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Introduction

The discovery of theJ/ψ resonance in 1974 by Ritcher and Ting was a real breakthrough

in the history of modern particle physics. The existence of afourth quark namedcharm

had already been supposed, and the spectacular discovery ofthe first boundcc state con-

firmed that the quark model was following the right path. Bound particle-antiparticle

states, such ase+e− positronium,cc charmonium andbb bottomonium are considered as

ideal laboratories to test fundamental properties of the forces binding such systems. In

particular, the charmonium system is suitable to study the dynamics of the strong interac-

tion that binds the quarks inside the hadronic matter. Furthermore, this system is challeng-

ing on the theoretical side because it lies in a mass region where the strong force shows up

with both perturbative and non-perturbative effects. The first are easy to compute, while

the latter are non trivial and not completely understood, yet. Phenomenological models

able to describe the charmonium mass spectrum and transitions accurately were available

in the 80’s. In the 90’s major theoretical efforts to link such phenomenological models

to first principles were undertaken. Issues that remained still open were the existence of

states predicted but not-yet discovered, and some inconsistencies between experimental

measurement and theoretical predictions. However, the charmonium model was consid-

ered to be quite successful in describing data.

TheBABARand Belle experiments, operated at the high-luminosityB-factories PEP-

II and KEKB, were built in the late 90’s with a physics programonly marginally devoted

to charmonium spectroscopy. Their main goal was the measurement of the elements of

the Cabibbo-Kobayashi-Maskawa (CKM) matrix, that describes theCP -violation in the

Standard Model. Furthermore, they were expected to search for phenomena beyond the

Standard Model inCP -violation. The precise determination of theCP -violation param-

eters in theB-meson sector provided byBABAR and Belle confirms the validity of the

CKM picture and strongly constraints the flavor sector of many new physics scenarios.

The results obtained at theB-factories contributed to the awarding of the 2008 Nobel

prize in Phsyics to Kobayashi and Maskawa “for the discovery of the origin of the broken

symmetry which predicts the existence of at least three families of quarks in nature”. The

large dataset available atB-factories also allowed to first observecc andbb particles that
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were still escaping detection.

In 2003 an unexpected discovery was reported by Belle. A charmonium-like state

with unusual properties that cannot fit in the charmonium model was observed. This

state, dubbedX(3872), was subsequently confirmed byBABAR and many other exper-

iments. Despite the large number of available measurements, its interpretation on the

theoretical side is still ambiguous. The great excitement due to such a discovery brought

to a renaissance of the charmonium spectroscopy, that is actually one of the most active

fields in theB-factories research. Up to date more than ten new unconventional states

have been reported.

In 2008, Belle reported the observation of highly unconventional states carrying non-

zero electric charge. Two more states with this highly non-conventional property were

observed by Belle in the same year. These discoveries have been strongly debated on

the experimental ground.BABAR did not confirm, but was neither able to refute them. If

the existence of such states were confirmed, they could not beinterpreted as simpleqq̄

states. Models that predict the existence of exotic hadronic states, such as tetraquarks

or meson molecules, have been proposed since long time. During the last thirty years,

some states have been claimed to have unconventional nature, but no definitive answer are

available. If observation of electric-charged states by Belle were confirmed, this would

finally establish the existence of such exotic hadronic states. At present, an improvement

of the charmonium model is needed in order to solve the open inconsistencies and to be

able to clearly determine the exotic nature of the newly observed states. Thus, precise

measurements of conventional charmonium state propertiesare highly welcome, in order

to tune and test theoretical models.

This thesis reports the analysis of thee+e−→e+e−K0
S
K±π∓ and e+e−→

e+e−K+K−π+π−π0 processes using the final dataset of theBABARexperiment located at

the SLAC National Accelerator Laboratory. From previous measurements, theK0
S
K±π∓

final state is known to show a clear signal from theηc(2S) particle. Thiscc state es-

caped detection for almost twenty years and its properties are still not well established

on the experimental ground, while accurate predictions exist on the theoretical side. The

e+e−→e+e−K+K−π+π−π0 process is first studied in this thesis. An accurate determina-

tion of theηc(2S) properties is obtained in theK0
S
K±π∓ decay mode. We also report the

first observation ofηc(2S) and other charmonium states to theK+K−π+π−π0 final state.

The results of this thesis have been published inPhysical Review D, and will be useful to

test theoretical models describing the charmonium system.

The thesis is organized in four chapters. The first one gives abrief introduction of

the theoretical models used to describe the charmonium system. The second one discuss

the current status of conventional and exotic charmonium spectroscopy, reporting recent

2



experimental results and their interpretation. The third Chapter is devoted to describe the

BABARexperiment. The analysis technique and results are described in Chapter 4. Finally,

conclusions from this analysis are drawn.

3



4



Chapter 1

Theoretical overview

1.1 Introduction

In this chapter we outline the theoretical tools used to describe the charmonium sys-

tem. We cover the theory that predicts both the mass spectrumand transition rates. In

sight of the new unexpected results for unconventional states above theDD threshold,

we also review the main features of some possible exotic states predicted by quantum-

chromodynamics (QCD). The discussion presented here is notintended to be exhaustive.

Comprehensive reviews reporting an up to date state of the understanding of the charmo-

nium system on both theoretical and experimental grounds can be found in Refs. [1,2].

1.2 Charmonium quantum numbers

Since the discovery of theJ/ψ meson [3, 4], the so-calledcharmoniumstates have been

considered as an ideal system to test the QCD theory in a region where both perturbative

and non-perturbative effects are manifest. The charmoniumis a bound state of ac andc

quark. Using the spectroscopic notationn2S+1[L]J , each state is identified by four quan-

tum numbers. The radial quantum numbern labels the radial excitation of the state. The

spinS is obtained from the combination of the spin-1/2 constituent quarks, thus thecc

system can be in a spin-singletS = 0 or spin-tripletS = 1 configuration. The quantum

numberL is the orbital momentum between thec andc quark. The common notation for

[L] is S for L = 0, P for L = 1 andD for L = 2. No state withL > 2 has been ob-

served to date. According to quantum mechanics rules for thesum of angular momenta,

J = S + L ranges from|S − L| to S + L.

Historically, then1S0 states are namedηc(nS). The3S1 state is theJ/ψ , while its ra-

dial excitations are namedψ(nS). Then3PJ , n1D2, andn3DJ states are namedχcJ(nP ),

ηc2(nD), andψJ (nD), respectively.
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6 Theoretical overview

A cc state is both a parityP and charge conjugationC eigenstate. The parity op-

erator transforms a wavefunctionφ(~p) in φ(−~p). The angular part of thecc bound state

wavefunction can be described by spherical harmonics that have the propertyP = (−1)L.

Sincec is thec antiparticle, the product of their intrinsic parity is−1. Thus, thecc state

has parityP = (−1)L+1. TheC operator transform a particle in its antiparticle. As for the

P operator, the angular part of thecc wavefunction hasC = (−1)L. The spin part of the

ccwavefunction is symmetric forS = 1 and antisymmetric forS = 0, thusC = (−1)S+1.

The product of the spin part with the angular part and the inclusion of a−1 factor fromc

andc intrinsic parity leads toC = (−1)L+S, for acc state.

1.3 The charmonium spectrum

1.3.1 Energy scales

The charmonium system is characterized by three energy scales: the charm quark mass

mc, the relative momentum between charm quarksp ∼ mcv ∼ 1/rc, and the charmonium

binding energyE ∼ mcv
2, wherev is the quark bound state velocity andrc thecc state

radius. Sincemc is heavy (∼ 1.5 GeV/c2), the velocity is believed to be smallv ≪ 1.

Using a simple potential model (see Eq. (1.2) below), the average kinetic energy〈T 〉
of the heavy quarks is found to be0.37 GeV [5]. Since〈T 〉 = 2 · (1/2)mc〈v2〉, using

mc ∼ 1.5 GeV/c2 one gets〈v2〉 ∼ 0.24. Thus, the following relations hold

mc ≫ mcv ≫ mcv
2. (1.1)

Using the value of〈v2〉 obtained above, we getmcv
2 ∼ 0.5 GeV. The estimatemcv ∼

0.9 GeV is obtained as the geometric mean betweenmc andmcv
2.

Another important scale in QCD is the confinement scaleΛQCD, where the value

of the coupling constantαs(m) becomes large. The constantαS(mc) at massmc is

much smaller than one. Thus, phenomena occurring at themc mass scale are success-

fully treated in a perturbative approach. To ensure that a perturbative approach is valid,

alsoαS(mcv) andαS(mcv
2) should be much smaller than one. This condition is likely

to be true only for the low-lyingcc states, while it is probably violated for excited states.

Due to the absence of a direct experimental probe of the size of rc (and so ofmcv) the

range where the perturbative approach is valid is debated [2].
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1.3.2 Potential models

Early attempts to describe the charmonium spectrum were performed by using potential

models. Anad hocpotential is chosen to describe thecc interaction and it is used to solve

the Schrödinger equation.

A simple potential named the “Cornell Model” [6,7] was first used:

V (r) = VV (r) + VS(r) = −4

3

αS
r

+ br. (1.2)

The first term is a one-gluon-exchange short-range Coulomb-like interaction, the second

one is linear inr and describes the quark confinement effect. To obtain a realistic de-

scription of the charmonium spectrum, one should account for spin-spin (SS), Thomas

precession (LS), and tensor (T) interactions terms in the potential. Such terms are [1]

VSS(r) =
σcσc
6m2

c

∇2VV (r), (1.3)

VLS(r) =
L · S
2m2

cr

(
3
dVV
dr

− dVS
dr

)
, (1.4)

VT (r) =
ST

12m2
c

(
1

r

dVV
dr

− d2VV
dr2

)
, (1.5)

whereσc is the Pauli matrix acting on the spin of thec quark, andST ≡ 2[3(S · r̂)(S ·
r̂ − S2)], with r̂ being the unit vector in the~r direction. The expectation value ofST is

non-zero only forL > 0 spin-triplet state and is equal to

〈3LJ |ST |3LJ〉 =





− 2L
(2L+3)

J = L+ 1

+2 J = L

−2(L+1)
(2L−1)

J = L− 1

(1.6)

The form of the terms in Eq. (1.3)–(1.5) is determined by the Lorentz nature of the po-

tential of Eq. (1.2), that is the sum of a vector and a scalar part. The confining part of

the potential does not contribute to any term inVSS(r) andVT (r), due to its scalar nature.

The∇2VV (r) term inVSS(r) is proportional toδ3(r), thus theVSS(r) term is non-zero

only for S-wave. However, the running of the coupling constantαS leads to small effects

also forL > 0 states.

Studies aiming at systematically including relativistic and running coupling constant

effects in this model started in 1985 [8]. This modification allowed to describe different

qq̄ systems (cc, bb, ...) in the framework of a unified model. To date, full relativistic

calculations, and the inclusion of the effect of non-leading order effects provide an accu-

rate description of the charmonium spectrum [9–14], which is shown in Fig. 1.1. In order
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Figure 1.1: Spectrum of the charmonium system. Black boxes are mass predictions from
potential models [14], blue squares are the measured mass for conventional states, green
squares are the measured mass of confirmed exotic states, andred squares are the mea-
sured masses for unconfirmed exotic states.

to improve the description of the charmonium system above the open-charm threshold,

the inclusion of a screening term in the potential has been proposed [15–17] TheVS(r)

term of Eq. (1.2) is replaced byb
(

1−e−µr

µ

)
, whereµ is a screening factor. This allows to

stop the linear growth of the confining term atr values where vacuum polarization effects

become dominant. Results obtained with this method show a fairly good agreement with

experimental results [17].
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1.3.3 Non-Relativistic QCD

Despite the great success of the potential models in terms ofaccuracy of their predictions,

they suffer some problems. First of all the connection with the underlying QCD theory is

hidden, second the energy scale at which they are defined is not clear, and finally there is

no systematic procedure to improve them. To address such problems an intense theoretical

effort is being made to relate the potential models to the QCDprinciples.

The QCD lagrangian is

LQCD = Llight +Ψ(iγµDµ −mc)Ψ, (1.7)

whereLlight describes gluons and light quarks, and the second term describes the charm

quark.

In the non-relativistic limitv ≪ 1, the QCD lagrangian can be simplified by integrat-

ing out the modes with a momentum larger than a certain cutoffΛhard that satisfies the

conditionmcv ≪ Λhard ≪ mc
1. The resulting effective theory is named Non Relativistic

QCD (NRQCD), since the charm quarks are considered as non-relativistic fields [19,20].

If we take a virtualcc state with a quark with momentum of ordermc, such state is off-

shell byO(mc). The propagation length of such state isO(1/mc) that is pointlike on

the distanceO(1/mcv), where the dynamic of thecc state takes place. Thus, phenom-

ena occurring at scalemc or higher can be described by local operators in the effective

lagrangian. The coefficients of such operators are calculated by matching the full QCD

theory and the effective theory at scalemc, where QCD becomes perturbative. The cre-

ation and annihilation of charm quarks is strongly suppressed by the fact that charm quark

fields are separated from light quarks and gluons in the NRQCDlagrangian. However, the

total annihilation rate of the charmonium states can be described accurately by using the

optical theorem and adding appropriate local operators to the NRQCD lagrangian [18].

The NRQCD lagrangian is

LNRQCD = Llight + L0 + δL, (1.8)

L0 is the leading order NRQCD contribution

L0 = ψ†

(
iD0 +

D

2mc

)
ψ + χ†

(
iD0 +

D

2mc

)
χ, (1.9)

whereψ andχ are the Pauli spinor fields of the charm quark and antiquark, respectively.

