
Orbitally Ex
ited Charm Mesons produ
edin Semileptoni
 B-de
ayCand. S
ient. Thesis in Experimental Parti
le Physi
sAnne-Kari Ytrest�lDepartment of Physi
sUniversity of OsloMay 3, 1998



Abstra
t2.2 million hadroni
 Z0 de
ays re
orded by the DELPHI dete
tor atLEP in 1994 and 1995 have been analysed in order to study semilep-toni
 B-de
ays into narrow orbitally ex
ited D-mesons, D0J. The D0J isre
onstru
ted in the mode D�(D0�)� with D0 ! K�. A 
lear D� sig-nal is seen. A signal of 16 events is observed for DJ0 and the bran
hingratio of this de
ay was measured to beBr(B� ! D0J(D�+��)`� ��`) = ( 1:6� 0:9 )% (preliminary)An estimate of the upper limit of the bran
hing ratio givesBr(B� ! D0J(D�+��)`� ��`) < 3:0%; ( 95%C:L: ) (preliminary)
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1 Introdu
tionIn order to measure the V
b-element of the CKM-matrix, whi
h is related tothe probability for a b-quark to de
ay weakly to a 
-quark, the semileptoni
B-de
ay B! D� `+�` is well suited. Heavy Quark E�e
tive Theory (HQET)predi
ts that the rate for this pro
ess when the D� is produ
ed at rest is afun
tion of j V
b j2 [7℄.Not all semileptoni
 de
ays of B-mesons to D-mesons are a

ounted forby the de
ays B ! D` ��` and B ! D�` ��`, some de
ay to orbitally ex
itedD-mesons B ! D��` ��`. whi
h may subsequently de
ay to D�� and thus bean important ba
kground of B! D� `+�`.HQET predi
ts the existen
e of four orbitally ex
ited D-mesons withorbital angular momentumL=1, two narrow and two broad states, where thelatter 
annot be seen experimentally. The narrow states have been previouslyobserved [7, 20℄.Measurement of the bran
hing ratio of B! D��` ��` is thus important inorder to test the HQET predi
tions, as well as give a better determinationof the bran
hing ratio of B! D� `+�`.In the present analysis neutral D�� mesons have been re
onstru
ted fromtheir subsequent de
ay into D��, where D� de
ays into D0�. The D0 isre
onstru
ted in the mode with K��+ in the �nal state. A 
lear signal
orresponding to D� together with a signal due to D�� is seen.The thesis begins with an outline of the theoreti
al ba
kground of theanalysis (
hapter 2 & 3). This is followed by a des
ription of the DELPHIexperiment (
hapter 4) and the 
riteria of how and why events were sele
tedfor analysis (
hapter 5). The results of the sele
tion are shown (
hapter 6),followed by a dis
ussion of the results and the 
on
lusion (
hapter 7 & 8).
1



2 Theoreti
al ba
kgroundThe following 
hapter gives an introdu
tion to parti
le physi
s and o�ers anexplanation to why the study of orbitally ex
ited D-mesons is important.2.1 Introdu
tion to parti
le physi
s and the StandardModelAn elementary parti
le is a parti
le whi
h 
annot be divided into smaller
onstituents. The �rst to be dis
overed was the ele
tron whi
h was dis
overedin 1897 by J. J. Thompson. He observed that 
athode rays are beams ofparti
les; namely ele
trons [1℄.The ele
tron is a 
harged parti
le and thus experien
es the ele
tromagneti
for
e. A

ording to quantum �eld theory, all intera
tions are the results ofparti
le ex
hanges, and these for
e-
arrying parti
les are 
alled gauge-bosons.In the ele
tromagneti
 
ase, the photon, the quantum of the ele
tromagneti
�eld, is the 
arrier of the for
e. Quantum Ele
tro Dynami
s (QED), devel-oped in the 1930s, is the theory for the quantized and relativisti
ally 
ovari-ant des
ription of the ele
tromagneti
 intera
tion [2℄. Ri
hard P. Feynmanrepresented intera
tions by using diagrams, see Figure 1 [3℄.� 
e�e� p� e�p� e�Figure 1: Feynman diagram representing ele
trons intera
ting by photon ex-
hange. The probability for emitting a photon is proportional to �.The probability for ele
tron emission or absorption of a photon is 
alledthe strength of the intera
tion and is proportional to� = e24� (1)where e is the elementary 
harge1. � is 
alled the 
oupling 
onstant, and a1The rationalized Heaviside-Lorentz system of ele
tromagneti
 units is used along withnatural units [2℄. Natural units (nu) are frequently used in parti
le physi
s. In naturalunits �h = 
 = 1Using nu, all physi
al quantities have the dimension of a power of energy, i.e. the dimensionof mass, momentum and energy are the same [4℄.2



fa
tor p� arises for every emitted or absorbed photon, i.e. for ea
h vertexin Figure 1. Figure 1 is a diagram of lowest order, whi
h 
orresponds tothe diagram with the lowest number of verti
es, for ele
tron-ele
tron s
atter-ing. Corre
tions arise due to higher-order diagrams, for example the photonself-energy where the photon 
u
tuates into an ele
tron-positron pair, seeFigure 2 [3℄. � 
 e+e� 
e�e� e�e�Figure 2: Feynman diagram whi
h shows the photon self-energy diagram.Sin
e the dis
overy of the neutron in 1932 it was known that the 
on-stituents of the atom were ele
trons, protons and neutrons. Protons andneutrons were assumed to be elementary parti
les [1℄. However s
atteringexperiments performed in the 1960s indi
ated point-like parti
les inside theproton, and in 1964 Murray Gell-Mann and George Zweig independently de-veloped the quark model [1℄. Surprisingly, the quarks have 
harges of +23e and�13e and it was predi
ted that the proton 
ontained two u-quarks (
harge +23e)and one d-quark (
harge �13e), giving an overall 
harge +1e for the proton.Both protons and neutrons are made of three quarks. Generally parti
lesmade of three quarks are referred to as baryons while parti
les 
onsistingof one quark and one antiquark are 
alled mesons. Parti
les whi
h 
onsistof quarks are 
alled hadrons, and quark 
ombinations other than (qqq) forbaryons and (q�q) for mesons are not known.Dis
overies of a wide range of baryons and mesons implied that there hadto be more than two quarks. In fa
t six di�erent quarks (or quark 
avours)have been dis
overed: up(u) and down(d), 
harm(
) and strange(s), bottomor beauty(b) and top(t). The quark masses vary in the range from a fewMeV/
2 (the u and d-quarks) to �180 GeV/
2, whi
h is the top-quark mass.In addition to ele
tri
 
harge quarks also 
arry a 
olour 
harge. The propertyof 
olour had to be assigned [4℄ to the quarks in order for them to obey thePauli ex
lusion prin
iple, whi
h states that only one fermion, i.e. a parti
lewith half-integer intrinsi
 spin s=n�12 , is allowed in ea
h quantum state [5, 6℄.Ea
h quark may appear in three di�erent 
olours. In the same way as theele
tromagneti
 intera
tion originates from ele
tri
 
harge, the origin of the3



strong intera
tion is the 
olour 
harge. Therefore only parti
les with 
olour
harge may intera
t through the strong for
e, and the related gauge bosonsare 
alled gluons. They are ele
tri
ally neutral and massless and they 
arrya 
olour 
harge just like the quarks. The name strong intera
tion originatesfrom the fa
t that the 
oupling 
onstant �s of the intera
tion be
omes largerfor larger separations between strongly intera
ting parti
les, more on this inse
tion 2.3. In fa
t quarks are so strongly bound inside hadrons that freequarks never have been observed. The strong intera
tion is des
ribed byQuantum Chromo Dynami
s, QCD.In 1953 another elementary parti
le was dis
overed, the neutrino, whi
hhad already been predi
ted by Wolfgang Pauli in 1931 [1℄. The neutrino isa spin-12 fermion and has neither ele
tri
 
harge nor 
olour 
harge. Its massis very small, perhaps even zero, and it rarely intera
ts with matter [7℄. Formassless neutrinos the Dira
 equation whi
h is the Lorentz 
ovariant equationdes
ribing fermions [3℄, gives two di�erent solutions: a left-handed neutrino(i.e. with heli
ity � = -12 ) and a right-handed antineutrino (� = +12 ). Su
ha wave equation is not invariant under the parity operation sin
e it wouldresult in �L ! �R, more on this in se
tion 2.2.1. Neutrinos intera
t throughthe weak intera
tion, another fundamental for
e whi
h was dis
overed innu
lear �-de
ay. The Lagrangian of the weak intera
tion has the form � 
�12(1 - 
5) . The mixture of ve
tor ( � 
� ) and axial ve
tor ( � 
�
5 ) leadsto parity violation. The term 12(1 - 
5) proje
ts out only �L in agreementwith experiments [2℄.The weak intera
tion di�ers from the ele
tromagneti
 and the strongintera
tion as the mediators of the weak for
e are massive parti
les. Thereare three asso
iated gauge bosons: W+, W� and Z0. Both leptons2 andquarks experien
e the weak for
e. The weak intera
tion 
an 
hange onequark 
avour or lepton 
avour into another, for instan
e a u- to a d-quarkor an ele
tron to a neutrino, by W+ or W� ex
hange, Figure 3(a). Thiskind of weak intera
tion is 
alled a 
avour 
hanging 
harged 
urrent, whileZ0 ex
hange is 
alled a weak neutral 
urrent, sin
e it does not 
hange the
avour of the quark or lepton, Figure 3(b).When the Feynman-diagrams for Z0-ex
hange Figure 3(b) and the di-agram for the ele
tromagneti
 intera
tion in Figure 1 are 
ompared, theylook very similar. Indeed it turns out that the ele
tromagneti
 and the weakfor
e are two manifestations of the same intera
tion. The uni�
ation of theele
tromagneti
 and the weak intera
tion to an ele
troweak �eld theory was2Leptons are spin-12 fermions without strong intera
tions. The six dis
overed leptonsare the ele
tron and its two heavier sisters, the muon (dis
overed 1936) and the tauon(dis
overed 1975) and three neutrinos, one asso
iated with ea
h 
harged lepton.4



