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Introdution

The goal of high energy physis is to identify the elementary onstituents

of matter and to understand their fundamental interations. Over the last

twenty years, this endeavor has been extraordinarily suessful. A gauge the-

ory alled Standard Model provides a satisfatory desription of the strong,

weak, and eletromagneti interations of all the known elementary partiles.

There are very few disrepanies between theory and experiment, and most

of them are at the level of a few standard deviations or less. However there

are proesses for whih experimental results have di�ered from theoretial

preditions by orders of magnitude: soe of these studies are related to the

prodution of harmonium. This dramati on�it between experiment and

theory presents a unique opportunity to make a signi�ant step forward in

our understanding of heavy quarkonium physis.

Quarkonia play an important role in several high energy experiments.

The diversity, quantity and auray of the data still under analysis and

urrently being olleted in many high energy experiments around the world

is impressive.

These data ome from experiments of quarkonium formation (BES at

the Beijing Eletron Positron Collider, E835 at Fermilab, and CLEO at the

Cornell Eletron Storage Ring), lean samples of harmonia produed in B-

deays, in photon-photon fusion and in initial state radiation, at the B-meson

fatories (BaBar at PEP-II and Belle at KEKB), inluding the unexpeted

observation of large amounts of assoiated (cc̄)(cc̄) prodution and the ob-

servation of new and possibly exotis quarkonia states. The CDF and D0

experiments at Fermilab measuring heavy quarkonia prodution from gluon-

gluon fusion in pp̄ annihilations at 2 TeV; ZEUS and H1, at DESY, studying

harmonia prodution in photon-gluon fusion; PHENIX and STAR, at RHIC,

and NA60, at CERN, studying harmonia prodution, and suppression, in

heavy-ion ollisions [7℄.

This has led to the disovery of new states, new prodution mehanisms,

new deays and transitions, and in general to the olletion of high statistis

and preision data sample. In the near future, even larger data samples are
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Introdution

expeted from the BES-III upgraded experiment, while the B fatories and

the Fermilab Tevatron will ontinue to supply valuable data for few years.

Later on, new experiments at new failities will beome operational (the LHC

experiments at CERN, PANDA at GSI, hopefully a Super-B fatory, a Linear

Collider, et.) o�ering fantasti hallenges and opportunities in this �eld.

In this thesis the analysis on double harmonium prodution at the energy

of the Υ (4S), with the BABAR data is doumented. The aim of this analysis is

to understand the mehanism of prodution of double harmonium states fro

e+e− annihilation, in partiular after the disrepanies whih at the beginning

of these studies appeared.

With suessive studies, these disrepanies have been almost solved.

This analysis was already performed by BABAR ollaboration [28℄, and in

this thesis we want to update that work, with a luminosity early four times

higher (468 fb−1. In the mean time, also Belle ollaboration published on

this analysis [16℄, obtaining results ompatible with BABAR and �nding out

a new harmonium state, named X(3940). We aim here also to on�rm this

state.

This thesis is omposed by �ve hapters. Chapter I is an introdution

to harmonium spetrosopy, with a desription of the NRQCD, whih the

theorethial framework of this analysi, then the potential models that have

been developed to desribe the mass spetrum.

The theories related to the double harmonium prodution mehanisms

are presented in Chapter II: in partiular the alulation of the ross setion

and the direpanies between theory and experiment.

Then in Chapter III the BABAR detetor is desribed.

In Chapter IV there is a desription on how has been performed the

analysis: the analysis strategy, seletion and ut optimization, and validation

of the �t are doumented, before the unblind of the interested region.

In hapter V we give the �nal results, after unblind.
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Chapter 1

Charmonium physis

Until 1974 all the known hadrons were omposed by three quark �avours:

the up (u), down (d) and strange (s). The masses of these states were rather

small: a few MeV for u and d, and 100-200 MeV for s.

In November of 1974, a remarkably massive and narrow resonane, named

�J�, was disovered [1℄ with a mass of 3.1 GeV/c2, deaying to e+e−, in the

reation p+Be→ e+e− +X. Simultaneously, the resonane was disovered

[2℄ in the diret hannel e+e− → hadrons (also to e+e−, µ+µ−), and was

named the �ψ�. The dual name J/ψ has afterwards persisted.

With the disovery of the J/ψ , the existene of a new quark �avour alled

harm (c), with a mass of the order of 1 GeV, as well as the existene of a

family of states alled harmonia was demonstrated.

The J/ψ is a member of this family, that is omposed by the bound

states of harm quark and antiquark (cc). The harmonium is the most

widely studied heavy quarkonium system, and the goal of this hapter is to

give the theoretial tools neessary to fae the quarkonium, and in partiular

harmonium, physis.

1.1 Potential models

When two partiles form a bound state, the attrative potential an be stud-

ied measuring the energy spetrum of the system. In atomi physis, the

binding energy of the eletron-nuleus system depends on the orbital angu-

lar momentum (L), spin (S) and total angular momentum (J = L+S) state
(negleting the nuleus angular momentum I). To lassify the energy levels

of the system the spetrosopi notation n2S+1LJ is used. A similar pattern

of energy levels is present in positronium (the e+e− bound state); this has

been used to study the potential between the eletron and the positron.
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1.1 Potential models

The same onept an be applied also to the mesons, whih are the quark-

antiquark (qq) bound states. Also in this ase the spetrosopi notation

n2S+1LJ for the lassiation of the mesons is used.

The intrinsi parity P and harge onjugation C of a harmonium state

are related to the angular momentum by the relations:

P = (−1)L+1, C = (−1)L+S.

Also the JPC notation an be used to lassify the cc states.
Quantum Chromodynamis (QCD) is the modern theory of the strong

interations. The non perturbative features of QCD prevent the possibility

of desribing it on the basis of the fundamental theory of the interation.

For this reason the natural approah to harmonium spetrosopy is to build

an e�etive potential model desribing the observed mass spetrum. This

approximation allows to integrate out many fundamental e�ets like gluon

emission or light quark pairs and to deal with an e�etive potential whih is

the result of the qq diret interation as well as the energy of the gluon �eld.

This potential should nevertheless reprodue the two main features of the

bound quark states in the two limits of small and large distane: asymptoti

freedom and on�nement.

The cc system an be desribed with a Shroedinger equation:

HΨ(x) = EΨ(x), (1.1)

where the hamiltonian for the cc system an be written as:

H = H0 +H ′. (1.2)

H0 an be expressed as a free partile hamiltonian plus a non-relativisti

potential V (r):

H0 = 2mc +
p2

mc

+ V (r), (1.3)

where mc is the harm quark mass and p its momentum.

V (r) an be built taking into aount the properties of strong interation

in the limit of small and large distanes. At small distane the potential

between the quarks for a quark-antiquark pair bound in a olor singlet, is

oulomb-like:

V (r) ∼ 4

3

αs(r)

r
,

where r is the distane between the quarks, αs is the strong oupling

onstant and the fator 4/3 omes from the group theory of SU(3), related

to the olour.
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Charmonium physis
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Figure 1.1: Summary of the values of αs at the values of µ where they are

measured [5℄.

The value of the running oupling onstant αs depends on the energy

sale of the interation in the way shown in Fig. 1.1, where is lear the

derease of αs with inreasing µ. At the leading order in the inverse power

of ln(µ2/Λ2), αs is desribed by:

αs(µ) =
4π

β0ln(µ2/Λ2)
, (1.4)

β0 = 11 − 2

3
nf

where Λ ≃ 0.2 GeV is the non-perturbative sale of QCD (the energy

where (1.4) diverges) and nf is the number of quarks lighter than the energy

sale . It is lear from equation 1.4 that, as the energy sale of a strong

proess dereases and beomes loser to Λ, αs inreases and the QCD an

not be treated as a perturbative theory.

As a result of (1.4) the oupling αs(µ) varies logarithmially with µ, so
that at very short distanes, gluon exhange beomes weaker. This property,

known as asymptoti freedom, is responsible for the quasi-free behavior exhib-

ited by quarks in hadrons probed at very short distanes by deeply inelasti

sattering.

At large distane, that means at momentum sales smaller than Λ ≃
200MeV the on�nement term is dominating. It an be written in the form:

V (r) ∼ kr,

where k ≃ 1 GeV/fm is alled string onstant. The absene of free quarks
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Figure 1.2: Plot of the QCD potential (1.1), for quark-gluon oupling αs = 0.20
and k = 1 Gev/fm

in nature is explained exatly by the on�nement term, beause it implies

that the energy of a qq system inreases with the distane.

By putting together these two behaviors, one an write the Cornell po-

tential, shown in Fig. 1.2 [3℄:

V (r) ∼ −4

3

αs(r)

r
+ kr, (1.5)

With this potential, the harmonium wave funtion an be expressed as:

Ψ(r, θ, φ) = Rnl(r)Y
m
l (θ, φ). (1.6)

This desription, however, is not enough to reprodue the mass di�er-

ene for harmonium states in the same orbital angular momentum or spin

multiplets.

H ′ in the equation (1.2) inludes the spin (S) and orbital (L) dependent

part of the strong interation, explaining the harmonium �ne and hyper�ne

struture [4℄:

H ′ = VLS + VSS + Vtens. (1.7)

The various terms of interation are desribed in the following:
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Charmonium physis

� spin-orbit (VLS): spin-orbit fores between quarks are present for

both vetor and salar interations, but in di�erent form. We �nd for

quarks of equal mass mc:

VLS = (L · S)(3
dVV
dr

− dVS
dr

)/(2m2
cr) (1.8)

where VS and VV are the salar and vetor omponents of the non-

relativisti potential V(r). This term splits the states with the same

orbital angular momentum depending on the (L · S) expetation value

(�ne struture);

� spin-spin (VSS): the hyper�ne eletromagneti interation between

a proton and an eletron leads to a 1420 MHz level splitting between

singlet and triplet states of atomi hydrogen. In light-quark systems,

a similar spin-spin fore due to single-gluon-exhange between quarks

generates the splittings between the masses of the pion and the ρ res-

onane, the nuleon and the ∆ resonane, the Σ and the Λ hyperons,

and so on. The spin-spin interation is of the form:

VSS =
2(S1 · S2)

3m2
c

∇2VV (r) (1.9)

and the expetation value for S1 · S2 is +1/4 for S = 1 and -3/4 for S
= 0;

� tensor (VT): the tensor potential, in analogy with eletrodynamis,

ontains the tensor e�ets of the vetor potential:

VT =
S12

12m2
c

(
1

3

dVV
dr

− d2VV
dr2

),

S12 = 2 [3(S · r̂)(S · r̂) − S2].

where S12 has nonzero matrix elements only for L 6= 0.

Even if the QCD theory allows to desribe on the basis the foundamental

theory of the interations, as explained in the next setion, other suggestions

for the funtional form of the binding potential V(r) exist, but they are

essentially oinident with the values from (1.1) in the region from 0.1 to 1.0

fm, the dimension sale of the cc system, and lead to similar results.

Another possibility to predit the harmonium mass spetrum is to om-

pute it with the lattie QCD (LQCD) [6℄, whih is essentially QCD applied

11



1.2 Quantum Chromodynamis

on a disrete Eulidean spae-time grid. Indeed, QCD has been very su-

essful in prediting phenomena involving large momentum transfer. In this

regime the oupling onstant is small and perturbation theory beomes a

reliable tool.

On the other hand, at the sale of the hadroni world, µ ≤ 1GeV , the

oupling onstant is of order unity and perturbative methods fail. In this

domain lattie QCD provides a non-perturbative tool for alulating the

hadroni spetrum and the matrix elements of any operator within these

hadroni states from �rst priniples. Sine no new parameters or �eld vari-

ables are introdued in this disretization, LQCD retains the fundamental

harater of QCD.

The �eld theory fundamental priniples and the path integral an be

used to alulate on a omputer the properties of the strong interation,

with Monte Carlo integration of the Eulidean path integral. The value of

the lattie spaing, usually denoted with a, an be deided depending on the

spei� problem that has to be solved.

The only tunable input parameters in these simulations are the strong

oupling onstant and the bare masses of the quarks. Our belief is that these

parameters are presribed by some yet more fundamental underlying theory,

however, within the ontext of the standard model they have to be �xed in

terms of an equal number of experimental quantities.

1.2 Quantum Chromodynamis

Quantum Chromodynamis is a quantum �eld theory obtained from the full

Standard Model (SM) by setting the weak and eletromagneti oupling on-

stants to zero and freezing the salar doublet to its vauum expetation value.

What remains is a Yang-Mills (YM) theory with loal gauge group SU(3)

(olour) vetorially oupled to six Dira �elds (quarks) of di�erent masses

(�avours). The vetor �elds in the YM Lagrangian (gluons) live in the ad-

joint representation and transform like onnetions under the loal gauge

group whereas the quark �elds live in the fundamental representation and

transform ovariantly. The QCD Lagrangian is

LQCD = −1

4
F a
µνF

a µν +
∑

{q}

q̄(iγµDµ − mq)q (1.10)
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Charmonium physis

where

{q} = u, d, s, c, b, t,

F a
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcAbµA

c
ν ,

Dµ = ∂µ − iT aAaµ

and fabc are the SU(3) struture onstants and T
a form a basis of the founda-

mental representation of the SU(3) algebra. When oupled to eletromag-

netism, gluons behave as neutral partiles whereas u, c and t quarks have

harges +2/3 and d, s and b quarks have harges -1/3.
The main properties of QCD, whih have been partially illustrated in the

previous setions, are the following:

� It is Poinaré, parity, time reversal and hene harge onjugation in-

variant. It is in addition invariant under U(1)6 whih implies individual

�avour onservation.

� Being a non-Abelian gauge theory, the physial spetrum onsists of

olour singlet states only. The simplest of these states have the quan-

tum numbers of quark-antiquark pairs (mesons) or of three quarks

(baryons) although other possibilities are not exluded.

� The QCD e�etive oupling onstant αs(q) dereases as the momentum

transfer sale q inreases (asymptoti freedom) [8, 9℄, as also already

explained in setion 1.1. This allows to make perturbative alulations

in αs at high energies.

� At low energies it develops an intrinsi sale (mass gap), usually re-

ferred as ΛQCD, whih provides the main ontribution to the masses of

most light hadrons. At sales q ∼ ΛQCD, αs(q) ∼ 1 and perturbation

theory annot be used. Investigations must be arried out using non-

perturbative tehniques, the best established of whih is lattie QCD.

Quarks are onventionally divided into light mql
+l−ΛQCD (q = u, d, s)

and heavy mQ ≫ ΛQCD (Q = c, b, t):1

mu = 1.5 − 3.3 MeV, mu = 3.5 − 6.0 MeV, ms = 70 − 130 MeV,

mc = 1.27+0.07
−0.11 MeV, mb = 4.20+0.17

−0.07 GeV, mt = 171.2 ± 2.1 GeV

� If light quark masses are negleted, the U(1)3 �avour onservation sym-

metry of the QCD Lagrangian in this setor is enlarged to a U(3)
⊗

U(3)

1All these values are taken from [5℄.
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1.3 E�etive Field Theories

group. The axial U(1) subgroup is expliitly broken by quantum ef-

fets (axial anomaly). The vetor U(1) subgroup provides light �avour

onservation. The remaining SU(3)
⊗

SU(3) subgroup, known as hiral

symmetry group, turns out to be spontaneously broken down to the

diagonal SU(3) (�avour symmetry). This produes eight Goldstone

bosons, whih, upon taking into aount the expliit breaking of the

symmetry due to the non-zero quark masses, aquire masses that are

muh smaller than ΛQCD.

� Hadrons ontaining heavy quarks have masses of the order ofmQ rather

than of the order ΛQCD. They enjoy partiular kinematial features

that allow for spei� theoretial treatments.

1.3 E�etive Field Theories

From the point of view of QCD the desription of hadrons ontaining two

heavy quarks is a rather hallenging problem, whih adds to the omplia-

tions of the bound state in �eld theory those oming from a nonperturbative

low-energy dynamis. A proper relativisti treatment of the bound state

based on the Bethe-Salpeter equation [10℄ has proved di�ult. Perturbative

alulations have turned out unpratial at higher order and the method has

been abandoned in reent QCD alulations. Moreover, the entanglement of

all energy modes in a fully relativisti treatment is more an obstale than an

advantage for the fatorization of physial quantities into high-energy pertur-

bative and low energy nonperturbative ontributions. Partial semirelativisti

redutions and models have been often adopted to overome these di�ul-

ties at the prie to introdue unontrolled approximations and lose ontat

with QCD. The fully relativisti dynamis an, in priniple, be treated with-

out approximations in lattie gauge theories. This is in perspetive the best

founded and most promising approah, as already said in setion 1.1.

A nonrelativisti treatment of the heavy quarkonium dynamis, whih is

suggested by the large mass of the heavy quarks, has lear advantages. The

veloity of the quarks in the bound state provides a small parameter in whih

the dynamial sales may be hierarhially ordered and the QCD amplitudes

systematially expanded. Fatorization formulas beome easier to ahieve.

A priori we do not know if a nonrelativisti desription will work well enough

for all heavy quarkonium systems in nature: for instane, the harm quark

may not be heavy enough. The fat that most of the theoretial preditions

are based on suh a nonrelativisti assumption and the suess of most of

them may be seen as a support to the assumption.
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Charmonium physis

We may, however, also take advantage of the existene of a hierarhy

of sales by substituting QCD with simpler but equivalent E�etive Field

Theories (EFTs). EFTs have beome inreasingly popular in partile physis

during the last deades.

They provide a realization of Wilson renormalization group ideas [11℄

and fully exploit the properties of loal quantum �eld theories. An EFT is a

quantum �eld theory with the following properties:

a) it ontains the relevant degrees of freedom to desribe phenomena that

our in ertain limited range of energies and momenta;

b) it ontains an intrinsi energy sale Λ that sets the limit of appliability

of the EFT.

The Lagrangian of an EFT is organized in operators of inreasing dimension,

hene, an EFT is in general non-renormalizable in the usual sense. In spite

of this, it an be made �nite to any �nite order in 1/Λ by renormalizing

(mathing) the onstants (mathing oe�ients) in front of the operators in

the Lagrangian until that order. This means that one needs more renormal-

ization onditions when the order in 1/Λ is inreased. However, even if the

only way of �xing the onstants would be by means of experimental data,

this would redue but not spoil the preditive power of the EFT. If the data

are abundant, the onstants an be �t one for ever and used later on to

make preditions on new experiments.

