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Abstrat
Studies of harmless three-body deays of the neutral B mesons with a K0

S in the �nal stateare presented in this thesis. The analyses are performed with the full statistis reordedby the LHCb spetrometer during the Run I of the LHC. The amplitude analysis of thedeay B0 → K0
S
π+π− represents the main part of this thesis analysis. A time-integrateduntagged Dalitz-Plot analysis of the deay is performed. The �t frations of the quasi-two-body deays are obtained. Likewise, the diret CP asymmetries of the quasi-two-body deays

B0 → K∗+(892)π−, B0 → K∗+
0 (1430)π−, B0 → K∗+

2 (1430)π− and B0 → f0(980)K0
S
areobtained. The largest sensitivity is obtained for ACP (B0 → K∗+(892)π−). This measurementis the �rst observation of the CP asymmetry with a signi�ane larger then �ve standarddeviations. The measurement is in agreement with the world average, with an improvedpreision.KeywordsLHC - CERN - LHCb detetor - Standard Model - Partile Physis - HeavyFlavour Physis - CKM Triangle - CP Violation - B Physis - Diret CPAsymmetry - Branhing Ratio - Fit Fration - Charmless deay - Dalitz-Plot- B0
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Résumé
Le travail présenté dans ette thèse onerne l'étude des désintégrations en trois orps sansquark harmé des mésons beaux neutres, dont l'état �nal ontient un K0

S
. Ce travail dereherhe s'est réalisé dans le adre de l'éxpériene LHCb au LHC, en analysant un éhan-tillon d'événements de 3 fb−1 olleté dans le Run I du LHC. L'analyse d'amplitude dela désintégration B0→ K0

S
π+π− représente la partie prinipale de e travail de thèse. Lamesure des amplitudes est e�etuée au moyen d'une étude du plan de Dalitz de la désinté-gration intégrée dans le temps sans étiquetage de la saveur de la partiule belle. Nous avonsmesuré les rapports d'embranhements relatives des désintégrations quasi-deux-orps à partirde ette analyse de Dalitz. Également, nous avons mesuré l'asymétrie CP direte des désin-tégrations quasi-deux-orps B0 → K∗+(892)π−, B0 → K∗+

0 (1430)π−, B0 → K∗+
2 (1430)π− et

B0 → f0(980)K0
S . Nous avons observé pour la première fois l'asymétrie CP direte dans ladésintégration B0 → K∗+(892)π− ave une signi�ane supérieure à inq déviations standard.Cette mesure est en aord ave la moyenne mondiale, ave une préision améliorée.Mots ClésLHC - CERN - Deteteur LHCb - Physique des Partiules - Modèle Standard- Physique des Saveurs Lourdes - Triangle CKM - Violation CP - Physique desmesons B- Asymétrie CP Direte - Rapport d'embranhement - Désintégrationsans quark harm - Dalitz-Plot - B0
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Introdution
The CP -violating phase emerging from the Cabibbo-Kobayashi-Maskawa paradigm [1, 2℄ isenough to desribe all CP -violating observables measured so far in partile systems [3℄. Thisis the only soure of CP violation in the Standard Model (SM) whih yields measurable CP -violating phenomena to date. The existene of new soures of CP violation in addition tothat predited by the CKM matrix is made neessary to aount for the baryoni asymmetryin the Universe [4℄ and hene the searh for it onstitutes an important goal of the urrentresearhes in high energy physis.One appealing approah to searh for new soures of CP violation onsists in studying thedeay-time distribution of neutral B meson deays to CP -eigenstates hadroni �nal statesmediated by a b → s loop amplitude (so-alled penguin amplitude). Many measurementshave been performed by the BaBar and Belle experiments in that respet, suh as B0 deaysto φK0

S
or η′K0

S
to ite only the most sensitive. Gathering all of these studies, the latestresults [5℄ provide a onsistent piture with the SM preditions, demanding an improvedpreision to inrease the sensitivity to new CP -violating phases.The deays mentioned above into a �nal CP eigenstate quasi-two body are often on-tributing to a three-body deay (B0 → f0(980)K0

S
is one of the ontributing amplitude tothe B0 → K0

Sπ
+π− deay for instane) and experiene from previous experiments has shownthat full deay-time-dependent Dalitz plot analysis of a three-body deay is more sensitivethan a �quasi-two-body� approah, in partiular in the ase where broad resonanes are on-tributing to the deay amplitude [6�8℄. On a similar note, the Dalitz plot analysis of thesedeays are neessary inputs in methods to determine CKM phase γ [9�13℄.The inlusive deay B0 → K0

Sπ
+π− provides a rih struture of interfering amplitudes, in-volving both CP eigenstate amplitudes (B0 → ρ0K0

S
, B0 → f0(980)K0

S
, et.) and �avour spe-i� amplitudes (B0 → K∗+(892)π−, B0 → K∗+

0 (1430)π− et.). Full deay-time-dependentDalitz plot analyses of B0 → K0
S
π+π− have been performed by BaBar and Belle experi-ments [14, 15℄. These amplitude analyses rely on model-dependent parameterization of thedeay amplitudes. Similar studies of the deay B0 → K0

Sπ
+π− reonstruted with the LHCbspetrometer are the ultimate goals of the analysis presented in this thesis. However, thestatistis of reonstruted deays in the light of the modest �avour tagging w.r.t. the B-fatories experiments make that attempt not ompetitive with the LHC Run I data set. Onthe ontrary, the seletion of the reonstruted B0 → K0
S
π+π− that we designed with theLHCb spetrometer results in a purer sample of signal deays than the one obtained in for-



Contents 2mer experiments. A time-integrated untagged analysis will hene provide a novel view ofthe hadroni amplitudes model. On top of this, the study of �avour spei� quasi two-bodydeays bene�ts as well from the leanliness of the signal events seletion, allowing in priniplea ompetitive determination of diret CP -violating asymmetries.



Chapter 1 Charmless deays of B mesons in the Standard Model
In this hapter, we desribe the sienti� ontext of this thesis work. We start with a briefreview of the Standard Model (SM) desribing the interations between elementary partiles.Thereafter we disuss the symmetries in partile physis to introdue the formalism used todesribe the violation of CP symmetry in the SM framework. Finally, we present the physisinterest of the three-body harmless hadroni deays.1.1 CP violation in the SMThe SM is a theory that desribes all the known phenomena at the subatomi sale. Itembodies eletromagneti, strong and weak interations. The priniple of loal gauge invari-ane, whih keeps the Lagrangian of the theory invariant under loal transformation, playsa ruial role in the onstrution of the SM. There are two soures of CP violation in theSM and we will examine in this Chapter the one provided by the weak interation.1.1.1 Introdution to Standard ModelThe SM is a renormalizable quantum �eld theory onstruted under the priniple of loalgauge invariane under the SU(3)c⊗SU(2)L⊗U(1)Y symmetry group transformations. Theseloal gauge invarianes generate strong, weak and eletromagneti interations between theelementary fermions, through the exhange of gauge bosons: eight gluons, massless and ele-trially neutral, for strong interation, one massless photon for eletromagneti interationand three massive bosons, harged W± and neutral Z for weak interations. The stronginterations are governed by the group SU(3)C (the subsript C stands here for the olour,harge of the interation), whereas the groups SU(2)L and U(1)Y give a uni�ed desription ofeletroweak interations. SU(2)L is a non-abelian group with the weak isospin as the hargeof the interation and ats only on left-handed fermions. U(1)Y is the weak hyperhargegroup, de�ned by Y

2
= I3 + Q, where I3 is the third weak isospin omponent and Q is theeletri harge.The masses of both the fermions and mediating bosons are vanishing to preserve theinvariane under SU(2)L⊗U(1)Y . However, the introdution of a doublet of omplex salar



1.1 CP violation in the SM 4�elds of SU(2)L breaks spontaneously the symmetry. Three degrees of freedoms an beused to provide masses to the W± and Z bosons, while keeping the photon massless. Theremaining degree of freedom is the Brout-Englert-Higgs fundamental salar [16�18℄. Thedisovery of a narrow bosoni state by the ATLAS and CMS experiments (CERN), so farexperimentally onsistent with both the BEH boson hypothesis and the eletroweak preisionobservables [19℄, signs a tremendous suess of the SM to adequately desribe the Natureup to an energy sale O(100) GeV. The Yukawa ouplings of the BEH boson with elemen-tary fermions are proportional to a mass and an be used to desribe the fermion massesaordingly. Nothing in the symmetries is �xing there values though. They are hene freeparameters of the theory.The quarks and leptons are divided into three generations, eah of them being a doubletof SU(2)L. The �rst generation of quarks onsists of the up- and down-quarks, the seond ofthe harm- and strange-quarks, and the third generation of the top- and beauty-quarks. Theleptons and their assoiated lepton-neutrinos are divided into the eletron, muon and taugenerations. In addition, eah partile has an assoiated anti-partile with opposite internalquantum numbers. An illustration of the SM matter ontents is given in Table 1.1.Table 1.1: The three lepton and quark generations. The indies L and R note the partile hiralitystate, left and right, respetively.Generation Leptons QuarksI (

νe

e

)

L

, eR

(

u

d

)

L

, uR, dRII (

νµ

µ

)

L

, µR

(

c

s

)

L

, cR, sRIII (

µτ

τ

)

L

, τR (

t

b

)

L

, tR, bR
1.1.2 CKM mixing matrixThe loal gauge invariane in the SM forbids fermions and bosons to be massive. The fermionmasses are introdued after the spontaneous eletroweak symmetry breaking, via Yukawaoupling of fermions, with left and right hirality, to Higgs �eld, whih the Lagrangiandensity is given by

LY = −λd
ijQ̄

I3
LiφD

I3
Rj − λu

ijQ̄
I3
Liφ

∗U I3
Rj + h.c, (1.1)� i and j are for the generation indies,� QI3

L , D
I3
R , U

I3
R are the multiplets of SU(2)L⊗SU(3)c⊗U(1)Y . QI3

L = (U,D)I3
L are the lefthirality doublets and U I3

R , D
I3
R the ouples of right hirality singlets in weak interationeigenstates basis.� φ is the Higgs �eld.
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ij are the omplex matries 3× 3 of the quark-down and -up oupling, respetively.When the Higgs �eld aquires a value in the vauum (v.e.v.) v = 〈0|φ|0〉, the fermionmass terms appear

−
λd

ij.v√
2
.D̄I3

LiD
I3
Rj −

λu
ij .v√
2
.Ū I3

LiU
I3
Rj + h.c. (1.2)It is worthwhile to move from the basis of the weak interation eigenstates to mass eigenstates,wherein the oupling matries will be diagonal of real values. This transformation is madeusing unitary matries Uu(d)

L and Uu(d)
R

Uu(d)
L

λu
ij .v√
2
Uu(d)

R =





mu(d) 0 0
0 mc(s) 0
0 0 mt(b)



 .The diagonalization uses separate transformations for quarks of type up and down for thesame weak doublet, therefore it is ustomary to rede�ne the transformations so that theyonly apply to type down quark
QI3

L =

(

U I3
L

DI3
L

)

= (Uu†
L )j

(

ULj

(Uu
LUd†

L )jkDLk

)

,where the so-alled Cabbibo, Kobayashi and Maskawa (CKM) matrix appears
VCKM = Uu

LUd†
L =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 .Thus, the urrents responsible for weak interation are transformed under the in�uene ofthe hange of weak eigenstates basis to the mass eigenstates by making expliitly appearthe CKM matrix elements. The orresponding Lagrangian density invariant under the SU(2)transformations is given by
LW = i

g1

2
Q̄I3

Liγ
µ(~τ . ~W )µQ

I3
Li , (1.3)where g1 is the weak oupling onstant, ~τ are the Pauli matries, generators of the SU(2)group and ~W the three additional vetors �eld brought by the requirement of loal gaugeinvariane. This density beomes in the mass eigenstates basis

LW = i
g1√
2
(ŪLiγ

µUu
ikUd†

kjDLjWµ
+ + D̄Liγ

µUd
ikUu†

kjULjWµ
−) +

ig1

2
Q̄Liγ

µτ 3Wµ
3QLi . (1.4)It should be noted that the interations through neutral urrents (the third term in Eq. (1.4))are not modi�ed. There is atually no tree-level proess of �avor hanging by neutral urrentin the Standard Model (FCNC).



1.1 CP violation in the SM 61.1.3 CKM parameterisations and representationsThe CKM matrix is a 3 × 3 omplex unitary matrix and an as suh be parameterised byonly four parameters: three mixing angles (rotation angles) and one phase δ
VCKM = R23(θ23, 0)⊗R13(θ13, δ13)⊗R12(θ12, 0) . (1.5)Among the many possible onventions, a standard hoie, adopted by the Partile DataGroup [20℄ reads as

VCKM =





c12c13 s12c13 s13e
−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s13s23e

iδ13 s23c13
s12s23 − c12c23s13e

iδ13 −c12s23 − s12c23s13e
iδ13 c23c13



where cij = cos θij and sij = sin θij , with i, j = 1, 2, 3.There is an alternative popular parameterisation whih has been �rst introdued byAltomari and Wolfenstein [21, 22℄. It is inspired by the experimentally observed hierarhybetween the matrix element magnitudes s13 ≪ s23 ≪ s12 ≪ 1. The four independentparameters are noted λ (whih is the sine of Cabibbo angle, λ = 0.22537 ± 0.00061 [20℄),
A, ρ and η and the parameterisation onsists of developing the CKM matrix in order of λpower aording to

s12 = λ, s23 = Aλ2, s13e
−iδ = Aλ3(ρ− iη) . (1.6)This de�nition ensures the matrix unitarity at all orders. For example, at order O(λ4), theCKM matrix reads

VCKM =





1− λ2/2− 1/8λ4 λ Aλ3(ρ− iη)
−λ 1− λ2/2− 1/8λ4(1 + 4A2) Aλ2

Aλ3(1− ρ− iη) −Aλ2 + Aλ4(1− 2(ρ+ iη))/2 1−A2λ4/2



 +O(λ5).The unitarity of the CKM matrix implies various relations between its elements. Inpartiular, the relations involving the b quark are
VudV

∗
ub

VcdV ∗
cb

+
VcdV

∗
cb

VcdV ∗
cb

+
VtdV

∗
tb

VcdV ∗
cb

= 0 , (1.7)
VtdV

∗
ud

VcdV
∗
cb

+
VtsV

∗
us

VcdV
∗
cb

+
VtbV

∗
ub

VcdV
∗
cb

= 0 . (1.8)A onvenient way of representing the unitarity relations is to display them in the omplexplane, hene as a triangle. Fig. 1.1 proposes suh a representation of the unitarity trianglefor b-quark transitions. The triangle is de�ned by the angles α, β and γ
α = arg

(

− VtdV
∗
tb

VudV ∗
ub

)

, β = π − arg

(

VtdV
∗
tb

VcdV ∗
cb

)

, γ = arg

(

−VudV
∗
ub

VcdV ∗
cb

)

.The apex of the triangle is de�ned by its oordinates ρ̄+ iη̄ = −
(

VudV ∗
ub

VcdV ∗
cb

), where
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Figure 1.1: The unitarity triangle with sides of the same λ order with α, β and γ angles assoiated.The real axis of the omplex plane is de�ned by ℑ(VcdV
∗
cb) = 0 and the side lengths are normalizedw.r.t. |VcdV

∗
cb|.

ρ̄+ iη̄ =

√
1− λ2(ρ+ iλ)√

1− A2λ2 + A2λ4
√

1− λ2(ρ+ iλ)
. (1.9)Any non-vanishing value of η̄ is synonymous of CP violation.1.1.4 CP SymmetryIn quantum mehanis, the CP transformation ombines harge onjugation C with parity Ptransformations. The parity operator, P , inverts the algebrai sign of all spae oordinatesused in the desription of a physial proess. As example, if the parity operator is performedon a salar wavefuntion ψ(x, y, z, t), the latter will transform it to ψ(−x,−y,−z, t). Theparity onservation or P -symmetry implies that any physial proess will proeed identiallywhen is transformed under parity operator. Before 1956, the general feeling was that allphysial proess would onserve parity. However, a number of experiments were performed(e.g. Wu experiment [23℄) and showed that, for proesses involving weak interation, the

P -symmetry violated.Regarding the harge onjugation operator, this transformation hanges the sign of allintrinsi additive quantum numbers, as the eletri harge, the baryon quantum number, thelepton quantum number, the strangeness, et. The C-symmetry, as the P -symmetry, meansthe symmetry of physial laws under the harge onjugation transformation. This symmetryis onserved by eletromagnetism, gravity and strong interation, but violated in the weakinterations [24℄.Thus, ombining the two operators P and C, the CP operator will transform, for instane,a left-handed eletron e−L into a right-handed positron e+R 1. Therefore, if CP were an exatsymmetry, the laws of Nature would be the same for matter and antimatter. The violationof this symmetry is subtle and has been di�ult to explore. However, Cronin and Fith [25℄performed a beam experiment in 1964 in whih they measured the deay of neutral kaons in1In the same spae oordinates, P operator inverts the heliity.
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W W

d

b̄

b

d̄

t, c, u

t̄, c̄, ū

B0 B̄0

Figure 1.2: One of the two box diagrams desribing the B0-B0 mixing in the SM.two pions at the end of long beamline. This experiment showed that there was a small CPviolation, within weak interation, in the neutral kaon mixing.To illustrate the manifestation of CP violation with weak interation in the SM, let's applythe operator CP to the �rst term of the Lagrangian density shown in Eq. (1.4) (L(1)
W

CP−→ L(1)′
W )

L(1)
W = i

g1√
2
(ŪLiγ

µUu
ikUd†

kjDLjWµ
+) , (1.10)

L(1)′
W = i

g1√
2
(D̄Liγ

µUd
ikUu†

kjULjWµ
−) . (1.11)Therefore if the matrix element Ud

ikUu†
kj is omplex we will have L(1)

W 6= L
(1)′
W , whih implies a

CP violation. Then the δ phase introdued in the CKM matrix is a soure of CP violationin the weak interation.1.1.5 CP violation in neutral B setorDespite a large number of attempts to observe CP violation phenomena, it took almost fortyyears to reah a seond observation of it. Before addressing the CP violation in neutral
B mesons, a brief overview is given in the following subsetion disussing the quantummehanis of neutral B mesons.1.1.5.1 The quantum mehanis of neutral B meson mixingThe neutral B mesons are pseudo-salar mesons whih an have two �avor states, B0 madeof d-quark and b̄-quark, and B0

s made of s-quark and b̄-quark. They an eah mix with theirrespetive antipartile, as illustrated by the Feynman diagram (for B0-B0 mixing) givenin Fig. 1.2 (in the following only B0 meson is onsidered).The B0 and B0 mesons are dubbed the �avour eigenstates, whilst the eigenstates of thepropagation Hamiltonian are dubbed the mass eigenstates, denoted by BH and BL. Thus,the neutral B mesons an be desribed in term of two physial states ombination of the�avor eigenstates
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|BL〉 = p|B0〉+ q|B̄0〉 ,
|BH〉 = p|B0〉 − q|B̄0〉 , (1.12)where p and q are the linear omplex oe�ients satisfying the relation |p|2 + |q|2 = 1.The states |BL〉 and |BH〉 are the lighter and heavier mass eigenstates, respetively. Thetime-dependent Shroedinger equation for these states reads

i
∂

∂t

(

p
q

)

= Heff

(

p
q

)

, (1.13)where Heff is the e�etive Hamiltonian desribing the neutral mesons mixing as follows
Heff = M− iΓ

2
=

[(

M11 M12

M21 M22

)

− i

2

(

Γ11 Γ12

Γ21 Γ22

)]

,

=

(

ωL 0
0 ωH

)

. (1.14)
M and Γ are 2 × 2 Hermitian matries desribing the mass and deay rate omponent of
Heff , respetively. We take note that the Heff matrix is on the ontrary not hermitian. Inthe mass eigenstates {|BL〉, |BH〉} basis, Heff is diagonal with omplex eigenvalues, ωL and
ωH , expressed as

ωL = mL − i
ΓL

2
, ωH = mH − i

ΓH

2
, (1.15)where mL and mH are the masses of the eigenstates |BL〉 and |BH〉, respetively, and ΓLand ΓH their deay rate ounterpart. The 2-partile system {B0, B̄0} is haraterized by5 physial observables (named also mixing observables): the mass and deay rate averages,the di�erenes in mass and deay rate, and its "omposition fration" |q/p|. The mass anddeay rate averages are

m =
mH +mL

2
, Γ =

ΓH + ΓL

2
. (1.16)The di�erenes in mass and deay rate are given by

∆m = mH −mL , ∆Γ = ΓH − ΓL . (1.17)
∆m is always positive in this de�nition, the sign of ∆Γ depends on whih mass eigenstatehas the longer lifetime. The sign of ∆Γ is predited, by the SM, to be negative, but has notyet been established, while is well established in B0

s -B0
s mixing (∆Γs = (0.091 ± 0.008) ×

1012 s [20℄). The values found for the world average of the mass di�erene measurements [20℄,are ∆mB0 = (3.337± 0.033)× 10−10 MeV and ∆mB0
s

= (1.1691± 0.00014)× 10−8 MeV. Asmentioned above, the deay rate di�erene has on the ontrary not yet been observed andwe onsider it negligible in the following study.The parameters p and q are related to the o�-diagonal elements of Heff along
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(

q

p

)2

=
M∗

12 − i
2
Γ∗

12

M12 − i
2
Γ12

, (1.18)If CP were a symmetry of Heff , then Γ12/M12 would be real, leading to
(

q

p

)2

= e2iθ(B0) ⇒
∣

∣

∣

∣

q

p

∣

∣

∣

∣

= 1 , (1.19)where θ(B0) is an arbitrary phase ourring in the ation of CP operator on the state |B0〉(|B0〉) whih transforms it to |B0〉 (|B0〉)
CP |B0〉 = e2iθ(B0)|B0〉 , CP |B0〉 = e−2iθ(B0)|B0〉 . (1.20)1.1.5.2 Time evolution of B0 (B0) mesonThe time evolution of the states |B0(t)〉 and |B0(t)〉 an be expressed in terms of initiallypure �avor states |B0(t = 0)〉 ≡ |B0〉 and |B0(t = 0)〉 ≡ |B0〉

|B0(t)〉 = g+(t)|B0〉 − q

p
g−(t)|B0〉 ,

|B0(t)〉 = g+(t)|B0〉 − q

p
g−(t)|B0〉 , (1.21)with

g±(t) =
1

2

(

e−imH t− 1
2
ΓH t ± e−imLt− 1

2
ΓLt

)

. (1.22)We then �nd
|g±(t)|2 =

1

4

[

e−ΓH t − e−ΓLt ± 2 Re
(

e−
1
2
(ΓH+ΓL)−i(mH−mL)t

)]

,

=
1

2
e−Γt

[

cosh

(

∆Γt

2

)

± cos(∆mt)

]

. (1.23)and
g∗+(t)g∗−(t) =

1

4

[

e−ΓH t − e−ΓLt − 2iIm
(

e−
1
2
(ΓH+ΓL)−i(mH−mL)t

)]

,

= −1

2
e−Γt

[

sinh

(

∆Γt

2

)

+ i sin(∆mt)

]

. (1.24)The deay rate of a |B0〉 meson produed at time t = 0 to a �nal state f at time t isgiven by
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dΓB0→f(f̄)(t)

dt
= |〈f(f̄)|T |B0(t)〉|2 ,

dΓB0→f̄(f)(t)

dt
= |〈f̄(f)|T |B0(t)〉|2 , (1.25)where T is the transition matrix.The time-dependent deay rates of the initially produed �avor eigenstates |B0〉 and

|B0〉, assuming ∆Γ = 0 (cosh
(

∆Γt
2

)

= 1, sinh
(

∆Γt
2

)

= 0), are given by the four possibledeay equations
dΓB0→f(t)

dt
=

e−Γt

2
|Af |2(1 + |λf |2)[1 + Cf cos(∆mt)− Sf sin(∆mt)] , (1.26)

dΓB0→f(t)

dt
=

e−Γt

2

∣

∣

∣

∣

q

p

∣

∣

∣

∣

2

|Af |2(1 + |λf |2)[1− Cf cos(∆mt) + Sf sin(∆mt)] , (1.27)
dΓB0→f̄(t)

dt
=

e−Γt

2
|Āf̄ |2(1 + |λ̄f̄ |2)[1 + Cf̄ cos(∆mt)− Sf̄ sin(∆mt)] , (1.28)

dΓB0→f̄(t)

dt
=

e−Γt

2

∣

∣

∣

∣

q

p

∣

∣

∣

∣

2

|Āf̄ |2(1 + |λ̄f̄ |2)[1− Cf̄ cos(∆mt) + Sf̄ sin(∆mt)] , (1.29)where Af = 〈f |T |B0〉 and Āf̄ = 〈f̄ |T |B0〉 are the deay amplitudes for |B0〉 and |B0〉deaying to the �nal state |f〉 and |f̄〉, respetively, and λf and λ̄f̄ are de�ned as
λf =

1

λ̄f

=
q

p

Āf

Af
, λ̄f̄ =

1

λf̄

=
q

p

Af̄

Āf̄

. (1.30)Similarly, Āf = 〈f |T |B0〉 and Af̄ = 〈f̄ |T |B0〉. Here, Cf , Sf , Cf̄ and Sf̄ are the CP violationobservables, disussed in details in the following setion. they an be de�ned as
Cf =

1− |λf |2
1 + |λf |2

, Sf =
2Im(λf )

1 + |λf |2
,

Cf̄ =
1− |λf̄ |2
1 + |λf̄ |2

, Sf̄ =
2Im(λf̄)

1 + |λf̄ |2
. (1.31)The evaluation of the CP violation parameters is performed by the omparison betweenthe deay rates Γ(B0 → f) and Γ(CP (B0 → f)), where CP (B0 → f) is the proess B0 → ftransformed under CP operator. The de�nition of the CP asymmetry is given by

ACP =
ΓCP (B0→f) − ΓB0→f

ΓCP (B0→f) + ΓB0→f

. (1.32)
ACP 6= 0 is a sign of CP violation. In general, the observation of CP violation relies onnotieable di�erenes among proesses and their orresponding CP -onjugates. The observa-tion of CP is related to the interferene between di�erent amplitudes that ontribute to theseproesses, manifested by the omplex phase in the oupling that breaks CP invariane, more
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Figure 1.3: Diagrams showing the three type of CP violation: (A) CP violation in deay, (B) CPviolation in mixing and (C) CP violation between deays with and without mixing.details are given in Setion 1.1.5.3. The possible manifestation of CP violation an be lassi-�ed in three ategories: (A) CP violation in deay, (B) CP violation in mixing and (C) CPviolation between deays with and without mixing (Mixing-indued CP violation). Fig. 1.3illustrates eah manifestation type of CP violation. In eah ase there is a orrespondingobservable of CP violation. All CP violation observables in the proesses of B0/B0 deay-ing to the �nal state f(f̄)/f̄(f) an be expressed in terms of phase-onvention-independentombination of Af , Āf , Af̄ and Āf̄ with q/p.1.1.5.3 CP violation in deayThis type of CP violation is a diret CP violation, whih requires a �avour-tagging informa-tion on the initial state in the neutral B deays, i.e. a distintion between the deays of B0and B0 to a �nal state f and f̄ , respetively, where
CP |f〉 = e2iθ(f)|f̄〉 .

θ(f) here is is an arbitrary phase. The manifestation of CP violation in this ase ours if
Γ(B0 → f) is di�erent from Γ(B0 → f̄). The terms λf and λ̄f̄ in equations (1.26) and (1.28)are zero. Thus the proess rate will be proportional to the total amplitude square. The CPasymmetry an be written as

ACP =
|Āf̄ |2 − |Af |2
|Āf̄ |2 + |Af |2

, (1.33)



1.1 CP violation in the SM 13hene, the CP violation in deay ours when
|Āf̄ |
|Af |

6= 1 =⇒ CP violation. (1.34)If several amplitudes j ontribute to the deay B0(B0) → f(f̄), the total amplitude Afand its CP onjugate amplitude Āf̄ an be de�ned in term of a real magnitude aj , weakphase φj and strong phase δj :
Af =

∑

j

aje
i(δj+φj) ,

Āf̄ =
∑

j

aje
i(δj−φj) . (1.35)The CP asymmetry beomes

ACP =
2
∑

jk ajak sin(δj − δk) sin(φj − φk)
∑

jk a
2
j + a2

k + 2ajak cos(δj − δk) cos(φj − φk)
, (1.36)From equation (1.36) it an been seen that ACP will have a non-zero value if the weakphases, as well as the strong phases, from the proesses that ontributes to the �nal stateare di�erent. The interferene is a key requirement for the manifestation of CP violation,whih the amplitude Af should have at least two ontributing omplex amplitudes withdi�erent weak and strong phase, the reason for that omes from the fat that CP -onjugateamplitude di�er from the original amplitudes at most by a phase fator. The CP violationin deay is most thoroughly studied in b-hadron deays to harmless two body �nal states.An appropriate example is B0 → K+π− [26℄.1.1.5.4 CP violation in mixingThe CP violation in mixing is an indiret CP violation, whih implies that the osillationfrom B0 to B0 is di�erent from the osillation B0 to B0

Γ(B0 → B0) 6= Γ(B0 → B0) =⇒ CP violation in mixing. (1.37)The CP asymmetry an be written as
Acp =

ΓB0→B0 − ΓB0→B0

ΓB0→B0 + ΓB0→B0

,

=

∣

∣〈B0|Heff |B0〉
∣

∣−
∣

∣〈B0|Heff |B0〉
∣

∣

∣

∣〈B0|Heff |B0〉
∣

∣ +
∣

∣〈B0|Heff |B0〉
∣

∣

. (1.38)To hek that the di�erene between ∣

∣〈B0|Heff |B0〉
∣

∣ and ∣

∣〈B0|Heff |B0〉
∣

∣ is a sign of mixing
CP violation, we apply the CP operator on the two terms
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〈B0|Heff |B0〉 CP−−→ 〈B0|(CP )†(CP )Heff(CP )†(CP )|B0〉

= 〈B0|(CP )†HCP
eff (CP )|B0〉

= e−4iθ(B0)〈B0|HCP
eff |B0〉 , (1.39)

〈B0|Heff |B0〉 = e4iθ(B0)〈B0|HCP
eff |B0〉 , (1.40)where HCP

eff = (CP )Heff(CP )† and θ(B0) is the arbitrary unphysial phase introdued inEq. (1.20). So, if CP is a symmetry of Heff then [Heff , CP ] = 0, whih implies
Heff = HCP

eff =⇒
∣

∣〈B0|Heff |B0〉
∣

∣ =
∣

∣〈B0|Heff |B0〉
∣

∣ . (1.41)If the terms of Eq. (1.38) are desribed in the mass eigenstates basis {|BL〉, |BH〉}, the
CP asymmetry beomes

ACP =

∣

∣

∣

p
q

∣

∣

∣
−

∣

∣

∣

q
p

∣

∣

∣

∣

∣

∣

p
q

∣

∣

∣
+

∣

∣

∣

q
p

∣

∣

∣

. (1.42)Therefore, CP violation in mixing ours if
∣

∣

∣

∣

p

q

∣

∣

∣

∣

6= 1 =⇒ CP violation in mixing. (1.43)as was introdued earlier in this Chapter.The CP violation in mixing was observed experimentally in the neutral kaon system in1964 [25℄. CP violation in the B0-B0 or B0
s -B0

s mixings is expeted to be negligible in theSM [27�29℄. It has not been observed so far. In the following, we will assume that |q/p| = 1,unless otherwise stated.1.1.5.5 Mixing-indued CP violation
CP violation in the interferene between deays with and without mixing ours for thedeays of B0 and B0 to a �nal state f whih is a CP -eigenstate

B0(→ B0)→ f ← (B0 ←)B0 , CP |f〉 = ηCP |f〉 ,where ηCP is a CP -eigenvalue equal to 1 or −1. In the following, the �nal state CP -eigenstatewill be noted as fCP .This type of CP violation omes from the interferene of mixing and deay amplitudes
A(B0 → B0 → fCP ) and A(B0 → fCP ), respetively.The time-dependent mixing-indued CP asymmetry reads

ACP (t) =

dΓ
B0→f

(t)

dt
− dΓ

B0→f
(t)

dt
dΓ

B0→f
(t)

dt
+

dΓ
B0→f

(t)

dt

. (1.44)using Eq.(1.26) and (1.27) (or Eq.(1.28) and (1.29)), the CP asymmetry reads
ACP (t) = S sin(∆mt)− C cos(∆mt) , (1.45)



1.2 Constraints on CKM matrix elements 15where
S ≡ SfCP

= ηfCP

2Im(λfCP
)

1 + |λfCP
|2 , C ≡ CfCP

= ηCP
1− |λfCP

|2
1 + |λfCP

|2 . (1.46)Therefore, mixing-indued CP violation ours if S 6= 0.1.2 Constraints on CKM matrix elements1.2.1 Magnitudes of the matrix elementsThe nine CKM matrix elements Vjk are, in priniple, aessible experimentally thanks tothe oupling W±qj q̄k. The aim of this setion is to reapitulate the numerial values of theCKM matrix elements urrently measured:� |Vud|: this matrix element an be measured by means of three di�erent methods: thenulear β deay, the neutron lifetime and the pion β deay π+ → π0e+ν. Currently,the world best average [30℄ reads: |Vud| = 0.97425± 0.00022.� |Vus|: this matrix element is mainly determined from the measurement of the semilep-toni kaon deays. The urrent average value from the PDG [20℄ is |Vus| = 0.2253 ±
0.0008.� |Vcd|: the magnitude of this matrix element an be evaluated from semileptoni harmdeays, e.g. D → πlν. The other possibility to measure this parameter is via neutrinoand antineutrino interations [31℄. The average value given by the PDG [20℄ is |Vcd| =
0.225± 0.008.� |Vcs|: the magnitude of this matrix element an be determined diretly by means ofthe semileptoni deays of D or leptoni deays of Ds. It is also possible to use �avourtagged W deays [32℄. The world average value [20℄ reads: |Vcd| = 0.986± 0.016.� |Vcb|: this parameter an be determined from exlusive and inlusive semileptonideays of B mesons into harm, its average value given by the PDG [20℄ reads:
|Vcb| = (41.1± 1.3)× 10−3.� |Vub|: the determination of this parameter an be performed from the inlusive deay
B → Xulν̄, where Xu is harmless hadroni �nal state. In addition, exlusive deter-mination of |Vub| ome from the study of B → πlν̄l. The average value given by thePDG [20℄ is |Vub| = (4.13± 0.49)× 10−3.� |Vtd| and |Vts|: These two parameters an be measured in the osillation of B0-B0 and
B0

s -B0
s, where top quark appears in box diagrams, or in rare deays where top quarkan be found in loop diagrams in the SM. The average value given by the PDG [20℄for the ratio of the magnitudes of these matrix elements is: |Vtd/Vts| = 0.21± 0.04.� |Vtb|: the determination of this element matrix is made using the ratio of branhingfrations [33℄ R = B(t→Wb)/(t→Wq) = |Vtb|2/(

∑

q |Vtq|2) = |Vtb|2, where q = b, s, d.Another possible determination of |Vtb| makes used the single top-quark-produtionross setion. The average given by the PDG [20℄ for the magnitude of this matrixelement is: |Vtb| = 1.021± 0.032.



1.3 Charmless three-body neutral B deays 161.2.2 CKM anglesThe measurements of the angles of the unitarity CKM triangle Fig. 1.1 are important fordetermining the degree of CP violation in the standard model. To onstraint these threeangles α, β and γ, several CP -violating observables an be used:� α angle: the time-dependent CP asymmetry in b→ uūd deay dominated modes, allowsto measure sin 2α. Pratially, the measurements are taken on the deays B → ππ,
B → ρπ and B → ρρ.� β angle: it represents the mixing angle of the B0 mesons in the SM and is mea-sured through time-dependent CP asymmetry to a �nal state CP -eigenstate (f: Se-tion 1.3.1).� γ angle: it an be measured in tree-level B deays. For example, the interferene of
B− → D0K− and B− → D̄0K− gives aess to the γ angle.Fig. 1.4 superimpose all reent CKM onstraints determined under the SM hypothesisin the plane (ρ̄, η̄) (see Ref. [3℄).

1.3 Charmless three-body neutral B deaysThe B0 and B0
s mesons o�er a relevant environment for studying CP violation as the non-squashed unitarity triangles involve quark transitions with the b-quark. Several parametersof the unitarity CKM triangle an be aessible by B mesons physis, suh as the magnitudeof the matrix elements |Vcb|, |Vub|, |Vtd| and |Vts| as well as the three angles given in theprevious setion α, β and γ.Among the di�erent types of neutral B deays, the three-body harmless neutral B de-ays is the proess studied in this thesis work. This type of deays provides a rih laboratoryfor studying di�erent aspets as CP violation, strong interation, onstraints in the CKMtriangle et.. In addition, the spei� harmless hadroni �nal state, inluding a K0

S meson,namely B0
d,s→ K0

S
π+π−, B0

d,s→ K0
S
K±π∓ and B0

d,s→ K0
S
K+K−, has a variety of physisinterpretations. The �nal states B0→ K0

S
π+π− and B0→ K0

S
K+K− allow for the measure-ment of the weak phase of B0-B0 mixing in b→ qq̄s transitions, whih an be obtained, forexample, by a time-dependent tagged analysis of the three-body Dalitz plot. The omparisonof the weak phase determination in b → qq̄s and b → cc̄s transitions an be a measure ofNew Physis (NP) ontributions (see Setion 1.3.1), under the assumption that the b→ cc̄stransition is dominated by SM proesses. Studying the deay B0

s → K0
S
π+π− is a nees-sary ingredient for a lean extration of γ in harmless deays (Ref. [35℄) by means of ananalysis of the ratio of the amplitude of the isospin-related mode B0

s → K−π+π0 and itsharge onjugate, where a diret dependene on the weak phase (βs + γ) is exhibited. Inthat ase, an analysis of the B0
s→ K0

Sπ
+π− Dalitz plot will be required [36℄. Eventually thedeay B0

s→ K0
S
K±π∓ an allow to measure the weak phase of B0

s -B0
s mixing, analogously to

B0→ K0
Sπ

+π−. However, the signi�ant lifetime di�erene between the light and heavy B0
s
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Figure 1.4: Constraint on the unitarity triangle parameters at CL > 95% [34℄.eigenstates provide a sensitivity to the B0
s -B0

s mixing weak phase without a time-dependentstudy. The tagging of the initial �avour of the B0
s meson is nonetheless required.1.3.1 β angle and New PhysisThe deays B0 → K0

S
π+π− and B0 → K0

S
K+K− are dominated by b → qq̄s (q = u, d, s)quark transitions. Sine FCNC are forbidden at tree-level in the SM, the b → s transitionproeeds via loop diagrams, also alled penguin diagrams. The Feynman diagrams, tree andpenguin, for b→ qq̄s transition are given in Fig. 1.5.A study of the neutral B deay modes governed by b→ qq̄s transition gives aess to theCKM angle β. Also, the deays governed by b → cc̄s transition are the leanest, from thetheoretial point of view, to extrat β. To larify the way to aess the β angle, the golden
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Figure 1.6: Feynmann diagram of the Golden mode B0 → J/ψK0
S .mode B0 → J/ψK0

S ( Fig. 1.6), is taken as example. This deay B0 → (cc̄)K0 involves a
b̄→ c̄cs transition with an amplitude proportional to [V ∗

cbVcs], while B̄0 → (cc̄)K0 provides afator ηfCP
[VcbV

∗
cs]. Beause B0-B0 osillation is dominated by a loop diagram with a t-quark,it introdues a fator [V ∗

tdVtb/VtdV
∗
tb]. While K0-K0 mixing, dominated by the c-quark loop,adds a fator [V ∗

cdVcs/VcdV
∗
cs]. λfCP

for this transition reads
λfCP

= ηfCP

(

VtdV
∗
tb

V ∗
tdVtb

) (

VcbV
∗
cs

V ∗
cbVcs

) (

V ∗
cdVcs

VcdV ∗
cs

)

,

= ηfCP

(

VtdV
∗
tb

V ∗
cbVcd

) (

VtbV
∗
td

V ∗
cdVcb

)−1

. (1.47)Sine arg
(

VtdV ∗
tb

V ∗
cb

Vcd

)

= π − β and ∣

∣

∣

V ∗
td

Vtb

VtdV ∗
tb

∣

∣

∣
= 1, then,

λfCP
= ηfCP

e−2iβ . (1.48)For this mode |λfCP
|2 = 1, thus aording to Eq.(1.46) we get

S = ηfCP
Im(λfCP

) = (ηfCP
)2Im(e−2iβ) ,

= sin 2β . (1.49)The urrent average of sin(2β) for all the harmonia modes given by the Heavy FlavorAveraging Group (HFAG [5℄) is
sin(2β) = 0.69± 0.02 . (1.50)



1.3 Charmless three-body neutral B deays 19Mixing-indued CP -violating phase an similarly be determined from quasi-2-body B0deays resulting from a b → s transition, e.g B0 → φK0
S or B0 → f 0(980)K0

S to ite two ofthem. However, it has been shown [14, 37℄ that the omprehensive handling of the inlusive
B0→ K0

S
π+π− or B0→ K0

S
K+K− deays by means of a time-dependent �avour-tagged anal-ysis of their three-body Dalitz plot improves the sensitivity on the weak phase determination.These measurements of the CP -violating phase are predited to be approximately equal tothose in b→ cc̄s, disussed previously, by the CKM mehanism. Under the assumption thatthe b → cc̄s transition is dominated by the SM proess, the omparison of the weak phaseextration in b→ qq̄s and b→ cc̄s transition an be a measure of New Physis (NP) if thereis a di�erene, sine the loop diagrams that dominate the harmless deays an have ontri-bution from new partiles in several extensions of the SM, whih ould introdue additionalweak phases.