� W�d u ��ee� � Z0e� e�(a) (b)Figure 3: Feynman diagrams of weak intera
tions. (a) shows the pro
ess of turninga d-quark into a u-quark, and the emission of an ele
tron and an ele
tron-antineutrino. This is what take pla
e when a neutron de
ays. (b) showsneutrino-ele
tron elasti
 s
attering.done by Glashow, Weinberg and Salam in the 1960s [2℄.In Table I [7℄ an overview of the known elementary parti
les is given.There are six quarks, six leptons, (and their 
orresponding antiparti
les,whi
h are not shown) and the gauge bosons. In addition the existen
e ofHiggs bosons is predi
ted. They are gauge bosons ne
essary to explain par-ti
le masses, but they have not yet been observed.As indi
ated in Table I quarks and leptons 
an be grouped together ingenerations, where  ud !  e�e ! (2)is the �rst generation.The joint theory whi
h des
ribes quarks, leptons and their anti-parti
les,and the gauge bosons is 
alled the Standard Model.2.2 Weak intera
tionsThe weak intera
tion Lagrangian of the 
avour-
hanging 
harged 
urrent isgiven by [2℄ Lint = � gp2 f(��e; ���; ��� )
�VCKM 0B� eL�L�L 1CA +(�uL; �
L; �tL)
�VCKM 0B� dLsLbL 1CAgW y� + h:
: (3)5



Table I: An overview of the Standard Model quarks, leptons and gauge bosons.Name Spin Ele
tri
 Charge Mass (GeV/
2)u (up) 12 +23 2 - 8 �10�3d (down) 12 -13 5 - 15 �10�3Quarks 
 (
harm) 12 +23 1.0 - 1.6s (strange) 12 -13 0.1 - 0.3t (top) 12 +23 180b (bottom) 12 -13 4.1 - 4.5e (ele
tron) 12 -1 0.511 �10�3�e (e-neutrino) 12 0 < 10 - 15 eV/
2Leptons � (muon) 12 -1 105,7 �10�3�� (�-neutrino) 12 0 < 0.17 MeV/
2� (tauon) 12 -1 1.777�� (� -neutrino) 12 0 < 24 MeV/
2
 (photon) 1 0 0Gauge Bosons gluon 1 0 0W� 1 �1 80.3Z0 1 0 91.18where g is a 
oupling 
onstant and the subs
ript L refers to left-handed.VCKM is the Cabibbo-Kobayashi-Maskawa mixing matrix:VCKM = 0B� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1CA (4)The mass eigenstates q of the quark �elds: ud !  
s !  tb ! (5)are not identi
al to the eigenstates q0 of the weak intera
tion: ud0 !  
s0 !  tb0 ! (6)The Cabibbo-Kobayashi-Maskawa mixing matrix relates q and q0 to ea
hother. In the 
ase of only two quark generations the mixing matrix be
omes6



a 2 � 2 matrix whi
h 
an be parametrized by one angle, the Cabibbo-angle�C: V =  
os �C sin �C� sin �C 
os �C ! (7)giving d0 = d 
os �C + s sin �C (8)s0 = �d sin �C + s 
os �C (9)This means that the states parti
ipating in weak intera
tions are a mix-ture of two quark mass eigenstates, whi
h allows pro
esses otherwise for-bidden to o

ur [4℄. Considering all three generations the matrix 
an beparametrized using three angles �1, �2, �3 and a 
omplex phase fa
tor eiÆ[4, 7℄.2.2.1 Symmetries and CP-violationSymmetries are important in physi
s. For instan
e the invarian
e of theHamiltonian under the translationxi �! x0i = xi + a (10)leads to 
onservation of momentum, i.e. [p̂;H℄=0 [4℄. Another symmetry isparity. The parity operator is de�ned byP̂	(x; t) � Pa	(�x; t) (11)where Pa is a 
onstant phase fa
tor:P̂ 2	(x; t) = P 2a	(x; t)) Pa = �1 (12)The parity of a system is 
onserved if its Hamiltonian is un
hanged, i.e.H(x01;x02; ::::) = H(�x1;�x2; ::::) = H(x1;x2; ::::) (13)This turns out to be the 
ase for both the ele
tromagneti
 and the strongintera
tion, but is violated by the weak intera
tion. The same applies for
harge 
onjugation, the operator whi
h repla
es parti
les with their 
orre-sponding antiparti
les: Ĉja	i = j�a	i (14)Until CP-violation was dis
overed in neutral kaon de
ay in 1964 [4℄, the
ombined operation of Parity and Charge Conjugation operators, CP, was7



assumed a 
onserved quantity in all systems, but it is also violated by theweak intera
tion. CP 
onservation means that there is a symmetry betweenmatter and antimatter,but due to CP-violation the symmetry is broken.The 
omplex phase in the CKM-matrix is needed to explain CP violationin the Standard Model. Experimental knowledge of the values of the elementsin the CKM-matrix is important in order to measure the CP-violating e�e
tin the Standard Model. This may in turn answer one of the big 
osmologi
alquestions, namely the asymmetry in the amount of matter and antimatterin the universe.2.3 The strong intera
tionAs mentioned, gluons have 
olour 
harge, and therefore they 
ouple not onlyto quarks, but to other gluons as well, Figure 4. The probability for emittinga gluon is proportional to �s.�qq p�s g �gg p�s g(a) (b)Figure 4: Feynman diagrams showing: (a) Quark emission of a gluon. (b) Thegluon self-
oupling.This has important impli
ations and is a
tually responsible for the fa
tthat free quarks have never been observed, i.e. quark 
on�nement. Thestrength of the strong intera
tion is given by the 
oupling 
onstant �s. The
oupling 
onstant 
an be written [2℄�s(Q2) = 12�(33 � 2nf )log(Q2=�2) (15)whereQ2 is the four-momentumex
hange of the intera
tion, nf is the numberof quark 
avours and � is a s
ale parameter whi
h has to be determinedexperimentally (� � 0:2 GeV [7℄). For large momentum transfer whi
his asso
iated with short-distan
e intera
tions, �s(Q2) be
omes small, andtherefore the intera
tion be
omes weaker. This 
hara
teristi
 behaviour is8




alled asymptoti
 freedom. This is valid when Q2 � �2. When Q2 is of theorder of �2 it is no longer true, and quarks and gluons will be bound togetheras hadrons. � marks the boundary between a small 
oupling 
onstant wherequarks and gluons are quasi-free, and a large 
oupling 
onstant where theyare bound together [2℄.The pi
ture of a baryon as three quarks bound together with gluons isway too simple. A baryon, or a meson, 
onsists of a 
ompli
ated 
loud ofquark-antiquark pairs, 
alled sea-quarks, gluons and three, or two, valen
e-quarks. However the valen
e-quarks may be observed without noti
ing thesea-quarks [2℄.2.4 Heavy Quark E�e
tive TheoryA heavy quark Q is a quark with mass mQ � �. This means that the 
, band t-quarks are 
onsidered heavy, whereas the other three are light quarks.In a hadron 
ontaining a heavy quark, the heavy quark is surrounded bylight quark-antiquark-pairs and gluons, and the typi
al momenta ex
hangedbetween the heavy quark and the light 
onstituents are of the order of �. Thesize of the hadron is given by Rhad � 1=�, but the Compton wave length ofthe heavy quark �Q � 1=mQ is mu
h smaller than Rhad so the ex
hangedgluons with low momenta 
annot resolve the heavy quark. They are onlyable to resolve distan
es mu
h larger than �Q. The light 
onstituents, whi
hare also 
alled the light degrees of freedom, therefore only experien
e the
olour �eld of the heavy quark, and do not see the spin orientation or the
avour of it [11℄.When mQ ! 1, the hadron and the heavy quark will have the samevelo
ity, and the wave fun
tion of the light 
onstituents will be the same asif there were a stati
 
olour sour
e at the position of the heavy quark. That isa solution of the QCD �eld equations whi
h is independent of mQ [9℄. In thislimit, repla
ing a heavy quark with velo
ity v and spin s, Q(v,s), with anotherheavy quark with di�erent 
avour and spin, but with the same velo
ity v,Q0(v; s0), will not 
hange the 
on�guration of the light 
onstituents. Thismeans that there is a SU(2Nh) spin-
avour symmetry group (where Nh isthe number of heavy quarks) whi
h leaves the e�e
tive strong intera
tioninvariant [11℄. This is 
alled heavy quark e�e
tive theory (HQET), and itsphysi
al 
ontent is that in the limit mQ ! 1, the strong intera
tions of aheavy quark be
ome independent of its mass and spin [10℄.Together with the available four-ve
tors, form fa
tors parametrize thehadroni
 matrix elements of the transition amplitude between two heavyquark states. The form fa
tors are Lorentz invariant fun
tions of q2, whi
his the total four-momentum transfer in the intera
tion [7℄. When a meson Q9



