IR REASTE Sy S LUE AT I, 5 83 AD A =, A (R M e S R A
ES0, f5:%1] 0.0419 +0.0029(stat.) +0.0015(syst.) . TZFEAFE & F- RIS T =1
udsce HETISHHEMER, FRNERIEAE A) 5 =, Fi 2z ReiEg
M(Z;) - M(A)) = 177.08 + 0.47(stat.) + 0.16(syst.) MeV/c?, %4552 H i
b b i a2 —.

2. BP9 TN Ty KSHIRR BY A5, JHET CPBRIIRTSE, Xt ¢,
AT TR . 5T Run-TEdE, HIRTE WK K™, KTK™ RERERET
$(1020) F1-F i I LB P ¢y, 153 0.119 £ 0.107(stat.) £ 0.034(syst.)
rad, 5 Run-1 $4ire Jhwp(1020) FEAETE I BN AER— B0 BT BY 7=
W pp X0 RBERIEIN, IR FRHA T TR SRR 1.9 o1, b
F gt 13 TeV (1) pp XHEHHE (Run-1T), 7F Jwa "z~ RAEEHE ¢, 155
—0.057 + 0.060(stat.) + 0.011(syst.) rad, 45 Run-I £ [FIFE AR E O AFRM
M LSRG o P T2 I o 25 SRAE — A vl 22 3 L P 3 5 s A 2
TR ¢, 1H —0.0368% ) 00es rad —ZL,

Ketial: ARERA; RIS CPAh; LHCD SKhy
I



Abstract

Abstract

Testing the standard model (SM) of particle physics and searching for new physics
beyond it, explaining the asymmetry between matter and antimatter in the universe is
the frontier of particle physics researches. The LHCb experiment at the Large Hadron
Collider (LHC) has collected a large number of proton-proton (pp) collision data at the
TeV energy scale, provided the possibility for the relative frontier researches. Based on
the advantages of Jhiy particle detection in this experiment,we searched the strangeness
hidden-charm pentaquark state, which provides experimental support for the theoretical
study of low-energy non-perturbative quantum chromodynamics. We also measured the
charge conjugation and parity (CP) destruction, which provides an experimental basis for
the search for new physics outside the SM. The main work described in this dissertation
is as follows:

1. We observed the =" — JiyAK™ decay for the first time by analysing a data sample
corresponding to an integrated luminosity of 3 fb~! at 7 TeV and 8 TeV pp collision
energy (Run-I). Taking into account the effect of the relative fragmentation fraction
between Ag and =, the relative branching ratio of B(Z, — JiwAK _)/B(Ag -
JhpA) is measured to be 0.0419 +0.0029(stat.) + 0.0015(syst.). This decay channel
is an ideal channel for searching the predicted udscc pentaquark state. The mass
difference between the /12 and =" baryons is also determined, which is M (=) —
M (/12) = 177.08 + 0.47(stat) + 0.16(syst) MeV/c?. This measurement gives one of
the best results on this parameter in the world.

2. We analysed two different B? decay channels containing JAy final states that
could be used in the searches of CP violation. Using the LHC Run-I data, a
measurement of CP-violating phase ¢, is first time performed in the m(K*K™)
higher than ¢(1020) region of Bg — JwK* K~ decay channel. ¢, is measured to
be 0.119 +0.107(stat) + 0.034(syst) rad, which is consistent with result obtained in
BY — Jhy(1020) channel. As the B production cross-section increases with the
colliding energy, another data set of Bg — Jhyntn~ decay channel corresponding
to an integrated luminosity of 1.9 fb~! at 13 TeV pp collision energy (Run-II) is
used to measurement ¢, this results in ¢, = —0.057 + 0.060(stat) + 0.011(syst)

rad, which is consistent with Run-I result from the same decay channel. Both of the

I



Abstract

measurements are in line with the SM calculations of ¢, = —0.0368f8’882§ rad in

one standard deviation.

Key Words: Standard Model; Pentaquark; CP violation; LHCb experiment
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Chapter 1  Introduction

Chapter 1 Introduction

In this chapter, the theoretical framework of the Standard Model (SM) of particle

physics [1-4]

is described. Detailed overviews of two key components in the SM, the Quark
Model! and the CP violation!”®), are given. Finally, advantages of using b — JigX

decays as a probe to test the SM are presented.

1.1 The Standard Model

Knowledge of particle physics can give us the answers to two oldest and most
profound questions : what the world consists of and how they interact. Nowadays,
our comprehension of nature can be summarised as the SM of particle physics. It is
a spontaneously broken non-abelian, Yang-Mills quantum field theory, based on the
ganga symmetry group SUQ3)- ® SU(2); ® U(1)y, in which particles are produced
and destroyed with field and the dynamics are described by a Lagrange function. The
SU (3)- symmetry results of interaction via the strong force where the subscript C denotes
the colour charge, while the SU(2); @ U(1)y symmetry give rise to the electroweak
interactions where the subscript Y represents the weak hypercharge and L means that the
SU(2); part only affects on left-hands fields.

The fundamental particles in the SM are categorised into three groups: fermions,
ganga bosons and the Higgs boson. All matter is formed by twelve fermions, six quarks
and six leptons, which have half-integer spin. Forces between the fermions are mediated
by ganga bosons which have integer spin. The masses of all these particles arise due to
the couplings to the Higgs field. These couplings are mediated by the Higgs boson. A
graphical representation of all fundamental particles is presented in Fig. 1.1.

Both quarks and leptons are classified into three families, where each family

comprises a duplet of two particles:

- ()0 0)
() () ()
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Fermions: spin = 1/2 particles

Wector Bosons: spin = 1 particles

Forces

iggs Boson:
spin=0
fundamental
scalar particle

Leptons

Figure 1.1 Schematic representation of the SM of particle physics, detailing the constituent and force
mediating particles.

Quarks are further divided into two types: the up-type quarks up (1), charm (c¢) and top (7),
having charge +%, and the down-type quarks down (d), strange (s) and bottom/beauty(b),
which have charge —%. They are massive and carry colour charge, weak isospin and
electric charge, so they can interact via the electromagnetic, weak and strong interaction.
Leptons includes three charged, massive particles: electron (e”), muon (¢~ ) and tau
(z7) which interact via the electromagnetic and weak interactions, and three neutral,
(nearly) massless particles, called neutrinos: v,, v, and v,, which only experience weak
interactions.

The ganga bosons are classified into three types depending on the interaction they get
involved. The force-carrier particle of electromagnetic interaction is the photon (y) which
couples to the electric charge. The weak force is mediated by the uncharged, massive
Z boson and charged, massive W* bosons which couple to all twelve fermions. The
associated particles for strong interaction are the eight massless gluons (g) which couple
to colour charge. Gluonic self-coupling are also allowed in the SM. The Higgs boson (H'),
which is discovered in 201219 by LHC, is associated to the Higgs field and interacts

with all massive particles.
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The SM is a very successful theory which accurately describes, predicts and explains
almost all of the observed results in particle physics accelerator experiments. However,
the absent of a description of the fourth fundamental force, gravity, the non-zero masses
of neutrinos, the dark matter and the matter-antimatter asymmetry indicate that the SM is
not a complete description of the universe. There must be a more complex laws of physics
behind the SM theory. The measurements presented in this dissertation are part of the

experiment efforts to test and extend our understanding of the SM.

1.2 Quark Model

The major breakthrough in our understanding of the spectrum of hadrons was the
Quark Model raised by Murray Gell-Mann ®! and George Zweig!®! independently in 1964.
Hadrons are composed of three fundamental quarks (u, d, s) and their anti-quark (i, d, 3)
with baryon number B = % Mesons are a combination of g4 (B = 0) while baryons are
made up of gqq (B = 1). This model can well described the pseudoscalar meson, vector
meson octets, baryon octets and baryon decuplets which observed at that time based on the
group SU (3), as shown in Fig. 1.2. A more complex structures with integer charges B = 0
or B = 1 could exist with quark components gqgq (tetraquark) or ggqqq (pentaquark).
However, no candidates with multiquark constituents are observed at that time.

Quantum Chromodynamics (QCD) [11-14]

is the underly theory describing the strong
interaction between quarks which could be used to explain the inner structure of hadron.
QCD theory was proposed in 1973 and has two main properties: 1) asymptotic freedom:
hadron is viewed as a ’sea’ of free gluons and quark-antiquark pairs and 2) colour
confinement: colour charged particles cannot be isolated therefore clumps together to a
colour singlet. QCD theory has been well studied and tested in high energy regime through
precisely perturbative calculation. Except for the conventional hadrons, the existence of
more complex structure, e.g. the multiquark states (¢9q4q, gqqqq), the hybird states (gqg)
and glueballs (ggg) are also allowed since the development of QCD theory. These states
provide a chance to explore the complicated non-perturbative behaviours of QCD theory
in low energy regime.

The multiquark states can be classified into tetraquarks (qqqq), pentaquarks (qqqqq)
and dibaryon (gqqqqq) etc. The theory framework of tetraquark states was first proposed
in 1976511 and soon expand upon to pentaquarks in 19781718 Since 2003, a series

of charmonium-like/bottomonium-like XYZ tetraquark states have been observed in high

3
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Figure 1.2 Schematic representation of meson octets (top left), baryon octets (top right) and baryon

decuplets (bottom).

energy experiments!'®2°!. However, the observation of pentaquark states uudd5 reported
by LEP collaboration in 2003% was not confirmed by subsequently more advanced
experiments (311,

In 2015, the LHCb collaboration reported observation of two exotic states, P.¥(4380)
and P (4450), in the mass spectrum of Jiyp of /12 — JhwpK™ decay, with a significance

c
of 9¢ and 126, respectively *2!. Their minimal quark contents are céuud which are good

candidates of hidden-charm pentaquarks.
An amplitude analysis of the three-body final-state was performed, the masses and
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Figure 1.3 The invariant mass spectrum of K~ p (left) and Jhyp (right) of Ag — JhypK~™ decays. The
background has been subtracted. Figures taken from Ref.!*.

widths of the two P states are measured to be®

Mp 4380+ =4380+8+29 MeV,

I'p 4380+ =205+ 18 +86 MeV,

Mp 450 =4449.8 £1.7+£2.5 MeV,
I'p 4450+ =395+ 19MeV,

(1-1)

Different fit models are used to interpret the structure of the spectrum. The best fit results

in spin-parities J© (%_, §+) for P(4380) and P (4450), respectively. (%Jr. %_) and
5t 3~
22

spectrum of K~ p and Jhyp are shown in Fig. 1.3. The Dalitz plot and decay angular

) are also found in other acceptable fits. The best fit projection of invariant mass

distributions for this fit are shown in Fig. 1.4.
The fraction of the two Pc+ states are found to be (8.4 +0.7 +4.2)% and (4.1 +0.5 +
1.1)%. The overall branching fractions of /12 — JiwpK~ was measured by LHCb (331 a5

B(A) - JhypK™) = (3.04 +0.04 £ 0.06 + 0.33703) x 1074, (1-2)

which leads to the product branching fractions of the P.(4380)" and P,(4450)*

B(AY — JhypK™) x B(P,(4380)" — Jhyp) = (2.56+0.22+ 1.28709%) x 107

B > JiwpK ™) x B(P.(4450)* = Jiyp) = (1.25+0.15+0.337022)x 107>
b c 0.18 (1 3)

The observation of the two pentaquarks states have inspired theorist’s extensive

interests in revealing their underlying structure and nature. Several theoretical model were

®  The natural units are used in this dissertation where A = ¢ = 1.

5
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Figure 1.4 The Dalitz plot of K™ p and Jiyp invariant masses-squared (left). Various decay angular
distributions for the best fit with two P;' states (right). Figures taken from Ref. !>

proposed, three well-known theories are molecular scheme [34-44] diquark model [45-511,
and non-resonant kinematical effects >4,

According to molecular scheme, the pentaquarks are composed of one meson and one
baryon which are loosely bounded. The observed two P can be viewed as a system of
one open-charm and one open-charm baryon, e.g. A,D*, X.D*, ¥*D, X*D*, y. and one
proton, y(2.5) and one proton etc. They interact via Goldstone Boson exchange interaction
and Van der Waals interaction.

The diquark model interprets the P, states as compact pentaquarks, where five
quarks are tightly bounded together. The two P states are further constructed as
diquark-diquark-antiquark or diquark-triquark. They interact through colour magnetic
interaction.

Furthermore, a non-resonant interpretation of pentaquarks is also exist. They explain
the resonance structure as a kinematic effects of rescattering processes.

However, the current experimental results can not ruled out any of these models.

Searching for new P, states with similar quark contents can lead us to a deeper

understanding of the physics nature of pentaquarks®.

®  From a updated result that reconstructed almost ten times more signal decays of Ag — JhypK~, a new narrow
pentaquark structure P.(4312)* is observed. In addition, the P.(4450)* peak is found to be a combination of two
narrow pentaquark states P,(4440)" and P,(4457)" 5

6



Chapter 1  Introduction

1.3 CP violation
1.3.1  CKM matrix

In the SM, the flavour of quark can change through weak interaction by absorb or

mediate W boson, which can be expressed as a Lagrangian density

d
g . NS
£W=_7{u/u <ft,5,t> r* 5 Vekm | s |} + e, (1-4)
2
b

where g is a coupling constant, y* are Dirac matrices and Vg, known as the
Cabibbo-Kobayashi-Maskawa (CKM) matrix °®>7!, couples the flavour eigenstates d, s

and b to the mass eigenstates d ’, s and b’:

d\ (Ve Vis Vus)(d
SN=Vea Ves V|| s (1-5)
b) Vi Vi V)b

The CKM matrix is unitary, so it can be written in terms of four independent physical

parameters. A standard parametrisation of the CKM matrix 3! gives
—i§
C12513 S12€13 S13€
— —ié —ié
Vekm = | =812623 — €12523513€ C12523 — $12523513¢€ $23€13 (1-6)

—ié —id
$12523 — €12€23513€ —C12523 — $12€23513€ €23C12

where ¢;; = cosf;;, s;;

the KM phase.

= sinf;;. The 6,; parameters are three real mixing angles and 6 is

59]

Another, useful parametrisation is given by Wolfenstein! By defining the

parameters 4, A, p and n with

S12 = /1,
s;3 = AA (1-7)
s13e’.‘s = AN+ in).

The CKM matrix can be rewritten with the following definitions

1 - %/12 A AP -in)
Vekm = -2 1-327 AR [+oath (1-8)
AP = p—in) —AN 1



Chapter 1  Introduction

This parametrisation indicates that inter-generational mixing of quarks is much more

suppressed than mixing occurring within a given generation.

1.3.2 The unitarity triangle

The unitarity condition of the CKM matrix gives the constraints:

> =V, Vi =6 2 ViV = 8ie (1-9)
J

i

which can be expressed as six scalar equations

ViaVy + VeaVep + ViaVyy = 0, (1-10)
VasVap + VesVap + VisViy = 0, (1-11)
ViaVis + VeaVes + ViaVis = 0, (1-12)
ViaVeg + VasVes + ViV = 0, (1-13)
VaaVeg + VasVis + VsV, = 0, (1-14)
VeaViy +VesVis + VoV, = 0. (1-15)

Each of these equations requires the sum of three complex quantities to vanish, so
can be geometrically represents in the complex plane as a triangle, namely “’the unitarity
triangle”.

Eq. (1-10) and Eq. (1-11) are particularly relevant for the b-hadron phenomenology,
the angles of the unitarity triangle are defined by

; (1-16)

; (1-17)

; (1-18)

(1-19)

As shown in Fig. 1.5, the left triangle, defined by Eq. (1-10) can be studied using B, Bg
and B* decays; the right triangle, defined by Eq. (1-11) can be measured from analyses of
B? mesons. Experimental measurements of these angles can overconstrained the triangles
and test the unitarity of the matrix. A non-closing triangle would be a clear sign of physics
beyond the SM.
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Figure 1.5 Schematic representation of two of the six unitarity conditions of the CKM matrix,
superimposed with the current experimental constraints. Figures taken from Ref. %%,

The complex phase of CKM matrix ¢ is the only-known source of CP-violating
phenomena in the SM, and it is proportional to the Jarlskog invariant J [®! where %lJ |
is the size of the six unitarity triangles. The empirical value of J is several orders
of magnitude smaller than the observed matter-antimatter asymmetry in the universe

621 which indicates the existence of contribution of

according to the baryogenesis model
CP violation beyond the SM. Thus, high precision measurements of the unitarity triangles

are crucial to constrain these New Physics (NP) scenarios.

1.3.3 Neutral mesons mixing

The process of neutral meson changing to its anti-meson, or vice verse, is the neutral

[8,58]

mesons mixing . Using |P°) and | P°) to denote neutral meson and its anti-meson,

the time evolution of a neutral meson system can be generally written as
|D()) = a®)| P%) + b1)| P°) + ) ¢, (1| f3), (1-20)
i

where | f;) are all the possible final states with ¢;(0) = 0 as initial condition.

Using Weisskopf-Wigner approximation, the Schroedinger equation for |@(¢)) can

9
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be described in terms of a 2 X 2 effective non-Hermitian Hamiltonian matrix H:

iat a(t) _ H a(t) _ Hll H12 a(t) (1_21)
b() b(?) Hy, H, ) \b@)

The H matrix can be rewritten as the sum of two hermitian matrices M and I:

j M, M i (T T
H:M—%F:( 11 12>_%<11 12) (1-22)
My My Iy Iy.
The mass eigenstates | P, ) (L and H stand for Light and Heavy, respectively) are
linear combination of | P°) and | P°):
|P) = p|P%) + q| P°), (1-23)
|Py) = pIP°) — q| PY), (1-24)
where p and g are constrained to fulfil |p|® + |g|> = 1 and are given by
i i
g_MIkZ_Erl*Z_ Am—EAF
P My—5Iy  2myy—51y)

(1-25)

where Am = my — m; and AI' = I'} — I'y; are the differences of the masses and decay
widths of flavour eigenstates. The sign convention for AI'" is chosen to have a positive

experimental value for the Bg system. The corresponding eigenvalues are:

i
Apg=mpg— EFL,H' (1-26)

After diagonalising the Schroedinger equation can be rewritten as

R e
Py 0 Ay/)\Py

Using the mass eigenvalues and mass eigenstates from Eq.(1-23, 1-24, 1-26), the
Schroedinger equation can be easily solved and leads to the time evolution of the mass
eigenstates with simple exponential function Py y(¢) = e~itLn "P; . Inverting Eq.

(1-23, 1-24), the time evolution for the flavour eigenstates follows:

|PO()) = g, | P°) + %g_(t)u”), (1-28)

|PO() = g, | P°) + gg_(mpo), (1-29)

10
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where
1 —impt—i Iyt —impt—ir;t
ga(t) = 5 (el g TRl (1-30)
where m = m”TerL, r = # are the average masses and decay widths of flavour
eigenstates.

The probabilities that a state initially produced as P° or P° becomes a P° or P at

time ¢ are
[(POIP')I* = |g, ()] = esz (c h—+cosAmt> (1-31)
[(POIP')))* = | lg_()]* = |—|2e2” (c sh——cosAmr), (1-32)
(PP =12 Plg- (0 = |—|2€_2” (cosh 2L — cosamr),  (1-33)
|(P0|P’|)|2 g, (O = eTrt (coshATF+cosAmt>. (1-34)

The amplitudes of a neutral meson decay into a final state f* can be expressed using

the effective Hamiltonian H:

A =(fIMIP%),  A;= (fIH|PY),

~ 0 _ _ (1-35)
= (fIH|P"), Ar= (fIH|P"),
After defining the parameters
A A;
ap=at 210 (1-36)
pA; PAf
The time-dependent decay rates can be written as
I(®0)p-s) =18 (DA - %g_tz‘ifl2
2 2
= NflAflze_Ft{%cosh% 4! l;ﬂ cos(4Amt) (1-37)
—Re(A) fsinh% — Im(4) ssinh(Amr)}.
where N ¢ is a time-dependent normalisation factor. Similarly one can write
2
(o)) p = N/|A 2Ez_rtmcoshg 1|lf'cosAt
(| ()>B—>f) f| | | | { ) (Amt) (1-38)

—Re(/l)fsmh L Im(/l)f sinh(dmt)}.

The decay rates to the CP-conjugate final state f are obtained analogously, with N = N 7
and the substitutions A, — A7and A, — A in Eq.(1-37, 1-38)

11
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Figure 1.6 Schematic representation of CP violation in decays (A), mixing (B) and interference
between mixing and decay (C).

1.3.4 Classification of CP violation

The CP symmetry relates particles with their anti-particles. If CP is conserved, one

must have
I'(A—- B)=T(A—- B), (1-39)

with A and B representing any possible initial and final states. The only way to find CP
violation is to look for decays where the equality presented in Eq. (1-39) does not hold. It
is not easy to observe CP violation, since the deviations is very small.

In general, CP violation can be classified into three types: CP violation in decays,
CP violation in mixing and CP violation in the interference between mixing and decay.

They are briefly sketched in Fig. 1.6 and described in the following paragraphs.

1.3.4.1 CP violation in decays

CP violation in decays, also called direct CP violation, occurs when the decay rate

for P — f is different from that of the CP-conjugated process P — f:

T —id. is.
A7y o it

—— | #1 (1-40)
Ay X Aeldield

12
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where ¢ and 6 are the weak phase and strong phase, respectively. ¢ origins from weak
interaction, thus with flip sign under CP conjugation; 6 origins from intermediate state
which is CP converged.

For decays of charged particles, e.g. BT and D%, the direct CP violation is the only
source of CP violation, the following asymmetry between final states can be measured to

determine the direct CP violation experimentally:

I'(P~ = f)—T(P"— fH) _ | Al Ae]* = 1
L(P~ = [+ TPt =[5 A A2+ 1

Afi = (1—41)

1.3.4.2 CP violation in mixing

CP violation in mixing is also known as indirect CP violation, happens when the
decay amplitudes of P — P° — f and its conjugation process P° — P* — f are
different. These two oscillation probabilities are given by Eq. (1-32, 1-33), thus they are

identical unless:
1411, (1-42)
p

Experimentally, this CP violation can be searched in flavour-specific, semileptonic

decays of neutral mesons by comparing the oscillation rates with:

5 4
0, [ (P'(t) » I*X™) =8, (P°(t) » I"x*) 1— H
o, [(PO(t) - ITX~)+0,[(PO(t) = I-X*) 1+ |%|4

AgsL (1) = (1-43)

1.3.4.3 CP violation in the interference between mixing and decay

This type of decay occurs when a neutral meson can decay directly to a given final
state, P’ - f, or via mixing, P> p0 - f, and the final state f is common to both P
and P°. This form of CP violation can be observed by measuring a non-zero value for the

CP asymmetry parameter, which is given by

= atF(PO(t) - fcp) — atF(PO(t) — fcp)
Tee ™ 0,0 (PO(t) = fep) + 0,L(PO(t) = fp)

(1-44)

If the decay width between P° and P°, AI" = 0 and A ;= |§| = 1(e.g.B"), the above

equation reduces to

Aj = Im(Ap)sin(Amt). (1-45)

13
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For B(s) decays, the asymmetry parameter could be expressed as
Ay, = nysin(@y)sind(m,t) (1-46)

where 7, is the CP eigenvalue of each of the final states and ¢, is the CP observables.

1.4 Advantages of using b — JiyX decays for SM probing

In the past few decades, many important experimental results have been observed in
b-physics using b — JiwX decays. B meson was first found by the CDF collaboration
with semileptonic B} — Jiyl™v decays in 1998163641 CP violation in B® meson system
was observed in B — J/l//Kg, decays by the Babar and Belle collaboration in 2001 63651,
Measurement of CP violation phase ¢, in B? meson system was first reported by the
CDF and DO collaboration at Tevatron in 2012 with Bg — Jhye decays [67-68] * Two
hidden-charm pentaquarks were observed in the mass spectrum of JAyp using /12 -
JhpK ™ decays by the LHCb collaboration in 2015 (321,

Jhy meson has a relatively narrow decay width with quark content c¢. The mass and
decay width of JAiy meson are precisely measured to be M (Jiy) = 3096.900+0.006 MeV
and I'(Jiy) = 92.9 + 2.8 KeV®¥!, The lightest meson that has quark content c or ¢ is the
D meson, whose masses are around 1870 MeV. The mass of Jiy meson is smaller than
two D meson, thus it can decay only via c¢ annihilation. Experimentally, Jiy —u*pu~
and Jiy — ete™ are often used in the event reconstruction.

At the LHCb experiment, due to advantages of the muon tracking reconstruction
system, the tracking reconstruction efficiency is great than 96% and momentum resolution

Ap [69-71]

> varies from 0.5% at low momentum to 1.0% at 200 GeV . In practice, a large

fraction of background in b — JAy X can be suppressed with tight selection criteria on Jiy

1721 for b — JhyX decays with constraint

mesons. The mass resolution is about 10 MeV
on Jiy meson mass which provide a good probe for studying b-physics in the SM.

Since the start of operation from 2010, many important analyses involving b — Jiy X
decays have been studied by the LHCb experiment. These results include newly found
B} decays: BY — Jiwrntz a3 BY - gD BY - Kt and Bf —
JhyK* K~z +170l; measurements of the CP-violating phase f in BY system using B —
Jh(= ut ,u_)Kg 77V and B® > Jip(— e+e_)Kg [78] decays, as well as measurements of
CP-violating ¢ in BS system using B? — Jhp!™! and Bg — Jhr* ™8 decays with
LHCb Run-I data.

14
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In this dissertation, two categories of studies using b — JiwX (Jhy — utp")
=
JhwAK™ decays which can be a good test of the quark model and non-perturbative QCD

theory; measurements of CP-violation phase ¢, in BY — JiwK* K~ and B? — Jhyz*z™

decays are performed: searching for hidden-charm strangeness pentaquark states in -

decays which can be used to test the unitarity of the CKM matrix and constraint the NP

scenario beyond SM.
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Chapter 2 The LHCb experiment

The LHCb experiment[gl] is one of the four major experiments at the Large Hadron
Collider (LHC)®2]. Tt is designed focusing on the study of physics processes involving b-
and c- quarks, to explore the asymmetry between matter and antimatter and to search for
rare decays and rare particles. This chapter introduces the LHC and the main elements
of the LHCb detector, including the tracking system, the particle identification system
and triggers. Finally a short overview of the flavour tagging method used in LHCD is

presented.