Chapter 2
B0→ K0

Sπ
+π−and Dalitz Plot formalism

In the amplitude analysis of the deay B0→ K0
S
π+π−, the main hallenge is the determi-nation of the signal probability density funtion (p.d.f.), from the partial deay rate, whihdesribes both the kinematis and the dynamis properties of the deay proess. There-fore, I disuss in the �rst part of this hapter the kinematis features of the deay proess

B0→ K0
S
π+π− and the Dalitz Plot (DP) tehnique [38, 39℄ used in this thesis. The deaysof heavy mesons to three-body �nal states have a large phase spae and are generally domi-nated by intermediate resonanes, whih an be desribed as quasi-two-body (Q2B). In aseof B0→ K0

S
π+π− for example, the deay an proeed via B0 → (K∗(892)+ → K0

Sπ
−)π+,

B0 → (f0(980)→ π+π−)K0
S, et. After having desribed the DP tehnique, the seond partof this hapter will fous on the deay dynamis models. All the �gures provided in thishapter are made in the framework of the CRAFT software desribed in Appendix E.2.1 Three-body kinematis: The Dalitz-plotThe deay B0→ K0

Sπ
+π− has three partiles in the �nal state, hene the variables desribingthe kinematis of this system are the four 4-vetors energy-momenta, pB0(mB0 ,~0), pK0

S
≡

p0(E0, ~p0), pπ+ ≡ p+(E+, ~p+) and pπ− ≡ p−(E−, ~p−). The original number of unknowns inthis system is twelve. The partial deay rate of B0→ K0
S
π+π− an be written as

dΓ =
(2π)4

2mB0

|A|2dΦ3(pB0 , p0, p+, p−) , (2.1)where A is the deay amplitude desribed in Setion 1.1.5.2 and dΦ3 is the phase spaeelement of the proess B0→ K0
S
π+π− given by

dΦ3(pB0 , p0, p+, p−) = δ(mB0 − (E0 + E+ + E−))
dp0

E0

dp+

E+

dp−
E−

(2.2)Aording to several features of the three-body deays this number of unknowns an beredued:



2.2 Heliity angle 21� The masses of the three partile daughters are known: 3 onstraints.� Energy and momentum onservation: 4 onstraints.� The two spatial angles are irrelevant (B0 is spin 0): 3 onstraints.In total there are 10 onstraints that redue the unknowns to two for a spin 0 partile(for more details see Appendix A). The two-body invariant masses squared, named also DPvariables, are used to desribe the kinematis of the system
m2

K0
Sπ+ ≡ s+ = (p+ + p0)

2 , m2
K0

Sπ− ≡ s− = (p− + p0)
2 . (2.3)The third DP variable is the invariant mass square of the two pions

m2
π+π− ≡ s0 = (p+ + p−)2 , (2.4)whih an be related with the other two variables by the DP boundary equation

s0 = m2
B0 +m2

K0
S

+m2
π+ +m2

π− − (s+ + s−) . (2.5)Using the DP variables to desribe the B0→ K0
S
π+π− deay, the partial deay rate reads

dΓ =
1

(2π)3

|A|2
32mB0

ds+ds− . (2.6)In the following A and Ā will desribe the deay amplitude of B0 → K0
Sπ

+π− and B0 →
K0

Sπ
+π−, respetively.The extreme edges of the boundary for eah axis desribe situations where the momentaof two partiles are parallel (same diretion) or anti-parallel (reversed diretion). Fig. 2.1illustrates the status of daughter partiles in the Dalitz plane of B0→ K0

S
π+π−.2.2 Heliity angleWe note i, j and k the indies of the three daughters in the deay B0 → K0

S
π+π−. Theheliity angle, (θH)ij , is de�ned by the angle between the hadrons j and k in the ij restframe, expressed as

cos(θH)ij =
(m2

jk)max + (m2
jk)min − 2m2

jk

(m2
jk)max − (m2

jk)min
. (2.7)The heliity frame is useful sine the spin of a resonane an be identi�ed by the dis-tribution in cos θH . A salar resonane (spin 0) for instane has a uniform distribution in

cos θH , hene uniform as well in the DP, whereas the distribution for a vetor resonane(spin 1) in DP populates two regions separated by a depleted node. A tensor resonane(spin 2) is distributed in the DP along three onseutive regions separated by two depletednodes. Eq. (2.7) illustrates these features in DP for B0→ K0
S
π+π−, for eah spin value.



2.3 Three-body dynamis: Isobar Model 22Figure 2.1: Graphial representation of the �nal state daughters kinematis in the Dalitz Plot of thedeay B0→ K0
Sπ

+π−. The dashed lines represent the kinematis limits of the Dalitz plane.CRAFT

Figure 2.2: The distribution of the resonane K∗(1430) (m0 = 1425 MeV, Γ0 = 270 MeV) in theDP of B0→ K0
Sπ

+π−, with di�erent spin, spin 0 (left), spin 1 (middle) and spin 2 (right).
CRAFT CRAFT CRAFT

2.3 Three-body dynamis: Isobar ModelFollowing the deay rate expression (2.6), a onstant DP-dependent amplitude A will uni-formly populate the DP (phase spae). The non-uniformity in the DP, in the form of exessof events in spei� regions, gives information on the amplitude A, whih atually ontainsall the underlying dynamis of the deay.Usually, the deay amplitudes are parametrised using the Isobar Model [40℄. The IsobarModel approximates the total amplitude as a oherent sum of terms with individual omplex



2.3 Three-body dynamis: Isobar Model 23probability amplitude and dynamial funtion, eah representing an intermediate resonanein one pair of partiles, a non-resonant but strongly interating pair of partiles and/or anon-resonant phase spae deay. This reads mathematially
|A(s+, s−)|2 =

∣

∣

∣

∣

∣

∑

j

cjFj(s+, s−)

∣

∣

∣

∣

∣

2

=

∣

∣

∣

∣

∣

∑

j

aje
iφjFj(s+, s−)

∣

∣

∣

∣

∣

2

,

∣

∣Ā(s+, s−)
∣

∣

2
=

∣

∣

∣

∣

∣

∑

j

c̄jF̄j(s+, s−)

∣

∣

∣

∣

∣

2

=

∣

∣

∣

∣

∣

∑

j

āje
iφ̄j F̄j(s+, s−)

∣

∣

∣

∣

∣

2

, (2.8)where aj and φj are the relative magnitude and phase, denoted isobar parameters, of theomponent j. Fj is the spin-dependent dynamial funtion, desribed in more details inthe following. The isobar parameters ontain the weak and the strong phases dependene,whereas Fj ontains the strong dynamis only. Therefore
Fj(s+, s−) = F̄j(s−, s+) . (2.9)The spin-dependent dynamial funtion Fj an be expanded in terms of resonane massfuntion, angular distribution probabilities and orretive fators to onserve the angularmomentum due to the spin of the intermediate resonane

Fj(s+, s−, L) = Rj(s)×XL(|~p|r)×XL(|~q|r)× Tj(L, ~p, ~q) , (2.10)where:� s is the invariant mass square (in this analysis, it an be s+, s− or s0) of the deayproduts of the resonane,� ~p and ~q are the momenta of the bahelor partile and one of the resonane daughtersrespetively, both evaluated in the rest frame of the resonane.� L is the orbital angular momentum between the resonane and the bahelor partile,� Rj(s) is the resonane mass term or line-shape desribing the resonane j,� Tj(L, ~p, ~q) orresponds to the angular distribution of the resonane daughters,� XL(|~p|r) and XL(|~q|r) are the barrier fators for the prodution of the resonane andthe bahelor partile, and the prodution of daughters resonane, respetively.The two latter quantities are made expliit in the next subsetion.2.3.1 Angular distributionsIn the Zemah tensor formalism [41℄, the angular probability distribution terms, Tj(L, ~p, ~q),are given by
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Tj(0, ~p, ~q) = 1 , (2.11)
Tj(1, ~p, ~q) = −2~p · ~q , (2.12)
Tj(2, ~p, ~q) =

4

3
[3(~p · ~q)− (|~p||~q)|] (2.13)The funtion XL(z) in Eq. (2.10) , where z = |~p|r or |~q|r, represents the Blatt-Weisskopfbarrier fator [42℄, whih depends on a single parameter, the resonane radius r. Sine theZemah tensor formalism is used to desribe the angular distribution term, the so-alled"primed" form of the Blatt-Weisskopf barrier fators, given in Ref. [20℄, is used instead ofthe standard expression. This expression for a given angular momentum L an be expressedas

XL=0(z) = 1 , (2.14)
XL=1(z) =

√

1 + z2
0

1 + z2
, (2.15)

XL=2(z) =

√

z4
0 + 3z2

0 + 9

z4 + 3z2 + 9
. (2.16)where z0 represents the value of z when the invariant mass is equal to the mass pole of theresonane.2.4 Mass term desriptionIn the DP analysis of B0→ K0

Sπ
+π−, most of the resonanes are modelled by a RelativistiBreit-Wigner (RBW). Some deay resonanes of interest deserve a dediated modelling. Thedi�erent form of lineshapes used in the B0→ K0

S
π+π− amplitude analysis are desribed inthe following.2.4.1 Relativisti Breit Wigner lineshapeThe relativisti Breit Wigner (RBW) ommonly models the invariant mass distribution (m =√

s) of an unstable partile travelling at relativisti speeds. The RBW mass lineshape isexpressed as
R(m) =

m0Γ0

m2 −m2
0 − im0Γ(m)

, (2.17)where m0 is the pole mass of the resonane and Γ0 is its natural width. Γ(m) is the mass-dependent width given by
Γ(m) = Γ0

m0

m

(

p(m)

p(m0)

)2J+1
XJ(z(m))

XJ(z(m0))
. (2.18)
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Figure 2.3: The relativisti Breit-Wigner probability density funtion of the salar resonane
K∗

0 (1430).

CRAFT

We noted J the spin of the resonane and p the momentum of one of the resonane daughters.The latter an be expressed as a funtion of m
p(m) =

m

2

(

1− (ma +mb)
2

m2

)1/2 (

1− (ma −mb)
2

m2

)1/2

, (2.19)where ma and mb are the masses of the resonane daughters.A Breit-Wigner parametrisation desribes adequately isolated, non overlapping reso-nanes far from the threshold of additional deay hannels, in order to ensure the unitar-ity. The salar intermediate resonane K∗+
0 (1430) (involved in the amplitude of the deay

B0 → (K∗+
0 (1430) → K0

Sπ
+)π−) is used here to illustrate the Breit-Wigner model hara-teristis. Fig. 2.3 shows the amplitude square of the Breit-Wigner distribution. The Arganddiagram of this distribution should be a unit irle, as shown in Fig. 2.4. The Breit-Wignerfuntion, for a salar resonane, an be expressed in term of the phase shift δ(m) as

R(m) =
1

i+ cot δ(m)
. (2.20)When the invariant mass reahes the mass pole (m = m0), the phase-shift is equal to δ =

π
2
. This feature is displayed in Fig. 2.5. Another important harateristi of the RBWparametrisation is that the derivative of δ(m) overm should have a pole in the mass resonaneas shown in Fig. 2.5.We will review in the following the additional parametrisations used in the B0→ K0

S
π+π−DP analysis, emphasizing eah time why the RBW fails at providing a relevant mass line-shape.
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Figure 2.4: Argand diagram of the salar resonane K∗
0 (1430). The blak points represent the line-shape amplitude evaluated at various equally spaed point in the invariant mass.

CRAFT

Figure 2.5: The phase-shift distribution (left) and its derivative (right), of the salar resonane
K∗

0 (1430).

CRAFTCRAFT

2.4.2 Gounaris-Sakurai (GS) lineshapeThis mass lineshape, displayed in Fig. 2.6, is a modi�ed relativisti Breit-Wigner. GS distri-bution [43℄ desribes adequately the P -wave ππ sattering amplitude for a broad resonane(e.g. ρ(770)). The GS lineshape is de�ned as
R(m) =

1 + d · Γ0/m0

(m2
0 −m2) + f(m)− im0Γ(m)

, (2.21)
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Figure 2.6: Gounaris-Sakurai p.d.f. shape of the vetor resonane ρ0(770).

CRAFT

where
f(m) = Γ0

m2
0

p3(m0)

[

p2(m)(h(m)− h(m0)) + (m2
0 −m2)p2(m0)

dh

dm2

∣

∣

∣

∣

m=m0

]

, (2.22)
h(m) =

2

π

p(m)

m
ln

(

m+ 2p(m)

2mπ

)

, (2.23)with
dh

dm2

∣

∣

∣

∣

m=m0

= h(m0)

(

1

8p2(m0)
− 1

2πm2
0

)

. (2.24)
m0, Γ0 are the mass and the width of resonane, p is the momentum of one of resonanedaughters desribed in Eq. (2.19). The normalization ondition at R(0) �xes the parameter
d = f(0)/(Γ0m0). It is found to be

d =
3

π

m2
π

p(m0)2
ln

(

m0 + 2p(m0)

2mπ

)

+
m0

2πp(m0)
− m2

πm0

πp(m0)3
. (2.25)2.4.3 Flatté mass lineshapeThe viinity of a threshold in the resonane shape distorts the mass lineshape from a simpleBreit-Wigner. This type of resonane is best modelled by the Flatté parametrisation [44℄.In the ontext of this analysis, the most striking example is the resonane f0(980) whih an



2.4 Mass term desription 28deay in both π+π− and K+K− �nal states. The K+K− kinemati threshold opens lose tothe pole mass of the f0(980).The Flatté lineshape, displayed in Fig. 2.7, is similar to the RBW lineshape where themass-dependent width is given by the sum of the widths in the two di�erent deay hannels
1 and 2

Γ(m) = Γ1(m) + Γ2(m) , (2.26)In the example of the f0(980) resonane reonstruted as ππ, the total width of thisresonane is given by
Γ(mππ) = Γππ(mππ) + ΓKK(mππ) , (2.27)where

Γππ(mππ) = gπρππ(mππ) , (2.28)
ΓKK(mππ) = gKρKK(mππ) . (2.29)

gπ and gK are the oupling onstants, ρi(mππ) represents the phase spae and is given by
ρππ =

pπ(mππ)

mππ

, (2.30)
ρKK =

pK(mππ)

mππ
, (2.31)where pπ(mππ) is desribed by Eq. (2.19) and pK(mππ) is desribed as

pK =

(

m2
ππ

4
−m2

K

)1/2

, mππ ≥ 2mK (2.32)
pK = i

(

m2
ππ

4
−m2

K

)1/2

, mππ < 2mK . (2.33)2.4.4 LASS mass lineshapeThe LASS parametrisation [45℄ is de�ned to model the S-wave omponent (Kπ)∗±0 , whihonsists of the K∗(1430) resonane together with an e�etive range non-resonant omponent
R(mKπ) =

mKπ

p(mKπ) cot δB − ip(mKπ)
+ e2iδB

m2
0Γ0/p(m0)

(m2
0 −m2

Kπ − im0
p(m)
mKπ

m0

p(m0)
)
, (2.34)where cot δB =

1

ap(m) + 1
2
rp(m)

. Here, δB represents the non-resonant phase shift, a is thesattering length and r is the e�etive range. In the literature, most of the analyses making
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Figure 2.7: An example of the Flatté p.d.f. shape desribing the salar resonane f0(980).

CRAFT

use of this parametrisation ut o� the e�etive range term at an invariant mass value typiallyin the range [1600; 1800] MeV/c2. Atually, the parameters of the LASS funtion are derivedfrom the inelasti sattering experiments whih were either limited in the mass range orprovided an ambiguous interpretation of their data above a ertain energy. For the analysisof this thesis, the values of the sattering length and the e�etive range are taken from BaBaranalysis [14℄ (a = 2.07 ± 0.10 ( GeV/c)−1, r = 3.32 ± 0.34 ( GeV/c)−1). Fig. 2.8 shows theLASS lineshape desribing the Kπ S-wave.2.4.5 Redued K-matrixThe redued K-matrix is used in this thesis analysis to desribe the ππ S-wave at lowinvariant mass (mππ < 0.9 GeV), represented by a ombination of f0(500) resonane and anon-resonant π+π− S-wave. The mass-dependent amplitude of this parametrisation used forlow mass ππ S-wave reads
R(mππ) ∝ K(mππ)

1− iρ(mππ)K(mππ)
, (2.35)with

K(mππ) = Kres(mππ) +Knon−res =
m0Γ(mππ)

(m2
0 −m2

ππ)ρ(mππ)
+ κ , (2.36)where ρ(mππ) is the phase-spae fator as given in Eq. (2.27). κ is a real onstant meant todesribe the non-resonant omponent, m0 and Γ(mππ) are the pole mass and mass-dependentwidth of f0(500) resonane, respetively.
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Figure 2.8: LASS p.d.f. shape desribing the Kπ S-wave (K∗
0 (1430)+ non-resonant).
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Figure 2.9: An example of the redued K-matrix formalism desribes the ombination of the salarresonane f0(500) and small amplitude of non-resonant: the amplitude shape (left), the Arganddiagram (right). The unit irle is not omplete due to the threshold of mππ.
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In the K-matrix formalism, the unitary of the sattering matrix is automatially respeted,whih implies that the Argand diagram of this model is desribed by a unit irle, skethedin Eq. (2.36). The same �gure shows the redued K-matrix line-shape desribing a ombina-tion of the salar resonane f0(500), with a nominal mass m0 = 513 MeV and nominal width
Γ0 = 335 MeV, and a non-resonant part with κ = −0.07.One interesting feature of this lineshape is that a usp point ours when the phase-shiftof the amplitude is equal to zero
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Figure 2.10: The amplitude and phase-shift of the ombination f0(500) + κ as a funtion of theinvariant mass mππ with di�erent values of κ: 0.5(red), -0.5(green), 1(red), -1(yellow), 2(blak),-2(grey).
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δ(mππ) =
1

2
arctan

(

(K(mππ) + κ)2 − 1

2(K(mππ) + κ)

)

+
π

4
= 0 , (2.37)

=⇒ K(mππ) = −κ . (2.38)The oordinate of the usp in the mππ axis is expressed by
mcusp(κ) = m0

√

1 +
Γ0

κ
√

m2
0 − 4m2

π

. (2.39)It is lear from the previous equation that the usp point oordinate relates diretly to thevalue of κ. To illustrate the e�et of the non-resonant, six models of the redued K-matrixdesribing the ombination f0(500) and non-resonant with di�erent κ value are proposedin Eq. (2.39).2.5 DP probability density funtion and CP Observablesattahed to the B0→ K0
Sπ

+π− deayThe Dalitz Plot tehnique allows to onstrut a realisti signal p.d.f., where both the kine-matial and dynamial properties of the deay an be aurately modelled. In the following,the general formalism of the time-dependent p.d.f. is spelled out and the untagged time-integrated form is eventually derived.



2.5 DP probability density funtion and CP Observables 322.5.1 Probability density funtionThe DP time-dependent p.d.f. of the deay (B0,B0)→ K0
Sπ

+π− is given by
P(s+, s−, t, rtag) =

dΓB0,B0(t)

dt
, (2.40)

=
Γ

2
e−Γt(|A(s+, s−)|2 + |Ā(s+, s−)|2)[1 + rtag(C cos(∆mt)− S sin(∆mt))] ,where rtag is the tagging parameter, determining whether the signal andidate is a B0 or

B0 meson at the time of prodution. Eah tagged B andidate is thus assigned a value
rtag = 1,−1 or 0. The value 1 means the B andidate at time of prodution was a B0whereas a value of −1 is assigned to andidates whih were a B0 at time of prodution. Thetagging parameter equal to 0 states that no tagging information (untagged) is available forthis andidate.De�ning the following three integration terms

∫ ∞

0

e−Γt cos(∆mt)dt =
Γ

∆m2 + Γ2
, (2.41)

∫ ∞

0

e−Γt sin(∆mt)dt =
∆m

∆m2 + Γ2
, (2.42)

∫ ∞

0

Γe−Γtdt = 1, (2.43)the DP-dependent p.d.f. reads
P(s+, s−, rtag) = (|A(s+, s−)|2 + |Ā(s+, s−)|2)

[

1 + rtag

(

C − xdS

x2
d + 1

)]

, (2.44)where xd is the B0-B0 mixing parameter, xd = ∆m/Γ. The world average of its measurementsgiven in [20℄ is xd = 0.774± 0.006.It is important to notie that the tagging information and the value of the xd parameterare required to have aess to CP observables C and S, and the mixing parameter xd. Inase where no information of tagging is present, whih ours for the DP analysis of thedeay B0→ K0
S
π+π− presented in this doument, the DP p.d.f. simpli�es as an inoherentsum of amplitudes

P(s+, s−) = |A(s+, s−)|2 + |Ā(s+, s−)|2 . (2.45)2.5.2 The Square Dalitz PlotThe boundaries of the B0 → K0
S
π+π− DP are partiularly important sine most of theinterferenes between amplitudes implying intermediate resonanes are loated there. As aonsequene, the interesting physis of the deay of interest lies in small areas of the DP. Inorder to better desribe and display these interferene regions, one an advantageously applya transformation to the standard DP kinematis variables for the deay B0→ K0

Sπ
+π−
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Figure 2.11: The plot on the left shows a �at distribution over the nominal DP for B0→ K0
Sπ

+π−deays and the plot on the right displays its transformation to SDP oordinates where the distributionis nothing else than the determinant of the Jaobian of the transformation, provided Eq. (2.48).
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m′ =
1

π
arccos

(

2
mπ+π− −mmin

π+π−

mmax
π+π− −mmin

π+π−

− 1

)

, (2.46)
θ′ =

1

π
θπ+π− , (2.47)where mmin

π+π− and mmax
π+π− are the kinematis limits of mππ and θπ+π− is the heliity angle ofthe CP -eigenstate resonanes.That transformation maps the DP into a retangle denoted square Dalitz plot (SDP).For B0→ K0

Sπ
+π−, the SDP di�erential element is obtained by the transformation

dm2
KSπ+dm2

KSπ− → |detJ |dm′dθ′ , (2.48)where J is the Jaobian of the transformation. Fig. 2.11 illustrates its e�et for a �atdistribution in the DP. This tehnique was used for the �rst time in the analysis of B+ →
π+π+π− [46℄.



Chapter 3 Large Hadron Collider and the LHCb experiment
The data analysed in this thesis were reorded during the years 2011 and 2012 by the LHCbdetetor, one of the four main experiments at the Large Hadron Collider (LHC). The followinghapter desribes shortly the designs of the LHC mahine and LHCb experiment. Basiinformation on the aelerator is provided. The LHCb desription is rapid as well and theinterested reader an go to the omprehensive disussion of the LHCb detetor given in [47℄.However, a fous is given in this doument to the sub-detetor omponents that are importantfor our analysis.3.1 The Large Hadron Collider at CERNThe LHC is a two rings aelerator, irulating proton or ion beams in opposite diretions.It is loated at the European Organisation for Nulear Researh (CERN). The LHC has a
∼ 27 km irumferene, housed in a tunnel 100 m underground, previously used by theLarge Eletron Positron Collider (LEP). Fig. 3.1 displays the tunnel loation. The LHCan aelerate proton beams up to an energy of 6.5 TeV. The �rst ollisions at 900 GeVwere delivered on September 10th, 2008. A tehnial aident in one of superondutingmagneti dipoles damaged a part of the infrastruture, whih fored an unsheduled stop ofone year and a revision of the maximal beam energy during the Run I. Stable beams wereagain present in the LHC on November 20th, 2009. After the winter shut-down, in Marh2010, the �rst ollisions at 7 TeV in the enter-of-mass were reorded. After two years ofdata taking, the enter-of-mass energy was inreased to 8 TeV.3.1.1 The LHC aelerator systemThe proton are aelerated via a series of di�erent systems before being injeted into theLHC. First hydrogen moleules are ionized to get protons and aelerated by the LINAC2aelerator at an energy of 50 MeV. The aelerated protons are then injeted into theProton Synhrotron Booster, whih aelerates them further up to 1.4 GeV. Afterwards,the protons are transferred to the Proton Synhrotron (PS) where they reah the energy of
25 GeV. The �nal step before the injetion to the LHC is the Super Proton Synhrotron,
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Figure 3.1: Shemati overview of LHC and the position of the four major LHC experiments.whih aelerates the protons to 450 GeV. The Fig. 3.2 provides a shematis of the CERNaelerators omplex.

Figure 3.2: CERN aelerator omplex. The four interation points along the LHC are indiated.



3.1 The Large Hadron Collider at CERN 363.1.2 Experiments at the LHCThe LHC hosts four major partile physis experiments. The two experiments ATLAS [48℄and CMS [49℄ are multi-purpose detetors. The Higgs boson study and the searh for NewPhysis onstitute their main physis goals. Both experiments suessfully disovered theHiggs boson in July 2012 [50,51℄. The ALICE experiment [52℄ is heavy-ion detetor, aiming atstudying the physis of the quark-gluon plasma medium. The Large Hadron Collider beautyexperiment, LHCb [47℄, is designed to study CP violation in the harmed and beautifulhadrons deays and the mixing of neutral c- and b-mesons as well as rare deays of heavy�avoured partiles. The LHCb detetor will be desribed in the following setions.3.1.3 Luminosity and bb̄ quark pair produtionThe luminosity of the mahine at an interation point is given by (Ref [53℄):
L =

N1N2 kb fγ F

4πβ∗ǫ
, (3.1)where Ni (i = 1, 2) is the number of protons in eah bunhes, kb is the number of bunhes, fis the revolution frequeny, γ = Ep/mp is the Lorentz fator, β∗ is the value of the betatronfuntion at the interation point, ǫ is the emittane and F is the redution fator. Theorresponding values for these parameters at the peak performane of the LHC in 2012 areshown in Table 3.1 Table 3.1: Performane related parameter overview [54℄.Parameter Value in 2012 Design valueBeam energy [TeV ℄ 4 7

β∗ in IP 1,2,5,8 [m ℄ 0.6, 3.0, 0.6, 3.0 0.55Bunh spaing [ ns ℄ 50 25Number of bunhes 1374 2808Average bunh intensity 1.6 - 1.7× 1011 1.15× 1011

[protons per bunh]Normalized emittane at 2.5 3.75start of �ll [mm.mrad ℄Peak luminosity [ cm−2s−1 ℄ 7.7× 1033 1× 1034Max. mean number of ≈ 40 19events per bunh rossingStored beam energy [MJ℄ ≈ 140 362The LHCb experiment does not operate at the nominal luminosity of the mahine. Fig. 3.3shows the evolution of the number of primary verties as a funtion of the luminosity. Sinethe assoiation of the weakly deaying b- or c-hadron deay vertex with its prodution vertexis a ruial physis requirement for most of the LHCb analyses, it is mandatory to limit theluminosity to values below 1033. This has been realized by adjusting the beam positionsalong the �ll to maintain a onstant and adequate luminosity. This tehnique is known as



3.2 The LHCb detetor 37the luminosity levelling [47,55℄. The integrated luminosity reorded during 2010 and 2011 isabout 1.1 fb−1 at enter-of-mass energy √s = 7 TeV and that reorded in 2012 at √s = 8
TeV is about 2 fb−1. The integrated luminosity as a funtion of time is shown in Fig. 3.7.
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Figure 3.3: Probability for 0, 1, 2, 3 or 4 inelasti ollisions per bunh rossing as funtion of theluminosity.The dominant mehanism of the bb quark pair prodution in the proton-proton ollisionis the gluon fusion. Fig. 3.4 shows some diagrams of the most signi�ant ontributions. Thegluon interations lead to a prodution of bb quark pair predominantly in the same forwardor bakward one as shown in Fig. 3.5.In LHCb, the deays of b hadron into �nal states ontaining a D0 meson and a muon areused to measure the bb̄ prodution ross-setion. In pp ollisions at a enter-of-mass energyof 7 TeV, as well in the pseudorapidity interval 2 < η < 6 and integrated over all transversemomenta, the measurement of the average ross-setion to produe b-�avoured or b̄-�avouredhadrons is found to be ≈ 75.3± 14 µb (≈ 280 µb in the full phase spae).3.2 The LHCb detetor3.2.1 General overviewThe design of the LHCb detetor is driven by the properties of heavy quarks prodution. Asdisussed previously in Setion 3.1.2, the heavy quark pair bb, is produed in the forward
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Figure 3.4: Examples of gluon-gluon interation produing a bb quark pair.

Figure 3.5: Angular distribution of the bb quarks pair in the LHCb, omputed with Pythia [56℄.The red histogram shows the quarks pair angular distribution within LHCb aeptane.or bakward diretion with very small angle w.r.t. the diretion of the beam. Due to thevery asymmetri parton ollisions, the bb pairs are produed with a large boost along thediretion of the higher momentum parton. Therefore, the LHCb detetor is designed as asingle-armmagneti dipole spetrometer, whih sits forward of the interation point, overingan aeptane of 10 mrad, to 250 mrad in the horizontal plane w.r.t. the beam line and
10 mrad, to 300 mrad in the vertial plane, whih orrespond to a 2 < η < 5 pseudorapidityrange. The highlighted distribution in red in Fig. 3.5 shows the distribution of bb quark pairswithin LHCb aeptane whih illustrates the motivation behind the hoie of the detetorgeometry. The layout of the detetor is given in Fig. 3.6.The right-handed Cartesian oordinate system is used to desribe the LHCb dimension.The origin of the oordinate system is hosen to be at the pp interation point, whih is theregion surrounded by the VErtex LOator (VELO).As mentioned in Setion 3.1.3, the lower luminosity than the nominal one eases thereonstrution of traks in the high multipliity forward region. Aordingly, a very good
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Figure 3.6: LHCb shemati overview.separation of the Primary Verties (PV: p-p interation point) and Seondary Verties (SV:deay point) is obtained. This is of major importane sine the displaed deay vertex is adistintive feature of b and c hadrons.The detetor omponents an be divided into two main ategories, the traking systemwhih onsists of the VELO, the Traker Turiensis (TT) and the T stations. The seondategory onsists of sub-detetors dediated to partile identi�ation (and trigger purposes)omposed by the two Ring-Imaging CHerenkov detetors (RICH), the alorimetry system andmuon hambers. In the following setions, eah of the LHCb subsystems will be desribed.3.2.2 Traking systemMost of the physis studies in LHCb experiment require an aurate vertex reonstrutionand exellent momentum resolution. These hallenging requirements are met thanks to thetraking system. The VELO and the TT stations are loated upstream the dipole magnet,whereas the T stations are plaed downstream the magnet.3.2.2.1 Vertex LoatorThe vertex loator is a silion strip detetor enlosing the interation point. It onsists of
21 stations arranged along the beam diretion, illustrated in Fig. 3.8. Eah station onsistsof two layers of silion mirostrips. The VELO measures the trak oordinates r, read bythe R-Sensor, and φ, read by the Phi-Sensor. The z oordinate is given by the loation ofthe station. These ylindrial oordinate measurements are used to reonstrut the displaed
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Figure 3.7: LHCb delivered and reorded luminosity in Run 1.seondary verties, generated by the lifetime of the heavy �avoured weakly-interating hadrondeays. The use of the ylindrial oordinates rather than the Cartesian is required by theHigh Level Trigger (HLT) performane, for whih 2D (rz) traking has been demonstratedto yield a faster reonstrution with enough impat parameters resolution. The layout ofthe two di�erent types of sensors is displayed in Fig. 3.10. The sensitive area of the modulesstarts at 8 mm, while this radius is muh smaller than the aperture required by the LHCduring the injetion. Aordingly, the sensors are retrated to a distane of 3 cm duringinjetion and ramping phases of the LHC (f. Fig. 3.9).The VELO permitting preision measurements of the prodution and deay verties ofbeauty and harm partiles whih allow to make aurate measurements of the deay life-times. The aurate measurement of deay lifetimes is required for the CP violation studies,therefore preise vertex reonstrution is important for this thesis analysis. The PV resolu-tion is strongly orrelated to the number of traks N used to reonstrut the vertex, Fig. 3.11shows the PV resolution of events with exatly one PV in 2011 and 2012 data as a funtionof trak multipliity N in the transverse plane.The B mesons are long lived partiles and hene their deay vertex is generally displaedfrom the PV. The traks made by partiles oming from the deay of long lived partilestherefore tend to have larger impat parameters than those made by partiles produed atthe PV. Consequently, uts on the IP are very e�etive at exluding prompt bakgrounds,and maximising the signal ontent of a data set. It is thus of great importane to be able tomeasure IP to a high preision. The IP resolution is orrelated to the partile momentum,Fig. 3.12
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Figure 3.8: Zoom on the inside of an RF-foil, as modelled in GEANT, with the detetor halves inthe fully losed position. The r- and φ-sensors are illustrated with alternate shading. The �gure ispublished in Ref. [47℄.3.2.2.2 MagnetThe LHCb detetor uses a warm dipole magnet with integrated magneti �eld of ∫

Bdl = 4T.m [47℄, loated about 5 m downstream of the interation region. The total weight of theyoke is 1500 tons and the two oils are together 54 tons. The generated magneti �eld lines,oriented vertially along y-axis, bend the trajetory of the harged partiles in the horizontal
x-z plane, whih enables the momentum of harged traks to be determined by measuring theurvature of their trajetory. Thanks to the bending power of the magnet, the momentum ofthe partile traversing the entire traking system an be measured with a resolution (∆p/p)of 0.4% at 2 GeV and 0.6% at 100 GeV. A shemati representation of the LHCb magnet isdisplayed in Fig. 3.13.The magneti �eld is swapped periodially (typially eah two weeks in routine operation)to ollet the same amount of data for eah polarity, MagUp and MagDown. This swappingis useful in studying any harge detetion asymmetry due to imperfetions in the detetorwhih ould mimi a CP -violating asymmetry.3.2.2.3 Silion TrakersThe traks lose to the beam pipe, where the oupany is the largest, are reonstruted bymeans of the Silion Trakers (ST). The ST system onsists of two detetors, the TrakerTuriensis (TT) (also known as the Trigger Traker) and the Inner Trakers (IT). Bothdetetors use silion miro-strip sensors with a strip pith of about 200 µm providing singlehit spatial resolution of 50 µm. The TT is loated in the front of the magnet and the IT,
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Figure 3.9: (a) An overview of the velo detetor showing the projetion of the sensors on the x-zplane (top) and illustration of a one sensor in the losed and open on�guration (bottom). The�gure is published in Ref. [47℄.mounted in the enter of the three traking stations (T1-T3), loated behind the magnet.Traker Turiensis: The TT detetor is installed between the RICH1 and the dipolemagnet and overs the full LHCb aeptane. Its four layers are 150 cm wide and 130 cmhigh. The four detetion layers are in an (x-u-v-x) arrangement with vertial strips in the�rst and the last layer, and strips rotated by a stereo angle of −5◦ and +5◦ in the seond andthe third layer (f. Fig. 3.14). The two layers (x, u) are plaed at a distane of about 27 cmfrom the seond two layers (v, z), in order to favour the traking reonstrution algorithm.The on�guration (x-u-v-x) allows to reonstrut trak parameters with a high resolutionin the bending plane (x-z) but also gives additional information in y-axis to redue theombinatoris bakground. The layout of the TT detetor is skethed on Fig. 3.14.Inner traker: The IT overs a 120 cm wide and 40 cm high, shaped like a ross and it isloated in the enter of three traking stations downstream of the magnet, where the trakdensity is higher. The ative area of the IT is 4.0 m2 and is omposed of four independentdetetor boxes plaed around the beam pipe, as skethed on Fig. 3.15. The four boxes sharea similar struture, eah of them ontaining four layers made of seven detetors modules.The modules of the boxes above and below the beam pipe onsists in single 320 µm thiksensor and a readout hybrid, while the modules of the left and the right boxes are made oftwo 410 µm thik sensors plus the hybrid readout.
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Figure 3.10: LHCb Shemati representation of an R-type and a phi-type sensor, with the routinglines orientated perpendiular and parallel to the silion strips, respetively. The �gure is taken fromRef. [57℄.