with velo
ity v makes a weak transition into Q0 with velo
ity v0, the hadroni
element des
ribing this transition 
an be expressed by one single form fa
tor�(v � v0), whi
h is independent of mQ. This form fa
tor is 
alled the Isgur-Wise fun
tion and is universal, i.e. it o

urs in all matrix elements des
ribingtransitions between mesons 
ontaining a heavy quark. In the 
ase of equalvelo
ities the Isgur-Wise fun
tion is normalized, �(1) = 1. v � v0 is often
alled ! and the limit where !=1 (or q2 = q2max) is 
alled the zero re
oillimit. The results are model-independent 
onsequen
es of QCD in the limitwhere mQ !1, and 
an be used to determine the V
b-element of the CKM-matrix [8, 9, 11℄.The V
b-element of the CKM-matrix is related to the probability for ab-quark de
aying weakly into a 
-quark, see Figure 5. With HQET, the ratefor B! D�`+�` when D� is produ
ed at rest and ! = 1, is a fun
tion ofj V
b j2 [7, 10℄. � Wb V
b 
 ��ll�Figure 5: The probability for the weak de
ay of the b-quark into a 
-quark is givenby V
b.Corre
tions of order �=mQ arise as the quark masses are not in�nite [9℄.However as long as mQ � � the symmetry exists. Heavy-quark symmetryis not a symmetry of the QCD-Lagrangian, but it is an approximation in asystem where a heavy quark intera
ts by ex
hanging soft gluons, i.e. gluonswith low momenta [11℄.The total angular momentum of the light degrees of freedom is given by~jq = ~sq+~L, where ~sq is the spin of the light quark and ~L is its orbital angularmomentum. HQET then implies that the spin ~sQ of the heavy quark and~jq are separately 
onserved by the strong intera
tion. A state 
an thus bedes
ribed in terms of the quantum numbers of the light 
onstituents, sin
ethe dynami
s is independent of the spin and the mass of the heavy quark.Spin symmetry gives for the total angular momentum of the hadron~J = ~jq + ~sQ = ~jq � 12 (16)a doublet of degenerate states for �xed jq 6= 0. Flavour symmetry relatesproperties of states with di�erent heavy quark 
avour [10℄.10



2.5 Orbitally ex
ited D-mesonsD-mesons 
onsist of a 
-quark and a �u or �d antiquark, where both quark andantiquark have spin 1/2. For mesons with zero orbital angular momentum,i.e. ground state mesons, this gives a singlet state with total quark spin S=0and a triplet state with S=1. The parity of a meson is given byP = �(�1)L (17)where L is the orbital angular momentum. The extra minus sign is dueto the fa
t that the quark and antiquark have opposite intrinsi
 parity [2℄.Therefore the ground state mesons yield:JP = ( 0� D pseudos
alar1� D� ve
tor (18)The �rst orbitally ex
ited states are those with orbital angular momentumL = 1, whi
h a

ording to the spin summation ruleJ =j L� S j; j L� S + 1 j; :::;L+ S� 1;L + S (19)gives four states, a S=0 singlet state and a S=1 triplet state, see Table II.They 
an de
ay strongly to D�� or D� [7℄, where the pion has JP = 0� [4℄,and the parity of D(�)� is [4℄PD(�)� = PD(�) � P�(�1)Lrel = (�1)Lrel (20)where Lrel is the relative orbital angular momentum. Conservation of JPin strong intera
tions gives the allowed de
ay modes and the relative orbitalangular momentum between the de
ay produ
ts, see Table II.Table II: Orbitally ex
ited D-states, distinguished by the spe
tros
opi
 notation2S+1LJ , and the allowed de
ay modes. Lrel is the relative angular mo-mentum between D(�) and �.Orbitally ex
ited states De
ay produ
ts2S+1LJ JP D�� D�3P2 2+ Lrel = 2 Lrel = 23P1 1+ Lrel = 0; 2 -3P0 0+ - Lrel = 01P1 1+ Lrel = 0; 2 -11



In the approximation of HQET the mass of the 
-quark is 
onsidered in�-nite. Sin
e the spin ~sQ of the heavy quark and the total angular momentumof the light quark ~jq = ~sq + ~L are separately 
onserved, the four states 
anbe divided into two doublets 
hara
terized by jqjq = 12 � 1 = ( 1=23=2 (21)The total angular momentum of the heavy-light meson gives four orbitallyex
ited states, DJ:JP = 12 �8>>>><>>>>: 1=2 = ( 0+ D�0 s
alar1+ D�1 pseudove
tor3=2 = ( 1+ D1 pseudove
tor2+ D�02 tensor (22)It is shown in [12℄ that transitions to ground state mesons will follow thes
heme given in Table III.Table III: Orbitally ex
ited D-meson states and the allowed de
ay modes in theheavy quark approximation.Orbitally ex
ited states De
ay produ
tsState DJ jq D�� D�D�2 32 Lrel = 2 Lrel = 2D1 32 Lrel = 2 -D�1 12 Lrel = 0 -D�0 12 - Lrel = 0The two states in the jq = 3=2 doublet de
ay only through D-wave, i.e.Lrel = 2, and are therefore expe
ted to be narrow [13℄, whereas the states inthe jq = 1=2 doublet only de
ay through S-wave, i.e. Lrel = 0, and shouldbe broad. Only the narrow states 
an be observed experimentally.Thus there are four neutral (with quark-antiquark 
ombination 
�u) andfour 
harged (
�d) orbitally ex
ited D-mesons with L = 1, whi
h are denotedDJ or D��. 12



3 Semileptoni
 de
ay of B-mesons to D��As mentioned, the semileptoni
 B-de
ay B! D� `���` is important be
ausethe V
b-element of the CKM-matrix 
an be measured through this de
ay [7℄.This requires good knowledge of the bran
hing ratio of this de
ay.About 10.1 % [7℄ of all B� de
ay semileptoni
ally to `� ��`X, where Xmeans \anything", i.e. in
lusive bran
hing fra
tion. The bran
hing ratiosfor b! 
 de
ays are [7℄:B� ! D0`� ��`X 1.6 � 0.7 %B� ! D�0`� ��`X 5.3 � 0.8 %B� ! \D��0" `� ��` 2.27 � 0.7 %The quotation marks indi
ate that \D��0" not only in
ludes orbitally ex
itedD-mesons, D0J, but also the non-resonant de
ay B� ! D(�0)� `� ��`. Thisde
ay will have the same vertex topology as B� ! D��0`� ��`, see Figure 6.Sin
e D�� mesons de
ay into D� or D, the semileptoni
 de
ay of B-mesonsto D�� is an important ba
kground to B! D� `���`. Observation of D�� statesis also important as it will test the predi
tions of Heavy Quark E�e
tiveTheory.
π

ν

π∗∗

K

l

l

B D**,D*

D
0e+

e

+
π∗+Figure 6: Vertex topology of a B! D��`� ��` event. ��� is the pion fromD��! D�� de
ay, while �� 
omes from D� ! D0�.3.1 De
ay modesThe existen
e of four neutral and four 
harged D�� states are predi
ted (seese
tion 2.5) along with their properties. Not all D�� states are allowed to13



de
ay both to D�� and D�, and the two broad D�� states with jq=12 
annotbe observed experimentally. Both neutral [17℄ and 
harged [18℄ D�� stateswith jq=32 have been observed. Table IV gives an overview of the masses,widths and de
ay modes of the D�� states [15℄.Table IV: Masses, widths and de
ay modes of orbitally ex
ited D-meson states inthe heavy quark approximation. The masses and widths of the nar-row states are determined experimentally [7℄, whereas the theoreti
alpredi
tions are given for the broad states [19℄.Meson Neutral States Charged States De
ay modesMass Width Mass WidthDJ JP jq (MeV/
2) (MeV/
2) (MeV/
2) (MeV/
2)D�0 0+ 12 �2360 >�170 �2360 >�170 D�D�1 1+ 12 �2420 >�250 �2420 >�250 D��D1 1+ 32 2422�2 19�4 2427�5 28�8 D��D�2 2+ 32 2459�2 23�5 2459�4 25�8 D�; D��In the present analysis, neutral D�� states are studied in the followingsemileptoni
 B-de
ay mode3B� �! D��0 `� ��`j�! D+��j�! D�+��j�! D0�+j�! D+�0=
The study of the produ
tion of D��0 has been done by studying theD�+ ! D0�+ mode, where in turn the D0 has been re
onstru
ted in the
hannel D0 ! K��+. Only the narrow resonan
es, D01 and D�02 , have beenstudied.3Charge 
onjugate states are implied everywhere in the analysis. The lepton ` is eitheran ele
tron or a muon. 14