The prototype of EFT for heavy quarks is the Heavy Quark E�etive

Theory (HQET), whih is the EFT of QCD suitable to desribe systems

with only one heavy quark [12, 13℄. These systems are haraterized by two

energy sales: m and ΛQCD. HQET is obtained by integrating out the sale

m and built as a systemati expansion in powers of ΛQCD/m.

As disussed above, bound states made of two heavy quarks are hara-

terized by more sales. Integrating out only the sale m, whih for heavy

quarks an be done perturbatively, leads to an EFT, Nonrelativisti QCD

(NRQCD) [14, 15℄, that still ontains the lower sales as dynamial degrees

of freedom. Disentangling the remaining sales is relevant both tehnially,

sine it enables perturbative alulations otherwise quite ompliate, and

more fundamentally, sine it allows to fatorize nonperturbative ontribu-

tions into the expetation values or matrix elements of few operators. These

may be eventually evaluated on the lattie, extrated from the data or al-

ulated in QCD vauum models.

In the next setion we will give a brief general introdution to NRQCD,

sine this is the framework for the analysis presented in this thesis.
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1.4 Nonrelativisti QCD

1.4 Nonrelativisti QCD

A partiularly elegant approah for separating relativisti from nonrelativisti

sales is to reast the analysis in terms of nonrelativisti quantum hromody-

namis (NRQCD) [15℄, an e�etive �eld theory designed preisely to separate

the relativisti physis of annihilation (whih involves momenta p ∼M) from

the nonrelativisti physis of quarkonium struture (whih involves p ∼Mv).
NRQCD onsists of a nonrelativisti Shroedinger �eld theory for the

heavy quark and antiquark that is oupled to the usual relativisti �eld the-

ory for light quarks and gluons. The theory is made preisely equivalent to

full QCD through the addition of loal interations that systematially in-

orporate relativisti orretions through any given order in the heavy-quark

veloity v. It is an e�etive �eld theory, with a �nite ultraviolet uto� of

order M that exludes relativisti states (states that are poorly desribed by

nonrelativisti dynamis). A heavy quark in the meson an �utuate into

a relativisti state, but these �utuations are neessarily short-lived. This

means that the e�ets of the exluded relativisti states an be mimiked by

loal interations and an, therefore, be inorporated into NRQCD through

renormalizations of its in�nitely many oupling onstants. Thus, nonrela-

tivisti physis is orretly desribed by the nonperturbative dynamis of

NRQCD, while all relativisti e�ets are absorbed into oupling onstants

that an be omputed as perturbation series in αs(M).

The main advantage o�ered by NRQCD over ordinary QCD in this on-

text is that it is easier to separate ontributions of di�erent orders in v in

NRQCD. Thus, we are able not only to organize alulations to all orders

in αs, but also to elaborate systematially the relativisti orretions to the

onventional formulas.

1.4.1 The NRQCD lagrangian

The most important energy sales for the struture and spetrum of a heavy

quarkonium system are Mv and Mv2, where M is the mass of the heavy

quark Q and vl+l−1 is its average veloity in the meson rest frame. Momenta

of order M play only a minor role in the omplex binding dynamis of the

system. We an take advantage of this fat in our analysis of heavyquark

mesons by modifying QCD in two steps.

We start with full QCD, in whih the heavy quarks are desribed by 4-

omponent Dira spinor �elds. In the �rst step, we introdue an ultraviolet

momentum uto� that is of order M . This uto� expliitly exludes rela-

tivisti heavy quarks from the theory, as well as gluons and light quarks with

momenta of order M . It is appropriate to an analysis of heavy quarkonium,

16



Charmonium physis

sine the important nonperturbative physis involves momenta of order Mv
or less. Of ourse, the relativisti states we are disarding do have some e�et

on the low energy physis of the theory. However, any interation involving

relativisti intermediate states is approximately loal, sine the intermedi-

ate states are neessarily highly virtual and so annot propagate over long

distanes. Thus, generalizing standard renormalization proedures, we sys-

tematially ompensate for the removal of relativisti states by adding new

loal interations to the lagrangian. To leading order in 1/Λ or, equivalently,

1/M , these new interations are idential in form to interations already

present in the theory, and so the net e�et is simply to shift bare masses

and harges. Beyond leading order in 1/M , one must extend the lagrangian

to inlude nonrenormalizable interations that orret the low energy dy-

namis order-by-order in 1/M . In this uto� formulation of QCD, all e�ets

that arise from relativisti states, and only these e�ets, are inorporated

into renormalizations of the oupling onstants of the extended lagrangian.

Thus, in the uto� theory, relativisti and nonrelativisti ontributions are

automatially separated. This separation is the basis for an analysis of the

annihilation deays of heavy quarkonia.

The lagrangian for NRQCD is:

LNRQCD = Llight + Lheavy + δL (1.11)

The gluons and the nf �avors of light quarks are desribed by the fully

relativisti lagrangian

Llight = −1

2
trGµνG

µν +
∑

q̄i��Dq (1.12)

where Gµ is the gluon �eld-strength tensor expressed in the form of an

SU(3) matrix, and q is the Dira spinor �eld for a light quark. The gauge-

ovariant derivative is Dµ + igAµ, where Aµ = (φ,A) is the SU(3) matrix-

valued gauge �eld and g is the QCD oupling onstant. The sum in (1.12) is

over the nf �avors of light quarks.

The heavy quarks and antiquarks are desribed by the term

Lheavy = ψ†

(

iDt +
D

2

2M

)

ψ + χ†

(

iDt −
D

2

2M

)

χ, (1.13)

where ψ is the Pauli spinor �eld that annihilates a heavy quark, χ is

the Pauli spinor �eld that reates a heavy antiquark, and Dt and D are

the time and spae omponents of the gauge-ovariant derivative Dµ. Color

and spin indies on the �elds ψ and χ have been suppressed. The lagrangian
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1.4 Nonrelativisti QCD

Llight +Lheavy desribes ordinary QCD oupled to a Shroedinger �eld theory

for the heavy quarks and antiquarks.

The relativisti e�ets of full QCD are reprodued through the orretion

term δL in the lagrangian LNRQCD [14℄.

In partiular the orretion terms most important for heavy quarkonium

are bilinear in the quark �eld or antiquark �eld:

Lbilinear =
c1

8M3

(

ψ†(D2)2ψ − χ†(D2)2χ
)

+
c2

8M2

(

ψ†(D · gE − gE · D)ψ − χ†(D · gE − gE · D)χ
)

+
c3

8M2

(

ψ†(iD × gE − gE × iD)ψ − χ†(iD × gE − gE × iD)χ
)

+
c4

2M

(

ψ†(gB · σ)ψ − χ†(gB · σ)χ
)

, (1.14)

where Ei = G0i and Bi = 1
2
ǫijkGjk are the eletri and magneti omponents

of the gluon �eld strength tensor Gµν . By harge onjugation symmetry, for

every term in (1.14) involving ψ, there is a orresponding term involving the

antiquark �eld χ, with the same oe�ient ci, up to a sign. The operators in

(1.14) must be regularized, and they therefore depend on the ultraviolet uto�

or renormalization sale Λ of NRQCD. The oe�ients ci(Λ) also depend on

Λ in suh a way as to anel the Λ-dependene of the operators.

Notie that Lbilinear doesn't ontain mixed two-fermion operators involv-

ing χ† and ψ (or ψ† and χ), orresponding to the annihilation (or the reation)

of a QQ̄ pair. Indeed suh terms are exluded from the lagrangian as part

of the de�nition of NRQCD: if suh an operator annihilates a QQ̄ pair, it

would, by energy onservation, have to reate gluons (or light quarks) with

energies of order M . The amplitude for annihilation of a QQ̄ pair into suh

high energy gluons annot be desribed aurately in a nonrelativisti theory

suh as NRQCD.

The oe�ients ci must be tuned as funtions of the oupling onstant

αs, the heavy-quark mass parameter in full QCD, and the ultraviolet uto�

Λ of NRQCD, so that physial observables are the same as in full QCD.

In priniple, in�nitely many terms are required in the NRQCD lagrangian

in order to reprodue full QCD, but in pratie only a �nite number of these

is needed for preision to any given order in the typial heavy-quark veloity

v.
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1.5 Experimental study of harmonium

1.5.1 Quarkonium prodution

Quarkonia an be produed in several ways, whih reah di�erent states

within the spetrum. The �rst three listed here are mere reversals of QQ̄
deay proesses and are skethed in Fig. 1.3 a), b), and ).

In eletron-positron olliders, the reation results in e+e− → γ∗ → QQ̄
states that an ouple to a virtual photon, namely n3S1 suh as J/ψ and

Υ with a tiny admixture of n3D1. Diret resonane formation o�ers the

advantage of large prodution rates, giving aess to branhing frations even

as small as 10−5, as well as higher auray in the measurements of masses

and widths..

Two-photon ollisions allow diret reation of J = 0, 2 states, e.g. η[c,b],

χ[c,b][0,2]. While they are readily available at e+e− mahines, they su�er from

small prodution rates. Still they provide an important ontribution in that

they an be used for disovery purposes.

Hadron mahines, being able to form any quarkonia state in priniple

by annihilation of the pp̄ pair into gluons, ontinue to ontribute mostly to

the study of prodution of harmonia. This environment su�ers from large

bakground; thereby one has to fous on exlusive deays.

Two more senarios: downward transitions within the system provide an

important route to otherwise not reahable states. Any B-fatory has aess

to cc states through weak deays of the b quark, with the two proesses

skethed in Fig. 1.3 d) and e).

An important bakground for the reation e+e− → QQ̄ → X , or more

expliitly, e+e− → γ∗ → QQ̄ → X, is the ase in whih no intermediate

QQ̄ resonane is formed. The presene of this hannel adds to the measured

ross-setion both diretly and by interferene, whih an be a sizeable on-

tribution. In most measurements, this ontribution is not taken into aount

or subtrated. This bakground needs to be either measured, by running o�

the relevant resonane, or alulated. In measurements of the ross-setion

as funtion of energy (sans), the non-resonant prodution an be expliitly

taken into aount when �tting the line shape.

In addition to that, the prodution of double harmonium in e+e− anni-

hilations has reently been observed at the B fatories. The prodution of

double harmonium in e+e− annihilation was disovered by the Belle ollabo-

ration from data olleted at the Υ (4S) resonane at a enter-of-mass energy

s =
√

(10.6)GeV by studying the reoil momentum spetrum of the J/ψ in

e+e− → J/ψ + X [16℄. The measured ross setion for double harmonium

prodution was about one order of magnitude larger than the theoretial
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predition of NRQCD in the non-relativisti limit. This large disrepany

was rather puzzling. This way to produe harmonium is the main topi of

this thesis, and the next hapter will be dediated to the double harmonium

prodution physis.

1.5.2 Charmonium spetrum

The spetrum of harmonium states is shown in Fig. 1.4. The potential

model, desribed in setion 1.1, an explain with the spin-spin interation

term (VSS) the splitting among spin singlet and triplet states like J/ψ and

ηc, and with the spin-orbit interation (VLS) the splitting among states like

χc 0,1,2.

The harmonium spetrum onsists of eight narrow states below the open

harm threshold (3.73 GeV) and several tens of states above the threshold.

All eight states below DD̄ threshold are well established, but whereas

the triplet states are measured with very good auray, the same annot be

said for the singlet states.

The ηc was disovered almost thirty years ago and many measurements of

its mass and total width exist. Despite the large variety of available data on

it, the preise determination of its mass and width is still an open problem.

The Partile Data Group (PDG) [5℄ value of the mass is 2980.3 ± 1.2 MeV/c2:
the error on the ηc mass is still as large as 1.2 MeV/c2, to be ompared with

few tens of KeV/c2 for the J/ψ and ψ′ and few hundreds of KeV/c2 for the

χc 0,1,2. The situation is even worse for the total width: the PDG average
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Figure 1.3: Heavy quarkonia prodution diagrams. Prodution (left) and their

orresponding deay (right) proesses: a) e+e− → γ∗ → QQ̄; b) γγ → QQ̄; )

pp̄ → gluons → QQ̄; d) Quarkonium de-exitation by emission of two pions; e)

reating harmonium from a B meson.
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Figure 1.4: The harmonium spetrum.

is 26.7 ± 3.0 MeV. The most reent measurements have shown that the ηc
width is larger than was previously believed, with values whih are di�ult

to aomodate in quark models. This situation points to the need for new

high-preision measurements of the ηc parameters.

The �rst experimental evidene of the ηc(2S) was reported by the Crystal

Ball Collaboration [17℄, but this �nding was not on�rmed in subsequent

searhes in pp̄ or e+e− experiments. The ηc (2S) was �nally disovered by

the Belle ollaboration [18℄ in the hadroni deay of the B meson B →
K + ηc(2s) → K + (KsK

−π+) with a mass whih was inompatible with the

Crystal Ball andidate. The Belle �nding was then on�rmed by CLEO and

BaBar [19, 20℄, whih observed this state in twophoton fusion. The PDG

value of the mass is 3637 ± 4 MeV/c2, and the width is only measured with

an auray of 50%: 14 ± 7 MeV/ c2.

The 1P1 state of harmonium (hc) is of partiular importane in the deter-

mination of the spin-dependent omponent of the qq on�nement potential.

The hc has been observed by CLEO [21℄ in the reation ψ(2S) → π0hc →
(γγ)(γηc) with a mass of 3524.4 ± 0.6 ± 0.4 MeV/c2 at a signi�ane greater
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than 5σ.

Partile n2S+1LJ JPC Mass (MeV) Width (MeV)

ηc 11S0 0−+ 2980.3 ± 1.2 26.7 ± 3.0

J/ψ 13S1 1−− 3096.916 ± 0.011 (93.2 ± 2.1) × 10−3

χc0 13P0 0++ 3414.75 ± 0.31 10.2 ± 0.7

χc1 13P1 1++ 3510.66 ± 0.07 0.89 ± 0.05

χc2 11P2 2++ 3556.20 ± 0.09 2.03 ± 0.12

ηc(2S) 21S0 0−+ 3637 ± 4 14 ± 7

ψ(2S) 23S1 1−− 3686.09 ± 0.04 0.317 ± 0.009

Table 1.1: Quantum numbers, masses and width of the harmonium states with

mass below the open harm prodution threshold from PDG. [5℄.

The region above DD̄ threshold is rih in interesting new physis. In

this region, lose to the DD̄ threshold, one expets to �nd the four 1D states.

Of these only the 13D1, identi�ed with the ψ(3770) resonane and disovered

by the Mark I ollaboration [22℄, has been established. It is a wide resonane

(Γ(ψ(3770) = 27.3 ± 1.0MeV/c2), whih deays predominantly to DD̄. The

J = 2 states (11D2 and 13D2) are predited to be narrow, beause parity

onservation forbids their deay to DD̄. In addition to the D states, the

radial exitations of the S and P states are predited to our above the

open harm threshold. None of these states have been positively identi�ed.

Some of the features of harmonium states are summarized in table 1.1.

In the next setion, there will be more details on the experimental on the

energy region aboveDD̄ threshold, in partiular for those new states reently,

mainly disovered at the B-fatories.

1.5.3 New harmonia

A lot of new states have reently been disovered (X, Y, Z mesons), mainly

in the hadroni deays of the B meson: these new states are assoiated with

harmonium beause they deay predominantly into harmonium states suh

as the J/ψ or the ψ′, but their interpretation is far from obvious. In this

setion, a brief summary of the experimental data and the possible interpre-

tation is presented.

Curiously, three harmonium-like states were observed with similar masses

near 3.94 GeV/c2 , but in quite di�erent proesses, as summarized in table

1.2 [26℄.

The harmoniumlike state X(3940) has been observed by Belle in the

double harmonium prodution in the proess e+e− → J/ψDD̄∗ in the mass

spetrum reoiling against the J/ψ [16℄, to be on�rmed by this analysis,
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State JPC Mass (MeV/c2) Γ (MeV/c2) Deay Prodution Collaboration

X(3940) ??+ 3942+7
−6

± 8 37+26
−28

± 8 DD̄∗ e+e− → J/ψX(3940) Belle
X(4160) ??+ 4156+25

−20
± 15 139+11

−61
± 21 D∗D̄∗ e+e− → J/ψX(4160) Belle

Y(3940) ??+ 3943±11 ± 13 87± 22 ± 26 ωJ/ψ B → KY (3940) Belle
Y(3940) ??+ 3914.6 +3.8

−3.4± 2.0 34+12
−8

± 5 ωJ/ψ B → KY (3940) BaBar
Z(3930) 2++ 3929± 5 ± 2 29 ± 10 ± 2 γγ → Z(3940) Belle

Table 1.2: Measured parameters of the XYZ(3940) states.

for the BABAR ollaboration. X(3940) state is tentatively identi�ed with

ηc(3S). In addition Belle found a new harmoniumlike state, X(4160), in

the proesses e+e− → J/ψX(4160) deaying into D∗D̄∗ with a signi�ane of

5.1σ [23℄. Both the X(3940) and the X(4160) deay to open harm �nal states

and therefore ould be attributed to 31S0 and 41S0 onventional harmonium

states. However, the problem with this assignment is that potential models

predit masses for these levels to be signi�antly higher than those measured

for the X(3940) and X(4160).

The Y(3940) state was observed by Belle as a near-threshold enhanement

in the ωJ/ψ invariant mass distribution for exlusive B → KωJ/ψ deays

with a statistial signi�ane of 8.1σ [24℄. Also BABAR found an ωJ/ψ mass

enhanement at ∼3.915 GeV/c2 in the deays B → K0,+ → ωJ/ψ [25℄ and

on�rmed the Belle result. The Y(3940) mass is two standard deviations

lower than the Z(3930) mass, and three standard deviations lower than for

the X(3940); the width agrees with the Z(3930) and X(3940) values.

The Z(3930) state was found by Belle in two-photon ollisions γγ →
DD̄ with a mass ∼ 3.930 GeV/2. The prodution rate and the angular

distribution in the γγ enter-of-mass frame favor the interpretation of Z(3930)

as the χc2(2P) harmonium state.

For all other new states (X(3872), Y(4260), Y(4320) and so on) the in-

terpretation is not at all lear, with speulations ranging from the missing cc
states, to moleules, tetraquark states, and hybrids.
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Chapter 2

Double harmonium prodution

2.1 Introdution

The exlusive prodution of a pair of double heavy mesons with -quarks

in e+e− annihilation has attrated onsiderable attention in the last years.