1In principle to obtain the effective lagrangian, one can take Eq. (1.7) and perform the transformation
needed to remove modes with momenta larger thanΛhard. Actually, an effective field theory approach is
commonly used. For details see Ref. [18].
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D0 andD are defined byDµ = ∂µ+ igAµaT a = (D0,−D), andg,A andT are the usual

coupling, gluon field, and color matrix of QCD. This term can reproduce the splittings

between radial and orbital-angular-momentum excitationsup to errors of relative order

v2 [18]. However, it is unable to reproduce spin-spin splittings due to the symmetry under

the transformationψ→Uψ andχ→V χ, withU andV beingSU(2)matrices (heavy quark

spin symmetry).

TheδL term includesv2 correction terms forL0 and is equal to

δL =
c1
8m3

c

ψ†(D2)2ψ +
c2
8m2

c

ψ†g(D · E− E ·D)ψ +
c3
2mc

ψ†gσ ·Bψ

+i
c4
8m2

c

ψ†gσ · (D×E− E×D)ψ + charge conjugate, (1.10)

whereσ are the Pauli matrices.E andB are the chromoelectric and chromomagnetic

fields, defined by[D0, Di] = igEi and[Di, Dj] = igεijkBk, with i, j = 1, 2, 3, andεijk
is the Levi-Civita tensor. The coefficientsc1, c2, c3, c4 should be matched in order to

insure that NRQCD correctly reproduces the QCD behavior at low energy. The presence

of the Pauli matrices breaks the heavy quark spin symmetry and reproduces spin-spin

splittings up to errors of relative orderv2 [18]. The radial and orbital-angular-momentum

excitations are reproduced up to errors of relative orderv4 [18].

1.3.4 Potential Non-Relativistic QCD

A second effective field theory, named potential NRQCD (pNRQCD), is obtained by

NRQCD by integrating out themcv scale [21–23]. The integration of soft gluon in the

mcv scale causes the appearance of potential terms in the lagrangian. Thus, pNRQCD

offers a method to compute potentials by matching pNRQCD to NRQCD, and addresses

the problem of linking potential models to the underlying theory. We should distinguish

two situations: weakly coupled pNRQCD whenΛQCD ≪ mcv and strongly coupled

pNRQCD whenΛQCD ∼ mcv.

The weakly coupled case is of prominent interest forbb and tt physics, but the de-

scription of thecc spectrum in such a framework is not likely to hold, even for the 1S0 and
3S1 ground statesηc(1S) andJ/ψ [24].

In the strongly coupled scenario withΛQCD ∼ mcv, themcv scale is non-perturbative

and the matching between pNRQCD and NRQCD cannot rely on perturbation theory.

The matching would require calculations on the lattice or inQCD vacuum models.
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1.3.5 Lattice QCD

Recently, calculations of the charmonium properties usinglattice NRQCD methods have

been performed [20, 21, 25–33]. In this approach, the QCD phenomenology is studied

on a discrete lattice with spacinga, thus providing a cut-off on the available momentum

and curing the divergences. Calculations are performed fordifferent values of the lat-

tice spacinga ≪ Λ−1
QCD, and results are obtained by extrapolating the results fora→0.

This approach is valid as far as no important physics effect takes place at a momentum

scale≈ a−1. Lattice QCD is a promising tool to investigate non-perturbative effects in

the charmonium system and significant improvements of its results have been obtained

recently [34].

1.4 Charmonium decay

In this section we briefly review the theory of electromagnetic (EM) and hadronic decays

of charmonia. We do not suppose to give a detailed and updatedstatus of the theoretical

understanding of these aspects, but to point out some facts that are important to the inter-

pretation of the experimental results. In particular, the properties of EM transitions where

recently used to explain some inconsistencies in theηc(1S) width measurements [35],

while the pattern of the hadronic decay width is useful to understand some basic and

fundamental properties of the resonances studied in this thesis.

1.4.1 Hadronic transitions

Hadronic transitions play a prominent role in charmonium decays.

For states lying over theDD threshold, the decay is mediated by OZI-favored dia-

grams [36–38] (Fig. 1.2). Such states decay intoD(∗)D̄(∗) final states with a decay width

of tens ofMeV. The decay intoD(∗)D̄(∗) is expected to be dominant, unless some sup-

pression rule is involved in the transition (such as forηc2(1D)). In 2003, the Belle Col-

laboration reported the observation of a resonance, theX(3872), at a mass higher than

theDD̄∗ threshold, but with a decay width of fewMeV [39]. To date many states with

unusual properties have been observed [40–48]. The interpretation of such states is still

ambiguous (see sec. 2.4).

Below theDD threshold, hadronic decays of charmonium proceed via multi-gluon

transitions (Fig. 1.3). In particularηc(1S), ηc(2S), andχcJ(1P ) states decay via double-

gluon emission, whileJ/ψ decays via three-gluon transitions, since double-gluon isfor-
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Figure 1.2: Feynman diagram of the OZI-
allowed transitionψ(3770)→D+D−.

Figure 1.3: Feynman diagram of the OZI-
forbidden transitionJ/ψ→ρ+π−.

bidden due toC-parity conservation. Expressions for the multi-gluon decay width are [8]:

Γ(1So→2g) =
8πα2

S

3m2
c

|S0(Ψ)|2 (1.11)

Γ(1S1→3g) =
40(π2 − 9)α3

S

81m2
c

|S0(Ψ)|2 (1.12)

Γ(3P2→2g) =
32πα2

S

45m2
c

|S1(Ψ)|2 (1.13)

Γ(3P0→2g) =
8πα2

S

3m2
c

|S1(Ψ)|2, (1.14)

whereαS is evaluated at the meson mass, andSL(Ψ) is given by

SL(Ψ) ≡ 1

(2π)3/2

∫
d3p

1√
4π

Φ(p)
[ p
E

]L m
E

(1.15)

with φ(~p) = Φ(p)YLM(θp, φp) being the normalized Fourier transform of the wavefunc-

tion Ψ(~r). Corresponding numerical predictions are:Γ(ηc(1S)) = 22 MeV, Γ(J/ψ ) =

176 keV , andΓ(ηc(2S)) = 7.3 MeV [8]. Even if such predictions are not fully consistent

with currently measured values [49], the overall pattern describes the charmonium system

with a rather good accuracy. The predictedJ/ψ to ηc(1S) decay width ratio is0.008 to be

compared with the experimental value0.0029±0.0002 [49], thus the qualitative behavior

is good. Furthermore, the predictedηc(2S) to ηc(1S) decay width ratio0.33 is consistent

with the experimental value0.42 ± 0.18 obtained in this thesis. The large difference be-

tween theηc(1S) andηc(2S) width originates from the differences in the wavefunctions

of such states that enter in Eq. (1.11). More recent derivations of the hadronic decay
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widths of charmonium states also including next-to-leading order (NLO) corrections, can

be found in Refs. [50,51].

1.4.2 Electromagnetic transitions

Electromagnetic transitions are sizable in the charmoniumsystem below the threshold,

due to the OZI-rule that suppresses strong decays. Typical branching fractions of radiative

transitions are of 1-10%. In the potential model approach, the spatial dependence of the

EM transition amplitudes reduces to functions of quark momentum and position between

the initial and final state wave functions. Using multipole expansion, the main contri-

butions to electromagnetic transitions are the electric dipole (E1) and electric monopole

(M1) amplitudes. Higher multipole contributions such as magnetic quadrupole (M2) are

not discussed here.

Magnetic dipole transitions

Magnetic dipole transitions flip the spin quark. For S-wave states, the wave function or-

thogonality ensures that the spatial overlap is one for states with the same radial quantum

number and zero otherwise. Relativistic corrections introduce a small overlap between

states not sharing the same radial quantum number, making the transition possible. The

transition rates are [6,7,52,53]:

{
Γ(n3S1→n′1S0 + γ)

Γ(n1S0→n′3S1 + γ)

}
=

16

27m2
c

αE3
γ(2Jf + 1)|〈f |j0(Eγr/2)|i〉|2 (1.16)

whereα is the electromagnetic coupling,Eγ is the photon energy,f (i) indicates the fi-

nal(initial) state, andj0(x) = sin x/x. If the photon energy is small, the matrix element

j0(Eγr/2) ≈ 1, thus transitions between states with the same radial quantum number, that

are close in mass, are favored. The inclusion of fully relativistic correction to describe M1

transitions has been studied by several authors [8,12,54–58]. A calculation performed in

pNRQCD approach [59] shows that the matrix element for the(n + 1)3S1→n1S0 + γ

transition is proportional toE7
γ , after including all the corrections.

Electric dipole transitions

Electric dipole transitions cannot change the quark spin, but do change the orbital angular

momentumL. The partial widths of such transitions between twoS-wave andP -wave
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states are [6,7,52,53]:

Γ(n2S+1LiJi→n′2S+1LfJf + γ) =
16αE3

γ

27
(2Jf + 1)Sif |〈f |r|i〉|2 (1.17)

with Sij = 1/9. Expressions for transitions betweenP andD-wave states are given in

Ref. [60]. There are many corrections to the leading behavior of these transitions ac-

counting for relativistic modification of the wave functions and of the transition operator,

and finite-size corrections. Details for the interested reader can be found in Ref. [1] and

references therein.

1.5 Exotic charmonium

The spectrum of newly observed charmonium-like states is reported in Fig. 1.1. Exoticcc

configurations, other than conventional ones, can be accommodated by the QCD interac-

tion. In this section, we list such states and briefly discusstheir characteristics. A more

comprehensive review can be found in Ref. [2]. An illustrative picture of such states is

shown in Fig. 1.4.

Figure 1.4: Illustrative picture of exotic quark configurations: (a) hybrid, (b) molecular
state, (c) compact tetraquark, and (d) hadrocharmonium.

Hybrids

The presence of the gluon field in the QCD lagrangian allows for the existence of more

states thanqq̄ : glueballs and hybrids. Hybrids are conventionalcc states, with excited

gluonic degree of freedom [61–66]. Lattice calculations ofthe lightest hybrid mass lead

to a value of about4.4 GeV/c2 [2]. It has been shown [67–69] that the decay of a hybrid
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in open-charm channels is suppressed. This implies a small width for such states, even

above theDD threshold.

Molecular states

A molecular state is constituted by a pair ofD(∗) meson bound by the exchange of soft

pions [70–78]. The molecule is characterized by an extremely small binding energy

O(100 keV ). Such small binding energy implies that theD(∗) mesons should be inS-

wave state, since it is unlikely that pion exchange can bindP -wave states [79]. It was

shown that the existence of aD∗0D̄0 molecule does not imply the existence ofD∗0D̄∗0

or D0D̄0 states [80]. The molecular states can mix with ordinarycc states. Methods

addressing the problem of determining the composition of such admixture have been pro-

posed [81–86]. Molecular states can accommodate large isospin-violating effects [75].

Tetraquarks

Color-neutral configurations in the meson system can be achieved with quark combina-

tions other thanqq̄ . The existence of tightly bound four-quark (tetraquark)[cq][cq′] states

have been proposed [87–93]. The main feature, that may be a drawback of this picture,

is the relevant number of predicted states [87, 94]. Furthermore the existence of states

with non-zero net electric charge is predicted. Models witheven more exotic five-quark

(pentaquarks) [95,96] and six-quarks (exaquarks) [97] configurations have been studied.

Hadrocharmonium

The hadrocharmonium picture [98–100] is motivated by the observation that some exotic

cc states decay to a specific conventionalcc resonance plus light mesons, but decays to

othercc resonances or open charm appear to be suppressed [40–42,45,46,101,102]. The

hadrocharmonium is constituted by acc resonance embedded in a shell of light-quark and

gluon matter. The de-excitation of the hadronic matter intolight meson causes the decay.

This picture implies that baryocharmonium states, decaying for example toJ/ψp+, should

also exist [99].

Artifacts

Some of the unconventional observed states have been questioned to be artifacts due

to threshold or coupled channel effect [103–108]. Furthermore, many states are classi-

fied as exotics because their measured mass does not match theory predictions for yet-

unobserved states. Some authors argue that prediction obtained by using potential models
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may be not completely reliable above the open charm threshold [109], or that coupling

effects may shift the actual mass of the resonances [110–114].



Chapter 2

Experimental status of charmonium

spectroscopy

2.1 Introduction

In this chapter we give an overview of the status of charmonium spectroscopy. In sec. 2.2

we review experimental techniques used to study charmoniumat B-factories. We out-

line both the advantages and drawbacks of each technique on both the experimental and

theoretical grounds. In sec. 2.3 we discuss the status of theconventional charmonium

spectroscopy, giving a particular emphasis to the states studied in this analysis. In sec. 2.4

we report recent results on new charmonium-like states observed above theDD threshold.

We discuss the experimental status of the measurement of their properties and theoreti-

cal interpretations on their nature. A comprehensive review of the status of charmonium

spectroscopy can be found in Ref. [2].

2.2 Experimental techniques atB-factories

The charmonium states can be created via several productionmechanism ate+e− collid-

ers. We briefly review the experimental techniques used to study charmonium resonances

by exploiting the characteristic of each production mechanism.

2.2.1 B decays

Charmonium is produced via Cabibbo-favoredB→ccX decays (Fig. 2.1(a)). Usually

B→XK(∗) decays are used in experimental searches, whereX can be both an exclusive

or inclusive final state. The dominant contributions to thisprocess come from the decay of

theb quark into a color-singletcc state plus as quark. In the factorization approach [115,

17



18 Experimental status of charmonium spectroscopy

Figure 2.1: Representative Feynman diagrams for charmonium production modes atB-
factories: (a)B-meson decay, (b) Initial State Radiation (ISR), (c) two-photon fusion, and
(d) double charmonium.