3.1.1 Bran
hing ratiosTable V shows the measured bran
hing ratios for B� ! D��0`� ��` obtainedin previous analyses at LEP [20℄.Table V: Bran
hing ratios for B� ! D��0(D(�)+��)`� ��`.De
ay Bran
hing Ratio (%)B� ! D0J(D�+��)l� ��l 2.17 � 0.50 � 0.26 (DELPHI)1.61 � 0.34 � 0.34 (OPAL)B� ! D01(D�+��)l� ��l 0.44 � 0.10 � 0.07 (ALEPH)B� ! D�02 (D�+��)l� ��l < 0.34 (95 % 
.l.) (ALEPH)B� ! D�02 (D+��)l� ��l < 0.33 (95 % 
.l.) (ALEPH)0.42 � 0.19 � 0.08 (OPAL)Table VI shows the rest of the bran
hing ratios of interest in semileptoni
B-de
ay into D��. Rb is the ratioRb = �(Z0 ! b�b)�(Z0 ! hadrons)Table VI: Bran
hing ratios for semileptoni
 B-de
ay with D� �! D0(K�)� [7℄.De
ay Bran
hing Ratio (%)Rb 22.12 � 0.19b! B� 37.8 � 2.2D�+ ! D0�+ 68.3 � 1.4D0 ! K��+ 3.83 � 0.12The number of D0J mesons expe
ted from a 
ertain number of Z0 de
ays inthe D��0 ! D�+�� 
hannel, with D�+ ! D0�+, 
an now be 
al
ulated fromthese bran
hing ratios:N(D0J) = N(Z0) � Rb � 2 �Br(b! B�)�Br(B� ! D0J(D�+��)`� ��`)� (23)Br(D�+ ! D0�+)(The fa
tor 2 is due to division of the event into two hemispheres, see se
tion5.4.) 15



The present analysis was performed on the DELPHI data from 1994 and1995, where the 1994 data set 
ontains 1.5 million hadroni
 Z0 de
ays, and1995 has 0.75 million hadroni
 Z0 de
ays, whi
h gives (using the most opti-misti
 number for B� ! D0J(D�+��)l� ��l de
ay):� �5600 D��0 de
aying to D�+(D0�+)��.� �210 D��0 with D0 ! K��+ in the �nal state.3.2 Chara
teristi
s of an eventEvents where a B-meson de
ays semileptoni
ally to D��`�` with the subse-quent de
ays D�� ! D�� and D� ! D0�, have some 
hara
teristi
 properties.3.2.1 The leptonsIn semileptoni
 B de
ays a 
harged and a neutral lepton are produ
ed asseen in Figure 5. Sin
e the mass of W is large, the leptons will have largemomenta. This gives an event with a large missing momentum, sin
e theneutrino es
apes dete
tion. The 
harged lepton is also often emitted at largeangles with respe
t to the dire
tion of the B-meson, whi
h gives a leptonwith large transverse momentum [4℄.3.2.2 Mass di�eren
e, �MThe mass di�eren
e between D0 and D� is small: �M(D�+�D0) = 145:4MeV/
2 [7℄. Thus the pion 
oming from D� de
ay is slow.Sin
e the mass di�eren
e between D�� (MD�� � 2400 MeV/
2, Table IV)and D�+ (MD�+ = 2010:0 MeV/
2) is � 400 MeV/
2, and the pion mass isM� = 139:6 MeV/
2, the pion from D�� de
ay (
alled ���) has high momen-tum 
ompared with pions 
oming from fragmentation.Instead of plotting the mass itself, the mass di�eren
es �M(D�+�D0) forD� and �M = (M(D��)�M(D�)) for D�� are plotted. The reason that itis more pre
ise to plot mass di�eren
es instead of the mass itself is due tostrong 
orrelations between the errors on the masses of D�� and D�. Simplyspeaking, if higher/lower mass on D� is measured, then higher/lower mass ofthe D�� 
ombination is obtained. 16



4 The DELPHI experimentThis 
hapter gives a brief introdu
tion to CERN and the LEP 
ollider andan overview of the DELPHI-experiment.4.1 CERN and LEPIn 1954 the work to build the European Laboratory of Parti
le Physi
s,CERN (Conseil Europ�een pour la Re
her
he Nu
l�eaire) began. Sin
e 1989has the Large Ele
tron Positron (LEP) 
ollider been operating. LEP hasa 
ir
umferen
e of 27 km, making it the largest parti
le a

elerator in theworld. Ele
trons and positrons are a

elerated in opposite dire
tions in thesame beam tube due to their opposite 
harges. First they are a

eleratedin the smaller rings (the Proton Syn
hrotron (PS) and the Super ProtonSyn
hrotron (SPS)) of the a

elerator 
omplex at CERN, and then inje
tedinto LEP, where they are a

elerated to velo
ities 
lose to the speed of light.The parti
les are then brought to 
ollide in the four experimental areas wherethe dete
tors of ALEPH, OPAL, L3 and DELPHI are lo
ated.The energy of the 
ollider was until the end of 1995 around 91 GeV,thus making it possible to produ
e Z0 (with mass 91,18 GeV/
2) parti
lesby 
ollisions between ele
trons and positrons.4.1.1 Z0 de
ayAbout 70 % of the Z0s subsequently de
ay into quark-antiquark pairs. Thesimplest diagram for this pro
ess is showed in Figure 7. A strong intera
-� Z0e�e+ �qqFigure 7: Feynman diagram for the annihilation of ele
tron and positron at LEP.tion pro
ess, 
alled fragmentation, will then o

ur. It 
onverts the quark-antiquark pair into two or more jets of hadrons whi
h may be observed inthe dete
tor. A jet is de�ned by its total momentumP =Xi pi (24)17



where the sum is over all the parti
les in the jet [4℄. The momentum transferbetween the quark and antiquark in the fragmentation pro
ess is small when
ompared to the momentum of the quark and antiquark. Thus the dire
tionof the jet re
e
ts the dire
tion of the original quark or antiquark [4℄. Thefragmentation pro
ess is very 
ompli
ated and the 
ontents of ea
h jet willvary from event to event. Figure 8(a) shows a two-jet event. A gluon may alsobe emitted by the quark or the antiquark before the fragmentation o

urs.This gives rise to three-jet events, Figure 8(b).� Z0 q�q � Z0 q�q g�q(a) (b)Figure 8: Feynman diagram for Z0 de
ay into a: (a) two jet hadroni
 event and(b) three hadroni
 jets.4.2 The DELPHI dete
torThe DELPHI (DEte
tor with Lepton, Photon and Hadron Identi�
ation) ex-periment is one of the four LEP-experiments. The dete
tor has a 
ylindri
alse
tion whi
h 
overs the \barrel" region whi
h is the region with � between40o and 140o. � is the polar angle with the z-axis where the z-axis is thedire
tion along the ele
tron beam. Two end-
aps are mounted to 
over the\forward" regions, see Figure 9.The super
ondu
ting solenoid of DELPHI produ
es a uniform magneti
�eld of 1.2 T whi
h is parallel to the z-axis. The magneti
 �eld bends thetraje
tory of 
harged parti
les. The radius of the 
urvature of the tra
k isgiven by [4℄ � [m℄ = p [GeV=
℄0:3B [T ℄ (25)The 
entral part of the dete
tor 
ontains the tra
king dete
tors:� The Vertex Dete
tor (VD)� The Inner Dete
tor (ID) 18
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Figure 9: Overview of the DELPHI dete
tor.� The Time Proje
tion Chamber (TPC)� The Outer Dete
tor (OD)� The forward tra
king 
hambers (FCA and FCB)The dete
tor also 
onsists of 19



� Ele
tromagneti
 Calorimeters4{ High density Proje
tion Chamber (HPC){ Forward Ele
troMagneti
 Calorimeter (FEMC){ Small angle TIle Calorimeter (STIC) and Very Small Angle Tagger(VSAT)� S
intillators whi
h give a 
ash of light when they are hit by ionizingradiation.� Hadron Calorimeters (HAC).� Barrel (MUB) and Forward (MUF) muon drift 
hambers and the Sur-rounding Muon Chambers (SMC).� Barrel and forward Ring Imaging CHerenkov (RICH) dete
tors.A more detailed des
ription 
an be found in [21℄.4.2.1 Parti
le identi�
ationCharged parti
les are identi�ed in DELPHI using� RICH dete
tors: the barrel and the forward RICHes.� Energy loss per unit length (dE=dX) in the TPC.� Ele
tron and Muon Identi�
ation.The basi
 prin
iple behind Cherenkov dete
tors is that parti
les travers-ing a medium at a speed greater than the speed of light in the medium,vparti
le > 
=n, 
reates an ele
tromagneti
 sho
k wave. Here 
 is the speed oflight in va
uum and n the refra
tion index of the medium. It turns out thatthe radiation is emitted at a well-de�ned angle, the Cherenkov angle [22℄
os�
 = 
=vn = 1=n �q1 +m2
2=p2 (26)The number of emitted photons 
an be shown to be proportional to sin2�
[22℄.4Calorimeters are dete
tors used for measuring the energy and position of a parti
le byits total absorption [4℄. During the absorption the parti
le intera
ts with the 
alorimetermaterial and generates se
ondary parti
les whi
h themselves will generate further par-ti
les, and thus a shower develops. Calorimeters 
an dete
t both 
harged and neutralparti
les. Ele
tromagneti
 
alorimeters are used for dete
tion of photons and ele
tronswhile hadroni
 
alorimeters dete
t hadrons.20



Ring Imaging CHerenkov dete
tors have two spheri
al surfa
es 
enteredon the intera
tion region or the target, where the outer surfa
e is a mirrorwhi
h fo
uses the radiation from the traversing parti
le in rings on the innersurfa
e. The radius of the rings depends on �
, and therefore on the velo
ityof the parti
le [4℄.The tra
king dete
tors provide the momentum p from the 
urvature ofthe tra
k in the magneti
 �eld a