2.1 The Large Hadron Collider

The LHC, hosted by the European Organisation for Nuclear Research (CERN), is
located at the France-Switzerland border. It is at present the world’s largest and most
powerful particle accelerator. It is a two-ring hadron accelerator and collider, installed
inside a 26.7 km long tunnel, placed at a depth of about 100 m underground. The
accelerator is designed to collide beams of protons up to a centre-of-mass energy of
\/E =14 TeV, with a peak luminosity of 103 cm?s~!. Until now, the LHC has collided
protons at \/s =7 TeV in 2011, 1/s =8 TeV in 2012 and /s =13 TeV in 2015-2018.

There are four main particle detectors at the LHC, where the beams are made
to collide. The ATLAS (A Toroidal LHC ApparatuS)®3 and CMS (Compact Muon

Solenoid) experiments 4]

are two general-purpose detectors (GPDs) with cylindrical
geometry around the beam line, which were designed to look for new particles at TeV scale
and search for physics beyond the SM. The ALICE (A Large Ion Collider Experiment)
experiment!®! is specially designed to collect heavy-ion collisions, studying the high
energy density objects, and to understand the nature and properties of the quark-gluon
plasma (QGP) state. Finally, the LHCb experiment is designed to study decays of hadrons
containing bottom and charm quarks, with particular focus on precision measurement of
CP violation, search for non-SM sources of CP violation and evidence of new physics in
rare decays.

An overview of the LHC is given in Fig. 2.1. The proton accelerated chain begins

with the extraction of protons from hydrogen gas where the electrons of the hydrogen

atoms have been stripped off by an electric field. It is not possible to directly accelerate
16
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The CERN accelerator complex
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Figure 2.1 Schematic representation of the CERN accelerator complex and LHC injector chain.
Figure taken from Ref.[%¢),

protons from their quasi-rest conditions up to the require energy, so the acceleration is
taken in several steps. First, protons are injected into the linear particle accelerator,
LINAC?2, which accelerates the protons to the energy of 50 MeV. Then, the beam is
injected into the Proton Synchrotron Booster (PSB), which accelerates the protons at
energies up to 1.4 GeV, following by the Proton Synchrotron (PS), where it reaches
energies of 25 GeV. The next step is the Super Proton Synchrotron (SPS), where it is
accelerated to 450 GeV. After SPS, the protons are finally transferred to the two beam
pipes of the LHC with the beams circulating in opposite directions to each other.

The proton beams inside the LHC ring are not continuously distributed but are
arranged in bunches. Each bunch contains O (10'!") protons and is separated in time by

about 25 ns, corresponding to a crossing frequency of 40 MHz. The collision rate of
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Figure 2.2 Integrated luminosity recorded by LHCb as a function of the month of the year, divided
by years of data taking. Figure taken from Ref.®"],

protons is defined by the luminosity of the beam, £, which is parametrised as

Ningy, f,
L =F b"b rev, @2-1)
4re,p*

where F is the luminosity reduction factor resulting from the beam crossing angle, N,
is the number of particles per bunch, n, is the number of proton bunches per beam, y, is
the Lorentz factor, f,., is the revolution frequency, €, is the normalised transverse beam
emittance and f*is transverse size of the beams at the collision point. The total number of
bunches and bunch scheme in the beam, depending on the physics of interests, vary over
experiments. The two high luminosity experiments, ATLAS and CMS, collected data at a
maximum instantaneous luminosity of 2.06x10** cm™2s~! . The LHCb, requiring a low
beam intensities, recorded data at a peak luminosity of 4x10°% cm 2571,

The LHC has performed very well during Run-1(2010-2012) and Run-11 (2015-2018)
data-taking period, allowing the LHCb experiment to collect more than 9 fb~! of
integrated luminosity as shown in Fig. 2.2, with an efficiency over 90%. This
unprecedented sample of charm and beauty hadrons allows the LHCb collaboration to
perform high-precision measurements and to improve results from the BaBar, Belle and

CDF collaborations.
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Figure 2.3 Production angles of bb pair with respect to the beam direction (left). Pseudorapidity of

bb produced in a pp collision at \/§=14 TeV generated using Pythia 83! (right). The solid lines show
the acceptance of LHCb (red) compared to the general purpose detectors (yellow). Figure taken from
Ref."!),

2.2 The LHCb detector

The LHCDb detector is a signal-arm forward spectrometer designed to take advantage
of the large bb production cross-section at the LHC. The bb production cross-section o is ~
295 pbat 7 TeV and ~ 560 ub at 13 TeV 8] at the LHC. The production cross-section of c¢
quark pairs is ~ 20xXo(pp — bbX). At high centre of mass energies, the b and ¢ quarks are
produced strongly boosted along the beam-line. Thus, they are produced prominently in
the forward or backward region as shown in Fig. 2.3. To take advantage of this peculiarity,
as well as considering the spatial limitation, the LHCb detector is designed as a forward
spectrometer covering the range of pseudorapidity in 2 < # < 5. The angular acceptance of
the LHCb detector is 10-300 mrad in the magnet bending plane and up to 250 mrad in the
vertical plane. 24% of the bb quark pairs can drop into the LHCb acceptance. Comparing
with the GPDs, LHCD covers a different complementary geometry region which allows us
to explore the physics in the forward region.

A schematic representation of the LHCb detector and the position of each subdetector
in the LHCD cavern are shown in Fig. 2.4. A right-handed Cartesian coordinate system is
used with origin located at the nominal interaction point. The z-axis is aligned with the
beam-line direction and the y-axis points vertically upwards.

To perform a high quality flavour physics measurement at LHCb, two main

requirements are considered: First, the ability to reconstruct the trajectory of the decay
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Figure 2.4  An overview of the LHCb detector'®?. The z axis indicates the direction of the beam line.

hadrons and well separate the primary pp collision vertex (PV) from the secondary
b-hadron decay vertex (SV). Second, the capability of distinguish between topological
similar decays that only differ by final state particles. The detector tracking and particle
identification systems and how they fulfil these requirements are discussed in the following

sections.

2.2.1 LHCb tracking system

The LHCDb tracking system consists of the Vertex Locator (VELO) and a series of
tracking stations located both up (TT) and downstream (T1-T3) of the detector dipole
magnet. Both VELO and TT use silicon micro-strip technology. The T-station (T1-T3)
makes use of two different technologies, due to the different occupancies in the inner and
outer regions of the detector. The central part, referred to as Inner Tracker (IT), uses a
silicon strip similar as that used by TT. The outside region, referred to as Outer Tracker
(OT), consists of straw-drift tubes.

An illustration of the position of each tracking subdetector and the different
reconstructed track types are illustrated in Fig. 2.5. Not all charged particles have hits in

all the tracking subdetectors. At the PV and SV, particles with large transverse momentum
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Figure 2.5 Schematic of tracking components with different types of track definitions!’").

or produced in backward direction will fly out of the LHCb acceptance and leave hits only
in VELO, referred to as VELO tracks. These tracks could be used for vertex reconstruction
studies but not used in the further physics analysis. Low momentum particles in the
forward region can have hits in both VELO and TT but failed to hit the T-station, referred to
as upstream tracks. Long-lived particles like A and K2 are often produced outside VELO,
the decay products of them only leave hits in the downstream tracking stations, referred
to as downstream tracks. Tracks traverse all the tracking systems called long tracks and
tracks have hits only in T-station are named as 7 tracks. The most useful track types for

physics analyses are long and downstream tracks.

2.2.1.1 \Vertex locator

The VELO is designed to perform precise measurements of the track coordinates
near the interaction region. For decays of b and ¢ hadrons, it is crucial to reconstruct
the production and decay vertices and measure the impact parameter (IP), defined as the
distance of closest approach between the PV of the event and the track.

The VELO is composed of 2x21 modules of silicon micro-strip sensors placed
between -0.2 < z < 0.8 m around the beam line and 8 mm from its axis. An overview is
given in Fig. 2.6. Each semicircular module is composed of two sensors, one with strips
in the radial direction (R sensors) and the other with strips in the azimuthal direction (&
sensors), as shown in Fig. 2.7. The two modules in each station are slightly overlapping
to ensure a full @ coverage. Together with the station position in z-axis, a 3-dimensional
measurement of a track point is performed. Four additional modules, installed only R

sensors, were placed upstream of the interaction point, referred to as the VETO stations.
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Figure 2.6 Layout of the VELO detector®.
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Figure 2.7 Geometry of the R (left) and @ (right) sensors of the silicon modules composing the
VELO™?.

They were initially designed to study the multiple pp collisions but used for luminosity
measurement now. During the injection of protons into the LHC, the beam position is
not stable and might damage the VELO. Therefore, the VELO is designed as retractable,
the stations are fully closed only during data-taking period when stable beam has reached.
The open and close configurations are also given in Fig. 2.6.

The performance of VELO detector have been analysed using the data collected in
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Figure 2.8 VELO PV resolution for events with one PV as a function of the number of tracks in the
x direction in data (left) and MC (right).
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Figure 2.9 VELO IP resolution for events with one PV as a function of 1/p; in both the x (left) and
y (right) direction in 2012 data (blue), 2015 data (black) and 2016 data (red).

Run 1. Well PV resolutions and IP resolutions can effectively reject background events
which are very close to the PV. The PV resolution and IP resolution of the VELO are
shown in Fig. 2.8 and Fig. 2.9.

2.2.1.2 Dipole magnet

A warm dipole magnet is placed between the TT and T-station to deflect charged
particles allowing the measurement of the particles momentum. It is composed of two
separate saddle-shaped aluminium coils, as illustrated in Fig. 2.10. The magnetic field
is oriented in the y direction and covers a range of +250 mrad vertically and +300 mrad
horizontally which can deflect the charged particles in the x-z plane with a bending power

of 4 Tm. To achieve the maximum momenta precision and resolution, the integrated
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Figure 2.10 A schematic representation of the magnet (left). Magnetic field as a function of
z-position, at x=0 cm and y=0 cm (right). Figures taken from Ref.?!

magnetic field must have a precision on the order of 10™*. This precision was achieved
using arrays of Hall probes, with which the components of the field were measured in a
fine grid spanning from the interaction point to the RICH2 detector.

During the data-taking period, the polarity of the magnet is reversed several times
such that a same size of data samples are collected for each magnet. This allows the
cancellation of any left-right detector asymmetry which may appears in the CP violation

measurements.

2.2.1.3 Silicon tracker

The Silicon Tracker (ST) consists of two subdetectors, the Tracker Turicensis
(TT) and the Inner Tracker (IT), positioned upstream and downstream of the magnet,
respectively. The TT covers the full acceptance of the detector, while the IT covers a 120
cm wide and 40 cm high cross-shaped area in the centre of the three downstream tracking
stations. Both TT and IT are composed of four layers of silicon microstrip sensors with a
pitch of 183 ym and 198 um between the strips. The layers are placed in an (x —u—v —x)
arrangement, in which the first and last layers are oriented vertically, and the second and
the third layers are rotated by a stereo angel of -5° and +5°, respectively.

Each TT layer is composed of modules holding 14 sensors each. The central modules
are divided into two halves, placed above and below the beam pipe. Each of the half
modules is organised into two or three readout sectors. The readout sensors are bonded
together in a group of one, two, three or four as a sector, depending on the density of

particle flux. An overview of the third layer are shown in Fig. 2.11. The TT is especially
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Figure 2.12 Layout of a second IT station detection layer!**,

useful in reconstructing long lived particles such as Kg and /A hadrons that are not detected
by the VELO, as well as low momentum tracks which will be bent out of the acceptance
by the magnet.

The three IT stations share the same four-layer layout as TT. Each IT layer has 7
silicon modules. The modules are arranged in four detector boxes, on the two sides of the
beam and on its top and bottom as shown in Fig. 2.12. The top and bottom boxes have one
readout sensor while the side modules have two. The IT tracker helps in reconstructing

tracks which have passed through the magnetic field and lie near the beam axis.

2.2.1.4 Outer tracker

The outer region of the T-stations is referred as the Outer Tracker (OT). A schematic
view of the OT is presented in Fig. 2.13. It is a drift detector which consists of three
gas-tight straw-tube stations, positioned at T1, T2 and T3. It covers the rest of the
acceptance which are not taken by the IT. Each station is built out of four layers, arranged

in the same stereo layout as the ST. Each module contains two staggered layers of 64’
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Figure 2.13  An overview of the OT stations %!,

340

Figure 2.14 A cross section view of a straw-tubes module®*.

straw’ drift-tubes with an inner diameter of 4.9 mm, as shown in Fig. 2.14. A gas mixture
of 70% Argon, 28.5% CO, and 1.5% O, is used to guarantee a drift time below 50 ns and

resulting a spatial resolution of 200 ym.

2.2.2 LHCb particle identification system

Particle identification (PID) is performed combining information from two
Ring-Imaging Cherenkov (RICH) detectors, the calorimeter system and the muon system.
In each event, mass hypotheses are assigned to every particle, and the relative likelihood
is calculated via multivariate likelihood classifiers combining information from the PID
subdetectors. The classifiers are trained to compare the various particle hypotheses against
the pion hypothesis. One can then estimate whether a reconstructed track belongs more
likely to a kaon or pion based on the difference between the log-likelihood of the kaon
and pion hypotheses, respectively. The particle identification efficiency of this classifier

varies depending on the track momentum.
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Figure 2.15 Reconstructed Cherenkov angle as a function of the track momentum /..
In LHCD, PID information is further refined by the use of a neural network combining
the output of the PID classifiers and information from the other subdetectors. The output
of the neural network is a variable taking values between 0 and 1, that can be interpreted

as the absolutely probability of a particle to be of a certain species.

2221 RICH

LHCb has two RICH detectors. These detectors can measure the Cherenkov radiation
emitted by charged particles traversing a medium faster than the speed of light in that
medium. The emission angle Cherenkov radiation is given by

cosfc = 1 2-2)
np

where 6 is the angle between the direction of the emitted light and the trajectory of the
particle, n is the refractive index of the medium and f is the particle velocity in units of
c. Knowing n and measuring cosf- can give us the results on the speed of the particle,
combing this information with the momentum measurement given by the track system,
the mass of the particle can be determined. Then Cherenkov angle dependence on the

particle momentum is shown in Fig. 2.15.
Both RICH detector record Cherenkov light by means of a system of two mirrors

that deflect photons outside of LHCb acceptance. Hybrid Photon Detectors (HPD) are
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Figure 2.16  Side view of RICHI (left) and RICH2 (right) detectors®?.

employed to read out the signal. The first RICH detector, as illustrated in Fig. 2.16, is
located between the VELO and the TT. It uses a C4F, radiator, covering the momentum
range of 1 < p < 60 GeV. RICH2 is situated downstream of the T-stations and covers
the momentum range 15 < p < 100 GeV using CF, as radiator. RICH2 covers only a
central region (1 < 3) of the LHCb acceptance, where high momentum particles are most

abundant.

2.2.2.2 Calorimeters

The calorimeter system is composed of four subdetectors, as shown in Fig. 2.17.
A Scintillating Pad Detector (SPD), consisting of fine-granularity scintillator pads, is
followed by a 15 mm thick lead absorber plane and by another scintillating pad detector
with Pre-Shower function (PS). The aim of the SPD layers is to help distinguishing
between calorimeter charge deposits initiated by charged and neutral particles. The
electromagnetic showering process then initiates in the PS, which has the same function
of the ECAL, but provided much finer granularity. The radiation length X|,, defined as
the mean distance over which a high-energy electron reduces its energy by a factor 1/e,
losing energy by bremsstrahlung, of SPS and PS combined amount to 2.5 X,

The ECAL, built as a sampling calorimeter, has a length of 25 X, in order to fully

contain the whole electromagnetic shower. It is composed of 66 alternating layers of
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2 mm thick lead and 4 mm thick scintillator tiles. The latter are wrapped in reflecting
Tyvek paper with the purpose of increasing the light collection efficiency. Wavelength
shifting fibres collect the light generated in the scintillator and guide it to Multi-Anode
Photomultiplier Tubes (MAPMT). The same readout technology is shared by the SPD, PS
and ECAL, but in the ECAL 64 fibres are read out together by a single photomultiplier.

The HCAL is also made of alternating layers of scintillating tiles and absorbing
material for a length of 19.7 cm, but the tiles oriented paralleled to the beam pipe. The
readout technology uses wavelength shifting fibres and PMTs, which are placed at the
downstream end of the HCAL.

The energy resolution of the calorimeters has an energy dependence measured to be

%~ 2% _ 08%  for the ECAL and

E V EGeV (2_3)
ogl 69%
- = VEGeV @ 10% for the HCAL.

where first term accounts for stochastic effects in the development of the shower, and
the second one is due to the intrinsic resolution of the detector.

The addition of the preceding SPD/PS layer largely improves the PID performance of
the calorimeter system. Electrons are separated from hadrons with an efficiency of 92%

and a misidentification rate of hadrons as electrons of 4.5%.

2.2.2.3 Muon stations

The muon system is composed of five Multi-Wire Proportional Chamber (MWPC)
detectors (M1-M5). The first one, M1, aimed at improving the transverse momentum
resolution for use in the trigger, is located in front of the calorimeter system. The other
four stations, M2-M35, are placed downstream of the HCAL and interleaved by 80 cm thick
layers of iron, acting as absorber stopping all particles except muons and neutrinos. A side
view of the muon system is presented in Fig. 2.18.

The muon stations have finer granularity in the region closest to the beam pipe,
and are composed of MWPC. The innermost part of M1 uses triple-GEM (Gas Electron
Multiplier) detectors, which are more suited to cope with the higher occupancy of that
region.

The identification of muons is implemented in two ways. One provides information
used by the likelihood classifier. The other one is a binary classifier based on a minimum

number of hits in the muon stations depending on the track momentum. Both classifiers
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Figure 2.17 An overview of the calorimeter system
have a very high identification efficiency as well as a tight background rejection.

2.2.3 LHCb trigger

A good trigger system is fundamental in every high energy physics experiments in
order to only save the events of interesting while reject most of the background. At the
nominal instantaneous luminosity of 2x10? cm™2s™!, the rate of events containing at
least one pp interactions is roughly 10 MHz which is way too large to be stored. The
LHCDb detector can only be read out at a rate of 1 MHz and data is only saved to disk
at a rate between 2-5 kHz in Run 1 and up to 12 kHz in Run 2. The LHCb trigger
consists of two levels: the Level-0 (LO) hardware trigger which uses custom electronics
synchronised with the LHC clock and the High Level Trigger (HLT) software trigger
which runs asynchronously from the LHC clock. The general flow of information through
the trigger systems for 2011, 2012, 2015 (where 2015 is representative of all Run 2) are
shown in Fig. 2.19.
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Figure 2.18  Side view (left) and front view (right) of the muon system 2.,

In LHCD offline analysis, all the trigger decisions can be associated with the offline
reconstructed signal candidates and hence can be classified into three categories with
respect to that candidates: *Trigger on Signal’ (TOS), *Trigger Independently of Signal’
(TIS) and "Trigger on Both’ (TOB). TOS candidates are those triggered by the final state
particles of the signal candidate under study, regardless of the remaining tracks in the
event. TIS candidates are those triggered by the tracks of other particles presents in the
same event instead of the signal. TOB candidates are those triggered both by the final

state particles of the signal candidate and the tracks in the rest of the events.

2.2.3.1 Hardware trigger

The LO hardware trigger consists of two independent parts: the calorimeter trigger
and the muon trigger. The information from these two triggers is used to decide whether
or not to pass the full event to the HLT. It helps to reduce the rate from the maximum
bunch crossing rate of 40 MHz to 1 MHz.

The calorimeter trigger identifies high transverse energy E electrons, photons and
hadrons. It forms clusters by adding the Et of 2x2 cells in the ECAL and HCAL, and
selects the clusters with the highest E;. An LO Electron candidates is the highest Et
ECAL cluster with 1 or 2 PS cells hit in front of the ECAL cluster and at least one SPD

cells corresponding to the PS cells. An LO Photon candidates has the same requirements
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Table 2.1 The LO thresholds for the different trigger lines used to take the majority of the data in
2011 and 2012.

LO trigger E7 or py threshold SPD threshold
2011 2012

Electron > 2.5 GeV > 3.0 GeV < 600

Photon > 2.5 GeV > 3.0 GeV < 600

Hadron > 3.5 GeV > 3.7 GeV < 600

Muon > 1.48 GeV > 1.76 GeV < 600

Dimuon > (1.3)>GeV > (1.6) > GeV < 600

as for a electron candidate, but without hit in the SPD cells. An LO Hadron candidates is
the highest Er HCAL cluster.

The muon trigger uses information provided by the five muon stations to look for
muon tracks with large py. The trigger is fired if at least one muon candidate has a py
greater than the a given threshold (LO Muon) or the product of the two largest pr of muon
candidates is larger than a given threshold (LO Dimuon).

A typical minimum Ey or py values and number of SPD hits threshold are given in

Table. 2.1 and Table. 2.2.

2.2.3.2 Software trigger

The HLT trigger consists of two stages, HLT1 and HLT2, which are carried out by
C++ applications running on an approximately 52,000 logical CPU cores (~29,000 in Run
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Table 2.2 The LO thresholds for the different trigger lines used to take the majority of the data in
2015-2017.

LO trigger E; or pr threshold SPD threshold
2015 2016 2017
Electron > 2.7 GeV > 2.4 GeV >2.11 GeV <450
Photon > 2.7 GeV > 2.78 GeV > 2.47 GeV <450
Hadron > 3.6 GeV > 3.7 GeV > 3.46 GeV <450
Muon > 2.8 GeV > 1.8 GeV > 1.35 GeV <450
Dimuon > (1.69)> GeV > (2.25)2GeV > (1.69) 2 GeV < 450
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Figure 2.20 Sketch of the HLT1 track and vertex reconstruction®>,

1) computing farm.

The HLT1 stage performed a partial event reconstruction mainly in three steps:
reconstructing the tracks in VELO, extrapolating the tracks to the TT stations to build
upstream tracks, and extending them to the T stations to produce long tracks. A Kalman
fit is performed on the long tracks to reject the fake trajectories. The positions of PVs
are determined with the fitted VELO tracks. The algorithm used in HLT1 to reconstruct
the long tracks and the primary vertices is shown in Fig. 2.20. The tracks are selected
requiring a minimal p and pr, have a good track 27 fit quality and larger than a given
threshold on the IP.
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Figure 2.21  Sketch of the HLT?2 track and vertex reconstruction sequence >,

After passing from HLT1 to HLT?2, the rate of events has been reduced to about 150
kHz, where a full event reconstruction can be carried out. The HLT?2 track reconstruction
uses the full information collected by the sub detector, performing additional steps of the
pattern recognition that can not be done in HLT1. The algorithm and sequences used
for HLT?2 track and vertex reconstruction is shown in Fig. 2.21. At this stage, not only
tracks but also the particle identification information are available. Many different trigger
selections are carried out which are motivated by the requirement for different physics

analyses.

2.2.3.3 Data processing and simulation

The data samples saved after HLT stages are still very huge, it is necessary to further
processed to obtain a smaller sample for performing physics analyses. The LHCb data
flow is shown in Fig. 2.22. The data samples after the trigger selection are reconstructed
with Brunel. Then further filter using DaVinci referred to as Stripping. Users can use
DaVinci to read the information saved in DST or MDST format after Stripping.

To produce simulation samples for direct comparison with the real collision data,
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Figure 2.22 The data flow and the associated applications at LHCb.

a similar sequence is used. The particle simulation is divided into three steps: First,

the fragmentation and hadronisation in pp collisions are generated with a specific LHCb

961 of PyTHia 39,

[97]

configuration Then, the actual decay of the hadronic particles are

modelled with EviGen""! package except for the radiation from the final state particles

which is described by Puotos!®®.

Finally, the detector response of the interaction
between detector material and a simulation of the data collection process is handled by
Geant4®. Gauss is used to mediate and propagate data from generation to propagation
stage and Boole is used to digitise the data by modelling the response of the LHCb
sub-detectors. The output samples are transferred to Moore and stripped by the normal

trigger, reconstruction and stripping selections.

2.3 Flavour tagging algorithms

The identification of the flavour at production time of a neutral B meson, i.e., whether
the meson contains a b or a b quark at production, is a key element for any time-dependent
analysis aiming at the measurement of oscillations and CP asymmetries. For CP violation
related analyses using decays of Bg — Jhyztn~ and Bg — JiwK* K™, the flavour tagging
is very important due to two reasons: 1) neutral Bg meson oscillate, so the flavour at the
production time might differ from the flavour at the decay time; 2) The final states can be
produced by the decay of both Bg and E(s) mesons. The flavour of the B meson can not be
obtained from the charge of the final state, even if there is no oscillations.

At LHCb experiment, techniques to infer the initial flavour of a reconstructed
candidate, flavour tagging algorithms, are developed. A schematic representation of the

taggers that can be used for tagging B mesons is shown in Fig. 2.23.

35



Chapter 2 The LHCb experiment

Primary Vertex (PV) Secondary Vertex (SV)
SSK K

SSm (for B?) ®—<
PV SSp (for BO) "
-~ @ n

-~ B3 sV

Same Side (SS)

Opposite Side (OS)
SV

OSK

oSu
0OS vertex charge 0OSe
OS charm

Figure 2.23 Schematic overview of flavour tagging algorithms used in LHCb .

2.3.1 Tagging algorithms

As shown in Fig. 2.23, the tagging algorithms can be categorised into two classes:
opposite side (OS) and same side (SS) algorithms. The OS algorithms exploit the
predomiant production process of the second B mesons via bb pair production[loo].
By partially reconstruct the decay products of the other b hadron produced as muons,
electrons, kaons and D-mesons associated with the reconstructed signal B meson, the
initial flavour of the signal B meson is inferred. Furthermore, charged tracks with originate
from a secondary vertex, which is displaced from the PV, are used to make a decision on
the production flavour of the signal B meson. Since the hadronisation and the decay of
the OS b-hadron is independent of the signal B meson, these algorithms can be used for
both B® and Bg. In contrast, the SS algorithms infer the production flavour of the signal B
meson by selecting charged particle candidates that have a high chance of being remnants

of the hadronisation process of the signal B meson 011021

. As the companion quark of
the b-quark is different for B and Bg mesons, different algorithms are used to deduce the
initial flavour of the signal B meson. For B’ (bd) meson, the free d quark is produced
which can hadronise to a z or p. For B? (Zs), the hadronisation of the free s quark can
hadronise to a K™. The charge of these co-produced particles are used to infer the initial
flavour of the B meson.