116], the effective lagrangian describing this process is [117] [cγµ(1−γ5)c][bγµ(1−γ5)s].
This current can describe the production ofJ/ψ , ηc(1S), χc1(1P ), andψ(2S). On the

contrary, decays involvingχc0(1P ),χc2(1P ), andhc(1P ) are not allowed at leading order

in αS, since aV − A current cannot produceJPC = 0++, 1+−, or 2++ [117, 118]. Such

P -wave states can be produced by the decay of theb quark into a color-octetS-wavecc

state that radiates a soft gluon and forms a color-singletP -wave state [119, 120]. Such

process is described by[c(λa/2)γµ(1 − γ5)c][b(λa/2)γ
µ(1 − γ5)s], whereλa are color

SU(3) matrices. The effect of long-distance interactions that mix theccK final state with

channels likeD(∗)D
(∗)
s may also be sizable [121,122]. The decayB→χc0(1P )K has been

observed with an unexpected large branching fraction [49].The non-observation of the

B→χc2(1P )K decay [49] seems to indicate that the color-octet mechanismis suppressed

with respect to the color-singlet one.

At theB-factory experimentsBABAR and Belle, theB mesons are produced via the

decay of theΥ (4S) resonance, produced ine+e− interaction, into a pair ofBB mesons.

Events containing a pair ofBB mesons can be discriminated against continuumqq̄ (q =

u, d, s, c) background by means of event-shape variables, sinceBB events are more

spherical with respect to back-to-back jet-likeqq̄ events (Fig. 2.2). Well-reconstructedB

mesons can be identified by means of kinematic variables thatexploit the closed kinematic

information, such as∆E ≡ EB − 1
2

√
s andmES ≡

√
s/4− |~pB|2, where(EB, ~pB) is the

B four-momentum vector expressed in theΥ (4S) rest frame. The∆E distribution shows
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Figure 2.2: Schematic topological representations of (left) e+e−→qq̄ and (right)
e+e−→Υ (4S)→BB events.

a peak at∼ 0 MeV for well-reconstructed signal events, while forqq̄ background a

smooth shape is expected (Fig. 2.3(a)). ThemES distribution is peaked atmES ∼ mB

for signal events, while it is described by an ARGUS function[123] for combinatorialqq̄

background (Fig. 2.3(b)). The relevant background-subtractedX invariant massmX is

Figure 2.3: Distributions of (a)∆E and (b)mES for well-reconstructed signalB events
(solid blue line) and combinatorial background (red dottedline).

usually obtained by fitting themES (or∆E) distribution in intervals ofmX .

2.2.2 Initial State Radiation (ISR)

Charmonium states withJPC = 1−− can directly couple to virtual photons originating

from e+e− collisions. In charm-factories, such as BESIII [124] and CLEO-c [125], the

e+e− center-of-mass (CM) energy corresponds toJ/ψ or ψ(nS) mass, in order to maxi-

mize the production of such resonances. TheB-factories experimentsBABAR and Belle,

are located at the PEP-II and KEKB accelerators that are mainly operated at theΥ (4S)

energy. Charmonium states withJPC = 1−− can be produced bye+e− annihilation after
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Figure 2.4: Distributions of (a)M2
miss and (b)pT for simulatedγγ→K+K−π+π−π0 (solid

black) ande+e−→γISRK
+K−π+π−π0 (red dashed) events.

one of the incoming electrons1 radiates an energetic (initial state) photon, thus lowering

the CM energy to thecc resonance mass (Fig. 2.1(b)).

The kinematics of thee+e−→γISRf process, withf being an exclusive final state,

is closed. Thus we expect that the squared missing massM2
miss ≡ (pbeams − preco)

2

is ∼ 0 (GeV/c2)2 for well-reconstructed events, wherepbeams and preco are the four-

momenta of the beams and reconstructed final state, respectively. Since the cross-section

for radiating the ISR photon has a maximum in the forward direction [126], the trans-

verse momentumpT of the final state products with respect to the beam axis is expected

to be small. Usually, the ISR photon detection is not required in order to increase the

reconstruction efficiency. TheM2
miss andpT shapes for simulated ISR events are shown

in Fig. 2.4. The presence of a small number of tracks in the event is a further advan-

tage of this production mechanism, since it provides a cleanenvironment and allows for

the rejection of high-multiplicity background frome+e−→qq̄ (q = u, d, s, c) andBB

events.

2.2.3 Two-photon fusion

Charmonium resonances can be produced via the interaction of two virtual photons emit-

ted by the incoming electrons (Fig. 2.1(c)). The scatteringangle of the outgoing electrons

is related to the momentum transferq2 = (p′e − pe)
2, wherep′e andpe are the momenta

of the electron in the final and initial state, respectively.Events resulting by two-photon

collisions are usually classified into three categories:

– no-tagevents, where both the outgoing electrons are scattered at small angle along

the beam pipe and thus escape detection;

1Here and in the following, we use the word “electron” to refer to bothe+ or e−, unless otherwise
specified.
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– single-tagevents, where one of the outgoing electrons is scattered at large angle

and might be detected;

– double-tagevents, where both the outgoing electrons are scattered at large angle

and might be detected.

In single-tagevents the scattering angle of the detected electron is related to the mo-

mentum transferq2. Thus such kind of events are useful in order to measure the cross-

section dependence onq2, allowing for the extraction of the resonance form factor [127].

In no-tagevents the momentum transferq2 ∼ 0 (GeV/c)2, so the interacting pho-

tons are quasi-real. This implies a selection rule on the allowed quantum numbers of

the produced resonance [128]:JP = 0±, 2±, 3+, 4±, . . .. Values ofJ > 2 are usually

suppressed by phase-space availability. Furthermore the coupling of the resonance to the

two-photon initial state impliesC = +1. Hybrids and glueballs are expected to have

small coupling to the two-photon initial state and it is not likely that they can be produced

by this mechanism. There are two characteristic signaturesfor no-tagevents. First, the

low momentum transferq2 ∼ 0 implies that the two quasi-real photons collide head-on,

sopT ∼ 0 GeV/c. Second, since the outgoing electrons are scattered at small angle, they

are not detected and are lost in the beampipe, carrying away alarge portion of the beam

energy, thus resulting in a large value forM2
miss in the event. TheM2

miss andpT shapes for

simulated two-photonno tagevents are shown in Fig. 2.4.

2.2.4 Double charmonium production

The production of acc resonance recoiling against aJ/ψ in the processese+e−→J/ψ (cc)

was first observed atB-factories [129, 130] (Fig. 2.1(d)). The measurede+e−→J/ψcc

cross-section was surprising larger, by about one order of magnitude, than available

NRQCD expectations at leading order [131–138]. Relativistic corrections [139–141] and

NLO perturbative effects [142–144] are shown to enhance theproduction cross-section.

Taking both these effects into account, theoretical predictions can be reconciled with ex-

perimental results. So far onlyJ = 0 resonances have been observed in this production

mechanism. Speculations aimed at explaining theχc1 andχc2 suppression have been

proposed [145].

Background from quantum-elctrodynamics (QED), two-photon andτ+ τ− processes

are rejected by requiring a minimum number of tracks in the event. TheJ/ψ is recon-

structed in its clean leptonice+e− andµ+µ− decay modes. The mass recoiling against

it is obtained asM2
recoil = [(

√
s − E∗

J/ψ )
2 − p∗2J/ψ ]

2, where
√
s is the CM energy, and

(E∗
J/ψ , ~p

∗
J/ψ ) is theJ/ψ four-momentum vector expressed in the CM rest frame.
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2.3 Conventional charmonium

In this section we review the status of conventional charmonium spectroscopy below the

DD threshold, with a particular attention for theηc(1S) andηc(2S) resonances.

2.3.1 ηc(1S)

The charmonium ground stateηc(1S) was observed in 1980 by Mark-II experiment in the

ψ(2S)→γηc(1S) decay [146]. To date theηc(1S) has been observed in several production

mechanism, includingJ/ψ andψ(2S) decays, two-photon fusion,pp collision, double

charmonium production, andB-decays [49].

Measurements of theηc(1S) mass and width taken from Ref. [49] are reported in

Fig. 2.5. With several available measurements, a large spread is observed.

In the width measurements a quite peculiar pattern seems to emerge: experiments that

produce theηc(1S) viaJ/ψ andψ(2S) radiative decays tend to report a value of the width

of about 15MeV, while measurements performed by using other production mechanisms

report values centered at about 30MeV. Theηc(1S) production inJ/ψ andψ(2S) ra-

diative decay has been investigated by several experiments[146–154], by studying both

the inclusive photon spectrum, or reconstructing exclusive final states. A recent paper by

CLEO [154] has pointed out that the use of a simple Breit-Wigner shape gives a poor de-

scription of theηc(1S) peak in the photon energy spectrum from theJ/ψ→ηc(1S) decay.

The observed spectrum should actually take into account that the M1 transition matrix el-

ement is not uniform as a function of the photon energy (sec. 1.4.2). Taking into account

a factorE3
γ in the fit improves the data description, but gives unsatisfactory results on the

high-energy tail. The introduction of a damping factorexp(−E2
γ/β

2), whereβ is a fit

parameter, inspired by the overlap of two ground-state function, gives a good agreement

with data. A similar approach is used to fit theψ(2S)→γηc(1S) transition, where a factor

E7
γ [59] is taken into account. The fittedηc(1S) width is (31.5± 1.5) MeV, which is con-

sistent with results obtained in other production processes. The BESIII collaboration pre-

sented a preliminary measurement of theηc(1S) parameters in theψ(2S)→γηc(1S) de-

cay, withηc(1S) reconstructed in several exclusive hadronic decays [155].In order to ob-

tain a good description of the mass spectrum, both the energydependence of the transition

amplitude and the interference effects with non-resonant background are taken into ac-

count. The measuredηc(1S) mass and width are(2984.4±0.5(stat)±0.6(syst))MeV/c2

and(30.5±1.0(stat)±0.9(syst)) MeV. The KEDR collaboration uses a similar analysis

technique [156] with a modified dumping factor and obtains results consistent with the

BESIII ones, but with a larger uncertainty. In the light of these new results, it is likely that

neglecting the energy dependence of the M1 transition may have biased previousηc(1S)
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Figure 2.5: Measured values of theηc(1S) mass and width used to obtain world-average
values [49]. The squares are the measured values with black bars for statistic uncertainty
and red bars for the sum in quadrature of statistic and systematic uncertainties. If the red
bars are missing, the black bars are the sum in quadrature of the statistical and systematic
errors. For each measure we report the experiment that performed it and the production
mechanism exploited: two-photon fusion (γγ), B-meson decay (B), double charmonium
(2(cc)), J/ψ or ψ(2S) radiative decay (ψ), andpp annihilation (pp). Below the dashed
line we report new measurements not included in the world average. The yellow box is the
±1σ region with respect to world-average values. The last column reports the PDG [49]
reference to the paper where the measure is reported.
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parameters measurement in theJ/ψ andψ(2S) radiative decays.

Theηc(1S) is studied also inB-meson decays and two-photon fusion. The most ac-

curate results from these production modes are obtained by Belle [157] andBABAR [158],

respectively. The Belle analysis reconstructs theB±→K0
S
K±π∓K± decay mode and

measures theηc(1S) parameters by a two-dimensional fit to the theK0
S
K±π∓ mass dis-

tribution and theK0
S

helicity angle. This angle is defined as the angle between theK0
S

and theB-meson recoil direction, in theK0
S
K±π∓ rest frame. Interference between the

ηc(1S) signal and non-resonant background contribution is taken into account. The ef-

fect of such interference is to produce a mass shift of+0.6 MeV/c2 in the measured

ηc(1S) mass value. The change in the value of theηc(1S) width is +0.3 MeV. Tak-

ing into account interference effects, the measuredηc(1S) mass and width are(2985.4±
1.5(stat)+0.5

−2.0(syst)) MeV/c2 and(35.1 ± 3.1(stat)+1.0
−1.6(syst)) MeV [157]. TheBABAR

analysis studies theγγ→K0
S
K±π∓ process inno-tagmode and measure theηc(1S) pa-

rameters [158]. Theηc(1S) mass is obtained by measuring theJ/ψ − ηc(1S) mass dif-

ference and using the nominalJ/ψ mass [49]. The measuredηc(1S) mass and width

are(2982.2± 0.4(stat)± 1.6(syst)) MeV/c2 and(31.7± 1.2(stat)± 0.8(syst)) MeV.

The inclusion of the interference with non-resonant background causes a change of up

to. 1.5 MeV/c2 in the mass value and is taken into account in the systematic uncertainty.

Theηc(1S) study in two-photon production is also reported in a preliminary, unpublished

result by Belle [159]. In this analysis, the inclusion of theinterference of the signal with

non-resonant background in the fit leads to a shift of+2.2 MeV/c2 for the mass and

+0.6 MeV for the width value.

Theηc(1S) is also observed by Belle in double charmonium production inthe inclu-

sive mass spectrum recoiling against aJ/ψ [129, 160]. The fitted value of theηc(1S)

mass is2970± 5(stat)± 7(syst) [160]. The measured mass of all the charmonium states

observed are shifted of about10 MeV/c2 towards lower values. The origin of this shift

is identified in the mismodeling of high-energy tails of the resonances. The magnitude

of this effect is estimated by MC simulation and is equal to6 MeV/c2, that is taken as

systematic uncertainty Theηc(1S) is observed in double charmonium production also by

BABAR [130].

2.3.2 The vectorJ/ψ and ψ(2S) states

The J/ψ and ψ(2S) states haveJPC = 1−− and have thus been studied via

e+e−→γ∗→J/ψ (ψ(2S)) since theJ/ψ discovery [3, 4, 161]. The parameters of such

states are known with a great precision and many decay modes have been observed [49].