ording to Equation 25. �
 is measuredfrom the number of dete
ted photons and the two quantities give the massof the parti
le, i.e. the identity of the parti
le. Parallel to this identi�
ationte
hnique the fa
t that a parti
le with velo
ity lower than the speed of light ina medium does not emit Cherenkov light, is also applied (veto identi�
ation)[21℄.The TPC is a gas-�lled 
ylinder with an applied voltage whi
h gives auniform ele
tri
 �eld dire
ted along the axis. Parti
les traversing the gas willionize it and the free ele
trons will start drifting towards the end-
aps wherethey are dete
ted by anode wires. The drift-times are measured and it givesthe z-
oordinate of the produ
tion point, sin
e the drift velo
ity is given bythe ele
tri
 �eld. The anode planes have two-dimensional resolution and thusthe three dimensional position of the point where the ele
trons are produ
ed
an be measured and the tra
k be re
onstru
ted [21, 22℄. The 
harge 
olle
tedat the end-
aps is proportional to the energy loss of the traversing parti
lewhi
h provides information on the energy loss per unit length dE=dX. Sin
edE=dX depends on � = v=
 it 
an, when the momentum of the parti
leis known, be used to identify the parti
le. Figure 10 shows how di�erentparti
le hypotheses 
an be separated using the parti
le identi�
ation of theRICHes and the dE/dX measurement.In the barrel region ele
trons are identi�ed using the dE=dX measurementof the TPC and the energy deposition in the HPC. In the end-
aps they areidenti�ed by the FEMC. The probability for 
orre
t identi�
ation of ele
tronsprovides three levels of tagging 
orresponding to di�erent purities: loose,standard and tight. This 
lassi�es ele
trons with momenta above 2 GeV/
.Typi
al eÆ
ien
ies and misidenti�
ation probabilities are shown in Table VIITable VII: EÆ
ien
ies and misidenti�
ation probabilities for the three ele
trontags. Tag EÆ
ien
y (%) Misid. prob. (%)Loose 80 ' 1.6Standard 55 ' 0.4Tight 45 ' 0.221



Figure 10: dE=dX and RICH information in DELPHI for a set of simulatedhadroni
 Z de
ays. The �gure shows the separation between di�erentparti
le hypotheses.[21℄. Ele
tron identi�
ation using a neural network has re
ently been devel-oped, and this gives an improved eÆ
ien
y for the \loose" and \standard"tags of � 10 %, and for the \tight" tag of � 38 % [23℄.Muons 
an be separated from hadrons sin
e most hadrons are stoppedin the iron of the hadroni
 
alorimeter, while muons with momenta above 2GeV/
 pass the hadron 
alorimeter and rea
h the Muon Chambers, wherethey 
an be dete
ted. There are four tag levels: very loose, loose, standardand tight, see Table VIII, [21℄.4.2.2 Tra
k re
onstru
tionDELANA is the DELPHI Re
onstru
tion program. It starts with the tra
ksegment seen in the TPC, and extrapolate the tra
k outwards and inwardsto the Outer and the Inner Dete
tor to obtain 
andidate strings of tra
ks.22



Table VIII: EÆ
ien
ies and misidenti�
ation probabilities for the muon tags.Tag EÆ
ien
y (%) Misid. prob. (%)Very loose 95.9 � 0.1 5.4 � 0.2Loose 94.8 � 0.1 1.5 � 0.2Standard 86.1 � 0.2 0.7 � 0.1Tight 76.0 � 0.2 0.4 � 0.1In the dead zones of the TPC, tra
k elements from the ID and the OD aredire
tly 
onne
ted. The tra
k elements obtained this way are passed througha tra
k �tting pro
essor.Then the �tted tra
ks are extrapolated through the dete
tor and VertexDete
tor hits are asso
iated to the tra
ks. From the 
alorimeters, 
lustersof energy are asso
iated to 
harged parti
le tra
ks and from the remaining
lusters neutral \tra
ks" are 
reated.Hits in the Muon Chambers are then asso
iated to tra
ks for muon iden-ti�
ation and the data from the RICHes are treated.The resulting events are stored on Data SummaryTapes (DST) The DSTs
an be a

essed using the PHDST [25℄ Pa
kage, and afterwards SKELANA[26℄ 
an read the events and �ll up standardized 
ommon blo
ks.4.3 SimulationsThe pro
ess e+e� ! Z0 ! q�q (see Figure 7) shows the produ
tion of Z0 atLEP. However, the pi
ture of an event is mu
h more 
omplex than this, and
orre
tions to this �rst order diagram 
an be divided into three parts [24℄:� Modi�
ations due to bremsstrahlung [22℄, i.e. ele
tron emission of pho-tons e! e
 or quark emission of gluons q! qg.� Higher order 
orre
tions due to loop diagrams (Figure 2) [2℄.� Sin
e quarks and gluons are 
on�ned, the fragmentation pro
ess givesjets of 
olourless hadrons, photons and leptons, see se
tion 4.1.1.Due to the 
omplexity of ea
h event one 
annot be sure what really hap-pened in the Z0 de
ay when studying real data. A model of both the responseof the 
omplete dete
tor and the parti
ular physi
al pro
ess one wants tostudy is needed.Event generators are used to generate in detail the events whi
h 
ouldbe observed by a perfe
t dete
tor. Monte Carlo te
hniques [7℄ are used in23



order to a
hieve the same average behaviour and the same 
u
tuations in thegenerated as in the real events [24℄. Sin
e dete
tors are not perfe
t, there isan additional need to simulate in detail the intera
tion of the parti
les insidethe dete
tors.These simulated events have to be studied to obtain information on the
hara
teristi
s of the physi
al pro
ess one wants to study and to give an esti-mate of the ba
kground of the pro
ess. It allows 
al
ulation of the eÆ
ien
y,i.e. how eÆ
ient one 
an manage to re
onstru
t an event. This informationis then applied to the real data from the experiment.In the DELPHI experiment it is the standard DELPHI Simulation soft-ware pa
kage, DELSIM, whi
h generates Monte Carlo events. It 
onsists ofthree 
omponents [21℄:� A model for the generation of primary physi
al pro
esses [24℄.� A part where a parti
le is followed through the DELPHI dete
tor untilit hits an a
tive dete
tor 
omponent.� The parti
le is followed inside the a
tive dete
tor 
omponent and thedete
tor response is simulated.DELANA re
onstru
ts events in the same format for simulated as for realdata and puts them on DSTs [21℄.4.4 KAL { Kinemati
 Analysis LanguageIn the present analysis KAL was used for the re
onstru
tion of events. KALwas developed in the 1980s for use at the ARGUS experiment, and has beenadapted to DELPHI by professor Gerald Eigen and Anders W. Borgland atthe University of Bergen. The motivation was to provide a tool whi
h allowsless time to be spent on te
hni
al programming problems, thus giving theuser the opportunity to 
on
entrate on the physi
al issue.To use KAL one has to write a KAL-s
ript whi
h 
onsists of statementsand this s
ript will then be read event by event. KAL 
ontains statementsto IDENTIFY parti
les and to SELECT parti
le 
ombinations whi
h 
an beSAVEd and used in other SELECT statements. The 
reation of ntuples isalso easy [27℄. Most of the information in the DELPHI Standard CommonBlo
ks �lled by SKELANA [26℄ 
an be used. KAL is implemented in Fortran77 [28℄ and \
ompiles" the statements in the s
ript into a 
ommand sta
k,whi
h is exe
uted via ASSIGNED GOTO statements [27, 28℄.An illustration of how KAL works is given in this example, where a re-
onstru
tion of a D0-meson is performed in the de
ay 
hannel K� �+:24



kal on ;Starts KAL;Semi
olon means 
omment
ut kasigri
 1 ;Minimum RICH tag;ne
essary for Kaon identi�
ation,;1 means loose kaon tag
ut pisigri
 -5 ;Minimum RICH tag;ne
essary for Pion identi�
ation,;-5 means no identi�
ation, i.e.;all parti
les tagged as pionsidentify k+ k+ ;Charged tra
ks are loaded into;KAL under the kaon hypothesisidentify pi+ pi+ ;Charged tra
ks loaded into;KAL under the pion hypothesis;This depends on the CUTssel

 k- pi+ ;Loop over K��+;(and K+��) 
ombinationssave d0 dmass 0.070 ;Save the parti
le 
ombination of K� as;a D0 if the mass is within;70 MeV of the nominal D0 massendsel ;End of K� loopsel

 d0 ;Loop over D0 (or its antiparti
le)lo
k others ;Lo
k all tra
ks not used to make the D0fitall ;in order to �t a se
ondary vertex only of;the tra
ks 
ontributing to D0if a

ept = 1 then ;If vertex �t is OKdmass = massdq = 
hargedp = p ;Momentum of the D0dvx = allvxx ;x 
oordinate of the �tted vertexselnthd 1 ;Sele
t the 1st daughter of the D0 (the Kaon)kp = p ;Kaon momentumendsel ;End loop over 1st daughter25