Figure 3.11: PV resolution of events with exatly one PV in 2011 (left) and 2012 (right) data as afuntion of trak multipliity. The red (blue) points orresponds to the x (y) resolution. Grey his-togram ontains number of traks per vertex in data (before applying the vertex resolution proedure).The �gures are taken from [58℄.3.2.2.4 Outer trakerThe Outer traker (OT), illustrated in Fig. 3.15, is a drift-time detetor. It is mountedin the (T1-T3) stations around the IT and used to reonstrut traks in the region of the
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Figure 3.12: IPx (left) and IPy (right) resolution as a funtion of the inverse of transverse momen-tum, determined with 2011 (top) and 2012 (bottom) data. The �gures are taken from [58℄.LHCb aeptane not overed by the IT. In eah traking stations there are four layers ofdetetors, the third and fourth layer are arranged with a skew of ±5◦. Unlike the othertraker detetors, the OT is the only non-silion traking detetor. It is designed as an arrayof individual straw-tube modules, eah ontaining two staggered layers of drift tubes withinner diameters of 4.9 mm (f. Fig. 3.16).3.2.2.5 Trak reonstrution ategoriesThe hits in the LHCb detetor are de�ned by a point or a line in the spae, whih orrespondsto a detetor signal that has been indued by the passage of harged partile through a partof the traking system. The trak reonstrution onsists in ombining the hits in the VELO,the TT, the OT and the IT detetors to form partile trajetories. The reonstruted traksare sorted in �ve ategories:� VELO traks: these trak andidates are reonstruted from the hits in the VELO,so-alled VELO-seeds. They are useful for the reonstrution of the primary verties.� Upstream traks: These traks usually have a low momentum so that the magnetbends them out of the aeptane of the T stations. Therefore, they ontain informationonly from the VELO and the TT.
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Figure 3.13: A shemati representation of the LHCb dipole magnet (units in mm). The �gurestaken from [58℄.

Figure 3.14: Illustration of the four TT detetor layers. The �gure is published in Ref. [47℄.
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Figure 3.15: Left plot: illustration of the IT layer sub-detetors. Right plot: sheme of the TT, T1,T2 and T3 stations. The Cyan olour orresponds to the OT and the violet olour orresponds tothe all ST system. Figures are taken from Ref. [47℄.

Figure 3.16: Illustration of the OT layer and zoom on the arrangement of straw tubes (Measurementsin cm). The �gure is published in Ref. [47℄.� Long traks: This type of traks ombine information from the VELO, TT and Tstations, hene having rossed the entire traking system. As suh, they have the bestmomentum resolution among the trak ategories.� Downstream traks: Some long-lived partiles, as K0
S
or Λ, deay outside of theVELO, implying that their traks will be reonstruted only by the TT and the Tstations. They have a lower resolution ompared to that of long traks due to themissing information from the VELO and the resulting longer lever arm.� T traks: These traks are exlusively reonstruted in the T stations, and are usuallythe produt of seondary interations.



3.2 The LHCb detetor 47A summary of the di�erent types of trak is skethed on Fig. 3.17. The analysis presentedin this doument will make an intensive use of Longstream and Downstream trak ategories.

Figure 3.17: Illustration of the �ve di�erent trak types in LHCb. Figure taken from Ref. [59℄.
3.2.3 Partile identi�ation detetorsFor many �avour physis analyses, inluding the work presented in this thesis, it is ruialto identify the long-lived partile speies (π, K, p, e, γ and µ) in the deay �nal state.Partile Identi�ation (PID) is provided by the LHCb experiment with exellent resolution,by ombining information from di�erent sub-detetors, namely the Cherenkov detetors, thealorimeter system and the muon system. Fig. 3.18 illustrates how the reonstrution of thedeay mode B0 → π+π− is eased with a dediated partile identi�ation. In the following,the sub-detetors dediated for partile identi�ation will be explained brie�y.3.2.3.1 RICH detetorsLHCb has two RICH (Ring Imager Cherenkov) detetors, overing di�erent momentumranges to get an e�ient PID over the full momentum range. The upstream detetor, RICH1,overs the low momentum harged partile range from ∼ 1 GeV/c to 60 GeV/c, and usesaerogel and C4F10 as radiators. The downstream detetor, RICH2, overs larger momentarange, from ∼ 15 GeV/c to 100 GeV/c and uses as radiator the CF4. Fig. 3.19 illustrates theseparation power of the di�erent radiators as a funtion of the partile momentum. RICH1overs the full LHCb aeptane from ±25 mrad to ±300 mrad in the bending plane, and to
±250 mrad in the vertial plane. Regarding the seond RICH detetor, sine partiles withhigh momenta are produed at small angles w.r.t. the beam line, then the RICH2 is hosento over a limited angular region, from ±15 mrad to ±120 mrad in the bending plane, andto ±100 mrad in the vertial plane. In both RICH detetors, the Cherenkov light is de�etedout of the spetrometer aeptane by spherial and �at mirrors. The Cherenkov light isdeteted by Hybrid Photon Detetors (HPDs) plaed outside the spetrometer aeptane
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Figure 3.18: Reonstruted invariant mass for several two-body deays without (left) and with (right)partile identi�ation requirement optimized for B0 → π+π− [60℄.and shielded from the magneti �eld with iron sreens. The layout of the two RICH detetorsis illustrated in Fig. 3.20.
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3.2.3.2 Calorimeter systemsThe LHCb alorimeter system is designed to have three main funtionalities:
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10 11 12 mFigure 3.20: The layout of the RICH1 (left) and RICH2 (right) detetor. The �gures are publishedin Ref. [47℄.� providing the transverse energy measurement for harged hadron, eletron and photonandidates for the �rst level of trigger (L0).� providing partile identi�ation to distinguish between eletron, photon and hadrons.� separating the single photon from the double photons generated by the deay of π0mesons.

Figure 3.21: Shematis indiating the separation between eletrons, photons and hadrons showerswithin the LHCb alorimeter sub-detetors. The �gure is published in Ref. [47℄.The LHCb alorimeter system onsists of a Sintillator Pad Detetor (SPD) andPreshower detetor (PS), separated by a lead onverter, followed by an Eletromagneti
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Figure 3.22: Illustration of ECAL ell struture .The �gure is published in Ref. [47℄. Figure 3.23: Illustration of HCAL ell struture.The �gure is published in Ref. [47℄.(ECAL) and Hadroni (HCAL) Calorimeters. The four sub-detetors of the alorimetersystem have sintillators as ative materials. The ECAL is made of a shashlik alorimetertehnology, i.e. a sampling sintillator / lead struture readout by plasti wave length shift-ing (WLS) �bers to PhotoMultiplier Tubes (PMT). The HCAL uses iron as an absorber.Fig. 3.21 visualizes the omponents of the alorimeter system with a shemati indiatingthe separation between photons, eletrons and hadrons.SPD/PS represents the �rst part of the alorimeter system, loated behind the �rstmuon station. The two sub-detetors onsists of two high-granularity sintillating planesseparated by a lead plane with a thikness of 2.5 X0. The SPD is a 15 mm thik layer ofsintillator whih aims at registering the passage of harged partiles. The PS has the sameonstrution as the SPD but evaluates the energy deposited in the upstream lead onverter,hene requiring a large dynamial range eletronis readout.The ECAL is loated after the PS and is designed to measure partiles showers ofphotons and eletrons. As mentioned above, the ECAL is a sampling alorimeter. Thesintillators are 2 mm thik, and the lead material between two sintillator ells is 4 mmthik. The ECAL layout is presented in Fig. 3.21.The HCAL is plaed between the ECAL and the muon system (M2-M5). It aims atmeasuring showers indued by hadrons. As the ECAL, the HCAL is a sampling alorimeter,made of 4 mm sintillators and 16 mm thik sheets of iron, arranged di�erently than theECAL. The HCAL layout is presented in Fig. 3.22.Sine the hit density varies by two orders of magnitude over the alorimeter surfae,the PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (f. Fig. 3.24). Ashadroni showers are broader ompared to eletromagneti showers, the HCAL is segmentedinto two zones with larger ell sizes.3.2.3.3 Muon systemGiven the large number of rare and CP -sensitive B deays with at least one muon in the�nal state, the muon triggering and o�-line muon identi�ation are basi requirements of theLHCb experiment. As an example, three proesses made the ore of the LHCb physis asein the reent years: B0
s → µ+µ− [61℄ a very rare deay potentially sensitive to generi NP
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Figure 3.24: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). Onlyone quarter of the detetor front fae is presented. The �gures are published in Ref. [47℄.ontribution, B0
s → J/ψ(→ µ+µ−)φ [62℄ yielding the βs weak phase of the B0

s -B0
s mixingand the deay B0 → K∗µ+µ− [63℄.The muon system provides information to the L0 trigger by seleting high-pT muons. Itis also used in the high-level trigger and the o�-line analysis for the muon reonstrution andidenti�ation. The muon system onsists of �ve stations (M1-M5), M1 is loated upstreamof the SPD and M2-M5 are downstream of the HCAL (f. Fig. 3.25). The sub-detetors(M2-M5) are omposed of 1380 Multi Wire Proportional Chambers (MWPC), while M1ative detetor is a triple-GEM detetor (Gas Eletron Multiplier) for its innermost partand MWPC for the rest. The full muon system overs an area of 435 m2.The purpose of M1 is to improve the transverse momentum resolution of muons in thetrigger, as there is less multiple sattering before entering the alorimeter system. Thestations M2-M5 are interleaved with 80 cm thik iron plates ating as an absorber for allremaining detetable partile exept muons. The total absorber thikness (inluding thealorimeter system) is approximately 20 interation lengths whih translates in seletingmuons with a minimum momentum of 6 GeV/c to ross the �ve stations. Stations M1-M3have a high spatial resolution along the bending plane and they are hene used to de�nethe trak diretion and to alulate the transverse momentum of muon andidates with aresolution of 20%. Stations M4 and M5 have a limited spatial resolution and are helpingthe identi�ation of penetrating partiles. In the o�-line reonstrution, trajetories fromthe traking stations are extrapolated to the muon system and if there are hits found in themuon stations, suh long trak are onsidered to be muon andidates.3.2.4 Partile identi�ation tehniquesThe Partile Identi�ation (PID) in LHCb experiment is ahieved by ombining the in-formation from the partile identi�ation sub-detetors when available : RICH detetors,
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Figure 3.25: Overview of the LHCb muon stations. The �gure is published in Ref. [47℄.alorimeters, muon stations for harged traks, the alorimeters for photons and neutralpions.For eah trak the available PID information is elaborated into two variables of di�erentnature, but with same funtionality: the log-likelihood di�erene (DLL) and ProbNN, whihhas been reently introdued in the ollaboration. The DLL is the di�erene between a givenPID hypothesis (h) and the pion hypothesis:
DLLh = lnLh − lnLπ = ln

(Lh

Lπ

)

, (3.2)where Li is the ombination of the information of the various sub-detetors used for theidenti�ation.The ProbNN, whih is the variable used for the analysis presented in this thesis, uses areursive Neural Network (NN) alled Hopkins network [64℄.3.2.5 Trigger systemThe bunh rossing frequeny at the LHC is 40 MHz. Not all bunh rossings provide protonollisions and the event rate of visible interation is typially 10 MHz. The purpose of thewhole trigger system is to redue the event rate from 10 MHz to 4-5 kHz before reordingthe events for o�-line analysis, beause of the urrent limitation for writing events to storage.The trigger system is separated in two main levels: a ustom-eletronis hardware Level 0trigger (L0) operating synhronously with the ollisions and a software High Level Trigger



3.2 The LHCb detetor 53(HLT) run on proessor farm, so-alled the Event Filter Farm (EFF). A sheme of the LHCbtrigger system is illustrated in Fig. 3.26.

Figure 3.26: Sheme of the LHCb trigger system during 2011-2012 data-taking period.
3.2.5.1 Level 0 triggerThe L0 trigger is an extremely fast trigger implemented on ustom-eletronis hardwareaimed at fast rejetion of uninteresting events. It redues the rate of the events from theollision rate to less than 1.1 MHz. The L0 trigger onsists of three detetor-based subsys-tems: the pile-up system, the L0 alorimeter trigger and the L0 muon trigger, as illustratedin Fig. 3.27. The alorimeter and muon triggers selet events with large transverse momen-tum and energy hadron, eletron, photon or muon, whih are ommon harateristis inmany heavy �avour deays topologies. The pile-up system estimates the overall number ofprimary verties in event. The Level 0 Deision Unit (L0DU), whih is a single eletronisboard, ollets all the information from the three detetor-based subsystems, to take the�nal deision on the event. This deision is passed to the Readout Supervisor (RS) whihin turn transmits it to eah detetor front-end eletronis to read-out the event in view of afurther proessing by the Data Aquisition (DAQ) system. The time between the ollisionand a L0 deision being aepted in the front-end eletronis is 4 µs inluding the able delayand delays in the front-end eletronis.3.2.5.2 High level trigger HLTEvents passing the L0 are proessed by the HLT. This trigger part is a C++ built appliationrunning on every node of the EFF. The HLT trigger is subdivided in two stages: the HLT1trigger onsists in a set of inlusive trigger requirements or lines grouped in various lasses,
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Figure 3.27: Overview of the L0 trigger. The �gure is published in Ref. [47℄suh as physial, tehnial and muon dediated trigger lines. The HLT2 is omposed of manylines, inlusive and exlusive, eah of them optimised for a spei� analysis.HLT1 performs a partial event reonstrution and seletion based on information fromthe VELO and traking stations, and aims at reduing the rate by a fator ∼ 20. It is basedon the onept of seleting one very good quality trak with high transverse momentumand a large impat parameter (IP, shortest distane between a trak and the PV) w.r.t allPV in the event. The seletion in HLT1 ontains several di�erent lines running in parallel,whih allow to tune (by hanging transverse momentum threshold) the e�ieny of seletinginlusively di�erent deay types by daughters type (e, γ, µ).HLT2 algorithms are performed on all the events passing the HLT1, no matter of theandidate type. In HLT2, the di�erent traks are ombined to reonstrut a ompositepartile (as K0
S → π+π− in the analysis presented in this thesis or J/ψ → µ+µ−, et.) usedas input to the di�erent inlusive and exlusive seletions. The inlusive seletion requiresat least two harged traks in the �nal state and a displaed seondary vertex. Exlusiveseletion requires all the deay produts in a spei� deay hain to be reonstruted.3.2.5.3 Trigger deision ategoriesA unique key, alled trigger Con�guration Key (TCK), is assigned to the ombination oftrigger algorithm with their seletion parameters. In the stored data, the TCK is identi�edas a 32-bit enoded for every event. Eah event an be lassi�ed, at any level of the trigger,in three non-exlusive ategories:� Event lassi�ed as TOS (Trigger On Signal) if the trigger objets that are assoiatedwith the signal are su�ient to trigger the event.� Event lassi�ed as TIS (Trigger Independent of Signal) if it ould have been triggeredby those trigger objets that are not assoiated to the signal.� Event lassi�ed as TIS and TOS simultaneously.



3.2 The LHCb detetor 55L0 and HLT trigger requirements used for the analysis of this thesis are disussed in Se-tion 4.1.1 and gathered in 4.2.3.2.6 LHCb reonstrution and data strippingData that passed HLT2 are written on disk storage. Thereafter, these raw data are proessedalong the reonstrution proedure using Brunel pakage [65℄, whih is designed to deter-mine or �t physial quantities suh as verties, momenta, energies, PID probabilities et...After the reonstrution proedure, the output will be a Data Summary Table (DST) on-taining all information about the events. Afterwards, a further seletion, so-alled Stripping,is applied using the DaVini software pakage. The stripping onsists of several algorithmsnamed Stripping line, building andidates and applying seletion typially by ombiningtraks of a given partile hypothesis into omposite partiles andidates. Almost every anal-ysis has its own dediated stripping line, but there are some stripping lines shared by severalanalyses, as the one used in the analysis presented in this thesis. The stripping seletionrequirement made on andidates used in the analysis of this thesis are listed in Setion 4.1.2.3.2.7 LHCb softwareThe LHCb software omprises several pakages used for simulation, events reonstrutionand physis analysis. These pakages are all built within the Gaudi framework [66℄, whihis an objet-oriented framework. It is designed to provide a ommon infrastruture andenvironment for all di�erent software pakages. A brief overview of the relevant softwarepakages (some of them will be used in the later hapters of this doument) is given infollowing.� Gauss: The Gauss software [67℄ is designed for generating simulated data samples.It integrates two independent phases, the Generator phase, whih onsists of generatingthe p-p ollisions, using Pythia software [56℄, and the deay of the partiles produed,simulated either with EvtGen or Pythia. The seond phase is the simulation phase,whih onsists in the simulation of the traking of the partiles in the detetors andsimulating the physis proesses ourring in the experimental setup, using Geant4software [68, 69℄.� Boole: Boole software [70℄ is the LHCb digitization program. It reads in the outputof the detetor simulation, adds hits from Spillover events and LHCb bakground, andapplies the detetor response. The output of Boole has the same format as that ofreal LHCb data.� Moore: TheMoore software [71℄ is used to run the HLT seletion on reonstrutionevents. This software is espeially useful to emulate the HLT response on the simulateddata.� Brunel: The Brunel software is the LHCb reonstrution appliation, analysingevents from both real or simulated data based on the information from the sub-detetors.



3.2 The LHCb detetor 56� DaVini: The DaVini software [72℄ is an analysis framework to perform analysisand manipulation of the reonstruted events output from Brunel.� PIDCalib: The PIDCalib [73℄ software is used to determine PID performane resultsfrom both ollision real and simulated data. Also used to orret the PID probabilityvariables of the simulated samples using the PID performane from the real data.Besides the LHCb software, muh of the analysis studies in this thesis is performed usingexternal software, speiallyRoot and CRAFT. Root [74℄ is an objet-oriented program, forlarge sale data analysis, developed at CERN. CRAFT (Clermont Roo�t-based AmplitudeFitter Tool) is a Dalitz-plot �tter developed by Stéphane Monteil and myself, used to makeDalitz-plot analysis. For more details, see Appendix E.



Chapter 4 Study of B0
(s) → K0

Sh
+h′− deays

The analyses of the three-body harmless deays of neutral B mesons, inluding a neutral Kmeson in the �nal state, represent a good environment for the searh for CP violation e�ets.The neutral K0-K̄0 system has two eigenstates, K0
S
and K0

L
, where the seond state is long-lived CP -odd omponent, whih an't be easily deteted with the LHCb detetor. It requiresindeed the identi�ation of an isolated neutral alorimetri luster. Thus, the analysis in thisthesis onerns six harmless three-body deay modes, B0

d,s→ K0
S
π+π−, B0

d,s→ K0
S
K±π∓and B0

d,s→ K0
SK

+K−, where more attention will be given to the �rst deay mode.This hapter disusses the studies performed on the dataset olleted by the LHCb dete-tor in Run I, ommening by the seletion made on the data set to establish the signal andlosing by the results of the invariant mass �t to the K0
S
h+h− data. The studies performed inthis part are done by the ollaboration of three groups within LHCb: LPC Clermont-Ferrand,LPNHE Paris and Warwik university. My main ontribution is related to the seletion toolsdesigned to establish the signals in the di�erent data samples.4.1 Dataset, trigger and strippingThe analysis of the K0

Sh
±h

′∓ modes is performed using the full LHC Run I data sample,reorded in 2011 and 2012 by the LHCb experiment [47℄. This orresponds to an integratedluminosity of ∫

L = 3 fb−1.The analysis makes use of both signal and bakground Monte Carlo (MC) samples gen-erated using Sim08 1. The simulation onditions have a pile-up fator of ν = 2.0 for 2011and ν = 2.5 for 2012 in order to math the data taking onditions.A signi�ant hange was made to the HLT2 topologial lines during the tehnial stopin June 2012, in order to inlude K0
S andidates reonstruted from two Downstream traksin addition to those, already inluded, reonstruted from two Long traks (these two typesof K0

S
, and hene B, andidate are referred to as Down-Down and Long-Long andidates).As a onsequene, the trigger e�ieny for the Down-Down andidates was signi�antlyhigher following the June tehnial stop. It is therefore neessary for the 2012 data and1Monte Carlo events based on Pythia 8 [56℄



4.1 Dataset, trigger and stripping 58MC samples to be divided into two running periods, whih we will refer to as the pre-Juneand post-June or more simply 2012a and 2012b periods. In order to simulate the varioustrigger onditions orretly, samples have been produed using TCKs (f. Setion 3.2.5.3)that are representative of the three periods (2011, 2012a and 2012b), whih are 0x40760037,0x4097003d and 0x409f0045, respetively.The number of MC events that have been generated for eah of the signal modes underonsideration are given in Table 4.1. The MC signal is generated uniform in the square Dalitzplot (�sqDalitz�). This permits a more straightforward alulation of the various e�ieniesas a funtion of the Dalitz-plot position (see Setion 5.3 for more details).The ntuples for both data and MC have been produed with a dediated software writtenin the framework Bender v24r1 by the Warwik group.Table 4.1: Number of generated signal Monte Carlo events for eah deay mode.Mode Sample size2011 Conditions 2012a Conditions 2012b Conditions
B0→ K0

S
π+π− (sqDalitz) 2020495 - 4058986

B0→ K0
SK

±π∓ (sqDalitz) 2021494 - 4034487
B0→ K0

S
K+K− (sqDalitz) 2015746 - 4062988

B0
s→ K0

S
π+π− (sqDalitz) 2023743 - 4069987

B0
s→ K0

SK
±π∓ (sqDalitz) 2023746 - 4046483

B0
s→ K0

S
K+K− (sqDalitz) 2020494 - 40684894.1.1 TriggerThe same trigger requirements as used in the analysis [75℄ are applied in this thesis. Theyare listed in Table 4.2.Comments are in order to de�ne the LHCb jargon used in the following of this hapter:� TOS: events lassi�ed as Trigger on Signal (f. Setion 3.2.5.3).� TIS: events lassi�ed as Trigger independent of Signal (f. Setion 3.2.5.3).� L0Hadron: the hadron trigger line that selets events in whih a signi�ant amount oftransverse energy is deposited in a luster of the hadron alorimeter.� Hlt1TrakAllL0: The inlusive beauty and harm trigger line selets good qualitytrak andidate based on their transverse momentum pT (pT > 1.6 GeV) and displae-ment from the primary vertex.� Hlt2TopoN(Simple): is the topologial trigger lines based on the properties of om-binations of 2,3, or 4 Topo-Traks 2. For a 2-body andidate two Topo-Traks areombined into 2-body objet by requiring their distane of losest approah (DOCA)2Topo-Traks are a subset of HLT2 traks seleted with additional requirements on their trak �t quality(χ2/ndf).



4.1 Dataset, trigger and stripping 59less than 0.2 mm. For 3(4)-body objet is made by ombining a 2(3)-body objet andanother Topo-Trak with the same DOCA ut (DOCA < 0.2 mm), where the DOCAis alulated between the 2(3)-body objet and the additional Topo-Trak.� Hlt2TopoNBBDT: In this trigger line, the ombination of the Topo-Traks is made by aBonsai boosted deision tree [76℄ (BBDT).Table 4.2: L0 and HLT trigger requirements for the K0
Sh

±h
′∓ analysis. The HLT2 requirementshould be understood as an 'OR' of the lines mentioned.Trigger level Trigger requirementsL0 L0Hadron TOS OR L0Global TISHLT1 Hlt1TrakAllL0 TOSHLT2 (2011) Hlt2Topo2(3,4)BBDT(Simple) TOSHLT2 (2012) Hlt2Topo2(3,4)BBDT TOS

4.1.2 StrippingThe stripping lines reated by the StrippingB2KShh line builder in the Stripping20 am-paign have been used for this thesis analysis.The stripping of the B0
d,s→ K0

S
h±h

′∓ modes responds to the double demanding tehnialrequirement of a small minimum bias retention rate (< 5×10−4) and a fast proessing of theevents (< 1 ms per event). Additionally, mild uts on the momenta and impat parameters ofindividual daughter partiles are neessary to obtain an unbiased Dalitz plane of the deaymodes. As a onsequene, uts on topologial variables suh as �ight distane of the Bandidate or its pointing are used as the main disriminative information.Within the B2KShh stripping, �rst an event �lter is applied that only retains events withfewer than 250 Long traks, see Table 4.3. Then B andidates are formed by ombining a
K0

S
andidate with two oppositely harged pion traks.The pion andidates are drawn from the StdLoosePions list. The requirements of thislist is detailed in Table 4.4. Two additional requirements are made by the stripping for thisanalysis, namely that the χ2 per degree of freedom of the trak �t be less than 4 and thatthe ghost probability be less than 0.5. The K0

S andidates are reonstruted in their deay to
π+π− and are drawn from both the StdLooseKsLL and StdLooseKsDD lists. The former listtakes its pion andidates from the StdLoosePions, whih are formed only from Long traks.The latter list uses pion andidates from the StdNoPIDsDownPions, whih are formed fromDownstream traks, i.e. those whih do not have hits in the VELO. Details of the seletionrequirements plaed on the K0

S
andidates, both by the list de�nitions and by the B2KShhstripping algorithms are given in Table 4.5.Initially the B andidates are formed from simple four-momentum addition and someloose �Combination Cuts� are applied to redue the number of andidates that undergo afull vertex �t. Following the vertex �t further quality uts (�Mother Cuts�) are made on



4.1 Dataset, trigger and stripping 60Table 4.3: Stripping � global seletion requirements.Variable de�nition Seletion requirementNumber of Long traks per event NLong < 250Number of primary verties per event NPV ≥ 1Table 4.4: Stripping � seletion requirements for the pion/kaon andidates.Variable de�nition Seletion requirementStdLoosePions plus additional requirementsTrak �t χ2 per degree of freedom χ2
trk/ndof < 4�Clone distane� CloneDist > 5000Trak ghost probability GhostProb < 0.5Transverse momentum pT > 250 MeV/cMinimum impat parameter χ2 w.r.t. PVs χ2(IP)min > 4the B andidate. Details of both sets of stripping uts, whih di�er for Long-Long andDown-Down andidates, are given in Tables 4.6 and 4.7.



4.1 Dataset, trigger and stripping 61Table 4.5: Stripping � seletion requirements for the K0
S andidates.Variable de�nition Seletion requirementStdLooseKsLL plus additional requirements

K0
S
daughter trak �t χ2/ndof χ2

πtrk/ndof < 4
K0

S daughter trak ghost probability GhostProbπ < 0.5
K0

S
daughter trak momentum pK0

Sdaug > 2 GeV/c

K0
S
daughter minimum impat parameter χ2 wrt PVs χ2(IP)min > 9Mass di�erene wrt nominal K0

S mass ∣

∣

∣
mπ+π− −mK0

S

∣

∣

∣
< 20 MeV/c2

χ2 of K0
S vertex �t χ2

K0
S vtx

< 12

χ2 separation of K0
S
vertex and assoiated PV χ2

K0
SPV VD

> 80StdLooseKsDD plus additional requirements
K0

S
daughter trak momentum pK0

Sdaug > 2 GeV/c

K0
S
daughter minimum impat parameter χ2 wrt PVs χ2(IP)min > 4Mass di�erene wrt nominal K0

S mass ∣

∣

∣
mπ+π− −mK0

S

∣

∣

∣
< 30 MeV/c2

χ2 of K0
S vertex �t χ2

K0
Svtx

< 12

χ2 separation of K0
S
vertex and assoiated PV χ2

K0
SPV VD

> 50

K0
S
momentum pK0

S
> 6 GeV/c

Table 4.6: Stripping � seletion requirements for the Long-Long B andidates.Variable de�nition Seletion requirementCombination utsTransverse momentum of the B andidate pT > 1000 MeV/cSum of the daughters' transverse momenta ∑

daug pT > 3000 MeV/c

pT of at least 2 B daughters pT > 800 MeV/cMass of the B andidate 4000 < mK0
Sh+h− < 6200 MeV/c2IP wrt PV of highest pT B daughter IP > 0.05 mmMaximum DOCA χ2 of any 2 daughters χ2(DOCA)max < 5Mother CutsTransverse momentum of the B andidate pT > 1500 MeV/c

χ2 of B vertex �t χ2
B vtx < 12Cosine of B pointing angle cos(DIRAB) > 0.9999Minimum B IP χ2 wrt PVs χ2(IP)min < 8Minimum vertex distane wrt PVs |Bvtx − PV |min > 1 mm

χ2 separation of B vertex and assoiated PV χ2
BPV VD > 50
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Table 4.7: Stripping � seletion requirements for the Down-Down B andidates.Variable de�nition Seletion requirementCombination utsTransverse momentum of the B andidate pT > 1000 MeV/cSum of the daughters' transverse momenta ∑

daug pT > 4200 MeV/c

pT of at least 2 B daughters pT > 800 MeV/cMass of the B andidate 4000 < mK0
Sh+h− < 6200 MeV/c2IP wrt PV of highest pT B daughter IP > 0.05 mmMaximum DOCA χ2 of any 2 daughters χ2(DOCA)max < 5Mother CutsTransverse momentum of the B andidate pT > 1500 MeV/c

χ2 of B vertex �t χ2
B vtx < 12Cosine of B pointing angle cos(DIRAB) > 0.999Minimum B IP χ2 wrt PVs χ2(IP)min < 6Minimum vertex distane wrt PVs |Bvtx − PV |min > 1.7 mm

χ2 separation of B vertex and assoiated PV χ2
BPV VD > 50Sum of the daughters' impat parameter χ2 wrt PVs ∑

daug min(χ2
IP) > 50



4.2 Seletion 634.2 SeletionMultivariate disriminants (MVA) have been designed in order to further redue the bak-ground events in the stripped sample. The aim of the multivariate seletion is to rejet theombinatorial bakground, whih is expeted to be the largest ontribution under the signalpeaks. Prior to the multivariate seletion, a preseletion based on sanity uts is applied toboth the data and the optimization samples in order to remove more than half of the om-binatorial bakground. In addition, the training of the multivariate seletion is performedafter the trigger and some very loose PID uts, in order to ensure the bakground sample totrain against to be the most realisti as possible.The �nal objetive of this ensemble of analyses is to perform an amplitude measurementby studying the Dalitz plane of these three-body deays. Therefore, the multivariate seletionrelies mostly on topologial variables in view of keeping as uniform as possible the seletione�ieny over the Dalitz plane. In partiular, no preseletion uts on the kinematis ofthe daughter partiles were applied and neither was suh information inluded in the MVAtraining. For eah of the three datasets (2011, 2012a and 2012b) the seletion is optimizedfor K0
S
reonstruted in Down-Down and Long-Long modes independently.In order to avoid swamping the reader with too many plots, only those for 2011 are shownin this setion. Those for the two 2012 running periods are plaed in Appendix C. In eahase the referenes (with hyperlinks) are given to all plots.Eventually, a seletion of the signal deay by means of partile identi�ation (PID) utsis performed. This allows to separate the similar �nal states aording to the presene of apion or kaon. In partiular, the signal ross-feed of the deay B0

s→ K0
S
K±π∓ an be greatlyredued. The PID uts are also useful to remove further the ombinatorial bakground.4.2.1 PreseletionSimple high signal e�ieny uts are applied on top of the stripping to redue the amountof ombinatorial bakground. First, events with a learly isolated B vertex are retainedby requiring that the addition of the most onsistent harged trak to the vertex does notimprove the quality of the vertex �t. A variable denoted ∆χ2 is formed from the di�ereneof the vertex χ2 with and without the additional trak and required to be ∆χ2 > 4. Par-tially reonstruted B deays where a harged trak is missed, together with a fration ofthe ombinatorial bakground, are hene removed by this ut. A further requirement thatthe separation of the B and K0

S
verties in the z diretion be larger than 30 mm is alsoapplied, removing the events where the K0

S
is reonstruted upstream the B vertex. Finally,andidate events having one or more traks that are onsistent with being a muon (i.e havinginformation in the muon stations) are removed.The e�ienies of the above uts on the ombinatorial bakground are detailed in Ta-ble 4.8. The invariant mass distributions after the preseletion uts for 2011 data are shownin Fig. 4.1 for illustration.



4.2 Seletion 64Figure 4.1: Distribution of the B andidate invariant mass after preseletion for (top) K0
SK

+K−,(middle) K0
SK

±π∓, (bottom) K0
Sπ

+π− andidates reonstruted in the (left) Down-Down and (right)Long-Long K0
S ategories.
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Table 4.8: Preseletion uts applied and their aeptane rates for events in the right-hand side-bandof the stripped data.Cuts Bkg e�ieny DD Bkg e�ieny LL2011 2012a 2012b 2011 2012a 2012bB_SMALLESTDELTACHI2 > 4 0.707 0.709 0.696 0.608 0.605 0.615KS_ENDVERTEX_Z - B_ENDVERTEX_Z > 30 1.000 1.000 1.000 0.507 0.608 0.464
Σi hi_isMuon == 0 0.761 0.775 0.787 0.772 0.782 0.779Total Preseletion 0.534 0.547 0.545 0.227 0.292 0.230



4.2 Seletion 654.2.2 Datasets for the MVA trainingThe boosted deision tree (BDT) disriminant is independently trained for eah K0
S
reon-strution ategory. In addition, the training samples are further subdivided into the threetrigger operation onditions, denoted 2011, 2012a, 2012b. It has been hosen to use MCtruth mathed B0→ K0

Sπ
+π− simulated events as signal training sample and B0→ K0

Sπ
+π−data events in the right-hand side-band (mK0

Sπ+π− > 5425 MeV/c2) as the bakground sample.The same Stripping and preseletion is applied to all the MC events and the data used in thetraining. Additionally, the potential ontributions from b-baryon deays are removed fromthe data by expliitly vetoing the mass ombinations of pK0
S
π and pK0

S
onsistent with a Λband a Λc, respetively. Sine the topologial properties of the K0

Sπ
+π− and the other signalmodes are observed to be essentially the same, this training will serve for all deay modesin the analysis. However, the optimal point at whih to plae a ut has to be determinedseparately for eah spetrum (i.e. B0

(s) → K0
Sh

±h
′∓ mode, trigger operation ondition and

K0
S
ategory), sine the level of ombinatorial bakground varies.In order to inrease the useful bakground sample statistis for the training of the MVA,without biasing our analysis, a set of two BDTs is onstruted. The full training samples arearbitrarily split in two by using a reproduible pseudo-random number, lying in the range

[0, 1], issued from the linear ongruential generator. This pseudo-random number is givento eah event aording to the run and event number aording to the following algorithmisequene:
rndm = ((134× eventNumber + runNumber)%531241)/531241The sample of events with rndm > 0.5 is used to train the �rst BDT (denoted in thefollowing BDT_1) and the response is validated on the other half of the sample. The reiproalproedure is used to train the seond BDT (denoted BDT_2), yielding the very same statistisin the test and training samples. The use of two independent BDTs ensures that no bias isindued in the analysis. The data events used to train BDT_1 will be seleted (or not) bymeans of a ut on BDT_2, and vie versa. The size of the samples used for training the MVAdisriminants aording to the di�erent operation onditions are given in Table 4.9.Table 4.9: Number of events in the samples used for training and validating the BDT disriminantsfor the signal (MC) and bakground (data).Event type Down-Down KS Long-Long KSSignal 2011 7162 3729Bkg 2011 21579 12964Signal 2012 pre-June 10696 5296Bkg 2012 pre-June 8074 7662Signal 2012 post-June 15803 6108Bkg 2012 post-June 31615 15438



4.2 Seletion 664.2.3 Disriminating variablesFollowing the neessary requirement of minimally biasing the Dalitz plane, already at work inthe previous analysis [77℄, the disriminating variables are hosen to be of topologial natureonly, as far as the �nal state partiles are onerned. B andidate vertex reonstrutionproperties, B pointing estimators and lifetime-related observables are hene onsidered at�rst. The impat parameter of a b-hadron daughter is known to bias the Dalitz plane of thedeay through its orrelation with the kinemati properties. It has therefore been hosen toonsider the sum of the individual impat parameters of all the daughters of the b-hadron.The pT and η of the B meson omplete the set of B-related disriminating variables.Two disriminating variables are further added related the isolation of the B andidatevertex. First, the so-alled pT asymmetry is onstruted aording to
pasym

T =
pT(B)− pT(cone)

pT(B) + pT(cone)
,where pT(B) is the transverse momentum of the B andidate and pT(cone) is the trans-verse omponent of the sum of all partile momenta inside a 1.5mrad one around B-andidate diretion. Seond, the estimator of the di�erene of the quality of the vertex

∆χ2, already used as a sanity ut in the preseletion desribed above, is inluded.The full set of variables, as well as their de�nitions, used in the optimization is given inTable 4.10.Table 4.10: List of variables used as inputs of the K0
Sh

+h− BDT disriminant, split by K0
S reon-strution ategories.Variable Desription Down-Down Long-LongB_PT B transverse momentum X XB_ETA B pseudorapidity X XB_IPCHI2_OWNPV B IP signi�ane w.r.t PV X XB_VDCHI2_OWNPV B �ight distane signi�ane w.r.t PV X XB_DIRA_OWNPV B pointing angle X XB_ENDVERTEX_CHI2 B vertex �t χ2

X XB_SMALLESTDELTACHI2 Isolation of the B vertex X XB_PTASYM_1_5 B transverse momentum asymmetry X X

Σi hi_IPCHI2_OWNPV Sum of the hadron IP signi�anes w.r.t PV X XKSLL_VDCHI2_OWNPV K0
S
�ight distane signi�ane w.r.t PV - X

4.2.3.1 Data / MC ompatibilityIn order to hek the data/MC ompatibility of the signal, the sPlot tehnique [78℄ is usedon the data with the B andidate invariant mass as the disriminating variable. The distri-butions of eah of the disriminating variables are shown superimposed for both data andMC (2011 onditions) in Figs. 4.2 and 4.3. The plots for the two 2012 running periods an befound in Figs. C.1 to C.4 in Appendix C. A Kolmogorov-Smirnov test is omputed for eahomparison plot. A satisfatory agreement is observed for all variables in eah sample exept



4.2 Seletion 67for the B-andidate vertex χ2 for the Down-Down K0
S ategory 3. Although this disrepanywill result in a slightly sub-optimal performane of the BDT, we heked that the inlusionof this variable improves the response.Figure 4.2: Compatibility of signal MC/data using 2011 events provided for Long-Long K0

S , for thesignal MC (red) and sWeighted signal events (blak).
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3This observation has been shared with the traking performane group



4.2 Seletion 68Figure 4.3: Compatibility of signal MC/data using 2011 events provided for Down-Down K0
S for thesignal MC (red) and sWeighted signal events (blak).
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4.2.3.2 CorrelationsThe histograms of the variable distributions as well as the linear orrelation plots are pro-vided for 2011 onditions and the Long-Long K0
S
ategory in Figs. 4.4 and 4.6. Similar plotsobtained for Down-Down andidates are displayed in Figs. 4.5 and 4.7. The very same infor-mation for 2012a and 2012b onditions are displayed in Figs. C.5 to C.12 in Appendix C. It is



4.2 Seletion 69worth to mention that the linear orrelations for a given variable do not represent all possibleorrelations that might exist. For instane, the non-linear orrelations between topologialvariables (and to a less extent kinemati ones) justi�es to employ the BDT disriminativetehnique. Likewise, the di�erent observed orrelations whih exist for bakground and sig-nal events again at to favour a seletion based on a multivariate approah. The importaneof the variables in the BDT deision proess for 2011 onditions an be found in Table 4.11,while those for 2012a and 2012b an be found in Tables C.1 and C.2 in Appendix C.A few omments are in order:� The transverse momentum asymmetry measured in a 1.5 mrad one around the Bmeson andidate is among the most disriminative variables, irrespetive of the K0
S
re-onstrution. Despite the fat that this variable is not ompletely aurately simulated,it has been heked that the global performane of the MVA improves and makes itworth to be onsidered in the set of disriminative variables. We note as well that thehoie of the one angle provides the best agreement between real and simulated data.� The ombinatorial bakground andidates appear to be kinematially softer than thesignal, making both the transverse momentum and pseudorapidity of the B andidatepowerful disriminators.� The range of some of the topologial variables overs a few orders of magnitude; henethe logarithm of their value is used both in the optimisation and in the plotting of thevariables.Table 4.11: BDT variable importane ranking [0,1℄ with 2011 data. Variables are presented in thehierarhial order as obtained for Down-Down.Variable Importane DD Importane LLBDT1 BDT2 BDT1 BDT2B_PTASYM_1_5 0.160 0.162 0.097 0.137

Σi hi_IPCHI2_OWNPV 0.159 0.160 0.175 0.190B_VDCHI2_OWNPV 0.151 0.156 0.096 0.106B_ENDVERTEX_CHI2 0.143 0.144 0.073 0.061B_ETA 0.140 0.138 0.120 0.116B_SMALLESTDELTACHI2 0.074 0.070 0.082 0.074B_DIRA_OWNPV 0.069 0.070 0.113 0.097B_IPCHI2_OWNPV 0.051 0.055 0.051 0.054B_PT 0.051 0.049 0.075 0.049KSLL_VDCHI2_OWNPV - - 0.117 0.117
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Figure 4.4: Distribution of variables used in the optimisation of the BDT disriminant for Long-Long
K0

S using 2011 events.
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Figure 4.5: Distribution of Variables used in the optimisation of the BDT disriminant for Down-Down K0

S using 2011 events.
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Figure 4.6: Linear orrelations between the variables used in the optimisation of the BDT for Long-Long (top) and Down-Down (bottom) K0

S using 2011 events.
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Figure 4.7: Linear orrelations between the variables used in the optimisation of the BDT for Down-Down K0
S using 2011 events.
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4.2 Seletion 734.2.4 Training and validation of the BDTThe disriminant response histograms for 2011 onditions are displayed in Fig. 4.8 for Down-Down (Top) and Long-Long (Bottom), and for BDT_1 (left) and BDT_2 (right). Those for2012a, 2012b an be found in Figs. C.13 and C.14 in Appendix C. Although the details of thetraining of eah BDT aording to the years are di�erent (and even for a given year), there isan overall similarity of the shapes. Kolmogorov-Smirnov statistis tests have been omputedin eah ase and did not indiate the presene of any overtraining. This test should be takenwith are sine it does not address all the possible soures of overtraining. It was elsewherefor instane expliitly heked that no orrelation with the B andidate invariant mass wasindued by the variable hoies nor the training of the MVA. BDT_1 and BDT_2 distributionsfor training and testing are also ompatible. In order not to bias the analysis towards onegiven training, the �nal seletion variable, denoted BDT in the following, is arbitrarily takenas BDT_1 or BDT_2 for the events whih were not used in the training proedure.
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Figure 4.8: Training and Validation samples response for the BDT_1 (left) and BDT_2 (right) dis-riminants for Down-Down (top) and Long-Long (bottom). MC2011 is used for signal events andbakground events are seleted from the right-handed side-bands of the 2011 data. The histogramsare normalized to the same number of entries.