In fat, at the beginning of these studies, the ross setion of the proess

e+e− → J/ψ ηc, whih was measured in the experiments on BABAR and Belle

detetors at the energy
√
s= 10.6 GeV, resulted to be

σ(e+e− → J/ψ + ηc) × B(ηc →≥ 2 charged) =

{

25.6 ± 2.8 ± 3.4 [27]

17.6 ± 2.8+1.5
−2.1 [28]

(2.1)

and led to a disrepany with the theoretial alulation in the framework

of nonrelativisti QCD (NRQCD) by an order of magnitude. This onlu-

sion is based on alulations in whih the relative momenta of heavy quarks

and bound state e�ets in the prodution amplitude were not taken into a-

ount. A set of alulations was performed to improve the nonrelativisti

approximation for the proess.

In partiular, relativisti orretions to the ross setion σ(e+e− → J/ψ +
ηc) were onsidered in a olor singlet model in referene [29℄ using the methods

of NRQCD [14℄. A synthesis of this method will be done in setion 2.2.1.

Another attempt to take into aount the relativisti orretions was done

in the framework of the light-one formalism [30, 31℄, desribed here in setion

2.2.4. With this formalism the disrepany between experiment and theory

an be eliminated ompletely by onsidering the intrinsi motion of heavy

quarks forming the doubly heavy mesons.

In addition, perturbative orretions of order αs to the prodution am-

plitude were alulated in referene [32℄, where Zhang, Gao and Chao ould

inrease the ross setion by a fator 1.8 (see setion 2.3).
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On aount of di�erent values of relativisti orretions obtained in ref-

erenes [29, 30, 31℄ and the importane of a relativisti onsideration of the

proess e+e− → J/ψ + ηc in solving the doubly heavy meson prodution

problem, Ebert and Martynenko [33℄ have performed a new investigation of

relativisti and bound state e�ets. This investigation is based on the rela-

tivisti quark model whih provides the solution in many tasks of heavy quark

physis. In [34, 35℄ they have demonstrated how the original amplitude, de-

sribing the physial proess, must be transformed in order to preserve the

relativisti plus bound state orretions onneted with the one-partile wave

funtions and the wave funtion of a two-partile bound state.

In partiular, in paper [33℄ they extend the method to the ase of the

prodution of a pair (P + V) of double heavy mesons ontaining quarks of

di�erent �avours b and c. They onsider the internal motion of heavy quarks

in both produed pseudosalar P and vetor V mesons, and the results of

the ross-setion will be presented in setion 2.2.3.

Two more setions are in this hapter: setion 2.4 where a synthesis

of the reent results on the analysis e+e− → γ∗→ J/ψ + X is done and

the possible interpretations of the state X(3940), whih is expeted to be

seen in the double harmonium prodution proess via one virtual photon,

are illustrated. This last setion is partiularly interesting for this analysis,

whih has in its aims also to on�rm this state, also seen in Belle in the reoil

spetrum. Finally in setion 2.5 we will brie�y desribe the theory onerning

the double harmonium prodution with two virtual photons involved in the

proess (e+e− → γ∗γ∗ → cccc).

2.2 Cross setion

If harmonium is the only hadron in the initial or �nal state, the olor-singlet

model should be aurate up to orretions that are higher order in v. The
simplest examples of suh proesses are eletromagneti annihilation deays,

suh as J/ψ → e+e− and ηc → γγ, and exlusive eletromagneti prodution

proesses, suh as γγ → ηc.

Another proess for whih the olor-singlet model should be aurate is

e+e− annihilation into exatly two harmonia. There are no hadrons in the

initial state, and the absene of additional hadrons in the �nal state an

be guaranteed experimentally by the monoenergeti nature of a 2-body �nal

state. For many harmonia, the NRQCD matrix element an be determined

from the eletromagneti annihilation deay rate of either the harmonium

state itself or of another state related to it by spin symmetry. Cross se-

tions for double-harmonium an therefore be predited up to orretions
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suppressed by powers of v2 without any unknown phenomenologial fators.

One problem with e+e− annihilation into exlusive double harmonium

is that the ross setions are very small at energies large enough to trust the

preditions of perturbative QCD. A naive estimate of the ross setion for

J/ψ + ηc in units of the ross setion for µ+µ− is:

R[J/ψ + ηc] ∼ α2
s

(

mcv

Ebeam

)6

. (2.2)

The 2 powers of αs are the fewest required to produe a cc+cc �nal state.
There is a fator of (mcv

3) assoiated with the wavefuntion at the origin

for eah harmonium. These fators in the numerator are ompensated by

fators of the beam energy Ebeam in the denominator to get a dimensionless

ratio.

As an example, onsider e+e− annihilation with enter-of-mass energy

2Ebeam = 10.6 GeV. If we set v2 ≈ 0.3, αs ≈ 0.2, and mc ≈ 1.4 GeV, we

get the naive estimate R[J/ψ + ηc] ≈ 4 × 10−7 . This should be ompared

to the total ratio R[hadrons] ≈ 3.6 for all hadroni �nal states [36℄. The

deay of the J/ψ into the easily detetable e+e− or µ+µ− modes suppresses

the observable ross setion by another order of magnitude.

Fortunately, the era of high-luminosity B fatories has made the measure-

ment of suh small ross setions feasible. Braaten and Lee [29℄ alulated the

ross setions for exlusive double-harmonium prodution via e+e− annihi-

lation into a virtual photon. This proess produes only harmonium states

with opposite harge onjugation. The ross setions for harmonium states

with the same harge onjugation, whih proeed through e+e− annihilation

into two virtual photons [37, 38℄ will be illustrated in setion 2.5.

2.2.1 Color-singlet model alulation

In this setion, the ross setions for e+e− annihilation through a virtual

photon into a double-harmonium �nal state H1 +H2 are alulated by using

the olor-singlet model. The olor-singlet model (CSM) an be obtained from

the NRQCD fatorization formula by dropping all of the olour-otet terms

and all but one of the olour-singlet terms. The term that is retained is the

one in whih the quantum numbers of the QQ̄ pair are the same as those of

the quarkonium.

Charge onjugation symmetry requires one of the harmonia to be a C =
− state and the other to be a C = + state. The C = − states with narrow

widths are the JPC = 1−− states J/ψ and ψ(2S), the 1+− state hc , and the

yet-to-be-disovered 2−− state ψ2(1D).
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2.2 Cross setion

The C = + states with narrow widths are the 0−+ states ηc and ηc(2S),
the J++ states χcJ(1P), J = 0, 1, 2, and the yet-to-be-disovered 2−+ state

ηc2(1D). The results will be express in terms of the ratio R[H1 +H2] de�ned
by

R[H1 +H2] =
σ[e+e− → H1 +H2]

σ[e+e− → µ+µ−]
(2.3)

In the text, only the results for R summed over heliity states will be

given. These results may failitate the use of partial wave analysis to resolve

the experimental double-harmonium signal into ontributions from the var-

ious harmonium states.

When the e+e− beam energy Ebeam is muh larger than the harm quark

mass mc, the relative sizes of the various double-harmonium ross setions

are governed largely by the number of kinemati suppression fators r2, where

the variable r is de�ned by

r2 =
4m2

c

E2
beam

. (2.4)

If we set mc = 1.4 GeV and Ebeam = 5.3 GeV, the value of this small

parameter is r2 = 0.28. The asymptoti behavior of the ratio R[H1 + H2]
as r → 0 an be determined from the heliity seletion rules for exlusive

proesses in perturbative QCD. For eah of the cc pairs in the �nal state, there
is a suppression fator of r2 due to the large momentum transfer required for

the c and c̄ to emerge with small relative momentum. Thus, at any order

in αs, the ratio R[H1 + H2] must derease at least as fast as r4 as r → 0.
However it may derease more rapidly depending on the heliity states of the

two hadrons. There is of ourse a onstraint on the possible heliities from

angular momentum onservation: |λ1 − λ2| = 0 or 1.

The asymptoti behavior of the ratio R[H1(λ1) + H2(λ2)] depends on

the heliities λ1 and λ2. The heliity seletion rules imply that the slowest

asymptoti derease R ∼ r4 an our only if the sum of the heliities of

the hadrons is onserved. Sine there are no hadrons in the initial state,

hadron heliity onservation requires λ1 + λ2 = 0. The only heliity state

that satis�es both this onstraint and the onstraint of angular momentum

onservation is (λ1, λ2) = (0, 0). For every unit of heliity by whih this rule

is violated, there is a further suppression fator of r2.

So, the resulting estimate for the ratio R at leading order in αs is

RQCD[H1(λ1) +H2(λ2)] ∼ α2
s(v

2)3+L1+L2(r2)2+|λ1+λ2|. (2.5)

The fator of v3+2L for a harmonium state with orbital angular momen-

tum L omes from the NRQCD fators. At leading order of αs, there may of
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Double harmonium prodution

ourse be further suppression fators of r2 that arise from the simple stru-

ture of the leading-order diagrams for e+e− → cc+ cc in Fig. 2.1, but these

suppression fators are unlikely to persist to higher orders in αs.
The QED diagrams for e+e− → cc(3S1)+cc in Fig. 2.2 give ontributions

to R[J/ψ + H2] that sale in a di�erent way with r. This ase is atually

interesting for the analysis doumented in this thesis. As r → 0, there is a

ontribution to the ross setion from these diagrams into the ross setion

for γ +H2 and the fragmentation funtion for γ → J/ψ . This fragmentation

proess produes J/ψ in a λJ/ψ = ±1 heliity state. The hard-sattering part
of the proess produes only one cc pair with small relative momentum, so

there is one fewer fator of r2 relative to equation 2.5. The ross setion for

γ +H1 is still subjet to the heliity seletion rules of perturbative QCD, so

the pure QED ontribution to the ratio R has the behavior

RQED[J/ψ (±1) +H2(λ2)] ∼ α2(v2)3+L2(r2)1+|λ2|. (2.6)

There may also be interferene terms between the QCD and QED on-

tributions whose saling behavior is intermediate between equations 2.5 and

2.6.

2.2.2 Calulation of the ross setions

In this setion, the ross setions for exlusive double-harmonium produ-

tion in e+e− annihilation at the B fatories is presented, and partially alu-

lated.

The results in setion 2.2.1 were expressed in terms of the ratio R de�ned

in equation 2.3. The orresponding ross setions are:

σ[H1 +H2] =
4πα2

3s
R[H1 +H2] (2.7)

The ratios R depend on a number of inputs: the oupling onstants αs
and α, the harm quark mass mc , and the NRQCD matrix elements 〈O1〉.

The value of the QCD oupling onstant αs depends on the hoie of the

sale µ. In the QCD diagrams of Fig. 2.1, the invariant mass of the gluon is
√

s/2. We therefore hoose the sale to be µ = 5.3 GeV. The resulting value

of the QCD oupling onstant is αs(µ) = 0.21.

The numerial value for the pole mass mc of the harm quark is unstable

under perturbative orretions, so it must be treated with are. Sine the

expressions for the eletromagneti annihilation deay rates inlude the per-

turbative orretion of order αs the appropriate hoie for the harm quark

mass mc in these expressions is the pole mass with orretions of order αs
inluded. It an be expressed as
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2.2 Cross setion

P1

P2(a) (b)

(c) (d)

Figure 2.1: QCD diagrams that an ontribute to the olor-singlet proess

γ∗ → cc+ cc

→

P2

P1

(b)(a)

Figure 2.2: QED diagrams that an ontribute to the olor-singlet proess

γ∗ → cc(3S1) + cc

mc = m̄c(m̄c)

(

1 +
4

3

αs
π

)

. (2.8)

Taking the running mass of the harm quark to be m̄c(m̄c) = 1.2 ± 0.2

GeV, the NLO pole mass is mc = 1.4 ± 0.2 GeV.

The Braaten-Lee preditions for the double harmonium ross setions

without relativisti orretions are given in table 2.1.1

The Braaten-Lee preditions for the double harmonium ross setions for

the S-wave states (ηc, ηc(2S), J/ψ , ψ(2S)) inluding the leading relativisti

orretion are obtained by multiplying the values in table 2.1 by the fator:

1Only values interesting for this analysis have been reported. For all alulations see

[29℄
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Double harmonium prodution

H2 \ H1 J/ψ ψ(2S)

ηc 3.78 ± 1.26 1.57 ± 0.52

ηc(2S) 1.57 ± 0.52 0.65 ± 0.22

χc0 2.40 ± 1.02 1.00 ± 0.42

χc1 0.38 ± 0.12 0.16 ± 0.05

χc2 0.69 ± 0.13 0.29 ± 0.06

Table 2.1: Cross setions in fb for e+e− annihilation into double-harmonium

states H1 + H2 without relativisti orretions. The errors are only those from

variations in the NLO pole mass mc = 1.4 ± 0.2 GeV.

(

1 +
8Y + 3(Y + 4)r2 − 5r4

12(r2 − Y )

〈

v2
〉

J/ψ
+

2Y + (Y + 14)r2 − 5r4

12(r2 − Y )

〈

v2
〉

ηc

)2

×
(

1 − 1

6

〈

v2
〉

J/ψ

)−2 (

1 − 1

6

〈

v2
〉

ηc

)−2

×
MJ/ψMηc

4m2
c

×
(

PCM/Ebeam
(1 − r2)1/2

)3

(2.9)

where

Y = − α

αs

(

1 +
α

3αs

)−1

,
〈

v2
〉

H
≈ M2

H − 4m2
c

4m2
c

(2.10)

and mc is the pole mass of the harm quark. The �rst fator in 2.9, whih

appears squared, omes from the expansion of the amplitude in powers of the

relative veloity of the cc pair. The values of 〈v2〉H follow from the Gremm-

Kapustin relation [39℄. The resulting ross setions are given in table 2.2.

The error bars are those assoiated with the unertainty in the NLO pole

mass mc only.

H2 \ H1 J/ψ ψ(2S)

ηc 7.4+10.9

−4.1 6.19.5
3.4

ηc(2S) 7.6+11.8

−4.1 5.3+9.1

−2.9

Table 2.2: Cross setions in fb for e+e− annihilation into S-wave double-

harmonium states H1 + H2 inluding relativisti orretions. The errors are

only those from variations in the NLO pole mass mc = 1.4 ± 0.2 GeV.

The orretion fators indiate that the relativisti orretions to the ross

setions involving 2S states are too large to be alulated reliably using the

hosen method. Indeed these fators are (1.80)2, (1.64)2, (2.16)2, respetively

for J/ψ + ηc(2S), ψ(2S) + ηc, ψ(2S) + ηc(2S).
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2.2 Cross setion

Note that the method for alulating the relativisti orretion signi�-

antly inreases the sensitivity to the harm quark mass. The errors from

varying mc in table 2.1 are about 50% for the S-wave states, while the er-

rors in table 2.2 orrespond to inreasing or dereasing the ross setion by

about a fator of 3. The strong sensitivity to mc is another indiation that

this method for alulating the relativisti orretions is unreliable. So we

an therefore take the values in table 2.1 to be orret preditions for the

ross setions and use table 2.2 as an indiation of the possible size of the

relativisti orretions.

2.2.3 Cross setion for the prodution of pseudosalar

and vetor double heavy mesons

An other approah to alulate the ross setion for the double harmonium

prodution from e+e− annihilation is that proposed by Ebert and Martynenko

in [33℄. In their alulations, they take into aount the internal motion of

heavy quarks in both produed pseudosalar P and vetor V mesons. They

obtain the ross setions for the prodution of a pair of S-wave double heavy

mesons with opposite harge parity, in general, ontaining b and c quarks

from e+e− annihilation. This work was done for generi pseudosalar and

vetor heavy mesons. Then they have taken into aount all possible soures

of relativisti orretions inluding the transformation fators for the two

quark bound state wave funtion, and they have investigated the role of

relativisti and bound state e�ets in the total prodution ross setions

using preditions of the relativisti quark model for a number of parameters

entering in the obtained analytial expressions.

The total ross setion for the exlusive prodution of P and V doubly

heavy mesons in e+e− annihilation is then given by the following expression:

σ(s) =
32π3α2M2

0 |ΨV
0 |2 |ΨP

0 |2
2187MVMPs8k10(1 − k)10

[

k3Q1αs2T1 + (1 − k)3Q2αs1T2

]2 ×

×
{[

1 − (MV +MP)2

s2

] [

1 − (MV −MP)2

s2

]}3/2

. (2.11)

In this formula, if m1 and m2 are the quark masses, M0,MV ,MP are

the masses of vetor and pseudosalar mesons onsisting of heavy quarks,
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Double harmonium prodution

expressed respetively as:

M0 = m1 +m2,

MV = m1 +m2 +WV , (2.12)

MP = m1 +m2 +WP ,

where WV and WP are the binding energies between the two quarks, the

onstants αs1 = αs(4m
2
1), αs2 = αs(4m

2
2), Q1 and Q2 are the eletri harges

of heavy quarks, ΨV,P
0 are the wave funtion for the relative motion of heavy

quarks in the vetor and pseudosalar meson at the origin in the rest frame,

T1 and T2 are fators depending on quantities determining the numerial

values of relativisti e�ets onneted with the internal motion of the heavy

quarks in vetor and pseudosalar double heavy mesons2.

The results of this alulation of the ross setion, expressed in 2.11 and

presented in Fig. 2.3 in the ase of the double harmonium, evidently show

that only the relativisti analysis of the prodution proesses an give reliable

theoretial preditions for the omparison with the experimental data. It

follows from Fig. 2.3 that with the growth of the quantum number n the

nonrelativisti approximation doesn't work near the prodution threshold

beause the omitted terms in this ase have the same order of the magnitude

as the basi terms.

2.2.4 Light one formalism

Another systemati approah to the study of hard exlusive proesses is light

one formalism (LC). Within this approah the amplitude of hard exlusive

proess an be separated into two parts. The �rst part is partons prodution

at very small distanes, whih an be treated within perturbative QCD. The

seond part is the hadronization of the partons at larger distanes. This part

ontains information about nonperturbative dynamis of the strong intera-

tions. For hard exlusive proesses it an be parameterized by proess inde-

pendent distribution amplitudes (DA), whih an be onsidered as hadrons'

wave funtions at light-like separation between the partons in the hadron. It

should be noted that within LC one does not assume that the mesons are

nonrelativisti. This approah an equally well be applied to the prodution

of light and heavy mesons, if the DAs of the produed meson are known.

For this reason, one an hope that within this approah one an study the

prodution of exited harmonia states.