selnthd 2 ;Sele
t the 2nd daughter, i.e. the Pionpip = p ;Pion momentumendsel ;End loop over 2nd daughterendifntupel dmass dq dp dvx kp pip � ;Put the variables in a ntupletext 'D0 information' �tags 'dmass dq dp dvx kp pip'unlo
k ;Unlo
k tra
ksendsel ;End loop over D0return ;End of KAL s
riptA 
omplete des
ription of KAL 
an be found in [27℄.
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5 Event sele
tionRe
onstru
tion of semileptoni
 B de
ays with produ
tion of orbitally ex
itedD-mesons is done in the mode with D0 ! K��+ in the �nal state, i.e.:B� �! D��0 `� ��`j�! D�+��j�! D0�+j�! K��+The vertex topology of this event with the Primary Vertex, the B de
ay andthe D de
ay Verti
es is shown in Figure 6.The re
onstru
tion pro
edure followed these points:� Candidate D0s were re
onstru
ted from K��+ 
ombinations.� Sele
tion of a slow pion as the pion from D�+ ! D0�+ de
ay gave D�+
andidates.� The D�+ 
andidates were paired with a lepton in order to sele
t asample of D�+`�.Sin
e the mass di�eren
e �M = M(K��)�M(K�) is small, a 
learsignal due to D�+ should be seen for this sele
tion.� Candidate D��0s are then re
onstru
ted by adding a pion (���+) to theD�+`� sample.5.1 The analysis workThe work on the present analysis started with the produ
tion of a spe
ial sam-ple of Monte Carlo data where the B� de
ays to D��0`� ��` with D0 ! K��+ inthe �nal state. A Fortran routine for this sele
tion was written, and a sampleof 10 500 events was then produ
ed by DELSIM [21℄ using this routine.In order to separate between genuine D�� 
andidates and 
andidates whi
hare mistaken for a D��, a 
areful study of both the signal (genuine D��) andthe ba
kground (false D��) is needed. The 
hara
teristi
s of the ba
kgroundand the signal are quite di�erent for many of the available variables.The optimal 
uts redu
e the ba
kground and keep the signal so as to maxi-mize the (signal/ba
kground) ratio. By plotting the ratio (signal/ba
kground),or rather (signal/pba
kground), the best 
ut values of the variables 
an befound. 27



This was soon dis
overed to be quite a laborious task and it has takena lot of time to optimize the 
uts. Some variables did not show di�eren
esbetween signal and ba
kground, while other variables did show a di�eren
e,but imposing a 
ut on that variable lead to substantial redu
tion of the signal.For the re
onstru
tion of D�� redu
tion of the signal is 
ru
ial. As shown inse
tion 3.1.1, even with 100 % eÆ
ien
y there is only a total number of �210events in this de
ay 
hannel.In order to 
he
k whether the 
uts imposed on the variables are reason-able, the re
onstru
tion of D�+ has been performed without 
onstraining itto be a daughter of D��. As already mentioned, D�+ is expe
ted to show a
lear signal. When a good signal had been obtained for D�+, the task wasto sele
t a ���+ (the pion from D��0 de
ay) 
andidate in order to re
onstru
tthe D��0.5.2 Simulation and data samplesA simulation set 
onsisting of 1.8 million Z0 ! q�q events, generated as de-s
ribed in se
tion 4.3, was studied. To in
rease the statisti
s on semileptoni
B-de
ays into D��, the spe
ial sample produ
ed in this mode was used. It
orresponds to about 110 million Z0 de
ays (using Tables V and VI).For real data, the entire sample of data re
orded by DELPHI during the1994 and 1995 LEP runs was used. It 
orresponds to 1.484 million hadroni
Z0 de
ays for 1994 and 0.750 million hadroni
 Z0 de
ays for the 1995 dataset [21℄.5.3 Ba
kgroundAs shown in se
tion 3.1 the kaon and lepton of the de
ay have the same
harge. Sele
ting a 
ombination where the kaon and the lepton have oppositesigns, K�`+, gives the 
ontribution to D�+ from 
�
 events, as 
an be seen from
omparison of Figures 11 and 12.In the re
onstru
tion of D��, 
andidate D�s are paired with 
andidate���s. The ba
kground is due to semileptoni
 de
ay of the B-meson into D�whi
h is then 
ombined with a fake ���, i.e. a pion stemming from thefragmentation of the quarks and wrongly taken for the ���. Corre
t sign D�`
ombination, but wrong sign on the ���, gives the ba
kground for sele
tingthe wrong ��� asso
iated with D�.Ba
kground events without any D�� produ
tion have been studied on thesame Monte Carlo sample as signal events.28
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ase of a 
�
 event, the D-meson de
ays semileptoni
ally, givingwrong sign 
ombinations of kaon and lepton 
ompared to semileptoni
de
ay of a B-meson.5.4 Cuts imposed on all tra
ksFor every event neutral and 
harged parti
les are 
ombined and passed througha jet-�nding algorithm using LUCLUS [24℄, whi
h is 
ontained in the JET-SET library [24℄. This jet algorithm provides the four ve
tor of ea
h jet inthe event.Two hemispheres are de�ned by a plane perpendi
ular to the thrust axiswhi
h is 
omputed using all 
harged and neutral tra
ks. If the angle betweena parti
le and the thrust axis is less than 90Æ, it is assigned to hemisphere 1,otherwise to hemisphere 2. The thrust is de�ned by [24℄T = maxjnj=1 Xi j n � pi jXi j pi j (27)and the thrust axis is given by the n ve
tor for whi
h the maximumis rea
hed.29



Some 
uts imposed on 
harged tra
ks are initialized in the Standard Com-mon Blo
ks �lled with SKELANA [26℄. They are traditional 
uts used byDELPHI in order to 
hoose good hadroni
 events (the so-
alled \Team 4"sele
tions) [26℄:� Tra
k momentum > 0.4 GeV/
� Relative error �E/E < 100 %� Tra
k length > 30.0 
m.� Impa
t parameter5 R/Phi < 4.0 
m.� Impa
t parameter Z < 10.0 
m.� Polar angle � > 20.0 ÆThe eÆ
ien
y for sele
ting hadroni
 Z0 de
ays is over 95 % and the ba
k-ground whi
h is mainly from �+�� pairs and 

 
ollisions, is below 0.7 %[21℄.5.5 D�+`� sele
tionThis se
tion gives an overview of the sele
tion 
riteria that has been appliedin order to sele
t a D�+`� sample. The D�+ 
andidates are re
onstru
ted inthe D�+ ! D0�+ 
hannel and the D0 
andidates in the D0 ! K��+ 
hannel.Sin
e all parti
les in the de
ay 
hain originate from the de
ay of the sameB-meson, only kaons and pions in the same jet as the lepton 
andidate were
onsidered.5.5.1 D0 re
onstru
tionFirst a D0 de
ay vertex was �tted [27, 29℄ in three dimensions using one kaonand one pion tra
k. The vertex was required to have a �2 (see Appendix A.4)probability of at least 0.5% to suppress 
ontributions from random tra
ks andbadly re
onstru
ted verti
es. Figure 13 shows the �2-probability for bothsignal and ba
kground and from studies of (signal/pba
kground) it is foundthat requiring a �2-probability above 0.5 % gives the best ratio of signal toba
kground.5The impa
t parameter is de�ned as the distan
e from the re
onstru
ted vertex (inthis 
ase the primary) to the point of 
losest approa
h of a 
harged parti
le, and its signis de�ned with respe
t to the dire
tion of the jet [21℄.30



The 
harge of the kaon had to have the same sign as the lepton 
hargeand both the kaon and the pion had to have at least one hit in the VertexDete
tor in order to reje
t poorly determined tra
ks.The momenta of the kaon and the pion were required to be larger than1 GeV/
, and the momentum was re
al
ulated after imposing that the tra
ka
tually 
ame from the D0 de
ay vertex.The angle �� between the D0 
ight dire
tion and the kaon dire
tion inthe D0 rest frame had to satisfy the requirement 
os �� > �0:9. While theba
kground is peaked in the ba
kward dire
tion, the signal distribution ismore isotropi
 be
ause D0, K� and �+ are pseudos
alar mesons. Figure 14shows the distribution of 
os �� for Monte Carlo simulated data both forsignal and ba
kground events.

Figure 13: �2-probability for the D-de
ay vertex and the B-de
ay vertex for signal(top) and ba
kground (bottom).31



Figure 14: 
os �� for signal (top) and ba
kground (bottom).For the re
onstru
tion of D�+ the mass of the K��+ 
ombination wasrequired to be within �70 MeV/
2 of the nominal D0 mass. A mass 
on-strained �t was performed on the K��+ 
ombination, i.e. the energy andmomentum of the parti
le was adjusted with the following 
onstraint:MD0 = pE2 � p2 = MD0(parti
le table).5.5.2 Lepton sele
tionThe lepton momentum had to be greater than 2.0 GeV/
 and the transversemomentum of the lepton with respe
t to the jet axis was required to ex
eed0.4 GeV/
. The transverse momentum of a parti
le with respe
t to thejet, PjetT , is 
omputed after removing the parti
le from the jet and thenre
omputing the jet dire
tion.The lepton was also required to have at least one hit in the Vertex De-te
tor. 32



Figure 15: The distribution of the B de
ay length for signal and ba
kground.5.5.3 D�+`� vertexA pion with the opposite 
harge of the lepton and the kaon was sele
ted asthe pion from D�+ de
ay (��). Then a D0�+`� vertex was �tted and the�2 probability of this B de
ay vertex was required to be greater than 0.5%(Figure 13).Figure 15 shows the distribution of the B de
ay length de�ned asBDL = f(xBV � xPV )� px+ (yBV � yPV )� py + (zBV � zPV )� pzg=j~pj (28)for Monte Carlo signal and ba
kground. Here xBV and xPV denotes the x-
oordinate of the B-de
ay Vertex and the Primary Vertex respe
tively, pxis the momentum of the B-meson i the x-dire
tion, et
.. In the 
ase ofba
kground events a larger fra
tion of the distribution has BDL less than33



zero. For the signal, BDL is more likely to be positive, and the de
ay lengthof the B-meson was required to ex
eed 400 �m sin
e this gave the best(signal/pba
kground) ratio.As mentioned earlier, the �� is slow. Figure 16 shows the distribution ofthe pion momentum for the Monte Carlo generator parti
les6. The momen-tum was re
al
ulated after imposing that the �� originated from the B-vertexand it was required to be in the range 0.4 to 3.0 GeV/
.
Figure 16: The momentum distribution of the �� for Monte Carlo generator par-ti
les.The fra
tion of the energy of D� with respe
t to the beam energyXE = E(D�)=Ebeam was 
hosen to be between 0.15 and 1. The signal tendsto have higher values of XE than the ba
kground, see Figure 17.