For each reconstructed candidate, a decision ¢ whether a B candidate was initially
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produced as a B or a B meson and a probability-estimate (mistag) # of being wrong with
this decision is provided by each flavour tagging algorithms. The flavour tag takes the
values ¢ = +1 for an initial B?, q = —1 for an initial E(S) and g = 0 when no tag could be
assigned. The mistag probability # is defined in a range [0, 0.5] and is based on the output
of multivariate classifiers, which are trained on datasets on flavour-specific decays, and

combine several kinematic and geometric information on the tagging particles.

2.3.2 Flavour tagging performance

The prediction of the flavour tagging algorithms is not perfect. Among N
reconstructed candidates only N " candidates get a tag ¢ and mistag n assigned, Ny, are
untagged. The N " can be further divide into N r (correctly tagged candidates) and Ny,
(wrongly tagged candidates). The tagging efficiency can be defined as

. - Np+ Ny, (2-4)
“ " Np+ Ny + Ny
and the mistag probability is
N
S (2-5)

Therefore, in an analysis using flavour tagging to infer the initial B flavour, the number

N BY (H(N Eg(t)) of measured initial Bg (E?) candidates are

Ny =(1- co)N ey + N true(t)
(2-6)
Np(n) = thr“e(z) + (1 — a))N““e(t)

where N gge(t) and N tf“e(t) denotes the true number of initial BO and B0 candidates. These

S

quantities need to be transferred further into measurement of CP-asymmetries such as

NG = Nj©()

A 2-7
CP(t) Ntrue(t) + Ntrue(t) ( )

The true number of initial Bg and 1_38 mesons need to be replaced by the observed yields

which lead to

meas B?(t) B NE(S) (t) theo theo
Acp )= B?(t) + Ngg(t) =1 -2w)Acp (1) = DAcp (1) (2-8)

where the quantity D = 1 — 2w is known as average dilution. If o = O(perfect tagger),

then D = 1 and no asymmetry dilution occurs. If @ = 0.5 (random tagger), then D = 0,
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then it is no possible to measure the asymmetry anymore.
The quantity that can be interpreted as the figure of merit to optimise a tagging

algorithm is the effective tagging efficiency, also called tagging power
— 2 _ 2
Eoff = etag(l —2w)” = etagD 2-9)

Assuming that €. is known without uncertainty, then the statistical uncertainty on

the physical asymmetry is given by

N
O ytheo = = (2-10)
cp

V Netag(l —2w) V Neeff

Then we can conclude, the greater the tagging power, the smaller the resulting statistical

uncertainty on the CP asymmetry.
Rather than using an average mistag w, the mistag 7 estimated with various tagging
algorithms are used. # are calibrated via a function w(n) in order to return the true mistag

probability, given a pre-event tagging power:
1 < 1 <
2 2
€ir=— ), Di=— ) (1-2w(;)) (2-11)
TP )

2.3.3 Combination and calibration of flavour tagging algorithms

To improve the overall performance of the flavour tagging, the individual algorithms
are combined to form one single tag decision and mistag for the OS (gpg and 7og) and a
tag decision and mistag for the SS (gqg and #gg). This is done by calculating the combined

probability, that a B candidate contains a b quark

_ O Gy =1-pP0) (2-12)

p(b) + p(b)

P() =

The probabilities p(b) and p(E) are defined as

pb) = I(2L — g,(1— 1)

: B (2-13)
p(B) =M, — 2% + g1 — )

where ¢;(n;) are the tag decision (mistag estimates) of the individual tagging algorithms.
If P(b) > P(b), the combined tagging decision ¢ = +1 and the final mistag probability
n=1- P(T). Otherwise if P(b) < P(b), the combined tagging decision and the mistag
probability are ¢ = —1 and n = 1 — P(b).
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The output of the flavour tagging algorithms is the result of training multivariate
classifiers using datasets of flavour-specific B decays. This output is transformed into
a mistag estimate #. However, the training and validation samples are usually different
from the signal channel used in a CP-violation measurement. This differences are caused
by different trigger and selection criteria and can influence the distribution that are used
in the multivariate classifier. Thus, the mistag must be calibrated on a dedicated flavour
specific decay which shows at best kinematically similar distributions compared to the
signal decay.

A common choice for the calibration function is a linear function

(1) = py + p1(n —n)) (2-14)

The use of the arithmetic mean (#) of the # distribution aims at a decorrelation of p, and
p;- A perfect calibration of the taggers would result ini py = (#) and p; = 1.

The performance of the tagger can depend on the initial B flavour. If the interaction
rates of the charged decay products with the detector material depend on the charge, the
mistags will also depend on the flavour of the initial B meson. Such asymmetry yields
in an additional dilution factor, which needs to be understood and properly described. So
different calibration parameters for B and B are used

0 B  BY
o) =p,* +p, (n—(n))
- 0L (2-15)
o’ () =p,’ +p, (= n))
Equivalently, we can parametrise the calibration parameters p; with (i =0, 1) as

BY Ap; B Ap;

P,-S:Pi'i‘T, D =Pi—— (2-16)

The calibration function are determined in each analysis using an unbinned
maximum-likelihood method with the flavour-specific calibration samples. For the OS
taggers, this is most often done using charged decay modes, as the charge of the final
state particles allows to directly infer the production flavour. For the SS taggers, a decay
mode with the same initial B flavour is needed, as these taggers highly depend on the

hadronisation process.
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Chapter 3  First observation of =" — JiyAK™

3.1 Introduction

The existence of multi-quark hadrons including tetraquarks and pentaquarks
was hypothesised by Murray Gell-Mann!® and George Zweig!® independently in
their proposals of the quark model. = With experimental progress, dozens of
charmonium-like/bottomonium-like tretaquarks were observed by several particle physics

experimental collaborations!!'*-?].

Meanwhile, many experiments made efforts on
searching for pentaquarks. However, no undisputed candidates were found until the LHCb
collaboration reported the observation of two exotic states P,(43 80)" and P, (4450)" in

321 The minimal quark

theJAyp invariant mass spectrum of the A(b) — JhwpK~ decay
content of these two states is uudcc. By replacing one u quark with an s quark in the
pentaquark content, a strangeness hidden-charm pentaquark (ud scc) is formed and could
be searched in the Jiy/A mass spectrum of the =" — JiyAK™ decay!!%%!. Examples of

Feynman diagrams contributing to the =" — JAyAK™ decay are shown in Fig. 3.1.

3.2 Analysis strategy

In this analysis, the =" — JiwAK™ decay is searched using pp collisions data
collected by the LHCb experiment during LHC Run-I data-taking period. The Ag - JwA
decay is used as areference channel. The main challenge in this analysis is to reconstructed
A baryon associated with Jiy meson. By using the reference channel, systematic effects
in the /A baryon reconstruction are expected to cancel largely. The branching fraction of

—_——

the =" — JwAK™ decay with respect to that of the /12 — JhyA decay, multiplied by the

relative fragmentation fraction between f =5 and f o, is defined as
b

f== B(Z; - JWwAK™)

R
fro BA) = i)

(3-1)

where B represents the branching fraction of the corresponding b-baryon decay.

Practically, the ratio is determined by

R N(Z; = JWAK™)  e(A) - Ty )
N - Jh) €S = I AKTY

(3-2)
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5, (A9) <::a}K_ =y dH—Rd}A
dH—Rd}A(p) <:U}K_
S——p—Pp——— S S—p— Pp— S

Figure 3.1 Examples of Feynman diagrams of =, — JiyAK™ and /12 — JhypK~ decays. Diagram
(a) contributes to both =, and /12 decays, diagram (b) contributes only to the = decay.

Table 3.1 Simulation samples used in this analysis. PHSP indicates the simulation is generated with
the phase space model. More details on the generator model can be found at Ref."7.

Decay channel Production type Events Model Utilisation
=, - JwAK™ Full 5.15x 10° PHSP Signal study
A — JyA Full 1.57 x 10 PHSP Control channel

Ag - ySHA Generator level 0.75 x 10° PHSP  Background modelling
=, - JiwX°K~  Generator level 0.75x10° PHSP Background modelling

which means it could be accessed by measuring the numbers (') of signal reconstructed
from the two decays and the relative efficiency (e¢) between the Ag and =" decays. The
mass difference M = M(=,) - M (Ag) is also determined with a simultaneous fit to the

same datasets.

3.3 Dataset and selection requirement
3.3.1 Data and simulated samples

The results described in this chapter are obtained by analysing datasets with a
centre-of-mass energies of \/— =7 TeV and 8TeV collected in 2011 and 2012, they
correspond to integrated luminosities of 1.0fb~! and 2.0 fb~!, respectively. The decay
channels, types , generated events, model and utilisation of simulated samples used in this

analysis are listed in Table 3.1.

3.3.2 Selection

The selection of candidates is performed in a sequence of steps. An offline selection
is applied after triggers, followed by a multivariate classifier (MVA) based on a Gradient
Boosted Decision Tree (BDTG)!%Y. Then the PID requirement on the kaons is optimised
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simultaneously with BDTG selection to maximise the signal significance. After which,

the multiple candidates contribution is studied.

3.3.2.1 Preselection requirement

Online selection is based on muon triggers with TOS decision as listed in Table 3.2.
A full reconstruction of the decay chain is performed offline, the selection criteria is given
in Table 3.3. The =" — JiwAK™ and /12 — Jhy A are reconstructed using the decays Jiy
—uTu" and A = pz~. In the offline selection, the Jiy candidates are formed from two
oppositely charged tracks with pr > 500 MeV, identified by the muon system (I sMuon),
as well as the likelihood calculated by the Cherenkov detectors that each track is a muon
with respect to a pion hypothesis, DLL . > 0 (1951 The di-muon pairs are selected with the
fit quality of the di-muon decay vertices less than 20 and have an invariant mass m(u* u™)—
m(Jhy ) € (—48, +43) MeV. The A candidates are reconstructed by combining candidate p
and z~ tracks. Given the long lifetime of the /A baryon, it can be reconstructed either from
a pair of tracks that include segments in the VELO, called long tracks (LL /A candidates),
or from a pair of tracks reconstructed using only the tracking stations located downstream
of the VELO, called downstream tracks (DD A candidates). The p and z~ tracks are
required to satisfy ;(IZP > 9, where ;(IZP is defined as the difference in the y? of the vertex
fit for a given PV reconstructed with and without the considered particle. The invariant
mass of the pz~ pair is required to be within +4 (6) MeV of the known A mass!®®! for
the LL (DD) A candidates. For the LL A candidates, both proton and pion must satisfy
pr > 250 MeV, and pass loose PID criteria based on information provided by the RICH
detectors. For the DD A candidates, the decay vertex must not be reconstructed in the first
half of the VELO, so the final-state particles can be reconstructed as downstream tracks.
In order to suppress the contribution from mis-identified background from Kg - atrx”
decays, the reconstructed mass for the LL (DD) /A candidate under the z+z~ hypothesis
is required to be more than 4 (10) MeV away from the known K2 mass 8!, All final state
tracks are required to have good-quality vertices, ;(Vztx/ndf > 3. The probability of hadron
tracks are reconstructed using fake tracks is less than 0.3 (1.0) for the LL (DD) samples.
The bachelor kaon candidate using for reconstructed =, baryon should satisty pp > 250
MeV and ;(Izp >9. Each reconstructed b-baryon candidate is required to satisfy ;(IZP < 25.

The decay vertices of b candidates must also have a good fit yranda separation of at least

1.5 mm from the PV. The angle between the b-baryon momentum and the vector from the
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Table 3.2 Trigger lines used for selected B — Jiyzx™z~ candidates. More details on the trigger lines
can be found in Ref. """,

Trigger level Trigger line

Lo Jpsi_LOMuonDecision_TOS
or Jpsi_LODimuonDecision_TOS

Jpsi_HLT1DiMuonHighMassDecision_TOS
HLT1 or Jpsi_HLT1TrackMuonDecision_TOS
or Jpsi_HLT1TrackAllLODecision_TOS

HLT2 Jpsi_HLLT2DiMuonDetachedJPsiDecision_TOS

associated PV to the decay vertex, 6 , must satisfy cos& > 0.999. For both b baryons
fiducial cuts of p < 25 GeV and rapidity in the range 2.0 < y < 4.5 are required to
have a well-defined kinematic region in which the measurement is performed. There are
only 0.2% events outside the fiducial kinematic region. A kinematic fit (DecayTreeFitter,
DTF)[1%] jg applied to the =" and /12 candidates. The fit is performed using a Kalman
fitter which conducts progressive refitting of the full decay tree for a given mass hypothesis
of the daughter particles together with selected vertex constrains. The invariant mass

resolution of the particles in the decay has been significantly improved by the fit.

3.3.2.2 Multivariate analysis

Candidates satistying the preselection requirements are filtered using a multivariate
analyser based on a BDTG technique to further suppress the combinatorial background.
For =7 decays, fifteen variables are used in BDTG algorithm: the minimum DLL ,, of
the y* and y~; the minimum )(1213 of the u* and u~; py and ;(IZP of the proton; pt and ;512[,
of the pion; ;(IZP, flight distance y? and vertex y? of the A; pr of Jiy ; DTF fit 27, pointing
angle and decay time of the =,7; and pr, ;(Izp of the bachelor Kaon. For the normalisation
channel, the variables for the bachelor K~ are excluded in the BDTG algorithm. BDTG
is trained with a simulated =" — Jiy/AK™ sample for the signal, and data candidates in
upper sideband with 5944 < m(JiwyAK) < 6094 MeV are used to model the background.
The low mass sideband is not used to avoid potential partial reconstructed background
which has similar behaviour as the signal. Signal and background distributions for all the
training variables for =" decays are shown in Fig. 3.2 and Fig. 3.3. All of these variables
has discrimination power to separate signals and backgrounds. The distributions of the

BDTG classifier for signal and background for =, decays and Ag decays are shown in
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Table 3.3  Preselection requirement applied for the two decays A) — JiyA and =, — JiwAK™. The
selection for the bachelor K™ is not used for the /12 decays. When different value is used between LL
and DD A, the number before the brackets corresponds to LL and that in the brackets corresponds to

DD.
# Selection variables Requirement
1 All tracks y*/ndf <3
2 Hadron ghost probability < 0.3(1.0)
Jhy selection
3 Muon DLL(u — ) >0
4 Muon py > 500 MeV
5 Muon IsMuon true
6 Jhy vertex x> <20
7 mutu") — m(Jhy) (—48,43) MeV
8 Trigger TOS (see text)
A selection
9 Hadron p; > 250 (0) MeV
10 Hadron )(IZP >9(4)
11 proton DLL,,, > —5(—1000)
12 pion DLL ¢ > —10(—1000)
13 vertex x> <30(25)
14 mass window (1112(1110), 1120(1122)) MeV
15 K? veto window +4 (10) MeV
16 Z e ex (DD only) > 500 mm
Bachelor K~ selection
17 py > 250 MeV
18 1 > 9
19 ProbNNk > 0.1
B baryon selection
20 <25
21 y2 /ndf <10
22 flight distance (FD) > 1.5mm
23 pointing, cos 6, > 0.999
24 fiducial cut, py < 25GeV
25 fiducial cut, y (2.0,4.5)

Fig. 3.4 and Fig. 3.5. There is no visible overtraining for all the cases.
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Figure 3.2 Distributions of variables used in BDTG for LL =}~ decays.
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Figure 3.3  Distributions of variables used in BDTG for DD =} decays.
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Figure 3.4 BDTG distributions for the signal and background for the =" decays in (left) LL and
(right) DD types.
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Figure 3.5 BDTG distributions for the signal and background for the A decays in (left) LL and
(right) DD types.

3.3.2.3 Patrticle identification

The PID information of K (ProbNNKk) is not well described in the simulation.
To correct it, the ProbNNKk in simulation is resampled using the binned ProbNNk
probability density functions of dedicated calibration samples of D® — K~z in bins of
Pk kg and nTracks (number of well reconstructed tracks in one event). Such procedure
is done separately for 2011 and 2012 data using the standard script in the PIDCalib

[108]

package Possible effects due to the chosen of (pr, #, nTracks)-binning are

evaluated in the systematic uncertainties in Sec.3.6.4.

3.3.2.4 Selection optimisation

The optimal requirement on the BDTG response and the PID variable, ProbNNk
of K, is determined simultaneously by maximising the signal significance, S/4/.S + B,

where S (B) is the expected signal (background) yields in +2.5¢ mass window around

the known = mass 8!, The signal yield is determined as the product of an initial signal
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Figure 3.6 BDTG optimisation for the =" decays in (left) LL and (right) DD types.
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Figure 3.7 BDTG optimisation for the /1(bJ decays in (left) LL and (right) DD types.

yield from the data at BDTG > 0 and the relative BDTG efficiencies with respect to
the initial working point which obtained from the simulation. The background yield is
estimated using candidates in the upper sideband range (+150, +350) MeV of data and
extrapolated to the signal region. The estimated significance distributions for LL and DD
types are shown in Fig. 3.6. Based on these distributions, the working points are chosen
to be BDTG > 0.5 (BDTG > 0.9) and ProbNNk > 0.15 which has a signal efficiency of
90% (70%) and a background rejection rate of 97% (99%) for LL (DD) samples.

For the control channel, the BDTG response is studied using the same procedure.
The significances as a function of BDTG working point for the two /12 types are shown in

Fig. 3.7. The working points are chosen as BDTG > 0 for both types.

3.3.2.5 Multiple candidates

The contribution of multiple candidates are checked by comparing the fraction of
multiple candidates in fit region and 2¢ mass region. The results are listed in Table 3.4.

The fraction are consistent with each other and very small, so the multiple candidates are
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Table 3.4 Fractions of multiple candidates.

Channel Fitregion 2 o mass region

Eb_ 0.31% 0.61%
A) 0.30% 0.22%

kept in data samples.

3.4 Signal yields extraction
3.4.1 Background studies

The veto of Kg meson in the preselection eliminates the background source from
any B meson that decay to J/ngX , where X denotes null or any number of particles.
Candidates from other b-baryon decays, which can be reconstructed as the decay of interest
if their decay products are misidentified or not fully reconstructed, are considered. A
study of possible backgrounds shows that there are two physics background sources. One
background is /12 — w(28)(= Jhynt ™) A decay, where one of the pions is misidentified
as akaon and the other is not reconstructed. The other background is from =) — JiyX 0(—>

Ay)K™ channel, where ¥ is not reconstructed.

3.4.1.1 Study of A9 - y(25)1

The expected shape of misidentified /12 — w(25)A candidates is studied using
simulation with same selection requirements as applied to the data sample. The mass
distribution of the misidentified /12 — w(25)A candidates is shown in Fig. 3.8. This
misidentification causes both a smearing and a shift of the mass peak, due to the change
of mass in hypothesis for the misidentified track.

The branching ratio of /12 — w(25)A has not been measured before. To have a rough

estimation, we assume the relative branching fractions are the same for /12 and Bt decays:

B(A) » w(2S)A)  B(B* - w(2S)K™)
B(A) - Jiysy — B(B* — JiyK+)

(3-3)
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Figure 3.8 Invariant mass distribution of simulated mis-reconstructed Ag — w(25)A candidates
(left) and =" — JhyX°K~ candidates (right).

Thus, the misidentified /12 — y(25)A yield is estimated as:

B(Bt - w(2S)KH)By(2S) — J/l//7r+7r_)x
B(B+ — JiwK™)
tot
€A2—>y/(2S)A 0 (3-4)
— X N(A) — I ),
Ag_u/wA

N(A) = y(28)A) =

where B(B* — w(25)K*) = (6.26 + 0.24) x 107, B(y(2S) — Jlyn*zn~) = (34.46 +
0.30)%, B(B* — JiwK™) = (1.026 +0.031) x 1073181, €t/?é—>q/(2S)A is estimated with the
official fully simulated samples as (5.560 + 0.495) X 1073 ((1.111 + 0.070) % 10"4) for
LL(DD) samples, €Z§—>JA//A and N (/12 — JhpA) are described in Sec .3.4.3 and Sec. 3.5.
The predicted number of /12 — y(25)A events misidentified as =" — JiwAK™ decays
is 10.3 + 1.1 (15.6 + 1.3) for LL (DD) samples in the fit region. The contribution is very
small and has a similar shape as the combinatorial background, so it is not treated as a

separate component in the invariant mass fits.

3.4.1.2 Studyof =, — JiwX'K~

The decay of =, — JhyX°K~ has same final-state particles as the signal channel
and can’t be suppressed with preselection cuts or BDTG. It can generate a bump in the
low mass sideband region as shown in Fig. 3.8, so it is included in the final invariant mass

fit.
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3.4.2 Fit model

The signal yields of =" — JwAK™ and /12 — Jhp /A are extracted using unbinned
extended maximum-likelihood fits to the distributions of invariant mass (m). The

likelihood in the signal channel can be expressed as:

e_(NS+Ncomb+Nphsbg) N
L= X H[NSPS(mi) + Ncomchomb(mi) + Nphyprhyb(mi)]’ (3-5)
i=1

N!

where N is the total number of events, N, (P,(m)) is the yield (probability density
function) for the category k as signal (S), combinatorial (comb) or physics background
(phyb) respectively. For the normalisation channel, no obvious physics background
are found. The likelihood has only two constituents: the signal and the combinatorial
background.

The signal component is described by a Hypatia function!!%”), defined as

G(m’ H,0, l? g)’ _a] < = < az;

o
G(u—ayo.1,6,4,8) —a, > m—u,
ni 9 b

F(m’ H,0, A’ C9a1’n]aa27 n2) X <l—mR1_1> o (3'6)
G(p—ayo,u,0,4.8) a, < Moy

_1 n2 9
<l—mR2 )

with

G —4a;,o,U,0o, ﬂa
Ri _ ni (/’4 16 H, 0 C) _ aia, (3_7)
G'(u—ao,u,0,4,8)

where G(u — a;0, u, 0, A, §) is the generalised hyperbolic function

- — 02 2 1347 m—u 2
G(u—a;0,4,0,4,0) = ((x = p)> + A3($)o”) K1 C\/1+ (Aﬁg“)a) - (3-8)

The quantities K,({) are the cylindrical harmonics, parametrise by

KH(©)
K10

This parametrisation describes a distribution with a Gaussian core which has a mean u

A = (3-9)

and a width . The parameter A and ¢ are further degrees of freedom to model the shape
of the peak while the parameter a; and n; describe power-law tails to both sides of the
distribution. This model can effectively takes into account the event-by-event variation
of mass for radiative tails. The shape parameters are obtained from the simulated sample

with full selection. The expected width in signal =, channel is calculated as oD =

=y
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al\r/lbc X O'Datalai/loc, using the simulation value calibrated by the width ratio between data

A9
and simulgtion fl‘)rom the Ag control channel. The other parameters are free in the fit.

The combinatorial background is modelled by an exponential function. This arises
due to the the random combination of tracks that fake the signal candidate. The
exponential slope is let floating independently for LL and DD samples.

The partially reconstructed background are those modes that decay into the same
final states as the signal mode but with an extra particle in the final state that has not
been reconstructed. It peaks at the low-mass sideband region as studied in Sec. 3.4.1.2.
The shape of this background is extracted from the generator level simulation of =" —

JhyX°K~ decay, using kernel density estimation!!°!

implemented as RooKeysPdf in
RooFit"' And it has been convolved with a Gaussian function with a resolution of 7.3

MeV, which is the mass resolution in the data. The yield is a free parameter in the fit.

3.4.3 Fitresults

5
of signal yields obtained from the fits are N(=,” — JWAK™) = 99 + 12 (209 + 17),
N (/12 — JhpA) = 4838 + 72 (12499 + 125) for LL (DD) samples. The ratio is calculated

to be:

Fits performed on the and /12 decays are illustrated in Fig. 3.9. The numbers

N(Z; > JwAK™)
N(Ag—>J/wA)
N(E; = JhyAK™)
N(A(b)—>J/wA)

= 0.0204 + 0.0025(stat.) (LL);
= 0.0167 + 0.0014(stat.) (DD).

The background yields of =" — J/l//ZOK “are 72 + 25 (LL) and 221 + 35 (DD) which
are well consistent with the expected ratio 2.9.

The performance of DTF mass variable is checked by fitting the signal yields of the
mass variable without Jiy and A masses constrained to the known value and b-baryon
candidates pointing back to PV. The ratios of mass resolutions are 2.48 (LL) and 2.39
(DD) for =" samples which suggested that the DTF gives a 60% improvement on the

measurement resolution.

3.4.4 Significance

A fit to the combined LL and DD samples is used to estimate the statistical
significance of the signal. The significance is determined by 1/—2A4InL, where AlnL

is the change in log-likelihood between the nominal fit and a fit in which the relevant
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Figure 3.9 Fits to JwAK™ (left) and JhyA (right) mass distributions using (top) LL and (bottom)
DD A types. The black points with error represent the data. The solid blue lines show the full fit. The
dashed red lines are the signal components. The dot-dashed purple lines gives the =" — Jhy X K~
background. The dotted black lines represent the combinatorial background.

signal yield is fixed to zero. Evidence for the =" — JiyAK™ decay is found at a level of

approximately 21 o.

3.5 Efficiency

The total efficiency is calculated as a product of the efficiencies of the intermediate

steps:

€rot = €accffiducial * Erec&sellacc * Etriglsel * €BDTGltrig * EPIDK|BDTG- (3-10)

Each efficiency is calculated from the samples with the cuts of the previous steps applied.

All efficiencies are obtained using simulated samples, except the PID efficiency, which is
. . . 0

obtained using a data-driven method. For the control channel A, — JiyA, €pIDBDTG = 1.

All the quoted uncertainties are statistical. For the reconstruction and stripping efficiency,

the trigger efficiency and the selection efficiency, their uncertainties are obtained using
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Table 3.5 Absolute efficiency values for =" — JiyAK™ decays. Errors shown are statistical only.

Efficiency Value(LL) Value(DD)
Acceptance 0.7996+0.0009
Reconstruction and preselection  0.0048+0.0000 0.0189+0.0001
Trigger 0.7704+0.0028 0.7659+0.0014
BDTG 0.8934+0.0024 0.6932+0.0018
PID 0.9476+0.0018 0.9546+0.0010
Total 0.0025+0.0000  0.0077+0.0000

Table 3.6  Absolute efficiency values for A) — JiyA decays. Errors shown are statistical only.
Efficiency Value(LL) Value(DD)
Acceptance 0.8271+0.0009
Reconstruction and preselection 0.0083+0.0001 0.0282+0.0001
Trigger 0.7481+0.0041 0.7460+0.0022
BDTG 0.9297+0.0028 0.9407+0.0014
Total 0.0048+0.0001 0.0163+0.0001

the binomial formula,

o(e) = 1/ —6(1]; 2

(3-11)

where N is the total number of events before the cut is applied. The summary of
efficiencies is listed in Table 3.5 and Table 3.6 for =~ — JiwAK™ and /12 - JhyA,

respectively.