The �rst attempts to desribe the experimental results obtained at Belle

and BaBar ollaborations within LC were done in papers [30, 40℄. If the

2For the total espression of T1 and T2 see the referene [33℄.
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Figure 2.3: The ross setion in fb of e+e− annihilation into a pair of S-wave

double harm heavy mesons with opposite harge parity as a funtion of the

enter-of-mass energy s (solid line). The dashed line shows the nonrelativisti

result without bound state and relativisti orretions.
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enter-mass energy
√
s is very large, i.e.,

√
s ≫ mc , one an take c-quark

as a light quark. Then one an use light-one wave-funtions to desribe

nonperturbative e�ets of harmonia and a fatorized form of the prodution

amplitude in terms of these wave-funtions and a perturbative part an be

obtained. Suh an approah for exlusive proesses was proposed long time

ago [41℄.

In omparison with the approah based on NRQCD for the proess e+e−

→ J/ψ ηc, where the expansion parameter is the veloity, the approah with

light-one wave-funtion is with the expansion parameters Λ/
√
s, where Λ is

a soft sale and an be ΛQCD , mc and masses of harmonia.

In referenes [30, 31℄, the authors studied proesses of double harmonium

prodution from a e+e− annihilation with this approah.

Within the error of the alulation the results of this study are in agree-

ment with Belle and BABAR experiments. In addition,in order to answer

the question - why LC preditions are muh greater than the leading order

NRQCD preditions - numerial results of the alulation show that large dis-

agreement between LC and the leading NRQCD preditions an be attributed

to large ontribution of relativisti and radiative orretions. From these re-

sults one an draw the onlusion that in hard exlusive proesses relativisti

and radiative orretions play a very important role and the onsideration of

suh proesses at the leading NRQCD approximation is unreliable.

The results of that paper are in agreement with reent NRQCD study

of the proess e+e− → J/ψ ηc [42, 43℄ where the authors took into aount

relativisti and one loop radiative orretions. However, Braguta in [31℄

showed also that the results of [42, 43℄ are overestimated by a fator 1.5.

On the other hand, Ma and Si in [30℄, have studied the exlusive pro-

dution of e+e− → J/ψ ηc, in whih they have taken harm quarks as light

quarks and used light-one wave-funtions to parameterize nonperturbative

e�ets related to harmonia. In omparison with NRQCD fatorization, the

fatorization of their approah may be ahieved in a leaner way and the

perturbative oe�ients will not have orretions with large logarithms like

ln(
√
s/mc) from higher orders, while in the approah of NRQCD fatoriza-

tion, these large logarithms exist and all for resummation. The forms of

these light-one wave-funtions are known if the energy sale is lose to mc

or is very large. Unfortunately, these wave-funtions at the onsidered energy

sale, whih is not lose to mc and far from being very large, are unknown.

So, with a simple model of light-one wave-funtions, their are able to predit

the ross-setion whih is at the same order of that measured by Belle. But

this model may not represent ompletely the physis of harmonia.
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2.3 Disrepany between theory and experiment

State σBABAR× σBelle× σLC σNRQCD σ σ
H1H2 B(ηc →≥ 2 ch) B(ηc →≥ 2 ch) (fb) (fb) (fb) (fb)

(fb) [28℄ (fb) [27℄ [40℄ [29℄ [29℄ [33℄

Ψ(1S)ηc 17.6 ± 2.8+1.5
−2.1 25.6 ± 2.8 ± 3.4 26.7 3.78 7.4 7.8

Ψ(1S)ηc(2S) 16.4 ± 3.7+2.4
−3.0 16.5 ± 3.0 ± 2.4 26.6 1.57 7.6 7.0

Table 2.3: Comparison of theoretial preditions (light-one preditions [40℄,

Braaten-Lee alulations with and without relativisti orretions[29℄ and Ebert-

Martynenko preditions [33℄) with experimental data (BABAR[28℄ and Belle [27℄).

2.3 Disrepany between theory and experiment

As already mentioned above, the experimental results for the prodution of

J/ψ + ηc mesons measured at the Belle and BABAR experiments di�er from

theoretial alulations in the framework of NRQCD.

The experimental data on the prodution ross setions of a pair of S-

wave harm mesons are presented in table 2.3. The numerial value for the

ross setion of J/ψ + ηc prodution at
√
s = 10.6 GeV, obtained on the

basis of equation 2.11 amounts to the value 7.8 fb without the inlusion of

QED e�ets. In this ase relativisti and bound state orretions inrease

our nonrelativisti result by a fator 2.2 (see dashed lines in Fig. 2.3).

Aounting slightly di�erent values of several parameters used in the

Ebert-Martynenko model in the omparison with the Braaten-Lee model [29℄,

that is the mass of c quark, the binding energies WP,V , one an �nd a good

agreement between the two results for the prodution of the harmonium

states, if relativisti orretions are taken into aount (see the sixth olumn

of table 2.3).

Keeping in mind also the alulation of Zhang-Gao-Chao, whih inludes

additional perturbative orretions of order αs, one an observe the onver-

gene between the experimental data and theoretial results obtained on the

basis of approahes ombining nonrelativisti QCD and the relativisti quark

model3.

2.4 Previous results on e
+
e
− → J/ψ + X

The two main experimental results on this analysis ome from the BABAR [28℄

and Belle [16℄ experiments.

In Figs. 2.4 are shown the mass distribution of the system reoiling

against a reonstruted J/ψ in e+e− annihilations: BABAR made the analysis

3This model is not doumented here. For any detail see [32℄
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Figure 2.4: The distributions of the mass reoiling against the reonstruted

J/ψ in inlusive e+e− → J/ψX for Belle (a) and BABAR (b).
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2.5 Double cc prodution via γ∗γ∗

in the range 2.0 to 3.8 GeV/c2, while Belle's authors saw the distribution up

to 4.5 GeV/c2,

It's possible to note that Belle's analysts reported also an evidene of a

state around 3.943 Gev/c2, named X(3940), andidate to be the ηc (3S) state.
In the setion 2.4.1 we will presente a disussion about the interpretation of

this state.

Figure 2.5: Feynman diagram for the double harmonium prodution from

e+e− annihilation, with a reonstruted cc state.

2.4.1 X(3940) interpretation

The state X(3940) has been seen only by Belle experiment reoiling against

J/ψ . One of the aims of the analysis desribed in this thesis is also to on�rm

this state with BABAR data. The state has a Breit-Wigner mass of 3943 ±6±6

MeV and a width of less than 52 MeV at 90% C.L. [16℄. The X is seen to

deay to DD̄∗ and not to ωJ/ψ or DD̄.

It is natural to attempt a 2P cc assignment for this state sine the ex-

peted mass of the 23PJ multiplet is 3850-3980 MeV and the expeted widths

are 20-130 MeV [44℄. Indeed, if the DD̄∗ mode is dominant it suggests that

the X(3940) is the χc1. There is, however, a problem with this assignment.

Indeed if X(3940) is χ′
c1, one may expet a stronger signal of its ground state

χc1. But in the same reation, Belle ollaboration didn't observe χc1. This

has led to speulation that the X(3940) is the radially exited ηc (3S) . Un-
fortunately this interpretation also has its problems as the expeted mass of

the ηc (3S) is 4040-4060 MeV, approximately 100 MeV too high.

2.5 Double cc prodution via γ∗γ∗

The preditions and alulations until now were performed for �nal double

harmonium states with even harge-onjugation parity (C-parity), where

the e+e− pair deays in the �nal state via one virtual photon (JPC = 1−−).
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Figure 2.6: QED diagrams for the proess e+e− → γ∗γ∗ → cc1cc1.

But one an alulate the ross setions for e+e− annihilation into two

harmonium states that have the same C-parity, suh as J/ψ + J/ψ . These
proesses proeed, at leading order in the QCD oupling αs, through QED

diagrams that ontain two virtual photons (see Fig. 2.6). One might expet

these ross setions to be muh smaller than those for harmonia with oppo-

site C-parity beause they are suppressed by a fator of α2/α2
s. However, if

both harmonia have quantum numbers JPC = 1−−, then there is a ontribu-

tion to the ross setion in whih eah photon fragments into a harmonium

[37℄. The fragmentation ontribution is enhaned by powers of Ebeam/mc,

where Ebeam is the beam energy and mc is the harm-quark mass [37℄. This

enhanement an ompensate for the suppression fator that is assoiated

with the oupling onstants. In partiular, the predited ross setion for

J/ψ + J/ψ at the B fatories is larger than that for J/ψ + ηc.

Bodwin, Braaten and Lee in [38℄ have alulated the ross setions for

e+e− annihilation through two virtual photons into exlusive double har-

monium states. The ross setions result to be partiularly large if the two

harmonia are both 1−− states. In the absene of radiative and relativisti

orretions, the predited ross setion for the prodution of J/ψ + J/ψ at

the B fatories is larger than that for J/ψ + ηc by a fator of about 3.7.

The perturbative and relativisti orretions for these two proesses may be

rather di�erent and ould signi�antly hange the predition for the ratio

of the ross setions. Nevertheless, the inlusion of ontributions from pro-

esses involving two virtual photons in the theoretial predition for the ross
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2.5 Double cc prodution via γ∗γ∗

setion for J/ψ + ηc prodution is likely to derease the large disrepany

between that predition and the Belle measurement.

However, as was pointed out in [37, 38℄, the two-photon proess ontains

photon-fragmentation ontributions that are enhaned by fators (Ebeam/2mc)
4

from photon propagators and log[8(Ebeam/2mc)
4] from a would-be ollinear

divergene. As a result, the predited ross-setion

σ(e+e− → J/ψJ/ψ ) = 8.70 ± 2.94 fb is larger than the predited ross-

setion σ(e+e− → J/ψηc) = 2.31 ± 1.09 fb. Corretions of higher order in

αs and v are likely to redue the predition for the J/ψ J/ψ ross-setion by

about a fator of three. Anyway, as visible in Fig. 2.4, no signi�ant J/ψ
J/ψ signal was observed in the invariant mass distribution.
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Chapter 3

The BABAR experiment

The B fatory PEP-II, loated at the Stanford Linear Aelerator Center in

Menlo Park, CA, and the BABAR detetor, along with their performane for

the years relevant for this thesis, will be desribed in this hapter.

The primary goal of the BABAR experiment is the systemati study of

CP asymmetries in the deays of neutral B mesons. In addition to this,

a sensitive measurement of the CKM matrix elements an be made, and a

number of rare B meson deays may be measured, together enabling good

onstraints to be put on fundamental parameters of the Standard Model. A

range of other physis may also be studied at BABAR, inluding other B

physis, the physis of harm and tau leptons, and two-photon physis.

The ross setion of e+e− → cc̄ events is of the same order of magnitude

as the one of e+e− → bb̄ events. Therefore, high statistis harmed mesons

and baryons are expeted. In order to produed the hundreds of millions of

B mesons neessary to study CP-sensitive rare deays, the B mesons must be

produed at high luminosity in a relatively lean environment. To this end,

the SLAC B fatory studies eletron-positron ollisions at a enter-of-mass

(CM) energy of 10.58 GeV. This energy orresponds to the mass of the Υ (4S)
resonane, whih is a spin-1 bound state of a b quark and a b antiquark (a

member of the �bottomonium� family of mesons).

The Υ (4S) mass is just above the BB prodution threshold, and this res-

onane deays almost exlusively through the strong interation to approxi-

mately equal numbers of B0B0 and B+B− pairs, for whih the two branhing

frations are measured to be equal to high preision [45℄ The BABAR exper-

iment was designed and optimized to ahieve the goals spei�ed above. The

PEP-II B Fatory was designed to deliver the B mesons to the experiment.

Table 3.1 summarizes the ross setions for the various proesses aessi-

ble by olliding two e+e− beams at the energy orresponding to the mass of

the Υ (4S) in the enter of mass referene frame [46℄.
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3.1 The PEP-II asymmetri ollider

e+e− → Cross-setion (nb)

bb̄ 1.10

cc̄ 1.30

ss̄ 0.35

uū 1.39

dd̄ 0.35

τ+τ− 0.94

µ+µ− 1.16

e+e− ≈ 40

Table 3.1: Prodution ross-setions at
√
s = 10.58 GeV

3.1 The PEP-II asymmetri ollider

The PEP-II B fatory [47℄ is part of the aelerator omplex at SLAC, shown

in Fig. 3.1. The eletron beam is produed by the eletron gun near the

beginning of the two-mile long linear aelerator (the �LINAC�). The gun

onsists of a thermally heated athode �lament held under high voltage.

Large numbers of eletrons are �boiled o�� the athode, aelerated by the

eletri �eld, olleted into bunhes, and ejeted out of the gun into the

LINAC. The eletron bunhes are aelerated in the LINAC with synhro-

nized radio-frequeny (RF) eletromagneti pulses generated in RF avities

through whih the beam passes by a series of 50 Megawatt klystron tubes1.

The steering, bending, and fousing of the beam is arried out with magnets

throughout the aeleration yle.

After aeleration to an energy of approximately 1 GeV, the eletron

beam is direted to a damping ring, where the beam is stored for some time.

As it irulates in the ring, it loses energy through synhrotron radiation

and is ontinuously re-aelerated by RF avities. The radiation and areful

re-aeleration has the e�et of reduing the emittane, or spatial and mo-

mentum spread of the beam, a neessary step in high-luminosity ollisions.

The �damped" beam is then re-direted to the LINAC and aelerated to 8.9

GeV. Half of the generated eletron bunhes are used for the generation of

the positron beam. They are aelerated to approximately 30 GeV, extrated

from the LINAC, and direted onto a tungsten target, produing eletromag-

neti showers that ontain a large numbers of eletron-positron pairs. The

positrons are separated eletromagnetially from the eletrons, olleted into

1Klystrons generate the pulses with their lower energy eletron beams' passing through

resonanant avities
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The BABAR experiment

Figure 3.1: A shemati depition of the B fatory aelerator omplex at SLAC

bunhes, aelerated, and sent through the return line to the soure end of

the LINAC. The positron beam is then aelerated and shaped like the ele-

tron beam through the LINAC and its own damping ring, ulminating in an

energy of 3.1 GeV.

After reahing their respetive ollision energies, the eletron and positron

beams are extrated from the LINAC and direted to the PEP-II storage

rings, the High Energy Ring (HER) for eletrons and the Low Energy Ring

(LER) for the positrons, both housed in the same tunnel of 2.2 km irumfer-

ene. As they irulate, they are foused further by a omplex of magnets and

aelereted by RF avities to ompensate the synhrotron-radiation losses.

In the interation region IR-2 (one of the twelve suh regions), where the

BABAR detetor is loated, they are brought to a ollision after a �nal-fous

system squeeze the beams to the smallest possible emittane. During data

taking, eah ring ontains about 1600 irulating bunhes olliding every 5ns.

The ollisions are then analyzed by the BABAR detetor. About 10%

of the time the beams are ollided at an energy 40 MeV below the Υ (4S)
resonane for alibration of the bakgrounds, as no B mesons are produed

then sine this energy is below the BB threshold. As data is olleted,

the ollisions and other losses redue the urrents in the rings, neessitat-

ing re-injetion of eletron and positron bunhes. Initially in the life of the

B fatory from 1999-2002, data was taken for about an hour or two while
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Figure 3.2: Total integrated luminosity delivered by PEP-II and reorded by

the BABAR detetor.

the urrents diminished, and then additional urrent was injeted into the

rings for a few minutes. Data ould not be taken during the injetion due

to the large bakgrounds in the detetor and the resulting danger to instru-

mentation. Notie that the detetor would have to be put into a �safe� but

non-operational state during injetion, with, for instane, all high-voltage

omponents ramped down to a lower, safer potential. Starting in 2003 a new

sheme for injetion, alled trikle injetion [49℄, was developed, where new

bunhes are ontinuously injeted at a rate large enough to replenish beam

losses but low enough to not damage the detetor. This has allowed more

e�ient operation of the B-fatory with 30% more integrated luminosity for

a given highest instantaneous luminosity.

3.1.1 Luminosity

The luminosity L of the mahine depends on the areful tuning of several

parameters. This dependene is expressed as:

L =
nfN1N2

A
(3.1)

where n is the number of bunhes in a ring, f is the bunh rossing
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The BABAR experiment

frequeny, N1 and N2 are the number of partiles in eah bunh, and A is

their overlap setion.

The PEP-II ollider was designed for an instantaneous luminosity of

3×1033 m−2s−1, but has reahed values of 1.2×1034 m−2s−1 due to improve-

ments in the RF avities, beam-shaping avities, and magnet systems. The

inreased luminosity omes from larger beam urrents (up to 3 A in the LER

and 2 A in the HER) and a redued emittane. With these spei�ations

and trikle injetion , the mahine generated hundreds of pb−1 of integrated

luminosity daily during normal operations, and has integrated hundreds of

fb−1 throughout its operating lifetime. Fig. 3.2 shows the integrated lumi-

nosity provided by PEP-II ollider in the period Otober 1999 - April 2008,

along with the integrated luminosity reorded by the BABAR detetor, that is

432.89 fb−1 olleted at the Υ (4S) resonane, plus 53.85 fb−1 o�-peak, This

analysis uses both Υ (4S) data sample and the o�-resonane data sample.

In addition, in 2008 BABAR undertook a data taking at di�erent Υ exited

states energy, nominally 30.23 fb−1 at the Υ (3S) resonane and 14.45 fb−1

at the Υ (2S) resonane and an energy san between Υ (4S) and the Υ (6S)
mass, but these datasets are not onsidered in the present analysis.

3.1.2 Mahine bakground

Beam-generated bakground auses high single-ounting rates, data aquisi-

tion dead times, high urrents and radiation damage of both detetor om-

ponents and eletronis. This resulted in lower data quality and may have

limited the lifetime of the apparatus. For this reason the bakground gener-

ated by PEP-II was studied in detail and the interation region was arefully

designed. Furthermore, bakground rates were ontinuously monitored dur-

ing data aquisition to prevent ritial operation onditions for the detetor.

The primary soures of mahine-generated bakground are:

� synhrotron radiation in the proximity of the interation region.

A strong soure of bakground (many kW of power) is due to beam

de�etions in the interation region. This omponent is limited by

hanneling the radiation out of BABAR aeptane with a proper design

of the interation region and the beam orbits, and plaing absorbing

masks before the detetor omponents;

� interation between beam partiles and residual gas in either

ring. This an have two di�erent origins: beam gas bremsstrahlung

and Coulomb sattering. Both types of interation ause an esape

of beam partiles from their orbit. This bakground represents the
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3.2 Detetor overview

primary soure of radiation damage for the inner vertex detetor and

the prinipal bakground for the other detetor omponents;

� eletromagneti showers generated by beam-beam ollisions.