6Monte Carlo generated parti
les 
ontain all the information from the event generator,whi
h means the Monte Carlo truth. In this 
ase it shows how the �� momentum truly isdistributed. 34



Figure 17: XE = E(D�)=Ebeam for signal and ba
kground.
35



After ea
h 
ut a Gaussian fun
tion (Appendix A.1) was �tted to the D�+signal of the Monte Carlo data. The mean and varian
e of the distributionwere left as free parameters in the �t together with the number of eventsin the peak. An overview of the number of �tted D�s and the re
onstru
-tion eÆ
ien
ies for the 
uts applied in the sele
tion is given in Table IX.After all the 
uts one �nds that the total re
onstru
tion eÆ
ien
y for D� is( 19.0 � 0.4 )%.A linear fun
tion was used for the �t of the ba
kground, and the methodof maximum likelihood (Appendix A.3) was applied to �t the parameters.Table IX: Number of re
onstru
ted D�s and 
umulative re
onstru
tion eÆ
ien
iesfor various 
uts. The sample 
onsisted of 11914 Monte Carlo generatedD�s produ
ed in semileptoni
 B de
ays.Cut # of re
onstru
ted D�s Cum. E�. (%)Pkaon > 1:0GeV=
0:4GeV=
 < P�� < 3:0GeV=
Plepton > 2:0GeV=
 6422 � 82 53.9 � 0.7PjetT;lepton > 0:4GeV=
 5289 � 74 44.4 � 0.6K,�; ��; ` in same jet 4304 � 67 36.1 � 0.5P� > 1:0GeV=
 4110 � 65 34.5 � 0.5B de
ay length > 400 �m 3391 � 59 28.5 � 0.5# VD-hits for K,�; ` � 1 3141 � 54 26.4 � 0.40:15 < XE < 1:0 3045 � 56 25.6 � 0.5�2 prob. D-de
ay vertex > 0.5 % 2767 � 53 23.2 � 0.4�2 prob. B-de
ay vertex > 0.5 % 2351 � 49 19.7 � 0.4
os �� > �0:9 2261 � 48 19.0 � 0.4MD0 within � 70 MeV=
2of nominal value 2261 � 48 19.0 � 0.45.5.4 Identi�
ation of parti
lesEle
trons were tagged as \very loose" [26℄, while muons were tagged as\loose" [21℄. No identi�
ation for kaons or pions were required.Table X shows how the re
onstru
tion eÆ
ien
y 
hanges when tighter
uts for the parti
le identi�
ation are applied. The kaon identi�
ation refersto the \
ombined" tag, i.e. hadron identi�
ation based on 
ombined RICHand TPC probabilities [26℄. 36



Table X: The impa
t of parti
le identi�
ation on the re
onstru
tion eÆ
ien
y forD�. Ele
tron ID Muon ID Re
. eÆ
ien
y (%)Very Loose Loose 19.3 � 0.4Loose Loose 12.1 � 0.3Loose Standard 11.2 � 0.3Standard Standard 10.6 � 0.3Kaon Identi�
ationNone 19.3 � 0.4Loose 11.9 � 0.3Standard 9.5 � 0.35.6 D��0 ! D�+�� sele
tionIn order to re
onstru
t the D��0, where D��0 for the present means the twonarrow states, namely D01 and D�02 , the 
riteria of the D�+`� sele
tion wereapplied. A D�+`����� vertex was �tted in spa
e, and in addition to requirea �2-probability greater than 0.5% for both this vertex (the B-de
ay vertex)and the D-de
ay vertex, both verti
es were also required to be \downstream".\Downstream" means that the 
osine of the angle between the momentumve
tor of all the tra
ks 
oming from the B-meson and the ve
tor (~xSV �~xPV )(where ~xSV is the 
oordinates of the se
ondary vertex and ~xPV those of theprimary), is positive. This is illustrated in Figure 18.
PV

SV

PV SV(a) (b)Figure 18: (a) shows an event where the se
ondary vertex (SV) is downstream,whereas in (b) it is not downstream.37



For the present sele
tion the mass of the K��+ 
ombination was requiredto be within � 60 MeV/
2 of the nominal D0 mass. The mass di�eren
e�M = M(K��)�M(K�) had to be within two standard deviations of the
entral value obtained from the Gaussian �t to the �M = M(K��)�M(K�)distribution obtained from real data, see Figure 22. The �t gives 2� = 1:5MeV/
2.5.6.1 ��� sele
tionThe ��� has, as illustrated in Figure 19(top), high momentum 
ompared withpions from fragmentation, Figure 19(bottom). Pions with momentum higherthan 1.2 GeV/
 and 
harge of the opposite sign of the D� 
harge were sele
tedas ��� 
andidates.In order to get rid of kaons taken for ��� 
andidates, whi
h will give a
ontribution of too high �M, it was needed to use some parti
le identi�
ationfor ���. Only 
andidates with a \loose" pion tag a

ording to the 
ombinedRICH and TPC identi�
ation [21, 26℄ were 
onsidered.The sele
tion eÆ
ien
ies both for D�+, D01 and D�02 obtained when these 
utswere applied are shown in Table XI. They are obtained after a Gaussian �tfor D�+ (se
tion 5.5) and the �t des
ribed below for D01 and D�02 .Table XI: Re
onstru
tion eÆ
ien
y of D�, D01 and D�02 . The sample 
onsisted ofB! D0J` ��` de
ays, with 3701 Monte Carlo generated D01s, 1367 D�02 sand 5083 D�s 
oming from D0J ! D�+�� de
ay.Cut Re
. e�. D� (%) Re
. e�. D01 (%) Re
. e�. D�02 (%)D� sele
tion 21.0 � 0.7 17.9 � 1.1 14.7 � 1.2Verti
es downstream 20.9 � 0.6 17.9 � 1.1 14.5 � 1.2P��� > 1:2 GeV/
 15.1 � 0.5 13.9 � 0.7 11.2 � 1.0Loose pion ID 11.5 � 0.5 11.4 � 0.9 8.9 � 0.9This gives an overall re
onstru
tion eÆ
ien
y of ( 10.4 � 0.9 )% for D0Jand ( 11.5 � 0.5 )% for D�+. 38



Figure 19: The momentum distribution of ���(top) and pions from fragmenta-tion(bottom), both distributions are for Monte Carlo generator parti-
les.5.6.2 Fits to �MFigure 20 shows the mass di�eren
e �M = M(D��)�M(D�) whi
h are ob-tained from the Monte Carlo sample after applying the previously mentioned
uts. Breit-Wigner fun
tions (see Appendix A.2) have been �tted to thesedistributions. The two distributions on top of Figure 20 shows �M of D01and D�02 respe
tively. The Breit-Wigner �ts to these distributions allowedthe 
entral value and width together with the number of events in the peak,to vary. The results for the 
entral value and width are shown in Table XII.39



The di�eren
e in 
entral value of D01 and D�02 is 40 MeV/
2.Table XII: Central value and width of �M = M(D��)�M(D�) for the two narrowD0J states as obtained from Monte Carlo data.D0J Central Value (MeV/
2) Width (MeV/
2)D01 410.9 � 0.6 17.3 � 3.0D�02 451.3 � 1.9 29.6 � 5.8Figure 20 also shows the distribution of both D�� states when one doesnot try to separate them. In this 
ase two Breit-Wigner fun
tions are �ttedto the distribution. The 
entral value of the state with lowest �M (D01) andthe number of events in the peaks are free parameters in the �t. The widthsof the states are �xed at the value obtained from the previous �ts, and thedi�eren
e in 
entral value of 40 MeV/
2 is given as a 
onstant in the �t.In all the �ts a fun
tion of the form (�p�M�M� exp [��(�M�M�)℄ )is used to des
ribe the ba
kground (although the ba
kground is 
lose tozero in these plots). Figure 21 shows the ba
kground where a �t using thisfun
tion has been applied. � and � are free parameters in the �t.

40



Figure 20: Mass di�eren
es for D01 and D�02 (top) and both states plotted together(bottom). 41



Figure 21: The �gure shows the �t to the D�� ba
kground distribution using thefun
tion (�p�M�M� exp [��(�M�M�)℄).
42



6 Results of the 1994 - 95 dataThe following se
tions show the results obtained after an analysis of the fullsample of DELPHI data from the 1994 and 1995 LEP runs.6.1 D� resultsThe distribution of �M = M(K��)�M(K�) is shown in Figure 22.