3.5.1 Geometrical acceptance

The geometrical acceptance requires all final state particles in =" — JwAK™

(/12 — JhyA) decays, except for the daughters of /A decays, to be within a polar angle
0 from 10 to 400 mrad. It is studied with 0.75M generator level simulated events for
both =" — JiwAK™ and /12 — JhyA decays generated without the daughter in LHCb

acceptance requirement. Then the requirement is applied to the simulation, and the

= N,

acceptance efficiency is calculated as € ace

acclfiducial /Ng;., where N, is the number
of events after the LHCb acceptance and the fiducial cuts and Ng; is the number of events

with only the requirement of the fiducial cuts.
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3.5.2 Reconstruction and preselection efficiency

The reconstruction and preselection efficiency is defined as €rcgseljace
Nioegsel! Nace» Where N ¢ is the signal yield of the full simulation after preselection
and N, is the corresponding number of generated events in the LHCb acceptance with
the fiducial cuts.

For the reconstruction efficiency of LL or DD type, the denominator is the number
of total generated A events, and the numerator is number of events with A reconstructed
as LL or DD. The denominator is the same for LL and DD type, thus LL and DD give

independent measurement for the branching fraction of =" — JiwAK™ decay. The

resulting two measurements are then averaged.

3.5.3 Trigger efficiency

Trigger efficiency is calculated using the simulated sample, defined as €ygie1 =

N /N,

trig is the number of events passing the trigger after the

where N,

ec&sel> rig

preselection.

3.5.4 BDTG selection efficiency

The BDTG selection efficiency is defined as epprgjwie = Npprg/Nuig» Where

rig>
Ngprg is the number of signal after BDTG selection and trigger. As there is a slight
but non-ignorable difference in = - (/12) DTF fit ;(2 between data and simulation, this
variable is smeared in the simulated sample to calculate the BDTG selection efficiency

for both LL and DD samples of both b baryon decays.

3.5.5 PID selection efficiency

A data-driven method is used to obtain the PID efficiency for the bachelor kaon in
=, = JwAK™ decay. The PID selection is not directly applied to the original variable in
the signal simulation. Instead, the ProbNNk variable of the kaon is resampled using the
data distribution from the calibration sample of D° — K~z decays in bins of (p, #x.
nTracks). The number of tracks (nTracks) in the simulation is also replaced by the
distribution obtained in the data from the Ag decays before applying the PID resampling,

to have the correct nTracks.
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Table 3.7 Relative efficiency of % Uncertainty reflects statistics of both samples.

Efficiency Value(LL) Value(DD)

Acceptance 1.0343+0.0017

Reconstruction and preselection 1.7353+0.0200 1.4908+0.0091

Trigger 0.9710+0.0064  0.9740+4-0.0034

BDTG 1.0406+0.0042 1.357140.0040

PID 1.0553+0.0020 1.0475+0.0011

Total 1.9140+0.0270  2.1352+0.0168

3.5.6 Relative efficiency

. . 0 — _ e(A2—>J/!//A)
The efficiency ratio between Ab — JigyAand = , JiwAK™ decays, g T ;= WAK)’

is shown in Table 3.7, in which most of the systematic uncertainties cancel out.

3.6 Systematic uncertainties

Sources of systematics uncertainty can potentially bias the determination of the
relative branching fraction. The choice of control channel Ag — Jhp A reduces the size of
possible systematic uncertainty. Nonetheless, some important factors remain and they are
studied in details and described in this section.

Table 3.8 lists a summary of systematic uncertainties that come from the relative
yield and efficiency. To take into account the differences between the simulation and
data, correction factors are obtained for the relative efficiency. The uncertainties on the
correction factors are given as the systematic estimation. Due to lack of statistics, a

common correction factor and systematic uncertainties are obtained for DD and LL types.

3.6.1 Signal model

The Double-Sided Crystal Ball function [112] (DSCB) is taken as an alternative model
to evaluated the systematics uncertainties. Toy MC is generated using fit results with the
DSCB model. Fits to toy MC are performed using both DSCB model and default Hypatia
model. The resulting R, .rnative/ Raetaurs — 1 SUbjects to Gaussian distribution, whose mean
value is taken as systematic uncertainty. The fit result is shown in Fig. 3.10, the uncertainty

is 0.7% for the signal model.
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Table 3.8 Summary of correction factors on e(/lg — JiyMle(Z, — JwAK™) and systematic
uncertainties both in unit of %.

Source Correction factor(%) Uncertainty (%)
Signal fit model 0.7
Background fit model 1.6
BDTG efficiency - 0.1
PID efficiency - 1.0
Tracking efficiency 101.70 1.2
Resonances in =" — JiwAK™ 98.00 1.5
b-baryon kinematics 113.77 1.5
A) and = lifetime 100.91 1.1
MC statistics - 0.7
Fixed resolution ratio - 0.6
Total 114.42 35
§ 90 ;_ T I h100 I _;
= 0p L
60f s 3
S0 3
40 3
30F 3
20 3
10f 3
n O 10
(Ra]te,—/Rdefault_l) [%]
Figure 3.10  The fit result of R}, arive Raefauti

3.6.2 Background model

The Chebyshev equation is used as an alternative model to study the systematic
uncertainty due to the combinatorial background model. A similar strategy is used to
study the systematics as reported in Sec. 3.6.1. The fit result of Gaussian function is given
in Fig. 3.11. The resulting mean of R_j;ernative/ Raefaurc-1 1S 1.6%.

The systematic uncertainty of the =" — Ji X 0K~ background modelling is studies
by using two alternative methods to described the background shape. Three methods are
used in the fit: the MirrorBoth (default one, the input data is mirrored over the boundaries
to minimise edge effects in distribution that do not fall to zero towards the edges),
the NoMirror (without mirror option) and the MirrorBoth2 (estimate with a increased

bandwidth scale factor). The larger differences in signal yields between the nominal fit and
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Figure 3.12 BDTG response for A) decays compared between the sWeighted data (points with error
bars) and the signal MC (histogram) for LL (left) and DD (right) type.

alternative fit are taken as a systematic uncertainty, which are 0.14%(LL) and 0.46%(DD).

Two systematic uncertainties are added in quadrature, resulting in 1.6%.

3.6.3 BDTG selection efficiency

The BDTG responses of Ag decays in data and simulation are shown Fig. 3.12. Good
agreements are found both for LL and DD /. This gives confidence in the estimation of
BDTG efficiency. In addition, the distributions of input variables for BDTG are checked.
The variables are consistent, except that sztx and )(IZP of A baryon in DD sample are not
in good agreement. To take into account the impact of these differences, the simulated
sample is smeared to match the data distributions. The change in efficiency is small and

is taken as the systematic uncertainty.

58



Chapter 3 First observation of =, — JiyAK~

Table 3.9 Binning strategies used in PID resampled

Default binning strategy

(3000, 9300, 15600, 19000, 24400, 29800, 35200,
p(K) vin edges sequence (MeV) 40600, 46000, 51400, 56800, 62200, 67600, 73000,
78400, 83800, 94600, 100000)
n(K) bin edges sequence (1.5,2.375,3.25,4.125, 5)
nTrack bin edges sequence (0, 50, 200, 300, 500)

New binning strategy

(3000, 6150, 9300, 12450, 15600, 17300, 19000,
21700, 24400, 27100, 29800, 32500, 35200, 37900,
p(K) vin edges sequence (MeV) 40600, 48700, 51400, 54100, 56800, 59500, 62200,
64900, 67600, 70300, 73000, 75700, 78400, 81100,
83800, 86500, 91900, 94600, 97300, 100000)

(1.5, 1.9375, 2.375, 2.8125, 3.25, 3.6875,
4.125, 4.5625, 5)
nTrack bin edges sequence (0, 25, 50, 125, 200, 250, 300, 400, 500)

n(K) bin edges sequence

3.6.4 PID efficiency

The systematic uncertainty of PID efficiency is estimated using PIDCa 1 ib package
with a different binning strategy. The details of binning strategy are listed in Table 3.9.
The changes in efficiency is taken as a systematic uncertainty. The statistics uncertainty
of calibration data is 0.2%, the uncertainty due to the binning strategies is 1%, resulting a

total systematic uncertainty 1%.

3.6.5 Tracking efficiency

An LHCD official tracking correction factor table is used to estimate the tracking
efficiency. It is generated using information from the simulation and calibrated by
datal''3!. The uncertainty of the calibration is 0.4% per track. The uncertainty on
the muons and A baryon daughters are fully cancel in the ratio. Additional systematic
uncertainties are assigned to hadron due to insufficient knowledge of hadron interactions
in the detector, which is 1.1% for kaons!**!. This is estimated by changing 10% of material
budget in the detector. The total tracking efficiency related systematic uncertainty, adding

the two contributions in quadrature, is 1.2%.
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3.6.6 Resonances in =, — JwAK™

Fig. 3.13 shows the Dalitz-plot (DP) distributions of =," — JiwAK™ decay using the
AK™ and JiyA invariant masses squared as axes, in background subtracted data sample
and simulation. The simulation distribution reflects the relative efficiency as a function of
the DP, showing a rather uniform efficiency.

To take into account the impact of the resonant structure in data sample, the data

distribution across the DP is used to obtain an average efficiency, calculated as

(€) = (] swI( Y, swile(DP,)), (3-12)

—_——
—

where sw is an event-by-event sWeight obtained from fit to =, baryon invariant mass
distribution, and e(DP) is the efficiency as a function of DP distribution, determined
as the DP distribution in simulated sample divided by the one in the generator level
simulation. The index i sums over the data sample of =~ — JiyAK™ decays. The
systematic uncertainty is determined using toy MC. e(DP;) is randomly sampled by a
Gaussian random number with a width equal to the statistical uncertainty. All the bins
are varied to obtain a new (¢). Ensemble experiments are done to obtain a distribution
of the (¢). The width of the distribution divided by the central value of (€) is taken as
the relative systematic uncertainty on (e). The PHSP efficiency is computed as the total
number of reconstructed signal divided by the generated that to obtain the right plot in
Fig. 3.13. The ratio between the average and PHSP efficiencies is taken as the correction
factor.

The resonant structure in data samples can also affect the acceptance efficiency
determined with generator level simulation. An event-by-event weight is assigned to
generator level simulation. The weights are determined as the DP distribution of
the background subtracted data divided by the distribution in signal simulation. The
acceptance efficiency which takes into account the resonant structure is the ratio of the
sums of weights after and before applying the acceptance selection. This results in an
additional correction factor, which is multiplied to {¢) to form an overall factor due to the

resonant structure.

3.6.7 b-baryon kinematics

The simulated samples are reweighed to match the kinematic distributions in
background subtracted data samples. The ratio between data and simulation distributions
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Figure 3.13  Dalitz-plot distributions of (m*(JiyA) vs. m*(K~ A)) for data sample after background
subtraction (left) and the simulated sample (right) in =" — JiwAK™ decays.

of transverse momentum and rapidity are taken as weights. The =, simulation is
reweighed using the same weights extracted in /12 samples due to lack of statistics. A
new efficiency is obtained as sum of weights on the reconstruction level divided by
sum of weights in generator level, recalculated for both signal and control modes, in
the simulation. The ratio on the relative efficiency with and without the weighting
procedure is the correction factor, which is (114.42 + 1.5)%, where the uncertainties of
the weights shown in Fig. 3.14 are used to obtain an uncertainty on the correction factor.
Toy MC is used to evaluate the uncertainty. In each toy experiment, all the weights are
varied randomly according to their errors, then the relative efficiency is evaluated. The
ensemble toy tests result in a distribution of the relative efficiency, whose width is taken
as uncertainty for the correction factor.
3.6.8 =, and A lifetime

The MC inputs for the lifetimes are slightly different from the measured values.
Therefore a correction factor and a systematic uncertainty due to the error of the measured
lifetime for each b baryon need to be estimated. The /12 and =" lifetime distributions in
generator level simulated samples are shown in Fig. 3.15, fitted by an exponential function
using the lifetimes for simulation generation: 1.426 ps and 1.568 ps, respectively. The /12
and =" lifetime in simulated samples are checked to be consistent with the value measured
by previous LHCb analysis, which is 7 = 1.468 +0.009 +0.008 ps for /12 baryon!!!* and

79 = 1.57 £ 0.04 ps for =" baryon 58] To estimate the impact of lifetimes, the simulated

61



Chapter 3 First observation of =, — JiyAK~

> 45
4

3.5

2.5

0 5000 10000 15000 20000 25000
p, [MeV]

Figure 3.14 Relative yields between background-subtracted data and signal MC of Ag - JipA
decays as function of p; and y of the A(b) baryons.

Candidates/(0.00016)
Candidates/(0.00015)

» ]
10 ’%ﬁ ’E
ol f ) T B TH
0 0.005 0.01 _.0.015 0 0.005 0.01 0.015
1) [ns] T(A) [ns]

Figure 3.15 Distributions of lifetime of =} and /12 in the MC sample at generator level.

samples are reweighed. The weight is defined as

w, = e /e~ (3-13)

where 7, is the measured value in previous LHCb analysis and 7, is the value fitted from
the generator level simulation. A new efficiency is calculated using simulated candidates
with w_. The resulting efficiency divided by that without the weighting procedure, defined
as a correction factor, is given in Table 3.8. To evaluate the systematic uncertainty, the
central value of measured lifetime for each b baryon is varied by its error. The change on

the relative efficiency is taken as the systematic uncertainty.
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3.6.9 MC statistics

The limited statistics of the simulated samples used to estimate efficiencies is

considered as a source of systematic uncertainty, which can be calculated as:

— 2
_ Zl<al°gR>] o2, (3-14)
O¢; !

i=1

|

where o, stands for the uncertainty of R propagated from the efficiency uncertainties, and

¢; indicate the efficiencies of /12 — JiyAand = — JiyAK™ from the MC samples.

3.6.10 Fixed resolution ratio

The mass resolution of =~ baryon is fixed using 022“2‘ = allfbc X aigta/al/\foc
b b

default fit. Varying the mass resolution ratios of =" and Ag mass peak in the fit results in

in the

an uncertainty of 0.6%.

3.6.11 Trigger efficiency

The comparison of distributions of momentum and transverse momentum of Jiy in
/12 and =}~ channel is shown in Fig. 3.16 for the background subtracted data sample and
MC sample. The variables in both of the two channels are in good agreement. The trigger
selection is based on the kinematics of the dimuon pair, the systematic uncertainty caused

by trigger selection cancels for ratios.

3.7 Determination of the mass difference

A simultaneous fit of the two samples is performed to measure the mass difference
between the =" and /12 candidate. The 6 M is required to be the same in LL and DD
samples. The fit result is 177.08 + 0.47(stat.) MeV and is consistent with the previous
LHCb results!'31§ M = 178.36 + 0.46 + 0.16 MeV using =, - A?n"and/lg > Afn".

Four sources of systematics are considered and listed in Table 3.10. The impact of
momentum scale uncertainty of 0.03 MeV'!! 161 jg investigated by shifting the momenta of
all final-state particles in simulated decays by this amount, leading to an uncertainty on
M 0.13 MeV. The correction for energy loss in the detector material is 0.06 MeV ! 13,
The above two sources are fully correlated with the previous measurement using =" —
A?zr"and/lg — Az~ decays!!!®!. The systematics come from the fitting models of

signal and background are measured using alternative model and the results are 0.06 MeV
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Table 3.10 Summary of systematic uncertainties on the M = M(Z,) - M (A(b)) measurement.

Source Value (MeV/c?)
Signal fit model 0.06
Background fit model 0.02
Momentum scale 0.13
Energy loss 0.06
Total systematic 0.16
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Figure 3.17 Distributions of m(KA) (left) and m(JAyA) (right) in background subtracted =, —
JiwAK™ data sample.

and 0.02 MeV respectively. Adding all sources of uncertainty in quadrature leads to a
systematic uncertainty in 6 M of 0.16 MeV.

The two results of 6 M measurement has been combined to obtain 6 M = 177.73 +
0.33 +0.14 MeV, where the correlated systematic uncertainties have been included in the

combination.

3.8 Search for Pentaquark states

The mass distributions of m(K A) and m(JiyA) in background subtracted = , =
JiwAK™ sample are shown in Fig. 3.17. A cut of m(KA) > 2.2 GeV is applied to the
data sample to subtract contributions from =(1690) and =(1820) states. The updated
mass distribution of m(JiyA) are shown in Fig. 3.18. Sign of pentaquark usdcc could be
located at around 4.4 GeV. However, due to lack of statistics, a full amplitude analysis

could not be performed.
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Figure 3.18 Distributions of m(JiyA) with m(KA) > 2.2 GeV in background subtracted =, —
JyAK~ data sample .

3.9 Results

Using 3.0 fb~! pp collisions data collected in 2011 and 2012, a search for = y
JiyAK™ decay channel has been performed. The mass difference between =" and /12
baryons is also measured. Due to lack of statistics, the search for pentaquark state usdcc
has not been performed.

The ratio of the branching fractions of =" — JiAK™ with /12 — JhyA is given by

f=- B(Z; — JwAK™)
B(AY > JhyA)

R = (0.0419 + 0.0029(stat.) + 0.0015(syst.).

o
(=)

The mass difference between =~ and /12 baryon is determined as
6M = 178.08 + 0.47(stat.) + 0.16(syst.) MeV,

which is consistent with the previous LHCb results!!1®!. A combination of this value with

the previous one leads to the most precise value of the mass difference:

oM = 177.73 + 0.33(stat.) + 0.14(syst.) MeV. (3-15)
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Chapter 4 Measurement of CP-violating phase ¢, in Bg
—Jhy Kt K~ decays in the mass region above the ¢(1020)

41 Introduction

The existence of phenomena beyond the SM could introduce sizeable effects on the
CP-violating observables. The interference between Bg meson decay amplitudes to CP
eigenstates JiyX directly or via mixing leads to a measurable CP-violating phase ¢,.
Ignoring sub-leading corrections from penguin amplitudes!!!”) the phase ¢, in quark

level b — ccs transitions are predicted to be —2f,. It can be determined indirectly via

global fits to CKM matrix, which gives 2, = _0'0368t8:8822' However, many NP
models ! 81191 predict that the phase ¢, can be a large non-zero value if new physics

processes contribute to the Bg - E(S) box diagram as illustrated in Fig. 4.1. Initial direct
measurement of ¢, at Tevatron gave a large value which shows large discrepancy with the
SM expectation®”), while LHCb results, determined using BY — JwK* K~ (myx < 1.05
GeV) and Bg — Jhyn" n~ decays, are consistent with the SM value [79-801 According to

[120]

previous LHCb analysis , rich resonant spectrum is found in the mgg > 1.05 GeV

region of BY — JiyK ™K~ decays which could also be used in the ¢, determination.

4.2 Analysis strategy

In this analysis, the first measurement of ¢, using BY — JiyK ™K~ decays with m x
above ¢(1020) mass region is performed. A time-dependent amplitude analysis is used.
The CP-violating phase ¢, is determined by simultaneously fit to the CP-even and CP-odd
decay amplitudes for each contributing resonances.

The technique of time-dependent amplitude analysis for Bg — Jhyhth™ is first

121], where h stands for a pion or a kaon. The mathematical formula

proposed in Ref.!
in Ref.!"?!1 js used to reconstruct the fit function of signal decays. A short introduction
of the method is included in App. A.

The decay amplitudes are defined as A = A f and A = %X I where A 7 (Z f) is the
total amplitude of BY (I_B(S)) — JiK* K~ decays, which is the sum over the individual
K*K~ resonant transversity amplitude and a non-resonant amplitude, at time t = 0.

The decay amplitudes A and A can also be expressed as the sums of the individual Bg
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t,c,u b \W s
B B BY| |teuk Ytcu| | Bl
t,c,u s w- b

CP-violating phase for each transversity state is given by ¢ = — arg(niii)[lm, where #;

is the CP eigenvalue of the state. If CP violation in the decay is same for all amplitudes,
then A = »,4,; is common for all of these amplitudes.

The decay amplitude of Bg — JiwK*tK~ decays could be expressed as a
function of the K*K~ invariant mass myg and the three angular variables Q =
(cos Ok, cos By, , x), defined in the helicity basis, as illustrated in Fig. 4.2. 6 is the
angle between K+ direction in the K™ K~ rest frame with respect to the K™ K~ direction
in the BY rest frame, 6 Jiy 18 the angle between the x4 direction in the Jiy rest frame with
respect to the Jiy direction in the Bg rest frame and y is the angle between the Jiy and
K*K~ decay planes in the BY rest frame!'?1:123], (These definitions are the same for BY
and BY, namely, using 4* and K™ to define the angles for both B? and BY decays.)

The decay amplitude of Bg — JiwK*K~ via a two-body intermediate resonance

R(K*K™) and the Jiy meson is given by

(Lp) (L) P\ PR\
Ag(mygg) = 2Jg + 1/ PrPpFp " F ® Ap(mg ) — —=) . @D
B 0

®  The factor |p/q|* is related to the flavour-specific CP-violating asymmetry a;, as

Ip/ql* = la/pl*

a ~ |plq|® - 1. 4-1)
[p/q|* + |q/p|?

sl

LHCb measured a’, = (0.39 + 0.26 + 0.20)% ">, corresponding to [p/g|* = 1.0039 + 0.0033. Thus, |p/g|* = 1 is
taken in this analysis.
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Table 4.1 Breit-Wigner resonance parameters.

Resonance Mass (MeV) Width (MeV) Source

$(1020)  1019.461 +0.019 4.266 +0.031 PDGD®
£,(1270) 12755+ 0.8 186.7+2.5 PDGP®

f,(1525) Varied in fits
$(1680) 1689 + 12 211 +24 Belle!!2¢!
£,(1750) 1737 +9 151 + 33 Belle!!?7!
£>(1950) 1980 + 14 297+ 13 Belle!'””
where F ;LB) and F éLR) are the BY and R decay form factors; Pg(Py) is the Jiy (either

of the R resonance daughter’s) momentum in the BS (R) rest frame;mp is the B? mass,
my is the central mass of resonance R; Jg is spin of R; Lp(Lg) is the orbital angular
momentum between the Bg meson (R resonance) ’s daughters; A p(mgg) is the amplitude
used to describe the mass line-shape of the resonance R.

1201 with 1 fb~! pp collision data, a rich

According to previous LHCb publication
resonance structure is found in the K* K~ mass spectrum. They are listed in Table 4.1
and described by Breit-Wigner amplitudes. The spin-0 f{, resonances and non-resonance
components are described in a model-independent way, by two cubic splines accounting
for the real and imaginary parts of the amplitude as a function of mg.

The likelihood construction employed in this analysis were used in the measurement
of CP-violating phase ¢, with B — Jiz*z~ decays'®!. An unbinned maximum
likelihood fit is performed to the decay time ¢, mgg, and the three helicity angles £,
along with information on the initial flavour of the decaying hadron, i.e. whether it was
produced as a Bg or a E(S) meson. The probability density function (PDF) used in the fit
consists of only signal components that include detector resolution and acceptance effects,
with background subtracted statistically using sPlot technique!'?*1231. An event-by-event
decay-time error and mistag probability are used in the decay-time resolution model and
inclusion of flavour tagging.

L.H
)

Two different sets of fitting parameters (¢, |4|, I, AL are used for the low

(L) and the high (H) my g regions to get an independent measurement from the previous

[79

publication!”!. The log-likelihood is the sum of two constructed from L and H events.

The shared parameters are Am and all amplitudes and phases for the resonances.
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Table 4.2 Simulated samples used in the analysis. PHSP indicates the simulation is generated with
the phase space model. P2VV means the simulation is generated with pseudoscalar to two vector
mesons mode where CP-violating time asymmetries including different lifetimes for the different mass
eigenstates are allowed. SVV_HELAMP means that the generator is configured with scaler to two
vector mesons model with amplitude given by helicity amplitude arguments, detail description of the

generator models can be found at Ref. ",

Decay channel Production type Events Model Utilisation

B’ - JWwKYK~ Full 7.0 x 10° PHSP Signal study

Bg - Jhyo Full 20.0 x 10° P2VV Signal study

BY = Jlye Full 20.0x 10°  P2VV,AT; =0 Signal study

A% > JhypK~ Full 8.0 x 10° PHSP Background modelling
B’ — JiwK*tz~ Full 8.0 x 10° PHSP Background modelling
B® - JiwK*° Full 8.0x 10° SVV_HELAMP Control channel

4.3 Dataset and selection requirement

The full LHCb Run-I dataset consisting of 1 ol of pp collision data with a
centre-of-mass energy of \/E = 7 TeV taken in 2011 and 2 fb~' of data with a
centre-of-mass energy of \/E = 8 TeV taken in 2012 is used in this analysis. The
simulated samples listed in Table 4.2 are used with different purposes, as indicated in
the table. To distinguish between the charged particles in the final states, a likelihood
function assuming the respective particle to be a pion or kaon (proton, muon) is computed
for every particle using information from the PID system. The difference between the
two logarithmic likelihoods is calculated, which in the following is referred as DLL g,
DLL,, and DLL, ;. The PID variables are not well described in the simulated samples,
thus no PID selection is required in the simulation, instead an event-by-event PID weight

calculating using a data-driven method in PIDCalib package!'%!

is assigned. This
weight, estimated with kinematically-clean D** — D% — K 71zt and A — pr~
samples, is generated in bins of transverse momentum, pseudorapidity and nTracks.
The two reflection background generated with the phase space models are weighted to
take into account the decay amplitudes found in the data and PID efficiency obtained
using the data-driven method.