These showers are due to energy degraded e+e− produed by radiative

Bhabha sattering and hitting the beam pipe within a few meters of the

IP. This bakground is proportional to the luminosity of the mahine

and whereas it is under ontrol, it is expeted to inrease in ase of

higher operation values of luminosity.

3.2 Detetor overview

The BABAR detetor was designed and onstruted in suh a way to ful�ll

all the above requirements. A utaway piture of the detetor is shown in

Fig. 3.3. The main subsystems are:

1. the Silion Vertex Traker (SVT), whih provides preise position in-

formation on harged traks, and also is the sole traking devie for

very low-energy harged partiles;

2. the Drift Chamber (DCH), surrounding the vertex detetor, �lled with

a helium-based gas, in order to try to minimize multiple sattering.

In addition, it provides the main momentum measurement for harged

partiles and helps in partile identi�ation through energy loss mea-

surements;

3. the Detetor of Internally Re�eted Cherenkov light (DIRC), whih is

designed and optimized for harged hadron partile identi�ation;

4. the Eletromagneti Calorimeter (EMC), omposed by Cesium Iodide

rystals: it is designed to detet eletromagneti showers from pho-

tons and eletrons with exellent energy and angular resolution. The

alorimeter provides good eletron identi�ation down to about 0.5

GeV, and information for neutral hadron identi�ation;

5. a superonduting solenoid, surrounding the detetor and produing a

1.5 T axial magneti �eld;

6. the Instrumented Flux Return (IFR) whih provides muon and neutral

hadron identi�ation.

The next few setions will desribe the individual detetor omponents.
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Figure 3.3: Longitudinal (top) and front (bottom) view of the BABAR detetor.

All dimensions are given in millimeters.
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3.3 Traking System

3.3 Traking System

3.3.1 Silion Vertex Detetor

The SVT onsists of �ve layers of double-sided silion sensors segmented

in both the z and φ diretions (see Fig. 3.4), designed to measure au-

rately the positions and deay verties of B mesons and other partile. This

measurement is most aurate at small distanes from the interation, as

the trajetory of the partiles farther away is a�eted by multiple sattering

within the detetor. Thus, the �rst three layers are loated as lose to the

beam pipe as possible. The outer two layers are loser to the drift hamber to

failitate mathing SVT traks with DCH traks. They also provide pattern

reognition in trak reonstrution, and the only traking information for

harged partiles with transverse momenta below 120MeV/, as these may

not reah the drift hamber. The SVT overs 90% of the solid angle in the

CM frame, as visible in Fig. 3.5.

The silion sensors are 300 µm-thik-high-resistivity n-type silion wafers,

with n+ and p+ strips running orthogonally on opposite sides. As high-energy

partiles pass through the sensors they displae orbital eletrons, produing

onduting eletrons and positive holes that then migrate under the in�uene

of an applied depletion voltage. The resulting eletrial signal is read- o� from

the strips, ampli�ed, and disriminated with respet to a signal threshold by

front-end eletronis. The time over threshold of the signal is related to

the harge of the signal and is read out by the data aquisition system for

triggered events. The position resolution is in the 10 µm - 50 µm range,

depending on the orientation of the strip (φ or z) and the layer number.

The SVT is water-ooled and monitored for temperature, humidity, and

position variations. Loal and global position alignment is performed fre-

quently in the online reonstrution software. As the SVT has to withstand a

lifetime integrated radiation dose of 2 Mrad, the sensors have a high threshold

for radiation damage. Nevertheless, they are easily damaged by high instan-

taneous or integrated doses, and an extensive system of radiation monitoring

with PIN and diamond diodes an abort the beams if dangerous bakground

levels develop. Up to 2007 the monitoring systems have prevented any sig-

ni�ant damage from ourring and the SVT has performed extremely well,

with an average trak reonstrution e�ieny of 97%, as shown in Fig. 3.6.

3.3.2 Drift Chamber

The Drift Chamber (DCH), a gaseous wire detetor, is the main traking de-

vie of the BABAR. It is used for the measurement of the momenta of harged
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Figure 3.4: Transverse ross setion of the SVT.

Figure 3.5: Side view of the SVT.

Figure 3.6: SVT reonstrution e�ieny in the φ view (left) and the z view

(right) as measured in e+e− → µ+µ−.
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partiles, and it is the only traker for the subset of long-lived partiles suh

as K0, that deay outside of the SVT. In addition, the DCH provides partile-

identi�ation apability by measuring trak ionization losses as a funtion of

position (dE/dx), partiularly for traks with momenta less than 700 MeV/.

The inner wall of the drift hamber is plaed lose to the SVT outer wall to

failitate trak-mathing between the two devies.

The spei� requirements for the drift hamber, whih operates in a 1.5T

magneti �eld, are to provide a spatial resolution better then 140 µm av-

eraged over the ell and to supply identi�ation for low momentum traks

through dE/dx with a resolution of 7% (40 measurements). In addition the

drift hamber provides one of the prinipal triggers for the experiment. These

requirements are met through the use of a small-ell design, low density gas

and light materials. The hoie of the gas mixture (mixture of 80% helium

and 20% isobutane) is motivated by onsiderations of aging and avalanhe

size as well as minimizing multiple sattering in the hamber, whih is a-

omplished by hoosing helium as the primary gas omponent and aluminum

as the lightweight material for the multiple �eld wires. A shemati side view

of the BABAR drift hamber is shown in Fig. 3.7.

The BABAR drift hamber is a 280 m long ylinder, with an inner radius

of 23.6 m and an outer radius of 81 m. Sine the BABAR events will be

boosted in the forward diretion, the design of the detetor is optimized to

redue the material in the forward end. The forward end-plate is therefore

made thinner in the aeptane region of the detetor (12 mm thik) om-

pared to the rear end-plate (24 mm thik), and all the eletronis is mounted

on the rear end-plate.

The ells are arranged in 10 super-layers of 4 layers eah, for a total of 40

IP
1618

469
236

324 681015 1749

551 973

17.19ÿ20235

Figure 3.7: Side view of the BaBar drift hamber. The dimensions are expressed

in mm.
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(a) (b)

Figure 3.8: (a) Cell layout in the BaBar Drift Chamber; (b) 50 ns isohrones

in a typial BaBar drift hamber ell.

layers. Axial (A) and stereo (U, V) super-layers are alternated following the

pattern AUVAUVAUVA as shown in Fig. 3.8. The stereo angle varies from

a minimum of 40 mrad in the innermost stereo super-layer, to a maximum

of 70 mrad in the outermost stereo super-layer.

The �eld wires are grounded, while the sense wire is held at high volt-

age, typially around 1900 V. The spae around the wires is �lled with the

gas mixture. High-energy partiles ionize the gas as they traverse it, and

the liberated eletrons are then aelerated toward the sense wires, ionizing

additional eletrons, whih are in turn aelerated themselves and result in

the formation of a gas avalanhe of eletri harge. The avalanhe ollets

on the sense wire with drift times of 10-500 ns and the harge and timing

information of the signal is read-o� through eletroni iruits AC-oupled to

the wire. The gain relative to the harge of the primary ionization is about

5 × 104. The grounded �eld wires produe a uniform eletri �eld in the ell

with evenly distributed isohrones, or ontours of equal drift time.

The 7104 ells are hexagonal with typial dimension 1.2 × 1.8 m2. Fig.

3.8 shows the 50 ns isohrones in a typial ell in a 1.5 T magneti �eld.

The DCH has demonstrated exellent performane throughout the life of

BABAR with trak-reonstrution e�ienies at the 95% level. This inludes

the e�et of disonneting a fration of the wires in superlayers 5 and 6 that

were damaged during the ommissioning phase. The dE/dx response, with

a resolution of about 7%, is shown in Fig. 3.9, and a new alibration in 2006

has improved the PID potential of this apability for high-energy traks. The
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3.4 Cherenkov detetor

ahieved resolution on transverse momentum is σpt
/pt = (0.13 ± 0.01)%ṗt +

(0 : 45 ± 0 : 03)%, where pt is given in units of GeV/.
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Figure 3.9: DCH dE/dx as a funtion of trak momentum.

3.4 Cherenkov detetor

Sine the inner drift hamber traker an provide su�ient π−K separation

up to only about 700 MeV/, the dediated Partile Identi�ation (PID)

system must perform well over a range from about 0.7 to 4.2 GeV/, where

the hallenging upper end of this range must be ahieved in the forward

region of BABAR. BABAR has therefore a dediated PID subdetetor: the

DIRC (Detetor of Internally Re�etion Cherenkov light) [50℄.

The phenomenon of the Cherenkov light emission is widely used in partile

detetors tehnology. A harged partile traversing a medium with a veloity

of β greater than the speed of light in that medium - that is β > 1/n, where n
is the medium refration index - emits diretional eletromagneti radiation,

alled Cherenkov light. The angle of emission θC of the photons with respet

to the trak diretion is alled Cherenkov angle and is determined by the

veloity of the partile with the relation

cosθC =
1

nβ
(3.2)

where β = v
c
is the partile veloity, and c the light veloity.
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Thus, the measurement of θC determines β and, given the momentum of

the partile, already measured in the DCH, the mass of the partile an be

obtained. In fat, the DIRC is plaed between the harged partile traking

detetors (Drift Chamber) and the eletromagneti alorimeter. In order to

minimize the worsening of the energy resolution and volume, and hene ost,

of the eletromagneti alorimeter, the DIRC has been designed to be thin

and uniform in terms of radiation lengths. Moreover, for operation at high

luminosity, it needs fast signal response, and should be able to tolerate high

bakground.

In Fig. 3.10 a shemati view of DIRC geometry and basi priniples of

Cheerenkov light prodution, transport and image reonstrution.

The DIRC inverts the traditional onept of ring-imaging Cherenkov

ounters (RICH) in that it relies on the detetion of Cherenkov photons

trapped in the radiator due to total internal re�etion. The DIRC radia-

tor onsists of 144 long, straight bars of syntheti quartz with retangular

setion, arranged in a 12-sided polygonal barrel. The bars have transverse

dimensions of 1.7 m thikness by 3.5 m width, and are 4.9 m long (see

Fig. 3.11). The DIRC radiator extends through the steel of the solenoid

�ux return in the bakward diretion, to bring the Cherenkov light, through

suessive total internal re�etions, outside the traking and magneti vol-

umes. Only this end of the bars is instrumented. A mirror plaed at the

other end on eah bar re�ets forward-going photons to the instrumented

end. The Cherenkov angle at whih a photon was produed is preserved in

the propagation, modulo a ertain number of disrete ambiguities, some of

whih an be resolved by the photon arrival-time measurement. Remaining

ambiguities are dealt with by the pattern reognition during Cherenkov angle
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Figure 3.10: Shema of the DIRC working priniple.
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Figure 3.11: Elevation view of the nominal DIRC system geometry. All dimen-

sions are given in millimeters.

reonstrution.

The radiator material used for the bars is syntheti fused silia (n =

1.474): the bars serve both as radiators and as light pipes for the portion

of the light trapped in the radiator by total internal re�etion. Syntheti

silia has been hosen beause of its resistane to ionizing radiation, its long

attenuation length, its large index of refration, its low hromati dispersion

within its wavelength aeptane.

At the instrumented end, the Cherenkov image is allowed to expand. The

expansion medium is puri�ed water, whose refrative index mathes reason-

ably well that of the bars, thus minimizing the total internal re�etion at the

quartz-water interfae. The region ontaining water is alled the Stand-o�

Box. Cherenkov photons are deteted in the visible and near-UV range by a

lose-paked array of linear foused 2.82 m diameter photomultiplier tubes

(PMTs), lying on an approximately toroidal surfae. A small piee of quartz

with a trapezoidal pro�le glued at the bak end of eah bar allows for sig-

ni�ant redution in the area requiring instrumentation beause it folds one

half of the image onto the other half, while also re�eting photons with large

angles in the radial diretion bak into the detetion array. The dimensions

of the Stand-o� Box are suh that geometrial errors on angle measurements

due to the �nite size of bars and PMTs are of the order of the irreduible

error due to quartz ahromatiity. Six m3 of water are needed to �ll the

Stand-o� Box, and about 11000 PMTs to over the detetion area. The
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Figure 3.12: (a) Cherenkov angle and (b) K - π disrimination power as a

funtion of the momentum for single traks. Disrimination quoted is omputed

performing the mean over all the polar angles.

PMTs are operated diretly in water, and are equipped with light onen-

trators. The PMTs are about 1.2 m away from the end of the quartz bar.

Magneti shielding around the Stand-o� Box is further needed to maintain

the magneti fringe �eld at an aeptable level for PMT operation.

The DIRC is intrinsially a three-dimensional imaging devie, giving the

position and arrival time of the PMT signals. The three-dimensional vetor

pointing from the enter of the bar end to the enter of the PMT is omputed,

and then is extrapolated (using Snell's law) into the radiator bar in order to

extrat, given the diretion of the harged partile, the Cherenkov angle.

Timing information is used to suppress bakground hits and to orretly

identify the trak emitting the photons.

The disrimination between π and K due to the separation between the

orresponding Cherenkov angles is greater then 3 standard deviations at

about 3 GeV, as shown in Fig. 3.12, and higher for lower momenta. Due

to the fat that the photons inside the quartz are totally re�eted, the as-

soiation between phototube hits and single trak an have more than one

solution. These possible ambiguities are solved by measuring the time dif-

ferene between the hits in phototubes and the expeted arrival time of eah

trak with a preision of 1.7 ns, whih allows to estimate the propagation

time for a given Cherenkov angle, and therefore to redue the bakground

from unorrelated photons.
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3.5 Eletromagneti alorimeter

The eletromagneti alorimeter (EMC) [51℄ is designed to measure eletro-

magneti showers with exellent e�ieny, energy and angular resolution over

the energy range from 20 MeV to 9 GeV.

Figure 3.13:

Shemati view of

the CsI(Tl) rystal

with the front-end

readout pakage

mounted on the rear

fae.

This funtionality is neessary to reon-

strut π0 and η0 mesons that deay to two pho-

tons, as well as for identi�ation of high-energy

photons from rare radiative B deays. The

eletron ID is neessary for J/ψ reonstrution,

for tagging the �avor of the non-signal B in the

event through semileptoni deays, as well as

for reonstrution of semileptoni and rare B

deays. The detetor must be hermeti and op-

erate within the 1.5 Tesla magneti �eld. The

amount of material in front of the EMC has

been kept to a minimum in the design of the

BABAR detetor in order to allow for the dete-

tion of photons and eletrons down to energies

of 20 MeV.

The EMC is omposed of 6580 Thallium-

doped Cesium iodide (CsI(Tl)) sintillating

rystals (Fig. 3.13), separated into a ylindri-

al barrel of 48 rings and a forward endap of

eight rings (Fig. 3.14). The EMC overs 90%

of the CM aeptane and does not ontain a

bakward endap as the CM aeptane is low

at bakward polar angles. CsI(Tl) was hosen

for its high light yield of 50,000 γ/MeV, allow-

ing for exellent energy resolution, and its small Molière radius of 3.8 m2,

whih allows for exellent angular resolution. The transverse segmentation is

at the sale of the Molière radius in order to optimize the angular resolution

while limiting the number of rystals and readout hannels.

The rystals serve as radiators for the traversing eletrons and photons,

with a short radiation length of 1.85 m. The rystals sintillate under the

in�uene of the showers, and the light is then passed through total internal

re�etion to the outer fae of the rystal, where it is read out by silion PIN

diodes. As these diodes are well suited for operation in the high magneti

2The Molière radius is the intrinsi limit of the position resolution of eletromagneti

showers in a rystal.
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Figure 3.14: Side view showing dimensions (in mm) of the alorimeter barrel

and forward endap.

�elds in the EMC, part of the motivation for the rystal hoie was that the

frequeny spetrum of CsI(Tl) is deteted by silion PIN sensors with the

high quantum e�ieny of 85%. The EMC is ooled by water and Fluo-

rinert oolant and monitored for hanges in the environmental and radiation

onditions and for hanges in the light response of individual rystals.

The energy response of the EMC is alibrated using low-energy pho-

tons from a radioative soure and high-energy photons from radiative e+e−

Bhabha events. As eletromagneti showers spread throughout several rys-

tals, a reonstrution algorithm is used to assoiate ativated rystals into

lusters and either to identify them as photon andidates or to math individ-

ual maxima of deposited energy to extrapolated traks from the DCH-SVT

traker. Additional PID is obtained from the spatial shape of the shower.

The designed energy resolution for EMC is given by:

σ(E)

E(GeV )
=

σ1

(E(GeV ))1/4
+ σ2 (3.3)

where the expeted σ1 ∼ 1% and σ2 ∼ 1.2% result to be higher when

�tting the results from di�erent methods of alibration, in fat they result

to be: σ1 = (2.32± 0.03)% and σ2 = (1.85± 0.07)%. These di�erenes ome

from ross-talk e�ets on the eletroni readout. As it is possible to see from

the Fig. 3.15(a), the energy resolution ranges between 2% and 6%. The

designed angular resolution is:
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σθ,φ
E(GeV )

=
σ1

√

E(GeV )
+ σ2 (3.4)

ranging between 3 and 10 mrad (Fig. 3.15(b)).
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Figure 3.15: (a) Energy resolution versus energy photon for di�erent alibra-

tions. (b) Angular resolution versus energy photon.
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Figure 3.16: Drawing of the IFR barrel and endaps

3.6 Instrumented �ux return

The IFR is the primary muon detetor at BABAR and is also used for the

identi�ation of long-lived neutral hadrons (primarily K0
L's). The IFR is

divided into a hexagonal barrel, whih overs 50% of the solid-angle in the CM

frame, and two endaps (Fig. 3.16). Originally, it onsisted of layers of steel

of varying thikness interspersed with Resistive Plate Chambers (RPCs),

19 layers in the barrel and 18 in eah endap. The steel serves as a �ux

return for the soledail magnet as well as an hadron absorber, limiting pion

ontamination in muon ID. RPC's were hosen as they were believed to be

a reliable, inexpensive option to over the 2000 m2 of instrumented area in

this outermost region of BABAR with the desired aeptane, e�ieny, and

bakground rejetion for muons down to momenta of 1 GeV/.