The study of the M1 transition fromJ/ψ andψ(2S) to ηc(1S) andηc(2S) provides

important check of the ability of the theory to describe the charmonium system. The most
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precise determinations of radiative decay rates toηc(1S) are provided by CLEO [35]

B(J/ψ→γηc(1S)) = (1.98± 0.09(stat)± 0.30(syst))% (2.1)

B(ψ(2S)→γηc(2S)) = (0.432± 0.016(stat)± 0.060(syst))% (2.2)

A prediction of theB(J/ψ→γηc(1S)) from potential models [1] gives(3.05 ± 0.07)%,

which is larger than the experimental value. A calculation performed in pNRQCD ap-

proach [59] gives(1.6 ± 1.1)%, where the uncertainty comes from expected contribu-

tions from higher-order corrections. The transitionψ(2S)→γηc(2S) has been recently

observed by BESIII [155] with a branching fraction of(4.7 ± 0.9(stat) ± 3.0(syst)) ×
10−4. The measured value is in a good agreement with the phenomenological estimate

(3.9 ± 1.1.) × 10−4 [162] obtained by assuming that the matrix element is the same for

theJ/ψ→γηc(1S) transition and accounting for the ratio of theJ/ψ andψ(2S) widths

and changes in the available phase space.

Hadronic decays of theJ/ψ andψ(2S) are not completely understood yet, a long-

standing problem known as “ρπ puzzle”. Perturbative QCD predicts that the decay rate of

ψ(2S) andJ/ψ into a given hadronic final state or into a lepton pair should be proportional

to the square of the wave functions at the origin [163,164], the so-called “12% rule”

Qh =
B(ψ(2S)→ hadrons)

B(J/ψ→ hadrons)
=

B(ψ(2S)→e+e−)

B(J/ψ→e+e−)
≈ 12% (2.3)

A large violation of this rule was observed in theρπ andK∗+K− decays by Mark-II [165].

Many hadronic decay modes that violate the12% rulehave been measured to date, for

both J/ψ andψ(2S). The study of the decay toρπ is sensible to the procedure used

to extract theρπ contribution from theπ−π+π0 final state. For theψ(2S)→ρπ decay,

results from CLEO [166] and BESII [167] are based on a mass cutand a partial wave

analysis, respectively, and disagree at2σ level. Using a weighted average of the two re-

sults, the world-average value forB(J/ψ→ρπ) [49], and information given in Ref. [168],

one obtainsQρπ = (0.13 ± 0.05)% which is suppressed by two order of magnitude with

respect to the 12% expectation. The values ofQh for decays into pseudoscalar-vector and

vector-tensor final states are generally suppressed with respect to the expectation, while

transitions to pseudoscalar-pseudoscalar final states appear to be enhanced. Decays to

multihadron and baryonic final states do not exhibit a clear pattern. Although models that

explain discrepancies into specific decay modes are available, no model can accomodate

the12% ruleviolation into a general picture [2].
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2.3.3 TheχcJ(1P ) triplet

TheχcJ(1P ) P-wave states are well known on the experimental ground, with their pa-

rameters measured with a good precision and many decay modesobserved or searched

for [49]. These states have been considered as an ideal laboratory to test charmonium

models predictions on radiative and hadronic transistions.

The matrix element|〈1P |r|2S〉| for the E1 transition of Eq. (1.17) can be extracted

from the angular distributions of theψ(2S)→γχcJ(1P ) decays. They are equal to(2.51±
0.10) GeV−1, (2.05± 0.08) GeV−1, and(1.90± 0.06) GeV−1 [1], for χc0(1P ), χc1(1P ),

andχc2(1P ), respectively. Such values are in rather bad agreement withsimple pre-

dictions from non-relativistic potential models, that areindependent on theJ value and

range from 2.4 to2.7 GeV−1 [5–7, 52, 53, 169, 170]. The inclusion of relativistic cor-

rections [8, 12, 55, 58, 171, 172] allows to describe the observed |〈χc2(1P )|r|ψ(2S)〉| >
|〈χc1(1P )|r|ψ(2S)〉| > |〈χc0(1P )|r|ψ(2S)〉| pattern, even if the numerical agreement

with experimental results is still unsatisfactory. Similarly the matrix element|〈1S|r|1P 〉|
can be extracted formχcJ(1P )→γJ/ψ measurements [1]. The predictions for such quan-

tities from non-relativistic potential models [5–7,52,53,169,170] have a surprising better

agreement with data than those obtained by including relativistic corrections [8,12,55,58,

171,172].

Simple calculations of theχcJ(1P ) decay rates into hadronic final states taking into

account only the color-singletcc→hadrons(γγ) contributions give a poor agreement with

experimental results [173–175]. The inclusion of color-octet ccg→hadrons(γγ) contri-

butions in the calculation improves the agreement with experimental data [176,177]. The

ratio between the two-photon decay width forχc0(1P ) andχc2(1P )2 has been calculated

in the color-singlet model [50,178]

Rγγ ≡ Γ(χc2(1P )→γγ)

Γ(χc0(1P )→γγ)
=

4

15
· 1− 1.70αs
1 + 0.06αs

= 0.128, (2.4)

where we usedαs(m2
c) = 0.3. The value obtained from experimental results isRγγ =

0.22±0.03 [2], thus resulting in a poor agreement with theoretical expectations. Possible

color-octet contributions may improve the theoretical expectations [179]. Recent calcula-

tions based on NRQCD approach give a value ofRγγ equal to 0.27 and 0.18 at LO and

NLO, respectively.

Another peculiarity of theχcJ(1P ) system was pointed out by a recent measurement

of χcJ(1P )→V V decays by BESIII [180], whereV is φ or ω. Decays ofχc0(1P ) and

χc2(1P ) into these final states were previously measured at the10−3 level [181, 182],

well above predictions based on perturbative QCD [183]. Themeasured branching ratios

2χc1(1P ) cannot couple to two-photon state, sinceJPC = 1++ [128].
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for χc1→V V final states are(4.4 ± 0.3(stat) ± 0.5(syst)) × 10−4, (6.0 ± 0.3(stat) ±
0.7(syst)) × 10−4, and(0.22 ± 0.06(stat) ± 0.02(syst)) × 10−4, for φφ, ωω, andφω,

respectively. The decayχc1(1P )→V V is expected to be suppressed by the helicity se-

lection rule [184]. Theχc→φω has a further suppression due to the OZI-rule. Mecha-

nisms that allow to evade the helicity suppression rules vialong-distance interaction have

been proposed [185, 186], resulting in branching fractionsof O(10−4). However, the

expected branching fraction of the OZI-suppressedχc1(1P )→φω decay is more than an

order of magnitude smaller than the experimental value. This points to the necessity of a

deeper theoretical investigations of mechanisms allowingfor the evasion of the OZI rule

in χc1(1P ) decays.

2.3.4 Thehc(1P ) singlet

Together with theηc(2S), thehc(1P ) has been one of the most elusive particles of the

charmonium spectrum. Its existence was predicted at the very beginning of the potential

models, but it was actually observed only in 2005 by CLEO [187]. The hc(1P ) state

is of a particular relevance to test the charmonium model, since the hyperfine splittings

for P -wave states is expected to be of fewMeV/c2, since the Coulomb-like potential

contribution is proportional toδ3(~r) [1]. This naive expectation is confirmed by potential

calculation including relativistic corrections [12], andlattice calculations [29,188]. Thus

one expect thehc(1P ) mass to be about equal to the center of gravity of theχcJ(1P )

triplet 〈m(3PJ)〉 = (m(χc0(1P )) + 3m(χc1(1P )) + 5m(χc2(1P )))/9 = (3525.30 ±
0.07) MeV/c2 [2].

The most precise measurement of thehc(1P ) mass comes form CLEO [189] and BE-

SIII [190], that study theψ(2S)→π0hc(1P )→π0γηc(1S) transition, and from E835 [191]

that reports a3σ evidence in thepp→hc(1P )→γηc(1S)→γγγ process. CLEO has also

studied the angular distribution of the photon from thehc(1P )→γηc(1S) decay [189] that

is consistent with a pure E1 transition. A preliminary result from BESIII [155] obtained

by studying theψ(2S)→π0hc(1P )→π0γηc(1S) transition with theηc(1S) exclusively re-

constructed in several exclusive final states, reports a measured value of thehc(1P ) mass

that agrees at1σ level with that obtained by studyingηc(1S) decay to an inclusive final

state [190]. Thehc(1P ) is also observed by CLEO ine+e−→π+π−hc(1P ) process [192],

but the measurement of the mass has a large (∼ 2 MeV/c2) systematic uncertainty related

to the determination of the beam energy.

The weighted average of the measurements reported in Refs. [189–191] gives

m(hc(1P )) = (3525.45 ± 0.15) MeV/c2, where we sum the statistical and systematic

uncertainties in quadrature. The hyperfine splitting is(−0.15 ± 0.17) MeV/c2, compati-

ble with 0 in agreement with predictions. However, the same potential model calculation
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used to determine〈m(3PJ)〉 predicts [2]

m(χc1(1P ))−m(χc0(1P ))

m(χc2(1P ))−m(χc1(1P ))
=

5

2
, (2.5)

while the experimental value is20% smaller [49].

2.3.5 ηc(2S)

The first radial excitationηc(2S) of the charmonium ground stateηc(1S) is predicted to lie

below theDD̄ threshold in the heavy quark potential model [7–14]. Calculations within

this model predict a mass splittingmψ(2S) −mηc(2S) in the range[42, 103] MeV/c2.

Theηc(2S) escaped the detection for more than 20 years and its decay modes are al-

most unknown. The Crystal Ball experiment reported in 1982 an evidence of a signal at-

tributed to theηc(2S) in ψ(2S) radiative decay, with a mass of(3594± 5)MeV/c2 [193],

well below theoretical expectations. This claim remained unconfirmed and unrefuted

for about 20 years until the observation of theηc(2S) at B Factories. Theηc(2S) was

first observed by Belle in theB→K0
S
K±π∓K process [194] and confirmed by a subse-

quent analysis byBABAR by usingB+(0) decays toKK̄πK+(∗0) final states [195]. In

theBABARanalysis, theKK̄π system is reconstructed intoK0
S
K±π∓ andK+K−π0 final

states, but separate contributions from the different decay modes are not reported in the

results. Belle recently has performed an update of the analysis [157] using a dataset about

ten times larger than that used in the previous analysis [194]. The analysis technique

is similar to that used to study theηc(1S) resonance, described in sec. 2.3.1. Includ-

ing the effect of the interference between theηc(2S) and non-resonant background has

a dramatic impact on the measuredηc(2S) parameters. The mass value is(3646.5 ±
3.7(stat)+1.2

−2.9(syst)) MeV/c2 in the fit without the interference, and(3636.1+3.9
−4.2(stat +

model)+0.7
−2.0(syst)) MeV/c2 when taking the effect into account. Similarly the width value

is (41.1±12.0(stat)+6.4
−10.9(syst)) MeV and(6.6+8.4

−5.1(stat+model)
+2.6
−0.9(syst)) MeV when

not considering or including the interference effect in thefit [157].

Theηc(2S) decay into theK0
S
K±π∓ final state is also studied by CLEO [196], and

BABAR [197] in two-photon production process. A preliminary, unpublished result by

Belle [159] is also available. ThepT shape of events is consistent with those expected in

two-photon production. In Ref. [197] an analysis of the angular distribution of the decay

products in theηc(2S) signal region has been performed. The results of the analysis have

confirmed the consistency with the two-photon production mechanism and the inconsis-

tency with ISR one. The preliminary Belle analysis [159] reports values of theηc(2S)

parameters in good agreement with values reported by other experiments. A study of

the effect of the interference of theηc(2S) with non-resonant background on the value of



2.3 Conventional charmonium 29

ηc(2S) parameters is performed. The change in the fitted mass and width value when in-

cluding interference effect is1.1 MeV/c2 and4 MeV, respectively. Recently, BESIII ob-

served theηc(2S) decay intoK0
S
K±π∓, with theηc(2S) produced in theψ(2S)→ηc(2S)

decay [155].

Hadronic decays branching fractions forηc(2S) are expected to be similar to those

of ηc(1S) [198]. However, the measuredB(ηc(2S)→KK̄π) = (1.9 ± 1.2)% [195] is

significantly smaller than the correspondingB(ηc(1S)→KK̄π) = (7.0 ± 1.2)% [49],

where the error is the sum in quadrature of the statistical and systematic uncertainties.

Furthermore, many other decay modes were searched for, but until 2011 all the searches

has been insuccesfull. Theηc(2S) was searched for in the decay to(h+h−)(h′+h′−) (with

h(′) = K, π) final state with no significant results [199]. The branchingfraction for the

correspondingηc(1S) decay is∼ 1% [49]. The production mechanismpp was used to

search for theηc(2S) in theγγ final state, but no significant signal was found [200]. A

preliminary result by Belle reports the observation ofηc(2S) decays to six-particle final

states [201].

Theηc(2S) is also observed in the inclusive mass distribution of the system recoiling

against aJ/ψ in e+e− annihilation by both Belle [129, 160, 202] andBABAR [130]. An

evidence at1.8σ level forηc(2S) decay into inclusive final state is also reported byBABAR

in B-meson decays toXccK
± [203]. The analysis is performed by fully reconstructing

oneB-meson (Breco), so the signalB-meson (Bsig) momentum is known from theBreco

and beam momenta. Events with one charged kaon not associated withBreco are selected

and the kaon momentum is calculated in theBsig rest frame. The mass ofXcc ismX =√
m2
B +m2

K − EKmB, wheremB andmK are theB± andK± mass andEK is theK±

energy.