The event selection is constituted of the trigger selection, followed by some
preselection requirements and finally a BDTG!'% trained against combinatorial

background. Trigger lines used in this analysis are listed in Table 4.3. The preselection

requirements are given in Table 4.4. The Bg — JhyK* K~ candidates are reconstructed
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Table 4.3 Trigger lines used for selected B’ — JiwK* K~ candidates. More details on the trigger
lines can be found in Ref.!'%"],

Trigger level Trigger line

Jpsi_HltlDimuonHighMassDecision_TOS
HLT1 orB_HltlTrackMuonDecision_TOS
orB_ Hl1tlTwoTrackAllLODecision_ TOS

HLT2 Jpsi_Hlt2DimuonDetacheddpsiDecision_TOS

with Jiy — u*u~ and two opposite-signed kaon tracks. The track fit ¥ of all tracks
must be less 3 and the fake track probability should be less than 0.2. The muon candidates
should have pr greater than 550 MeV, DLL,,; > 0 and )(Izp larger than 4. The combined
di-muon pairs need to fire the selection of vertex fit sztx less than 16 and the invariant mass

(58] The kaon candidates

within the mass window (—48, +43) around the known JAy mass
are chosen with py greater than 250 MeV, DLL . > 3 or ProbNNk> 0.1. The sum py
of two kaon tracks should be greater than 900 MeV and vertex fit y2, of them should be
no more than 16. The reconstructed BY candidates must have ;(IZP less than 25, vertex fit
;(Vztx/ndf less than 6, the pointing angle cosf, greater than 0.999 and decay time larger than
0.2 ps. The next best ;(IZP in the same events should pass )(Izp > 50.

Events satisfying this preselection are further filtered using a multivariate analyser
based on a BDTG technique. The BDTG training variables are the minimum DLL ,; of the
ut and y~ (mmPIDmu); the B? pointing angle, cosb, (DIRA); Bg vertex ;(2 log(BCHI2);
pr of the BY (BPT); BY y7, (LogBIPCHI2); pp sum of the K* and K~ (SumPT). The
training sample used for the signal is Bg — JiwK*K~ simulation. The background
training sample is obtained using candidates in upper mass sideband (+150, +250) region
above the Bg mass. Ag — JiwpK~ and B — JwK*n~ backgrounds due to incorrect
particle identification are vetoed in order to improve the training performance. Signal and
background distributions for each of the variables used in the BDTG are shown in Fig. 4.3.

The BDTG output distributions are shown in Fig. 4.4.

A cut on the output value of the BDTG is used to reject combinatorial background.

The optimisation procedure uses a figure of merit, defined as FOM= \/SS+_B X ﬁ,
where S(B) are the number of expected signal and background events in the 20 (15

MeV) region around the known B? mass 8!

. The background yield B is estimated by
scaling the event number in the low and high mass data sidebands from 85 to 135 MeV
of the BS peak, in which the sidebands do not overlap with the fit region. The signal yield
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Table 4.4 Preselection requirements for selected B’ — JiyK* K~ candidates.

#  Selection variables Requirements

All tracks y?/ndf <3
2 Ghost track probability < 0.2

Jhy selection

3 MuonDLL,, >0
4 Muon py > 550 MeV
5 Muon )(121, >4
6  Jly vertex yZ, <16
7 mutuT) - m(Jhy) (—48,+43) MeV
K selection
Kaon p; > 250 MeV
Kaon PID DLL, > 3 or ProbNNk> 0.1
10 Sum pyof K*K~ > 900 MeV
11 K"K~ vertex y? <16
B? meson selection
12 7 <25
13 yo/ndf <6
14 Next best z;, > 50
15 Pointing, cos6, > 0.999
16 Decay time, ¢ > 0.2 ps

S is estimated by S = N, — B, where N, is total number of events in the 2 mass
window. The BDTG and PID selection are optimised simultaneously, resulting in best
working point BDTG > 0.5, DLLg, > 6 and DLLg, > —10. The BDTG cut has about
75% signal efficiency and rejects 95% of background.

Multiple candidates which have the same distributions as the combinatorial
background is kept in the sample. It has an overall fraction of 1.1% in the fit region

of 5300 < m(JAwK*K™) < 5450 MeV, and 0.17% in +15 MeV around the Bg mass peak.

4.4 Signal yields extraction

The signal yields of Bg — JhwKT K~ are determined separately for the events with
mg g less and greater than 1.05 GeV. Four components, the signal B?, the combinatorial

background, the misidentified B’ - JiwK* ™ and /12 — JhpK™~ background are
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Figure 4.3 Distributions of variables used in BDTG. The darker shaded distributions are for signal.
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Figure 4.4 BDTG distributions for the signal and background.

considered.

1091 with shape parameters

The signal Bg is parametrised by a Hypathia function
fixed to the values obtained from simulation while the combinatorial background is
modelled with an exponential function. The B° background is modelled by sum of a
bifurcated and a normal Gaussian while the /12 background is described by a fourth-order
polynomial. The shape parameters of the misidentified physics backgrounds are extracted
from fits to the simulation, as shown in Fig. 4.5.

The yields of the misidentified physics backgrounds are estimated using candidates
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Figure 4.5 Simulated background m(JiyK* K~) distributions from B’ — JiyK*z~ (left) and A) —
JhypK~ (right) decays with requirement of my > 1.05 GeV. The B reflection is modelled by sum of
a bifurcated and a normal Gaussian while the A) by a fourth-order polynomial.

Table 4.5 Fitted yields in +£15MeV of the B? mass peak.

Source mgg < 1.050GeV  mggx > 1.050GeV
signal 50527 + 224 31112 + 228
combinatorial background 114 + 20 6143 + 132
B background 141 £ 19 2092 + 105
A background 189 + 18 2311+ 116

in the m(JiwK*K™) sidebands. For B background, the JiyK*tK~ candidates in
m(JiwK*K™) € (5450,5614) MeV region are interpreted as JivK*z™. The interpreted
mass distribution is fitted with a double-Gaussian function for signal and a fourth-order
polynomial function for background, as shown in Fig 4.6. The number of B candidates
extracted with the double-Gaussian function is 7117 + 202. Using shape of the B°
simulation and this yield, the number of B background events in the (5300, 5450) MeV
region is predicted to be 8715. A total uncertainty of 5% is assigned, 3% statistical and
4% systematic due to fake rates and simulation size used to predict the mass shape of the
B background. The same method is used to evaluate the /12 yield in (5300, 5450) MeV
region. In total, there are 8715 + 435 B® candidates and 10752 + 537 /12 candidates left
in the my g > 1.05 GeV region and 434 + 65 BY candidates and 800 + 100 /12 candidates
in the mg g < 1.05 GeV region. These numbers are constrained in the fits to determine
the Bg yields. The fit results are shown in Fig. 4.7. The yields are 53440 + 240 and
33200 + 240 for the low and high my g intervals, respectively. Table 4.5 lists the yields
for the Bg signal and various backgrounds within the signal window +15 MeV.

The two misidentified backgrounds are correlated with mg g and angular variables.
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Figure 4.6 Invariant mass distributions for the sideband events resigned as different mass hypotheses
as (left) Jiyz~K* and (right) JiypK~ with requirement of my, > 1.05 GeV. Fits are done by
double-Gaussian as signal by (green) dashed line plus a fourth-order polynomial function for the
background by (black) dotted lines, with (blue) solid line as total.
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Figure 4.7 Fit to invariant mass spectrum of JiwK* K~ combination with my, > 1.05 GeV (left)
and my, > 1.05 GeV (right) .

To subtract them, the B® and /12 simulations are inserted into the data sample with negative
weights, multiplied by the weights taking into account the decay amplitudes found in the
data and the PID misidentification rates. The sum of the final weights is scaled to match
the yields reported above in fit to data. A second mass fit is performed by including only
the signal and combinatorial background to obtain sWeight using the sPlot technique!!>*.
The fits are performed in four equal bins of |cosf j, | and two bins of mg g (separated at
1.05 GeV) for a total of eight fits. The signal resolution varies as function of [cosf y, | as
reported in Ref.”®!. Overall fits to candidates in low and high m  regions are shown
in Fig. 4.8. The signal parameters for radiative tails are fixed, and common for different

| cos 0, | and the same my g bins. The signal yield and width, and background yield and

parameters are freely varied and independent for each fit.
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Figure 4.8 Fits to invariant mass distributions after subtraction of the two reflection backgrounds for
mygx < 1.05 GeV (left) and my, > 1.05 GeV (right). Dashed-lines show the signal and the darkened
regions show the combinatorial background (it’s hard to see in the left figure because the background
is very small).
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Figure 4.9 Estimated fractions of mistag probabilities from (a) the OS tagger, #°5, and (b) the SSK
tagger, n°5K.

4.5 Flavour tagging calibration

Both OS and SS tagging algorithms are employed for this analysis. The combination
of OS-electron, OS-muon, OS-vertex charge and OS-kaon algorithms is used as the
nominal OS tagger. The neural network SS kaon tagger is used as the nominal SS tagger.
The estimated-mistag-probability distributions of the tagged sWeighted events for the OS
and SS taggers are show in Fig. 4.9.

The true mistag probability w is calibrated using per-event mistag probability # in
data, which is the output of a neural network based on information in the decay. A linear

dependence is used to describe this relation

o) = po+ L+ (p + 2 (7 — (n));
@) =py— L+ — 2L (= (n)).
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Table 4.6  Flavor tagging calibration parameters.

Par oS SSK

Py 0.3848 +0.0019 +0.0040 0.442 + 0.004 + 0.003
D1 0.982 +0.007 + 0.034 0.976 + 0.071 + 0.057

(n) 0.3786 0.437
Ap, +0.0140 + 0.0012 —0.0156 + 0.0014
Ap, +0.066 + 0.012 +0.007 + 0.022

Table 4.7 Tagging information.

Category mygg < 1.05 GeV My > 1.05 GeV
Erag () £4D* (To) £ (%) £,4,D* (%)

OS only 13.14 +0.15 1.13 13.36 +0.23 1.15
SSKonly 37.72+0.21 0.93 37.35+0.33 0.88
OS and SSK  17.80 +0.17 1.79 17.71 +£0.26 1.76
Total 68.66 +0.20 3.83 68.42 +0.32 3.79

where w(#n) and @(n) are the calibrated probabilities for a mistag assignment for Bg and
E(S) mesons, respectively. The calibration parameters p, p;, 4py, 4p; and (#) (the mean
mistag probability) are given in Table 4.6.

An effective tagging power of 3.83% and 3.79% for mg g < 1.05 GeV and my g >
1.05 GeV regions are computed for the sample under study using the method described in

Sec.2.3.3. Details of the tagging performance can be found in Table 4.7.

4.6 Detector effects
4.6.1 Decay-time resolution

The resolution of the Bg decay-time measurement significantly affects the accuracy
of the determination of ¢,, thus it has to be characterised and account for. The time
resolution is determined using fake B? candidates which are reconstructed with two
opposite-sign charged tracks associated to a prompt Jir candidate. These fake Bg
candidates are selected using the similar selection criteria for JAvK™ K~ expect for the
time bias trigger and selections. Explicitly, we use the selection in Table 4.4 except for

the biased cuts # 14—16, and the final PID criteria, as for the Bg signal.
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This method has been validated using B(s) signal and inclusive Jiy (reconstructed as

fake BY) simulations. The py distribution of fake B® from inclusive Ji sample is much
softer than that of real Bg. Thus the fake B? sample is weighted according to the pt ratio
between the real and fake Bg samples. The effective decay-time resolution is determined
in B simulation with three sets of selection: 1) the selection criteria used for fake B? data
sample (time unbiased selection); 2) the selection criteria used in real Bg data sample
expect for the BDTG and detached selection (selection used to form the Bg candidates);
3) the full selection criteria used in real B data sample. The inclusive Jiy sample is
selected with option 1).

The decay-time resolution is non constant and varies with the decay time. Thus
the decay-time resolution function used in the main fitter is constructed as a function of
the estimated decay-time error, 6,, computed per-event during the reconstructed process.
A double-Gaussian function is used to describe this relation. The effective decay-time
resolution o is extracted with binned fit to decay-time error &, distribution, calculated

as

ot = \/(=2In(D,))/Am, (4-3)

where D, = ), fie—("i*ﬁ‘ms)z/z is the dilution due to time resolution, Am; = 17.77
ps~ 11381 ¢ ; and o; are fraction and width of the i-th Gaussian, respectively.

The comparison of differences between decay-time error 6, and effective decay-time
resolutions in Bg and inclusive Jiy samples is shown in Fig. 4.10. The points are fitted
by first order polynomial. The overall effective resolutions are 1) 42.9% fs; 2) 43.4 fs; 3)
41.5 fs in B? signal samples (corresponding to the selection criteria mentioned above).
Results 1) and 2) are consistent within 1.2% while 2) and 3) are consistent within 4.4%.
Thus, 5% uncertainty is assigned to the time resolution due to the calibration method.

For the data sample, a triple-Gaussian function is used due to the increase of statistics.
The relation between the decay time and decay-time error is estimated with

3
T(t, 5t) = Zf[T 1 e 2Sjo1)? , (4-4)

i=1 \/ﬂSiat

0 js a constant accounting for underestimated decay-time error, 7 is

where ¢, = §, + 67,
the true decay time, 4, is the bias on the time measurement, f lT + fZT + f3T = | are the
fractions of each Gaussian function, and .S, is a constant scale factor for the ith Gaussian

function.
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Figure 4.10 Calibration relation between predicted decay-time error 6, vs effective decay-time
resolution. Left plot shows the results from calibration sample (blue) and BE sample (red) with option
1), while right plot shows the B? sample (red) with additional detached and BDTG selections.

The calibration data sample is fitted with the time dependence given by
PRy = T(t = 118,) ® [N prompd D) + Ny (fre ™ + (1= f)e™ ")+ Ny G(1) (4-5)

where Npomp is the number of prompt Jhy candidates, Ny ( fae s+ (1 = fye™™)
accounts for long-lived decays by two exponentials with free parameters lifetime 7, 7;
and fraction f;, and G(¢) is a wide gaussian corresponding to the wrong associated PV
candidates, which doesn’t dependent on 6,.

The sPlot method is applied to the calibration data to remove the fake Jiy background
in the decay-time fit. Two single-sided Crystal Ball functions that share the same mean
value but have different widths are used to describe the signal while a second-order
polynomial function is used to described the combinatorial background. The fit to
di-muon invariant mass is shown in Fig. 4.11. The calibration sample is weighted to
match the py distribution in the B data sample.

The parameters obtained in the fit to the decay-time resolution function are given in
Table 4.8. The fit of decay-time distribution of the calibration sample is shown in Fig. 4.12.
Taking into account the &, distribution of B? signal (see Fig. 4.13), the effective resolution

is found to be 44.8 fs and 44.6 fs for low and high my g regions, respectively.

4.6.2 Decay-time efficiency

The selection and reconstruction efficiency is not constant as a function of
the B? decay time due to displacement requirements made on signal tracks and a

decay-time-dependent efficiency in the track reconstruction in the VELO!Z8!.  The
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Figure 4.11 The projection plot of the fit to the J/y mass spectrum. The red dashed line corresponds
to signal components, and the green dashed line corresponds to the combinatorial background
component.

Table 4.8 Calibration parameters of decay-time resolution.

Parameters overall

U, (ps) (=291 +0.19)x 1073
o’ (ps) (4.52+0.55)x 107

S, 1.033 + 0.023
S, 1.751 + 0.078
S, 6.16 + 0.51
Vit 0.239 + 0.037
i 0.0078 +0.0014

decay-time efficiency for the Bg signal is obtained using a control channel B — JiK*,
with Jiy — u*u~ and K*® — K*7~, which is kinematically similar to the signal decay.

The B® — JiwK*® candidates are selected using a strategy similar to the one used
for selecting Bg — JhyK* K~ signal candidates. A same selection criteria and BDTG
algorithm are applied to the B’ — JiwK* sample expect for the PID requirement
DLLg, > —6 and DLL,, > —10 used to select the pion. Candidates within +100 MeV

158 are kept for the mass fit. The invariant mass

mass window of the known K* mass
distribution of the selected candidates is fitted by a Hypatia function for signal and an
exponential function for background and shown in Fig. 4.14. The signal yield for B°

is 301100 + 800. An event-by-event sWeight is generated using the sPlot technique to
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Figure 4.12 Decay-time distribution of JiyK* K~ calibration sample plotted in (left) whole fit
region and (right) central region. The dashed (red) line shows the sum of long-lived and wrong PV
components, and the solid curve the total.
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Figure 4.13 The comparison between the , distributions for real B? — JiwK* K~ candidates, with
mygg > 1.05GeV or my, < 1.05GeV. sWeight is used to subtract the background. The similar
distribution of o, leads to a similar average resolution.
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Figure 4.14 Mass distribution of B® — JiyK** candidates in data.

subtract the background.
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Figure 4.15 The decay-time efficiency of B — JiwK*®. The data is obtained by sWeighted
decay-time distribution divided by theoretical function with 75 = 1.520 ps.

The decay-time efficiency function, A, is defined as

lat — 10)]"

X (1 + ft + pot), (4-6)
1+ [a(r = 1)]

A(t, a,n, to, ﬂ, ﬁz) =

125] ig used

where a, n, t,, f, p, are parameters determined by the fit. An sFit technique
to fit the decay-time distribution, where B lifetime is constrained to 7o = 1.520 +0.004
ps[sg]. The fit results of the decay-time efficiency is shown in Fig. 4.15.

A comparison of B® decay-time efficiency is given in Fig. 4.16. The flat distribution
implies that the simulation can well model the acceptance effect, especially in the low
decay-time region. A fit using first-order polynomial is performed on this relation and
resulting in a slope of (0.82 + 0.17)% ps~! , which implies that the simulation slightly
overestimate the inefficiency in the high decay-time region. Thus the simulated sample is
insufficient to describe this inefficiency, and the decay-time efficiency for B data is used
instead.

The different final states and kinematics between B° and Bg decays resulting in
slight differences in their decay-time efficiency. A correction factor, obtained from
simulations, is assigned to the decay-time efficiency in the control channel to account
for these differences. The decay-time efficiency in simulated samples is calculated as the
reconstructed decay-time distribution divided by the theoretical function convoluted with
the decay-time resolution. The impact of the resonance structure in BY data is considered

by assigned a per-event weight, extracted using results from a time-integrated amplitude
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Figure 4.16 Relative efficiency between data and simulation from B® — JiK*. The fit function is
po - (1+p1).
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Figure 4.17 Efficiency ratio as a function of decay time between B? — JiyK*K~ and B — JiyK*°
for my, > 1.05 GeV (left), and for my < 1.05 GeV (right).

analysis to data, to the phase space Bg — JwK™" K~ simulated samples. The decay-time
efficiency ratios obtained in simulations are shown in Fig. 4.17. The corrections are both
small for candidates in mg g > 1.05 GeV and mg g < 1.05 GeV region. The imperfect
prediction of the decay-time efficiency in high decay-time region should be largely cancel.
The ratios are described by the function R - (1 — p,e 1"y - (1 + pst) with parameters R,
P1, D and p; determined by fits. Parameter R is a normalisation constant.

The final decay-time efficiency is determined as the product of the decay-time

efficiency A(a, n, ty, B, f,) in B > J/\//K*O data and the correction ratio found from
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Table 4.9 Parameters for decay-time efficiency.

Par. High my Low mgg
alps™'] 1.589 + 0.151

n 1.150 + 0.180

to [ps] 0.097 + 0.044

plps] —-0.037 + 0.016

B, [ps~2] 0.001 + 0.001

p[ps™'] 1.51+1.55 1.01 +£0.41
Py —0.048 + 0.033 0.091 +0.014

pyIps™'] (72+£38)x107° (1.0+3.2)x107°

simulations, which can be expressed as

la(t — 10)]"
1+ [att - 1p)]"

&(ta,n by, B, Pa, p1. o) = X(14pt+ 517X (1= pre™P1)-(14p31). (4-7)

The parameters are given in Table 4.9.

4.6.3 Angular and m  efficiency

The selection and reconstruction efficiency is not uniform in my x and three helicity
angles. The efficiency is parameterised by a combination of Legendre and spherical
harmonic moments, which was used in E(s) — w(28)K* z~ amplitude analysis (129]

by

, given

Mgk — ””11312
e(mgg,cos g g,cos 0y, . x) = Z ™4 Py(cos Ok k) Yye(O > 1) Py <2m -1]).

ab.cd Mgk — MKk
(4-8)
where P, and P, are Legendre polynomials, Y. are spherical harmonics, and my¢ =
2my+ and me = m 5 — my, are minimum and maximum allowed values for mg,

respectively. A requirement of ¢?¢¢ = —ab(=01d

is set to ensure the efficiency is real
number. The efficiency moments are determined by summing over the fully simulated

phase-space candidates

abcd __ " ,
) - 2w Z it 2 Falcos HKK’i)YbC(GJ/‘/’,i’ X1 Py <2m -1 g_l_’
4-9)

Mgk — Mgk
where g; = PzizPlia is the value of the phase-space probability density for event i. The

weights w; account for kaon identification efficiency, corrections of tracking efficiencies
84



Chapter 4 Measurement of CP-violating phase ¢, in B —Ji K™K~ decays in the mass region
above the ¢(1020)

of all final states, and p and py distributions of BY and kaons. A per-event correction factor

(1-0.01x cosZHK x) is assigned to account for the underestimation of efficiency for large
00520K x candidates when ignoring the correlation between K* and K~ PID selection
efficiency. The coefficients of the efficiency function are obtained with simulation. The
overall efficiency of mg g > 1.05 GeV and mg g < 1.05 GeV are shown in Fig. 4.18 and
Fig. 4.19, respectively. The model reproduces the simulated data very well. No evident

efficiency variation on my g is observed for my x < 1.05 GeV candidates.
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Figure 4.18 Overall efficiency for (a) mgg, (b) cos O, (c) cos 1, and (d) y obtained from PHSP
BY — JWK*K™ (mgy > 1.05 GeV) simulated sample. The points with error bars are determined
from the MC, the curves show the expectation from the efficiency model.

4.7 Fit validation and results
4.7.1 Likelihood construction

The signal decay-time distribution including flavour tagging can be expressed as

1
1+ |q|

[[1+ a1 =20@)] T'( mgg. 2)
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Figure 4.19  Overall efficiency for (a) cos O, (b) cos 8, and (c) y obtained from B’ - JwKYK~
(mgg < 1.05 GeV) MC. The points with error bars are determined from the MC, the curves show the
expectation from the efficiency model.

1+Ap _
P PG myy, D), (4-10)
1-Ap

+[1=q(1 =2a(m)]

where 7 is the true decay time, I is defined in Egs. (1-37) and (1-38), and Ap = (1.09 +

2.69)% is the production asymmetry of B? mesons at the LHC!30!

0
s

. The flavour tag q
takes values of —1, 1, 0, if the signal meson is tagged as B ,Bg, or untagged, respectively.

Considering the decay-time resolution and efficiency, the signal function changes to
F(t,mgg,2,qln,6,) = [RE. mgg, 2,qln) @ T(t —116,)] - £1) - e(my, 2),  (4-11)

where e(mg g, £2) is the efficiency as a function of K *+*K~ mass and angular variables,
T(t — 1;5,) is the decay-time resolution function which depends upon the estimated
decay-time error 9, in each event, and &£,(¢) is the decay-time efficiency function.

The normalisation factor is constructed by summing over q and integrating over decay

time 7, mg g and the three angular variables, given the form

1+ Ap _ . 5
1 AP PG my e, QNQT (1—115,)-&,(t)-(my ., ) dmy  d Qdt
—4ap
(4-12)

where the factor is independent on one of the conditional variables, #. The signal PDF is

N(5) =2 J[r(f, Mg Q)+

given by

1
Pt,mg,£2,q|n,06,) = WF(L mgk,£2,qln, ;). (4-13)
t

The sPlot technique is used to subtract background components in the fits. A
per-event sWeight (W), determined in the fit to the m(JiyK *K ™) distribution in Sec.4.4,

is assigned to each Bg candidates. The log-likelihood in the fit has the expression,
—21n£=—2sWZI/V,-lnP(t,mKK,Q,qln,ét), (4-14)
i
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Table 4.10 Comparison between fit results and inputs to full simulated B — Jiy¢p sample. “Pull”

is deviation between fit and inputs, while “Pull data” is calculated by replacing the uncertainty to the
overall A(—2In £)/ndof = 20.0/9.

Parameter Input Fit output Pull  Pull data

I [ps'] 0.6653  0.6662 +0.0007 1.3 0.3
AT, [ps™']1  0.0917 0.0864+0.0022 -24 0.5
|A,|? 0.2490 0.2502 +0.0012 1.0 0.2
|Ao|? 0.5213 05196 +0.0009 -1.9  —0.4
&y — 8y [rad] 330 3.295+0.009 -0.6 0.0
8, =8y [rad] 3.07 3.058+0.009 -13  -0.1
Am [ps™'] 178 17.802+0.003 0.5 0.0
¢, [rad] 0.07  0.0738+0.0023 1.7 0.1
| 2] 1.0 0.9981 £0.0016 —-1.2  -0.1

where sy, = Y, Wil Y, I/Vl.2 is a constant factor accounting for the effect of background

subtraction on the statistical uncertainty.

4.7.2 Validation of fitter
4.7.2.1 Fitto full simulated B? — Jhy¢ samples

The BY — Jhy¢ simulated samples with AT, = 0 and AT, # O listed in Table 4.2
are used for validation studies. 1.2 X 10° reconstructed signal candidates are obtained
for each simulation after applying same selection criteria as in data. The detector effects,
including decay-time resolution, decay-time efficiency, mg g and angular efficiency are
determined with AI'y = O simulated sample. The efficiencies are calculated as the
reconstructed distribution divided by a toy sample which is generated using simulated
inputs with uniform efficiency. A time-dependent amplitude fit to AI'; # 0 simulated
sample is performed with detector effects determined from A’y = 0 sample and tagging
information obtained from generator level. No significant bias is found in fit results, as
shown in Table 4.10. The correlations between these fit parameters are evaluated with
—2InL difference between the minimised fit and the inputs. The A(—2 1In £)/ndf= 20.0/9,
corresponds to a consistency of 2.3 ¢, indicates detector effects determined from AI'y = 0

simulation can be applied to AI'; # 0 simulated sample.
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Table 4.11 Comparison of fits to ¢ region events from the same 3 fb~' data. This work has 53 000
signal events with B/S = 1%, while the publication!”! has 96 000 signal events with about B/.S = 20%.

Parameter This work LHCb-PAPER-2014-059

I, [ps'] 0.6596 +0.0032 0.6603 + 0.0027 + 0.0015
Al [ps™'] 0.0697 +0.0107  0.0805 + 0.0091 + 0.0032

1A, 7 0.2624 +0.0069  0.2504 + 0.0049 + 0.0036
| 4 ? 0.5123 +0.0046  0.5241 %+ 0.0034 + 0.0067
8= [rad]  3.29+0.13 326019000

6, —8y[rad]  3.50+0.19 3.08 1012 +0.06

Am [ps™']  17.800 +0.061 17.711 70 +0.011
¢, [rad] 0.010+0.061  —0.058 + 0.049 + 0.006
4] 0.961+£0.022  0.964 +0.019 + 0.007

4.7.2.2 Fittothe datain ¢ region

In comparison with the previous LHCb publication !