The RPC's detet high-energy partiles through gas-avalanhe formation

in a high eletri �eld. The hambers onsist of 2mm-thin bakelite sheet

kept 2 mm apart by an array of spaers loated every 10 m (Fig 3.17). The

spae in between is �lled with a non-�ammable gas mixture of 56.7% argon,

38.8% freon 134a, and 4.5% isobutane, while the sheets are held at a potential

of 8000 V. The inside surfae of the bakelite is smoothed with a linseed-oil

oating so that the eletri �eld is uniform, thus preventing disharges in the

gas and large dark urrents. The RPC's operate in streamer mode, wherein

the avalanhe grows into a streamer, a mild, ontrolled form of eletrial

disharge in the gas. The streamer hange is read out in both the φ and

z diretions by aluminum strips loated outside and apaitively oupled to

the hamber. The streamer is kept from produing eletrial breakdown

of the gas by the quenhing ation of the freon and isobutane moleules.

Isobutane has large moleules with rotational degrees of freedom that an
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absorb eletrial energy.

In streamer mode, the gas gain is at the 108 level. The fator of 10-1000 in-

rease in gain over avalanhe mode greatly simpli�es the readout eletronis.

Moreover, the harge of the streamer is independent of the primary-ionization

harge, resulting in an e�etively digital signal with high e�ieny . Initially,

the RPCs performed at over 90% e�ieny as expeted geometrially from

inative spae in the detetor, resulting in a muon detetion e�ieny of

90% for a pion misidenti�ation rate of 6-8% in the momentum range of

1.5 < p < 3.0 GeV/.

Shortly after the start of data-taking with BABAR in 1999, the perfor-

mane of the RPCs started to deteriorate rapidly. Numerous hambers began

drawing dark urrents and develop large areas of low e�ieny. The overall

e�ieny of the RPC's started to drop and the number of non-funtional

hambers (with e�ieny less than 10%) rose dramatially (Fig. 3.18), dete-

riorating muon ID. The problem was traed to insu�ient uring on R&D of

the linseed-oil-oating and to the high temperature at whih the RPC's were

operated initially. Unured oil droplets would form olumns under the ation

of the strong eletri �eld and the high temperature (up to 37 ◦C), bridging

the bakelite gap and resulting in large urrents and dead spae (Fig. 3.19)

Various remediation measures were attempted, inluding �owing oxygen

through the hambers to ure the oil and introduing water ooling on IFR,

but they did not solve the problem. Extrapolating the e�ieny trend showed

a lear path towards muon ID apability at BABAR within a ouple of years

Figure 3.17: Front setion of BABAR RPC
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Figure 3.18: Deterioration with time of the average RPC e�ieny (red). The

green dots show the fration of RPC's with e�ieny lower than 10 %, and the

blue dots show the fration of RPC's with e�ieny greater than 10%.

of operations, so an upgrade of the IFR detetor was deemed neessary by

the ollaboration.

Figure 3.19: Photographs of defets on the linseed oil oating of a malfuntion-

ing RPC.

The forward endap was retro�tted with new improved RPCs in 2002.

The new hambers were sreened muh more stringently with QC test and

had a muh thinner linseed-oil oating that was properly ured and tested.

They have performed well sine then. The bakward endap wasn't retro�tted,

as its aeptane in the CM frame is small. In the barrel, the ollaboration

deided to upgrade the detetor with Limited Streamer Tube (LST) tehnol-

ogy. The RPCs were removed and replaed by 12 layers of LSTs and 6 layers

of brass to improve hadron absorption. Notie that the last layer of RPCs
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is inaessible, so the old hamber there were disonneted from all utilities

but kept in plae. As the author was involved in this upgrade and as the

projet was a laborious and areful but time-sensitive projet undertaken at

a mature age of the experiment, it will be desribed in more detail than the

other omponents of the detetor. The LST onsist of a PVC omb of eight

15 mm by 17 mm ells about 3.5 m in length, enase in a PVC sleeve, with a

100 µm gold-plated beryllium-opper wire running down the enter of eah

ell (Fig. 3.20). The ells in the omb are overed with graphite, whih

is grounded, while the wires are held at 5500 V and held in plae by wire

holders loated every 50 m.

Figure 3.20: The mehanial struture of a BABAR LST.

The gas mixture onsist of 3.5 % argon, 8% isobutane, and 88.5 % arbon

dioxide. Like the RPCs and as their name implies, the LSTs are operated in

streamer mode. The signal is read o� diretly from the wires through AC-

oupled eletronis (granularity of two wires per hannel in the φ diretion)

and from strips running perpendiular to the tubes and apaitively oupled

to the wires (35mm pith in the z diretion).

Experiene with the RPCs undersored the ruial role of R&D and QC at

every level of development of the new tehnology. Thus, during R&D a strin-

gent QC methodology was developed after the �nal design of the tubes was

hosen. During onstrution, the mehanial quality of the graphite surfae

was inspeted and the resistivity tested. The hambers were strung with

wires tested for thikness and tested for gas leaks after sealing. The tubes

were then onditioned under progressively higher applied voltage to burn o�

any dirt aumulated during onstrution. Only tubes that ould hold the

operational voltage without drawing exessive urrents were aepted. One

of the ruial performane harateristis was the "singles' rate", or ounting-

rate, plateau. As the streamer signals are e�etively digital, given a onstant

inident �ux of partiles, the hamber should show a ounting-rate plateau
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over a range of applied voltage where the harge of every streamer is above

the read-out threshold (Fig. 3.21).

The plateau provides operational tolerane of the applied HV, allowing

operations of the LSTs at the middle of the plateau to safeguard against �u-

tuations in e�ieny due to hanges in the gas gain from pressure or voltage

�utuations. Defets in the surfae of the graphite or dirt aumulated on

the wire an result in large disharges in the tube that raise the singles' rate

and spoil the plateau, as visible in Fig. 3.21. In addition, a short plateau is

an indiation of poor aging behavior. Thus, the quality of the plateau is a

powerful QC test. 3

Figure 3.21: A singles' rate plateau seen versus applied voltage for several LST

hannels (right). Defets in the hamber an spoil the plateau (left)

Another powerful QC proedure is sanning the tube with a loalized,

foused radioative soure, subjeting small regions of the tube to intense

radiation rates. Although the inident �ux is then muh higher than what

the tube would experiene in the experiment, the stress reveal weak points

in the tube, where the soure initiates a self-substaining disharge of high

urrent that ontinues even when the soure is removed while the high volt-

age is applied (Fig 3.22) 4. Only tubes that do not exhibit this behavior are

aepted for installation.

The LSTs were onstruted at Pol.Hi.Teh., an Italian ompany that was

loated in Carsoli, outside of Rome. The onstrution and QC proedures

outlined above were onduted under the supervision of BABAR personnel.

After all QC tests, the tubes were held under high voltage for a month to

verify that no premature aging behavior ourred. Thereafter, they were

3The plateau eventually fails at 5900V or higher due to multiple streamers formed

from eletrons photoeletrially ejeted from the graphite by UV photons radiated by the

original streamer. At high voltages, enough UV photons are produed to overwhelm any

signal dead-time imposed by the eletronis, thus raising the singles' rate.
4This happens when a ondutive hannel is formed in the gas around a mehanial

defet.
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Figure 3.22: Plots of the urrent drawn by an LST versus position of the

soure as it san along the length of the hamber. Channel without any problem

(top). Channel with a spike (enter). Channel with a self-substaining disharge

(bottom).

assembled into modules of two to three tubes at Prineton University and

at Ohio State University and then shipped to SLAC for installation, whih

ourred in two stages: two sextants of hexagonal barrel in the Summer 2004

and the remaining in the Fall of 2006 5. QC proedures were performed at

every step to make sure that only the best tubes were installed in the dete-

tor.

The projet involved the manufature of 1500 LSTs inluding ontingeny,

with more than 1200 installed in the detetor. It also neessitated the design

and fabriation of ustom read-out eletronis, HV power supplies and gas

system. The projet was ompleted suessfully, safely, and ahead of shed-

ule. After installation, the tubes have been performed extremely well sine

2005 in two sextants and sine the beginning of 2007 in all sextants, with

failures rates below 0.5% for both the tubes and z-strip. The e�ienies of

all layers are at the geometrially expeted level of 90%. Regular testing of

singles' rates with osmi rays has veri�ed ontinuing exellent behavior with

long singles'-rate plateau.

Fig. 3.23 shows muon traks in the LST part of the IFR.

5The delay of the seond phase was due to an eletrial aident at SLAC in the Fall

of 2004 that shut down the lab for a half of a year.
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Figure 3.23: Cosmi -ray muon φ view (left) and z view (right)
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3.7 Trigger, Data Aquisition and Reonstru-

tion

Data relevant for B physis is seleted for storage from the �ow of ollision

information olleted by the detetor by a two-level trigger system. The

Level 1 (L1) trigger is hardware-based, onsisting of several dediated miro-

proessor systems that analyze data from the front-end eletronis (FEEs)

of the DCH, EMC, and IFR to form primitive physis objet used to make

the trigger deision. These inlude traks of minimum transverse momentum

that penetrate to a partiular depth into the DCH and energy lusters in the

EMC above the thresholds. The seletion are optimized to maintain nearly

BB e�ieny while removing most of the beam-indued bakgrounds in the

proess of reduing the data olletion rate from about 20kHz to a few kHz,

whih an be proessed by the next trigger level. Some �presaled� events

of random bem-beam rossing and speial events types are also olleted for

e�ieny, diagnosti, and bakground studies. The trigger deision is made

and ommuniated within the 12.8 µs bu�er limit of the FEEs. The L1

trigger has greater than 99.5% e�ieny for BB proesses.

After an L1 aept deision, the L1 output is passed on to the Level

3 (L3) trigger, whih onsists of software-based algorithms run on a farm

of ommerial PCs.6 The L3 trigger also has aess to the omplete event

data and re�nes the L1 deision with more sophistiated seletions, suh

as requirements on a trak's distane of losest approah to the interation

point or the total invariant mass of an event. It maintains the BB seletion

e�ieny at more than 99% while reduing the data rate to about 200Hz.

Eah event orresponds to about 30kB of detetor information.

An event that results in an L3 aept deision is proessed by the data-

aquisition eletronis and event-building software. In this proess, harged

traks are reonstruted from DCH and SVT information and extrapolated

to the outer part of the detetor inorporating knowledge of the distribution

of material in the detetor and magneti �eld. The momenta of traks is

measured from the sagitta in the urves of the traks 7. PID is re�ned

with DIRC, EMC, and IFR information as well as with attempts to math

6The numbering sheme is historial and based on trigger systems with two-hardaware

based levels and a third, software-base level, as ommonly implemented in hadron olliders.

BABAR requires only one hardware-based level, but the �rst software-based level maintains

the tertiary designation.
7Charged partiles are de�eted by the magneti �eld of the solenoidal and propagate

in helies around the magneti �eld lines with the radius of urvature R ∼ p/B, where p
is the momentum of the partile and B is the magneti �eld. The orientation of bending

depends on the harge of the partile
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objets in those sub-detetors with traks in the DCH. Fundamental physial

objets reonstruted in the detetors are also used to assemble andidates

for omposite partiles, suh as π0's from two photon andidates and K0
S's

from two harged traks andidates (from the K0
S → π+π− proess.) List of

partile andidates as well as the original digitized data is stored on tape in

olletions that are retrieved later for high-level analysis by individual groups

of users.

Throughout event reonstrution various alibration suh as alignment

onstants and energy-sale adjustments in the EMC are applied to detetor

information to re�ne reonstrution performane. Calibration information

were updated frequently during data taking to keep it onsistent with run-

ning onditions. Data-quality sripts monitor detetor behavior and various

physis proesses to verify that the olleted data was not ompromised by

deviations from expeted behavior of the detetor or aelerator. A parallel

system based on the EPICS slow-ontrol environment was used to monitor

and ontrol the detetor elements for all subsystems. Detetor, aelerator,

and environmental onditions were reorded in another ambient database.

The entire data-taking proess was supervised at all times by at least two

BABAR shifters on the detetor side and several aelerator operators on

the PEP-II side.
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Chapter 4

Analysis

4.1 Analysis strategy

In the searh for e+e− → cccc events, a J/ψ is fully reonstruted. For

the quantum numbers available one an reonstrut also a ψ(2S), but this

hannel is not studied here. The harmonium formed by the other cc pair in
the event is indiretly deteted by way of the reoil mass against the fully

reonstruted J/ψ . Expliitly, the reoil mass, Mrec, is determined via

Mrec =
√

(
√
s− E∗

ψ)2 − p∗2ψ (4.1)

where
√
s is the Center of Mass (CM) energy of the e+e−, and E∗

ψ and

p∗ψ are the energy and momentum of the J/ψ or ψ(2S) in the CM system,

respetively.

In order to improve the resolution of the reoil mass, a kinemati �t with

a 'geometri' onstraint and a mass onstraint to the mass of J/ψ is applied.

After performing the seletion and obtaining the Mrec distribution, en-

hanements in this distribution are studied in this analysis.

The analysis is performed blind, that is by determining the event seletion

without looking at the data in the interested window (2.5−4.0 GeV/c2 in the

reoil mass).

4.2 Data samples and preseletion

4.2.1 Data proessing in BABAR

The quality of data olleted by the BABAR detetor is heked online by

the shifter on duty who disards the samples a�eted by sub-detetors bad

performane or unaeptably high bakgrounds.
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The raw data undergo then the prompt alibration and event reonstru-

tion stages. At the beginning all alibration parameters and alignments,

whih an vary over the time, are updated; this phase is done by SLAC's

omputing resoures within a few hours from the data taking. In the latter,

harged traks and neutral partiles are reonstruted from the single hits

and energy deposits in eah subdetetor: this is performed at the dediated

proessing farm in Padova (Italy), within the following 48 hours.

After the �nal validation, the data are subdivided into smaller samples

(skims) whih satisfy the needs of the main branhes of physial analysis and

are distributed over the omputing failities dediated to data analysis.

4.2.2 Data and Montearlo samples

Data samples

This urrent analysis is based on an amount of 467.8 fb−1 BABAR data, ol-

leted from February 2000 to August 2007, during the data-taking periods

Run1-Run6. This sample inludes about 423.7fb−1 taken at the Y(4S) reso-

nane (on-peak) and 44.1fb−1 taken o�-peak, at 40 MeV below.

The data used in this analysis ome from a skim, named JpsitollT ight,
where the events ontains a J/ψ , reonstruted by its deay in e+e− or µ+µ−,

with the following remarks.

In the ase of J/ψ → e
+
e
−, the requests are:

- the two eletrons are seleted by a PID seletor, named eLHBremLH in

the BABAR PID framework, whih is a merged list ontaining ombina-

tion of a Bremsstrahlung-reovered eletron and an other eletron that

did not undergo Bremsstrahlung. The algorithm heks to make sure

that andidates are ounted only one. The bremsstrahlung-reovered

eletron is moreover an eletron e → eγ(γγ), seleted during the ordi-

nary PID seletion, assoiated to a photon of an energy 0.030 to 10.58

GeV, a lateral energy distribution 0.0001 to 0.8 GeV, and a Zernike

moment higher than 0.25. In addition eletron and γ('s) point in the

same diretion, based on polar and azimuthal angles uts;

- the invariant mass reonstruted by the eletron must be 2.5 GeV <

m(e+e−) < 3.3 GeV.

Instead for the andidates J/ψ → µ+µ−, it's requested that:

- the two muons ome from the PID list muNNVeryLoose, whih is based

on the use of the Neural Network (NN) tehnique;

70



Analysis

On-Peak data O�-Peak data

Data set L ( fb−1) Number of Events L ( fb−1) Number of Events

Run1 20.0 2563924 2.6 317464

Run2 61.1 7420029 6.9 800599

Run3 32.3 4038450 2.5 298291

Run4 100.3 14611850 10.2 1372083

Run5 133.3 18874250 14.6 1900141

Run6 76.7 10485685 7.3 925277

Total 423.7 57994188 44.1 5613855

Table 4.1: On-peak and o�-peak data olletions used in the analysis: in total

467.8 fb−1.

- the invariant mass is in the range 2.8 GeV < m(µ+µ−) < 3.3 GeV.

Details on data samples are summarized in table 4.1

Reonstrution of the J/ψ

During the n-tuples prodution phase, further requests have been done for the

reonstrution of the J/ψ . A geometric �tter �ts both position and momen-

tum information, whereas a kinematic �tter extrats only momenta: in par-

tiular, in this analysis the so-alled Cascade geometri �tter has been used,

whih implements a χ2-minimization proess to perform vertex-position and

momentum �ts: it is leaf-by-leaf �tter that uses Newton-Raphson method

[52℄.

Montearlo samples

This analysis has been set up using Montearlo samples of the signal e+e− →
J/ψcc, where e+e− → J/ψηc, J/ψχc0, J/ψηc(2S) and J/ψ X(3940) hannels

are de�ned. For the �rst three modes, 35k events are generated, while for

the last 175k events, due to tehnial reasons of Montearlo prodution. In

table 4.2, the number of events fro eah hannel is summarized.

Also in the Montearlo generation, the J/ψ deays into either e+e− or

µ+µ−.

4.2.3 Bakground

As the aim of this analysis onsists to study the spetrum reoiling against

a reonstruted J/ψ , the Montearlo is omposed mainly by not good J/ψ .
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Deay Number of Events

e+e− → J/ψηc 35000

e+e− → J/ψχc1 35000

e+e− → J/ψηc(2S) 35000

e+e− → J/ψX(3940) 175000

e+e− → J/ψcc 280000

Table 4.2: Summary of Montearlo hannels used in this analysis, and the

orresponding number of events generated.

In partiular, to study the bakground in the reoil system, sidebands in

the J/ψ mass distribution have been taken, i.e. data events whih are in the

following ranges:

- for muons |m(µ+µ−) − 3.097 GeV/c2| > 0.060 GeV/c2;

- for eletrons (m(e+e−) − 3.097 GeV/c2) > 0.060 GeV/c2 and

(m(e+e−) − 3.097 GeV/c2) < −0.080 GeV/c2.

The hoie of these sidebands is due to the asymmetri distribution of

the mass of the J/ψ in the signal MC (see �gure 4.1). In spite of the

Bremsstrahlung e�et reovery required for one of the two eletrons, notie

that the distribution of the J/ψ mass in the eletroni ase has a !!!!oda!!!!!

for low values, due atually to this e�et.