The parameters of theηc(2S) are known with poor experimental precision, even if

important step torward their determination have been done in last few years. We show

in Fig. 2.6 the experimental status: the mass measurements obtained in different pro-

cesses are consistent within experimental errors, and showa large spread ranging from

3626 MeV/c2 to 3645 MeV/c2. These measurements are inconsistent with the first result

reported by the Crystal Ball Collaboration [193]), that mayoriginate from a misiden-

tification of theψ(2S)→J/ψX feeddown process, withJ/ψ→γηc(1S). The measured

photon energy(91± 5) MeV [193] is comparable, although not fully consistent, with the

J/ψ − ηc(1S) mass difference(117± 1) MeV/c2 [49]. Using the number ofψ(2S) pro-

duced [193], the reported efficiency [193], and relevant branching ratios [49], the number

of expected events from this background process is8011 ± 2381 that is consistent with

the5582± 1270 signal events reported by the Crystal Ball Collaboration [193].
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Figure 2.6: Measured values of theηc(2S) mass and width used to obtain world-average
values [49]. The squares are the measured values with black bars for statistic uncertianty
and red bars for the sum in quadrature of statistic and systematic uncertainties. If the red
bars are missing, the black bars are the sum in quadrature of the statistical and systematic
errors. For each measure we report the experiment that performed it and the production
mechanism exploited: two-photon fusion (γγ), B-meson decay (B), double charmonium
(2(cc)), andJ/ψ or ψ(2S) radiative decay (ψ). Below the dashed line we report new
measurements not included in the world average. The yellow box is the±1σ region with
respect to world-average values. The last column reports the PDG [49] reference to the
paper where the measure is reported.
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2.3.6 χc2(2P )

Theχc2(2P ) was the first observed conventional charmonium state above the threshold.

First dubbedZ(3930), it was observed by Belle [204] and confirmed byBABAR [205] in

two-photon production process andDD̄ final state. The measured mass and width are

(3929 ± 5(stat) ± 2(syst)) MeV/c2 and(29 ± 10(stat) ± 2(syst)) MeV for Belle and

(3927± 2(stat)± 1(syst)) MeV/c2 and(21± 7(stat)± 4(syst)) MeV for BABAR. The

agreement between the two measurements is very good. The decay into spinless final

state, combined with the fact thatC = +1 due to the production mechanism, implies that

J = L is even and thusP = +1. The value ofJ is determined by studying the angular dis-

tribution of the decay products, in particular the angle between the directions of theDD̄

system and the beam. Both experiments favorJPC = 2++ assignment. Belle provides a

measurement of the branching fraction ratioB(Z(3930)→D+D−)/B(Z(3930)→D0D̄0) =

0.74 ± 0.43(stat) ± 0.16(syst) [204] which suggests isospin invariance, as expected for

conventionalcc. The product of the two-photon width times the decay branching ratio

Γγγ(Z(3930))×B(Z(3930)→DD̄) is found to be(0.18±0.06) keV and(0.24±0.05) keV,

by Belle andBABAR, respectively, where the error is the sum in quadrature of the statisti-

cal and systematic uncertainties. There is a general agreement on the interpretation of this

state, which is identified asχ′
c2 [49]. The mass, two-photon width and decay angular dis-

tribution are consistent with theoretical expectation forthis charmonium state [8,13,206].

2.4 Exotic charmonium

In this section we review the new states discovered since 2003 whose interpretation is

still ambiguous. For each state we report experimental facts and the status of the theo-

retical understanding. We give particular emphasis to theoretical considerations about the

compatibility of available measurements with the different proposed models.

2.4.1 X(3872)

TheX(3872) was discovered by Belle in 2003 [39], in theB→X(3872)K→J/ψπ+π−K

process, and subsequently confirmed by several experiments[207–211]. Quite a large

number of experimental results are available for this state.

TheJ/ψπ+π− decay mode, where this state was discovered [39], also provides insight

on its nature. Belle precisely measures the mass in this decay mode and puts an upper

limit of 1.2 MeV on its width [212]. Theπ−π− mass distribution is consistent with

subthresholdρ production [213]. The CDF collaboration has performed a full angular

analysis of the decay, excluding all the possibleJP numbers, but1+ and2− [214]. Belle
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has performed a spin-parity analysis using711 fb−1 [212] of data. A study of angular

distributions suggested in Refs. [215,216] favors a1++ assignment, but does not exclude

2−+. The study of theπ+π− mass distribution gives some insight on the state parity.

In fact, the mass distribution near the kinematic endpoint is suppressed by a centrifugal

barrier factor. Both CDF [213] and Belle [212] found that accounting forρ-ω interference

in the analysis, the information carried by the dipion mass distribution is insufficient to

discriminate between the1++ and2−+ assignment.

Decay toD0D̄0π0 has been observed [217] and interpreted asD0D̄∗0. This inter-

pretation has been confirmed in subsequent analyses [218, 219]. Both BABAR and Belle

analyses constrain theD∗0 mass to its nominal value, so the study of theX(3872) line-

shape in this decay mode is not feasible.

Belle reported preliminary unpublished evidence of the decay intoJ/ψπ+π−π0 [220].

The three pion mass distribution is consistent with subthresholdω production. The ra-

tio of branching fractionsB(X(3872)→J/ψπ+π−π0)/B(X(3872)→J/ψπ−π−) is 1.0 ±
0.4(stat) ± 0.3(syst). Recently,BABAR has reported evidence of decay into theJ/ψω

final state with a significance of 4 standard deviations (σ) [221]. The angular distribu-

tion of the three-pion system strongly supports their origin from anω meson. The ratio

B(X(3872)→J/ψω)/B(X(3872)→J/ψπ−π−) is equal to0.7 ± 0.3 and1.7 ± 1.3, for

charged and neutralB decays, respectively, where the error is the sum in quadrature of

the statistical and systematic uncertainties. An analysisof the three pions mass distribu-

tion is performed. The agreement withP = −1 (61.9%) is far better than withP = +1

(7.1%). Thus,JPC = 2−+ is favored, in contrast with Belle preliminary indication of

JPC = 1++ [222].

RadiativeX(3872) decay intoJ/ψγ has been observed byBABAR[223] and Belle [224].

This observation implies that theX(3872) has positive C-parity.BABAR reports an evi-

dence of the decay intoψ(2S)γ final state [223] at3.5σ level , using a data sample of

424 fb−1. The measured branching fraction ratio

B(X(3872)→ψ(2S)γ)/B(X(3872)→J/ψγ) = 3.4 ± 1.4, where the error is the sum

in quadrature of the statistical and systematic uncertainties, is unexpectedly large. Re-

cently, Belle searched for theψ(2S)γ decay using849 fb−1 of data [224]. No signif-

icant signal is observed. The branching fraction upper limit at 90% confidence level

is B(X(3872)→ψ(2S)γ)/B(X(3872)→J/ψγ) < 2.1. This results challenge previous

BABARevidence [223].

A consensus concerning the interpretation ofX(3872) has not been reached. Possible

conventional charmonium assignments areχc1(2P ) or ηc2(1D). The first is challenged

by the fact thatχc2(2P ) has a mass of about3930 MeV/c2. This implies that the mass

splitting in theχcJ(2P ) triplet should be larger than expected. It was noticed that the effect
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of the coupling toDD̄∗ channel may shift the1++ state mass down toDD̄∗ threshold,

while the shift of the2++ state is expected to be much smaller [110–114]. Radiative

decay rates of theχc1(2P ) to γJ/ψ and γψ(2S) are in agreement with the measured

values [225]. Theηc2(1D) interpretation is favored byBABAR assignment ofJPC =

2−+. The measuredX(3872) mass is consistent with the11D2 state mass predicted in

Ref. [8], but not consistent with the values reported in manyrecent papers [14,226,227].

Theoretical calculations [228, 229] show that the predicted decay rate of such a state to

ψ(2S)γ is inconsistent with the results reported byBABAR [223]. It should be noted

that recent Belle result [224] for this decay mode disagreeswith BABAR one [224], thus

mitigating this inconsistence. Recently it has been noticed that also the decay rate to

D0D̄∗0 cannot fit the11D2 assignment [229].

The interpretation ofX(3872) as aD0D̄∗0 molecule was suggested by many au-

thors [73–75,230,231], and may accommodate the large observed isospin violation [75].

The decays intoJ/ψγ andψ(2S)γ imply that this molecular state should mix withχ′
c1

[109, 232–235]. Such a mixing would not need to be as large as earlier proposed, in the

light of the new Belle result on theψ(2S)γ decay [224]. Molecular interpretation is usu-

ally challenged byBABAR JPC = 2−+ assignment, but a molecular model with aDD̄∗

molecule with thisJPC assignment was proposed [236]. TheX(3872) production rate

in B meson decays in the molecular picture [237] is consistent with experimental results.

Oppositely, the large cross-section for prompt productionthat can be derived from CDF

results seems inconsistent with this model [238].

The interpretation ofX(3872) as a tetraquark [87] predicts a mass in good agreement

with the experimental results. It was noticed [239] that mass measurement are likely not to

be able to discriminate between tetraquark and molecular picture, while radiative decay

rates should exhibit different patterns for the two hypotheses. The predicted radiative

decay rate intoγJ/ψ forX(3872) as a tetraquark [240] is consistent with the experimental

results. The tetraquark picture predicts the presence of neutral and charged partners in

the same mass region. Such states were searched for and not found by BABAR [241],

CDF [242] and Belle [212]. Furthermore, calculations of thebinding energy seem to

favor the molecule picture with respect to the tetraquark one [243].

2.4.2 Y (3940)

TheY (3940) was observed by Belle in theB→J/ψωK process [47], and confirmed by

BABAR [48]. The same structure is not observed in theB→D0D̄∗0K process [218, 219].

Belle measures the mass(3943±11(stat)±13(syst)) MeV/c2 and width(87±22(stat)±
26(syst)) MeV. A resonance in the theJ/ψω final state, dubbedX(3915), was observed

by Belle in two-photon collisions [244]. The measured mass and width are(3914 ±
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3(stat) ± 2(syst)) MeV/c2 and (17 ± 10(stat) ± 3(syst)) MeV, respectively. A re-

centBABAR re-analysis of theB→J/ψω decay [221] provides a Y(3940) mass and width

of (3919.1+3.8
−3.5(stat) ± 2.0(syst)) MeV/c2 and (31+10

−8 (stat) ± 5(syst)) MeV, respec-

tively. This latter measurement favors aY (3940) mass slightly lower than the one first

reported by Belle [47]. This value is in agreement with the one measured by Belle

for theX(3915) in the two-photon process. Thus, it seems likely that the same par-

ticle, with a mass of about 3915MeV/c2, is observed in two distinct production pro-

cesses. Belle reports a product of the two-photon width times the decay branching ra-

tio Γγγ(Y (3940)) × B(Y (3940)→J/ψω) equal to(61 ± 17(stat) ± 8(syst)) eV and

(18±5(stat)±2(syst)) eV forJP = 0+ and2+ assignments, respectively [244]. Assum-

ingΓγγ(Y (3940)) ∼ 1 keV, that is a typical value for excited charmonium, the branching

ratioB(Y (3940)→J/ψω) is in the range [1,6]%, which is unexpectedly large, compared

to other excitedcc states [49].

The proposed interpretation ofY (3940) as theχc1(2P ) state, where the final state

interaction enhances theJ/ψω decay [1], is ruled out by the observation of this state in

two-photon production. Interpretation asχc0(2P ) was also suggested [245]. Interpreta-

tion as a charmonium hybrid is seriously challenged by lattice calculations that show that

the expected mass for hybrid ground state should be approximatively 500MeV/c2 higher

than the one ofY (3940) [2]. Interpretation in the framework of molecular model has

been proposed [246–248]. It was suggested that the search ofthe decay into theD∗D̄γ

may give more insight on the nature of this state [248]. TheX(3915) was supposed to be

theχc2(2P ) state [249]. Since theZ(3930) assignment as theχc2(2P ) is commonly ac-

cepted [49], this interpretation is problematic, unlessY (3940) andχc2(2P ) are the same

particle. However, if this were the case, it would be difficult to explain the large value of

B(Y (3940)→J/ψω).

2.4.3 New states in double charmonium production

Belle has observed two charmonium-like resonances, dubbedX(3940) andX(4160), pro-

duced in association with aJ/ψ meson ine+e− annihilation [160]. The measured mass

and width of the two resonances arem(X(3940)) = (3942+7
−6(stat) ± 6(syst)) MeV/c2

m(X(4160)) = (4156+25
−20(stat) ± 15(syst)) MeV/c2, Γ(X(3940)) = (37+26

−15(stat) ±
8(syst)) MeV, andΓ(X(4160)) = (139+111

−61 (stat)±21(syst)) MeV [250]. TheX(3940)

is observed in the inclusive mass spectrum recoiling against aJ/ψ meson [160]. An search

for its decay toD(∗)D̄(∗) is performed by studying thee+e−→J/ψD(∗)X, where theJ/ψ

and theD(∗) are exclusively reconstructed, and the invariant mass of the X system is

consistent withD or D∗ [160, 250]. A clear enhancement in theD∗D̄ spectrum is ob-

served, while a broad structure is observed in theDD̄ spectrum. An exclusive search
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of theX(3940) decay to theJ/ψω final state is performed, but no significant signal is

found [160]. TheX(4160) is observed in theD∗D̄∗ mass spectrum. No results are avail-

able by experiments other than Belle.

Since largeηc(1S) andηc(2S) signals are observed in double charmonium production,

theX(3640) may be identified as theηc(3S) state. The measured mass is lower than ex-

pectations for this state [14]. However, screened potential model provides a mass estimate

only 50 MeV/c2 higher than the measured value forX(3940) [109]. The measured width

is consistent with theoretical estimates [251]. Another possible interpretation as the first

radial excitationχc1(2P ) of theχc1(1P ) meson is favored by the expected large branch-

ing fraction of this state in theDD̄∗ final state [1]. This interpretation is challenged by the

fact thatJPC = 1++ particle production seems to be suppressed in double charmonium

process [129, 130, 145], and by an inconsistency with the expectedχc1(2P ) width [252].

The non-observation in theJ/ψω final state [160] points to the fact thatX(3940) and

Y (3940) are distinct particles.