4.2 Seletion 744.2.5 Optimisation of the BDT utsThe hoie of the optimal ut on the BDT response an be de�ned using several �gures ofmerit (FoM), eah appropriate for a ertain situation. For example, the hoie of the maximalsigni�ane of the signal (S) with respet to bakground (B)
FoM1 =

S
√

(S +B)
, (4.1)is suitable for a branhing fration measurement when there is already a measurement ora very reliable predition, suh that the value of S an be alulated given the e�ienyof the BDT ut. This is therefore an appropriate FoM for the seletion of B0→ K0

Sπ
+π−,

B0→ K0
S
K±π∓, B0

s→ K0
S
K±π∓, and B0→ K0

S
K+K− for the branhing fration analysis.Sine the branhing fration of the mode B0

s→ K0
S
K+K− is unknown, it is more suitableto use as the FoM a frequentist ansatz [79℄

FoMPunzi =
ǫsig

a
2

+
√
B
, (4.2)where the signal e�ieny (ǫsig), whih an be obtained by ounting the MC events thatpass the multivariate seletion, is used instead of the expeted signal yield. The expetednumber of bakground events (B) is estimated from an exponential �t of the right-hand side-band of the data 4 by extrapolating from the measured slope the number of ombinatorialbakground in the mass peak region. The parameter a orresponds to the signi�ane of thelimit (in units of Gaussian standard deviations σ) that one wants to plae on the branhingfration. We have hosen a = 2 (i.e.90% CL).For the Dalitz analyses of these various modes, the measurements of interest are those ofthe amplitude magnitudes and phases and it is likely that the optimisation of the yields doesnot orrespond to an optimum. Detailed toy studies have shown [80℄ that the �signi�ane

× purity� �gure of merit
FoM2 =

S2

(S +B)
3
2

, (4.3)provides a response to minimise the unertainties on these measurements. In simplerphysial terms, a purer sample is preferred for the determination of the isobar parameters.Consequently, this �gure has been used to optimise the seletion for the Dalitz-plot analysesof B0→ K0
S
K±π∓ and B0

s → K0
S
K±π∓. Note that the understanding of the optimisationsowns a neessary arbitrariness level in the sense that they are model-dependent. The preju-die for the Dalitz Plot analysis of the deay B0→ K0

Sπ
+π− is that the ompetition betweenthe non-resonant phase spae, the 2-body S-wave and the ombinatorial bakground ontri-butions is a key point of the understanding of the Dalitz Plot. Among the optimisationsonsidered here, the so-alled tight optimisation provides the purest sample of signal fora still satisfatory signal e�ieny and has been retained as a onservative hoie for theworking point of this analysis.4Only events satisfying mK0

S
hihi

> 5550 (5530)MeV/c2 are onsidered in order to avoid the Λb veto regionin Down-Down (Long-Long).



4.2 Seletion 75The optimisation made for the favoured modes, B0 → K0
Sπ

+π−, B0
s → K0

SK
±π∓ and

B0→ K0
S
K+K−, gives loose BDT uts, whereas the optimisation made for the non-favouredmodes, B0
s → K0

Sπ
+π−, B0 → K0

SK
±π∓ and B0

s → K0
SK

+K−, gives tight BDT uts. Asmentioned above, the optimal tight BDT ut found for the mode B0
s→ K0

S
π+π− will be usedfor the DP analysis, sine it gives the greater B0→ K0

S
π+π− signal purity. Therefore, wehave hosen to report in this manusript only the tight optimisation, as illustrated in Fig. 4.9.For the sake of omparison, Tables 4.12 to 4.14 gather all the optimal uts for 2011, 2012aand 2012b samples. The results for all the optimisations of the BDT ut performed in thiswork an be found in [81℄. Table 4.16 shows the MC signal and bakground e�ienies ofthe tight BDT uts (with loose uts for omparison) of the mode B0→ K0

S
π+π−, whih areused for the DP analysis.
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Figure 4.9: Figures of merit omputed as S/√(S +B) for the observed mode B0
s→ K0

Sπ
+π− using2011 events (left), 2012a events (middle) and 2012b events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.

4.2.6 Partile Identi�ationWhen the neutral B0 or B0
s mesons deay to the �nal states KShh

′, there are six ompetingdeay modes states only di�erent by the nature of the h and h′ partiles. This results in signalross-feeds. The level of misidenti�ation an be ontrolled by PID uts. The variables usedfor the harged hadron identi�ation in this analysis are the PROBNNh, where h an eitherdenotes a pion or a kaon.



4.2 Seletion 76Table 4.12: BDT disriminant optimal uts and e�ienies as determined from the training vali-dation sample 2011 in the di�erent K0
Sh

+h− modes. The hierarhy in the uts re�ets the relativeimpat of the ombinatorial bakground in eah spetra.
FoM1 Optimisation FoM2 Optimisation

K0
S
ategory Deay mode BDT Cut ǫ Signal ǫ Bkg BDT Cut ǫ Signal ǫ Bkg

B0→ K0
Sπ

+π− −0.06 0.834 0.082 0.03 0.706 0.033
B0

s→ K0
S
π+π− 0.12 0.567 0.011 0.21 0.389 0.004Down-Down B0→ K0

SK
±π∓ 0.03 0.708 0.037 0.19 0.412 0.007

B0
s→ K0

S
K±π∓ −0.02 0.788 0.057 0.08 0.640 0.024

B0→ K0
S
K+K− −0.10 0.875 0.106 −0.04 0.815 0.061

B0→ K0
S
π+π− −0.05 0.925 0.053 −0.04 0.914 0.069

B0
s→ K0

S
π+π− 0.04 0.816 0.012 0.08 0.732 0.008Long-Long B0→ K0

SK
±π∓ 0.04 0.814 0.041 0.06 0.776 0.032

B0
s→ K0

S
K±π∓ 0.04 0.821 0.041 0.06 0.790 0.032

B0→ K0
SK

+K− −0.17 0.983 0.316 −0.06 0.934 0.114Table 4.13: BDT disriminant optimal uts and e�ienies as determined from the training valida-tion 2012a sample in the di�erent K0
Sh

+h− modes. The hierarhy in the uts does re�et the relativeimpat of the ombinatorial bakground in eah spetra.
FoM1 Optimisation FoM2 Optimisation

K0
S ategory Deay mode BDT Cut ǫ Signal ǫ Bkg BDT Cut ǫ Signal ǫ Bkg

B0→ K0
S
π+π− 0.03 0.836 0.104 0.15 0.700 0.038

B0
s→ K0

Sπ
+π− 0.23 0.606 0.015 0.31 0.462 0.006Down-Down B0→ K0

S
K±π∓ 0.21 0.614 0.024 0.30 0.454 0.009

B0
s→ K0

S
K±π∓ 0.11 0.773 0.064 0.23 0.595 0.019

B0→ K0
SK

+K− 0.03 0.846 0.144 0.11 0.764 0.008
B0→ K0

Sπ
+π− −0.03 0.837 0.025 0.00 0.796 0.016

B0
s→ K0

S
π+π− 0.05 0.714 0.007 0.08 0.659 0.005Long-Long B0→ K0

S
K±π∓ 0.00 0.793 0.043 0.07 0.680 0.026

B0
s→ K0

SK
±π∓ −0.03 0.838 0.053 0.04 0.726 0.032

B0→ K0
S
K+K− −0.06 0.874 0.079 0.02 0.773 0.0284.2.6.1 Calibration of PID e�ienyThe simulation does not satisfatorily desribe the PID variables. Hene, a data-drivenalibration must be undertaken. It basially follows the methods and presriptions providedin the PIDCalib tool developed in the ollaboration. First, the alibration samples of hargedkaons and pions provided by the PIDCalib tool and formed from D∗+ → D0(→ K−π+)π+reonstruted andidates are used to build e�ieny maps of the PID uts designed forthis analysis, whih will be detailed in the next Setion 4.2.6.2, as a funtion of both thetrak momentum and pseudo-rapidity. It has been heked that the additional granularitybrought by the multipliity of the traks in the events was not required for this analysis.



4.2 Seletion 77Table 4.14: BDT disriminant optimal uts and e�ienies as determined from the training valida-tion 2012b sample in the di�erent K0
Sh

+h− modes. The hierarhy in the uts does re�et the relativeimpat of the ombinatorial bakground in eah spetra.
FoM1 Optimisation FoM2 Optimisation

K0
S
ategory Deay mode BDT Cut ǫ Signal ǫ Bkg BDT Cut ǫ Signal ǫ Bkg

B0→ K0
Sπ

+π− 0.01 0.748 0.050 0.13 0.592 0.017
B0

s→ K0
S
π+π− 0.18 0.531 0.011 0.30 0.341 0.003Down-Down B0→ K0

SK
±π∓ 0.10 0.636 0.030 0.22 0.452 0.012

B0
s→ K0

S
K±π∓ 0.07 0.696 0.036 0.22 0.472 0.012

B0→ K0
S
K+K− −0.08 0.844 0.117 0.04 0.716 0.056

B0→ K0
S
π+π− −0.10 0.913 0.063 −0.02 0.808 0.022

B0
s→ K0

S
π+π− 0.03 0.716 0.009 0.05 0.669 0.007Long-Long B0→ K0

SK
±π∓ 0.02 0.727 0.023 0.07 0.597 0.015

B0
s→ K0

S
K±π∓ −0.05 0.872 0.047 0.02 0.742 0.023

B0→ K0
SK

+K− −0.13 0.940 0.094 −0.10 0.912 0.060Table 4.15: Optimal ut values for the as yet undisovered mode B0
s → K0

SK
+K− for eah datasample. Also given are the e�ienies of the ut for both signal and bakground samples.Data sample BDT Cut ǫ Signal ǫ Bkg2011, Down-Down 0.15 0.490 0.0082012a, Down-Down 0.20 0.641 0.0362012b, Down-Down 0.22 0.473 0.0132011, Long-Long 0.05 0.790 0.0382012a, Long-Long 0.05 0.740 0.0192012b, Long-Long 0.12 0.493 0.003Table 4.16: MC signal and bakground e�ienies of the BDT ut, loose and tight, for the mode

B0→ K0
Sπ

+π−. Tight Optimisation Loose Optimisation
K0

S
ategory Running period BDT Cut ǫ Signal ǫ Bkg BDT Cut ǫ Signal ǫ Bkg2011 0.12 0.552 0.011 −0.06 0.834 0.082Down-Down 2012a 0.23 0.587 0.015 0.03 0.836 0.1042012b 0.18 0.525 0.011 0.01 0.748 0.0502011 0.04 0.797 0.012 −0.05 0.925 0.053Long-Long 2012a 0.05 0.703 0.007 −0.03 0.837 0.0252012b 0.03 0.693 0.009 −0.10 0.913 0.063The PID e�ieny and misidenti�ation (misID) e�ieny from MC signal samples are thenreweighted on an event-by-event basis aording to these maps. The alibration samples an



4.2 Seletion 78not be valuably de�ned for all momenta. It has been hosen to restrit the signal seletionto the kinematial range for any trak h 3 GeV/c < ph < 100 GeV/c. The binning has beenhosen in order to have a similar number of events in eah bin keeping a resolved enoughgranularity of the kinemati variable distributions. It is detailed in Table 4.17.Table 4.17: The binning sheme used to produe the PIDkπ (mis)identi�ation e�ieny maps.Partile type (year) p binning boundaries η binning boundaries(in GeV/c2)
K's (2011) {3000; 9300; 15600; 18515; {1.5; 2.4975; 2.7075; 3.0575;28325; 40097; 59717; 100000} 3.3725; 3.7225; 4.0025; 5.0}
K's (2012) {3000; 9300; 15600; 16553; {1.5; 2.4625; 2.6725; 2.9875;26363; 38135; 57755; 100000} 3.3025; 3.6525; 3.8975; 5.0}
π's (2011) {3000; 9300; 15600; 16553; {1.5; 2.4625; 2.7075; 3.0225;24401; 36173; 55793; 100000} 3.3375; 3.6875; 3.9675; 5.0}
π's (2012) {3000; 9300; 14591; 15600; {1.5; 2.4275; 2.6375; 2.9525;24401; 34211; 53831; 100000} 3.2675; 3.6175; 3.8975; 5.0}As an illustration of the alibration proedure, Fig. 4.10 provides the PID and misIDe�ieny of the MC and the Calibration sample as a funtion of trak momentum for agiven arbitrary PID ut.

Figure 4.10: The PID and MisID e�ieny of MC and alibration events is given for pion traks (left)and kaon traks (right), as a funtion of trak momentum, for two arbitrary uts set at PROBNNpi >
0.92 and PROBNNK > 0.82, respetively for pions and kaons.Continuing this illustration of the alibration proedure with arbitrary uts on PROBNNh,the overall PID ut e�ienies for the modes B0→ K0

Sπ
+π− and B0→ K0

SK
+K− (Down-



4.2 Seletion 79Down, 2011) have been orreted, as shown in Fig. 4.11. This �gure displays as well theunweighted PID e�ieny.

Figure 4.11: The PID (left) and MisID (right) e�ieny, weighted (red) and unweighted (blue), ofpion traks (up) taken from the MC sample B → KSππ and kaon (bottom) taken from the MCsample B → KSKK. The ut on PROBNNh is lying in the range 0.01 < cut < 0.99.4.2.6.2 Partile Identi�ation SeletionAs mentioned in Setion 4.2.1, the �rst PID seletion is requiring the harged hadrons tohave isMuon == 0 ut, in order to rejet possible harmonia transitions. This ut as well asthe whole seletion is applied prior to build the alibration tables.The uts on harged hadrons ID PROBNNh are de�ned to be the same in the deay modeswith a pair of idential harged hadrons. The shape of the ut in the plane {PROBNNpi,PROBNNK}, is hosen to be triangular as illustrated in Fig. 4.12. This type of ut an be madeby requiring the following onditions:� The �nal state K0
Sπ

+π− is seleted with:
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Figure 4.12: Signal MC events B0 → K0
Sπ

+π− (blue) and Crossfeed MC events B0→ K0
SK

±π∓reonstruted as B0→ K0
Sπ

+π− (red) distributed in the plane {PROBNNpi, PROBNNK}. The dashedblak line illustrates the type of PID ut used in this thesis analysis with an o�set equal to 0.21.h_PROBNNpi > h_PROBNNK + aπ .� The �nal state K0
S
K±π∓ is seleted with:h1_PROBNNK > h1_PROBNNpi − aK ,and h2_PROBNNpi > h2_PROBNNK + aπ ,where h1 and h2 are the kaon and pion andidates, respetively.� The �nal state K0

S
K+K− is seleted with :h_PROBNNK > h_PROBNNpi − aK .

aπ and aK represent the o�sets to be optimized for eah sample.The hoie of the ut shape is derived by the distribution of ross-feed and signal events,that are usually distributed in opposite orners of the two-dimensional (PROBNNpi, PROBNNK)plane. It is worth to mention that a de�nition of the PID uts with aπ = aK ensures that the
B0

d,s→ K0
Sh

±h
′∓ spetra are mutually exlusive. The alibration maps have been produedusing the former equations, hene depending on the value of ah, with a granularity of 200(ah varies in between -1. and 1. by steps of 0.01).In order to optimize the uts, it has been hosen to fous on the K0

Sπ
+π− and K0

SK
+K−spetra. The values of the o�sets obtained for π and K will be subsequently used to seletthe K0

SK
±π∓ sample. As in the BDT ut optimisation, the �gure of merit used to obtain the
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O�set
FoM

Figure 4.13: Figure of merit for the favoured modes B0→ K0
Sπ

+π− (blue) and B0→ K0
SK

+K−(red), the red (blue) arrow shows the region where the pion (kaon) andidates are.optimal ut of the o�set(s) is in most ases the standard signi�ane S/√(S + B), exeptfor Bs → KSKK, where we used the frequentist ansatz [79℄. In the ase of the PID utoptimisation, the bakground omprises the ombinatorial bakground as well as the signalross-feeds. The ombinatorial number expetation is estimated from an exponential �t tothe invariant mass right side-band and the number of events is extrapolated in the signalregion. The signal ross-feed bakground (as well as the signal S) is estimated from theprodut of the luminosity, ross-setion, fragmentation fration, aeptane e�ieny andvisible branhing ratio.For the favoured modes, the ondition aπ ≥ aK is not realized in any ondition if theoptimization is realized on eah sample independently. Indeed, Fig. 4.13 shows one realiza-tion in whih aK ≥ aπ. To preserve the mutually-exlusive de�nition of the spetra, the�gure of merits of the B0 → KSπ
+π− and B0 → KSK

+K− are multiplied and used todetermine the optimal o�sets for those two modes. The non-favoured modes optimal o�setsare already meeting the requirement of exlusive spetra and do not require any orretiveation. Following the notation of the multivariate seletion, the optimization of the favoured(non-favoured) modes is said Loose (Tight). The omplete set of optimal o�sets are gatheredin Tables 4.18 and 4.19. The distributions of FoM are displayed in Figs. 4.14 and 4.15. Wetake note that the PID uts not only at on the signal ross-feeds but also on the level ofombinatori. Following the strategy of minimizing the ombinatorial bakground exposedin the subsetion 4.2.4, the tight optimisation is used in the DP analysis of the deay
B0→ K0

Sπ
+π−.
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Table 4.18: Optimal uts for K0

Sπ
+π− and K0

SK
+K− spetra and table of Signal (Sig) and rossfeed(CF) e�ienies, orreted by the PIDCalib tool, as well the ombinatorial e�ieny, for all yearsand K0

S reonstrution ategories.Year K0
S reo. mode ahi

Sig. e�. CF. e�. Comb. e�.2011 Down-Down B0 → K0
Sππ 0.20 86.1± 0.2 10.4± 0.1 47.1± 1.3

B0
s → K0

Sππ 0.25 82.6± 0.3 8.9± 0.1 41.2± 3.2
B0 → K0

SKK 0.20 79.0± 0.2 6.7± 0.1 7.9± 0.4
B0

s → K0
SKK −0.03 65.4± 0.4 2.9± 0.1 1.8± 0.4Long-Long B0 → K0
Sππ 0.25 86.5± 0.4 10.5± 0.2 42.4± 2.2

B0
s → K0

Sππ 0.35 82.9± 0.3 7.7± 0.2 40.3± 4.0
B0 → K0

SKK 0.25 79.2± 0.2 6.1± 0.2 8.9± 0.5
B0

s → K0
SKK 0.00 65.8± 0.5 2.3± 0.1 1.2± 0.42012 Down-Down B0 → K0
Sππ 0.20 84.8± 0.1 10.1± 0.1 44.9± 0.6

B0
s → K0

Sππ 0.22 82.5± 0.1 9.5± 0.1 40.4± 1.2
B0 → K0

SKK 0.20 80.0± 0.1 7.0± 0.1 9.7± 0.2
B0

s → K0
SKK −0.02 66.1± 0.2 3.2± 0.0 3.3± 0.3Long-Long B0 → K0
Sππ 0.25 86.3± 0.2 10.3± 0.1 39.9± 1.5

B0
s → K0

Sππ 0.36 80.2± 0.2 7.2± 0.1 29.8± 3.3
B0 → K0

SKK 0.25 80.1± 0.2 6.7± 0.1 7.4± 0.4
B0

s → K0
SKK 0.00 65.1± 0.3 2.7± 0.1 1.4± 0.4

Table 4.19: Cuts and table of the PID ut e�ienies for KSK
±π± spetra, orreted by the PID-Calib, CF1 and CF2 represent the signal rossfeed B0→ K0

Sπ
+π− and B0→ K0

SK
+K−, respetively.Year K0

S
reo. mode ah1 ah2 Sig. e�. CF1. e�. CF2. e�. Comb. e�.2011 Down-Down B0 −0.03 0.25 79.0± 0.4 2.7± 0.1 7.9± 0.1 9.3± 0.7

B0
s 0.20 0.20 81.9± 0.3 6.8± 0.1 9.9± 0.1 24.6± 0.9Long-Long B0 0.00 0.35 72.8± 0.5 2.6± 0.1 6.7± 0.1 9.8± 1.1

B0
s 0.25 0.25 83.0± 0.3 6.8± 0.2 9.7± 0.1 26.1± 1.62012 Down-Down B0 −0.02 0.22 73.3± 0.2 3.5± 0.0 8.3± 0.1 11.5± 0.4

B0
s 0.20 0.20 82.0± 0.1 7.8± 0.1 9.6± 0.1 23.7± 0.5Long-Long B0 0.00 0.36 71.6± 0.3 2.7± 0.1 6.3± 0.1 9.1± 0.8

B0
s 0.25 0.25 81.9± 0.2 7.0± 0.1 9.6± 0.1 23.2± 0.9



4.2 Seletion 83

Figure 4.14: The produt of the �gure of merits for B0→ K0
Sπ

+π− and B0→ K0
SK

+K−. The redarrow points to the optimal value aπ = aK .

O�set
FoM O�set
FoM

O�set
FoM O�set
FoM

Figure 4.15: Figures of merit for the non-favoured modes B0
s→ K0

Sπ
+π− (blue) and B0

s→ K0
SK

+K−(red). The red (blue) arrow shows the region where the pion (kaon) andidates are.



4.3 Bakground studies 844.3 Bakground studiesThe struture of the bakgrounds in the harmless deays B0
d,s→ K0

Sh
±h

′∓ is rih. Four mainategories were identi�ed. They are desribed in details in [82℄. The purpose of this Setionis to review them rapidly and to emphasize those whih play a signi�ant role for the DalitzPlot analysis.� The �rst ategory orresponds to the fully reonstruted and peaking bak-ground, where the �nal state is idential to the signal but proeeds through a harmedor harmonia resonane. In some events, the re�etions of misidenti�ed resonanes (un-der the exhange of a kaon to a pion) are as well onsidered. This type of bakgroundan be vetoed by reonstruting the �nal state under the proper daughter partile hy-potheses for the given intermediate state and ut on the newly formed invariant massof the hypothesized resonane. The possible J/ψ and χc0 harmonia transitions andthe D and Λc intermediate states are hene vetoed by requiring their reonstruted tobe |mrec −mPDG| < 48 MeV/c2 for harmonia and |mrec −mPDG| < 30 MeV/c2 for Dmesons and Λc baryon (f. Fig. 4.16). The ensemble of vetoes are:� D0 → K−π+, D0 → π+π−, D0 → K+K−, D+ → K0
S
K+, D+ → K0

S
π+, D+

s →
K0

S
K+, D+

s → K0
S
π+ and Λc → pK0

S� J/ψ→ π+π−,� χc→ π+π− is removed in the measurements of the B0
d,s→ K0

Sh
±h

′∓ branhingfrations series. As a strongly interating state, the χc is taking part of theinterferene �gure of the B0 → K0
Sππ and is kept in this DP analysis.� The partially reonstruted bakground are four-body deays in whih one partileis not reonstruted. The multivariate seletion tool ontains an isolation variablewhih identi�es any additional harged trak onsistent with the analysis andidatevertex. Hene, most of the partially reonstruted bakground orrespond to a missing

π0 or γ in the reonstrution. As an example, on an ite the harmless deay B0 →
η′K0

S
followed by η′ → ργ, the γ being not reonstruted. A oktail of harmed andharmless transitions have been studied using to MC simulated events, out of whih amodel to desribe the shape of the partially reonstruted K0

Sh
±h

′∓ mass distributionis derived. Let us notie that this bakground is innouous for the DP analysis, inreason of the tight seletion and its non-peaking nature.� The re�etions or ross-feeds from other signal modes: the six modes B0
d,s →

K0
S
h±h

′∓ are ompeting up to the PID identi�ation uts. By de�nition of the par-tile identi�ation riteria, none of the seleted andidates an enter simultaneouslyin two distributions. Despite this mutually exlusive de�nition of the samples, PIDmisidenti�ations an our and require these ontributions to be aurately modelled.The hoie of hard PID uts is however making the dominant signal ross-feeds in the
B0→ K0

Sπ
+π− spetrum negligible.� On top of these physial bakgrounds, there is a ombinatorial bakground whereat least one partile is not oming from the signal deay. The Long-Long and Down-Down ategories are very di�erent in this respet, the latter reeiving a higher level of



4.4 Mass �t model 85fake ombinations. They are expeted to be the largest bakground under the signalpeaks for the DP analysis. The multivariate seletion desribed in Setion 4.2 aims atremoving them maximally. Combinatoris are modelled with a linear or an exponentialshape in the invariant mass �t.Figure 4.16: Figures show the 2-body invariant masses with 2011 Down-Down K0
S andidate wherethe K0

Sππ seletion is applied with tight BDT and PID: the top plots show the reonstruted massof K0
Sπ

+, K0
Sπ

− and π+π− without any vetoes, the two bottom left plots show the reonstrutedmass of K0
SK

± and K±π∓ (with dominant harm meson vetoes), the two bottom right plots showthe reonstruted mass of K0
Sp and pπ with dominant harm meson and MisId (K/π) harm mesonvetoes.

4.4 Mass �t modelThis Setion is meant to provide useful information for the reader to understand the mass�t results presented in the next Setion 4.5. The detailed presentation of this model anbe found in Ref. [83℄. A simultaneous unbinned extended maximum likelihood �t to theinvariant mass distributions, K0
S
K+K−, K0

S
K±π∓ and K0

S
π+π−, is performed to determinethe yields of the di�erent modes. The models used in this �t are desribed in this setion.



4.4 Mass �t model 86As the B0
s→ K0

SK
+K− deay has not yet been observed, a blinding proedure is applied tothis mode.4.4.1 General strategyThe underlying strategy employed for the mass �t is the following:� most of signal model parameters are taken from the simulation exept the reonstrutedmean masses of B0 and B0

s , and the resolution of the signal;� generi shapes for partially-reonstruted bakgrounds are parametrised using samplesgenerated with the fast MC method doumented in [84℄, and their yields are onstrainedusing signal yields, relative branhing frations and adequate e�ienies;� when not negligible, ross-feed ontributions are modelled using fully-simulated sam-ples, and their yields are onstrained using signal yields, relative branhing frationsand adequate e�ienies;� ombinatorial bakground in eah spetrum is modelled with a �rst-degree polynomial.4.4.2 Signal modelAs in the same previous analysis given by the Ref. [85℄, eah signal shape is modelled witha sum of two Crystal Ball (2CB) funtions sharing a ommon mean and width. The or-responding tail parameters are extrated after the whole seletion, and �xed to the valuesobtained on the simulation. No truth-mathing requirement is added at this level in order toaount for mis-mathed and misreonstruted signals in the signal shape. For onsisteny,the mathing will not be required either when alulating the e�ienies. Unmathed eventsare at the sub-perent level after the whole seletion is applied and would ontribute to sys-temati unertainties at a negligible level (and are thus negleted). The turnover point (α0)and the tail parameter (n0) that are modelling the radiative tail are allowed to be di�erent foreah reonstrution mode and periods, but universal for B0 and B0
s 's, and Down-Down andLong-Long. The right-hand side parameters (α1 and (n1)), allowing for a parametrisation ofpathologial signal andidates that typially lie at higher masses than the signal, are takento be universal for all the modes, periods, and meson types. They are indeed thought to belinked to traking e�ets, all the modes under study having similar kinematis at �rst order.The fration of the seond CB (f1) is left free on the �t to the simulation but �xed in the�t to data. It is assumed to be universal for B0 and B0

s 's, and Down-Down and Long-Long,but is allowed to vary between reonstrution modes. Both the mean and the width of eahof the two CB funtion are assumed to be idential. The mean value of the B0 and B0
smasses are let free in the �t and universal for all reonstrution modes. The width of the

K0
Sπ

+π− deays is left free in the �t and two (multipliative) sale fators for the width ofthe K0
S
K±π∓ and K0

S
K+K− deays are also left free in the �t to data. The ratio of thewidths for Down-Down and Long-Long andidates is assumed to be universal, in order toredue the number of free parameters. At last, the ratio of the widths for B0 and B0

s is alsoassumed to be universal. In both ases, this assumption has been suessfully tested on the�t on MC samples.



4.4 Mass �t model 87A �t of all the simulated samples is performed simultaneously to extrat the variousparameters in a onsistent way after the whole seletion using the loose and tight BDToptimisations. The parameters �t results for the di�erent optimisation an be found in [83℄.Fit results for the deay mode B0→ K0
S
π+π− in the tight optimisation are shown in Fig. 4.17.Fit results for other periods and other deay modes are shown in Appendix D.Figure 4.17: Result of the simultaneous �t of the reonstruted invariant mass on simulated samplesof the signal deay B0→ K0

Sπ
+π−, using the tight optimisation of the BDT. The running periods2011, 2012a and 2012b are shown from top to bottom, while Down-Down deays are shown on theleft and Long-Long deays on the right.
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4.4 Mass �t model 884.4.3 Models for rossfeed bakgroundWe model the misidenti�ed signals using a double Crystal-Ball distribution, and we �x themean and the width of the Gaussian ore to be the same in the two omponents.We assume all parameters to be the same between the Down-Down and Long-Long reon-strution modes and the periods of data taking. We also share all parameters exept formeans between same kind of mis-ID. For instane, this means that all non-mean parametersare shared between the B0→ K0
S
π+π− as K0

S
K±π∓ and B0

s→ K0
S
K±π∓ as K0

S
K+K− on-tributions. This hypothesis is supported by the values obtained for these parameters in a �twhere they are left independent. It allows to greatly redue the number of parameters andthus improves the stability of the �t .The �t on the simulated data samples, after the whole seletion exept for the BDT 5,is performed simultaneously on B0, B0

s , Down-Down, Long-Long, 2011, 2012a, and 2012bfor eah hannel. The �t results for the di�erent optimisation an be found in [83℄. Theresults for the tight optimisation onsidered for the DP study of the deay B0→ K0
S
π+π−are displayed in Fig. 4.18. Results for other modes are shown in Appendix D.The yields of the ross-feed ontributions annot be free in the �t to the data, beausethey orrespond to small ontributions, lose to signal peaks. Thus the rates of the misiden-ti�ed signal ontributions relative to their well-identi�ed ounterparts are onstrained withGaussians using entral values and widths extrated from Monte-Carlo e�ienies for theBDT (sine the ut is di�erent for eah reonstrution mode) and from alibrated PID e�-ienies desribed in Setion 4.2.6.2. The unertainties are from systemati unertainties ofthe PID alibration proedure and the statistial unertainty on the relative BDT e�ienies.Both simulated samples generated �at on the square Dalitz and the phase-spae are used.The relative di�erene of the values obtained for these two Monte-Carlo samples is added inquadrature to the other unertainties. These onstraints are summarised in Table 4.20.4.4.4 Partially-reonstruted bakgroundsThe former strategy to model the partially-reonstruted bakgrounds is also kept in thisupdate of the analysis inluded in this thesis, with some adaptations. Four ategories ofpartially-reonstruted bakgrounds are identi�ed. Eah shape is modelled with Argusfuntions onvoluted with a Gaussian, parametrised by the equation:

fArgus = m · (1− (
m

mt
)2)p exp (s · (1− (

m

mt
)2)) (4.4)Two ategories of harmless radiative partially-reonstruted bakgrounds areparametrised in the K0

Sπ
+π− reonstrution mode. They onsist of B0 → η′(ρ0γ)K0

S and
B0→ K0

S
π+π−γ. These have been onsidered in the K0

S
K+K− and K0

S
K±π∓ reonstrutionmodes, but their ontributions have been estimated to aount for a negligible amount ofevents.The other ategories are the harmless and open-harm deays with a missing π±,0. Theseare modelled using a anonial mode, and are allowed to ome from both B0 and B0

s . Con-tributions from B+ deays are generially taken into aount in the B0 ontribution. Any5The BDT uts are not applied to inrease the statistis of the rossfeed samples



4.4 Mass �t model 89Figure 4.18: Results of the �t of the reonstruted invariant mass of the misidenti�ed signal deay
B0

s→ K0
SK

±π∓ as K0
Sπ

+π−, using the tight optimisation of the BDT. Running periods 2011, 2012aand 2012b are shown from top to bottom, while Down-Down deays are shown on the left and Long-Long deays on the right.
]2c) [MeV/−π+π0

SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

210

5000 5200 5400 5600 5800
-5

0

5
]2c) [MeV/−π+π0

SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

5000 5200 5400 5600 5800
-5

0

5

]2c) [MeV/−π+π0
SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

210

5000 5200 5400 5600 5800
-5

0

5
]2c) [MeV/−π+π0

SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

5000 5200 5400 5600 5800
-5

0

5

]2c) [MeV/−π+π0
SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

210

5000 5200 5400 5600 5800
-5

0

5
]2c) [MeV/−π+π0

SKm(

 )2
C

an
di

da
te

s /
 ( 

20
 M

eV
/c

1

10

5000 5200 5400 5600 5800
-5

0

5

deay where a K or an η is missing do not fall into the invariant mass window of the �nal �t,and thus are not parametrised. The same omment is also valid for B to exited open-harmmesons.The threshold parameter (mt, see Eq. (4.4)) of eah ontribution is taken to be equal



4.4 Mass �t model 90Table 4.20: Constraints on the relative yields of the ross-feed ontributions, from BDT MC e�ien-ies and alibrated PID e�ienies. Contributions not present in this table are negleted beausethey are expeted to ontribute less than one event in the �nal �t. The onstraints given in this tableare under Tight BDT optimisations.relative yield mean [%℄
N(B0→K0

SK+K− as K0
SK±π∓)

N(B0→K0
SK+K−)

7.1± 12.3

N(B0→K0
SK±π∓ as K0

SK+K−)

N(B0→K0
SK±π∓)

2.31± 2.3

N(B0→K0
SK±π∓ as K0

Sπ+π−)

N(B0→K0
SK±π∓)

7.72± 3.5

N(B0→K0
Sπ+π− as K0

SK±π∓)

N(B0→K0
SK+K−)

1.61± 1.8

N(B0
s→K0

SK±π∓ as K0
SK+K−)

N(B0
s→K0

SK±π∓)
2.28± 2.8

N(B0
s→K0

SK±π∓ as K0
Sπ+π−)

N(B0
s→K0

SK±π∓)
8.85± 3.5

N(XasY )
N(Y )

(2012a/2011) 88.2± 4.1

N(XasY )
N(Y )

(2012b/2011) 94.5± 3.7

N(XasY )
N(Y )

(LL/DD) 106± 5to the physial threshold of the partially-reonstruted deay under onsideration: the Bmass minus the π mass for a deay with a missing pion, or the B mass in ase of a radiativeharmless deay. The other parameters are extrated from samples generated with the fastMC method. The parameters p and s of the K0
SK

±π∓ and K0
SK

+K− modes are assumedto be idential to the K0
S
π+π− parameters for all ategories of partially-reonstruted bak-ground. This assumption was heked to be orret on independent simulated samples, giventhe limited statistis of the simulated samples at hand. B0, B0

s , Down-Down and Long-Longparameters are kept idential, expet for the threshold mass in the ase of the B0
s deays.In any ase the width of the Gaussian resolution model is kept �xed to the well identi�edsignal deays.The result of the �t on simulated samples and the orresponding parameters an be foundin [83℄ and shown in Figs. 4.19 and 4.20.The yields of these partially-reonstruted ontributions are onstrained with Gaussianfuntions in the �nal �t using the known e�ienies from referene fully-simulated samples,and a parameter representing the inlusive branhing fration of these modes when it is notwell-known. This fatorisation is presented in the following equation, where X is a givenmode of partially-reonstruted bakground ontributing to the Y deay mode:N(X)N(Y) = BR(X)× h(X,Y) , (4.5)where h(X,Y) =

ǫ(Y )BR(Y)× ǫ(X)
, (4.6)



4.4 Mass �t model 91Figure 4.19: Results of the �t of the reonstruted invariant mass of the partially-reonstruted deays(Down-Down). On the top the two radiative harmless deays (resonant on the left, non-resonanton the right), On the bottom the two deays where a pion is not reonstruted, harmless on the left,from B to open harm deays on the right.
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ǫ here is the e�ieny of the orresponding deay mode.The onstraints used in the �t are summarised in Table 4.21. We multiply the widthof the Gaussian onstraints by a fator 5, sine the e�ienies are modelled using a singledeay mode. The minimum of the parameter representing the branhing fration is �xedusing the sum of known branhing frations reported in the PDG, and the maximum is setto an arbitrarily large value (several 10−3).4.4.5 Combinatorial bakgroundThe polynomial oe�ient of the ombinatorial bakground is left free in the �t. A salefator is added to generially allow for a di�erene between Long-Long and Down-Downslopes, and two others are added to aount for a di�erene between data-taking periods.Systemati unertainties are assigned to these assumptions.
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Figure 4.20: Results of the �t of the reonstruted invariant mass of the partially-reonstruted deays(Long-Long). On the top the two radiative harmless deays (resonant on the left, non resonant onthe right), On the bottom the two deays where a pion is not reonstruted, harmless on the left,from B to open harm deays on the right.
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Table 4.21: Constraints on the relative yields of the partially-reonstruted ontributions, from rela-tive MC e�ienies. Contributions not present in this table are negleted.h parameter(∝ N(Bkg.)N(Sig.) ) mean unertainty
h(B0→ DX→ K0

SK
+K− + π) 10202.7 16471.8

h(B0→ K0
S
K+K− + π) 5911.86 6358.4

h(B0→ DX→ K0
S
K±π∓ + π) 3002.23 6974.3

h(B0
s→ DX→ K0

SK
±π∓ + π) 3002.23 6974.3

h(B0
s→ K0

S
K±π∓ + π) 1739.62 3456.1

h(B0→ DX→ K0
S
π+π− + π) 2446.74 4772.5

h(B0
s→ DX→ K0

Sπ
+π− + π) 2446.74 4772.5

h(B0→ K0
S
π+π− + π) 1417.74 2175.7

h(B0
s→ K0

Sπ
+π− + π) 1417.74 2175.7relative yield mean [%℄ unertainty [%℄

N(B0→K0
Sπ+π−+γ)

N(B0→K0
Sπ+π−)

1.6 0.33
N(B0→K0

Sη′(→π+π−γ))

N(B0→K0
Sπ+π−)

2.7 0.5
h(X)(2012a/2011) 75 10
h(X)(2012b/2011) 90 12
h(X)(LL/DD) 100 10



4.5 Mass �t results 944.5 Mass �t resultsThe �t results with both the loose and tight BDT optimisations are disussed. As mentionedearlier in this doument, the tight seletion has been retained as the baseline seletion forthe DP analysis of B0→ K0
Sπ

+π− in order to suppress both the ombinatorial bakgroundand the ross-feed from B0
s → K0

S
K±π∓. However, we hoose to reprodue here the mass�t results for both optimisations in view of judging the relative level of ontamination. Thenumber of signal and ombinatorial events are used in order to determine the fration ofsignal whih is an input of the total p.d.f. of the DP model (see Setion 5.1.2).4.5.1 Fit results for the loose BDT optimisationThe result of the �t is shown in Fig. 4.21 for K0

Sπ
+π− spetra and in Figs. D.3 to D.5 for

K0
S
K±π∓ and K0

S
K+K− spetra. The measured �t parameters are summarised in Table 4.22,the signal yields being given separately in Table 4.23 for larity. The residuals of the �t areas well provided and show a reasonably good behaviour in the whole mass range.4.5.2 Fit results for the tight BDT optimisationThe result of the �t is shown in Fig. 4.22 for K0

S
π+π− spetra and in Figs. D.6 to D.8 for

K0
SK

±π∓ and K0
SK

+K− spetra. The measured �t parameters are summarised in Table 4.24,Table 4.22: Fit results for the loose optimisation of the BDT.
(µ(B0

s )− µ(B0))(2011) 88.1± 1.3
(µ(B0

s )− µ(B0))(2012a) 88.16± 1.7
(µ(B0

s )− µ(B0))(2012b) 85.92± 1
σ(B0→ K0

S
π+π−)(2011) 19.17± 0.64

σ(B0→ K0
S
π+π−)(2012a) 18.49± 0.73

σ(B0→ K0
Sπ

+π−)(2012b) 19.03± 0.49
Slope(Comb)(2012a/2011) 1.08± 0.14
Slope(Comb)(2012b/2011) 0.753± 0.097
Slope(Comb)(K0

S
K+K−)(2011) −0.000794± 0.00024

Slope(Comb)(K0
S
K±π∓)(2011) −0.00162± 0.00028

Slope(Comb)(Long − Long/Down−Down) 1.61± 0.18
Slope(Comb)(K0

S
π+π−)(2011) −0.00133± 0.00018

σ(B0
s )/σ(B0)(2011) 1± 0.0097

σ(B0→ K0
SK

+K−)/σ(B0→ K0
Sπ

+π−)(2011) 0.903± 0.0096
σ(B0→ K0

S
K±π∓)/σ(B0→ K0

S
π+π−)(2011) 0.903± 0.0097

σ(Long − Long)/σ(Down−Down)(2011) 0.989± 0.031
µ(B0)(2011) 5284.78± 0.64
µ(B0)(2012a) 5285.68± 0.74
µ(B0)(2012b) 5285.12± 0.47
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5Figure 4.21: Result of the simultaneous �t of the K0
Sπ

+π− data with the loose BDT optimisation.Running period 2011, 2012a and 2012b are shown from top to bottom, while the left and right plotsshow the result of Down-Down and Long-Long K0
S reonstrution, respetively. Eah omponent ofthe �t model is displayed as following: the B0 (B0

s ) omponents are the pink (yan) dashed line;misidenti�ed deay B0
s→ K0

SK
±π∓ is the magenta dashed line; partially reonstruted ontributionsfrom B to open harm deay is the gray dashed line, harmless hadroni deays is the brown dashedline, B0 → η′K0

S is the dark-gray dashed line and harmless radiative deays is the plum dashed line;and the ombinatorial bakground is the light-gray dashed line.