4.3 Seletion strategy

The general proedure of seletion is omposed by two main steps: prese-

letion and seletion. In the preseletion phase, uts are based on physis

remarks on the involved proess. So this �rst step is simple ut-based (see

setion 4.4). In the seond part, in addition to retangular uts (on the

momentum and the number of harged traks), also a multi-variate analysis

will be used, to take into aount of other four variables (setion 4.6). This

approah is aimed to maximize the �gure of merite S/
√
S +B, alled S and

B the signal and bakground samples.

4.4 Preseletion

During the prodution of the n-tuples a primary seletion has been arried

out, doing the following requests:
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Figure 4.1: Distribution of the J/ψ mass in the signal MC, for J/ψ → e+e−

and J/ψ → µ+µ− respetively.

� post �t seletion for the J/ψ mass (2.8 GeV < massJ/ψ < 3.3 GeV);

� post �t seletion for hi-squared probability (0.001 < probχ2 < 1.000)

for the J/ψ vertex reonstrution;

In table 4.3 see the e�et of the preseletion proedure: for eah run the

number of events before and after the preseletion, and the survival rate.

Almost half of the skimmed events are removed after this point.

Figure 4.4 shows the distributions of the di-lepton mass minus the nominal

J/ψ mass (3.097 GeV/c2), noted as ∆MJ/ψ , for e+e− and µ+µ−. In these

distributions we made the uts desribed above. In order to perform the

�t of these distributions, we used a Crystal Ball funtion plus a 2nd order

polynomial.
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Run #events before #events after survival rate ǫ
Run1 on-peak 2563924 1367101 53%

Run2 on-peak 7420029 4095185 55%

Run3 on-peak 4038450 2170905 54%

Run4 on-peak 14611850 8531505 58%

Run5 on-peak 18874250 10928793 58%

Run6 on-peak 10485685 5956077 57%

Total o�-peak 5613855 3125136 56%

Table 4.3: Surviving events number in the preseletion. �Before� means the

number of events from the skim JpsiTollT ight olletions, before the n-tuple

prodution. �After� means the number of events after the preseletion uts and

the n-tuple prodution.

4.5 Seletion uts

4.5.1 Number of harged traks

A remarkable variable is the number of harged traks in the event, alled

NTRK. The plot in �gure 4.2 shows the distribution of NTRK in the

signal MC (blue), and the sidebands bakground in the data (red): these

two distributions are overlapped and normalised. It's possible to remove

bakground by seleting events with at least 4 harged traks. A part of

signal events have NTRK = 3 and NTRK = 4, and a dediated study was

performed for eah of these sample. Signal and bakground are alulated as

the number of events under the respetively the Crystal Ball funtion (�tting

the J/ψ mass) and the linear funtion (�tting the total bakground) in the

window of ± 50MeV entered in the nominal mass of the J/ψ .

The J/ψ mass peak for NTRK = 3 and NTRK = 4 have a signal-to-

bakground ratio respetively S/B ≃ 0.08 and S/B ≃ 0.13, whih are too

poor to be inluded in the �nal signal sample (see �gure 4.3)..

Sample S B S
B

NTRK = 3 30301 363272 0.08

NTRK = 4 31939.9 236601 0.13

NTRK > 4 12760 47634 0.27

Table 4.4: Signal and bakground events for the samples of events with

NTRK = 3, NTRK = 4 and NTRK > 4.

Figure 4.4 shows the distributions of the di-lepton mass minus the nominal

J/ψ mass (3.097 GeV/c2), noted as ∆MJ/ψ , for e
+e− and µ+µ−. In these dis-

tributions we made the preseletion uts plus the ut on the harged traks.
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Figure 4.2: Distributions of the number of harged traks.
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Figure 4.3: J/ψ mass distributions respetively in the ase NTRK = 3, NTRK

= 4 and NTRK > 4, in the full data.

In order to perform the �t of these distributions, we used a Crystal Ball

funtion plus a 2nd order polynomial. This ut substantially suppresses QED

proesses.

4.5.2 Momentum of the J/ψ in the CM frame

An other important variable to take into aount is the J/ψ momentum in

the CM frame p∗J/ψ . We will ut events with p∗J/ψ lower than 2.0 GeV/c, in

order to remove those J/ψ from B meson deays, orresponding to a reoil

mass above 6.6 GeV/c2; �gure 4.5 shows the p∗J/ψ distribution for signal,
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Figure 4.4: Distributions of the m(e+e−)−mJ/ψ (above) and m(µ+µ−)−mJ/ψ

(below), respetively for the signal MC, the bakground MC (udsc, BB̄, B0B0

together) and the full data.

bakground and full data. Cutting p∗J/ψ at 2.0 GeV/c, it's possible to remove

a large number of bakground events.
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Figure 4.5: Distributions of the p∗J/ψ respetively for the signal MC, the bak-

ground MC (udsc, BB̄, B0B0 together) and the full data

It's interesting to see the e�et of this ut in the mJ/ψ distributions (see

�gure 4.6), to ompare with �gure 4.4.
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Figure 4.6: Distributions of them(e+e−)−mJ/ψ (above) andm(µ+µ−)−mJ/ψ

(below), respetively for the signal MC, the bakground MC (udsc, BB̄, B0B0

together) and the full data, after the ut p∗J/ψ < 2.0GeV/c.

4.6 Multivariate Analysis (MVA)

4.6.1 Priniple of the MVA

Multivariate analysis refers to any statistial tehnique used to analyse data,

whih involves observation and analysis of more than one statistial variable

at a time. This essentially models reality where eah situation, produt, or

deision involves more than a single variable. The information age has re-

sulted in masses of data in every �eld. Despite the quantum of data available,

the ability to obtain a lear piture of what is going on and make intelligent

deisions is a hallenge. When available information is stored in database

tables ontaining rows and olumns, Multivariate Analysis an be used to

proess the information in a meaningful fashion. Multivariate lassi�ation

methods based on mahine learning tehniques are fundamental ingredient

to most analyses.In this way, several multivariate lassi�ation algorithms

exist and range from retangular ut optimization using a geneti algorithm

and from one and multidimensional likelihood estimators, over linear and

nonlinear disriminants and neural networks, to sophistiated more reent

lassi�ers suh as a support vetor mahine, boosted deision trees and rule
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ensemble �tting.

In this analysis the MVA lassi�er is a Neural-Network based algorithm,

named multi-layer pereptron, that will be desribed in detail in the next

setion.

4.6.2 Appliation

After the appliation of the uts on the number of the traks (NTRK > 4),
on the momentum of J/ψ (p∗J/ψ > 2 GeV/c) and on the reoil mass distri-

bution (2.0 < Mrec < 4.3 GeV/c2), we used the Toolkit for Multi-Variate

Analysis (TMVA) [53℄ in order to manage the following further disriminat-

ing variables:

Fox-Wolfram moment R2

This variable gives information on the shape of the deay [54℄. The

Fox-Wolfram moments Hℓ are de�ned as:

Hℓ =
∑

i,j

|pi||pj|
E2
vis

Pℓ(cosθij) (4.2)

where θij is the angle between the partile momenta pi and pj and Evis
is the total visible energy of the event. The Pℓ(x) are the Legendre poly-
nomials, i.e. P0(x) = 1, P1(x) = x,. Energy-momentum onservation

requires that H0 ≃ 1 and H1 = 0 if we assume negligible ontributions

from partile masses. It is therefore ustomary to normalize the results

to H0 and we de�ne the seond Fox-Wolfram moment as:

R2 =
H2

H0

. (4.3)

The highly diretional ontinuum events tend to have high R2-values

whereas the more spherial events have lower values of R2.

Probability of the reonstrution of the J/ψ vertex χ2

The probability of the J/ψ vertex reonstrution expressed as χ2 of the

vertex �t.

cosθ(J/ψ )
It is the osine of the angle between the J/ψ momentum and the z

diretion in the enter of mass (CM) frame.
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J/ψ heliity

It is the osine of the heliity angle of the J/ψ deay, whih is the angle

between the J/ψ momentum diretion in the J/ψ rest frame and the

J/ψ momentum diretion in the CM frame.

In �gures 4.7 and 4.8 there are the distributions of these variables.

1000 MC signal events inside the ranges de�ned for the sidebands and

5000 events of the sidebands (for muons |m(µ+µ−)−3.097 GeV/c2| > 0.060 GeV/c2,
for eletrons (m(e+e−) − 3.097 GeV/c2) > 0.060 GeV/c2 and (m(e+e−) −
3.097 GeV/c2) < −0.080 GeV/c2) of the J/ψ mass distribution are used as

signal and bakground training samples, respetively, in TMVA.

In blue you see the signal dataset, whih onsists in the produed signal

MC, as desribed in setion 4.2.2, with the following uts:

� only events inside the range of the sidebands (for muons |m(µ+µ−) −
3.097 GeV/c2| > 0.060 GeV/c2, for eletrons (m(e+e−)−3.097 GeV/c2) >
0.060 GeV/c2 and (m(e+e−) − 3.097 GeV/c2) < −0.080 GeV/c2);

� at least 5 harged traks in the events, as disussed in 4.5;

� the mass reoiling against the J/ψ , not alulated with the J/ψ mass

onstraint, is inluded between 2.0 and 4.3 GeV/c2.

� p∗J/ψ greater than 2.0 GeV/c, as disussed in 4.5.2.

In red there's the bakground sample: it is taken from the data and it

is orrespondent to the sidebands of mJ/ψ . So the uts performed in the

bakground sample are the same as above exept for the �rst point, where

the uts are opposite. Notie that, as in this analysis the signal in a spei�

region of the reoil side is investigated, we will take into aount from now

also the following retangular ut: 2.0 GeV/c2 < Mrec < 4.3 GeV/c2, where
Mrec is the mass reoilng against the J/ψ , reonstruted without J/ψ mass

onstraint. Taking a look at the distributions in �gures 4.7 and 4.8 one ould

make retangular uts on R2, cosθ(J/ψ ) and J/ψ heliity. Anyway, with the

Multi-Variate analysis we an take under onsideration every variable and

diretly ut on the best lassi�er on the point that maximizes the signi�ane.

This Multi-Variate analysis has been performed with the TMVA pakage [53℄,

whih provides training, testing and performane evaluation algorithms and

visualization sripts.

The training has been done with six kinds of lassi�er, in order to verify

the best one: �nally MLP (multi-layer pereptron) was hosen, based on the

best bakground rejetion versus signal e�ieny (Fig. 4.9).
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Figure 4.7: Distributions of the variables taken into aount to perform utsfor

the events with J/ψ deays to e+e−.
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Figure 4.8: Distributions of the variables taken into aount to perform uts

for the events with J/ψ deays to µ+µ−.
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Figure 4.9: Bakground rejetion versus signal e�ieny for all lassi�ers: it

is lear from this plot the reason why MLP was hosen.
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Figure 4.10: The MLP distribution for signal and bakground, respetively for

e+e− and µ+µ− samples.
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4.6 Multivariate Analysis (MVA)

Multi-layer pereptron

The multi-layer pereptron neural network model onsists of a network of

proessing elements or nodes arranged in layers. While in priniple a neural

network with n neurons an have n2 diretional onnetions, the omplex-

ity an be redued by organizing the neurons in layers and only allowing

diretional onnetions from one layer to the immediate next one.

The �rst layer of a MLP is the input layer, the last one the output layer,

and all others are hidden layers. For a lassi�ation problem with nvar input
variables and 2 output lasses the input layer onsists of nvar neurons that
hold the input values, x1, ..., xnvar , and one neuron in the output layer that

holds the output variable, the neural net estimator yANN . Eah diretional

onnetion between the output of one neuron and the input of another has

an assoiated weight. The value of the output neuron is multiplied with the

weight to be used as input value for the next neuron.

Results of the MVA appliation

As visible in �gures 4.11 and 4.12, the variables under onsideration are

not orrelated, so that a multi variate analysis an be performed with good

results.
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Figure 4.11: Correlation matrix for signal and bakground for the sample with

J/ψ → e+e−.

So a big amount of bakground is removed by applying the ut on the

MLP lassi�er, whih ombines the disriminating variables already men-

tioned. As said at the beginning of the setion, the hoie of the ut on MLP

variable was aimed at maximizing the �gure of merit S/
√

S + B, where S
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Figure 4.12: Correlation matrix for signal and bakground for the sample with

J/ψ → µ+µ−.

and B represent the number of signal and bakground events, in the window

under the J/ψ mass peak. In the next setion, there will be desribed the

proedure in order to alulate S and B.

4.6.3 Calulation of NSexp and NBexp

When MVA Toolkit runs, it gives by default a best values of the lassi�er

(MLP in this ase), normalized to a default number of 1000 events of signal

(S) and 1000 events of bakground (B). But the ratio, or in general a re-

lationship, between S and B depends strongly on the number of signal and

bakground. So it is neessary to know exatly how many events we expet

for signal and bakground. In this setion it's explained how NSexp
and NBexp

have been alulated.

In this analysis NSexp
onsists on the number of events whih ontain a

true J/ψ , that means events where a J/ψ is atually well reonstruted and

orresponding to the system against whih an other harmonium state reoils.

On the other side, NBexp
are those events where a J/ψ is reonstruted in a

wrong way, i.e. from QED events.

NSexp

Looking at the distribution of the J/ψ mass in �gures 4.13, the expeted

number of signal events NSexp
are those below the peak of the J/ψ mass, in

the range .
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Figure 4.13: Sidebands in the J/ψ mass distribution, for eletrons and muons

respetively. NBexp
is the result of the number of events �tted, under the linear

�t (magenta), under the J/ψ resonane.

It is alulated as in the following formula, in parallel for J/ψ → e+e−

and J/ψ → µ+µ−:

NSexp
= σ(e+e− → J/ψcc)B(cc→ > 2charged) L ǫsel B(J/ψ → l+l−) (4.4)

where σ(e+e− → J/ψcc)B(cc → > 2charged) is the produt of the double

harmonium prodution ross setion times the branhing fration for �nal

states with more than two harged traks [28℄ , L is the integrated luminosity,

ǫsel is the seletion e�ieny alulated on the signal MC and B(J/ψ → l+l−)
is the branhing fration for the J/ψ going to e+e− or µ+µ− from PDG. In

table 4.6 see the number of NSexp
for eah resonane in the reoil system.

NBexp

In order to alulate the expeted number of bakground events NBexp
, the

J/ψ mass distribution is �tted in the range 2.8 - 3.3 MeV/c2. An unbinned

�t was made using an extended PDF in Roo�t orresponding to the sum of a

linear funtion and a Crystal-Ball funtion. In �gure 4.13 see the J/ψ mass

distribution, for eletroni and muoni deays respetively. The value NBexp

is the �tted number of events below the linear funtion in the peak range of

the J/ψ mass.

For eah resonane the results on NSexp
and NBexp

are summarized in

the table 4.6: note that for the variable NBexp
there's no distintion among

the four expeted resonanes in the reoil side, so only one results, for both

eletroni and muoni deay, have been obtained. This is orret, as the

distribution of the bakground events in the reoil side is expeted to be a

2nd order polynomial, without peaking bakground.
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Funtion Parameter FinalValue High Error Low Error GblCorr.

J/ψ → e+e−

c1
e+e−

5.7059e+03 ± 4.04e+02 0.391402

Linear funtion c2
e+e−

-4.6164e+02 +0.00e+00 -1.06e+03 0.923193

Nbkg
e+e−

1.8642e+05 +1.29e+03 -1.48e+03 0.956822

αe+e− 7.3964e-01 +8.49e-02 -7.99e-02 0.876081

meane+e− 3.0956e+00 +9.02e+04 -9.22e-04 0.467378

Crystal-Ball ne+e− 8.8461e-01 +5.05e-01 0.00e-01 0.983362

Nsig
e+e−

8.4956e+03 +1.44e+03 -1.21e+03 0.981204

σe+e− 1.6664e-02 +1.16e-03 -1.08e-03 0.592653

J/ψ → µ+µ−

c1
µ+µ−

1.2073e+03 ± 8.98e+00 0.907000

Linear funtion c2
µ+µ−

-3.1731e+03 ± 3.42e+01 0.906989

Nbkg
µ+µ−

2.2575e+04 ± 1.40e+03 0.927515

αµ+µ− 1.6023e+00 ± 6.41e-01 0.997847

meanµ+µ− 3.0952e+00 +1.60e-04 -1.59e-04 0.191977

Crystal-Ball nµ+µ− 3.4148e+00 ± 7.90e+01 0.997674

Nsig
µ+µ−

7.4788e+03 ± 1.33e+03 0.983955

σµ+µ− 1.4496e-02 ± 2.37e-04 0.816090

Table 4.5: Results of the binned �t with the extended PDF on the J/ψ mass.

J/ψ → e+e−

Reoil Produed Seleted ǫsel (e+e−) NSexp
(e+e−) NBexp

(e+e−)
system events (e+e−)
ηc(1S) 17500 4699 26.6% 213 ± 34

χc0 17500 5252 30.0% 141 ± 34 -

ηc(2S) 17500 4479 25.6% 191 ± 43

X(3940) 87500 32724 37.4% 180 ± 46

Total: 29.9% 725 ± 79 835 ± 263

J/ψ → µ+µ−

Reoil Produed Seleted ǫsel (µ+µ−) NSexp
(µ+µ−) NBexp

(µ+µ−)
system events (µ+µ−)

ηc(1S) 17500 5386 32.9% 228 ± 36

χc0 17500 6050 36.9% 162 ± 39 -

ηc(2S) 17500 4999 29.7% 213 ± 48

X(3940) 87500 32341 36.9% 182 ± 47

Mean: 34.1 % 785 ± 86 440 ± 16

Table 4.6: Summary of the masses (from PDG), the number of produed events

in the montearlo signal prodution, the number of rurviving events after the se-

letion,the seleltion e�ieny ǫsel, the expeted signal events and expeted bak-

ground events for eah reoil resonane, under the J/ψ mass resonane, before

the ut on MLP.
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4.6 Multivariate Analysis (MVA)

4.6.4 Optimization on signi�ane

At the beginning of the �optimization� the ut value on MLP is varied so

to �nd the point where the quantity S/
√

(S +B) is maximized, taking into

aount an equivalent luminosity for signal and data. The optimization has

been onduted by TMVA toolkit, as showed in �gure 4.14 with the aim of

obtaining the best set of uts for the measurement.
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Figure 4.14: The MLP e�nieny, respetively for e+e− and µ+µ− samples.

One obtained `NSexp
and NBexp

it is possible to ut on the MLP signif-

iane. In the plots 4.14 the signi�ane of the MLP variable is the pink

line, so the ut must be done in orrespondene to maximum values of this

lineshape, whih are -0.11 for eletroni deays and -0.30 for muoni deays.