TheX(4160) was tentatively interpreted as theηc(4S) state [253]. Theχc0(3P ) in-

terpretation was also proposed [253]. In this scenario the broad structure in theDD̄

spectrum can be due to feed-down from theχc0(3P )→D∗D̄∗ decay. The predicted mass

in the screened potential model [109] favors theχc0(3P ) assignment. These interpreta-

tions are disfavored by theD(∗)D̄(∗) decay width reported in Ref. [254], that suggests a

ηc2(2
1D2) assignment. The interpretation asχc0(3P ) state is also disfavored by the ab-

sence of any signal corresponding to theχc0(2P ) in the same production process. It was

suggested [109] that the broad bump observed in theDD̄ spectrum can be the missing

state. Interpretation as aD∗
sD̄

∗
s molecule was also proposed [255].

2.4.4 The1−− states

SeveralJPC = 1−− states have been observed in the last years. Such states are poten-

tial exotic candidates both for their unnatural properties, and for the excess of observed

JPC = 1−− states with respect to conventional charmonium model expectations.

These states are observed in ISR production, thus theirJPC assignment is clearly es-

tablished.BABAR first observed a state decaying toJ/ψ π+π−, with a mass of(4259 ±
8(stat)+2

−6(syst)) MeV/c2 and a width in the range[50, 90] MeV [40]. This observa-

tion is confirmed by both CLEO [41] and Belle [42]. CLEO also searched for theJ/ψ

π0π0 andJ/ψK+K− final states and reports for a significant signal of the first decay,

and evidence for the latter. Belle measures theY (4260) mass and width to be(4247 ±
12(stat)+12

−32(syst)) MeV/c2, and(108± 19(stat)± 10(syst)) MeV. Furthermore a sec-

ond broad structure with mass and width of(4008 ± 40(stat)+114
−28 (syst)) MeV/c2 and

(226± 44(stat)± 87(syst)) MeV is observed. A preliminary, unpublished updated anal-
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ysis byBABAR [256] confirms the previousY (4260) observation and measures a width

of (105 ± 18(stat)+4
−6(syst)) MeV. No evidence of any structure in the4008 MeV/c2

mass region is found. PossibleY (4260) decay in open-charm channels was searched for

by studying theD(∗)D̄(∗) cross-section in ISR events [257, 258]. No significant signal is

found. Searches for decays into hadronic exclusive final states containing accmeson other

than the observedJ/ψπ+π−, J/ψπ0π0, orJ/ψK+K− modes, were unsuccessfully [41].

The study of theψ(2S)π+π− final state in ISR production was motivated by the search

of new decay modes of the newly discoveredY (4260). A first search performed byBABAR

resulted in the observation of a peaking structure at a mass of (4324± 24) MeV/c2 with

a width of (172 ± 33) MeV [43], where the error is the sum in quadrature of statistic

and systematic uncertainties. While the mass that is not fully consistent with that of

theY (4260) pointed to the presence of a new resonance, the limited statistics available

prevented to clearly establish this. A subsequent analysisby Belle confirmed the existence

of the peak observed byBABAR, and reported the presence of another resonance with mass

of (4664±11(stat)±5(syst)) MeV/c2 and with of(48±15(stat)±3(syst)) MeV [44].

The larger statistic used in the Belle analysis allows to establish that theY (4360) and

Y (4660) are not the same state observed in theJ/ψ π+π− decay.

The absence of any signal fromY (4260) andY (4360) meson in open-charm decay

modes motivated the study of thee+e−→γISRΛ
+
c Λ

−
c [259]. While no signal is observed at

an invariant(Λ+
c Λ

−
c ) mass corresponding to the above mentioned resonances, a clear en-

hancement is visible close to theΛ+
c Λ

−
c threshold opening. Fitting the enhancement with

a relativistic Breit-Wigner shape results in a mass of(4634+8
−7(stat)

+5
−8(syst)) MeV/c2 and

a width of (92+40
−24(stat)

+10
−21(syst)) MeV [259]. The measured mass of the enhancement

is consistent with theY (4660) mass and with predictions for theηc(5S) state [260]

Recently CLEO reported an analysis of thee+e−→π+π−hc(1P ) [192]. The measured

cross-section at a CM energy of4260 MeV/c2 is larger than at4170 MeV/c2. Unfortu-

nately, this excess is not statistically significant to determine if it originates fromY (4260)

resonant production [192].

The interpretation of these states as conventional charmonium states are disfavored

by the fact that noJPC = 1−− state is predicted at a mass close to the observed one,

and by the absence of any evidence of decay into open-charm. Screened potential models

predict the mass for theψ(4S), ψ(3D), andψ(6S) to be4273 MeV/c2, 4317 MeV/c2,

and4608 MeV/c2 [109]. Such results do not take into account complicatedS−D mixing

effects, that can explain the actual discrepancies with themeasured mass of theY (4260),

Y (4360), andY (4660) resonances. In any case, this assignment is far from being con-

clusive [109]. Interpretation as a hybrid [261] is supported by a general selection rule

that forbids the decay of aP -wave hybrid into anS-waveD(∗)D̄(∗) final state [69].
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Furthermore, a large branching fraction to theDD̄1 final state is expected [68]. While

first lattice calculations of the lowest-lying charmonium hybrid mass predicted a value

close to4200 MeV/c2 [262], more recent calculations [263] find a value∼ 200 MeV/c2

larger, that is only marginally compatible with the measured Y (4260) mass. The same

calculation favors models where theY (4260) is aD1D orD0D∗0 molecule [264]. Sim-

ilar results are obtained in Ref. [265]. The distribution ofthe dipion invariant mass in

the Y (4660) decay points to the presence of a largef0(980) contribution. Interpreta-

tion as aψ(2S)f0(980) molecule was proposed [266, 267]. Due to isospin symmetry

an ηc(2S)f0(980) molecule is expected at a mass of about4615 MeV/c2, with domi-

nant decay toηc(2S)ππ [267, 268]. In this picture, theX(4630) and theY (4660) can

be interpreted as being the same particle [269] Possible identification of theY (4260)

as acscs tetraquark inP -wave state was proposed [94, 270, 271]. Authors of Ref. [94]

predict that the decay toDsD̄s should be dominant. Furthermore, an isospin partner of

this tetraquark decaying toJ/ψπ+π−π0 is expected [261]. The calculation of thecscs

tetraquark mass performed in Ref. [265] is consistent with the value measured for the

Y (4360). Thus interpretation of theY (4260) as acscs tetraquark is problematic. Pos-

sible interpretation asP -wavecqcq tetraquark was proposed [265]. However, different

calculations of the mass of this state give quite different results that can be either consis-

tent [272] or inconsistent [265] with the measured value. The peculiar decay pattern of

theY (4260) andY (4360), where each state has a prominent decay intoJ/ψ or ψ(2S),

with an apparent suppression of the decay into the other charmonium state, has triggered

the idea ofhadrocharmonium[98, 99]. In this picture, the exotic resonance is composed

by a charmonium core, embedded into light quarks matter by residual strong interac-

tions. The existence of theY (4260) state as real resonant state has been questioned by

many authors that suggest that it may be an artifact originating from coupled channels

effect [103], or interference between thee+e−→J/ψππ, e+e−→ψ(4160)→J/ψππ, and

e+e−→ψ(4415)→J/ψππ amplitudes [273]. Similarly, theY (4630) was suggested to be

an artifact originating from the interference between thee+e−→ψ(2S)ππ,

e+e−→ψ(4160)→ψ(2S)ππ, and e+e−→ψ(4415)→ψ(2S)ππ amplitudes [274]. Con-

cerning theX(4360), it should be noted that near-threshold enhancements are a feature

observed in several processes, likee+e−→ΛΛ [275]. However, they do not usually create

peaking-like structures, but smooth shapes.

2.4.5 NewJ/ψφ states

The search of structures in theJ/ψφ mass spectrum is motivated by the prediction that a

cc̄ss̄ tetraquark is expected to have sizable branching ratio to this final state and a mass in

the range [4270,4350]MeV/c2 [276]. A first CDF measurement has reported an evidence
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of a resonance-like candidate, dubbedY (4140), with a significance of3.8σ [277]. A sub-

sequent analysis performed by using a two times larger statistics [278] has confirmed the

previous evidence with a significance of more than5σ, and has reported a3.1σ evidence

of another structure at a mass of about 4270MeV/c2. TheJ/ψφ final state is studied in

B+→J/ψφK+ decay. The measuredY (4140) mass and width are(4143.4+2.9
−3.0(stat) ±

0.6(syst))MeV/c2 and(15.3+10.4
−6.1 (stat)±2.5(syst)) MeV [278]. The measured mass and

width for the second structure are(4274.4+8.4
−6.7(stat) ± 1.9(syst)) MeV/c2 and

(32.3+21.9
−15.3(stat) ± 7.6(syst)) MeV. The measured branching fraction ratio

RY (4140) = B(B+→Y (4140)K+) × B(Y (4140)→J/ψφ)/B(B+→J/ψφK+) value is

0.149± 0.039(stat)± 0.024(syst) [278].

Belle has searched for theY (4140) using the same production mechanism, and found

no evidence of it [279]. Due to small detection efficiency near theJ/ψφ threshold, the

upper limit on the branching ratio isB(B+→Y (4140)K+)×B(Y (4140)→J/ψφ) < 6×
10−6. Using the world-average value forB(B+→J/ψφK+) = (5.2 ± 1.7) × 10−5, one

getsRY (4140) < 0.115, that is not in contradiction with CDF measurement, considering

its large uncertainty. A recent search by LHCb [280], performed by using a data sample

about three times larger that CDF one [278], has given negative results. The measured

upper limits onRY (4140) ranges between0.04 and0.07, depending on the shape used to

parameterize the background. This measure seriously challenge previously reported CDF

observation.

Several interpretations were proposed for theY (4140) and theY (4270), including a

D∗+
s D∗−

s molecule [247,255,281–289], an exotic1−+ hybrid [287], acc̄ss̄ tetraquark [290],

and an effect of theJ/ψφ threshold opening [291]. Some arguments were raised against

the interpretation as a standardcc state [292] and scalarD∗+
s D∗−

s molecule [293, 294].

Authors of Ref. [247] predict, in theD∗+
s D∗−

s molecule picture, the product of the two-

photon width times the decay branching ratioΓγγ(Y (4140))×B(Y (4140)→J/ψφ) to be

sizable, with large theoretical uncertainties.

Belle searched for theY (4140) in two-photon production and found no evidence of

it [295]. Furthermore, Belle has reported evidence of a narrow structure with a mass equal

to (4350+4.6
−5.1(stat) ± 0.7(syst)) MeV/c2 and width(13+18

−9 (stat) ± 4(syst)) MeV. The

structure, dubbedX(4350), has a significance of3.2σ. The measured mass is inconsistent

with that of theY (4140). Interpretation of theX(4350) asχ′′
c2 was suggested [245]. Other

interpretations as an exotic state are similar to the ones proposed for theY (4140) [285,

286,290,296,297].
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2.4.6 Charged states

Belle reported the evidence of the narrowZ(4430)− decaying intoψ(2S)π−, with a sig-

nificance of 5.4σ [298]. This state was studied in the decayB0→ψ(2S)π−K+. The

Dalitz plot of this decay is dominated by the presence of theK∗ resonances. In a previous

analysis by Belle, a veto was applied to remove such contributions [299]. In a more recent

analysis, a Dalitz plot analysis was performed [298]. Both analyses report the same value

for the mass(4433+15
−12(stat)

+19
−13(syst)) MeV/c2 [298]. The measured widths are equal to

(45+18
−13(stat)

+30
−13(syst)) MeV and(107+86

−43(stat)
+74
−56(syst)) MeV, in the first [299] and lat-

ter [298] analysis, respectively. These measurements are consistent within the large uncer-

tainties of the latter.BABARhas searched for theZ(4430) in bothJ/ψπ− andψ(2S)π− fi-

nal states, but no evidence of resonance-like structures has been found [300]. In this analy-

sis,BABARhas performed a study of the reflections of theK∗ system in theJ/ψ (ψ(2S))π−

mass spectrum, and found that such reflections reproduce data well, without the need

of any additional resonant structures. The upper limit at 90% confidence level on the

branching fraction productB(B0→Z(4430)−K+) × B(Z(4430)−→ψ(2S)π−) reported

byBABARis3.1×10−5. This is not in contrast with the measured value(3.2+1.8
−0.9

+5.3
−1.6)×10−5

reported by Belle [298]. No analysis of theJ/ψ π− final state has been reported by Belle

so far.

Belle reported an evidence of two more states (Z1(4050)
− andZ2(4250)

−) with non-

zero electric charge in the final stateχc1π− [301]. These states were found inB→χc1π
−K,

whose Dalitz plot is dominated by theK∗ resonances. A Dalitz plot analysis is per-

formed. The solution with two resonant structures is favored with respect to the one

with no resonant contributions, with a significance of5.7σ. The mass of these states

are(4051±14(stat)+20
−41(syst)) MeV/c2 and(4248+44

−28(stat)
+180
−35 (syst)) MeV/c2, respec-

tively. Their widths are(82+21
−17(stat)

+47
−22(syst)) MeV and(177+54

−39(stat)
+316
−61 (syst)) MeV,

respectively. The reported branching fraction isB(B0→Z−
1 K

+) × B(Z−
1 →χc1π

−) =

(3+1.5
−0.8(stat)

+3.7
−1.6) × 10−5 andB(B0→Z−

2 K
+) × B(Z−

2 →χc1π
−) = (4+2.3

−0.9(stat)
+19.7
−0.5 ) ×

10−5. BABAR has searched for theZ−
1 andZ−

2 in the same final state [302], with an

analysis technique similar to that used for theZ+ analysis [300]. No significant signal

for an exotic resonance is found. The observedχc1π
− mass spectrum is well described

by the reflections of theK∗ meson. The upper limits at 90% confidence level on the

resonance branching fractions areB(B0→Z+
1 K

−) × B(Z+
1 →χc1π

−) < 1.8 × 10−5 and

B(B0→Z+
2 K

−) × B(Z+
2 →χc1π

−) < 4.0 × 10−5. These results disfavor the existence

of theZ+
1 andZ+

2 resonances. However, the measured upper limits are not sufficiently

stringent to refute Belle claims. More insight on these debated states will be provided in

the near future by experiments at hadronic machines like Tevatron and LHC.