LHCb preliminaryLHCb preliminary
LHCb preliminaryLHCb preliminary
LHCb preliminaryLHCb preliminary

the signal yields being given separately in Table 4.25 for larity.



4.5 Mass �t results 96Table 4.23: Fit results for the signal yields using the loose optimisation of the BDT.Yield 2011 2012a 2012b
N(B0→ K0

Sπ
+π−)(DD) 823± 33 593± 30 1688± 55

N(B0→ K0
S
π+π−)(LL) 482± 23 286± 16 685± 28

N(B0
s→ K0

Sπ
+π−)(DD) 78± 19 27± 16 100± 31

N(B0
s→ K0

S
π+π−)(LL) 35± 12 15± 7 50± 14

N(Combinatorial)(DD) 1690± 50 1641± 48 5815± 85
N(Combinatorial)(LL) 589± 29 205± 19 882± 41Table 4.24: Fit results for the tight optimisation of the BDT.

(µ(B0
s )− µ(B0))(2011) 87.38± 1.3

(µ(B0
s )− µ(B0))(2012a) 87.7± 1.8

(µ(B0
s )− µ(B0))(2012b) 85.77± 1.1

σ(B0→ K0
S
π+π−)(2011) 19.08± 0.67

σ(B0→ K0
Sπ

+π−)(2012a) 19.24± 0.77
σ(B0→ K0

S
π+π−)(2012b) 19.39± 0.5

Slope(Comb)(2012a/2011) 0.989± 0.16
Slope(Comb)(2012b/2011) 0.663± 0.11
Slope(Comb)(K0

S
K+K−)(2011) −0.00194± 0.00075

Slope(Comb)(K0
SK

±π∓)(2011) −0.00203± 0.00032
Slope(Comb)(Long − Long/Down−Down) 1.5± 0.22
Slope(Comb)(K0

S
π+π−)(2011) −0.00202± 0.00037

σ(B0
s )/σ(B0)(2011) 1± 0.0097

σ(B0→ K0
S
K+K−)/σ(B0→ K0

S
π+π−)(2011) 0.898± 0.0097

σ(B0→ K0
SK

±π∓)/σ(B0→ K0
Sπ

+π−)(2011) 0.905± 0.0097
σ(Long − Long)/σ(Down−Down)(2011) 0.986± 0.032
µ(B0)(2011) 5284.36± 0.69
µ(B0)(2012a) 5285.42± 0.81
µ(B0)(2012b) 5284.91± 0.52Table 4.25: Fit results for the signal yields using the tight optimisation of the BDT.Yield 2011 2012a 2012b

N(B0→ K0
Sπ

+π−)(DD) 512± 23 418± 21 1224± 40
N(B0→ K0

S
π+π−)(LL) 388± 20 208± 13 452± 20

N(B0
s→ K0

Sπ
+π−)(DD) 46± 10 24± 8 111± 19

N(B0
s→ K0

S
π+π−)(LL) 24± 8 21± 5 39± 8

N(Combinatorial)(DD) 258± 17 238± 16 1236± 38
N(Combinatorial)(LL) 184± 15 36± 7 114± 11
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5Figure 4.22: Result of the simultaneous �t of the K0
Sπ

+π− data with the tight BDT optimisation.Running period 2011, 2012a and 2012b are shown from top to bottom, while the left and right plotsshow the result of Down-Down and Long-Long K0
S reonstrution, respetively. Eah omponent ofthe �t model is displayed as following: the B0 (B0

s ) omponents are the pink (yan) dashed line;misidenti�ed deay B0
s→ K0

SK
±π∓ is the magenta dashed line; partially reonstruted ontributionsfrom B to open harm deay is the gray dashed line, harmless hadroni deays is the brown dashedline, B0 → η′K0

S is the dark-gray dashed line and harmless radiative deays is the plum dashed line;and the ombinatorial bakground is the light-gray dashed line.
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4.5 Mass �t results 98Table 4.26: Fit results, for tight seletion, of the B0→ K0
Sπ

+π− signal, ombinatorial and rossfeedfration in the B0→ K0
Sπ

+π− DP region.Fration K0
S
reo. ategory 2011 2012a 2012bSignal Long-Long (91.60± 1.16)% (95.17± 0.87)% (94.42± 0.68)%Down-Down (90.37± 0.97)% (89.87± 1.15)% (84.79± 0.90)%Combinatorial Long-Long (6.50± 1.13)% (2.45± 0.82)% (3.59± 0.65)%Down-Down (6.88± 0.92)% (7.79± 1.11)% (12.99± 0.88)%Crossfeed Long-Long (1.90± 0.76)% (2.38± 0.95)% (1.99± 0.79)%Down-Down (2.75± 1.09)% (2.34± 0.93)% (2.23± 0.88)%4.5.3 Fration of signal in the B0 mass window for the tight BDT.The fration of B0→ K0

S
π+π− signal and bakgrounds found in the signal DP region 6 isdetermined from the measured yields of signal and bakground in the full spetrum givenin Table 4.25 multiplied by the area of their respetive p.d.f. in the mass window aroundthe nominal B0 mass de�ned by ± three times the resolution obtained for eah spetrum.The Table 4.26 reports the values of the signal fration obtained for eah spetrum and K0

Sreonstrution ategory. Expetedly, high purity signal samples are obtained.

6The signal DP region is represented by −3σ < mK0
S
π+π− − µ(B0) < +3σ, where σ is the resolution of

B0→ K0
S
π+π− signal and µ(B0) is the reonstruted mean mass of B0.



Chapter 5 Dalitz-plot analysis of B0→ K0
Sπ

+π−

This hapter details the Dalitz plot analysis of the deay B0→ K0
S
π+π− using the full RunI data. It inludes the desription of the likelihood, as well as the e�ieny and bakgroundmodelling in DP. A detailed disussion is given also for the Dalitz �t tehniques and theunderlying strategy employed for the determination of the nominal signal model. Then thesimultaneous maximum likelihood �t to the dataset with its validation are presented. Finally,the systemati study is desribed.5.1 Amplitude analysis formalismThe Dalitz plot tehnique [38℄ allows to onstrut a realisti signal p.d.f., where both thekinematial and dynamial properties of the deay an be aurately modelled. The kine-matis and the dynamis of the proess of interest is given in Chapter 2, where the generalformalism of the time-dependent p.d.f. is spelled out and the untagged time-integrated formis eventually derived.5.1.1 Dalitz Signal p.d.f.The general time-dependent p.d.f. for the proess B0→ K0

S
π+π− was desribed in Setion 2.5.By integrating over time and disregarding tagging information, the Dalitz p.d.f. beomessimply an inoherent sum of the inlusive deay amplitudes A(s+, s−) and Ā(s+, s−) along

P(s+, s−) =
|A(s+, s−)|2 + |Ā(s+, s−)|2

∫∫

DP

(

|A(s+, s−)|2 + |Ā(s+, s−)|2
)

ds+ds−
. (5.1)Some omments are in order as far as the CP eigenstates �nal states are onerned. Thetagging information is obviously required in order to get a sensitivity on the time-dependentparameter S whih arries the information of the interferene between the mixing and deayamplitudes. On another hand, the time-dependent C parameter has a spei� status. Itis in priniple possible to measure it in a time-integrated untagged analysis through theinterferene patterns of the CP eigenstates amplitudes with the �avour spei� ones. We



5.1 Amplitude analysis formalism 100have proven this possibility with pseudo-experiment studies and the details of the proof isgiven in Setion 5.7.5.1.2 Likelihood funtionThe seleted data sample of this analysis onsists mostly of harmless B0→ K0
Sπ

+π− signaland ombinatorial bakground. The data are split in ategories depending on the datataking periods and the trigger onditions (2011, 2012a, 2012b) and K0
S
reonstrution type(Down-Down or Long-Long), where the di�erene between the ategories is the reonstrutione�ieny and the bakground distribution. The �t mahinery hene takes as input the modelfor the signal, the model of the bakgrounds and seletion e�ienies for eah ategory,and maximizes, simultaneously for the di�erent sample ategories, a likelihood funtion by�oating the isobar parameters (and resonane parameters if required) of the signal p.d.f. ina �t. The negative logarithm likelihood is atually used instead of the standard likelihood.Maximizing the likelihood means minimizing the negative logarithm likelihood. The negativelog likelihood funtion to be minimized reads

− lnLtot = −
Ntot
∑

n=1

lnPtot , (5.2)where Ltot is the total likelihood, Ntot is the total number of events and Ptot is the generalp.d.f. whih has the following form
Ptot = fsig

ǫ(s+, s−)S(s+, s−)
∫∫

DP
(ǫ(s+, s−)S(s+, s−))ds+ds−

+ fcf
C(s+, s−)

∫∫

DP
C(s+, s−)ds+ds−

+ (1− fcf − fsig)
B(s+, s−)

∫∫

DP
B(s+, s−)ds+ds−

, (5.3)where,� s+ and s− are the invariant mass squared,� ǫ(s+, s−) is the reonstrution e�ieny aross the Dalitz plot, detailed in Setion 5.3.� S(s+, s−) is the signal p.d.f. given by
S(s+, s−) =

N
∑

j=1

(

|aj

ar
ei(δj−δr)Fj |2 + | āj

ar
ei(δ̄j−δ̄r)F̄j |2

)

, (5.4)� N is the number of resonant and non-resonant signal omponents in the DP,� Fj is the spin-dependent dynamial part of the amplitude of the omponent j,� aj and δj (āj and δ̄j) are the magnitude and phase of the omponent j,� ar, δr and δ̄r are the isobar parameters of the referene resonane and its onjugatewhih are �xed in the �t.



5.1 Amplitude analysis formalism 101� B(s+, s−) and C(s+, s−) are the distribution of the ombinatorial and ross-feed bak-ground, respetively, mapped in the square Dalitz-plot and transformed aross theDalitz-plot, detailed in Setion 5.2,� fsig is the signal fration produed by the invariant mass �t, given in Table 4.26,� fcf is the fration of the ross-feed taken from the invariant mass �t. This frationwithin the urrent seletion is found to be negligible in the DP. Therefore, in thisthesis work the ross-feed fration is �xed to zero in the DP �t. However, the e�et ofthe ross-feed will be taken as a soure of systemati unertainties.5.1.3 Physial observables from DP �t5.1.3.1 Isobar parametersAs mentioned in Setion 2.3 the dynamial amplitudes, either resonant or non-resonant, aremultiplied by omplex oe�ients (isobar parameters) that desribe the relative strengths ofthe omponents. A �t to data allows us to measure diretly the relative magnitudes of theisobar amplitudes, for all omponents in the signal DP model. The isobar parameters anbe written either as polar oordinates or Cartesian oordinates. Both parameterisations anyield biases in the measurements and there is no indisputable argument for one or the other.On the ontrary, when oming to the ombination of several measurements, the Cartesianparameterisation proves to be far more onvenient. Antiipating further ombinations oraverages with other experimental results, the latter has been preferred.
cj = xj + iyj ,

c̄j = x̄j + iȳj . (5.5)5.1.3.2 CP asymmetry observablesFrom the measured isobar parameters of an amplitude j, cj and c̄j , the diret CP asymmetryan be derived
ACP =

|c̄j|2 − |cj|2
|c̄j|2 + |cj|2

=
(x̄2

j − x2
j) + (ȳ2

j − y2
j )

(x̄2
j + x2

j) + (ȳ2
j + y2

j )
. (5.6)We will provide results for the main �avour spei� deay amplitudes but also for thequasi 2-body CP eigenstates involving the f0(980) resonane.5.1.3.3 Fit frationsThe de�nition of the rate of a single proess j, given a set of isobar amplitudes cj , is thesquare of the relevant matrix element (see 5.1.1), and hene involves the ensemble of itsinterferenes with other omponents. In this ontext, it is onvenient to de�ne the �t fration



5.1 Amplitude analysis formalism 102of the proess, expressed as the integral over the Dalitz plane of a single amplitude squareddivided by the integral over the Dalitz plane of the squared of the oherent sum of allamplitudes,
FFj =

∫∫

DP
|cjFj(s+, s−)|2 ds+ds−

∫∫

DP

∣

∣

∣

∑

j cjFj(s+, s−)
∣

∣

∣

2

ds+ds−

(5.7)The sum of the �t frations of all omponents will in general not be unity due to inter-ferene between resonanes.5.1.3.4 Resonane parametersThe DP �t is very CPU-onsuming when the parameters of a resonane lineshape (usuallymass and width) are allowed to �oat in the �t. This amounts to realulate at eah step ofthe �t san the normalization assoiated to the omponent. Therefore, the mass and widthin most ases are �xed and the unertainties assoiated to their knowledge is addressed assystemati unertainties.5.1.4 Analysis methodThe strategy for the B0→ K0
Sπ

+π− DP analysis, and singularly the hoie of the nominalmodels and resonanes therein has been de�ned prior to the study of the data. The strategysteps are gathered in the following items:� Fit the invariant mass spetrum K0
Sπ

+π−, and de�ne a signal window around B0 signalpeak.� Determine the fration and distribution of ombinatorial bakgrounds in the Dalitzplot of B0 → K0
Sπ

+π−.� Obtain the histogram of the e�ieny variation aross the DP, evaluated from signalMC.� Fit simultaneously the di�erent samples and eduate the �nal model by adding relevantnew ontributions to the baseline and deide on the basis of an algorithm involvinga statistial dissimilarity test (detailed in Appendix F), the hange in the negativelog-likelihood (nll) values obtained with and without that ontribution and eventuallythe statistial signi�ane of the measured deay amplitude.The analysis strategy is planned for a simultaneous DP �t of the six possible ategories:two K0
S
reonstrutions ategories (Down-Down and Long-Long) and three running periods(2011, 2012a and 2012b). In this approah, all isobar parameters are shared for the K0

S andyear ategories. The measurements are performed from an unbinned maximum likelihood�t, embedded in a homemade amplitude �tter pakage, CRAFT. Details about the CRAFTpakage are provided in Appendix E.



5.2 DP bakground 1035.2 DP bakgroundThe knowledge of the bakground soures in B0→ K0
Sπ

+π− Dalitz plane is a ruial inputrequired in the amplitude �t. As shown in Setion 4.5, ombinatorial bakground and ross-feed from B0
s→ K0

SK
±π∓ saturates the bakground ontributions under the B0→ K0

Sπ
+π−signal region.5.2.1 Combinatorial bakgroundThe ombinatorial bakground DP distribution is obtained from the upper mass side-band, 5450 < mK0

S
π+π− < 5800 MeV, supposedly free from other bakground ontribu-tions. Figs. 5.1 to 5.3 show the ombinatorial events invariant mass distribution in the above-mentioned mass window after the full tight seletion, the K0

Sπ
+π− Dalitz and Square Dalitzplanes distributions, respetively.
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Figure 5.1: K0
Sπ

+π− invariant mass distribution in the right-handed side-band data (5450 <
mK0

S
π+π− < 5800 MeV) for 2011 data (left), 2012a data (middle) and 2012b data (right), las-si�ed in Down-Down K0

S (top) and Long-Long (bottom) ategories.

LHCb LHCb LHCb
LHCb LHCb LHCb

As in the e�ieny setion (f. Setion 5.3), the ombinatorial bakground histogramswith 10 × 10 bins in SDP, are smoothed out using 2D ubi spline [86℄ aross the SDP.The method used to propagate the unertainties through the spline �t, is the same methodused for the e�ieny. The smoothed ombinatorial histograms are gathered respetivelyin Fig. 5.4 for Down-Down and Fig. 5.5 for Long-Long K0
S
ategory.5.2.2 B0

s→ K0
S
K±π∓ ross-feed bakgroundIn addition to the ombinatorial bakground, the other soure of bakground events in thesignal region is the ross-feed signal from B0

s → K0
S
K±π∓ where a kaon is misidenti�ed aspion, as disussed in Setion 4.2.6.2.The ross-feed distribution is obtained from B0

s→ K0
S
K±π∓ data by making use of thesPlot tehnique [78℄. The K0

S
K±π∓ invariant mass is used as the disriminating variable to
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Figure 5.2: Right-handed side-band data (5450 < mK0
S
π+π− < 5800 MeV) projeted on B0 →

K0
Sπ

+π− standard-Dalitz plane for 2011 events (left), 2012a (middle) and 2012b (right), lassi�edin Down-Down K0
S (top) and Long-Long (bottom) ategories.
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Figure 5.3: Right-handed side-band data (5450 < mK0
S
π+π− < 5800 MeV) projeted on B0 →

K0
Sπ

+π− Square-Dalitz plane for 2011 events (left), 2012a (middle) and 2012b (right), lassi�ed inDown-Down K0
S (top) and Long-Long (bottom) ategory.
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Figure 5.4: The plots on the left represents ombinatorial bakground histograms from Down-Downsamples, smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a (entre) and2012b (bottom) samples, the plots on the middle (right) represents the high (low) unertainties oneah ombinatorial spline bin, organized in the same year order as the ombinatorial maps.separate statistially B0
s→ K0

SK
±π∓ deays from bakground. The signal and bakgroundweights returned by this method are applied to the events, whih are in turn used to modelthe ross-feed under the hypothesis of B0→ K0

Sπ
+π− reonstrution.As we did with the ombinatorial bakground to avoid the edge limitation, the ross-feed ismodelled in the SDP plane, where the two SDP variablesm′ and θ′ are onstrained to have the

B0 mass and depend on mπ+π− variable. After applying the full seletion on B0
s→ K0

SK
±π∓samples, the number of events for eah sample ategory is small to smooth properly therossfeed maps with the spline tehniques. Therefore, we multiplied the histogram events bytwo, by adding the onjugate of the initial histogram, assuming no CP violation in B0
s →

K0
SK

+π−. The weighted events of eah sample ategory are shown in Fig. 5.7. The sametehnique used for the reonstrution e�ieny maps in Setion 5.3, is applied on ross-feeddistribution, where the ubi spline funtions are used to smooth the ross-feed histogramsaross the SDP plane. The proedure used to estimate and propagate the unertaintiesin the ross-feed maps follows the same proedure used for reonstrution e�ieny maps
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Figure 5.5: The plots on the left represents ombinatorial bakground histograms from Long-Longsamples, smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a (entre) and2012b (bottom) samples, the plots on the middle (right) represents the high (low) unertainties oneah ombinatorial spline bin, organized in the same year order as the ombinatorial maps.in Setion 5.3. The resulting histograms are shown in Fig. 5.8 for Down-Down and Fig. 5.9for Long-Long K0
S
ategory.As mentioned in the previous setion, with the tight seletion urrently used in thisthesis analysis, the fration of the ross-feed events is small. Therefore, in a �rst approah,the smoothed histograms of the ross-feed will not be inluded in the nominal DP �t. Asystemati unertainty related to the assumption that we an neglet that ontribution willbe assigned. The inlusion of the ross-feed as a DP �t omponent will be onsidered for thepubliation.



5.2 DP bakground 107
0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10

12

14

16

18

20

22

m’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

’θ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 5.6: sWeighted B0
s→ K0

SK
±π∓ ross-feed projeted onto B0→ K0

Sπ
+π− Square-Dalitz planefor 2011 events (left), 2012a (middle) and 2012b (right), lassi�ed in Down-Down K0

S ategory (top)and Long-Long (bottom).
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Figure 5.7: sWeighted B0
s→ K0

SK
±π∓ ross-feed projeted onto B0→ K0

Sπ
+π− standard Dalitz planefor 2011 events (left), 2012a (middle) and 2012b (right), lassi�ed in Down-Down K0

S ategory (top)and Long-Long (bottom).
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Figure 5.8: The plots on the left represents B0
s → K0

SK
±π∓ rossfeed sweighted histograms fromDown-Down samples, smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a(entre) and 2012b (bottom) samples, the plots on the middle (right) represents the high (low) un-ertainties on eah ombinatorial spline bin, organized in the same year order as the ombinatorialmaps.
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Figure 5.9: The plots on the left represents B0
s→ K0

SK
±π∓ rossfeed sweighted histograms from Long-Long samples, smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a (entre)and 2012b (bottom) samples, the plots on the middle (right) represents the high (low) unertaintieson eah ombinatorial spline bin, organized in the same year order as the ombinatorial maps.



5.3 Signal e�ieny variation aross the Dalitz plot 1105.3 Signal e�ieny variation aross the Dalitz plotAn ideal analysis would selet events equally from any region of the phase spae, but theseletion uts, the geometrial aeptane, the trigger e�ieny all favour or deplete someregions of the DP over others. The DP �t to the data hene requires to know the variationof e�ieny aross the DP.In order to have a better understanding of the e�ieny and its variation aross the phasespae of the deay, the ontributions from individual soures are studied separately, as
ǫtot = ǫgeom × ǫsel|geom × ǫPID|sel&geom , (5.8)where� ǫgeom is the geometrial e�ieny, and is determined from MC samples (see Se. 5.3.1);� ǫsel|geom is the seletion e�ieny (trigger, stripping and o�-line seletion), determinedfrom MC samples orreted for possible data/MC di�erenes in the traking and triggere�ienies (see Se. 5.3.2);� ǫPID|sel&geom is the partile identi�ation e�ieny and is determined from data usingPIDCalib tools (see Se. 5.3.3).The variation aross the (square) Dalitz plot from eah of these soures of e�ieny is studiedseparately, in order to help the study of potential systemati biases, disussed in Setion 5.8.However, only the total e�ieny funtions are used in the Dalitz plot �t. Note that theavailable MC samples orrespond to three periods of year (2011/2012a/2012b) and are alsoseparated aordingly to theK0

S
ategory. Flutuations due to limited statistis are smoothedout by �tting eah e�ieny funtion to a 2D ubi spline aross the SDP. The total e�ienyis then obtained by multiplying together the values of the spline for eah ontribution at thegiven point in the DP.This Setion takes most of the orresponding setion in the analysis note dediated tothe DP study of the deay modes B0

s → K0
S
K±π∓ [87℄ but fouses on the results for thedeay hannel B0→ K0

S
π+π−. The interested reader an go to [87℄ where all details of theproedure are given.5.3.1 Geometrial e�ienyWe determine the geometrial e�ieny, ǫgeom, from generator-level MC samples produedwithout any uts on the daughter partiles (Gauss on�gured with NoCuts option). Thise�ieny is de�ned as the fration of these MC events with all of the daughter traks withinthe LHCb aeptane. Notie that no distintion between 2012a/2012b trigger nor K0

S
Long-Long and Down-Down ategories need to be onsidered here sine this e�ieny is purelyan e�et of the detetor geometry and the kinematis of the B0. It is, however, neessaryto treat separately 2011 and 2012 data beause the B0 kinematis are di�erent due to thedi�erent beam energy.



5.3 Signal e�ieny variation aross the Dalitz plot 1115.3.2 Seletion e�ienyThe seletion e�ieny inluding ontributions from trigger, stripping and o�-line seletion,
ǫsel|geom, is determined from full-simulation MC samples generated with the DeProdCut op-tion applied. It is worth to mention that both stripping and multivariate seletions weredesigned to minimize the e�ieny variation aross the DP. As suh, the trigger seletion isthe dominant soure of sti� variation of e�ieny aross the DP. Corretion fators areapplied to aount for data/MC di�erenes in the traking and L0 trigger. In partiu-lar, trigger orretions are evaluated by separating the samples into L0Hadron_TOS andL0Global_TIS&&!L0Hadron_TOS andidates.5.3.2.1 Data/MC traking e�ieny orretionA orretion is applied to the seletion e�ieny to take into aount the di�erene betweenthe traking e�ieny for MC and data. The standard proedure as doumented in Ref. [88℄is used. The orretive fators are determined in two bins of pseudorapidity η (1.9�3.2,3.2�4.9) and �ve bins of momentum p (5�10, 10�20, 20�40, 40�100, 100�200 GeV/c).Initially, eah MC trak is weighted to math the data distributions p and η obtained fromthe sample of B0→ K0

Sπ
+π− andidates seleted in the invariant mass region 2.5 σ aroundthe B mass. The p and η values of eah B0-daughter traks (i.e.exluding the K0

S
daughters)in the weighted MC samples and the traking alibration tables are used to determine anaverage orretion fator for eah bin in the SDP. The orresponding total traking e�ienyorretion, whih is obtained from the event-by-event multipliation of the orretions foreah trak, is shown along with its related unertainties in Fig. 5.10.5.3.2.2 Data/MC K0

S
reonstrution orretionNo suh tables as the ones built for long traks do exist as far as K0

S
traking is onerned.An e�ieny mapping is desirable and an ongoing work is envisaging its measurement. Forthe time being, the Long-Long K0

S are reweighted with the former traking tables and noation so far is taken for a systematis estimate for Down-Down.5.3.2.3 Data/MC L0Hadron_TOS trigger e�ieny orretionA orretion is also applied to the seletion e�ieny due to di�erenes between theL0Hadron_TOS trigger e�ieny in data and MC. Note that orretions are applied to boththose MC andidates passing the L0Hadron_TOS trigger and those failing it. Due to thelimited available MC statistis, we evaluate a single orretion using the ombination of the2011, 2012a and 2012b samples. By doing so, we assume that the data/MC di�erenes arethe same for all running periods, whih does not imply that the absolute trigger e�ienyitself is invariant with time.The standard method to obtain the L0Hadron e�ieny [89℄ returns the absolute e�ienyfor data, rather than a data/MC orretion. Sine we need the latter, the trigger e�ieny forMC events is determined in order to derive the orretion. The data e�ieny is obtainedfrom alibration data samples for eah trak based on the type of partile, the magnetpolarity, the part of the alorimeter that the trak hits and the transverse energy deposited.
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Figure 5.10: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for DD and2011 on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.This is obtained independently for eah of the four traks in eah B andidate in the MCL0Global_TIS sample.The e�ieny for the B andidate is alulated as the probability that at least one of thefour traks passes the L0Hadron_TOS trigger. The average e�ieny in eah bin of the SDPis then obtained, giving the SDP distribution of the L0Hadron_TOS e�ieny for data. Theorresponding distribution for MC is simply obtained from the ratio of the distribution ofevents passing L0Global_TIS&&L0Hadron_TOS to that for L0Global_TIS alone. Finally, thedata/MC orretion histogram is obtained by dividing the data and MC e�ienies.In addition, we also orret for the data/MC L0Hadron_TOS trigger e�ieny di�erenein the L0Global_TIS&&!L0Hadron_TOS ategory. The data e�ieny is alulated as theprobability that none of the traks pass the L0Hadron_TOS trigger and the MC distribution isobtained from the ratio of L0Global_TIS&&!L0Hadron_TOS to L0Global_TIS. The orretionhistogram is again obtained by dividing the data and MC e�ienies.The alulated orretions are shown in Figs. 5.11 and 5.12 for the L0Hadron_TOS andL0Global_TIS&&!L0Hadron_TOS ategories for the K0
Sπ

+π− DD �nal state. Those for theother �nal states are gathered in [87℄. Signi�ant variations are observed aross the phasespae, indiating the importane of applying this orretion.
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Figure 5.11: (Top) ǫL0TOS|sel&geom
data /ǫ

L0TOS|sel&geom
MC aross the B0 → K0

Sπ
+π− DD square Dalitzplot (2011+2012 ombined): (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.5.3.2.4 Total seletion e�ienyThe traking and L0Hadron_TOS orretions, smoothed using 2D ubi splines as desribedabove, are multiplied by the spline-smoothed seletion e�ieny to give the total e�ienyused in the DP �t. Sine the two L0Hadron_TOS orretions are appropriate only for thepart of the signal that is triggered in the orresponding way, we separate MC events intoL0Hadron_TOS and L0Global_TIS&&!L0Hadron_TOS, and obtain e�ieny histograms forboth. We then apply the appropriate L0Hadron_TOS orretion to eah. The total (seletion)e�ieny is then de�ned as ǫTOS||TIS = ǫTOS + ǫTIS&&!TOS, i.e.it is the sum (not the average) ofthe two e�ienies. Therefore, we ombine the e�ienies taking into aount the relativeamounts of L0Hadron_TOS and L0Global_TIS&&!L0Hadron_TOS in data, as

ǫTOS||TIS =
fdata
TOS

fMC
TOS

ǫTOS +
fdata
TIS&&!TOS

fMC
TIS&&!TOS

ǫTIS&&!TOS , (5.9)where the f terms are the frations of eah ategory in data and MC, as labelled (fdata
TOS

+
fdata
TIS&&!TOS = fMC

TOS
+ fMC

TIS&&!TOS = 1).The unorreted seletion e�ieny histograms for B0→ K0
S
π+π− DD 2011 deays andthe asymmetri unertainty on eah bin are shown in Figs. 5.13 and 5.14, for L0Hadron_TOSand L0Global_TIS&&!L0Hadron_TOS andidates, respetively. Unertainties on the seletione�ieny are due to MC statistis and are evaluated using the Clopper-Pearson method asimplemented in the TEffiieny lass. The orretion histograms inlude unertainties due
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Figure 5.12: (Top) ǫ!L0TOS|sel&geom
data /ǫ

!L0TOS|sel&geom
MC aross the B0 → K0

Sπ
+π− DD square Dalitzplot (2011+2012 ombined): (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.to MC statistis and unertainties due to the alibration samples and proedures. Theseontributions are ombined in quadrature to produe the total unertainties in this setion.A detailed aount of the unertainty alulations is given in [87℄.5.3.3 PID e�ienyThe PID e�ieny, ǫPID|sel&geom, is determined from alibration data, reweighted to the signalkinematis (from MC), using the PIDCalib tool. The evaluation of the alibration samplee�ieny was performed separately for positive and negative traks and was also split bymagnet polarity. We then use the PIDCalib multibody tools with the signal MC samples asthe referene for the kinematis (spei�ally p and η of the bahelor traks) sampled fromthe B0→ K0

S
π+π− data. For eah signal MC event, the PID e�ieny was evaluated byusing the appropriate e�ieny maps to �nd the PID e�ieny of eah bahelor trak. Thetotal PID e�ieny for a single event is then de�ned as the produt of the two bahelor trake�ienies. This method orretly aounts for the orrelation between the kinematis of thetwo bahelor traks (expressed in terms of p and η). The results for the B0→ K0

S
π+π− DD�nal state for 2011 onditions are shown in Fig. 5.15, where unertainties arise due to thestatistis of both the alibration and referene samples. These ontributions are ombinedin quadrature to produe the total unertainties in this setion.
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Figure 5.13: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Down-Down 2011 square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.5.3.4 Total e�ienyThe total e�ieny is the produt of the individual omponents shown in Eq. (5.8). Therelevant spline-smoothed histograms are therefore multiplied together, and the outome ǫtotfor eah running period and K0
S ategory is shown in Figs. 5.16 and 5.17.
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Figure 5.14: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Down-Down 2011 square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure 5.15: (Top) ǫPID|sel&geom aross the B0 → K0
Sπ

+π− Down-Down 2011 square Dalitz plot:(left) the raw histogram obtained using the PIDCalib proedure desribed in the text and (right)smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on thehistogram bins.
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Figure 5.16: The plots on the left represent total e�ieny histograms from Down-Down signalMC, smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a (entre) and 2012b(bottom) samples, the plots on the middle (right) represents the high (low) unertainties on eahe�ieny spline bin, organized in the same year order as the e�ieny maps.
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Figure 5.17: The plots on the left represent total e�ieny histograms from Long-Long signal MC,smoothed by the 2D ubi spline tehniques separated in 2011 (top), 2012a (entre) and 2012b(bottom) samples, the plots on the middle (right) represents the high (low) unertainties on eahe�ieny spline bin, organized in the same year order as the e�ieny maps.