So the �nal uts after this optimization are:

MLP > −0.11 (e+e−)

MLP > −0.30 (µ+µ−).
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4.6.5 Summary on seletion

Here have been summarized the uts made for the hannel e+e− → J/ψcc:

- momentum p∗J/ψ > 2.0 GeV/c;

- number of harged traks in the event is higher than 4;

- reoil mass Mrec between 2.0 GeV/c2 and 4.3 GeV/c2;

- MLP > −0.11 (e+e−) and MLP > −0.30 (µ+µ−);

The surviving event number after eah ut is listed in table 4.7. After the

total seletion only 0.001% of the preseleted data (skim + n-tuple prodution

preseletion) survive. In �gure 4.15 the e�et of the seletion uts on the J/ψ
mass distribution, separated for e+e− and µ+µ− sample respetively on the

left and on the right. In partiular, in 4.15(a) appear the distributions of the

J/ψ mass before the �nal ut on MLP in the signal MC (on the top) and in

the data (bottom). In 4.15(b) the same distributions after this ut. In the

signal MC distributions, no evident hanges are visible, as expeted, while

in the data distributions a lear removal of bakground is remarkable, with

good results espeially for the µ+µ− hannel.

Cut Signal MC Survival rate ǫsig Data Survival rate ǫdata
Generated 105000 100%

Preseletion uts 47133 44.9% 36174702 100.0%

p∗J/ψ > 2.0GeV/c 47000 44.7% 21323724 58.9%

NTRK > 4 37082 % 1120515 3.10%

2.0 < Mrec < 4.3GeV/c2 35804 35.3 % 95835 0.26%

MLP cut 17239 16.4% 394 0.001%

Table 4.7: Surviving events number in the event seletion of e+e− → J/ψ cc in
both data and the signal MC sample. The �preseletion uts� row refers to the

preseletion done during the n-tuple prodution.
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Figure 4.15: Distribution of the mass of the J/ψ before (a) and after (b) the

�nal ut based on MLP disriminant: e+e− deay on the left and µ+µ− on the

right.
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4.7 Fit to data

After the seletion a ML �t will be applied to the mass distribution Mrec

reoiling against the J/ψ . This study starts with a separated �t for signal

MC (setion 4.7.1) and bakground sidebands (setion 4.7.2), then the global

�t (bakground and signal embedded) on separated J/ψ → e+e− and J/ψ →
µ+µ− samples. At the end the simultaneous �t to J/ψ → e+e− and J/ψ →
µ+µ− hannels (setion 4.7.4).

Toy MC studies are performed in order to test the �t proedure. Pulls

distributions for eah measurable variable have been produed and then �tted

with a Gaussian pro�le; it turns out that generally the means are ompatible

with zero and the widths are ompatible with one, and therefore the �t is

orret.

4.7.1 Fit and toys validation on the signal MC

In the region between 2.5 GeV/c2 and 4.3 GeV/c2, the Mrec distribution for

the signal is omposed by four resonanes and the shape of eah resonane

is well desribed by a V oigtian, that is Breit−Wigner funtion onvoluted

with a single Gaussian (see �gure 4.17). In the �rst part of this setion

(in 4.7.1) there will be desribed a dediated study to measure the detetor

resolution, then the �t and the validation using toy MC.

Resolution studies

An important point is to obtain the detetor resolution for eah resonane,

so as to measure the natural widths of ηc, χc0, ηc(2S), X(3940).

In order to do that, a MC signal, generated with zero width for the reso-

nanes, has been produed.

Indeed, the original idea was to �t the signal MC with a Breit-Wigner

onvoluted with a Gaussian (Voigtian), where the Breit-Wigner would at as

the natural width of the resonanes and the Gaussian as the detetor resolu-

tion. But by trying to �t the Mrec distribution (generated with zero width),

it's lear that the single Gaussian lineshape does not model the detetor

resolution.

Atually, as it's possible to see in �gure 4.16, the detetor resolution an

be �tted well by a Voigtian too, and the results of the �t are in table 4.8.

Take into aount that the onvolution of a Voigtian (with parameters

Γres and σres) and a Breit-Wigner (with width ΓN) results in a Voigtian as

well, with parameters Γ = Γres + ΓN and σres. This an be proven using
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Figure 4.16: Fit on the reoil mass for eah resonane (ηc, χc0, ηc(2S),X(3940))
in the signal MC produed with zero width, respetively for J/ψ → e+e− and

J/ψ → µ+µ−. Notie that in the X(3940) plots statistial error are smaller than

in others beause of the larger statistis available in the Montearlo sample.
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J/ψ → e+e−

Partile Mean (GeV/c2) ΓBW (GeV/c2) σG
ηc(1S) 2.983 ± 0.004 0.087 ± 0.013 0.009 ± 0.014

χc0 3.419 ± 0.004 0.054 ± 0.013 0.020 ± 0.010

ηc(2S) 3.628 ± 0.004 0.051 ± 0.012 0.024 ± 0.008

X(3940) 3.936 ± 0.003 0.025 ± 0.008 0.025 ± 0.006

J/ψ → µ+µ−

Partile Mean (GeV/c2) ΓBW (GeV/c2) σG
ηc(1S) 2.980 ± 0.003 0.019 ± 0.008 0.036 ± 0.005

χc0 3.415 ± 0.003 0.012 ± 0.006 0.027 ± 0.004

ηc(2S) 3.629 ± 0.002 0.011 ± 0.005 0.028 ± 0.003

X(3940) 3.934 ± 0.002 0.090 ± 0.005 0.024 ± 0.003

Table 4.8: Fit results of the reoil mass against J/ψ , in the signal MC sample

generated with zero width.

the onvolution theorem and the assoiativity of the onvolution operation

( f ∗ (g ∗ h) = (f ∗ g) ∗ h ).

So, the signal MC will be �tted by a Voigtian, after �xing the resolution

parameters: so the natural width will be: ΓN = Γ − Γres.

Fit on the signal MC

An unbinned maximum likelihood �t is performed and the number of the sig-

nal events, the mass and the width are �oating parameters. The resolution's

parameters are �xed to the values obtained after the resolution study (see

table 4.8). In table 4.9 the results of the �t on the reoil mass against J/ψ .

J/ψ → e+e−

Partile Mean (GeV/c2) ΓBW # events

ηc(1S) 2.984 ± 0.004 0.079 ± 0.008 203 ± 15

χc0 3.420 ± 0.004 0.046 ± 0.011 142 ± 15

ηc(2S) 3.632 ± 0.004 0.058 ± 0.011 205 ± 19

X(3940) 3.935 ± 0.004 0.053 ± 0.009 174 ± 15

J/ψ → µ+µ−

Partile Mean (GeV/c2) ΓBW # events

ηc(1S) 2.980 ± 0.004 0.030 ± 0.006 225 ± 15

χc0 3.417 ± 0.003 0.016 ± 0.006 160 ± 14

ηc(2S) 3.635± 0.003 0.021 ± 0.006 216 ± 16

X(3940) 3.934 ± 0.004 0.045 ± 0.008 183 ± 14

Table 4.9: Fit results of the reoil mass against J/ψ , in the signal MC.
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Figure 4.17: Fit on the reoil mass distribution in the signal MC of the hannel

e+e− → J/ψcc, respetively for J/ψ → e+e− and J/ψ → µ+µ−.
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Validation of the signal �t

The generating and �tting PDF is the sum of the four extended PDFs, that

means with �oating number of events. The total expeted number of signal

events are 725 for the J/ψ → e+e− sample and 785 for the J/ψ → µ+µ−

sample. One thousand esperiments have been generated with suh number

of events. Two toy MC studies have been done: for the J/ψ → e+e− and

J/ψ → µ+µ− samples. In the following pages are shown the pulls of masses,

widths and number of events, respetively for eletroni and muoni hannel.

The �rst three �gures (4.18, 4.19, 4.20) refer to the J/ψ → e+e− sample,

instead �gures 4.21, 4.22, 4.23 are those from J/ψ → µ+µ− sample.
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Figure 4.18: Masses pulls for ηc, χc0, ηc(2S) and X(3940) resonanes in the

signal MC, resaled to the expeted number of events, in the J/ψ → e+e− sample.
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Figure 4.19: Widths pulls for ηc, χc0, ηc(2S) and X(3940) resonanes in the

signal MC, resaled to the expeted number of events, in the J/ψ → e+e− sample.
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Figure 4.20: Number of events pulls for ηc, χc0, ηc(2S) andX(3940) resonanes
in the signal MC in the J/ψ → e+e− sample.
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Figure 4.21: Masses pulls for ηc, χc0, ηc(2S) and X(3940) resonanes in the

signal MC, resaled to the expetd number of events, in the J/ψ → µ+µ− sample.
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Figure 4.22: Widths pulls for ηc, χc0, ηc(2S) and X(3940) resonanes in the

signal MC, resaled to the expeted number of events, in the J/ψ → µ+µ−

sample.
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Figure 4.23: Number of events pulls for ηc, χc0, ηc(2S) and X(3940) resonanes
in the signal MC in the J/ψ → µ+µ− sample.

4.7.2 Fit and toys validation on the bakground

The bakground sample is omposed by events of the data sidebands of the

J/ψ mass distribution, i.e.

|m(µ+µ−) − 3.097 GeV/c2| > 0.060 GeV/c2, for J/ψ → µ+µ−

{

(m(e+e−) − 3.097 GeV/c2) > 0.060 GeV/c2,

(m(e+e−) − 3.097 GeV/c2) < −0.080 GeV/c2,
for J/ψ → e+e−

The bakground is �tted by a 2nd order polynomial (see �gure 4.24). An

unbinned maximum likelihood �t is performed, on this region, and the results

of the �t appear in the table 4.10: for eah sample (e+e−, µ+µ− and together)

appear the three parameters a1 and a2 whih desribe the polynomial, and

the number of events. The values have been reported before (Initial) and

after (Final) the �t.

Also in this ase, a toy MC has been done, reproduing 1000 experiment

with 835 events in the J/ψ → e+e− ase and 440 events in the J/ψ → µ+µ−

ase. In �gure 4.25 the pull of the number of events.
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Figure 4.24: Fit on the reoil mass distribution for the sidebands of the J/ψ ,

respetively for J/ψ → e+e−, J/ψ → µ+µ− and together.

J/ψ → e+e− J/ψ → µ+µ− Total sample

Parameter Initial Final Initial Final Initial Final

a1 0.00 0.12 ± 0.36 0.00 4.99 ± 4.99 0.00 0.06 ± 0.00

a2 1.00 -0.00 ± 0.03 0.00 -0.96 ± 0.86 0.00 0.00 ± 0.00

Nevents 835 834 ± 29 440 440 ± 21 1235 1274 ± 36

Table 4.10: Fit results of the reoil mass against J/ψ , for the bakground.
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4.7 Fit to data
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Figure 4.25: Pulls on the number of events in the sidebands bakground, re-

spetively for the J/ψ → e+e− and J/ψ → µ+µ− sample.

4.7.3 Global �t with signal and bakground embedded

One �tted separately signal and bakground, the aim of the �t proedure

is to perform a global �t, whih ontain the bakground from the J/ψ side-

bands, and the signal from the MC data have been saled and summed; in

this way it is possible to reprodue an expeted distribution of the reoil

mass distribution, one unblind the data. As visible in �gure 4.27 the ex-

peted distribution of Mrec is in good shape, with a bakground pretty low,

in partiular if ompared with the results from this previous analysis from

BABAR [28℄, visible in �gure 4.28, where the binning is the same but the

statistis is lower (124 fb
−1
).
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Figure 4.26: Global �t on the reoil mass distribution for the hannel e+e− →
J/ψcc, respetively for J/ψ → e+e− and J/ψ → µ+µ−.
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4.7 Fit to data
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Figure 4.27: Global �t on the reoil mass distribution for the hannel e+e− →
J/ψcc.
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Global �t validation

In order to validate the global �t, a �manual� toy MC has been arried out.

The aim of this method was to make a more realisti toy MC, where the

samples are not generated by a PDF (Probability Density Funtion) �tting

a distribution, but they are taken diretly from the data set available, by

reating ombinations between bakground and signal to produe various

global distributions to be �tted.

Taking into aount that to ompose a global sample it's neessary to have

4 subsamples from signal, orresponding to the four resonanes, and 1 sub-

sample for bakground, the experiments of the toy MC have been produed

with the following proedure (done separately for e+e− and µ+µ− samples):

� the total MC signal have been splitted in sub-samples, with the exat

number of events expeted for eah resonane, as shown in the table

4.11;

� 20 bakground samples have been reated aording to the expeted

number of events, taking events randomly from the existing sample.

Notie that the original bakground dataset hasn't been splitted, being

too small to allow more than one omplete sample;

� the global dataset to �t has been omposed randomly by one of eah

kind of dataset (four for the resonanes plus one for the bakground);

� 100 experiments have been produed, both for J/ψ → e+e− and J/ψ
→ µ+µ−;

� for eah experiment the pull of the masses, widths and number of events

have been alulated and plotted.

In the next page, the plots of the pulls of masses, widths and number of

events, separately for e+e− and µ+µ− sample. These distributions are �tted

with gaussians entered in 0 and wide 1.
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4.7 Fit to data

Sample Available # events # expeted # subsamples

J/ψ → e+e−

ηc(1S) 1537 213 7

χc0 2129 141 15

ηc(2S) 2300 191 12

X(3940) 10549 180 58

Bakground 1018 835 20

J/ψ → µ+µ−

ηc(1S) 2447 228 11

χc0 2867 162 18

ηc(2S) 3104 213 15

X(3940) 13707 182 75

Bakground 1120 440 20

Table 4.11: Number of events available in the original dataset (after seletion),

number of the expeted events and �nal number of subsample, for eah resonane

and bakground, in order to perform the manual toy MC.
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Figure 4.29: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution for the hannel e+e− → J/ψcc, J/ψ → e+e−.

102



Analysis

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5
0

2

4

6

8

10

12

c
ηPull on width - pullsig1

Entries  93
Mean   -0.8475
RMS    0.7695

c
ηPull on width - 

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
0

2

4

6

8

10
c0

χPull on width - pullsig2
Entries  92
Mean   -0.7993
RMS     1.061

c0
χPull on width - 

-3 -2 -1 0 1 2
0

1

2

3

4

5

6

7

8

(2S)
c

ηPull on width - pullsig3
Entries  88
Mean   -0.7113
RMS      1.25

(2S)
c

ηPull on width - 

-3 -2 -1 0 1 2
0

1

2

3

4

5

6

7

8

Pull on width - X(3940) pullsig4
Entries  88
Mean   -0.6572
RMS     1.232

Pull on width - X(3940)

Figure 4.30: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution for the hannel e+e− → J/ψcc, J/ψ → e+e−.
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Figure 4.31: Pulls of the widths in the reoil mass distribution for the hannel

e+e− → J/ψcc, J/ψ → e+e−.
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4.7 Fit to data
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Figure 4.32: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution for the hannel e+e− → J/ψcc, J/ψ → µ+µ−.
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Figure 4.33: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution for the hannel e+e− → J/ψcc, J/ψ → µ+µ−.
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Figure 4.34: Pulls of the widths in the reoil mass distribution for the hannel

e+e− → J/ψcc, J/ψ → µ+µ−.
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4.7 Fit to data

4.7.4 Simultaneous �t

A simultaneous �t is a powerful tool to build �simultaneous� PDFs that are

de�ned in terms omponent PDFs that are idential in struture, but have

di�erent parameters.

In this ase, we perform a simultaneous �t between e+e− and µ+µ− sam-

ple. In the plot 4.35 there is the simultaneous �t on the total dataset (e+e−

plus µ+µ− hannels). Table 4.12 summarizes the �tted parameters related

to the �gure 4.35.
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Figure 4.35: Simultaneous�t on the reoil mass distribution.

In the next pages plots of the pulls of masses, widths and number of

events (separately for e+e− and µ+µ− sample) are visible. The validation of

the simultaneous �t is performed with the �manual� toy MC, as explained in

setion 4.7.3, performing 100 experiments.

Partile Mean (GeV/c2) ΓBW # events (e+e−) # events (µ+µ−)

ηc(1S) 2.980 ± 0.003 0.063 ± 0.009 183 ± 23 264 ± 22

χc0 3.419 ± 0.003 0.037 ± 0.009 145 ± 20 191 ± 19

ηc(2S) 3.631 ± 0.003 0.034 ± 0.008 185 ± 21 249 ± 21

X(3940) 3.933 ± 0.003 0.053 ± 0.011 170 ± 23 201 ± 21

bakground - - 876 ± 50 321 ± 37

Table 4.12: Results of the simultaneous �t of the reoil mass against J/ψ , visible

in Fig. 4.35.
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Figure 4.36: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution, from the simultaneous �t.
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Figure 4.37: Pulls of the masses resulting from the �manual� toy MC in the

reoil mass distribution for the ha
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Figure 4.38: Pulls of the widths in the reoil mass distribution for the hannel

e+e− → J/ψcc, J/ψ → e+e−.
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Figure 4.39: Pulls of the widths in the reoil mass distribution for the hannel

e+e− → J/ψcc, J/ψ → µ+µ−.

109



4.7 Fit to data

110



Chapter 5

Results

5.1 Unblind up to 3.8 GeV

After the good results of the �t validation performed in setion 4.7.3 of the

previous hapter, we are ready to unblind the data on the interested region.

Anyway we �rst unblind the region of the mass reoiling against the J/ψ for

the Run1-Run6 data taking in BABAR data in order to validate this analysis

in the same region of the old one [28℄.
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Figure 5.1:
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5.2 Outlook

5.2 Outlook

This analysis leaves many interesting possibilities to extend it, in partiular

the following ways:

� study, similarly to the hannel e+e− → J/ψ cc, also the hannel e+e−

→ ψ(2S) cc, for the Run1-Run6 periods; in the previous analysis [28℄,

the authors already performed it only for Run1-Run4 data-taking;

� study the prodution of double harmonium prodution at Υ (2S) and

Υ (3S) energies. BABAR experiment in the last period of data-taking

olleted a big amount of data o� Υ (4S) resonane, in partiular 30.2

fb−1 at the Y(3S), 14.5 fb−1 at Υ (2S) energy, and 5 fb−1 above Υ (4S)
energy. With this remarkable amount of data beomes interesting to

perform this analysis in order to know something more about the meh-

anism of double harmonium prodution, in fat to see what happens

at di�erent energies an tell whih are the ontributions to the ross

setion.
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