If future experiments confirm the observation of resonant states with non-zero net
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electric charge, this will be a striking evidence of a state with an unconventional nature,

since it would be inconsistent with the electric neutralqq̄ structure. Interpretation as a

D∗−D̄0
1 molecule [92,303–306],cucd tetraquark [307] or hadrocharmonium [98,99] have

been proposed. Molecular models provide a natural suppression of theZ(4430) decay

to open-charmD(∗)−D̄(∗)0 final states, while these modes are likely to be dominant in

the tetraquark picture [308]. In the tetraquark picture, anapproach based on theSU(3)

symmetry predicts the existence of strange partners of theZ(4430)− decaying toJ/ψK+

andJ/ψK0
S

[309]. Non exotic interpretations have also proposed: theZ(4430)− could be

interpreted as a radial excitation of theD−
s meson [310] or it could be an artifact due to

D1D̄
∗ rescattering [104,105,107,108]



Chapter 3

The BABAR experiment

3.1 Introduction

In this Chapter, after a brief overview of the PEP-IIB-factory, we describe theBABAR

detector. EachBABAR subsystem is described, and we point out the solutions adopted to

match the demanding performances required by the physics program.

3.2 B-factories overview

The experimentsBABAR [311] and Belle [312] operated at the PEP-II and KEKBB-

factories were designed to study theCP violation in theB system. TheΥ (4S) resonance

provides a very clean environment forB reconstruction, with a very favorable ratio ofbb

production frome+ ande− beams compared to lighter quark pairs (σ(bb)/σ(qq̄ ) ≃ 0.28).

Asymmetrice+ ande− beams provide a boost to the producedB meson pair, allowing

for reconstruction ofB flavor as a function of time of flight through the separation ofthe

B vertices in the lab frame. The concept of asymmetricB-factories was first proposed in

1987 by Pier Oddone [313]. He proposed that the best way to produce and studyB parti-

cles would be to construct an asymmetric collider that couldcreate a separation in space

between the decay products of individualB andB mesons. In fact, unlike symmetric

beams, theB particles are carried downstream in the direction of the higher energy beam

and due to this forward boost the distances between their decay vertices is large enough

to be measured. This configuration allows to study time-dependentCP asymmetries.

Thanks to the high cross-section forcc production,σ(cc) = 1.3 nb, theB-factories

are, in fact, alsocharm-factories becoming a very attractive environment to studyopen

charm and charmonium spectroscopy. Furthermore,cc can also be produced by the ISR

and two-photon fusion mechanisms.

BABAR and Belle operated in the last fifteen years and collected about 1.5 ab−1 of

41
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data. TheBABAR and Belle experiments are very similar, with some importantdiffer-

ences: the KEK-B/BelleB factory has a nonzero beam crossing angle (4.2 mr) at the in-

teraction point (IP), whereas the PEP-II/BABARB factory has a more traditional collinear

IP. The particle identification method also differs betweenBABAR and Belle: as will be

described in section 3.4.3,BABAR uses quartz bars to internally reflectČerenkov light to

a backward-mounted detector (the DIRC), whereas Belle usesan aerogeľCerenkov de-

tector. In addition,BABARhas a 5-layer silicon vertex detector (SVT, see sec. 3.4.1) that

can perform standalone tracking, whereas Belle uses a 3-layer silicon vertex detector. In

Fig. 3.1 we show a sketch of theBABARdetector, where we indicate the location of each

subdetector. The longitudinal section is shown in Fig. 3.2.The PEP-II accelerator ceased

its operations on7th April 2008, having integrated 553.5fb−1. KEK-B ceased its oper-

ations in 2010, having integrated more than 1 ab−1. Both machines reached luminosity

values far beyond the design ones.

Figure 3.1: TheBABARdetector, where each subdetector is indicated.

3.3 The PEP-II asymmetric collider

The design of PEP-II is shown in Fig. 3.3. The 9.0GeV electrons and 3.1GeV positrons

are injected in PEP-II from the SLAC linac via bypass lines inthe linac gallery. They

collide in the single interaction point of PEP-II, whereBABAR is situated. The collisions

take place inside a beryllium beam-pipe, with a diameter of 2.5 cm. The beam parameters

are listed in Table 3.1. PEP-II surpassed design goals both in instantaneous and in average

integrated luminosity.
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Figure 3.2:BABARdetector longitudinal section.

The energy in the center-of-mass system (CMS) is
√
s = 10.58 GeV, which corre-

sponds toΥ (4S) resonance. With this configuration, the CMS moves in laboratory frame

with a relativist boost ofβγ = 0.56, which gives an average separation between the two

B (coming fromΥ (4S) decay) vertexes ofβγcτ = 270µm. The cross-sections of pro-

duction of fermionic pairs at CMS energy are shown in Table 3.2.

PEP-II data operations started in 1999 and ceased on7th April 2008. Most of the data

were taken at theΥ (4S) resonance (on-peak). Approximately 10% were taken at 40MeV

below the resonance peak (off-peak), where there is noΥ (4S) resonance production, to

provide a control sample of non-BB events in data (see Fig. 3.4). In the last period of

operation PEP-II also ran atΥ (3S) andΥ (2S) resonance energies. A scan above the

Υ (4S) region was also performed. The total integrated luminosityduring the duration

of the experiment was 432.89fb−1 at Υ (4S) resonance, 30.23fb−1 at Υ (3S) resonance,

14.45 fb−1 at Υ (2S) resonance and 53.85fb−1 at off-peak energy. A plot of PEP-II

integrated luminosity,BABAR recorded integrated luminosity as a function of time and

integrated luminosity per day is shown in Fig. 3.5. During data taking, PEP-II integrated

553.48fb−1, while BABAR recorded 531.43fb−1(which corresponds to an efficiency of

96.0%).



44 The BABAR experiment

Figure 3.3: The PEP-II asymmetric storage ring and the SLAC linear accelerator. The
SLAC linac is the injector for PEP-II. The single interaction point of PEP-II is at Interac-
tion Region 2, whereBABAR is situated.

Parameters Design Typical
Energy HER/LER (GeV) 9.0/3.1 9.0/3.1
Current HER/LER (A) 0.75/2.15 1.88/2.90
# of bunches 1658 1732
σLx (µm) 110 120
σLy (µm) 3.3 4.1
σLz (mm) 9 1.75
Luminosity (1033 cm−2s−1) 3 11-12
Luminosity ( pb−1/d) 135 891

Table 3.1: PEP-II beam parameters. Values are given for the design and for typical collid-
ing beam operations. HER and LER refer to the high energye− and low energye+ ring,
respectively.σLx, σLy, andσLz refer to the R.M.S. horizontal, vertical, and longitudinal
bunch size at the IP.

e+e−→ Cross-section (nb)

bb̄ (σbb̄) 1.05
cc̄ (σcc̄) 1.30
ss̄ (σss̄) 0.35
uū (σuū) 1.39
dd̄ (σdd̄) 0.35

τ+τ− (στ ) 0.94
µ+µ− (σµ) 1.16
e+e− (σe) ∼40

Table 3.2: Cross-sectionsσ of production of fermionic pairs at theΥ (4S) mass energy in
nb= 10−33cm2.
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Figure 3.4: Plot of the cross-section as function of theΥ (4S) resonance mass and PEP-II
CMS energy. We show the two regions corresponding to on-peakand off-peak energies.
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Figure 3.5: Left: PEP-II -BABAR integrated luminosity since startup. Right: PEP-II -
BABAR integrated luminosity per day.
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3.4 TheBABAR detector

The BABAR detector resembles the other general purpose detectors used in high-energy

physics, with some features that address the demandings of flavor physics analyses.

Charged-particles resulting from the interaction are detected, and their momenta are mea-

sured, by a combination of five layers of double-sided silicon microstrip detectors (SVT)

and a 40-layer drift chamber (DCH). Both systems operate in the 1.5 T magnetic field

of a superconducting solenoid. Photons and electrons are identified in a CsI(Tl) crys-

tal electromagnetic calorimeter (EMC). Charged-particleidentification (PID) is provided

by the specific energy loss (dE/dx) in the tracking devices, and by an internally re-

flecting, ring-imagingČerenkov detector (DIRC). Muons andK0
L

mesons are identified

in the instrumented flux return (IFR) iron of the magnet. In the following sections we

describe the several subsystems that compose theBABAR detector and we also discuss

trigger techniques used to suppress uninteresting events.Further details may be found

elsewhere [311].

3.4.1 Silicon Vertex Tracker

Together, the SVT and the DCH form the charged particle tracking system. Precise and

efficient measurement of track 4-momentum is necessary for full reconstruction of many

tracks final states and to provide good mass and vertex resolution. An image of fully

assembled SVT is shown Fig. 3.6.

Figure 3.6: Fully assembled SVT. The sili-
con sensors of the outer layer are visible, as
is the carbon-fiber space frame (black struc-
ture) that surrounds the silicon.

Beam Pipe 27.8mm radius

Layer 5a

Layer 5b

Layer 4b

Layer 4a

Layer 3

Layer 2

Layer 1

Figure 3.7: Transverse section of the SVT.

The SVT is the most important subdetector forCP -violation studies atBABAR, since
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Figure 3.8: Longitudinal section of the SVT.

it provides a precise measurement of theB meson decay vertex. Furthermore, the SVT

should provide standalone tracking for soft tracks with momentum less than120 MeV/c ,

which is the minimum momentum that can be reliably measured in the DCH.

The SVT is composed by five layers of double sided striplets silicon detectors (Fig. 3.7.

Strips on the opposite sides of each layer are orthogonal:φ strips run parallel to the

beam axis andz strips run transverse to the beam direction. The 5 layers andrelatively

long radial separation between SVT detector layers provideboth standalone track pattern

recognition and refinement of drift chamber tracks via addition of SVT hits.

The SVT detectors are composed of 300µm thick n-type substrate withp+ andn+

strips on opposite sides. The bias voltage ranges from 25 to 35 V. The layers of the SVT

are divided radially into modules, shown as line segments inFig. 3.7. The modules in the

inner 3 layers are straight along thez-axis, while those in layers 4 and 5 are arch-shaped,

as shown in Fig. 3.8. The arch design was chosen to minimize the amount of silicon as

well as increase the angle of incidence of tracks originating at the IP which cross the arch

“ lampshades” near the edges of acceptance. The total active silicon areais 0.96 m2.

The strip pitch (width) varies from 50 to 210µm depending on the layer (inner lay-

ers are more closely bonded). The strips are AC-coupled to the electronic readout. Only

approximately half the strips are read out. The signal is then amplified and discriminated

with respect to a signal threshold by front-end electronics. The time over threshold of the

signal is related to the charge of the signal and is read out bythe data acquisition system

for triggered events. The resulting information on the ionization energy lossdE/dx pro-

vides a2σ separation between kaons and pions up to a momentum of500MeV/c and

between kaons and protons above1GeV/c.

The offline reconstruction has the responsibility for the alignment of each SVT mod-
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ule. Alignment is critical for the accuracy of vertexing andof track reconstruction, and

is done in two steps. The local SVT alignment uses dimuon and cosmic ray events to

calibrate the relative position of each of the 340 modules. The global alignment then

determines the overall position and rotation of the SVT withrespect to the DCH.

The proximity of the SVT to the interaction point demands to withstand a high dose

of integrated ionizing radiation, up to a lifetime-integrated dose of2Mrad. To limit the

exposure, the SVT includes a radiation protection system consisting of PIN diodes (doped

p-type and n-type semiconductor regions separated by an intrinsic semiconducting region)

and diamond diode sensors located in close proximity to the beam. These monitors can

abort the colliding beams in the event of sudden high instantaneous or prolonged back-

ground levels that could damage the hardware components.

The SVT performed according to design essentially since itsinception. A combined

hardware and software hit-finding efficiency greater than 95% was observed, excluding

the 4 (out of 208) readout sections which were defective. Single hit resolution for tracks

originating from the IP averages 20µm in bothz andφ for hits on the inner 3 layers and

40µm in z and 20 inφ for hits in the outer 2 layers.

3.4.2 Drift Chamber

TheBABAR DCH surrounds the SVT and complete the tracking system. The DCH pro-

vides accurate momentum measurement for tracks with transverse momentumpt larger

than100 MeV/c . The DCH also provides particle identification informationbased on the

measurement of thedE/dx for low momentum particles (< 700MeV/c ), and those in

the extreme forward and backward directions that fall outside the geometric acceptance

of the DIRC. Finally, reconstruction of long lived particles such asK0
S

is mainly based on

DCH information.

The DCH is 3 m long, has an inner diameter of 24 cm and outer diameter of 84 cm.

The final design adopted for the DCH is illustrated in Fig. 3.9. It is composed by hexago-

nal cells consisting of one grounded gold-coated tungsten-rhenium sense wire surrounded

by six gold-coated aluminum field wires held at more than 1900V in a 80:20 mixture of

helium:isobutane gas. The choice of low-mass aluminum field-wires and of a helium-

based gas mixture is aimed at reducing the material budget tolimit the effect of multiple

scattering on the momentum measurement. The hexagonal drift cells are arranged in 40

cylindrical layers; the layers are grouped into 10 superlayers. Two of the four layers in

each superlayer are directed along thez-axis, while the other two are set at small stereo

angles relative to the two axial layers, thus providing a measurement of the longitudinal

(z) position of tracks with good (∼ 1mm) resolution. In Fig. 3.10 we show a schematic

view of the layer organization in the DCH.
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Figure 3.9: Longitudinal section of the drift chamber.