5.4 Multiple solutions 1205.4 Multiple solutionsIt is mandatory, given the omplexity of the Dalitz Plot �ts, to searh for the appearaneof multiple solutions. They might our in partiular in ase of a signi�ant overlappingbetween two broad resonanes with the same spin (it is notieable for salar omponents) inpresene of low statistis. The data an be similarly desribed by lose senarii of interplaybetween the amplitudes and the interferene patterns. An obvious andidate for this analysisis the large overlap between K∗
0 (1430) and the �at phase-spae non-resonant.To ensure the disovery of the global minimum, eah �t is ran 100 times, starting with arandomized set of initial parameters. The solution with the smallest negative log-likelihood(nll) will be taken as the default result but all the solutions found in a range of 9 units of

2∆nll (3 standard deviation) from the default solution, will be a priori also reported. Thefrequeny of the best solution will be an invaluable estimator of the soundness of the �t.The appearane of multiple solutions is illustrated by a toy MC study performed withthe generation of the same number of events as present in the data sample. The studyonsiders at �rst a simple model whih ontains only three resonanes with modest overlapbetween them. The 100 �ts with randomized initial parameters show a unique solutionin the prede�ned range of three standard deviation from the best solution, as illustratedin Fig. 5.18. The model is then enhaned to an inreasing number of resonanes in threeadditional tests, with broad resonanes as well as non-resonant ontributions. The numberof multiple solutions inreases aordingly to the omplexity of the model. It is worth tonotie however that the best solution is still the most frequent for a model equivalent to ournominal DP model.
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Figure 5.18: Distribution of the minimum nll from a �t to a toy-experiment using the same generatormodel. The plot on the top left represents minimum nll distribution using a simple model omposedby K∗(892), K∗(1430) and f0(980). The plot on the top right represents minimum nll distributionusing the �rst model plus a non-resonant omponent �at in phase-spae. The plot on the bottom leftrepresents minimum nll distribution using the seond model plus ρ(770). The plot on the bottomright represents minimum nll distribution using the third model plus f0(500) and f0(1500).5.5 Dalitz Plot FitThe Dalitz-plot tehnique used to perform the amplitude analysis of any three-body deaysrequires advaned numerial tools to perform the �t of two-dimensional p.d.f. to the datain order to determine the relevant Physis parameter measurements. The Dalitz-plot �ttingsoftware that is used for the B0 → K0
S
π+π− amplitude analysis is homemade and namedCRAFT (Clermont Root-based Amplitude Fitter Tool). CRAFT is a maximum likelihood�tting software, written inC++ and depending on theRoot pakage and the minuit software.It ontains a large amount of resonane line-shapes modelling (obviously the ones required forthe B0→ K0

Sπ
+π− analysis) and allows to perform �ts of isobar model parameters in versatileparameterisations of their oe�ients. E�ienies of the data seletion an be unfolded eitherby means of analytial funtions or histogram parameterisations. Eventually, the pakageprovides the possibility of performing a DP analysis by making use of a simultaneous �ttingto several data spetra.5.5.1 Baseline model and additional resonanesThe �rst exploration of the data is performed using a preliminary DP model, whih will bereferred to as baseline model. The �t quality is addressed by a p-value formed from thedissimilarity test de�ned in Appendix F. The baseline model is eduated from the resultsof BaBar [14℄ and Belle [90℄ analyses. The data distribution in the DP from the previous



5.5 Dalitz Plot Fit 122analysis of BaBar and Belle shows four dominant amplitude ontributions:� B0 → K∗+(892)(→ K0
S
π+)π−,� B0 → (Kπ)∗+0 (→ K0

S
π+)π−,� B0 → ρ0(770)(→ π+π−)K0

S ,� B0 → f0(980)(→ π+π−)K0
S
.The lineshapes of the intermediate strongly interating resonanes are modelled witha Relativisti Breit-Wigner (RBW) for the K∗+(892), a LASS lineshape orresponding tothe Kπ S-wave ontribution (Kπ)∗+0 whih inludes the resonant omponent K∗

0(1430), aGounaris-Sakurai lineshape for the ρ0(770) and eventually a Flatté parameterisation for thesalar f0(980).In addition to these dominant four omponents, the B-fatories data favour the existeneof a non-resonant (NR) ontribution �lling isotropially the phase spae. Fig. 5.19 shows,for the di�erent ategories of data in the enter of the Dalitz plane, the presene of �atdistribution of events, where no resonane is expeted in this region of phase-spae, whihproves the existene of a non-resonant omponent. In BaBar approah, the NR is modelledby a �at distribution in the Dalitz plot. Instead, the Belle experiment makes use of anempirial parameterisation, built from two independent exponential funtions of the DPmass variables s+ and s−. In this analysis, the NR �at in the phase spae of the deay ishosen as a further but last omponent of the baseline model.The �avour spei� amplitudes B0 → K∗+(892)(→ K0
Sπ

+)π− and B0 → (Kπ)∗+0 (→
K0

S
π+)π− have an impliit onjugate ounterpart. Initial studies onduted with pseudo-experiments showed that the interferene pattern of B0 → f0(980)(→ π+π−)K0

S
with the�avour spei� deays makes possible to distinguish and measure the B0 → f0(980)K0

S and
B̄0 → f0(980)K0

S
amplitudes. Both are then onsidered in the baseline model. On theontrary, the same initial study with pseudo-experiments onluded that no sensitivity toseparate the B0 → ρ0(770)(→ π+π−)K0

S
amplitude form its onjugate nor the NR and on-jugated NR amplitudes. Following the results from the B-fatories whih are not indiatingany CP violation for these amplitudes (e.g. Acp(NR) = −0.01 ± 0.26), a unique amplitudeis shared for eah of these deays.A summary of the baseline model is reported in the Table 5.1.Additional deay amplitude omponents must be tested one by one. Few omments aremade �rst in order based on the existing data for the deay B0→ K0

S
π+π−.� A spei� omment is in order regarding the mass rangemππ ∼ 0.280 - 0.700 GeV, wherethe Belle experiment reports a signal exess whih is modelled by a third exponentialfuntion of s0. We have hosen to not inlude this omponent. Instead, a S-wave isintrodued as an additional ontribution but will be examined on the same footing asthe marginal omponents of the model. It is modelled by means of a redued K-matrix,desribed in Setion 2.4.5, where the f0(500), with mass and width �xed to the valuesmeasured by CLEO experiment [92℄ .
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Figure 5.19: Data in the enter of the Dalitz plane (m2
K0

Sπ± ,m
2
π+π− > 3.5 GeV2/c4). Plots on theleft (right) side show the �t results to samples with K0

S Down-Down (Long-Long) ategory. Plots ina row display the funtions �tted to 2011, 2012a and 2012b running period samples, respetively.



5.5 Dalitz Plot Fit 124Table 5.1: List of the �ve amplitude ontributions used in the baseline model. The line-shape param-eter values are given in MeV, unless mentioned otherwise.Resonane Parameters Lineshape Value referenes
K∗±(892)

m0 = 891.66± 0.26
Γ0 = 50.8± 0.9

RBW [20℄
(Kπ)∗±0

m0 = 1415± 3
Γ0 = 300± 6

mcutoff
KSπ = 1800

a = 2.07± 0.10( GeV/c)−1

r = 3.32± 0.34( GeV/c)−1

LASS [45℄
f0(980)

m0 = 965± 10
gπ = 165± 18
gK = 695± 93

Flatté [91℄
ρ0(770)

m0 = 775.26± 0.25
Γ0 = 149.8± 0.8

GS [20℄
NR Flat� Both BaBar and Belle time-dependent analysis of B0→ K0

S
π+π− [14,90℄ report a signalexess in the mππ ∼ 1.2 - 1.5 GeV range. This signal is taken into aount using a two-omponent model, the tensor resonane f2(1270), plus the salar resonane f0(1500)(denoted fX(1300)). Given the poor knowledge on this objet, it is not onsidered inthe baseline model. On the ontrary, the better de�ned f2(1270) and f0(1500) will betested as additional resonanes to the baseline model.� No hint of the deay amplitude B0 → K∗+

2 (1430)(→ K0
S
π+)π− was reported so far.However, we will test this omponent as additional resonanes to the baseline model.� Finally, there is a deay amplitude involving a strongly interating harmonium reso-nane that might interfere with the above-mentioned harmless amplitude, χc0. It willbe tested as well as an additional resonane to the baseline model.We de�ned two ategories of additional deay amplitudes, whih are involving: the well-de�ned resonanes on one hand and the amplitudes involving poorly-de�ned resonanes.These additional resonanes are:� well-de�ned resonanes in [93℄: K∗

2 (1430), f2(1270), f0(1500), χc0.� poorly-de�ned resonanes in [93℄: K(800), K∗(1410), K∗(1680), K∗
3(1780), f0(500),

f0(1370), ρ(1450).The former amplitudes will be tested to be inluded in the nominal �t model. The latterwill be onsidered solely for the determination of the systemati unertainties related to theDP model de�nition.



5.5 Dalitz Plot Fit 1255.5.2 Towards the nominal DP modelThe simultaneous �t to all data ategories using the baseline model gave a satisfatoryresult aording to the dissimilarity test. As shown in Fig. 5.20 and ?????????? all mainontributions of the baseline model are well identi�ed. However, there are still regions ofthe data spetra not well desribed by the baseline model, whih require in turn additionalontributions to be inluded. In view of eduating the nominal model in an objetive way,an algorithm has been de�ned a priori to determine whether a omponent must be added ornot. A resonane is added if one at least of the following requirements is met:� The dissimilarity g.o.f. of the DP model inluding the additional ontribution inreases.� The likelihood ratio of the two hypotheses −2∆nll (with or without the additionalomponent) dereases by 11.83(16.25) units (orresponds to three standard deviations),in ase of 2(4) degrees-of-freedom more.� The magnitude of the additional ontribution is measured far from zero by 3σa (mag-nitude preision greater than 33.3%), where σa is the statistial unertainty of theamplitude measurement.Table 5.2 gathers the values of the above-mentioned estimators for impats and thedeisions taken. All omponents are aepted by the algorithmi deision exept f2(1270).The low ππ invariant mass S-wave is ertainly not a well-de�ned objet but was part ofthe exploratory studies that we have onduted at the beginning of this work. Despite thepositive answer of the algorithm, a model systemati will be assigned by removing it.Table 5.2: p-values from the dissimilarity test, likelihood ratio signi�ane and preision of themagnitude measurement of the tested additional ontributions to the baseline model. The �rst partof the table onerns the test made for the inlusion of the well-de�ned resonane. The lowerpart deals with the low ππ invariant mass S-wave. Only the resonane f2(1270) is rejeted by thealgorithm.Additional ontribution p-value −2∆nll Mag. preision (%)baseline 0.09 - -(baseline) + K∗
2 (1430) 0.11 42.6 (15.00, 18.12)(baseline) + f2(1270) 0.07 4.8 52.27(baseline) + f0(1500) 0.10 107.6 7.77(baseline) + χc0 0.13 87.0 8.01(baseline + χc0) + K∗

2 (1430) 0.12 37.2 (19.92, 38.56)(baseline + χc0) + f0(1500) 0.11 95.6 9.33(baseline + χc0 + f0(1500)) + K∗
2(1430) 0.16 43.0 (18.65, 37.90)(baseline + χc0 + f0(1500) + K∗

2(1430)) + f0(500) 0.16 8.8 31.03The nominal DP model that will be used for the �nal DP �t is eventually given in Ta-ble 5.3.
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Figure 5.20: Projetions of the 2011 data with Down-Down K0
S ategory given in blak points, andthe baseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.21: Projetions of the 2011 data with Long-Long K0
S ategory given in blak points, and thebaseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full�t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.22: Projetions of the 2012a data with Down-Down K0
S ategory given in blak points, andthe baseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.23: Projetions of the 2012a data with Long-Long K0
S ategory given in blak points, andthe baseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.24: Projetions of the 2012b data with Down-Down K0
S ategory given in blak points, andthe baseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.25: Projetions of the 2012b data with Long-Long K0
S ategory given in blak points, andthe baseline �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.26: Projetions of the sum of all data ategory (blak points), and the baseline �t, with azoomed view, onto m2
K0

Sπ+ (left), m2
K0

Sπ− (right) and m2
π+π− (bottom). The full �t is shown in blue,ombinatorial bakground in green and signal model in red.
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Table 5.3: Components of the DP nominal model used in the nominal �t. The line-shape parametervalues are given in MeV, unless mentioned otherwise.Resonane Parameters Lineshape Value referenes
K∗±(892)

m0 = 891.66± 0.26
Γ0 = 50.8± 0.9

RBW [20℄
(Kπ)∗±0

m0 = 1415± 3
Γ0 = 300± 6

mcutoff
KSπ = 1800

a = 2.07± 0.10( GeV/c)−1

r = 3.32± 0.34( GeV/c)−1

LASS [45℄
K∗±

2 (1430)
m0 = 1425.6± 1.5
Γ0 = 98.5± 2.7

RBW [20℄
f0(500)

m0 = 513± 32
Γ0 = 335± 67

κ = 0
Red. K-Matrix = RBW [92℄

ρ0(770)
m0 = 775.26± 0.25
Γ0 = 149.8± 0.8

GS [20℄
f0(980)

m0 = 965± 10
gπ = 165± 18
gK = 695± 93

Flatté [91℄
f0(1500)

m0 = 1505± 6
Γ0 = 109± 7

RBW [20℄
χc0

m0 = 3414.75± 0.31
Γ0 = 10.5± 0.6

RBW [20℄NR DP �at



5.6 Dalitz Plot �t results 1345.6 Dalitz Plot �t resultsThe best nll for the simultaneous �t to the data using the nominal model is found to be
28587.95. In the range of 2∆nll < 9 units, a seond solution is found at nll equal to 28590.7.The likelihood ratio hene reads −2∆nll = 5.4, whih an be interpreted as disfavoured bythe data at more than 95 % Con�dene Level. We have hosen to report in the main bodyof this thesis the results for the best solution but provide in Appendix H the omplete setof results for this seondary minimum as well as an interpretation of the di�erenes. The
p-value of the best �t is estlmated to be 16 %.The results of the best �t in terms of omplex amplitudes are gathered in Table 5.4. The�t frations and the CP asymmetry measurements are given in Table 5.5. The interferene�t fration results are given in Table 5.6. The statistial unertainties for the Cartesianisobar parameters are obtained diretly from the �t output using the likelihood paraboliestimation around the minimum, and propagated to the derived quantities, the magnitudesand CP asymmetries, taking into aount the ovariane matrix of the �t. However, thelikelihood pro�le for the phases and �t frations do not follow a χ2 law and hene thestatistial unertainties on these observables must be determined using pseudo-experiments(see Setion 5.6.1). The method of unertainties evaluation is disussed in details in the nextsetion.Table 5.4: Fit results for the Cartesian oe�ients. Polar oordinates measurements are also pro-vided. Resonane Real part Imaginary part Magnitude phase

K∗+(892) 2.00 0.00 2.00 0.0
K∗−(892) −1.47± 0.09 0.00 1.47± 0.09 0.0

(Kπ)∗+0 1.82± 0.16 1.69± 0.19 2.48± 0.13 43.0+4.2
−4.8

(Kπ)∗−0 2.57± 0.12 0.03± 0.25 2.57± 0.12 −0.2± 4.8

K∗+
2 (1430) 0.00± 0.11 0.59± 0.11 0.59± 0.11 −98.5+4.8

−6.0

K∗−
2 (1430) 0.30± 0.09 0.23± 0.13 0.38± 0.10 39.3+20.4

−14.4

f0(980) from B0 1.25± 0.46 1.61± 0.45 2.04± 0.39 55.6± 12.6

f0(980) from B0 1.93± 0.36 1.14± 0.49 2.25± 0.35 26.5± 11.2

ρ0(770) −0.63± 0.41 1.14± 0.24 1.30± 0.13 −61.2+31.0
−40.3

f0(500) 0.31± 0.10 0.10± 0.16 0.32± 0.11 16.9+31.5
−23.1

f0(1500) −0.65± 0.32 0.66± 0.14 0.92± 0.17 −45.6+11.2
−9.6

χc0 −0.60± 0.09 0.48± 0.09 0.77± 0.06 −37.9± 12.6NR 1.37± 0.33 2.34± 0.15 2.72± 0.16 59.6± 4.8Projetions of the �t results onto the Dalitz variables m2
K0

Sπ+ , m2
K0

Sπ− and m2
K0

Sπ+ for the2011, 2012a and 2012b data samples are shown in Figs. 5.34 to 5.39, respetively. It is worthto srutinize the Phase Spae regions of the deay where most of the Q2-body proesses areourring. They are displayed in ?????? with linear y-axis and ?????? with a logarithmi
y-axis. Fig. 5.42 shows the heliity angle distribution of the K0Sπ± and ππ systems inseveral 2-body invariant mass regions ontaining the main resonanes in the nominal model.



5.6 Dalitz Plot �t results 135Table 5.5: Fit results interpreted as �t frations and, when relevant, CP asymmetries.Resonane Fit fration (%) Diret CP asymm.
K∗(892) 11.7+0.5

−0.4 −0.296± 0.053

(Kπ)∗0 24.4+1.0
−0.9 0.034± 0.049

K∗
2(1430) 0.92+0.04

−0.03 −0.41± 0.27

f0(980) 17.6+0.8
−0.6 0.09± 0.32

ρ0(770) 6.4+1.6
−1.9 -

f0(500) 0.54+0.95
−0.13 -

f0(1500) 3.2+0.4
−0.6 -

χc0 2.2± 0.3 -NR 27.9+2.1
−2.0 -Table 5.6: Fit frations for the interferene terms expressed in perent.Resonane K∗ (Kπ)∗0 K∗

2 f0 ρ0 σ f0(1500) χc0 NR
K∗ 11.65 0.00 −0.31 −0.61 0.11 −0.09 0.03 −0.14 0.00
(Kπ)∗0 24.40 1.05 0.40 −0.91 0.12 −0.61 −0.17 10.12
K∗

2 0.92 −0.02 −0.08 −0.02 0.01 −0.04 1.99
f0 17.60 0.00 0.89 3.99 0.27 −4.89
ρ0 6.40 0.00 0.00 0.00 0.00
σ 0.54 0.43 0.04 −0.68
f0(1500) 3.13 −0.03 −3.88
χc0 2.18 −1.02NR 27.87These spin-dependent angular distributions support in any region the additional resonanesset in the nominal DP model.
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Figure 5.27: Projetions of the 2011 data with Down-Down K0
S ategory given in blak points, andthe nominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown inblue, ombinatorial bakground in green and signal model in red.

LHCb preliminaryCRAFTLHCb preliminaryCRAFT

LHCb preliminaryCRAFT



5.6 Dalitz Plot �t results 137

)4/c2 (GeV+πsK
2m

0 5 10 15 20 25 30

 )4
/c2

E
ve

nt
s 

/ (
 0

.6
 G

eV

1

10

210

)4/c2 (GeV-πsK
2m

0 5 10 15 20 25 30

 )4
/c2

E
ve

nt
s 

/ (
 0

.6
 G

eV

1−10

1

10

210

)4/c2 (GeV-π+π
2m

0 5 10 15 20 25 30

 )4
/c2

E
ve

nt
s 

/ (
 0

.6
 G

eV

1

10

210

Figure 5.28: Projetions of the 2011 data with Long-Long K0
S ategory given in blak points, and thenominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown in blue,ombinatorial bakground in green and signal model in red.
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Figure 5.29: Projetions of the 2012a data with Down-Down K0
S ategory given in blak points, andthe nominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown inblue, ombinatorial bakground in green and signal model in red.
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Figure 5.30: Projetions of the 2012a data with Long-Long K0
S ategory given in blak points, andthe nominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown inblue, ombinatorial bakground in green and signal model in red.
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Figure 5.31: Projetions of the 2012b data with Down-Down K0
S ategory given in blak points, andthe nominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown inblue, ombinatorial bakground in green and signal model in red.
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Figure 5.32: Projetions of the 2012b data with Long-Long K0
S ategory given in blak points, andthe nominal �t, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown inblue, ombinatorial bakground in green and signal model in red.
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Figure 5.33: Projetions of the sum of all data ategory (blak points) and the nominal �t, onto
m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full �t is shown in blue, ombinatorialbakground in green and signal model in red.
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Figure 5.34: Projetions of the 2011 data with Down-Down K0
S ategory given in blak points, andthe nominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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5.6.1 Phase and �t fration statistial unertaintiesThe statistial unertainties on the phases and �t frations annot be determined reliablyfrom the output of the �t unertainty. The rationale is that the angles an reah the boundary
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Figure 5.35: Projetions of the 2011 data with Long-Long K0
S ategory given in blak points, and thenominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). The full�t is shown in blue, ombinatorial bakground in green and signal model in red.
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limit of their yli de�nition range when their likelihoods are sanned. This e�et re�etsas well on the �t frations. The statistial unertainties are then instead evaluated using MCtoy-experiments. 500 toy experiments from the nominal �t results are generated and �t tothese samples bak with the very same model. The distribution of the residuals (the di�erene
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Figure 5.36: Projetions of the 2012a data with Down-Down K0
S ategory given in blak points, andthe nominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.

LHCb preliminaryCRAFTLHCb preliminaryCRAFT

LHCb preliminaryCRAFT

between generated and �tted value) is built. The mean value of the histogram is used asa orretion to the nominal �tted value while the integration of ±34 % of the distributionaround the entral value is taken as the statistial unertainties. Figs. 5.43 and 5.44 showthe distributions of residuals of the phases and �t frations, respetively, highlighting the
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Figure 5.37: Projetions of the 2012a data with Long-Long K0
S ategory given in blak points, andthe nominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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estimates of the nominal values orretions and statistial unertainties.
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Figure 5.38: Projetions of the 2012b data with Down-Down K0
S ategory given in blak points, andthe nominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.

LHCb preliminaryCRAFTLHCb preliminaryCRAFT

LHCb preliminaryCRAFT



5.6 Dalitz Plot �t results 148

)4/c2 (GeV+πsK
2m

0 0.5 1 1.5 2 2.5 3

 )4
/c2

E
ve

nt
s 

/ (
 0

.0
68

 G
eV

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3
4−
2−
0
2
4

)4/c2 (GeV-πsK
2m

0 0.5 1 1.5 2 2.5 3

 )4
/c2

E
ve

nt
s 

/ (
 0

.0
68

 G
eV

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3
4−
2−
0
2
4

)4/c2 (GeV-π+π
2m

0 0.5 1 1.5 2 2.5 3

 )4
/c2

E
ve

nt
s 

/ (
 0

.0
68

 G
eV

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3
4−
2−
0
2
4

Figure 5.39: Projetions of the 2012b data with Long-Long K0
S ategory given in blak points, andthe nominal �t, with a zoomed view, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (right) and m2

π+π− (bottom). Thefull �t is shown in blue, ombinatorial bakground in green and signal model in red.
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Figure 5.40: Projetions of the sum of all data ategory (blak points) and the nominal �t, with azoomed view, onto m2
K0

Sπ+ (left), m2
K0

Sπ− (right) and m2
π+π− (bottom). The full �t is shown in blue,ombinatorial bakground in green and signal model in red.
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Figure 5.41: The �tted nominal model funtions in 2D Dalitz-plane. Plots on the left (right) sideshow the �t results to samples with K0
S Down-Down (Long-Long) ategory. Plots in a row displaythe funtions �tted to 2011, 2012a and 2012b running period samples, respetively.
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Figure 5.42: Heliity angle projetions of the K0
Sπ

± and π+π− pairs in the mass region around:
K∗±(892) (a and b), K∗±

0 (1430) ( and d), f0(500) + ρ(770) (f), f0(980) (e) and f0(1500) (g).
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Figure 5.43: The distribution of the residuals of the phases returned by the toy study. The orre-sponding amplitude ontribution is labelled on eah plot. The wide blak line indiates the entralvalue of the histogram. The shaded regions are the ±34% integrands of the distribution on eah sideof the entral value.
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5.7 Fit validation 1545.7 Fit validationThe �t proedure and the �t results relevane are addressed in two steps. First, the likelihoodfuntion for eah parameter is sanned in order to ensure that no loal minimum is presentin the solution of the �t. Seond an ensemble of pseudo-experiments are performed in orderto searh for biases in the �t results.5.7.1 Likelihood sansThe negative logarithm of the likelihood distributions for all the Cartesian parameters mea-sured from the nominal �t are shown in Fig. 5.45.
Kstar_892_b_Xip

2.5− 2− 1.5− 1− 0.5− 0

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan Kstar_892_b_Xip

Kstar0_1430_Xip
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160

180

-log(L) scan Kstar0_1430_Xip

Kstar0_1430_Yip
0 1 2 3 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160
-log(L) scan Kstar0_1430_Yip

Kstar0_1430_b_Xip
1 1.5 2 2.5 3 3.5 4 4.5

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160

180

-log(L) scan Kstar0_1430_b_Xip

Kstar0_1430_b_Yip
4− 3− 2− 1− 0 1 2 3

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160

-log(L) scan Kstar0_1430_b_Yip

f0_980_Xip
4− 3− 2− 1− 0 1 2 3 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan f0_980_Xip

f0_980_Yip
4− 3− 2− 1− 0 1 2 3 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan f0_980_Yip

f0_980_b_Xip
0 1 2 3 4

Pr
oj

ec
tio

n 
of

 n
ll

0

10

20

30

40

50

60

70

80

90

-log(L) scan f0_980_b_Xip

f0_980_b_Yip
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100
-log(L) scan f0_980_b_Yip

f0_1500_Xip
2− 1.5− 1− 0.5− 0 0.5 1

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100
-log(L) scan f0_1500_Xip

f0_1500_Yip
0.5− 0 0.5 1 1.5 2

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan f0_1500_Yip

Kstar2_1430_Xip
2− 1.5− 1− 0.5− 0 0.5 1 1.5

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160

180
-log(L) scan Kstar2_1430_Xip

Kstar2_1430_Yip
2− 1− 0 1 2 3

Pr
oj

ec
tio

n 
of

 n
ll

20

40

60

80

100

-log(L) scan Kstar2_1430_Yip

Kstar2_1430_b_Xip
1− 0.5− 0 0.5 1 1.5

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140
-log(L) scan Kstar2_1430_b_Xip

Kstar2_1430_b_Yip
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

Pr
oj

ec
tio

n 
of

 n
ll

20

40

60

80

100

-log(L) scan Kstar2_1430_b_Yip

rho_770_Xip
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

Pr
oj

ec
tio

n 
of

 n
ll

0

5

10

15

20

25

30

35

40

45
-log(L) scan rho_770_Xip

rho_770_Yip
3− 2− 1− 0 1 2 3 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

140

160

180
-log(L) scan rho_770_Yip

swave_Xip
2− 1− 0 1 2

Pr
oj

ec
tio

n 
of

 n
ll

0

50

100

150

200

-log(L) scan swave_Xip

swave_Yip
1.5− 1− 0.5− 0 0.5 1 1.5 2

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan swave_Yip

chic0_Xip
1.5− 1− 0.5− 0 0.5 1 1.5

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan chic0_Xip

chic0_Yip
1.5− 1− 0.5− 0 0.5 1 1.5 2

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120

-log(L) scan chic0_Yip

NR1_Xip
0.5− 0 0.5 1 1.5 2 2.5 3

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

-log(L) scan NR1_Xip

NR1_Yip
1 1.5 2 2.5 3 3.5 4

Pr
oj

ec
tio

n 
of

 n
ll

0

20

40

60

80

100

120
-log(L) scan NR1_Yip

Figure 5.45: Likelihood funtion sanned as a funtion of the Cartesian parameter values in thenominal �t. The likelihood pro�le is built by taking the minimum of the log likelihood to be 0.

(a) (b) () (d) (e)
(f) (g) (h) (i) (j)
(k) (l) (m) (n) (o)
(p) (q) (r) (s) (t)

(u) (v) (w)

No additional loal minimum ours for most of the likelihood projetion in the rangeof ∆nll = (nll − nllmin) ∈ [0, 100], exept for the parameters yρ(770) (Fig. 5.45.q), xf0(500)



5.7 Fit validation 155(Fig. 5.45.r) and xχc0 (Fig. 5.45.t), where the di�erene between the two minima is
−2∆nll = 20, 60 and 25 units, respetively. Furthermore, most of the likelihood funtionshave a paraboli behaviour around the minimum, although an asymmetri estimate of theunertainties must be performed in some ases.5.7.2 Pseudo-experiments study from the �t resultsPseudo-experiments are generated aording to the �t results of the nominal DP model,inluding the bakground p.d.f.. In a �rst approah, a high statistis sample has beengenerated and �tted bak with the very same model. This allows to ensure that no intrinsibias related to the �t pakage or the �t model is present. Figs. 5.46 to 5.48 show the �tresult and Table 5.7 gathers the residuals of the �t. This asymptoti test shows that nosigni�ant �t bias ours within a sample equivalent to 300 times the atual size of the datasample.
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Figure 5.46: Projetions of the 2011 asymptoti pseudo-experiment (100×Ndata
2011 ) and the asymptoti�t, with a logarithmi y-axis sale, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (middle) and m2

K0
Sπ+ . Plot on the top(bottom) presents the Down-Down (Long-Long) K0

S ategory sample.
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CRAFT CRAFTCRAFT

The seond toy study is a pull study with realisti number of events equal to the real dataevents. This test enables us to evaluate any bias due to atual statistis of the data sampleand, when appliable, to orret for them. The pull study onsists of several MC generationsfollowing the nominal Dalitz model inluding the ombinatorial bakground histograms, and
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Figure 5.47: Projetions of the 2012a asymptoti pseudo-experiment (100×Ndata
2012a) and the asymp-toti �t, with a logarithmi y-axis sale, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (middle) and m2

K0
Sπ+ . Plot onthe top (bottom) presents the Down-Down (Long-Long) K0

S ategory sample.
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Table 5.7: The residual results of the asymptoti toy MC test.Resonane Real part residual Imag. part residual
K∗+(892) - -
K∗−(892) 0.006± 0.008 -
(Kπ)∗+0 0.003± 0.016 0.008± 0.020

(Kπ)∗−0 0.000± 0.012 0.032± 0.024

K∗+
2 (1430) 0.007± 0.011 0.007± 0.011

K∗−
2 (1430) 0.011± 0.009 0.013± 0.013

f0(980) from B0 0.043± 0.046 0.036± 0.046

f0(980) from B0 0.009± 0.035 0.081± 0.051
f0(500) 0.005± 0.010 0.006± 0.017
ρ0(770) 0.085± 0.061 0.049± 0.038
f0(1500) 0.013± 0.028 0.019± 0.042NR 0.029± 0.029 0.007± 0.016
χc0 0.009± 0.008 0.005± 0.008
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Figure 5.48: Projetions of the 2012b asymptoti pseudo-experiment (100 ×Ndata
2012b) and the asymp-toti �t, with a logarithmi y-axis sale, onto m2

K0
Sπ+ (left), m2

K0
Sπ− (middle) and m2

K0
Sπ+ . Plot onthe top (bottom) presents the Down-Down (Long-Long) K0

S ategory sample.
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�tted bak by the very same model. Mathematially, the pull is expressed as:
Pull =

xgen − xfit

σfit
, (5.10)where xfit and σfit are the parameter values returned by the �t and its unertainty, respe-tively, and xgen is the parameter value used in generation. An unbiased �t for a set of toyexperiments implies that the pull distribution is a standard Gaussian (µpull = 0, σpull = 1 )distribution. If the mean of pull distribution is signi�antly di�erent from zero, it harater-izes a bias in the measurement. A width less than 1 indiates that the statistial unertaintyis overestimated, and onversely a width larger than 1 shows that the unertainty is underes-timated. Pull studies are performed only for Cartesian, amplitude and diret CP asymmetryparameters, sine their unertainties an be diretly evaluated from the �t results. The �nalpull study results on Cartesian oordinates are displayed in Figs. 5.49 to 5.51 and gatheredin Table 5.8. As well, the �nal pull study results on magnitudes and CP asymmetries aredisplayed in Figs. 5.52 to 5.54 and gathered in Table 5.9. The pull study on artesian param-eters shows negligible biases, exept for the resonanes f0(500), ρ(770) and f0(980), wheresmall but signi�ant biases are found. These biases an be orreted for and the error onthe orretion will be onsidered as a systemati unertainty. The method is disussed withmore details in Setion 5.8.1.2.
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Table 5.8: Results of the �t of the pull distributions of the Cartesian parameters by a gaussianfuntion.Resonane Real part Imaginary partPull mean Pull width Pull mean Pull width

K∗+(892) - - - -
K∗−(892) 0.017± 0.045 0.999± 0.032 - -
(Kπ)∗+0 −0.042± 0.045 0.998± 0.032 −0.032± 0.046 1.016± 0.032

(Kπ)∗−0 −0.101± 0.042 0.947± 0.030 −0.070± 0.046 1.022± 0.032

K∗+
2 (1430) −0.041± 0.045 0.998± 0.032 −0.109± 0.044 0.983± 0.031

K∗−
2 (1430) −0.075± 0.043 0.955± 0.030 −0.038± 0.045 1.000± 0.032

f0(980) from B0 0.212± 0.046 1.022± 0.032 −0.201± 0.044 0.989± 0.031

f0(980) from B0 −0.202± 0.043 0.966± 0.031 0.267± 0.050 1.112± 0.035
f0(500) −0.109± 0.043 0.957± 0.030 0.148± 0.046 1.025± 0.032
ρ0(770) 0.071± 0.120 1.091± 0.077 −0.199± 0.099 0.965± 0.058
f0(1500) 0.018± 0.052 1.158± 0.037 0.048± 0.042 0.946± 0.030NR 0.035± 0.045 1.008± 0.032 −0.054± 0.047 1.047± 0.033
χc0 0.137± 0.043 0.969± 0.031 0.061± 0.044 0.990± 0.031
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Figure 5.49: Real and imaginary oordinates pull distributions from 500 pseudo-experiments. Eahpull distribution is �tted by a Gaussian (blue line).
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Figure 5.50: Real and imaginary oordinates pull distributions from 500 pseudo-experiments. Eahpull distribution is �tted by a Gaussian (blue line). The pull distribution of ρ0(770) parameters are�tted in the spei� range [−3, 3] beause of non-gaussian tails.
Kstar2_1430_Xip Pull

6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120
 0.045±pullMean = -0.0407 

 0.032±pullSigma =  0.998 

A RooPlot of "Kstar2_1430_Xip Pull"

Kstar2_1430_Yip Pull
6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120

 0.044±pullMean = -0.1085 

 0.031±pullSigma =  0.983 

A RooPlot of "Kstar2_1430_Yip Pull"

Kstar2_1430_b_Xip Pull
6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120

140  0.043±pullMean = -0.0754 

 0.030±pullSigma =  0.955 

A RooPlot of "Kstar2_1430_b_Xip Pull"

Kstar2_1430_b_Yip Pull
6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120

140  0.045±pullMean = -0.0375 

 0.032±pullSigma =  1.000 

A RooPlot of "Kstar2_1430_b_Yip Pull"

chic0_Xip Pull
6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120
 0.043±pullMean =  0.137 

 0.031±pullSigma =  0.969 

A RooPlot of "chic0_Xip Pull"

chic0_Yip Pull
6− 4− 2− 0 2 4 6

Ev
en

ts
 / 

( 0
.6

 )

0

20

40

60

80

100

120
 0.044±pullMean =  0.061 

 0.031±pullSigma =  0.990 

A RooPlot of "chic0_Yip Pull"

Figure 5.51: Real and imaginary oordinates pull distributions from 500 pseudo-experiments. Eahpull distribution is �tted by a Gaussian (blue line).
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Table 5.9: Results of the �t of the pull distribution of the magnitudes and CP asymmetries by agaussian funtion.Resonane Amplitude Diret CP asymm.Pull mean Pull width Pull mean Pull width

K∗+(892) - - 0.027± 0.046 0.997± 0.030
K∗−(892) 0.040± 0.047 1.000± 0.030

(Kπ)∗+0 −0.024± 0.042 0.909± 0.031 −0.084± 0.043 0.954± 0.031

(Kπ)∗−0 −0.019± 0.043 0.940± 0.030

K∗+
2 (1430) 0.003± 0.046 1.010± 0.040 −0.055± 0.048 1.029± 0.043

K∗−
2 (1430) −0.087± 0.044 0.964± 0.032

f0(980) from B0 −0.079± 0.045 1.010± 0.030 −0.010± 0.053 1.100± 0.100

f0(980) from B0 −0.100± 0.053 1.075± 0.049
f0(500) −0.295± 0.046 0.986± 0.037 - -
ρ0(770) 0.024± 0.045 0.988± 0.036 - -
f0(1500) −0.057± 0.047 1.036± 0.038 - -NR −0.033± 0.049 1.061± 0.042 - -
χc0 0.137± 0.046 0.999± 0.035 - -
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Figure 5.52: Amplitudes pull distributions from 500 pseudo-experiments. Eah pull distribution is�tted by a Gaussian (blue line).
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Figure 5.53: Amplitudes pull distributions from 500 pseudo-experiments. Eah pull distribution is�tted by a Gaussian (blue line).
Kstar_892_ACP_pull

Constant  6.4±   118 

Mean      0.04582± 0.02669 

Sigma     0.0297± 0.9969 

6− 4− 2− 0 2 4 6
0

20

40

60

80

100

120 Kstar_892_ACP_pull

Constant  6.4±   118 

Mean      0.04582± 0.02669 

Sigma     0.0297± 0.9969 

Kstar_892_ACP_pull

Kstar0_1430_ACP_pull

Constant  6.8±   123 

Mean      0.04345±0.08368 − 

Sigma     0.0306± 0.9544 

6− 4− 2− 0 2 4 6
0

20

40

60

80

100

120 Kstar0_1430_ACP_pull

Constant  6.8±   123 

Mean      0.04345±0.08368 − 

Sigma     0.0306± 0.9544 

Kstar0_1430_ACP_pull

Kstar2_1430_ACP_pull

Constant  6.9± 112.8 

Mean      0.04816±0.05469 − 

Sigma     0.043± 1.029 

6− 4− 2− 0 2 4 6
0

20

40

60

80

100

120
Kstar2_1430_ACP_pull

Constant  6.9± 112.8 

Mean      0.04816±0.05469 − 

Sigma     0.043± 1.029 

Kstar2_1430_ACP_pull

f0_980_ACP_pull

Constant  6.8± 103.8 

Mean      0.053449±0.009914 − 

Sigma     0.1±   1.1 

6− 4− 2− 0 2 4 6
0

20

40

60

80

100

120

140 f0_980_ACP_pull

Constant  6.8± 103.8 

Mean      0.053449±0.009914 − 

Sigma     0.1±   1.1 

f0_980_ACP_pull

Figure 5.54: Diret CP asymmetries pull distributions from 500 pseudo-experiments. Eah pulldistribution is �tted by a Gaussian (blue line).



5.8 Systematis studies 1625.8 Systematis studiesIn this setion we address the determination of the systemati unertainties related to theDalitz �t of B0 → K0
S
π+π−. The soures of systemati unertainties onsidered in thisanalysis are divided in two ategories. The �rst is alled experimental systematis andgathers the following soures:� the fration of signal/bakground extrated from the invariant mass �t of the andi-dates,� the biases related to the Dalitz �t to the data,� the signal e�ieny aross the SDP,� the binning hoie for the signal e�ieny histograms,� the ombinatorial bakground model aross the SDP.The seond ategory is Dalitz model unertainty, and inludes:� the �xed parameters of the resonane line-shapes models;� the addition or removal of marginal omponents to the nominal amplitude �t model,� alternative models for the K0

S π and ππ S-waves.5.8.1 Experimental systemati unertaintiesThe systemati unertainties disussed in this Setion relies on studies based on pseudo-experiments, in whih we build data-equivalent samples for eah spetrum whih an be�t simultaneously as it is done for the data sample. On a general ground, the methodwe followed onsists in hanging (solely) the parameter governing a systemati unertaintye�et aording to its unertainty distribution for eah pseudo-experiment and �t bak theensemble of pseudo-experiments with the nominal model. The observed dispersion is takenas the orresponding systemati error estimate.5.8.1.1 Systemati unertainty related to the knowledge of the fration of signalThe B0→ K0
S
π+π− signal fration in the analysed sample is derived from the measured yieldsof the signal and bakground omponents as given by the invariant mass �t. This signalfration is �xed in the Dalitz plot p.d.f. to its measured entral value. In order to evaluatethe e�et of its unertainty in the Dalitz plot analysis, an ensemble of 500 pseudo-experimentsis built: for eah single pseudo-experiment, a new signal fration is generated suh that theensemble of pseudo-experiments overs its measured unertainty. The nominal Dalitz plotp.d.f. is then �tted to eah pseudo-experiment of the ensemble and the distribution of thedi�erene between the nominal and �tted values (residual) of the parameters of interest isformed. The root mean square (RMS) of the residuals distribution is taken as the systematiunertainty estimate. The systemati unertainties on the omplex amplitude, �t frationand CP asymmetry (when appliable) for eah omponent are given in Table 5.10. Theorresponding distributions of the residuals are shown in Fig. 5.56, Fig. 5.57 and Fig. 5.58.
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Table 5.10: Systemati unertainties related to the signal fration.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP

K∗+(892) - - - - 0.063 0.000
K∗−(892) 0.001 - 0.001 -
(Kπ)∗+0 0.004 0.008 0.007 0.111 0.130 0.000

(Kπ)∗−0 0.008 0.004 0.007 0.103

K∗+
2 (1430) 0.002 0.002 0.002 0.182 0.005 0.002

K∗−
2 (1430) 0.001 0.001 0.001 0.159

f0(980) from B0 0.009 0.012 0.005 0.418 0.094 0.005

f0(980) from B0 0.005 0.005 0.005 0.339
f0(500) 0.003 0.004 0.002 0.770 0.002 -
ρ0(770) 0.005 0.003 0.001 0.246 0.028 -
f0(1500) 0.007 0.007 0.007 0.371 0.018 -NR 0.014 0.023 0.025 0.113 0.247 -
χc0 0.002 0.003 0.003 0.150 0.008 -
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Figure 5.55: Distribution of the Cartesian parameters from 500 toy-experiments generated by varyingthe signal frations within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.56: Distribution of the residuals of amplitudes from 500 toy-experiments generated byvarying the signal frations within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.57: Distribution of the residuals on the phases from 500 toy-experiments generated byvarying the signal frations within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.58: Distribution of the residuals of the �t frations from 500 toy-experiment generated byvarying the signal frations within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.59: Distribution of the residuals of the diret CP asymmetries from 500 toy-experimentgenerated by varying the signal frations within unertainties, �tted by a Gaussian (red funtion).