, which uses events in ¢ region
for determine ¢,, a full fit to the mg g < 1.05 GeV candidates are performed. Due to
different selection criteria, the signal yield extracted in this analysis is 53000 with B/S =
1% while the yield is 96000 with B/S = 20% in the publication!”!, where .S and B are
numbers of signal and background, respectively. The publication applied angular analysis
with splitting events into six my g bins while the modelling of m g  distribution is included
in this amplitude analysis.

The comparison of fit results in this analysis and the publication is shown in
Table 4.11. The statistical uncertainty of ¢, proportional to M/S, is expected to
be 0.06 rad, and is consistent with the statistical uncertainty 0.061 rad obtained in the
fit. The statistical consistency between the two results are checked with toy simulation

generated with same numbers of signal and background as observed in the two samples.

The consistency for the nine observed parameters are at 1% level.

4.7.3 Fit results

The CP violation for all the transversity states are assumed to be the same in the
default fit. Two different sets of fitting parameters (¢, 4|, I}, AFS)L’H are used for
candidates in L and the H regions. According to toy studies, correlations of these
parameters between two regions can be totally removed with this configuration. The
shared parameters are Am and all amplitudes for the resonances.

A simultaneous fit is performed to candidates in two regions, the CP-violating
88



Chapter 4 Measurement of CP-violating phase ¢, in B —Ji K™K~ decays in the mass region
above the ¢(1020)

Table 4.12  Data fit results for the CP-violating parameters, where fit results are unblinded. The first
uncertainties are statistical, and the second when quoted are systematic.

Parameter ¢ region Above ¢ region

Am, [ps~'] 17.783 + 0.049

I[psT'1  0.6592+0.0032+0.025 0.6501 + 0.0055 + 0.0043
AT, [ps™']1  0.067 +£0.011 +0.005 0.066 + 0.018 + 0.010
¢, [rad] 0.015 + 0.060 + 0.014 0.119 + 0.106 + 0.034
|A] 0.951 +0.023 + 0.017 0.994 + 0.018 + 0.006

parameters obtained in the fit are given in Table 4.12. The fit results of the ¢ region
candidates are identical to that from the single fit described in Sec.4.7.2.2. The fit fractions
and phases are listed in Table 4.13 and Table 4.14. The fit projections are shown in
Fig. 4.20 and Fig. 4.21.

Table 4.13  Fit results of the resonant structure.

Transversity fraction (%)

Component Fit fraction (%)

0 [ 1
$(1020) 705+06+12  509+04 231+05 260+06
£>(1270) 1.6+£03+02  769%55 60+42 17.1+50
£5(1525) 10.7+0.7+09  468+19 338+23 194423
$(1680) 39540303  440+39 327436 233+36
£>(1750) 059702 +021  582+139 317+124 10175
£,(1950) 0441010 +0.14 22%7 3834138 5954142
S-wave 10.69 + 0.12 + 0.57 100 0 0

A y? test is performed to check the fit quality in the high m Kk k region, resulting
x* = 1401 for 1125 bins of the four dimensional variables my ; and £2; x> = 380 for
310 bins of the two dimensional variables mg g and 6, , which indicates data samples
are well described by the fits.

As a check, a fit is performed allowing different CP-violating parameters (| 4;, ¢’ |)
for the ¢ transversities states, the K™K~ S-wave, the f,(1270), the f2’(1525), the ¢(1680)
and the combination of the f,(1750) and f,(1950) resonances. The —2InL is improved
for 16 units compared to the default fit since all states have consistent CP-violation within
1.3c. All |A| are consistent with unity and ¢, differences with respect to longitudinal ¢
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Table 4.14 Fitted phase differences. Each phase of a certain CP-state is related to the ¢ transversity
amplitude with the same CP-eigenvalue.

Parameter Value
5fy — ¢t 139.5+6.5
5f;°0 — st —167.9 + 6.6
8£,(1750)° — 61  —251.5+13.0
8£,(1950)° — 6t —84.1 +42.1
5¢(1680)° — 5¢° 181.5+5.2
5f; —o6¢° 100.5 + 16.1
sfyt—6¢° —145.4+9.2
8f,(1750)F —6¢°  230.2 +36.1
8f,(1950)t —86¢°  116.7+17.4
st — 6¢° 199.7 +7.6
8p(1680) — 5¢p* 1340+ 7.6
5f) — st ~140.3 +21.4
5130 — st 462 +17.9
8f,(1750)1 — st —27.5+15.9
8 £,(1950)1 — 5t 3.8+£19.5
sl — 5¢° 195.4 + 3.8
Sp(1680) — 5¢° —105.8 + 8.9

component are consistent with zero, showing no dependence for the states.

4.8 Systematic uncertainties

The sources of systematic uncertainties on the results of the time-dependent
amplitude analysis are summarised in Table 4.15. The systematic uncertainties for the
fit fractions are summarised in Table 4.16, which are small compared to the statistical

uncertainties.

4.8.1 Resonance modelling

The largest systematic uncertainties are from the resonances modelling. Following
options are used to evaluate sources of uncertainties:
* Varying the masses and widths of resonances by +1¢ of their uncertainty listed in
Table 5.1. Add all sources in quadrature.

* Doubling the S-wave knot number for the high my x region.
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Figure 4.20 Projections of fitting variables in the ¢ region. The y?/nbin = 30/40 (cos 8 ), 30/40
(cos ,), 43/40 (y), 146/137 (t) and 82/60 (my ).

* Varying the centrifugal barrier of K K resonances and Bg meson from 0.5-2 times
of the default values

* Increasing the default angular momentum L g for the P and D-wave resonances by
1 or 2. The lowest allowed value for L is used for the default fit.

The largest variation among the sources is taken as systematic uncertainty.
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Figure 4.21 Projections of fitting variables above the ¢ region. The y*/nbin = 56/40 (cos 8 ), 26/40
(cos 0,), 22/40 (y), 117/137 (¢) and 88/83 (my ).

4.8.2 Efficiency of my, and angles

Three sources are considered for the systematic uncertainties of mgg and angles
efficiency: statistical uncertainties of simulations, uncertainties from kaon PID selection
and the kinematic weights which are used to account for the resonance structures in
data. The first one is estimated by repeating the fit to data 100 times with new-efficiency
histograms generated each time using Gaussian random to vary the statistical uncertainty
in the original histogram. The changes on the physics parameter of interest from the
repeated fits with respect to the default one are a Gaussian distribution, whose width
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Table 4.15 Sources of absolute systematic uncertainty (x10%) versus statistical uncertainty.

Source arc ar® kAo af o af M, r, o/ ¢~
[ps™'1 [ps™1 [ps™'l [ps7'] [GeV] [GeV] [rad] [rad]
Resonance modelling 1.6 6.9 0.3 1.9 55 169 1.1 36 236 8.8
Efficiency (my . £2) 1.0 3.0 0.2 09 05 03 0.1 07 34 08
Efficiency ¢ 0.5 2.2 1.2 28 00 1.0 0.0 00 00 00
T50 0.6 1.4 2.0 20 00 1.1 0.0 00 00 00
t resolution 0.1 0.3 0.2 02 02 06 0.0 00 1.1 12
Fit bias 5.0 5.0 0.6 1.1 - - - - - -
APSd 00 01 01 03 14 13 0.0 00 40 40
Tagging 0.0 1.2 0.0 03 08 25 0.0 00 112 9.1
Backg. 0.3 0.5 0.2 08 04 03 0.1 0.1 15 08
sWeights 0.4 1.1 0.1 01 05 23 0.1 04 214 24
B} - - 0.5 0.5 - - - - - -
Total syst. 5.4 9.6 2.5 43 57 174 1.1 37 342 136
Stat. 105 177 32 55 180 234 1.3 3.0 1066 60.0
Table 4.16  Systematic uncertainty for fit fractions.
Source $(1020) S-wave f;(1525) (1680) f,(1270) f,(1750)  f,(1950)
Resonance modelling 0.99 0.57 0.73 0.27 0.21 0.21 0.13
Efficiency 0.58 0.06 0.48 0.12 0.04 0.03 0.01
Background 0.06 0.01 0.06 0.02 0.02 0.01 0.00
sWeights 0.11 0.02 0.16 0.05 0.02 0.05 0.04
Total syst. 1.15 0.57 0.89 0.30 0.21 0.21 0.14
Stat. 062  0.12 0.67 0.32 0.27 o o

is taken as systematic uncertainty. Uncertainty of kaon PID selection is estimated by
ignoring the (1 —-0.01 cos’ 6 x ) correction for the efficiency in the fit. Uncertainty due to

the kinematic differences is evaluated with another fit which does not include the weights.

4.8.3 Decay time

Uncertainties due to the correction from simulations and the B lifetime are
considered, which are evaluated by adding an additional Gaussian constraint to the
correction factor or B lifetime in the ¢, fit. The systematic uncertainty is given by the
difference in quadrature of the statistical uncertainties for each physics parameter between

the nominal fit and the alternative fit. A 5% variation of the width of Gaussian resolution
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functions and the uncertainty for the mean value are used to estimate the uncertainty due

to the decay-time resolution modelling.

4.8.4 Background modelling

Three sources are considered in the background modelling: the lifetime of A the
yields and decay-time distributions in misidentified background. The uncertainty due
to /12 lifetime is estimated by varying the generated value by +1 ¢. The uncertainties
of yields is estimated by varying 5% of yields to accounting for possible systematic
uncertainty in yield extrapolation from sidebands. The uncertainty of decay-time
distribution is evaluated by varying the decay time by a factor of (1+0.0082x¢). According
to the studies in Sec.4.6.2, simulation overestimates the f factor by 0.0082 + 0.0017.
The systematic uncertainty is given by the difference in quadrature of the statistical

uncertainties for each physics parameter between the nominal fit and the alternative fit

4.8.5 Fitbias

A potential bias of AI'; of —0.005 ps"1 obtained from the fit to full JAy¢ simulation,
could be due to the correlation between decay-time and angular acceptance that is
introduced by the selection. Similarly, a small bias on I'; corresponding to 20% of
statistical uncertainty is also found. Both of them are taken as a source of systematic

uncertainty.

4.8.6 Flavour tagging and production asymmetry

Same method is used in the determination of systematic uncertainties from flavour
tagging calibration parameters and the production asymmetry of Bg and l_?(s). The
systematic uncertainty is given by the difference between the nominal fit and an alternative

fit where the parameters are Gaussian constrained by their total uncertainties.

4.8.7 sWeights

Two variations are performed to evaluate the uncertainty due to the use of sPlot
technique. The binning of |cosfy, | is changed from four to five and the decay time is
divide to three bins. A sWeight is obtained with new fit and the ¢, fit result is updated.

The larger change on physics parameters of interest is taken as a systematic uncertainty.
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4.8.8 B! contribution

(791

According to previous analysis ', about 0.8% signal sample is expected from the

decays of B mesons! 311, Neglecting the B} contribution leads to a bias of 0.0005 ps~!

for I';, which is added as a systematic uncertainty. Other parameters are not affected.

4.9 Results

A time-dependent amplitude analysis is performed using B? — JiwK*t K~ decays in

the mg g > 1.05 GeV region, the CP-violating parameters are determined as

¢, =0.119 + 0.107 + 0.034 rad,
|4] = 0.994 + 0.018 + 0.006,

I, = 0.650 + 0.006 + 0.004 ps~!,
AT, = 0.066 + 0.018 + 0.010ps™".

Combined with results from B? — JiwK* K~ decays in the ¢ mass region gives

¢, = —0.025 + 0.045 + 0.008 rad,

=
|4] = 0.978 £ 0.013 + 0.003,

I, = 0.6588 + 0.0022 + 0.0015ps~!,
AT, = 0.0813 + 0.0073 + 0.0036 ps ™.

The two results are consistent within 1.1o. A further combination is performed by

including the ¢ and || measurements from Bg — Jhyrtz~ 180

0.001 +0.037 rad and || = 0.973 + 0.013.

, which results in ¢, =

Many resonances and a S-wave structure are found in mg g mass spectrum. The
f2/(1525) mass and width are obtained to be 1522.2 + 1.3 £ 1.1 MeV and 78.0 + 3.0 +
3.7 MeV, respectively. The fit fractions of the resonances in B? — JhwK* K™ are also

determined.
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Chapter 5 Measurement of CP-violating phase ¢, with Bg
SJhy atr”

5.1 Introduction

The CP-violating phase ¢, ~ —2f, in B meson is equivalent of —2f for the B’
meson, which is predicted to be very small —36.51“}:3 mrad!®®! in the SM using inputs
from other experiments. This phase has been measured in eight analyses: four Bg — Jyop
analyses from CDF, DO, ATLAS and CMS, and four analyses from LHCb of the decay
modes B — JiwK*K~, B® - w(2S5)¢, B - Jizn*z~ andB? — DI D} using 7 TeV
and 8 TeV pp collision data sample. Fig 5.1 shows the summary of ¢, measured results
comparing with the SM prediction. The combined result is consistent with SM prediction,
however there are still room for NP.

The resonance structure in BY — Jiztz~ decays has been studied with a
time-integrated amplitude analysis previously with a data sample of 3fb~! integrated

(1321 Five interfering z*z~ states are required to describe the decay:

luminosity
f0(980), f,(1500), f,(1790), f,(1270), and f2’(1525). An alternative solution including
these states and adding a non-resonant Jiyztz~ component also provides a good
description of the data. Based on the different transversity components measured for the
spin-2 intermediate states, the final state is found to be compatible with being entirely
CP-0dd, and the CP-even part is found to be < 2.3% at 95% confidence level'*?!. This

gives an opportunity to determine the decay width of the heavy Bg mass eigenstate, I'y;.

5.2 Analysis strategy

In this analysis, the measurement of ¢ using Bg — Jhynt ™ decays with 13 TeV pp
collision data is performed. A time-dependent amplitude analysis is used to determined
the CP-violating parameters ¢, |A| and the decay-width difference between B and the
heavy mass eigenstate of B?, I'y; — I'po.

The mass spectrum of z* 7~ is analysed by considering the resonance contributions
listed in Table 5.1. All resonances are described by Breit-Wigner amplitudes, except for
the f;(980) resonance, which is modelled by a Flatté amplitude. The same amplitude

description and likelihood construction methods are used as that for analysis discussed
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CMS 19.7 fb!
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ATLAS 19.2 fb!
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Figure 5.1 Results of ¢, from HFLAV.

Table 5.1 Breit-Wigner resonance parameters.

Resonance Mass (MeV) Width (MeV) Source

£o(500) 471 + 21 534+53  LHCb!!3
f0(980) Varied in fits

f,(1270)  12755+08  186.7  PDGP®
fo(1500) Varied in fits

f5(1525) 15222+1.7 78.0+4.8  LHCb!"4
£o(1710) 1723%S 139 + 8 PDG 8!
fo(1790) 17903 270*% BES!'¥!

in Chap. 4. An unbinned maximum likelihood fit is performed to the decay time ¢,
mgk, and the three helicity angles €2, along with information on the initial flavour of
the decaying hadron, i.e. whether it was produced as a Bs0 ora E(s) meson. The probability
density function (PDF) used in the fit consists of only signal component that includes
detector resolution and acceptance effects, with the background subtracted statistically
with negative weights by the same-sign sample. An event-by-event estimated decay-time
error and mistag probability are used in the decay-time resolution model and inclusion of
flavour tagging.

The fitting parameters are ¢, |A|, I'y — I'go, the amplitudes and phases of the
resonances. The shape parameters for the f;,(980) and f,(1500) resonances are allowed

to vary. The other parameters, including Am,, Iy, are fixed to the PDG values.
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Table 5.2 Simulated samples used in the analysis.

Decay channel  Production type Events Model Utilisation

BY = Jhyntn~ Full 17.0x 10°  PHSP Signal study

A > JhypK~ Full 9.5x10° PHSP Background modelling
Bg — Jhyn' Full 7.0x10° PHSP Background modelling
B® = JiK*° Full 17.5% 10° PHSP Control channel
B* - JwK* Full 25.6 x 10° PHSP channel

B’ - Dfn™ Full 8.0x 10° PHSP Control channel
Inclusive Jiy Full 46.0 x 10° PHSP Control channel

5.3 Dataset and selection requirement

The analysis is performed using 1.9 fb~! pp collision data collected by LHCb at
centre-of-mass energies \/E = 13 TeV in 2015 and 2016. The simulated samples
are generated using the same configuration as for data collection. Table 5.2 lists the
simulated samples used in this analysis. The PID variables are not well modelled in the

“08], is used

simulation. A data-driven method, implemented in the PIDCal ib package
to resample the PID variables in simulation. The correlations between the PID variables
are preserved in the resampling process. In order to obtain the correct correlations between
the uncertainties on vertex position, particle momenta, flight distance, decay time and
invariant mass, the DTF method was applied to Bg candidates. The decay-time related
observables are derived from a DTF fit where the position of the primary vertex has been
used to constrain the production vertex of the Bg meson. Furthermore, the invariant mass
of Bg is determined with both the constrained of primary vertex information and constrain
of invariant mass of Jiy to the central value of the PDG 8!,

The event selection consists of four steps: Trigger requirements are made before
cut-based selections to reduce various background components. Then, a MVA is used
to further suppressed the combinatorial background. Finally, the multiple candidates are
studied. Table 5.3 and Table 5.4 gives the trigger lines and selection criteria.

Both Bg — Jlyn* 7~ and Bg — Jhyz*z* candidates are used in this analysis. Signal
Bg — Jirtn~ candidates are reconstructed with Jiy —ut ™~ and two opposite-sign
tracks (right-sign, RS data) while B? — Jhyrn*r* candidates are reconstructed with Jhy
—ut i~ and two same-sign tracks (wrong-sign, WS data). All tracks are required to have

track fit y2/ndf less than 3 and the probability that the track is reconstructed from a ghost
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Table 5.3  Trigger lines used for selected B — Jiyzx™z~ candidates. More details on the trigger lines
can be found in Ref. """,

Trigger level Trigger line

Jpsi_HltlDimuonHighMassDecision_TOS

HLT1 orB_HltlTrackMuonDecision_TOS
orB HltlTrackMVADecision_ TOS
HLT2 Jpsi_Hlt2DimuonDetacheddpsiDecision_TOS

Table 5.4 Preselection requirements for selected B" — Jiyz* 7~ candidates.

#  Selection variables Requirements
All tracks y?/ndf <3
Ghost track probability < 0.2
3 Clone track rejection O wo tracks in one candidate > 0-J mrad
Jhy selection
4 Muon DLL(u — ) >0
5  Muon py > 500 MeV
6  Jhy vertex y2, <16
7 mutu”)—m(Jhy) (—48,+43) MeV
7 selection
Pion py > 250 MeV
Pion )(12], >4
10 Pion PID DLL, x > —10 or ProbNNk> 0.05
11 Sumppofz*zn~ > 900 MeV
12 7tz vertex y? <16
B meson selection
13 1 <25
14 x2 /ndf <10
15 Nextbest y;, > 50
16  Pointing, cos6, > 0.999
17 Decay time, ¢ > 0.3 ps

18 Decay-time error, 6t < 0.15 ps

B* veto (BY — JwK™ +x track misID as B — Jiz*7z")

19 m(B%) & (5243,5315) MeV
or ProbNNk(x) > 0.1
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track (fake track) is less than 0.2. Particles with same charge may share track segments,
referred as clone tracks, representing a possible background and may result in a spike
in the angular variable y distributions. The clone tracks are vetoed by requiring the
opening angle between any same-charged tracks greater than 0.5 mrad. A comparison
of y distribution before and after this veto is shown in Fig. 5.2. The nonphysical spikes
are removed with a signal efficiency of 99.995%. The Jir meson is formed by a pair
of opposite-sign muon tracks, with transverse momentum pt greater than 500 MeV, ;(IZP
larger than 4 and particle identification information DLL ;. greater than 0. The Jiy vertex
fit 2 must satisfy sztx less than 16 and the invariant mass of di-muon pairs should be in
the (—48, +43) MeV mass window around the known JAy mass 1581 The pion tracks are
required to have py greater than 250 MeV, )(IZP larger than 4 and PID requirements DLL
greater than —10 or ProbNNk larger than 0.05. The sum pt of two pion tracks should be
greater than 900 MeV and the vertex fit y less than 16. The B meson is formed from a
well-reconstructed PV with )(Izp less than 25, ;(Vztx/ndf less than 10 and ;(IZP of the next best
PV greater than 50. The pointing angle are required to satisfy cosé,, larger than 0.999. The
decay time of the B? meson should be greater than 0.3 ps with decay-time error o6t less
than 0.15 ps. The BT — JiyK™ background, arising due to a kaon-pion misidentification
followed by a combination of a random z~, is studied. To check for its contribution, the
kaon mass hypothesis is applied in turn to each of the two pions. The invariant mass of
the resulting JiyK™ system is recalculated and plotted. Such cross-feed background is
largely suppressed by vetoing the candidate if one of the pion candidate is consistent with
kaon hypothesis ( ProbNNk> 0.1) and the recalculated m j,x+ is consistent with the

known Bt mass®

within 36 = +36 MeV. A comparison of m j,x+ distribution in data
sample with and without this veto is shown in Fig 5.3. This background is rejected with a
B(s) signal selection efficiency 99.93%.

A fit using Hypatia function and exponential function described signal and
background, respectively, is performed on RS data after preselection, as shown in Fig. 5.4.
Combinatorial background, consisting of candidates created from random combination of

[136] which could

tracks, is further suppressed with a MVA using uBoost BDT algorithm
ensure a uniform efficiency on the angle variable 8, ,. The signal input to the training stage
is the simulated signal sample, while candidates in the upper mass sideband (200,250)

(58]

MeV above the known BY mass[®3! are used as template for the combinatorial background.

The BDT is trained on one half of these samples, the other half being used to test its
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Figure 5.2 Comparison of y distributions in the RS data (black solid points) and the WS data samples
(red open points) before (left) and after (right) the opening angle selection.
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Figure 5.3  Comparison of m . distributions in RS data sample with (left) and without (right) the
veto.

performance. The training variables are: the smaller DLL ;. of two muons (mmPIDmu);
natural logarithm of the smaller ;(IZP of two pions (mmIPCHI2pi); natural logarithm
of the larger ;(IZP of two pions (maxIPCHI2pi); natural logarithm of Bg vertex fit y?
(LogBCHI2); natural logarithm of Bg DTF fit y? (LogBDTFCHI2); natural logarithm Bg
;(I2P (LogBIPCHI2); pt of B? (BPT); sum of the pt of two pions (SumPT). The simulated
samples are weighted using two-dimension Bg p and py distributions, as well as smear
vertex fit y2, to match the distributions in sWeighted data with preselection. A comparison
of training variables between sWeighted data and weighted simulated sample are shown in
Fig 5.5. A good consistency is found among them. The BDT output distributions of signal
and background training samples are shown in Fig. 5.6. To estimate the best requirement
on the output of the BDT classifier, the figure of merit FoM=.S/ \/S-i-—B, where S(B)
is the number of signal (background) candidates in +20 MeV mass window around the
known Bg mass, is used. To maximise the signal significance, a cut of BDT< 0.47 is

chosen.
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Figure 5.4 The fit of B — Jiyz*z~ mass distribution before BDT selection.
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Figure 5.5 Comparison of training variables between sWeighted data (black points) and weighted

simulation (red points).

After applying full selection to RS data sample, there are 1.4% multiple candidates
remained in the mass fit region (5250, 5550) MeV and 0.2% in the 20 MeV around the
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Figure 5.6 uBoost BDT distributions in signal and background training samples.

BY mass peak. These candidates have a same mass distribution as the combinatorial

background, thus are kept in the following procedures.

5.4 Signal yields extraction
5.4.1 Backgrounds

Some physics background candidates that survive the selection chain described in the
previous sections are expected. These are /12 — JhiypK~ with both hadrons misidentified
as pion candidates and Bg — Jiyn' (= p%y) with y unreconstructed.

The yield of Ag — JhypK™ background is estimated using candidates in (5250, 5352)
MeV region of Jiyz*z~ mass of RS data sample. A JAypK~ mass is calculated with
mass hypotheses of two pions change to proton and kaon mass hypotheses. The resulting
JhwpK™ mass is fitted by a Hypatia function for the /12 component and an exponential
function for the background, as shown in Fig 5.7. The shape parameters of Hypatia
function are fixed to /12 simulation. The resulting yield is 4222 + 85 for A%, whose central
value is used as Ag yield in the final Jiyzt 7~ mass fit.

The B? = Jn' (= p%) background are studied with simulated samples which
indicate that it populates below B? mass peak in the Jiyzt 7~ invariant mass distribution.
Thus it is included in the final fit.

Candidates in WS samples are pure combinatorial background which are expected

to have same shape as the combinatorial background in RS sample.

5.4.2 Fits to BY mass distribution

A simultaneous fit to the invariant mass distribution of the selected Jhyzmz

(RS and WS samples) is performed. The B? signal is parametrised by a Hypatia
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Figure 5.7 Fit to m(JiwpK™) distributions.

Table 5.5 Fitted yields in fit region and +20 MeV around the known B? mass®®!.

Components Yields Yields in £20 MeV

B — Jhyntz~ 36649 +234 33533
B? - Jhyrtr~ 23493 +256 0

0 —
A > JhypK 4222 (fixed) 54
BY — Jyy' 4309 +333 84
Combinatoric 45555 +365 6290

function where the signal radiative tail parameters are fixed to values obtained from
simulation. The combinatorial backgrounds in RS and WS samples are modelled by
an exponential function where their yields are allowed to be different. The two physics
backgrounds discussed before are described using shapes from simulation obtained by
RooKeyspdf ! The yield of B? — Jhyn' is determined by the fit while the yield of
/12 — JhwpK™ is fixed to 4222. The fit projections of RS and WS candidates are shown in
Fig. 5.8. 33533 + 215 B? signal candidates are found in +20 MeV of B? mass peak with
a purity of 84%. Yields of different components in the fits are given in Table 5.5.