Figure 22: The mass di�eren
e �M = M(K��)�M(K�) for the 94 and 95 data.The hat
hed histogram shows the 
ontribution from the wrong signK�`+ 
ombination.A Gaussian �t was applied to the signal with a linear fun
tion to �tthe ba
kground (se
tion 5.5). The number of �tted D�s is ( 619 � 29 ).The 
entral value of the peak is (145.56 � 0.04) MeV/
2 whi
h is slightly43



higher than the table value of (145.42 � 0.05) MeV/
2 [7℄, and the standarddeviation of the Gaussian is � = (0.76 � 0.04) MeV/
2.The hat
hed histogram shows the 
ontribution from the wrong sign K�`+
ombination due to 
�
 events. A Gaussian �t to the wrong sign distributiongave a 
ontribution of ( 83 � 11 ) D�s, Figure 23.
Figure 23: The mass di�eren
e �M = M(K��)�M(K�) for the wrong sign K�`+
ombination due to 
�
 events.Indeed the applied sele
tion 
riteria give a 
lear signal for D�.6.2 Results of the D�� sele
tionFigure 24 shows the result after the applied sele
tion. The dotted and thehat
hed histograms represent the wrong-sign lepton ba
kground (K�`+ 
om-binations) and the wrong-sign pion (D�+���+) ba
kground respe
tively. TwoBreit-Wigner fun
tions were �tted to the distribution as des
ribed in se
tion5.6.2.The total number of �tted events is ( 16.2 � 8.8 ) and the 
entral value ofthe �rst peak is ( 406.3 � 4.3 ) MeV/
2 in agreement with the result obtainedfor Monte Carlo data shown in Table XII.The bran
hing ratio for the de
ay B� ! D0J(D�+��)`� ��` 
an then be
al
ulated a

ording to Equation 23 with the use of Table VI. The 
al
ulationgives 44



Figure 24: The signal of D�� in the �M = M(D��)�M(D�) distribution.Br(B� ! D0J(D�+��)`� ��`) = (29)N(D0J)=�DN(Z0)�Rb � 2 �Br(b! B�)�Br(D�+ ! D0�+)�Br(D0 ! K��+)= ( 1:6 � 0:9 )%The eÆ
ien
y �D = 10:4% is in
luded, and D0J stands for the two narrowstates, D01 and D�02 .This measurement of the bran
hing ratio agrees with previous resultsshown in Table V.Figure 25 shows the signal of D� in the �M = M(K��)�M(K�) dis-tribution after the D�� sele
tion has been applied. A Gaussian �t to thisdistribution gives ( 169 � 13 ) �tted events with a 
entral value of (145.49 �0.05) MeV/
2. This value is in better agreement with the nominal value of�M [7℄ than the value obtained in se
tion 6.1. This is probably due to theharder 
uts applied in the D�� sele
tion.45



Figure 25: �M = M(K��)�M(K�) as it has been re
onstru
ted after applyingthe 
onstraints of the D�� sele
tion.
46



7 Dis
ussion of the resultsThe ba
kground is obviously still a problem in Figure 24. In Figure 26 theba
kground (hat
hed histogram) that one obtains from Monte Carlo data(Figure 21) is superimposed on the D�� signal. It is observed that most ofthe ba
kground 
an be a

ounted for using the Monte Carlo data.
Figure 26: The distributions shows �M = M(D��)�M(D�) of the signal with anoverlap of the ba
kground obtained from Monte Carlo studies.Previous analyses [14, 15, 16℄ have used as a sele
tion 
riteria the fa
t thatthe ��� originates at the B de
ay vertex, 
onsequently the impa
t parameterof the tra
k with respe
t to this vertex should be small. Correspondingly theimpa
t parameter of the ��� tra
k with respe
t to the primary vertex shouldbe large. For instan
e may the ratioRz = IPz(B�de
ay Vertex)�IP (Primary Vertex)�IP (B�de
ay Vertex)IPz(Primary Vertex) (30)be 
al
ulated [14℄. IPz is the impa
t parameter in the z dire
tion with respe
tto the B-de
ay vertex or the primary vertex, and �IP is the 
orrespondingerror on the impa
t parameter (a

ounting both for the error on the vertexand on the tra
k itself). Figure 27 shows the distribution of Rz for MonteCarlo data both for ��� and for pions 
oming from fragmentation. In thepresent analysis this variable was studied using Monte Carlo data, and it wasfound that too mu
h of the signal was lost 
ompared with the ba
kground,47



Figure 27: The ratio Rz for ��� and for pions 
oming from fragmentation.i.e. the (signal/ba
kground) ratio was not optimized. It was therefore notapplied as a sele
tion 
riteria.In the present analysis it seems that the 
ut at 1.2 GeV/
 for the pionmomentum together with the \loose" pion identi�
ation give good separationbetween genuine ���s and pions from fragmentation even without a 
ut onimpa
t parameters.7.1 Upper limit on Br(B� ! D0J(D�+��)`� ��`)The bran
hing ratio Br(B� ! D0J(D�+��)`� ��`) = ( 1:6�0:9 )% is within 2�from zero. A preliminary upper limit on the bran
hing ratio 
an be estimatedusing some simple approximations. Assuming the number of signal eventsto be distributed as a Gaussian, the 95 % 
on�den
e level 
an be founda

ording to [30℄ N = n+ 1:64 � �n (31)48



where �n is the un
ertainty in the number of events obtained in the �t to the�M distribution. If n events are found, then the probability that the truevalue is less than N is 95 %. The estimates obtained from the �t are:n = 16:2; �n = 8:8whi
h gives the upper limit for the bran
hing ratioBr(B� ! D0J(D�+��)`� ��`) < 3:0%; ( 95% C:L: )7.2 CommentsNot all parts of the dete
tor are working perfe
tly during the runs. TheeÆ
ien
y for D0J re
onstru
tion was obtained from Monte Carlo assuming allparts of the dete
tor operating with 100 % eÆ
ien
y. Sin
e this is not the
ase for real events, the estimate of the re
onstru
tion eÆ
ien
y is too high.To 
ompensate for this, run quality 
uts 
an be applied to the events inorder to only sele
t events where the dete
tors are working or partly work-ing. One will thus �nd a lower number N(Z0) than the one used in theprevious 
al
ulation of the bran
hing ratio. Consequently a higher value ofBr(B� ! D0J(D�+��)`� ��`) would be measured. A 
areful study of this e�e
tis ne
essary to 
omplete the analysis.
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8 Con
lusion and outlookAs expe
ted, the signal of D�+ was seen very 
learly in the data. A signalof 16 events of narrow orbitally ex
ited D-mesons, D0J, is also seen, and thebran
hing ratio was measured to beBr(B� ! D0J(D�+��)`� ��`) = ( 1:6 � 0:9 )%The upper limit of the bran
hing ratio was estimated toBr(B� ! D0J(D�+��)`� ��`) < 3:0%; ( 95% C:L: )However, Figure 24 makes one think that a further redu
tion of the ba
k-ground should be possible to give a more pre
ise measurement of the bran
h-ing ratio. This has proved to be more time 
onsuming than this Cand. S
ient.thesis gives room for. A 
omplete analysis would also need to take 
are ofthe e�e
t dis
ussed in se
tion 7.2. The present results must thus be taken aspreliminary.The analysis 
ould in prin
iple rather easily be extended to study thede
ay mode with D+ ! K��+�+ in the �nal state. The number of 
hargedpions is the same as in the present analysis (se
tion 3.1), the di�eren
e is thepresen
e of a �0 or a 
 as shown on page 14.
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A Distributions and statisti
sIn order to determine the mean and varian
e of a distribution various fun
-tions 
an be �tted to the given distribution. Breit-Wigner and Gaussianfun
tions have been used in the present analysis.A.1 Gaussian distributionThe Gaussian probability density fun
tion is given byF(x) = 1�p2� exp[�(x� �)2=2�2℄ (1)where � is the mean and �2 is the varian
e of the distribution.The importan
e of the Gaussian distribution 
omes from the 
entral limittheorem whi
h states that [7℄:If a 
ontinuous random variable x is distributed a

ording to anyprobability density fun
tion with �nite mean and varian
e, thenthe sample mean, �xn, of n observations of x will have a probabilitydensity fun
tion that approa
hes a Gaussian as n in
reases.A.2 Breit-Wigner distributionThe Breit-Wigner distribution is often used to des
ribe parti
le resonantstates and is given by F(x) = �=2�(x� x0)2 + �2=4 (2)x0 is the position of the maximum of the distribution (the distribution issymmetri
 around this maximum) and � is the width of the distribution[31℄.A.3 The method of maximum likelihoodThe method of maximum likelihood 
onsists of �nding the set of values forthe given parameters whi
h maximizes the joint probability density for allthe data [7℄, and thus �nd the best estimate of the parameter.The likelihood equation is � lnL��n = 0 (3)where L is 
alled the likelihood and � is the set of parameters. Then [7℄A-1



If an eÆ
ient estimate �̂ of � exists, the likelihood equation willhave a unique solution equal to �̂.A.4 �2 distributionIf x1; x2; :::; xn are independent Gaussian distributed random variables, thenthe sum z = Pn(xi��i)2=�2i is distributed as a �2 with n degrees of freedom[7℄.The 
on�den
e level is obtained by integrating the tail of a fun
tionf(z;n): CL(�2) = Z 1�2 f(z;n) dz (4)This is useful in order to evaluate the 
onsisten
y of data with a model. TheCL is the probability that a random repeat of the given experiment wouldobserve a greater �2, when the model is assumed 
orre
t. It is also useful for
on�den
e intervals for statisti
al estimators [7℄.
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