5.8 Systematis studies 1695.8.1.2 Systemati unertainties due to DP �t biasesThe �t stability was tested by means of a large set of pseudo-experiments generated fromthe nominal model and varying the yields from one experiment to the other aording totheir unertainties. The distributions of the di�erene between the values of the parametersof interest in the nominal �t and the values obtained from eah pseudo-experiment �t havebeen exploited to evaluate a systemati unertainty attahed to the potential �t biases.The mean value of the residual distribution is used to orret the mean value measured inthe data �t (if the di�erene is signi�ant). The unertainty on the mean of the residualdistribution is assigned as the systemati unertainty due to the �t bias. The orretion ofthe amplitudes and diret CP asymmetry as well as the systemati unertainties estimatesare given in Table 5.11. The distribution of the residuals for all parameters are shown in the�gures Fig. 5.60 and Fig. 5.61.Table 5.11: Corretive fators applied to the amplitudes and the diret CP asymmetries and assoi-ated systemati unertainty.Resonane Amplitude Diret CP asymmetryCorretion Systemati Corretion Systemati
K∗+(892) - - −0.001 0.002
K∗−(892) 0.000 0.004

(Kπ)∗+0 0.000 0.005 −0.004 0.002

(Kπ)∗−0 −0.004 0.005

K∗+
2 (1430) 0.003 0.005 −0.028 0.012

K∗−
2 (1430) −0.008 0.004

f0(980) from B0 −0.028 0.019 0.020 0.015

f0(980) from B0 −0.007 0.017
f0(500) −0.035 0.005 - -
ρ0(770) 0.000 0.006 - -
f0(1500) −0.007 0.005 - -NR −0.009 0.007 - -
χc0 0.007 0.003 - -
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Figure 5.60: Distribution of the residuals of the amplitudes from 500 pseudo-experiments, measuredfrom the �t bias study. The distribution is �t by a Gaussian (red funtion).
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Figure 5.61: Distribution of the residuals of the diret CP asymmetries from 500 pseudo-experiments,measured from the �t bias study. The distribution is �t by a Gaussian (red funtion).



5.8 Systematis studies 1725.8.1.3 Systemati unertainties from total signal seletion, traking and L0trigger e�ienyThe e�ieny maps disussed in Setion 5.3 ome with an unertainty due to the statistisof the MC samples. The proedure to evaluate the systemati unertainties due to the signale�ieny variation aross SDP, onsists in repeating the nominal �t 500 times, where foreah single �t the default e�ieny histogram is replaed by another histogram obtained byvarying eah bin in SDP within its unertainties. The RMS of the residuals distribution ineah �tted parameter is taken as the systemati unertainty. The very same proedure isapplied for the evaluation of the systemati unertainty due to the traking and L0 triggere�ieny. The systemati unertainties on the omplex amplitudes, �t frations and diret
CP asymmetries are given in Table 5.12 and Table 5.14 for the systematis due to seletione�ieny and traking e�ieny knowledge, respetively. The distributions of the residualsare shown in Fig. 5.63, Fig. 5.64 and Fig. 5.65.Table 5.12: Systemati unertainty related to the knowledge of the SDP e�ieny due to MC statis-tis. Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.087 0.014
K∗−(892) 0.022 - 0.022 -
(Kπ)∗+0 0.029 0.032 0.032 0.700 0.182 0.009

(Kπ)∗−0 0.030 0.039 0.029 0.844

K∗+
2 (1430) 0.017 0.017 0.017 1.269 0.007 0.043

K∗−
2 (1430) 0.014 0.020 0.017 2.801

f0(980) from B0 0.072 0.075 0.075 2.024 0.131 0.057

f0(980) from B0 0.063 0.075 0.065 1.790
f0(500) 0.010 0.017 0.010 2.850 0.013 -
ρ0(770) 0.039 0.030 0.023 1.916 0.227 -
f0(1500) 0.041 0.022 0.024 2.464 0.096 -NR 0.053 0.029 0.034 1.011 0.339 -
χc0 0.012 0.012 0.011 0.995 0.042 -
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Table 5.13: Systemati unertainty related to the knowledge of the traking e�ieny.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .
K∗+(892) - - - - 0.002 0.000
K∗−(892) 0.001 - 0.001 -
(Kπ)∗+0 0.001 0.001 0.001 0.015 0.004 0.000

(Kπ)∗−0 0.001 0.001 0.001 0.026

K∗+
2 (1430) 0.001 0.001 0.001 0.056 0.000 0.002

K∗−
2 (1430) 0.000 0.001 0.001 0.103

f0(980) from B0 0.001 0.001 0.001 0.030 0.003 0.001

f0(980) from B0 0.001 0.001 0.001 0.033
f0(500) 0.000 0.000 0.000 0.087 0.000 -
ρ0(770) 0.001 0.001 0.001 0.051 0.005 -
f0(1500) 0.001 0.000 0.001 0.059 0.002 -NR 0.001 0.001 0.001 0.017 0.007 -
χc0 0.000 0.000 0.000 0.020 0.001 -
Table 5.14: Systemati unertainty related to the knowledge of the L0 trigger e�ieny.Resonane Real part Imag. part Mag. Phase (°) FF (%) Diret ACP .

K∗+(892) - - - - 0.003 0.001
K∗−(892) 0.001 - 0.001 -
(Kπ)∗+0 0.002 0.001 0.001 0.026 0.007 0.000

(Kπ)∗−0 0.001 0.002 0.001 0.045

K∗+
2 (1430) 0.001 0.001 0.001 0.077 0.000 0.002

K∗−
2 (1430) 0.001 0.001 0.001 0.144

f0(980) from B0 0.001 0.002 0.001 0.035 0.005 0.001

f0(980) from B0 0.001 0.002 0.001 0.036
f0(500) 0.000 0.001 0.000 0.101 0.000 -
ρ0(770) 0.001 0.001 0.001 0.060 0.006 -
f0(1500) 0.001 0.000 0.001 0.056 0.002 -NR 0.001 0.001 0.001 0.026 0.011 -
χc0 0.000 0.000 0.000 0.031 0.001 -
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Figure 5.62: Distributions of the Cartesian parameters for the three data from 500 toy-experimentsgenerated by varying the signal e�ieny bins within unertainties, �tted by a Gaussian (red fun-tion).
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Figure 5.63: Distributions of the residuals of the isobar amplitudes from 500 toy-experiments gener-ated by varying the signal e�ieny within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.64: Distributions of the residuals of the isobar phases from 500 toy-experiments generatedby varying the signal e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.65: Distributions of the residuals of the �t frations from 500 toy-experiment generated byvarying the signal e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.66: Distributions of the residuals of the diret CP asymmetries from 500 toy-experimentgenerated by varying the signal e�ieny bins within unertainties, �tted by a Gaussian (red fun-tion).
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Figure 5.67: Distribution of the Cartesian parameters from 500 toy-experiments generated by varyingthe traking e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.68: Distributions of the residuals of the isobar amplitudes from 500 toy-experiments gener-ated by varying the traking e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.69: Distributions of the residuals of the isobar phases from 500 toy-experiments generatedby varying the traking e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.70: Distributions of the residuals of the �t frations from 500 toy-experiment generated byvarying the traking e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.71: Distributions of the residuals of the diret CP asymmetries from 500 toy-experimentgenerated by varying the traking e�ieny bins within unertainties, �tted by a Gaussian (redfuntion).
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Figure 5.72: Distribution of the Cartesian parameters from 500 toy-experiments generated by varyingthe L0 trigger e�ieny bins within unertainties, �tted by a Gaussian (red funtion).
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Figure 5.73: Distributions of the residuals of the isobar amplitudes from 500 toy-experiments gener-ated by varying the L0 trigger e�ieny bins within unertainties, �tted by a Gaussian (red funtion).On top of the MC statistis and traking unertainties, there is an additional systematiunertainty related to the hoie of the SDP binning to produe the e�ieny maps. Thetable 5.15 gathers estimates of the systemati unertainties obtained by varying the binning
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Figure 5.74: Distributions of the residuals of the isobar phases from 500 toy-experiments generatedby varying the L0 trigger e�ieny bins within unertainties, �tted by a Gaussian (red funtion).from 64 bins to 100 bins in the SDP. This estimate is believed to be very onservative. Theurrent estimate of this e�ieny binning systemati is dominating some of the experimentalmagnitude and �t frations unertainties.
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Figure 5.75: Distributions of the residuals of the �t frations from 500 toy-experiment generated byvarying the L0 trigger e�ieny bins within unertainties, �tted by a Gaussian (red funtion).5.8.1.4 Systemati unertainty from ombinatorial bakgroundThe bakground distribution in this Dalitz analysis is intentionally small in reason of thehoie of the so-alled tight optimisation. As a onsequene, its modelling from the right-handside-band of the invariant mass distribution on the amplitude measurements has expetedlya limited impat. The very same proedure employed for the estimate of the systematis dueto the knowledge of the e�ienies is at work. The histograms desribing the ombinato-rial bakground distributions are eah varied within statistial unertainties to generate 500pseudo-experiments. Eah of them is �t bak with the nominal model and the RMS of thesubsequent distribution of residuals is used to assign the systemati unertainty. The system-ati unertainties on the parameters of interest are given in Table 5.16. The distributions of
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Figure 5.76: Distributions of the residuals of the diret CP asymmetries from 500 toy-experimentgenerated by varying the L0 trigger e�ieny bins within unertainties, �tted by a Gaussian (redfuntion).the residuals are shown in Fig. 5.77, Fig. 5.78 and Fig. 5.79.5.8.1.5 Systemati unertainty from ross-feed bakgroundThe frations of the ross-feed bakground for eah sample ategory are given in Table 4.26.They are found to be small and were not inluded in the nominal �t for this thesis work.However, the assumption that they an be negleted has been onsidered as a systematiunertainty soure. A �t has been done inluding this time the ross-feed omponents andthe di�erene observed in the �nal results was assigned as a systemati unertainty. Theprojetions on the invariant mass square variables of the nominal �t inluding the ross-feedomponents are given in Fig. 5.81 and the related systemati unertainties on the parametersof interest are gathered in Table 5.17. It an be noted that these systemati unertainties areamong the largest experimental systematis unertainties. It is therefore foreseen that thepubliation inludes the ross-feed omponents in the nominal DP model. The remainingunertainty will hene be given by the knowledge of the ross-feed shape and is expeted tobe greatly redued.
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Table 5.15: Systemati unertainty related to the hoie of a binning to produe the e�ieny maps.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.200 0.003
K∗−(892) 0.005 - 0.005 -
(Kπ)∗+0 0.010 0.108 0.065 2.033 0.260 0.054

(Kπ)∗−0 0.071 0.071 0.072 1.524

K∗+
2 (1430) 0.008 0.065 0.066 0.679 0.174 0.034

K∗−
2 (1430) 0.025 0.008 0.025 1.251

f0(980) from B0 0.093 0.054 0.012 3.006 1.190 0.081

f0(980) from B0 0.150 0.097 0.179 0.174
f0(500) 0.052 0.010 0.045 5.201 0.108 -
ρ0(770) 0.039 0.034 0.049 0.754 0.387 -
f0(1500) 0.115 0.025 0.096 4.485 0.672 -NR 0.142 0.020 0.051 2.848 1.440 -
χc0 0.027 0.019 0.010 2.326 0.022 -

Table 5.16: Estimates of the systemati unertainty due to the modelling of the ombinatorial bak-ground. Resonane Magnitude Phase Fit fration (%) Diret CP asymm.
K∗+(892) - - 0.055 0.002
K∗−(892) 0.003 -
(Kπ)∗+0 0.010 0.703 0.114 0.005

(Kπ)∗−0 0.011 0.548

K∗+
2 (1430) 0.009 0.352 0.004 0.013

K∗−
2 (1430) 0.005 0.818

f0(980) from B0 0.042 2.318 0.082 0.037

f0(980) from B0 0.043 2.622
f0(500) 0.008 2.652 0.013 -
ρ0(770) 0.004 1.563 0.126 -
f0(1500) 0.065 6.689 0.164 -NR 0.021 0.902 0.174 -
χc0 0.004 0.960 0.041 -
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Figure 5.77: Distributions of the residuals of the isobar amplitudes from 500 toy-experiments gener-ated by varying the ombinatorial histogram bins within unertainties.
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Figure 5.78: Distributions of the residuals of the isobar phases from 500 toy-experiments generatedby varying the ombinatorial histogram bins within unertainties.
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Figure 5.79: Distributions of the residuals of the �t frations from 500 toy-experiment generated byvarying the ombinatorial histogram bins within unertainties.
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Figure 5.80: Distributions of the residuals of the diret CP asymmetries from 500 toy-experimentgenerated by varying the ombinatorial histogram bins within unertainties.
Table 5.17: Estimates of the systemati unertainty due to the addition of the ross-feed omponents.Resonane Magnitude Phase Fit fration (%) Diret CP asymm.

K∗+(892) - - 0.230 0.004
K∗−(892) 0.006 -
(Kπ)∗+0 0.016 1.044 0.630 0.015

(Kπ)∗−0 0.024 0.392

K∗+
2 (1430) 0.003 0.840 0.029 0.027

K∗−
2 (1430) 0.010 0.318

f0(980) from B0 0.037 0.170 0.560 0.023

f0(980) from B0 0.014 7.855
f0(500) 0.013 10.463 0.043 -
ρ0(770) 0.003 0.379 0.110 -
f0(1500) 0.056 2.777 0.313 -NR 0.090 2.757 1.220 -
χc0 0.004 1.811 0.027 -
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Figure 5.81: Projetions of the sum of all data ategory (blak points) and the nominal �t, with azoomed view, onto m2
K0

Sπ+ (left), m2
K0

Sπ− (right) and m2
π+π− (bottom). The full �t is shown in blue,ombinatorial bakground in green, ross-feed bakground in pink and signal model in red.



5.8 Systematis studies 1955.8.1.6 Summary of experimental systemati unertaintiesThe experimental systemati unertainties due to the above-mentioned error soures de-sribed in Setion 5.8.1 are ombined in quadrature to form the total experimental systematiunertainty. The dominant soures of error are the MC statistis to determine the e�ieny,the hoie of the binning and the absene of the ross-feed omponents in the nominal DPmodel. The table Table 5.18 gathers them for the isobar amplitudes, �t frations and diret
CP violation asymmetries.Table 5.18: Summary of experimental systemati unertainties.Resonane Mag. Phase FF (%) Diret ACP .

K∗+(892) - - 0.328 0.015
K∗−(892) 0.024 -
(Kπ)∗+0 0.076 2.494 0.726 0.057

(Kπ)∗−0 0.082 1.870

K∗+
2 (1430) 0.069 1.714 0.176 0.064

K∗−
2 (1430) 0.033 3.197

f0(980) from B0 0.096 4.325 1.624 0.109

f0(980) from B0 0.196 8.481
f0(500) 0.050 12.340 0.117 -
ρ0(770) 0.055 2.624 0.480 -
f0(1500) 0.131 8.876 0.766 -NR 0.114 4.191 1.941 -
χc0 0.016 3.260 0.068 -

5.8.2 Model systemati unertaintiesThe systemati unertainties related to the isobar model de�nition omprise:� The impat of �xed line-shape parameters in the Dalitz plot model. For instane, themasses and widths of the resonanes entering in the DP model are �xed to values deter-mined in previous experiments and the unertainties attahed to their measurementsmust be addressed as a systemati unertainty.� The e�et of the addition or removal of marginal amplitudes: several omponents of theisobar model have been hypothesized and we de�ned a tentatively objetive algorithmto selet or rejet them from the nominal �t model. If a omponent is lose to the limitbut aepted, a model systemati unertainty is assigned by removing it from the �t.Conversely, if a omponent was rejeted, a model systemati unertainty is assignedby adding it to the nominal �t model.� The hoies of the models for the ontroversial Kπ and ππ S-wave omponents havebeen questioned and systemati unertainties have been estimated. For illustration,



5.8 Systematis studies 196the (Kπ)∗0 omponent, modelled in the nominal �t by a LASS parameterisation hasbeen hanged to a simple RBW dediated for K∗
0 (1430) resonane. As far as (ππ)0

0

S-wave omponent is onerned, the redued K-matrix parameterisation is used anda fration of non-resonant omponent in it is varied to estimate the related modelsystemati unertainty.The unertainties due to all of these soures are ombined in quadrature to form the totalmodel systemati unertainties. Eah soure of unertainty will be examined in more detailsin the following subsetions.5.8.2.1 Systemati unertainties related to �xed parameters in the isobar line-shape modelsTo evaluate the impat of the �xed parameters of the isobar resonanes line-shapes, we varyindividually and symmetrially by one standard deviation the mass and the width of eahresonane as they are given in the Table 5.1. The observed deviation in the measurementsis reported as a systemati unertainty. The Blatt-Weisskopf radius parameter is varied by
±1 GeV−1 and the observed di�erenes between this �t and the nominal �t is assigned as asystemati unertainty. The individual systemati unertainties are then added in quadratureto form the total unertainty related to the �xed parameters in the isobar model. The totalsystemati unertainties are gathered in the Tab Table 5.19.Table 5.19: Systemati unertainties due to the �xed line-shape parameters.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.201 0.004
K∗−(892) 0.007 - 0.006 -
(Kπ)∗+0 0.047 0.053 0.025 1.528 0.291 0.016

(Kπ)∗−0 0.035 0.058 0.036 1.275

K∗+
2 (1430) 0.036 0.015 0.014 3.494 0.032 0.026

K∗−
2 (1430) 0.013 0.021 0.008 3.469

f0(980) from B0 0.168 0.222 0.114 7.009 1.013 0.057

f0(980) from B0 0.085 0.161 0.059 4.390
f0(500) 0.048 0.098 0.063 16.031 0.164 -
ρ0(770) 0.042 0.031 0.017 2.096 0.179 -
f0(1500) 0.092 0.056 0.071 5.088 0.511 -NR 0.152 0.085 0.084 3.180 1.472 -
χc0 0.035 0.029 0.023 3.312 0.129 -5.8.2.2 Systemati unertainties related to the marginal omponents of the DPmodel.To evaluate the systemati unertainties related to the marginal omponents of the DPmodel, the addition of resonanes K∗(1680) and f2(1270) on one hand and the removal of



5.8 Systematis studies 197the f0(500) omponent have been examined. This set of resonanes are atually the leastsigni�ant in the nominal model. The �rst step of the estimation onsists in �tting the datausing the nominal model with or without the marginal omponent. A high statistis pseudo-experiment based upon this new model is then generated and �t bak with the nominalmodel. The related systemati unertainty estimate is taken as the di�erene between thegenerated and �t values. Some details about the modelling of eah resonane are providedbelow.
K∗(1680) resonane : the mass and width of this resonane are poorly known. It isan a priori broad P -wave resonane whih an interfere with the K∗(892) and K∗(1430)series. However, the K∗(1680) resonane is inelasti and hene should be modelled with aFlatté parameterisation. The oupling onstants of the Flatté are taken from the up-to-dateknowledge of this resonane given in Ref. [20℄. The �t to the data with the nominal modelinluding the K∗(1680) gives a likelihood ratio −2∆nll equal to 7.4, whih is rather similarto the nominal one. The systemati unertainties on the �t parameters due to the additionof K∗(1680) are given in Table 5.20.Table 5.20: Systemati unertainty from the addition of K∗(1680)π amplitude.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.150 0.002
K∗−(892) 0.003 - 0.003 -
(Kπ)∗+0 0.026 0.035 0.007 1.003 0.310 0.003

(Kπ)∗−0 0.002 0.017 0.002 0.387

K∗+
2 (1430) 0.029 0.028 0.031 2.381 0.089 0.009

K∗−
2 (1430) 0.007 0.036 0.017 4.378

f0(980) from B0 0.152 0.435 0.156 13.715 0.130 0.104

f0(980) from B0 0.014 0.508 0.071 9.035
f0(500) 0.017 0.054 0.012 6.077 0.024 -
ρ0(770) 0.177 0.160 0.041 4.332 0.329 -
f0(1500) 0.128 0.002 0.004 9.451 0.016 -NR 0.083 0.005 0.051 7.988 0.750 -
χc0 0.012 0.000 0.007 7.692 0.014 -

f2(1270) resonane : this D-wave resonane has not passed the seletion algorithm. Itshould be noted that the amplitude f2(1270)K0
S
is part of the model de�ned in the BaBarand Belle analyses [14, 90℄. It an be modelled by a relativisti Breit-Wigner and its massand width are pretty fairly known [20℄. The addition of the f2(1270) provides systematiunertainties estimates gathered in Table 5.21.

f0(500) resonane : this is the least signi�ant omponent aepted in the nominal model.We therefore onsider the removal of the orresponding amplitude to assign a model system-ati unertainty. The �t with the nominal model exluding f0(500) gives a likelihood ratio



5.8 Systematis studies 198Table 5.21: Systemati unertainty from the addition of f2(1270)K
0
S amplitude.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.230 0.006
K∗−(892) 0.010 - 0.010 -
(Kπ)∗+0 0.063 0.032 0.023 1.552 0.020 0.004

(Kπ)∗−0 0.016 0.058 0.014 1.290

K∗+
2 (1430) 0.051 0.001 0.004 4.990 0.033 0.010

K∗−
2 (1430) 0.014 0.008 0.007 2.186

f0(980) from B0 0.099 0.075 0.119 0.985 0.210 0.079

f0(980) from B0 0.026 0.047 0.049 0.500
f0(500) 0.002 0.041 0.010 7.001 0.018 -
ρ0(770) 0.146 0.087 0.004 7.634 0.136 -
f0(1500) 0.006 0.012 0.002 0.767 0.046 -NR 0.051 0.012 0.036 0.836 1.140 -
χc0 0.001 0.006 0.005 0.287 0.008 -w.r.t. the nominal model −2∆nll worse by 8.8 units. The systemati unertainties on the �tparameters due to the removal of f0(500) are reported in Table 5.22.Table 5.22: Systemati unertainty related to the removal of the f0(500)K

0
S amplitude from thenominal model.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .

K∗+(892) - - - - 0.140 0.006
K∗−(892) 0.009 - 0.009 -
(Kπ)∗+0 0.060 0.036 0.018 1.578 0.010 0.007

(Kπ)∗−0 0.001 0.047 0.001 1.053

K∗+
2 (1430) 0.051 0.001 0.004 5.012 0.028 0.012

K∗−
2 (1430) 0.012 0.002 0.008 1.372

f0(980) from B0 0.148 0.062 0.143 2.136 0.020 0.113

f0(980) from B0 0.019 0.170 0.102 3.359
f0(500) 0.000 0.000 0.000 0.000 0.000 -
ρ0(770) 0.020 0.012 0.020 0.518 0.149 -
f0(1500) 0.050 0.012 0.022 2.811 0.184 -NR 0.021 0.007 0.005 0.439 0.320 -
χc0 0.008 0.014 0.003 1.207 0.000 -



5.8 Systematis studies 1995.8.2.3 Systemati unertainties from Kπ S-wave modellingThe LASS parameterisation is found to give the best �t to the data. Several alternativemodels for the Kπ S-wave have been tried. None of them has been found to ompetesatisfatorily with the data-driven LASS parameterisation. The best alternative model thatwe found is however reported for ompleteness in the following lines.
κ + K

∗
0
(1430) : this line-shape is modelled with a Flatté funtion whih desribes theinelasti K∗

0(1430) resonane plus a broad κ resonane at low mK0
Sπ. Sine the κ ould beextremely broad, it is neessary to use a modi�ed desription of the mass-dependent width,as disussed in Ref. [94℄. The line-shape to desribe the κ omponent is:

Rj =
m0Γ0

m2
0 −m2 − im0Γ(m)

, (5.11)where the di�erent terms have their usual self-explanatory meanings. The mass depen-dent width Γ(m) is de�ned by
Γ(m) = ρ

(

m2 − sA

m2
0 − sA

)

f(m) exp

(−(m2 −m2
0)

A

)

. (5.12)Here ρ = 2q/m stands for a phase-spae fator, f(m) = b2m
2 + b1, where b1 and b2are onstants. The term A is also a onstant and sA is the Adler zero. The values of theonstants used in this model are taken from the Ref. [94℄:

b1 = 24.49 GeV/c ,

b2 = 0.0 GeV/c ,

A = 2.5 GeV2/c4

sA = 0.234 GeV2/c4

m0 = 3.3 GeV/c2 . (5.13)The Flatté line-shape used to desribe the K∗(1430) has the same form as in Eq. (5.11),but the mass dependent width is taken to be
Γ(m) =







(

m2−sA

m2
0−sA

)

(g1ρKπ(m) + g2ρKη′(m)), if m ≥ (mK +mη′)
(

m2−sA

m2
0−sA

)

(g1ρKπ(m)− ig2ρKη′(m)), if otherwise .where ρKπ and ρKη′ are the phase-spae fators for the Kπ and Kη′ hannels respetivelyand g1,2 parameterise the ouplings to these two hannels. This line-shape aounts for the
ρKη′ hannel opening lose to the K∗

0 (1430) pole mass. The values of the onstants used inthis shape, taken from BES data [94℄, are
m0 = 1.513 GeV/c2 ,

g1 = 0.304 GeV/c2 ,

g2 = 0.380 GeV/c2 ,

sA = 0.234 GeV2/c4 . (5.14)



5.8 Systematis studies 200The likelihood ratio with this model w.r.t. the nominal model reads −2∆nll = 315 units.Sine this desription is strongly disfavoured by the data, it seems not adequate to assign avaluable systemati unertainty.5.8.2.4 Systemati unertainties due to the ππ S-wave modellingIn order to determine a systemati unertainty related to the modelling of the ππ S-waveomponent, the value of the κ onstant in the redued K-matrix parameterisation is variedto reate a non-resonant ππ omponent whih an interfere with the f0(500) omponent.One takes note that this parameterisation has the same onept as LASS line-shape. Thelikelihood ratios for values of κ > 0.25 are large and suggest that this limit de�nes themaximal a�ordable non-resonant ontribution. Therefore, a pseudo-experiment with highstatistis is generated aording to a DP model with κ = 0.25 and �t bak with the nominalmodel. The di�erene observed between the generated and �t values is taken as the relatedsystemati unertainty. The systemati estimates are gathered in the table Table 5.23.Table 5.23: Systemati unertainties due to the modelling of the ππ S-wave omponent.Resonane Real part Imag. part Mag. Phase FF (%) Diret ACP .
K∗+(892) - - - - 0.170 0.007
K∗−(892) 0.011 - 0.011 -
(Kπ)∗+0 0.067 0.051 0.013 1.925 0.250 0.012

(Kπ)∗−0 0.016 0.047 0.016 1.032

K∗+
2 (1430) 0.042 0.002 0.006 4.097 0.037 0.016

K∗−
2 (1430) 0.021 0.009 0.011 3.086

f0(980) from B0 0.269 0.011 0.160 6.852 0.250 0.119

f0(980) from B0 0.047 0.253 0.083 6.131
f0(500) 0.024 0.085 0.061 10.071 0.165 -
ρ0(770) 0.010 0.035 0.027 1.167 0.198 -
f0(1500) 0.040 0.030 0.006 3.004 0.074 -NR 0.125 0.229 0.146 4.572 2.760 -
χc0 0.019 0.034 0.006 2.874 0.014 -

5.8.2.5 Summary of model systemati unertaintiesThe systemati unertainties due to all soures of model errors desribed in Setion 5.8.2.2are ombined in quadrature to form the total model systemati unertainties. Their valuesare reported in the table Table 5.24 for the isobar amplitudes, �t frations and diret CPviolation asymmetries.
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Table 5.24: Total model systemati unertainties.Resonane Mag. Phase FF (%) Diret ACP .
K∗+(892) - - 0.406 0.012
K∗−(892) 0.019 -
(Kπ)∗+0 0.041 3.456 0.494 0.021

(Kπ)∗−0 0.042 2.369

K∗+
2 (1430) 0.035 9.203 0.110 0.035

K∗−
2 (1430) 0.024 6.884

f0(980) from B0 0.313 17.010 1.072 0.217

f0(980) from B0 0.169 12.249
f0(500) 0.090 9.114 0.234 -
ρ0(770) 0.056 21.080 0.469 -
f0(1500) 0.075 11.521 0.550 -NR 0.180 9.783 3.428 -
χc0 0.025 8.940 0.131 -



Chapter 6 Result interpretation
This hapter presents the �nal results of the simultaneous Dalitz �t of the deay B0 →
K0

S
π+π− along with the �rst observation of the diret CP asymmetry in the Q2B deay

B0 → K∗+(892)π−.6.1 Interpretation of the DP �t resultsThe Dalitz �t presented in the previous hapter is a simultaneous �t to the di�erent runningperiods and K0
S
reonstrution ategories data. For illustration, the same nominal �t givenin Setion 5.6 is skethed in Fig. 6.1, where this time the individual p.d.f. per spetrum areombined and displayed together with the full data spetrum. The results of this work areompared to former measurements performed by the BaBar and Belle experiments.6.1.1 Isobar parameter and �t frations measurementsThe results for the isobar parameter measurements with statistial and systematis uner-tainties are gathered in Table 6.1.These results an be interpreted in terms of �t frations related to the quasi-two-bodyamplitudes:

FF(K∗±(892)π∓) = 11.7+0.5
−0.4 (stat)± 0.3 (syst)± 0.4 (model) ,

FF((Kπ)∗±0 π∓) = 24.4+1.0
−0.9 (stat)± 0.7 (syst)± 0.5 (model) ,

FF(K∗±
2 (1430)π∓) = 0.92+0.04

−0.03 (stat)± 0.18 (syst)± 0.11 (model) ,
FF(f0(980)K0

S ) = 17.6+0.8
−0.6 (stat)± 1.6 (syst)± 1.1 (model) ,

FF(f0(500)K0
S ) = 0.54+0.95

−0.13 (stat)± 0.12 (syst)± 0.23 (model) ,
FF(ρ0(770)K0

S
) = 6.4+1.6

−1.9 (stat)± 0.5 (syst)± 0.5 (model) ,
FF(f0(1500)K0

S
) = 3.2+0.4

−0.6 (stat)± 0.8 (syst)± 0.5 (model) ,
FF(χc0K

0
S ) = 2.2± 0.3 (stat)± 0.1 (syst)± 0.1 (model) ,

FF(K0
Sπ

+π−)NR = 27.9+2.1
−2.0 (stat)± 1.9 (syst)± 3.4 (model)
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Figure 6.1: Projetions of the sum of all data ategory (blak points) and the nominal �t, with azoomed view, onto m2
K0

Sπ+ (left), m2
K0

Sπ− (right) and m2
π+π− (bottom). The full �t is shown in blue,ombinatorial bakground in green and signal model in red.
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LHCb preliminaryCRAFT

where the statistial, experimental and model unertainties are split aordingly. Someomments are in order about the omparison of these measurements with previous resultsobtained at B-fatories. A fair omparison is not straightforward in reason of the di�erenesin the de�nition of the nominal DP model. By the way, a fair omparison of the two above-



6.1 Interpretation of the DP �t results 204Table 6.1: Final results for the magnitudes and phases, the �rst unertainty is statistial, the seondis experimental systemati, and the third represents the DP model systemati.Resonane Magnitude phase
K∗+(892) 2.00 0.0
K∗−(892) 1.47± 0.09± 0.02± 0.02 0.0

(Kπ)∗+0 2.48± 0.13± 0.08± 0.04 43.0+4.2
−4.8 ± 2.5± 3.5

(Kπ)∗−0 2.57± 0.12± 0.08± 0.04 −0.2± 4.8± 1.9± 2.4

K∗+
2 (1430) 0.59± 0.11± 0.07± 0.03 −98.5+4.8

−6.0 ± 1.7± 9.2

K∗−
2 (1430) 0.37± 0.10± 0.03± 0.02 39.3+20.4

−14.4 ± 3.2± 6.9
f0(980) from B0 2.02± 0.39± 0.10± 0.31 55.6± 12.6± 4.3± 17.0

f0(980) from B0 2.22± 0.35± 0.20± 0.17 26.5± 11.2± 8.5± 12.2

f0(500) 0.29± 0.11± 0.05± 0.09 16.9+31.5
−23.1 ± 12.3± 9.1

ρ0(770) 1.30± 0.13± 0.06± 0.06 −61.2+31.0
−40.3 ± 2.6± 21.1

f0(1500) 0.92± 0.17± 0.13± 0.07 −45.6+11.2
−9.6 ± 8.9± 11.5NR 2.71± 0.16± 0.11± 0.18 59.6± 4.8± 4.2± 9.8

χc0 0.78± 0.06± 0.02± 0.03 −37.9± 12.6± 3.3± 8.9mentioned results annot be easily made neither. We are hene hoosing here to fous onthe omparison with the results obtained by the BaBar experiment with a time-dependenttagged analysis [14℄. The following observations about the di�erenes in the DP models,data samples and results an be made:� The �t frations of the non resonant omponent, modelled in the very same way forthe two analyses, is found signi�antly larger in the LHCb data. In turn, the salar
S-wave (Kπ)∗±0 π∓, also similarly modelled, is found aordingly smaller.� The other magnitudes, for the ones whih an be ompared, seem to lie in the sameballpark. In partiular, the �t frations of the very well de�ned amplitude K∗±(892)π∓are similar.� A single solution is distinguished by the LHCb data at more than two standard devia-tions while two almost degenerated solutions are found in [14℄.� As a tagged analysis, the results in [14℄ ould distinguish the CP eigenstates ampli-tudes and their onjugates. As untagged, the analysis desribed here must assume CPonservation in most of these deays.� The exat model de�ned in [14℄ has been tested against the LHCb data. The agreementwith the LHCb data is mediore.� Among the experimental di�erenes, it is worth to notie that the level of bakgroundpassing the seletion in LHCb data is muh smaller than in [14℄.



6.1 Interpretation of the DP �t results 205Trying to onlude this ill-de�ned omparison exerise, we'd like to emphasize what wethink is the main physis di�erene between the two results. The NR omponent and the
(Kπ)∗±0 π∓ S-wave are found in both ases to provide the main ontributions to the deay
B0→ K0

S
π+π−. Their interplay (and interferene patterns) is the main di�erene and [14℄�nds (Kπ)∗±0 π∓ dominant while we �nd the magnitudes of these two amplitudes very similar.6.1.2 Diret CP asymmetries measurementsThe asymmetries omputed diretly from the isobar magnitudes are atually raw asymme-tries. In order to derive the diret CP asymmetry ACP from the raw asymmetry, e�etsindued by the prodution asymmetry of B0/B0, as well as the asymmetry due to the inter-ations of the �nal state pions with detetor material, must be aounted for. The diret CPasymmetry is related to the raw asymmetry by ACP = Araw −A∆, where the orretion A∆is de�ned at the �rst order as

A∆ = AP (B0) + AD(π) , (6.1)where AP (B0) is the B0-B0 prodution asymmetry and AD(π) is the pion detetionasymmetry. The prodution asymmetry AP (B0) is determined to be AP (B0) = (−0.35 ±
0.81)% [95℄. The pion detetion asymmetry was measured to be onsistent with zero inthe average of magnet polarity with a 0.0025 unertainty using D+

s deay modes [96℄. Theunertainties on the orretion to asymmetries are added in quadrature to the experimentalsystemati unertainties. The measurements of the diret CP asymmetries, after applyingthese orretive fators, read
ACP (B0 → K∗+(892)π−) = −0.293± 0.053 (stat)± 0.017 (syst)± 0.012 (model)
ACP (B0 → (Kπ)∗+0 π−) = 0.038± 0.049 (stat)± 0.057 (syst)± 0.025 (model)
ACP (B0 → K∗+

2 (1430)π−) = −0.43± 0.27 (stat)± 0.06 (syst)± 0.04 (model)
ACP (B0 → f0(980)K0

S ) = 0.12± 0.32 (stat)± 0.11 (syst)± 0.22 (model)6.1.3 First observation of diret CP asymmetry in B0 → K∗(892)+π−The diret CP asymmetry ACP (K∗±(892)π∓) an be expressed as a funtion of the Cartesianisobar parameters (Araw = x̄2−4
x̄2+4

). Sine x is �xed, the signi�ane of a non vanishing ACPan be derived from the signi�ane of the x̄ parameter departing from the value x = 2.The �gure Fig. 6.2 shows the negative likelihood projetion on the parameter x̄(K∗(892)−).The statistial signi�ane of having observed a non-vanishing CP asymmetry in the deay
B0 → K∗(892)+π−, built from the likelihood ratio (see Fig. 6.2), is found to be 7.3 stan-dard deviations. A naive (gaussian) saling of the signi�ane inluding the systematisunertainties brings it down to 6 standard deviations.The urrent world average for this asymmetry together with this measurement for thesake of the omparison read:
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Figure 6.2: Projetions of the nominal likelihood (red line) on the real part parameter of K∗−(892).The blue solid line points on the �tted value, the blak dashed lines represents the region of �ve sta-tistial standard deviations, and the green line points on the value of the real part whih orrespondsto no CP asymmetry.
ACP (B0 → K∗+(892)π−) = −0.23± 0.06 (WA),

ACP (B0 → K∗+(892)π−) = −0.293± 0.057 (This result).The measurement presented in this doument is in good agreement with the world averagewith an improved preision. It is aordingly by itself the �rst observation of a CP -violatingasymmetry in the deay B0 → K∗(892)+π−.