5.4.3 Background subtraction

The WS candidates are used to model the combinatorial background with cFit

[80]

technique in the previous publication This requires a well-modelled background

PDF of variables used in the ¢, fit, especially a proper consideration of the correlations
between them. To simplify the work, a method, used in the JiyK" K~ analysis[79’134],
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Figure 5.8 The simultaneous fit to the m(Jiyzwz) distributions right-sign (black points) and
wrong-sign (brown points) samples with various fit components. The two physics backgrounds from
B? and /12 decays are overlapped each other, and hard to distinguish. The left and right plots show in
a linear and logarithm scale, respectively.

with embedding negative weighted events using WS candidates is adopted to subtract the
combinatorial background.

A comparison of final fitting parameters in RS and WS samples in upper mass
sideband region (5420, 5550) MeV is shown in Fig. 5.9. A good consistency is found
for all the variables, except for m,, and ¢ distributions. The difference in m_, is due

toap - 7w

x~ component which contribute only to RS sample. The ratio of m_
distributions between RS and WS candidates is used to weight the WS m_, distribution.
A comparison of final fitting parameters in RS and WS samples in upper mass sideband
region (5420,5550) MeV after the reweighing process is shown in Fig. 5.10. The
decay-time differences between RS and WS samples can have sizeable effect on I'y
determination comparing to the statistical uncertainty. A similar weighting procedure
is applied on WS samples to match RS distribution of decay time.

WS candidates with negative weights are added to the RS samples, where the sum
of weights in WS sample is set to be equal to the minus yields of the combinatorial
background found in the RS sample in the simultaneous fit. In this way the combinatorial
background is statistically subtracted by the negative weighted events. Candidates within
+20 MeV of the Bg mass peak are retained for ¢, fit where physics background has a
fraction of 0.4% of the total yield and is ignored. Thus the sample can be fit by one signal

component. The effect of neglecting such small physics background is evaluated as a

systematic uncertainty and discussed in Sec. 5.8.
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Figure 5.9 Comparison of fitting parameters in the Jiyz* 7~ data (black solid points) and the Jiyz*z*
same-sign data sample (red open points) both from mass sideband region of (5420, 5550) MeV.
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Figure 5.10 Comparison of fitting parameters in the Jiz*z~ data (black solid points) and
the Jhyn*z* same-sign data sample (red open points) both from mass sideband region of
(5420, 5550) MeV after reweighing m for WS candidates.
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Table 5.6 Trigger lines used for selected BT — JiwK™ candidates.

Trigger level Trigger line

Jpsi_HltlDimuonHighMassDecision_TOS
HLT1 orB_HltlTrackMuonDecision_TOS
orB HltlTwoTrackMVADecision_ TOS

HLT2 Jpsi_Hlt2DimuonDetacheddpsiDecision_TOS

5.5 Flavour tagging calibration

As mentioned in Sec.2.3.3, the signal tagging algorithms should be combined and
calibrated to improve flavour tagging performance. In this analysis, the combination of
the OS-electron, OS-muon, OS-kaon, OS-charm and OS-vertex charge algorithms is used
as the nominal OS tagger. The neural network SS kaon tagger is used as the nominal SS
tagger. The functional form of the tagging calibrations is studied in control samples of
flavour-specific decays properly corrected to resembled the signal decay. The OS tagger is
calibrated with B¥ — JiyK™ decay while the SS tagger is calibrated using B — Dz~

decay.

5.5.1 Calibration of the OS tagger
5.5.1.1 Data sample

Bt — JhwK? candidates are selected with the same trigger requirements and similar
selection criteria as the signal channel. The selection criteria is listed on Table. 5.6 and
Table. 5.7. A MVA is used to further suppress the combinatorial background using same
training variables in data sample if applicable.

A fit to the mass distribution of selected Bt — JivK™ candidates is performed to
calculate sWeight, used in the subsequent steps of the analysis to subtract the background
surviving the selection. A Hypatia function and an exponential function are used to
described the signal and background components, respectively. The fit result is shown
in Fig. 5.11. The B* yield is 1623972 + 14309.

An event-by-event weight is assigned to each B¥ — JiyK™ signal candidate to
account for the kinematic differences in pr, rapidity, nTracks and nPV (numbers of
PVs in one events) compared with the Bg — Jhyrnt x~ signal decay. The comparison
of distributions of the weighted variables and the mistag probabilities in two samples are
shown in Fig. 5.12. Good agreements are found after the reweighing process.
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Table 5.7 The selection criteria of B¥ — JiwK™ samples

#  Selection variables Requirements

All tracks ;(tzmck/ndof <3
2 All tracks clone distance > 5000

Jhy selection

4  —AlogLl(u—r) >0
5  min(pp(uh), pr(u7)) > 0.5 GeV/e
6 xon/ndof <16
7 |m(u™ ™) — m(Jhy)| € [3030,3150] MeV/c?
K selection
—AlogL(K — ) >0
pr(K™) > 0.5 GeV/e
B selection
10 M(B) € [5200,5550] MeV/c?
11y /ndof <10
12 ypp/ndof <5
13 xip <25
14 ¢ €[0.3,14.0] ps
x10°

300" T T T T T T T T
3 B 4+ Total fit 7
2 B i
» - — Signa -
é 200 __ """" Background __
Lu - -

100 _

| SOTT RS - N SR
z ok
2 ..k E
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5200 5250 5300 5350
m(J gK*) [MeV]

Figure 5.11 Mass fit of B* — JiwK™ sample.
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Figure 5.12 Comparison of reweighing parameters and mistag probabilities in B — J/wrz*z~
(black solid points), B* — JiyK™ before (blue histogram) and after reweighing (red open points).

5.5.1.2 Calibration

The calibration of the estimates mistag # is performed on the reweighed BY — JiyK™
dataset. Five different methods are used to calibrate ©®5 — 5% relation. Using Eq. (2-14),
a binned and an unbinned maximum-likelihood fits are performed on data. To further
check the dependence of 7°5 and w®®, the binned and unbinned fits assuming quadratic
relation between w®> — #°° are also performed. A binned fit without using the weights
in kinematic reweighing procedure is also made. The projection of the fitted calibration
functions are shown in Fig. 5.13. Good agreements are found for the five methods. The
unbinned fit assuming linear relation between 0 and #°° is taken in the default fit.

The validation of using BY — JAwK™ to calibrate OS tagger is checked by applying
same selection and calibrated method to the B¥ — JiwK™ and B — Jhyrtz™
simulation samples. The calibrated results are shown in Fig. 5.14. The relative
differences on calibrated parameters in Bg and BT samples are taken as systematic
uncertainties. Systematic uncertainties due to the choice of signal and background models
are also considered for the calibration parameters. The signal component is refitted
with Double-Sided Crystal Ball function, the background component is refitted using
second-order polynomial function. The relative differences in calibrated parameters are

taken as a source of systematic uncertainties. The systematics arisen from signal and

background model are determined separately and added in quadrature. The systematic
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Figure 5.14 %" - #°° obtained using the binned and unbinned approaches.
uncertainties on calibrated parameters on listed on Table 5.8.

5.5.2 Calibration of the SS tagger
5.5.2.1 Data sample

BY - DYz~ candidates are selected with cut-based selection requirements including
trigger and some preselection, which are given in Table. 5.9 and Table. 5.10.

The mass distribution of the selected B? — D} z~ sample is fitted using a Hypatia
function for signal, an exponential function for background. Several physics background

including B - D K, B - D .z, A, - A.x, B> - D*z and B - D_p are described
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Table 5.8 Systematic uncertainties for OS tagger calibrated parameters

Item Po D1

MC portability 0.0055 0.0135
Mass fit model 0.0000 0.0010
Total 0.0055 0.0135

Table 5.9 Trigger lines used for selected B’ — D}~ candidates.

Trigger level Trigger line

Bs_HltlTrackMVADecision_TOS
or Bs_HltlTwoTrackMVADecision_TOS

HLT1

HLT?2 Bs_H1lt2Topo[2]|3||4]BodyDecision_TOS

using shapes from simulated samples. A two-step fit is used to extract the signal yield.
First, an unbinned maximum-likelihood fit in the range (5100, 5600) MeV of the invariant
mass is performed (Fit A). This allows to control the contamination of various physics
backgrounds with B — D¥z~ candidates. In this fit, the mean and width of the signal
components are floated while the tail parameters are taken from simulation. All yields are
floating in the fit. After Fit A, an unbinned maximum likelihood fit is performed (Fit B) for
which all background components are combined into one single background component
and the shapes are fixed to the values found in Fit A. Furthermore, the fit range is reduced
to (5300, 5600) MeV to prevent a dilution of the sWeight. The background components
which are neither combinatorial nor close to the signal are removed. In Fit B, only two
parameters are floating: the yield of the signal Bg — D}x~ component and the yield for
the combination of all backgrounds. Fig. 5.15 shows the invariant mass fit projection in
Fig A and Fit B. 101984 + 365 B? candidates are found in the fit.

Same reweighing approach is used for Bg — Dz~ samples as that used for B* —
JiwK™. The distributions of reweighed kinematic variables and the mistag probabilities

are consistent with the distributions in Bg — Jhyr" x~ samples as illustrated in Fig. 5.16.

5.5.2.2 Calibration

The SS tagger is calibrated by resolving the B?-E? flavour oscillation in B — Dz~

samples. The decay-time distribution of B — Dz~ decay considering this oscillation
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Table 5.10 The selection criteria of B — Dfz~ samples

#  Selection variables Requirements

Bachelor z* selection

1 p > 2000 MeV
2 pr > 400 MeV
3 4 > 36

4y . /ndf <2

5 PIDK <0

Dy selection

Mass € (1933,2003) MeV
)(1213 >4
22 /ndof >2

z* from D; selection

9 xl./ndof <25
10 >9
11 DLLyg, <80

K* from Dj selection

12 2, /ndof <25
13 >9
14 DLL, >0
B? selection
15 DIRA > 0.9999
16 1 <16
17 decay time > 0.2 ps
18 M(BY) € (5000, 6000) MeV

D° veto (D + 7z track misID as DY)

19 m(KK)

< 1840 MeV

D* veto (D - KKz misID as D} — KKr)

20 DLLg,
or M (D)

> 10.0
& (1840, 1900) MeV

A, veto (A, = prK track misID as D} — KKr)

21 DLLg,
or M(A,)

> 5.0
& (2255,2315) MeV
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Figure 5.16 Comparison of reweighing parameters and mistag probabilities in B — J/wrz*z~
(black solid points), B’ — D z* before (blue histogram) and after reweighing (red open points).

is given by

P(t) = e(®) [T(t") ® R, 1';61)] , 51
I'(t) = Tye 's'(cosh(ATt/2) + ¢™*(1 — 2w(n)) cos(Amt)),
where e(?) is the decay-time efficiency function, 7 and ¢’ are the reconstructed and true
decay time, &, is the predicted per-event uncertainty of decay time, R(t,1'; 6¢) is the
decay-time resolution function, I'(¢) is the decay rate of B? — D¥z~. The decay-time
1 mix _ .

m. Here, q = 1(1) if
Bg meson has (not) changed flavour between its production and decay, determined by

efficiency is empirically parametrised as e(t) = 1 —
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Figure 5.17  @°% - #°5 obtained using the binned and unbinned approaches in B” — D z*samples.

comparison of the charge of the bachelor pion and the flavour-tagging decision.

A linear relation between the @ and nSS is assumed. Four different methods are

used to calibrate this relation.

* An unbinned maximum-likelihood simultaneous fit to decay-time distribution in
sWeighted data in eight nSS bins (Binned method);

* An unbinned maximum-likelihood simultaneous fit to decay-time distribution
in sWeighted data in eight #°° bins without using the weights from kinematic
reweighing process (Binned method without reweighing);

* An unbinned maximum-likelihood fit to decay-time distribution in sWeighted data
(Unbinned method) ;

* An unbinned maximum-likelihood fit to decay-time distribution in sWeighted data
without using the weights from kinematic reweighing process (Unbinned method
without reweighing) ;

The projection of the fitted calibration functions are shown in Fig. 5.17. The results of four
methods are in good agreements. The unbinned method is taken in the default fit. Fig. 5.18
shows the projection of decay time by splitting the decay to mixed (flavour changed) and
unmixed (flavour not changed) candidates.

Same validation approach is used for SS tagger as that used for OS tagger described
in Sec. 5.5.1.2. The calibrated results are shown in Fig. 5.19. The relative differences on
calibrated parameters in B — D} z~ and B? — Jhyz"z~ simulated are taken as a source

of systematic uncertainty. Systematic uncertainty due to the choice of mass fit model is
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Figure 5.18 Distributions of the decay time for B’ — D!z~ candidates tagged as mixed and unmixed
with the projection of the fit result.

Table 5.11 Systematic uncertainties for SS tagger calibrated parameters

Item Do Dy

MC portability  0.0025 0.0461
Mass fit model 0.0008 0.0113
Total 0.0026 0.0475

also considered as discussed in Sec. 5.5.1.2. The resulting systematic uncertainties on

calibrated parameters are listed on Table 5.11.

5.5.3 Tagging performance

The calibrated parameters for both OS and SS are summarised in Table 5.12. When

events are tagged by both the OS and the SSK algorithms, a combined tag decision,

0OS+SSK OS+SSK

q , and wrong-tag probability, @ , are given by the algorithm in Table 5.13.

OS+SSK for EO
4 s

The combined wrong-tag probability, @ meson is calculated in same way

by replacing all w by @. The detailed tagging information is listed in Table 5.14.
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Figure 5.19  @°°% - %% obtained using the binned and unbinned approaches.

Table 5.12 Flavour tagging calibration parameters.

Parameters oS SSK

(n) 0.3580 0.4167

Do 0.3885 +0.0007 + 0.0055 0.4342 +0.0103 + 0.0026
D1 0.8449 +0.0063 +£ 0.0135 0.9431 +0.1245 + 0.0475
Apy +0.0080 + 0.0014 0.00 +£0.02

Ap, +0.0158 + 0.0126 0.00 +0.02

Table 5.13  Algorithms to combine both the OS and the SSK tagger. The last two conditions have the
same form (1 — 2w) - g which is used in fit function Eq. (4-10), so the two conditions can be combined
in the fit code.

combined decision Condition
0S, SSK
w w 0s oS _ _SSK
@OS@wSSK + (1 — 0O8)(1 — SSK) q q q
0?1 - ®") 0S 0S SSK a1nd 008 < SSK
q qg° =—¢>"andw w
@OS(1 — @SSK) + (1 — wO8)wSSK
1- wOS)C’)SSK 0S 0S Ss 0S N
—q g% = —¢>Fand 0 > 5K

@OS(1 — @SSK) + (1 — OS)wSSK
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Table 5.14 Tagging information.

Category Fraction(%) Etag (%) £tagD2

OS only 14.054 11.035 0.86 +0.05
SSK only 54.226 42579 154 +0.33
OS and SSK 31.720 24907 2.66 +0.19
Total 100 78.522  5.06 +0.38

-4- Total fit
— Iy -y
--- Background

Events/ 1.4[MeV]

20000

3050 3100

Pull
!
BNON S
T T

3150
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Figure 5.20 The projection plot of the fit to the J/y mass spectrum with total fit overlaid. The signal
and background components are shown by red solid and (brown) dashed lines, respectively.

5.6 Detector effects
5.6.1 Decay-time resolution

The decay-time resolution is determined on a sample of fake Bg candidates formed
from a prompt JAy candidate with two opposite-sign tracks originating from the PV. These
fake Bg candidates are expected to have a decay time of zero and therefore the sample is
also referred to as prompt sample. The candidates are selected with a similar selection
as presented in Table 5.4 except for time-bias selection #9, 13, 15-17, mass veto #19 and
BDT. A similar calibrated method validation is performed as that studies in Sec. 4.6.1,
which indicates reweighing the DTF fit > and track multiplicity of the calibration sample
to match the data distributions could give a properly estimate decay-time resolution of the
signal decay within 3% accuracy. The sWeight is determined by a fit to the invariant mass
of Jiy meson in order to examine only signal contribution in the following procedures.
The fit projection is shown in Fig. 5.20. 0.9 X 106 Jay signal candidates are obtained.

The resolution function is described by a triple-Gaussian function with widths
proportional to a quadratic function ¢, = 6, + 6? + 5,(6,)%, where 8, is the estimated

decay-time error, and G? and s, are constants to be determined.
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Figure 5.21 Decay-time distribution of Jiyz* 7z~ calibration sample plotted in (left) whole fit region
and (right) central region of (—0.2,0.2) ps. The solid curve shows the total fit, the red dashed line
shows the long-lived background and the black dashed line show the wrong PV component.
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Figure 5.22 Calibrated effective time resolution as a function of the predicted decay-time error (left).
Predicted decay-time error distribution from real BY after subtracting the background. (right)

An unbinned maximum-likelihood fit is performed to the decay-time distribution
in the weighted calibration sample using Eq. (4-5). The fit model consists of three
components: a delta function convolved with the triple-Gaussian function to describe
true prompt Jhy candidates, a pair of exponential functions convolved with the same
triple-Gaussian to describe long-lived backgrounds from b hadrons and a wide Gaussian
function to describe backgrounds due to wrongly associated PVs. The fit projection is
shown in Fig. 5.21. The relation of effective resolution and the corresponding average
decay-time error 8, is shown in Fig. 5.22. To take into account the &, distribution of B’

data sample, shown in Fig. 5.22, the average effective resolution is found to be 41.5 fs.
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5.6.2 Decay-time acceptance

Due to the displacement requirements made on hadrons in the offline selection and
the inefficiencies in the VELO reconstruction, the detector efficiency is not constant over
the BS decay time. As discussed in Sec.4.6.2, this efficiency is determined with a control
channel B — JiK*" (- K*7z7), which is known to have a purely exponential decay-time

distribution with g0 = 1.520 + 0.004 ps 58] The signal efficiency is calculated as

5 (0

B? 0 E S t
Edata(t) = Sfata(t) x S;(? ? (5_2)

gsim(t)

B)
sim

(t)/eBO (t) is the ratio of

0
where sfata(t) is the efficiency of the control channel and e sim
efficiencies of the simulated signal and control mode after the full trigger and selection
chain has been applied. This correction accounts for the small differences in the

kinematics between the signal and control mode.

5.6.2.1 BY - JiwK*® sample

B? > JiK* candidates are selected using same preselection and BDT algorithm
as that used in Bg sample. Two additional cuts are added to further suppress the
combinatorial background, which are ProbNNk of the final state kaon track is greater
than 0.05 and the invariant mass of K*z~ is in 100 MeV region of the known K*°
mass. Three misidentified physics backgrounds are controlled by veto. /12 - JypK~
contribution, arisen from the proton misidentifies as a pion, is removed by requiring the
pion candidates has ProbNNp () less than 0.2 or the recomputed JiyK ™~ p mass do not
consistent with the /12 mass hypothesis within +3¢ = +22.2 MeV. B’ — JiwK*z~
contribution, arisen from a doubly misidentification, is vetoed when the recomputed
JhyK* 7z~ mass consistent with the B’ mass hypothesis within +36 = +32.7 MeV
and satisfying ProbNNk(z) > 0.1, ProbNNpi(K) > 0.1 and ProbNNk(z) >
ProbNNk(K). BS — JiwK* K~ contribution is also vetoed by requiring the recomputed
invariant mass mg g less than 1.04 GeV and ProbNNk(x) greater than 0.1.

A fit to invariant mass distribution of JiwK*z~, using a Hypatia function modelled
BY signal and an exponential function described combinatorial background, is performed,
as shown in Fig. 5.23. The signal yield is (510 + 1.2) x 10°. An event-by-event sWeight
is generated to subtract the background used in the fit of decay-time distribution.

The PHSP B° — JiwK*° simulation is reweighed according to the B’ P, rapidity,
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Figure 5.23 Mass distribution of B® — J/w K* candidates in data.

nTracks, mg, and cosf, distributions in the background subtracted B data sample,
to account for the S—wave Kz contribution in data as well as the kinematic difference

between MC and data.

5.6.2.2 Determination of decay-time efficiency in B? data

The decay-time efficiency is parametrised by splines, which are implemented
analytically in the decay-time fit as described in Ref.!'37]. These splines consist of
cubic polynomials defined piecewise in decay time. The efficiency parametrisation is
characterised by the limits of the ranges on which the cubic polynomials are defined (also
denoted as knots) and associated coefficients. It is optimised in order to find the ideal
knot positions giving a good description of the decay time while minimising the number
of knots. A good description was found using seven knots at [0.3, 0.58, 0.91, 1.35, 1.96,
3.01, 10.0] ps, where the coefficient as 1.96 ps is set to one to fix the overall normalisation.

The simulations of B? signal, B — JiK*® signal and background-subtracted
data are fitted simultaneously to determine the parameters for effta(t). Each sample is
fitted by an exponential function convoluted by a decay-time resolution function, and
then multiplied by decay-time efficiency. Different decay-time resolution functions are
used for data and simulation. Data uses parameters obtained from the prompt Jiy sample
discussed in Sec. 5.6.1 while simulations use the calibration parameters obtained from
Bg signal simulated sample. Decay-time error 6, distribution of each sample is included
in the time resolution function. The lifetime is fixed to PDG value 1.520 ps for the B°

data sample, and the input 1.519 ps for the B® simulation. The decay-time distributions
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Figure 5.24 The decay-time distributions superimposed with fit functions in blue curves for the
samples of B° data (left), B® simulation (middle) and B? signal MC (right). The pull distributions
are also shown.
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Figure 5.25 The decay-time efficiency for (top left) the B’ MC, (top right) the B_? MC, (middle left)
the B’ data, (middle right) the decay-time efficiency derived for the B? data.

and fit curves are shown in Fig. 5.24. Fig. 5.25 shows a graphical representation of the
used parametrisation with the coefficients obtained on three samples, the numerical values
and correlations of the coefficients are given in Tab. 5.15. Except for very small decay
time, the ratio is consistent with unity, as expected. The acceptance in small decay time

is sensitive to resonance and angular distributions.
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Table 5.15 Decay-time acceptance coeflicients and their correlations, where the 5th coefficient is
fixed to 1.

Correlations Value
Coefficients 1 2 3 4 6 7 8 9

1 1.00 -0.04 0.13 030 030 0.05 0.16 0.14 0.185+0.009
2 -0.04 1.00 -025 049 041 008 022 0.18 0.340+0.012
3 0.13 -025 1.00 0.05 033 0.04 0.18 0.15 0.596+0.014
4 030 049 0.05 100 076 0.16 040 034 0.850%+0.023
6 030 041 033 076 1.00 -0.15 057 040 1.152+0.026
7 005 0.08 0.04 0.16 -0.15 1.00 -0.52 -0.08 1.276+0.035
8 0.16 022 0.18 040 057 -0.52 1.00 029 1.248+0.059
9 0.14 0.18 0.15 034 040 -0.08 029 1.00 1.083+0.042

5.6.2.3 Verification of decay-time efficiency using B* — JiwK*

Bt — JwK™ data sample obtained in Sec. 5.5.1 are used for verifying the method
of extracting decay-time efficiency using control mode with a correction from simulation.
With replacing Bg by B* in Eq. (5-2), the decay-time efficiency of BT could be determined
using B? data, BY simulation and B* simulated samples. The B* simulation is reweighed
according to the B* pr, rapidity and nTracks distributions in background subtracted
B* data sample. The lifetime is fixed to PDG value 1.520 ps for the B® data sample,
and the inputs of 1.519 ps and 1.639 ps for the B and B* simulations, respectively. The
decay-time distribution is shown in Fig. 5.26. The obtained efficiency ratio between B°
and B* decays and observed efficiency for BT data are shown in Fig. 5.27. The efficiency
ratio is not uniform in low decay-time region, since B* decay has only one bachelor
hadron. The obtained spline parameters is fitted in an unbinned maximum likelihood
fit to the sWeighted decay-time distribution of B* data sample. The fitted decay-width
difference between the B and B® mesons is I'g+ — I'go = —0.0475 + 0.0005(stat) ps ™',
is well consistent with the PDG value of —0.0474 + 0.0023 ps~! 8. The decay-width
difference and B™ lifetime are further checked by splitting the data samples in four B

meson bin, no bias are found.

5.6.3 Angularand m,,

The selection and reconstruction efficiency is not uniform in m__ and three helicity
angles. Using Eqgs. (4-8) and (4-9) described in Sec. 4.6.3 with replacing KK by zx in

the equations, this efficiency is parametrised by a combination of Legendre and spherical
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Figure 5.26 Decay-time distributions of B* candidate in data (points) and fit curve (blue line) in
logarithm (left) and linear (right) scale.

« 9 2: oo T et 1 -9 2: T T T ]
PF18F 3 1.8F 3
O\O 1.6 = 3 +\U 1.6 = 3
E 1 & F ;
1.4 = E X 1.4 = =
1.2F 1 o 812F =
i E -
0.8F 3 0.8 ( 3
0.6§ 3 0.6 E
0.4F 3 0.4F 3
02F = 02F =
C. 1 L L L L 1 L L L | C_ L L L 1 L L L L 1 L |

0 5 10 0 5 10
time [ps] time [ps]

Figure 5.27 Fit results for (left) B (t)/gB+ (1), and (right) the decay-time acceptance derived for the

sim sim

B™ data. The 1o statistical uncertainty is shown by the area.

harmonic moments fitted with B — Jyz*z~ simulated sample. Table 5.16 lists the
coefficients calculated using Eq. (4-9). The resulting one-dimensional projections are
compared with simulated events, which includes phase space factor, as shown in Fig. 5.28.
The modelling reproduces the simulated data very well. The efficiency is uniform within
4% for 6, and 10% for y, as shown in Fig 5.29, while m,, and cos 6, , variables show
large efficiency variations and correlation. This loss of efficiency is mainly due to the
)(IZP requirements on hadrons. Candidates with cos8,, = +1 and mgx ~ 0.6 — 0.8 GeV

located at the region with minimum or maximum m as shown in Fig. 5.30. One of

2
Jhynt’
the pion in these events has very small momentum in the Bg rest frame, thus the pion

points to the PV , resulting in a very small ;(IZP.
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Table 5.16 Efficiency coeflicients.

o
on
(e}
o

Coefficient Error

0 1.000000 0.001603
1 0.139818 0.003476
2 0.152215 0.004666
3 —=0.095417 0.005538
6 —0.043625 0.007436
8 —0.026165 0.008325
0  0.010998 0.001650
1 —0.023368 0.003656
0  0.028467 0.001163
1 0.026263  0.002587
0  0.006579 0.001634
1 —0.011402 0.003541
0 -0.275061 0.003519
1 0.308126  0.007975
2 0.145536 0.010994
3 —0.252047 0.013049
4 0.107741 0.014721
1 0.065041 0.008617
2 0.070008 0.012073
0 -0.017077 0.002560
1 —0.027993 0.005988
0 —0.062933 0.004601
1 0.085741 0.010138
3  —0.106464 0.016297
4 0.066716 0.018612
0 -0.010285 0.003165
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5.7 Fit validation and results

5.7.1 Toy study

The fit procedure is validated by generating toy experiments according to the PDF
used for fit. The dependence of angular acceptance as a function of decay time is checked
by determined the angular and m,, efficiency coeflicients in three bins of decay time
([0.3, 1] ps. [1,2] ps and [2,14] ps) in PHSP simulation which are used to generate three
toy experiments. Figure. 5.31 shows the projections of obtained efficiency coeflicients of

two-dimensional m__ and cos 8, in three decay-time bins. 500 signal toy experiments
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Jhyn*z~ MC. The points with error bars are B? — Jhyn*z~ MC, the curves show the expectation
from the efficiency model.

are generated with physics input parameters taken from the data fit results discussed

Sec.5.7.3. The efficiencies €(m,,, £2) and &,(¢) are determined using PHSP toy and toy

i’
with signal model but assuming I'y; = I, respectively, same as that used for data fit.
After generation, the samples are fitted with the same strategy as the nominal fit to extract
the CP observables. Unbiased fit results on Iy, ¢, and A are found, as shown in the pull

distributions of toy fits in Fig. 5.32.