Conlusion
The data reorded in 2011 and 2012 by the LHCb experiment orresponding to an integratedluminosity of 3 fb−1 have been analysed to selet the signal of the harmless three-body deays
B0

d,s→ K0
Sh

±h
′∓ and to perform an amplitude analysis of the deay B0→ K0

Sπ
+π− usingthe Dalitz Plot tehnique.In the �rst part of this thesis analysis, an update of the seletion designed for any

B0
d,s → K0

Sh
+h− deays has been presented. This seletion was made as part of the in-lusive branhing fration measurement, a ollaborative study shared between three groupswithin LHCb: LPC Clermont-Ferrand, LPNHE Paris and Warwik university. In the sameontext, a simultaneous maximum likelihood �t to the invariant mass spetra K0

SK
+K−,

K0
S
K±π∓ and K0

S
π+π− was performed in order to establish the signals. This programmewas extended to the amplitude analysis, where this thesis is onerned by the deay mode

B0→ K0
S
π+π−.The untagged Dalitz Plot analysis of the deay B0→ K0

S
π+π− represents the main partof this thesis work. A dediated �tting software, named CRAFT, has been designed usingmainly Root lasses. The �tter was tested with thoroughly pseudo-experiment studies tohek the performane of the �ts and the redibility of the measurements.The isobar approximation was used to desribe the signal distribution in the Dalitz plot.The amplitude model that was used for the nominal �t derives from a deision algorithm de-signed on three statistial riteria, the model likelihood signi�ane, the quality of �t formedfrom the dissimilarity test and the signi�ane of the amplitude. The resulting model on-tains twelve omponents, six �avour-spei� resonanes, �ve CP -eigenstate resonanes andone non-resonant omponent modelled �at in phase-spae. When the nominal simultaneous�t is repeated starting from input parameters values randomly hosen, the proess of mini-mization onverges toward two solutions in the range of di�erene log likelihood 2∆nll < 9units, with a gap of 5.4 units. The main di�erene between these two solutions ours inthe interpretation of the low mass ππ S-wave. The magnitude of f0(500) is found �ve timeslarger in the seond solution with respet to the best solution. The best nominal �t todata gave a satisfatory result aording to the goodness-of-�t test (p-value = 16 %). In the�nal step of this Dalitz Plot analysis, the determination of the systemati unertainties waspresented.The results of the �nal �t were presented in Chapter 6. The result of the isobar parameterin Cartesian oordinates were obtained diretly from the �t, and they were propagated to



6.1 Interpretation of the DP �t results 208the derived quantities, the �t frations and CP asymmetries. A fair omparison of the �tfrations measurements with B-fatories results is not straightforward due to the di�erenesin the de�nition of the Dalitz Plot nominal model. However, from a preliminary omparisonbetween the time-dependent tagged analysis of BaBar [14℄ and the analysis presented in thisthesis, we an draw the following omments: the �t frations of the non resonant omponent,modelled in the very same way for the two analyses, is found signi�antly larger in the LHCbdata. In turn, the salar S-wave (Kπ)∗±0 π∓, also similarly modelled, is found aordinglysmaller. However, the �t frations of the very well de�ned amplitudeK∗±(892)π∓ are similar,where our result reads
FF(B0 → K∗+(892)π−) = 11.7+0.5

−0.4 (stat)± 0.2 (syst)± 0.4 (model) .Regarding the diret CP asymmetry results, the largest sensitivity is obtained for thedeay B0 → K∗+(892)π− we �nd
ACP (B0 → K∗+(892)π−) = −0.293± 0.053 (stat)± 0.017 (syst)± 0.012 (model) .The measurement presented in this thesis analysis is in good agreement with the worldaverage ACP (B0 → K∗+(892)π−) = −0.23 ± 0.06 (WA), with an improved preision. It isaordingly by itself the �rst observation of a CP -violating asymmetry in the deay B0 →

K∗(892)+π−.The future analysis of B0→ K0
Sπ

+π− will learly bene�t from the inrease in the size ofdataset provided by the LHCb Run II. A dediated exploration is however required to devisewhether a time-dependent tagged analysis is making sense.
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Appendix A Dalitz plot kinematis
This setion desribes the formalism used to redue the problem of three-body deays tothe minimal number of independent variables desribing the kinemati of the proess. Let'sonsider a partile with mass M and a 4-vetor energy momentum P deaying in threepartiles with masses m1, m2 and m3. We de�ne the squared invariant mass by m2

ij =
(pi + pj)

2, the indies i and j running from 0 to 3.One an write In the rest frame of the initial partile:
M = p1 + p2 + p3 =⇒ M2 = m2

1 +m2
2 +m2

3 + 2p1p2 + 2p2p3 + 2p1p3. (A.1)One an then build the expression of the sum of the three squared invariant masses:
m2

12 +m2
13 +m2

23 = 2m2
1 + 2m2

2 + 2m2
3 + 2p1p2 + 2p2p3 + 2p1p3, (A.2)whih simpli�es as:

m2
12 +m2

13 +m2
23 = M2 +m2

1 +m2
2 +m2

3. (A.3)In the same move, one obtains:
m2

12 = (P − p3)
2 = M2 +m2

3 − 2ME3, (A.4)where E3 is the energy of the partile 3 in the rest frame of the mother partile. In thisframe, the momenta of the three partiles are in the same plane. The relative orientationof these three momenta is �xed if the energies are known. The momenta an be taken upin the phase spae by giving three Euler angles (α, β, γ) whih speify the orientation of the�nal system w.r.t. the initial partile.The partial deay rate of this three-body proess is given by:
dΓ =

(2π)4

2M
|M|2dφ3(p1, p2, p3), (A.5)with dφ3 being the phase spae element:

dφ3(p1, p2, p3) = δ(4)(P − p1 − p2 − p3)
d3p1

(2π)32E1

d3p2

(2π)32E2

d3p3

(2π)32E3
. (A.6)



211One has de�ned in the former equationM as the Lorentz invariant matrix element of tran-sition.The four-momentum onservation of this deay proess implies:
~0 = ~p1 + ~p2 + ~p3,

M = E1 + E2 + E3. (A.7)Integrating on d3p3 and taking into aount the relation of the four-momentum onservation,one gets:
dφ3 = δ(M − E1 − E2 − E3)

d3p1

(2π)32E1

d3p2

(2π)32E2(2π)32E3
. (A.8)Changing the volume element d3pi in spherial oordinates, the transformation reads:

d3p1 = |~p1|2dp1dΩ1, d3p2 = |~p2|2dp1dΩ12, (A.9)where Ω1 is the solid angle for ~p1 diretion and Ω12 is the solid angle for ~p2 w.r.t. ~p1 diretion.
dΩ1 = dφ1d(cos θ1), dΩ12 = dφ2d(cos θ12), (A.10)where θ12 is the angle between ~p1 and ~p2. If the mother partile is a pseudo-salar, suh asthe B0 in the proess B0→ K0

Sπ
+π−, one must integrate on all possible values of θ1, φ1 and

φ2 angles.After integration, the element of volume beomes:
d3p1 = 4π|~p1|2dp1, d3p2 = 2π|~p2|2dp1d(cos θ12), (A.11)and Eq. (A.8) reads as:

dφ3 = δ(M −E1 − E2 − E3)
8π2|p1|2dp1|p2|2dp2d(cos θ12)

8(2π)9E1E2E3
. (A.12)Introduing the hange of variable |p1|dp1 = E1dE1, one obtains:

dφ3 = δ(M −E1 − E2 −E3)
8π2|p1|dE1|p2|dE2d(cos θ12)

8(2π)9E3
. (A.13)The momentum onservation law implies that:

~p3 = −~p1 − ~p2 ,

~p2
3 = ~p2

1 + ~p2
2 + 2|p1||p2| cos θ12 ,

E2
3 = ~p2

1 + ~p2
2 + 2|p1||p2| cos θ12 +m2

3 ,

=⇒ E3dE3 = |p1||p2|d(cos θ12) , (A.14)whih imposes the following form for the phase-spae element:
dφ3 = δ(M − E1 −E2 − E3)

π2

(2π)9
dE1dE2dE3. (A.15)



212The integration on E3 gives:
dφ3 =

π2

(2π)9
dE1dE2. (A.16)Introduing expliitly this phase spae element, the partial deay rate beomes

dΓ =
|M|

(2π)38M
dE1dE2, (A.17)One an advantageously write Eq. (A.17) as a funtion of the variables m2

ij :
m2

23 = M2 +m2
1 − 2E1M ,

dm2
23 = −2MdE1 , (A.18)

dm2
13 = −2MdE2 . (A.19)suh that the integration elements read:
dE1dE2 =

dm2
23dm

2
13

4M2
. (A.20)Finally, the deay rate as a funtion of m2

23 and m2
13 an be expressed as

dΓ =
1

(2π)332M3
|M|2dm2

13dm
2
23 , (A.21)for whih we have expliitly proven the dependene as a funtion of only two kinematisvariables.



Appendix B Angular distribution in Dalitz plot
The spin of resonanes plays a major role in the events distribution of the three-body deayin the Dalitz plane. This setion disusses this formalism starting by the heliity onstraints.Let's take as example here the deay B0 → X(→ π+π−)K0

S where X is an intermediateresonane. We take as work frame the rest frame of the resonane X, suppose that wemeasure the angles θ and φ whih haraterize the diretion of the momentum and theheliity of π±.Let's onsider the deay in the diretion (θ = 0, φ = 0), the pion is issued in the diretion
Oz. Due to the heliity properties, the projetion of the total angular momentum on thediretion of the pion is equal to λ (the heliity eigenvalue). with null angles we must have
λ = m, where m represents the eigenvalue of the projetion of the angular momentum on
Oz axis. Aordingly, we an know the diretion of the momentum if the state of the spinis known, Or, knowing the angular distribution of the partiles daughters we an know thespin of the mother partile.The heliity is an invariant observable under rotation, we an de�ne the state |θ, φ, λ〉by onstruting two suessive rotations: one rotation with −θ around Oy followed by aseond rotation with −φ around Oz. This transformation an be expressed mathematiallyas following

|θ, φ, λ〉 = Dy(θ)Dz(φ)|0, 0, λ〉 . (B.1)This analysis is lear geometrially but ompliated to desribe mathematially. It's moreonvenient to study from the angular momentum state |j,m〉. Instead projeting the spin ofthe pion on the axis of the partileX, we projet it on his �ight diretion, whih is the heliityde�nition and the transformation from one state to another given by Wigner rotations
Rw|j,m〉 =

∑

Dj
m,m′ |j,m′〉 , (B.2)with

Dj
m,m′ = dj

m,m′(θ)e
i|m−m′|φ , (B.3)



214where dj
m,m′ is an element of the Wigner matrix orresponding to the angle rotation θ. m′ isobtained from the heliities λπ+ and λπ− of π+ and π−, respetively, as following: We startfrom the expression of the total angular momentum

~j0 = ~l+,− + ~sπ+ + ~sπ− , (B.4)where
~l+,− = ~r+ ∧ ~p+ + ~r− ∧ ~p− , (B.5)where ~ri is the from the origin of partile i, and ~pi is its momentum.Sine we are in the partile mother rest frame, therefore ~p+ = −~p− = −~p, so ~l+,− =

(~r+ − ~r−) ∧ ~p.By projeting ~j aording to the �ight line of π+ (~up = ~p
‖~p‖

), we get
~j · ~up = ~l · ~up + ~sπ+ · ~up + ~sπ− · ~up , (B.6)we have, λ± = ~sπ± · ~up and ~l · ~up = 0, thus

m′ = ~j · ~up = λ+ − λ− . (B.7)The angular distributions are determined by
τm = 〈j,m|

∑

Dj
m,m′ |j,m′〉 ,

τm = 〈j,m|
∑

dj
m,m′(θ)e

i|m−m′|φ|j,m′〉 ,

τm =
∑

dj
m,m′(θ)e

i|m−m′|φ〈j,m|j,m′〉 . (B.8)
N =

∫∫

|τm|2dΩ =

∫

|dj
m,m′ |2cm,m′d(cos θ) , (B.9)where cm,m′ = |〈j,m|j,m′〉|2. Finally, the angular distribution reads

dN

d cos θ
=

∑

m,m′

cm,m′ |dj
m,m′|2 . (B.10)In the spei� ase of a vetor meson (J = 1), three spin projetions are aessible, eahstate desribed by the orrespondent oe�ients and Wigner matrix elements

dN

d cos θ
= c10,0|d1

0,0|2 + c11,0|d1
1,0|2 + c1−1,0|d1

−1,0|2 . (B.11)In the ase of the deay B0 → XK0
S → K0

Sπ
+π−, we are dealing with �nal pseudo-salarmesons.Therefore, the heliity of X is onstrained only to the value 0, and the angulardistribution of its deay produts depends only on the �rst term in Eq. (B.11), c10,0|d1

0,0|2.Aording to the values of ds
m,m′ in the PDG [20℄ we have:� for s = 0, d0

0,0 = 1,� for s = 1, d1
0,0 = cos θ,



215� for s = 0, d2
0,0 =

(

3
2
cos2 θ − 1

2

)2,The expression of the angular distribution in the ase of vetor meson is given by
dN

d cos θ
= c10,0 cos2 θ , (B.12)whih explains the presene of two events distribution separated in the Dalitz plane for anintermediate vetor meson.For X with type pseudo-salar meson the angular distribution expressed as

dN

d cos θ
= c00,0 . (B.13)The angular distribution is equal to a onstant so the resonane is distributed isotropiallyin the band that oupies in the DP.For X with type tensor meson the angular distribution expressed as

dN

d cos θ
= c20,0

(

3

2
cos2 θ − 1

2

)4

. (B.14)For dN
d cos θ

= 0, the angular distribution presents an extremum for cos θ = ±1/3. Thereforein the Dalitz plan, the intermediate tensor resonane is distributed in three regions.Hene, the spin of the intermediate partiles plays a apital role on the way the eventsare distributed in the Dalitz plane.



Appendix C Seletion - extra plots
This appendix ontains plots related to the seletion, in partiular the training and optimi-sation of the BDT. In the main text of Setion 4.2 plots were often shown only for 2011onditions. In suh ases the equivalent plots for the two 2012 running periods (PreJune andPostJune) an be found here.Firstly, in Figs. C.1 to C.4, we have the plots of the ompatibility between signal MCand data for the variables used as input to the BDT training.
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Figure C.1: Compatibility of signal MC/data using 2012 pre-June events provided for Long-Long
K0
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Figure C.2: Compatibility of signal MC/data using 2012 post-June events provided for Long-Long
K0
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Figure C.3: Compatibility of signal MC/data using 2012 pre-June events provided for Down-Down
K0
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Figure C.4: Compatibility of signal MC/data using 2012 post-June events provided for Down-Down
K0
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221Next we have the distributions (Figs. C.5, C.6, C.9 and C.10) and linear orrelations(Figs. C.7, C.8, C.11 and C.12) of the variables used in the training of the BDT disriminant,along with the ranking of their importane in Tables C.1 and C.2.Figure C.5: Distribution of variables used in the training of the BDT disriminant for Long-Long
K0

S using 2012 pre-June events.
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Figure C.6: Distribution of variables used in the training of the BDT disriminant for Long-Long
K0

S using 2012 post-June events.
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Figure C.7: Linear orrelations between the variables used in the optimisation of the BDT forLong-Long K0

S using 2012 pre-June events.
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Figure C.8: Linear orrelations between the variables used in the optimisation of the BDT forLong-Long K0
S using 2012 post-June events.
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Figure C.9: Distribution of Variables used in the optimisation of the BDT disriminant for Down-Down K0

S using 2012 pre-June events.
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Figure C.10: Distribution of Variables used in the optimisation of the BDT disriminant for Down-Down K0

S using 2012 post-June events.
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Figure C.11: Linear orrelations between the variables used in the optimisation of the BDT forDown-Down K0

S using 2012 pre-June events.
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Figure C.12: Linear orrelations between the variables used in the optimisation of the BDT forDown-Down K0
S using 2012 post-June events.
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Table C.1: BDT variable importane ranking [0,1℄ with 2012 pre-June data. Variables are presentedin the hierarhial order as obtained for Down-Down.Variable Importane DD Importane LLBDT1 BDT2 BDT1 BDT2B_PT 0.240 0.164 0.061 0.071B_PTASYM_1_5 0.183 0.175 0.136 0.095B_ETA 0.110 0.103 0.122 0.082

Σi hi_IPCHI2_OWNPV 0.093 0.133 0.160 0.165B_ENDVERTEX_CHI2 0.092 0.086 0.076 0.064B_IPCHI2_OWNPV 0.089 0.106 0.076 0.108B_VDCHI2_OWNPV 0.084 0.100 0.098 0.143B_SMALLESTDELTACHI2 0.062 0.047 0.031 0.041B_DIRA_OWNPV 0.046 0.086 0.127 0.140KSLL_VDCHI2_OWNPV - - 0.112 0.091
Table C.2: BDT variable importane ranking [0,1℄ with 2012 post-June data. Variables are presentedin the hierarhial order as obtained for Down-Down.Variable Importane DD Importane LLBDT1 BDT2 BDT1 BDT2B_PTASYM_1_5 0.191 0.194 0.111 0.121

Σi hi_IPCHI2_OWNPV 0.174 0.186 0.166 0.154B_ETA 0.110 0.117 0.140 0.096B_IPCHI2_OWNPV 0.110 0.079 0.059 0.080B_DIRA_OWNPV 0.107 0.120 0.120 0.114B_ENDVERTEX_CHI2 0.092 0.092 0.055 0.091B_PT 0.087 0.164 0.094 0.079B_VDCHI2_OWNPV 0.084 0.091 0.097 0.121B_SMALLESTDELTACHI2 0.044 0.042 0.034 0.061KSLL_VDCHI2_OWNPV - - 0.097 0.080



228Next ome the plots of the BDT response for the training and validation samples,Figs. C.13 and C.14.
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Figure C.13: Training and Validation samples response for the BDT_1 (left) and BDT_2 (right) dis-riminants for Down-Down (top) and Long-Long (bottom). MC2012PreJune is used for signalevents and bakground events are seleted from the right-handed side-bands of the 2012PreJunedata sample. The histograms are normalized to the same number of entries.
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Figure C.14: Training and Validation samples response for the BDT_1 (left) and BDT_2 (right) dis-riminants for Down-Down (top) and Long-Long (bottom). MC2012PostJune is used for signalevents and bakground events are seleted from the right-handed side-bands of the 2012 PostJunedata. The histograms are normalized to the same number of entries.Finally, ome the plots of the �gures of merit as a funtion of the BDT ut value usedto determine the optimal seletion for the branhing fration measurements and Dalitz-plotanalyses of the already-observed deays modes. Figs. C.15 to C.18 and 4.9 show FoM1 andFigs. C.20 to C.24 show FoM2.
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Figure C.15: Figures of merit omputed as S/√(S +B) for the observed mode B0→ K0
Sπ

+π− using2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down(top) and Long-Long (bottom) reonstrution ategories.
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Figure C.16: Figures of merit omputed as S/√(S +B) for the observed mode B0→ K0
SK

±π∓using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.17: Figures of merit omputed as S/√(S +B) for the observed mode B0
s → K0

SK
±π∓using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.18: Figures of merit omputed as S/√(S +B) for the observed mode B0→ K0
SK

+K−using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.19: Figure of merit de�ned in Eq. (4.2) for the undisovered mode B0
s→ K0

SK
+K− using(left) 2011 events, (middle) 2012-PreJune events and (right) 2012-PostJune events, for (top) Down-Down and (bottom) Long-Long reonstrution ategories.
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Figure C.20: Figures of merit omputed as S2/(S + B)3/2 for the observed mode B0→ K0
Sπ

+π−using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.21: Figures of merit omputed as S2/(S + B)3/2 for the observed mode B0
s → K0

Sπ
+π−using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.22: Figures of merit omputed as S2/(S + B)3/2 for the observed mode B0→ K0
SK

±π∓using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.



238

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

2

4

6

8

10

12

14

16

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

2

4

6

8

10

12

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

2

4

6

8

10

12

14

16

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

2

4

6

8

10

12

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

1

2

3

4

5

6

7

8

BDT cut
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

F
oM

2

2

4

6

8

10

12

Figure C.23: Figures of merit omputed as S2/(S + B)3/2 for the observed mode B0
s→ K0

SK
±π∓using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Figure C.24: Figures of merit omputed as S2/(S + B)3/2 for the observed mode B0→ K0
SK

+K−using 2011 events (left), 2012-PreJune events (middle) and 2012-PostJune events (right) for Down-Down (top) and Long-Long (bottom) reonstrution ategories.
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Appendix E CRAFT �tter
CRAFT (Clermont Root-based Amplitude Fitter Tool) is a Root-based pakage designedfor the harmless deays analysis B0→ K0

S
h+h−, developed by Stéphane Monteil, StéphanePruvot and myself. CRAFT ontains a set of C++ lasses depending on Root and itssub-library RooFit. It was built to perform Dalitz Plot �ts to determine the parametersof interest using the isobar formalism for the desription of the dynamis of the deay, re-viewed in Setion 2.3. All mass-dependent lineshapes desribed in Setion 2.4 and furthermodels (Gaussian, experiential, polynomial et.) are implemented in CRAFT. CRAFT on-tains two main parts: the desription of the multivariate p.d.f. and the desription of themodel. CRAFT is based on three pillars: the numerial integration, the pseudo-experimentgeneration and the �tting mahinery.E.1 Numerial integration tehniqueThe numerial integration is used mainly to ompute the likelihood normalization and plotsdrawing. Three types of numerial integration were tested. Denoting P as a generi p.d.f.,they are:� The Midpoint rule: I(P) = (b− a)P
(

a+b
2

) ,� The Trapezoidal rule: I(P) = (b− a)
(

P(a)+P(b)
2

)� The Simpson's rule: I(P) = b−a
6

[

P(a)
(

P(a)+P(b)
2

)

P(b)
]With a sharp integration binning (∼ 15 MeV), there is no signi�ant di�erene betweenthe three types of numerial integration. Therefore, the faster method (Midpoint rule inte-gration) is hosen to be the standard integration in the software. Another type of numerialintegration implemented in CRAFT, referred to in the literature as Monte Carlo integration,is making use of random numbers (uniform sampling). This method is partiularly usefulfor higher-dimensional integrals.



E.2 Generation tehnique of pseudo-experiments 250E.2 Generation tehnique of pseudo-experimentsCRAFT has the versatility to generate Monte Carlo pseudo-experiments. We made animmoderate use of this feature in order to drive our ideas for the analysis design but alsofor the atual determination of various systemati unertainties. The generation tehniqueimplemented in the Dalitz �tter is the Aept-Rejet method. The algorithm of this methodonsists of two steps: the generation of two dimensional vetors vij((s+)i, (s−)j) uniformin the plan (s+, s−) and then the generation of a random number u uniformly distributedbetween 0 and Pmax, where Pmax is �xed by the user. Eventually, if u is less then P(vij)then the event living at oordinates {(s+)i, (s−)j} is aepted, if not, it is rejeted and theoperation is repeated with a new event.E.3 E�ienyThe reonstrution e�ieny depends on the position of the andidate in DP. Therefore, theDP distribution must be orreted for this e�ieny in the �t to the data. The e�ieny isalulated as a funtion of DP position from the Monte Carlo samples where the aeptanee�ets is inluded. Two methods are used in CRAFT to model the e�ieny: the splinemethod and the analytial method. For the spline method, the aeptane variations aresmoothed out by �tting eah e�ieny funtion (polynomial with low degrees) by a 2D ubispline aross the phase-spae, as desribed in Setion 5.3.2.4. For the analytial method, atwo dimensional polynomial funtion, �tted to the relevant MC sample, implemented in thesignal p.d.f. instead of the smoothed e�ieny histogram. An e�ieny study has been madewith the analytial method in the analysis of B0→ K0
S
π+π−, driving to a 2D polynomialfuntion as:

ǫ(s+, s−) = m′a5(1−m′)a6(1+a0(s++s−)+a1(s
2
++s2

−)+a2s+s−+a3(s
3
++s3

−)+a4(s
2
+s−+s+s

2
−) ,(E.1)where ai are the �oated parameters, s+ and s− are the standard Dalitz variables and m′is the Square Dalitz variable.E.4 Fitting mahineryCRAFT is a maximum likelihood �tting software, using minuit software for the minimizationproedure. As shown in Setion 4.1, the data present a di�erene in terms of bakgroundand reonstrution e�ieny between eah sample ategories, whih requires a simultaneous�t to use the maximum of information. Eventually, the pakage provides the possibility ofperforming a DP analysis by making use of a simultaneous �tting to several data spetra. Inother words, the �tter an perform a simultaneous �t of independent samples with di�erente�ieny ({x(1)

i }ni=1, {x(2)
j }mj=1, ..., {x(t)

k }lk=1) to determine a ommon set of parameters (isobarparameters, line-shape parameters ...) ~θ by maximizing the produt of all the likelihoods(minimizing the sum of all negative log likelihoods (nll) ).



E.4 Fitting mahinery 251
nll =

n
∑

i=1

− ln(P({s+, s−}(1)i )) +
m

∑

j=1

− ln(P({s+, s−}(2)j )) + · · ·+
l

∑

k=1

− ln(P({s+, s−}(t)k )) .(E.2)



Appendix F De�nition of a goodness-of-�t estimator
The Dalitz Plane �t to the data presented in this doument is a simultaneous unbinned �tof several spetra, where the events distribution in the phase spae may vary rapidly dueto the deay dynamis. A onvenient goodness of �t (g.o.f) test for this type of analysismust take into aount the agreement in the full phase spae on an event by event basis.The point-to-point dissimilarity test [97℄ meets this requirement. Being f(s+, s−) (f(~s)) thetrue PDF of the data with true Dalitz model M , and (f0(~s)) the PDF to be tested based inthe Dalitz model M0, a test statisti depending on f and f0 is de�ned. This test statisti
T quanti�es the agreement between the data and the test model M0. The larger is T , theworse is the level of agreement.The signi�ane of any disrepany between the data and the test PDF is quanti�ed bya p-value de�ned as

p =

∫ ∞

T

g(T ′|~θ,M0)dT
′ =

∫ ∞

T

gf0(T )dT ′ , (F.1)where gf0(T ) is the PDF of test statisti and ~θ the set of the free parameters in the �t.It is worth to notie that the p-value is not the probability of the ompatibility of the testedmodelM0 with the data distributionM (M = M0). It is instead the probability of observingdata at least as inompatible with the M = M0 hypothesis as the data atually observed,and hene the p-value behaves as the on�dene level. The hypothesis M = M0 is rejetedat a on�dene level α if p < 1− α.Should the parent PDF of the data be known (whih is not), the statisti test T is thenformed from the integral of the quadrati di�erene between f and f0,
T =

1

2

∫

[f(~s)− f0(~s)]
2d~s , (F.2)Sine f is not known, a weighting funtion ψ(|~s′ − ~s|) is introdued to orrelate thedi�erenes between the two PDF's at di�erent points in the multivariate spae [98℄. Thestatisti test reads:

T =
1

2

∫

(f(~s)− f0(~s))(f(~s′)− f0(~s
′))ψ(|~s− ~s′|)d~sd~s′ , (F.3)



253where ψ(|~s− ~s′|) depends on the Eulidean distane |~s− ~s′|.Several orrelating funtion ψ(|~s− ~s′|) an be found in the literature. The most relevantfor Dalitz plot �ts have been disussed in [97℄:
ψGau(|~s− ~s′|) = exp

( |~s− ~s′|
2σ(~s)σ(~s′)

)

, (F.4)
ψLog(|~s− ~s′|) = ln(|~s− ~s′|+ ǫ) , (F.5)The logarithmi orrelating funtion exhibits poles when the eulidean distane ǫ eval-uates to zero. Therefore, a ut-o� is introdued to avoid the digitization problems and itsvalue is set as ǫmc/d = 1

2nfmax , where fmax is the maximum of the Dalitz PDF and n is thenumber of events. Regarding the Gaussian orrelating funtion and following [97℄, the term
σ(~s) is hosen to be proportional to the inverse of the PDF:

σ(~s) =
σ̄

f(~s)
. (F.6)The preferred range for σ̄ is [Γ̄, 2Γ̄], where Γ̄ is de�ned from the �t frations (ffr) andwidths (Γr) of the resonanes Γ̄ =

∑

ffrΓr/
∑

ffr.Expanding the Eq. (F.2), we �nd:
T =

1

2

∫

(f(~s)f(~s′) + f0(~s)f0(~s
′) + 2f(~s)f0(~s

′))ψ(|~s− ~s′|)d~sd~s′ , (F.7)whih an be alulated using the data and Monte Carlo data sets (with number of events
nd and nMC , respetively) sampled from f0 as follows:

Td/mc =
1

nd(nd − 1)

nd
∑

i,j>i

ψ(|~sd
i − ~sd

j |) +
1

nMC(nMC − 1)

nMC
∑

i,j>i

ψ(|~sMC
i − ~sMC

j |)

− 1

ndnMC

ndnMC
∑

i,j

ψ(|~sd
i − ~sMC

j |) . (F.8)The distributions of Td/d or Tmc/mc must follow a generalized extreme value distribution(EVD):
E(x) =

A

σ
(1 + ξz)−

1
ξ
−1 exp

[

−(1 + ξz)−
1
ξ

]

, (F.9)where z = (x− µ)/σ, µ is the loation parameter, σ is the distribution sale, and ξ and
A are the shape and normalization parameter, respetively. In order to hek the statistitest distribution that we are using, pseudo-experiments have been generated using a �atdistribution between zero to produe Td/d values (10000 toy samples). The resulting distri-butions using the logarithmi and Gaussian orrelating funtion behaves along expetation,as illustrated by the �ts of the EVD funtion to the pseudo-experiments shown in Fig. F.1.Sine the statistial �utuations of the MC term in Eq. (F.2) are negligible in omparisonwith the other two terms (nmc ≫ nd), the master formula used for the atual omputationsof the statisti test simpli�es as:
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Figure F.1: Distribution of the test statisti Td/d for a uniform PDF with Gaussian and logarithmiorrelating funtion. The urves orresponds to the �t by an extended extreme value distribution.
Td/mc =

1

n2
d

nd
∑

i,j>i

ψ(|~sd
i − ~sd

j |)−
1

ndnmc

ndnmc
∑

i,j>i

ψ(|~sd
i − ~smc

j |) . (F.10)The p-value is alulated by means of a re-sampling method often referred to as per-mutation test in the literature. This approah involves ombing the data and Monte Carlointo a pooled sample of size nd + nmc. A sample of size nd is then randomly drawn fromthe pooled sample and temporarily labelled as "data" while the remaining nmc events arelabelled "Monte Carlo". The test statisti Tperm is alulated for this on�guration and theproess is repeated nperm times to obtain {T 1
perm, ..., T

nperm
perm }. The p-value reads then as thefration of times where T < T i

perm.The p-value is a funtion of the data and Monte Carlo, and is therefore itself a randomvariable. If the hypothesis M = M0 used to ompute the p-value is true, then p will beuniformly distributed between zero and one. Equivalently, the empirial umulative densityfuntion (df) of the p-value will be a bisetor funtion. It has been heked by generatingseveral pseudo-experiments with a simpli�ed Dalitz model involving four �avour spei�, two
CP -eigenstate and one �at non-resonant amplitudes. The logarithmi funtion is hosen tobe the orrelating funtion. The results of this ross-hek are gathered in Fig. F.2.The p-value estimator relevane is eventually tested by �tting two di�erent PDF to a toyMonte Carlo sample. The toy sample is generated w.r.t the baseline model in Setion 5.5.1to whih the salar resonane f0(1500) is added. The two hypotheses tested are the baselinePDF plus f0(1500) (true hypothesis) and the baseline PDF. For the �rst (seond) hypothesistest, a p-value equal to 0.83 (0.15) is found, in aordane with the qualitative expeta-tion. Fig. F.3 shows the test statisti distributions for the �rst and seond �t.
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Figure F.2: p-value distribution obtained from data sets generated with Dalitz model ontain-ing K∗±(892), K∗±
0 (1430), f0(980) and a �at non-resonant, using the point-to-point dissimilaritymethod, with the logarithmi orrelation funtion, under the true hypothesis. The plot in rightshows the empirial df of the p-values where the dashed red line represents the bisetor funtion.The blak points represent the alulated p-values.

Figure F.3: Distribution of the statistis test T as alulated using the permutation test method.The left and right plots show the values for the �rst and seond hypotheses test as indiated in thetext. The red area orresponds to Tperm > T , whih determines the observed p-value.



Appendix G E�ieny - extra plots
This appendix ontains plots related to the e�ieny, in the main text of Setion 5.3 plotswere often shown only for 2011 onditions. Firstly, Figs. G.1 to G.5 show the orrespondingtotal traking e�ieny orretion, whih is obtained from the event-by-event multipliationof the orretions for eah trak. Next, Figs. G.6 to G.15 show the unorreted seletione�ieny histograms for B0→ K0

Sπ
+π− deays and the asymmetri unertainty on eah bin.For eah signal MC event, the PID e�ieny was evaluated by using the appropriate e�ienymaps to �nd the PID e�ieny of eah bahelor trak, the results for the B0→ K0

S
π+π− areshown in Figs. G.16 to G.20.

Figure G.1: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for LL and2011 on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.
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Figure G.2: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for DD and2012a on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.

Figure G.3: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for LL and2012a on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.
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Figure G.4: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for DD and2012b on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.

Figure G.5: (Top) Combined traking e�ieny orretions in the K0
Sπ

+π− �nal state for LL and2012b on�guration: (left) the raw histogram obtained from MC simulation and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.
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Figure G.6: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2011 square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.

Figure G.7: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2011 square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure G.8: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Down-Down 2012a square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.

Figure G.9: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Down-Down 2012a square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure G.10: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2012a square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.

Figure G.11: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2012a square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure G.12: (Top) ǫsel|geom aross the B0→ K0
Sπ

+π− Down-Down 2012b square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.

Figure G.13: (Top) ǫsel|geom aross the B0→ K0
Sπ

+π− Down-Down 2012b square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure G.14: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2012b square Dalitz plot forL0Hadron_TOS andidates: (left) the raw histogram obtained using the proedure desribed in thetext and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lowerunertainties on the histogram bins.

Figure G.15: (Top) ǫsel|geom aross the B0 → K0
Sπ

+π− Long-Long 2012b square Dalitz plot forL0Global_TIS&&!L0Hadron_TOS andidates: (left) the raw histogram obtained using the proeduredesribed in the text and (right) smoothed using a 2D ubi spline. (Bottom) the (left) upper and(right) lower unertainties on the histogram bins.
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Figure G.16: (Top) ǫPID|sel&geom aross the B0→ K0
Sπ

+π− Long-Long 2011 square Dalitz plot: (left)the raw histogram obtained using the PIDCalib proedure desribed in the text and (right) smoothedusing a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on the histogrambins.

Figure G.17: (Top) ǫPID|sel&geom aross the B0→ K0
Sπ

+π− Down-Down 2012a square Dalitz plot:(left) the raw histogram obtained using the PIDCalib proedure desribed in the text and (right)smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on thehistogram bins.



265

Figure G.18: (Top) ǫPID|sel&geom aross the B0 → K0
Sπ

+π− Long-Long 2012a square Dalitz plot:(left) the raw histogram obtained using the PIDCalib proedure desribed in the text and (right)smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on thehistogram bins.

Figure G.19: (Top) ǫPID|sel&geom aross the B0→ K0
Sπ

+π− Down-Down 2012b square Dalitz plot:(left) the raw histogram obtained using the PIDCalib proedure desribed in the text and (right)smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on thehistogram bins.
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Figure G.20: (Top) ǫPID|sel&geom aross the B0 → K0
Sπ

+π− Long-Long 2012b square Dalitz plot:(left) the raw histogram obtained using the PIDCalib proedure desribed in the text and (right)smoothed using a 2D ubi spline. (Bottom) the (left) upper and (right) lower unertainties on thehistogram bins.



Appendix H Seond solution analysis
The best nll for the simultaneous �t to the data using the nominal model is found to be
28587.95. In the range of 2∆nll < 9 units, a seond solution is found at nll equal to 28590.7.The likelihood ratio hene reads 2∆nll = 5.4, whih an be interpreted as disfavoured by thedata at more than 95 % Con�dene Level. The �tted values of the Cartesian oordinates,magnitudes and CP asymmetries from the best and the seondary solution are gatheredin Table H.1 and Table H.2, respetively. The main di�erene between the two solutionsours in the low-invariant ππ mass region. The magnitude of the f0(500) is found �ve timeslarger in the seond solution w.r.t. the best �t. For the rest of the parameters, the valuesfrom the two solutions are onsistent as far as the magnitudes of the amplitude ontributionsare onerned.Table H.1: Fit results of the Cartesian oordinates from the best and the seondary solution.Resonane Seondary solution Best solutionReal part Imag. part Real part Imag. part

K∗+(892) - - - -
K∗−(892) −1.470± 0.108 - −1.474± 0.086 -
(Kπ)∗+0 1.805± 0.193 1.712± 0.211 1.816± 0.163 1.694± 0.190

(Kπ)∗−0 2.564± 0.150 0.019± 0.261 2.569± 0.124 −0.029± 0.246

K∗+
2 (1430) −0.015± 0.120 0.583± 0.122 −0.004± 0.112 0.587± 0.113

K∗−
2 (1430) 0.289± 0.113 0.246± 0.149 0.301± 0.090 0.232± 0.128

f0(980) from B0 1.953± 0.449 0.745± 0.468 1.253± 0.456 1.615± 0.445

f0(980) from B0 2.547± 0.348 0.241± 0.508 1.933± 0.357 1.143± 0.486
f0(500) −1.231± 0.172 0.948± 0.227 0.309± 0.104 0.097± 0.158
ρ0(770) −0.416± 0.406 1.266± 0.163 −0.628± 0.412 1.142± 0.238
f0(1500) −0.557± 0.226 0.818± 0.110 −0.647± 0.320 0.661± 0.144NR 1.340± 0.302 2.289± 0.156 1.373± 0.335 2.343± 0.151
χc0 −0.602± 0.112 0.481± 0.095 −0.598± 0.094 0.485± 0.089
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Table H.2: Fit results of the magnitudes and (raw) CP asymmetries from the best and the seondarysolution.Resonane Seondary solution Best solutionMagnitude CP asymm. Magnitude CP asymm.
K∗+(892) - −0.299± 0.067 - −0.296± 0.053
K∗−(892) 1.470± 0.108 1.474± 0.086

(Kπ)∗+0 2.488± 0.238 0.030± 0.116 2.483± 0.135 0.034± 0.049

(Kπ)∗−0 2.564± 0.150 2.569± 0.125

K∗+
2 (1430) 0.583± 0.122 −0.406± 0.357 0.587± 0.113 −0.410± 0.273

K∗−
2 (1430) 0.379± 0.137 0.380± 0.105

f0(980) from B0 2.091± 0.504 0.199± 0.195 2.044± 0.386 0.094± 0.320

f0(980) from B0 2.558± 0.354 2.246± 0.350
f0(500) 1.553± 0.115 - 0.324± 0.115 -
ρ0(770) 1.332± 0.134 - 1.303± 0.128 -
f0(1500) 0.990± 0.148 - 0.925± 0.170 -NR 2.652± 0.161 - 2.716± 0.163 -
χc0 0.770± 0.073 - 0.771± 0.060 -
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