5.7.2 Fitto B -»Jiy z*z~ simulated samples

Bg — Jhyrt x~ simulated sample is used to validate the fit procedure. The physics
parameters obtained in the fit discussed in Sec. 5.7.3 are used to generate CP-violation
included simulated sample . Each candidates in the PHSP B — Jhyz*z~ simulation
is assigned by a weight corresponding to the PDF ratio between CP-violation generation

and the phase-space generation, by

r(f,my . 2,q) = RGE my g, 2, q|n = 0)/(Pg Pg(e~"mye 4 ¢~/mmcy), (5-3)
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Figure 5.30 Overall efficiency for (left) m vs cos 8, , and (right) milw_ vs m_, _. The inefliciency

2

is at kinematic boundary of m Ty

where R is the PDF defined in Eq. (4-10), with 7 being the true decay time, and 7y ¢ =
1.405 ps and 7y \jc = 1.661 ps being the lifetimes of BY light and heavy mass eigenstates
used in simulation, respectively. The efficiency parameters are obtained with the same
procedure as that used for data, expect the reweighing procedure is not applied. The pull
and statical uncertainties of the I'y; — I'go, ¢, and |A| in the fits are given in Table 5.17.

No obvious bias is seen for these three physics parameters.
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Figure 5.32  Pull distributions of fit variables from the toy samples.

Table 5.17 Pull and statistical uncertainty of the fit to the full MC.

Par. Pull o (stat)

Iy —Tp 005 0.0017ps™!
&, 028 0.012rad
14| 069 0012

5.7.3 Fitresults

Five different resonance models are implemented and the one with largest | — 2InL|
are chosen as the default fit model. First, all the resonant and a non-resonant contributions
listed in Table 5.1 are including in the fit model. Including f;(500) resonance in the
fit only gives fit fraction of less than 0.1%, thus it is not included in the default model
and considered as a systematic uncertainty in Sec. 5.8.1. The mass and width of most
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Table 5.18 Likelihoods of various resonance model fits. Positive or negative interferences (Int)
among the contributing resonances are indicated. The Solutions are indicated by #.

# Resonance content Int -2InL
I f,(980) + f,(1500) + f,(1790) + £,(1270) + f2’(1525)+NR —  —4850
I f,(980) + f,(1500) + f,(1710) + f,(1270) + f2’(1525)+NR + —4834
I f,(980) + f,(1500) + £,(1790) + f,(1270) + f2’(1525)+NR + —4830

IV £,(980) + fo(1500) + f,(1790) + £,(1270) + £;(1525) — 4828
Vo £5(980) + fo(1500) + £,(1710) + £5(1270) + £} (1525) —4706

Table 5.19 Fit results for the CP-violating parameters for Solution I. The first uncertainties are
statistical, and the second systematic. The last three columns show the statistical correlation
coeflicients for the three parameters.

Fit result Correlation
Parameter I'y —Tg 4] o,
Ty — T (ps™)  —0.050 + 0.004 + 0.004 1.000  0.022 0.038
4] 1017008 +0.03 0.022 1000 0.065
¢, (rad) —0.057 +0.060 + 0.011 0.038 0.065 1.000

resonances are fixed to the central values listed in Table 5.1, except for the f;,(980) and
fo(1500) resonances whose parameters are varied in the fits. Comparing the results in
Table 5.18, Solution I is taken as default fit model and Solution II is used for systematic
studies.

The CP-violation for all the transversity states are assumed to be the same in fit. The
central value of the physics parameters Amg and I'; are fixed to Am; = 17.757 + 0.021
ps~ 38 and 7 = 0.6995 +0.0047 ps~! 134 The resulting CP-violating parameters and
their correlations are shown in Table 5.19 from default fit model. The fit fraction of each
resonant contribution is listed in Table 5.20, comparing between Solutions I and II. The
data is well modelled by the fit, as shown in Fig. 5.33 for the projections from the default

fit. Projection of resonant components in m . is shown in Fig. 5.34.

5.8 Systematic uncertainties

The systematic uncertainties for the physics parameters are summarised in Table 5.21.

They are small compared to the statistical ones for these CP-violating parameters.
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Table 5.20 Fit results of the resonant structure for both Solutions I and II. These results do not
supersede those in Ref.['3?! for the resonant fractions because no systematic uncertainties are quoted.
The sum of fit fraction is not necessary 100% due to possible interferences between resonances with

the same spin.

Component Fit fractions (%)  Transversity fractions (%)
0 1 L
Solution I
f0(980) 60.09 + 1.48 100 - -
f0(1500) 8.88 +0.87 100 - -
fo(1790) 1.72 +0.29 100 - -
/> (1270) 3.24 +0.48 13+3 37+9 50+10
f,(1525) 1.23 +0.86 40+13 31+14 2925
NR 2.64 +0.73 100 - -
Solution IT
f0(980) 93.05+1.12 100 - -
f0(1500) 6.47 +0.41 100 - -
fo(1710) 0.74 +£0.11 100 - -
/> (1270) 3.22+0.44 17+4 30+8 53+10
f,(1525) 1.44 +0.36 35+8 31+12 34+17
NR 8.13 +£0.79 100 - -

5.8.1 Resonances modelling

The largest systematic uncertainty is from the resonances modelling, following

options are used to evaluate sources of uncertainties:

« Allow the centrifugal barrier factors of default value 1.5 GeV ~! for zz resonances

and 5.0 GeV ~! for BY meson to vary from 0.5-2 times of the default values.

* Increasing the default angular momentum L g for the D-wave resonances by 1 or 2.

The lowest allowed value for L is used for the default fit.

* Replacing NR by f,(500),the difference between Solutions I and II are taken as

systematics.

* Adding p(770) contribution in the model. p(770) fit fraction is found to be (1.1 +

0.3)% which is larger but consistent with the previous reported (0.7 + 0.3)%

This gives the largest systematic uncertainty for ¢,.
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Figure 5.33 Projections of the angular and decay-time variables with the fit result overlaid. The
points (black) show the data and the curves (blue) the fits.
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Figure 5.34 Data distribution of my, with the projection of the Solution I fit result overlaid. The
data are described by the points (black) with error bars. The solid (blue) curve shows the overall fit.

The largest variation among the sources is taken as systematic uncertainty.
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Table 5.21 Absolute systematic uncertainties for the physics parameters.

Source I'y —I'go [A] P,
[fs™']  [x107°] [mrad]

Decay-time acceptance 2.0 0.0 0.3
Tpo 0.2 0.5 0.0
Efficiency (mg g, €2) 0.2 0.1 0.0
Decay-time resolution width 0.0 4.3 4.0
Decay-time resolution mean 0.3 1.2 0.3
Background 3.0 2.7 0.6
Flavour tagging 0.0 2.2 2.3
Am, 0.3 4.6 2.5
I, 0.3 0.4 0.4
B} 0.5 - -
Resonance parameters 0.6 1.9 0.8
Resonance modelling 0.5 28.9 9.0
Production asymmetry 0.3 0.6 3.4
Total 3.8 29.9 11.0

5.8.2 Resonant masses and widths

This systematic uncertainty is determined by varying the masses and widths of
resonances used by the default model by +1o of their uncertainty listed in Table 5.1 .

All the sources are added in quadrature and taken as one uncertainty.

5.8.3 Efficiency of m,, and angles

Uncertainty due to the modelling of efficiency is estimated by repeating the fit to
data sample with 300 times. Using efficiency parameters resampled each time according
to the corresponding covariance matrix determined from simulation. The changes on the
physics parameters for interest from the repeated fits with respect to the default one are a

Gaussian distribution, whose width is taken as a systematic uncertainty.

5.8.4 Decay-time efficiency

Uncertainty due to the decay-time efficiency parametrisation is estimated using the
same method in Sec. 5.8.3. The toy studies are used, the width of the Gaussian is take as
the uncertainty due to this source, which is the largest contribution to the uncertainty of

the decay width difference I'y; — I'go.
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5.8.5 B lifetime

Uncertainty due to the B lifetime is evaluated by varying the lifetime within +0.004
ps. The changes of the statistical uncertainties of each physics parameters between the

nominal fit and the alternative fit is taken as the systematic uncertainties.

5.8.6 Decay-time resolution

The source includes 3% variation of the widths of Gaussian resolution functions, and
varying the uncertainty for the mean value of Gaussians in the time resolution function.
The former is obtained by Gaussian constraint on a scale factor for the widths by 1.00 +
0.03. Since from the simulation study, the means of the resolution model obtained from
calibration simulated sample and signal simulation are different by (3.2+0.6)Xx 1074, 5.46.
Combination with statistical uncertainty, the total uncertainty on the mean is 3.4 x 1074,

which is varied to to estimate the systematic uncertainty.

5.8.7 Background modelling

Two sources are considered in the background modelling: the decay-time
distributions in background and the yield of background. The uncertainty due to the
decay-time distribution is estimated by using WS data samples without decay-time
difference correction for the background subtraction. The uncertainty of yield is
evaluated by varying the background yield by 2.4%, corresponding to total uncertainty
of combinatorial background and neglected physics background. The relative differences
in the CP observables between alternative fit and default fit of the two sources are added

in quadrature and taken as a source of systematic uncertainty.

5.8.8 Calibration of flavour tagging

Uncertainty due to the calibrated parameters are estimated by an alternative fit
where the tagging parameters are Gaussian constrained by their total uncertainties. The

difference on physics parameter of interest is taken as the systematic uncertainty.

5.8.9 Production asymmetry

The production asymmetry of B? is measured to be (—0.65 + 2.88 + 0.59)% in
centre-mass-energy of 7 TeV and (1.98 + 1.90 + 0.59)% in 8 TeV, respectively!!3®. No
updated result for 13 TeV is available yet. In the default fit, Ap = 0is used. An alternative
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fit with +2% variation is performed. The difference on physics parameter of interest is

taken as the systematic uncertainty.

5.8.10 Fix of Am, and I';

The values of Amg and I'; are fixed in the default fit. An alternative fit with their
value constrained by its error is performed. The increase of statistical uncertainty of the

physics with respect to the default fit in quadrature is take as the systematic uncertainty.

5.8.11  Bfcontribution

According to previous analysis [79]

, about 0.8% signal sample is expected from the
decays of B} mesons. Neglecting the B contribution leads to a bias of 0.0005 ps~! for

I'y; — I'go, which is added as a systematic uncertainty. Other parameters are not affected.

5.9 Results

A time-dependent amplitude analysis is performed with Bg — Jhyrtn~ decay using
1.9 fb=! pp collisions data collected by LHCb in 2015-2016, the CP-violating parameters

are determined to be

¢, = —0.057 + 0.060 = 0.011 rad,
_ 0.08
|41 = 1.015%8 4 0.03,

Iy — Tpo = —0.050 + 0.004 + 0.004 ps~",

which are consistent with the Run-I results from the same decay channel. The decay
width of B? heavy mass eigenstate is first determined with this channel. Combined with

the ¢, and | 4| results obtained in Bg — Jhynt n~ decay using Run-I data gives

¢, = 0.002 + 0.044 + 0.012rad,
[A] = 0.949 +0.036 + 0.019

The results still have uncertainties greater than the SM prediction and are slightly
more precise than the measurement using B? — JhyK* K~ decays, based only on Run-I

data, which has a precision of 0.049 rad!”.
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Chapter 6 Summary and prospects

With the discovery of Higgs boson in 2012, the last piece of SM is found. However,
SMitself is not a final theory, it fails to explain phenomena such as the non-zero masses of
neutrinos, the dark matter and the observed matter-antimatter asymmetry in the universe.
Verifying predictions based on the SM and searching for new particles beyond the SM
will continuously help us improving and perfecting the current theory which is crucial for
the development of particle physics.

Since the operation of LHC in 2010, a series of important b- and c-physics results
have been reported by the LHCb experiment in b — JiyX decays. Experimentally,
Jhy — utu~ is often used in the event reconstruction. LHCb detector can efficiently
reconstruct and precisely identify muon particles. It also has many stable muon triggers
which are important for the JAy meson detection. Jiy has a relatively narrow decay width,
thus requiring selections on Jhiy mesons and u particles will effectively suppressed the
background.

In this dissertation, using pp collision data collected by the LHCb experiment, two
categories of b — JhyX analyses, including searching for pentaquark states in =, —
JiwAK™ decay and measurements of CP-violating phase ¢ in Bg — JwK* K~ decays
with K+ K~ mass above ¢(1020) mass region and B? — Jhyrt 7~ decays are performed.
These measurements provide tests of the SM and good probes of NP scenarios.

In the first category of analyses, the decay =" — JAy/AK™ is observed for the first
time at a significance level of 24 Gaussian standard deviations using 3 fb~! LHCb Run-I
data. The data sample yields around 300 =" — Ji/AK™ signal candidates. Taking into
account the relative fragmentation fraction between /12 and =7, the relative branching

fraction of =" — JhwAK™ relative to Ag — Jhp A decays is determined as

f=- B(Z, - JyAK™)

R
fa0 B(A) = JhpA)

= 0.0419 + 0.0029(stat.) + 0.0015(syst.).

—_
—

The mass difference between Ag and =" baryons is also measured
oM = 178.08 + 0.47(stat.) + 0.16(syst.) MeV,

which is one of the best measurements of this parameter in the world.
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According to theoretical prediction, a strangeness hidden-charm pentaquark state

udsc¢ could be observed in =, — JwAK™ decay as a JiA state. However, with

b
selections that removes Z(1690) and =(1820) events applied, only about 55 signal
candidates left. The statistics of the sample is too small to perform a dedicate amplitude
analysis for the extraction of pentaquark states.

In the second category of analyses, The CP-violating phase ¢, is determined with
two decay channels. Using 3 fb~! LHCb Run-I data, the phase ¢ ¢ 18 first time measured in
BY — JiwK* K~ decays with m(K™K ™) above the ¢(1020) mass region. Different from
the "golden channel’ Bg — Jhpg, a rich resonance spectrum was found in this sample.

Significant contributions from the f?i(1525) resonance and nonresonant .S-wave made the

CP violation studies possible . The CP-violating parameters obtained are

¢, = 0.119 + 0.107(stat.) + 0.034(syst.) rad,
|4] = 0.994 + 0.018(stat.) + 0.006(syst.),

I, = 0.650 + 0.006(stat.) + 0.004(syst.) ps~.,
AT, = 0.066 + 0.018(stat.) + 0.010(syst.) ps~".

which are consistent with the results from Bg — Jhye decays.

After LHC Run-I data-taking period, a series of measurements of ¢, in BY decays
has been performed at LHCb. The combined result is consistent with the SM calculation
but there still remains about 10% space for NP contribution. LHCb has collected 1.9 fb™!
pp collision data in the first two years of Run-II operation time. Taking advantages of
increasing collision energy and Bg production cross-section, the phase ¢, has been first
determined with 13 TeV dataset in Bg — Jhyn" z~ decays. The CP-violating parameters

obtained are

¢, = —0.057 + 0.060(stat.) + 0.011(syst.) rad,
|A] = 101008 (stat.) + 0.03(syst.),
Ty — T'go = —0.050 + 0.004(stat.) + 0.004(syst.) ps~.,

which are consistent with Run-I results in the same decay channel.

These two results are both consistent with the calculation from SM prediction,
however it does not exclude the possibility of NP contributions.

LHCb has collected 9 fb~! pp collision data until the end of Run-II data-taking period.

With higher collision energy, the production of b-hadrons are expected to increased
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approximately by a factor two compared to Run-I. After Run-II, a two-year shutdown
(2019-2020) of LHC will allow a major upgrade of several LHCb detectors and LHCb
will continue data taking and target to achieve an integrated luminosity of at least 50 fb™!
by the end of 2029. As a result, both =" — JhyAK™ analysis and ¢; measurements
will benefit from it. The signal yields of =~ — JiwAK™ decay might increased by
a factor of 40, which provide the chance to perform a full amplitude analysis for new
pentaquark states search. Similarly, the statistical error on all the CP-observables in
BY - JiwK*K~ and B — Jiyzz~ decays could be reduced by a factor of 1/ 1/40.
Moreover, given the good calorimeter performance after LHCb upgrade, channels that has
not been exploited could be studied in the future, these includes B? — Jhy (= ete ),
BY = Jwm' (= py,natx=, 2" x~20), etc., and these channels can be used to further

reduce the uncertainty of the phase ¢,.
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Appendix A Time-dependent amplitude analysis

The main idea of this method is to simultaneously measure the CP-even and CP odd
decay amplitude for different At h~ (h denotes K or r) resonance regardless of their final
state angular momentum in the Bg — Jhy h*h™ decays.

The decay amplitude is expressed as a function of the A*h~ invariant mass m,,
and the three angular variables £ = (cos 8;,cos 0;, y), defined in the helicity basis, as
illustrated in Fig. A.1. 6, is the angle between A" direction in the A* A~ rest frame with
respect to the A*h~ direction in the B? rest frame, 6, is the angle between the ™ direction
in the JAy rest frame with respect to the Jiy direction in the Bg rest frame and y is the
angle between the Jiy and h*h~ decay planes in the Bg rest frame. (These definitions
are the same for B? and B?, namely, using u* and 2™ to define the angles for both B? and
1_32 decays.)

For decays of BE-ES, the time-dependent decay rates can be expressed as Eq. (1-37)

and Eq. (1-38). The time-independent decay rate of Bg is
2
[T
2J +1 ;

2\ T B e O, )46
A

(A-1)
where A = 0,+1 is the JAy helicity, @ = =+1 is the helicity difference between the two

a==+1

muons, J is the spin of the A™ A~ intermediate state, and H /{ (my,,) is a helicity amplitude
depending on my,, that could be expressed using a formalism similar to that in a Dalitz-plot

analyses. 0, is 0, and 6 5, is 01. Using the definition:

[20 +1
Hj(mhh,em):z o Hy (mp)d? , ((6,,). (A-2)
J

The Eq. (A-1) changes to

2
Ay Mg O O 1 = D | DS €M) (05, VH (i 0,)
a=x1]| A
= Z [(Zei’l’}(d/ll,’a(QJ/,,,)H”(mhh,9,”[)> <Zei’l}(d/ll’a(HJ,w)Hﬂ(mhh,9,”[))]
a==+1 A A
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o

Figure A.1 Definition of helicity angles.

Table A.1 Functional forms of ©,,,(0) defined in Eq. (A-4) for different values of 4 and 4'.

A A 0,/,(0)
0 0 sin 0
0 1 % sin @ cos 6
0] -1 —% sin @ cos 6
1 0 % sin 6 cos 6
1] 1 %(1 + cos? 0)
1] -1 > sin*0
-1 0 —% sin 6 cos 6
1| 1 > sin0
-1 -1 %(1 + cos? 0)

=2 ( ) dif,a%)di,a(%)) H (s O ) Hy (g O) €077 (A3)

A A \a==xl1
Defining
0, ,0p,) = Z d; Op)d; ,Op,), (A-4)
a==+1
results in

A (s O Oty 1> = D Hy(mpy 0, ) H G (mp 0,,) €474020,,,(0 ). (A-5)
AL

The functional form of ©,,(6,, ) is listed in Table A.1. They are invariant under the
interchange of A and 4" and transform with respect to a change of the sign of A and A

Using Eq. (A-5), the amplitude becomes

. 1
A s Ores Oy 201 =| o, 017 in* O, + 2 (1.4 (mpp, 02,017 + LH_(mpp, 0,17

X (1 +cos®0y,) + Re [H (mp, 0,)H (my,, 0,.)e*' ] sin® 0,
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+V2Re [(Ho(mpps 02 Hi(mppy 020) = H (M, 020) H_ (M, 6,)) €74

X sinfy, cosOy,, (A-6)

where we denote H, by 0, +, and —, rather than 0, +1 and —1.

Similarly, the time-independent part of the E(S) decays is
[ O OOt 2P =T 05 P50 0, + 3 (1T s O+ Ty O
x (1 +cos2fy,,) + Re [E+(mhh, 0, )VH. (m, eﬂ”)em] sin2 0,
+ V2Re | (H o 0 H o0y Or) = Ho s 0 H (1, 0) ) 7|
X 8in 6y, cosOy, . (A-7)

The interference term of the two amplitude are:

A% (Mpps 02 O IO A p (M O Oty s ) =

*k
> KZ e”’%dj,,a(ej,w)HA,(mhh,9,,”)> <Z e”’(d/ll’a(ej,w)ﬁl(mhh,9,,”))]
a==+1 A A

= Z H (M, O ) HE (i, 0,) €44%0,,,0,,). (A-8)
A2

Replacing the explicit terms leads to
A% (s O s Oy s VA (M 0, Oty s 1) = Ho(mpp, 0, Hi (i, 0,) sin” 0.,

l (= * I *
+ 5 <H+(mhh, Qﬂ”)H_,_(mhh, 9””) + H_(mhh, OEH)H_(mhh, 07”1.)> (1 + COS2 0-]/1//)

1 (— % iy o —2i .
+3 <H+(mhh’ 0, ) HE(mpp, 0,)€ % + H _(myp, 0,) Hi(mpyy, 0,,)e 2”() sin” 0 5,
+ L <E0(mhh’ Hmt)H-t(mhh’ eﬂﬂ)e_i}( - EO(mhh’ eﬂﬂ)Hf(mh/’l’ eﬂﬂ)ei){

2
+ﬁ+(mhh’ enﬂ)Hg(mhh’ eﬂ:n)ei}{ - ﬁ—(mhh’ gﬂﬂ')H;(mhh’ enﬂ)e_il> sin 0]/1;/ cos 0]/!// :
(A-9)

Assuming |p/q| = 1, the differential decay rates in Eq. (1-37) and Eq. (1-38) can be

expressed as a function of five variables ¢, m;;, 6,,6, and y as

Fely o [VASPHIALR Ary (AP - 1A
xe h
2 2 2

cos + cos(Amt)
dtdmy,d cos 0, d cos 0, ,d y
q . . AFSZ‘ q — .
— Re ;AfAf Sth —1Im ;AfAf sin(Amgt) ¥A-10)
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cos(dmt)

A>T _It |Af|2+ |Zf|2 ATt |Af|2_ |Zf|2
xe cosh -
dtdmp,d cos 0 y,d cos0,,dy 2 2 2

ATt

- Re <%A;Zf> sinh — + Im <%A;Zf> sin(Amsr)(}\.-ll)

The functions |A,|*, |A/|* and A;Zf are defined in Egs. (A-6), (A-7) and (A-9)
respectively.
The function H ,;(my,, 0,,) defined in Eq. (A-2) is expressed using the Dalitz-plot

variables m,;, and 6,, which gives:

L
L L P B
H(mpps ) = Z hi V2 g+ 1\/PRPBF; B)Fl(e A g(mp) <m_i> <
R

Py

Mpp

Lg J
R
> d_i,o(gﬂ'][)’

(A-12)
where R represents the intermediate state with different spins; FéLB) and F;LR) are the
Bg and R decay form factors; Pg(Pg) is the Jiy (either of the R resonance daughter’s)
momentum in the Bs0 (R) rest frame;mp is the B? mass; Jg is spin of R; Lg(Ly) is the
orbital angular momentum between the Bg meson (R resonance) ’s daughters; A g(mgx)
is the amplitude used to describe the mass line-shape of the resonance R. And H 5 1S
summed over all A" h~.

The helicity complex coefficients ZR is replaced using the transversity complex

. —R . . .
coeflicients a~ using their relations

a(lf = h(’f,
R 1 "R R
a = _(h+ + h—)7
I \/5
af = L nR_nk) (A-13)

R

where a; corresponds to longitudinal polarization of the Jiy meson, aR

[
polarization of the Jiy and A" A~ and af for their perpendicular polarization.

for parallel

If we only consider tree level contribution in the B? decay, the CKM weak phase only
appears as % = ¢ %F  The a; amplitudes only contain strong phases, a, = niRa; , where
'7,~R is CP eigenvalue of the ith transversity component for the intermediate state R. (Here
i=0, |, 1.

Considering the contribution from direct CP violation, the complex coefficients can

be parameterized as

aiR — CiR(l + biR)ei(5iR+¢iR)’ ﬁ[R — rliRciR(l _ blR)el(élR_d)lR)a (A-14)
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where cl.R, blR, SI.R and qblR are real numbers that can be determined in the experiment. biR
and q')lR are CP violating, while c[R and 5,.R are CP conserving. So the direct CP asymmetry
for each resonance R with tranversity i component is

sR |2 R|2 R
|a,' | - |a,' | _ —2b;

l (A-15)

Acp(R); = = .
P aR2 +|aR2 1+ (bRY

Experimentally, the measured CP observable includes both the contribution from

mixing and decay, given by

¢ (R); = ps + 20K, or 2877 (R), = 2 + 2R, (A-16)

l' b

To implement this procedure, the probability density functions (PDFs) given in
Egs. (A-10) and (A-11) are used. The normalization can be computed by first integrating
overt, 6y, and y analytically, following by using numerical integration for the remaining

variables. If the data is flavour tagged, the two PDFs should be average.
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