     0
Stereo

 1    
Layer

     0
Stereo

 1    
Layer

     0 2         0 2         0 2    

     0 3    

     0 4         0 4    

    45 5        45 5    

    47 6        47 6        47 6    

    48 7        48 7    

    50 8    

   -52 9    

   -5410    

   -5511    

   -5712    

     013         013    

     014         014    

     015    

     016    

4 cm

Sense Field Guard Clearing

1-2001
8583A14

Sense

Field
Guard 1-2001

8583A16

Figure 3.10: Left: schematic layout of the drift cells for the four innermost superlayers.
The numbers on the right side give the stereo angles in mrad ofsense wires in each layer.
Right: DCH cell drift isochrones for cells in layers 3 and 4 (axial). Isochrones are at 100
ns intervals.
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A charged particle coming across the DCH ionizes the gas, theelectrons from the

gas ionization drift trough the sense wire and are accelerated, thus producing a negative-

charge shower that can be detected. The position of the primary ionization clusters is

derived from timing of the leading edge of the amplified signal from the sense wire,

while the total charge induced on the wire is a measure of the ionization energy loss.

The DCH has a typical position resolution of110 µm, anddE/dx resolution of7.5%,

that were determined using Bhabha events. In Fig. 3.11 we show the position resolution

dependence on the distance from the sense wire, as well as measureddE/dx as a function

of the particle momentum
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Figure 3.11: (left) DCH drift distance resolution as a function of the drift distance in the
cell. (right) DCH particle identification as a function of momentum usingdE/dx.

The achieved resolution on transverse momentum is

σpt/pt = (0.13± 0.01)% · pt + (0.45± 0.03)%, (3.1)

wherept is given in units ofGeV/c. The first contribution comes from the curvature error

due to finite spatial measurement resolution; the second contribution, dominating at the

low momenta, is due to multiple Coulomb scattering.

3.4.3 Čerenkov Detector

BABARhas stringent requirements forπ −K separation over a large momentum range.

The DIRC (Detector of Internally ReflecteďCerenkov light) principle uses internal

reflection within quartz bars to propagateČerenkov light to readout phototubes while

preserving thěCerenkov angle. This requires extremely flat surfaces in order to avoid the

dispersion of the reflected angles. TheČerenkov angle contains information on particle

type via the relationcos θc = 1/(nβ), with β being the particle velocity normalized to the
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Figure 3.12: View of the DIRC mechani-
cal structure.
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Figure 3.13: DIRC sketch showing the
principle behind Particle IDentification
(PID) measurements. ThěCerenkov an-
gle is preserved through specular internal
reflection.

speed of light, andn being the mean refraction index (= 1.473 for fused silica). Fused,

synthetic silica quartz bars are used as bothČerenkov radiator and light guide thanks to the

excellent optical surface it allows through polishing, as well as other favorable properties

such as long attenuation length, low chromatic dispersion,small radiation length, and

radiation hardness. Furthermore, silica bars minimize thematerial to be put in front of

the calorimeter. At the backward end of the bars, the photonspass through a standoff

box filled with purified water that has refractive index (n = 1.346) similar to the silica

one, so that refraction at the silica-water boundary is minimized. A mirror is placed at the

opposite end the standoff box to collect light internally reflected toward the opposite end

of the detector. The rear surface of the standoff box is instrumented with photomultiplier

tubes (PMTs), which collect the photons, convert them to electrons with photocathodes,

and amplify the signal using the gas-avalanche principle. As the standoff box is located

outside the solenoid magnet, it is possible to limit the magnetic field in its volume to about

1 Gauss with a bucking coil that counteracts the field of the solenoid, so that conventional

PMTs, which do not tolerate high magnetic fields, can be used.A schematic view of the

DIRC and its functioning are shown in Figs. 3.12– 3.13.

The emission angle of thěCerenkov photons are reconstructed from the spacial coor-

dinates and the timing of the PMT signals. TheČerenkov coordinates (θC , φC andδt) are

then obtained via a maximum likelihood fit. The measured timeresolution,i.e. the time

interval between thet0 of the event and the time at which an hit in the PMTs occurs, is

1.7 ns. Timing gives information on the photon propagation angles, providing an inde-

pendent measurement of theČerenkov angle, and is critical for background hit rejection,
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resolving ambiguities, and separation of hits from differing tracks within an event. In

Fig. 3.14 we show the effect of applying PMTs timing requirements to the DIRC output

in a dimuon event.

Figure 3.14: Display of ane+e− → µ+µ− event reconstructed inBABAR with two dif-
ferent time cuts. On the left, all DIRC PMTs with signals within the±300 ns trigger
window are shown. On the right, only those PMTs with signals within 8 ns of the ex-
pectedČerenkov photon arrival time are displayed.

The DIRC performed well throughoutBABAR’s operational lifetime: ThěCerenkov

angle resolution for dimuon events was 2.5 mrad, close to thedesign goal of 2.2 mrad.

This resulted inπ −K separation of 4.2σ at a momentum of3 GeV. The distributions of

theČerenkov angle, as function of the momentum, for a control sample ofπ andK are

shown in Fig. 3.15.

3.4.4 Electromagnetic Calorimeter

The design parameters for theBABAR EMC are driven by the requirements of precisely

measuring energies over a spectrum from 20MeV up to 9GeV, in a 1.5 T magnetic field

and a high radiation environment. At the high end of the energy spectrum, measurements

of QED processes such as Bhabha and two-photon scattering, as well as (at slightly lower

energies) photons from the critical physics processesB0→π0π0 andB0→K∗γ decays,

present the motivating incentive. The need for efficient detection of photons from high

multiplicity B decays containingπ0’s determines the requirement for the low end of the

energy spectrum.

BABAR uses a thallium-doped cesium iodide (CsI(Tl)) crystal calorimeter in order to

achieve the necessary energy and angular resolution to meetthese physics requirements.
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Figure 3.15: Čerenkov angle distributions, as a function of the momentum, for (left)
π and (right)K events from control sample. The control sample used isD∗+ →
D0 (→ K−π+)π+.

The EMC is formed by a cylindrical barrel and a conical endcap. The longitudinal section

of the EMC is shown in Fig. 3.16. The crystals have nearly square front and rear faces,

with a trapezoidal longitudinal cross-section. Two silicon PIN diodes mounted on the

rear face of each crystal are used to readout the scintillation light. The section of a typical

EMC crystal is shown in Fig. 3.16

Several calibrations of the EMC were performed, by the use ofa neutron source,

a xenon flash light pulser system, high energy photons from Bhabha process, and low

energy photons from aπ0 control sample. The clustering pattern recognition uses a seed

crystal algorithm to recognize energy clusters. Local energy maxima within a cluster are

used (if there are more than 1) to separate the cluster into bumps. Charged particle tracks

are associated with bumps using aχ2 consistency requirement.

Energy resolution, usingχc1→J/ψγ and Bhabha scattering events, was found to be

σE
E

=
(2.32± 0.30)%

4
√
E(GeV)

⊕ (1.85± 0.12)% (3.2)

and angular resolution, usingπ0 andη decays, was found to be

(
3.87± 0.07√
E(GeV)

+ 0.00± 0.04

)
mrad. (3.3)

In both cases, the first term is due to fluctuations in the number of photons and to

electronic noise of the photon detector and electronics, while the second term arises from

the non-uniformity of light collection, leakage and absorption due to materials between

and in front of the crystals, and calibration uncertainties.
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Figure 3.16: (left) Schematic of a wrapped CsI(Tl) crystal and read out package. (right)
Longitudinal cross-section of the EMC; dimensions are in mm.

3.4.5 Instrumented Flux Return

Detection of neutral hadrons (primarilyK0
L
’s) and muons is necessary for severalBABAR

analyses: muons are important forJ/ψ reconstruction, semileptonicB decays studies,

andB flavor tag;K0
L

reconstruction is critical for theB0→J/ψK0
L

andB0→η′K0
L

chan-

nels. The main requirements of theBABAR IFR is a large coverage angle and a good

discrimination efficiency for muons with momentum as low as 1GeV/c.

The IFR is composed of one barrel region and two endcaps. Its layout is illustrated in

Fig. 3.17. The IFR uses the steel flux return of the magnet as a muon filter and hadron

absorber. It was originally equipped with layers of resistive plate chambers (RPCs) In

addition, two layers of cylindrical RPCs were installed between the EMC and the cryostat

of the magnet to improve the matching between IFR and EMC showers. Resistive plate

chambers consist of two highly-resistive bakelite planes closely separated by a gap filled

with a gas mixture, held at a large potential voltage. The inside surface of the bakelite is

smoothed with a linseed-oil coating, so that the electric field is uniform, thus preventing

discharges in the gas and large dark currents. The RPCs operate in “streamer” mode: par-

ticles passing through the chamber ionize the gas, and the applied high voltage accelerates

the resulting electrons into a controlled gas-discharge avalanche. The streamer signal is

collected by inducing a charge in capacitatively-coupled read-out strips outside the RPC.

The gas gain in streamer mode is sufficient to produce a large signal independent of ini-

tial ionization, greatly simplifying the electronics read-out. A cross-sectional diagram of
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Figure 3.17: Overview of the barrel sectors and forward and backward end doors of the
IFR. The shape of the RPC modules and their dimensions in mm are indicated.

a planar RPC is shown in Fig. 3.18.

During the first year of operation, a large fraction of the RPCmodules suffered signif-

icant losses in efficiency. It was found that linseed-oil droplets had formed on the inner

surface of the bakelite plates, probably because of high operating temperatures (> 37◦

C). These accumulating droplets, under the high electric field, could “bridge the gap” be-

tween the plates, leading to discharge and large detector dead areas. In 2002, new RPCs

constructed under much stricter tolerances were installedinto the forward endcap. The

backward endcap was not retrofitted, as its acceptance in theCM frame is small. In the

barrel, the RPCs were replaced with limited streamer tubes (LST) during two installation

phases, in 2004 and 2006.

The LSTs consist of a PVC gas-filled cells with grounded graphite-coated walls and

a central gold-plated beryllium-copper anode wire held at high voltage (Fig. 3.19 and

Fig. 3.20). Similar to RPCs, the gas operates in streamer mode when ionized, with the

charge collected on the high voltage sense wire while simultaneously inducing a charge

on a plane, which is mounted below the tube. The LSTs are mounted with the wire

directed along the beam, thus providing information about the azimuthal angle of the hit.

The induced charge on the plane is detected using copper strips perpendicular to the wire

direction and conveys thez coordinate.
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Figure 3.18: Cross-section of aBABARRPC.

Figure 3.19: Sketch of an 8-cell module (top), and photo of anLST partially inserted in
the sleeves (shown at the bottom of the picture).

3.4.6 Trigger

TheBABAR trigger needs to select interesting events with high efficiency, while rejecting

most of the background arising from physical processes suchas Bhabha events. The total

output rate should not be higher than 120 Hz, to satisfy computing limitations of the
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Figure 3.20: Diagram of a prototypical limited streamer tube.

offline processing farm. Events with either a DCH track or a> 100 MeV EMC cluster

occur at 20 kHz, thus the trigger is responsible for scaling this rate down by a factor of

more than150 while accepting over 99% ofB events, 95% of hadronic continuum, and

90% of τ+τ− events. The trigger should also be flexible enough to deal with changing

background conditions.

The BABAR trigger is implemented in two levels, a Level 1 hardware trigger (called

L1), and a Level 3 software trigger (called L3); a Level 2 trigger is used in some other

high energy particle physics experiments, but was not needed for BABAR.

The L1 trigger uses information from basic tracks reconstruction from the DCH and

presence of energy deposit in the EMC to trigger interestingevents. It may also trigger

independently on DCH and EMC by using IFR information to trigger events with muons

or cosmic rays. The combined L1 Trigger efficiency is larger than99.9% for genericBB

events,99% for continuum, and94.5% for τ+τ− events.

The L3 trigger refines the selection from L1 trigger, to further reduce background

events. The L3 DCH algorithm fits L1 tracks to helices and is able to determine the

impact parameter of the tracks. The impact parameter information allows to efficiently

reject machine backgrounds such as beam-gas interactions.Events that passes the L3

trigger are then stored to be reprocessed offline and used in analyses.
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Chapter 4

Analysis ofγγ→K0
SK

±π∓ and

γγ→K+K−π+π−π0

4.1 Introduction

This thesis is aimed at studying the γγ→K0
S
K±π∓ and

γγ→K+K−π+π−π0 process1.

The γγ→K0
S
K±π∓ process is known to show clearηc(1S) [158, 196, 314] and

ηc(2S) [196, 315] signals. Theηc(2S) parameters are measured with poor experimen-

tal precision [49]. To date, the most precise single measurement ofηc(2S) width was

obtained byBABAR in this process with a dataset corresponding to 88fb−1 [315]. Belle

recently reported a measurement [157] with a better precision with respect to that of the

BABAR one [315]. We update theBABAR measurement by using the finalBABAR dataset

corresponding to 519.2fb−1 of data to provide a precise measurement of theηc(2S) mass

and width. Theχc0(1P ) cannot decay toK0
S
K±π∓, due to spin-parity conservation that

forbids the decay of aJP = 0+ resonance to this final state2.

The γγ→K+K−π+π−π0 process has never been studied before. A search for the

ηc(2S) decay toK+K−π+π−π0 in the ψ(2S)→γηc(2S) process was performed by

CLEO [162], but no significant signal was found, probably dueto the small production

rate [155]. The decay of theχc2(1P ) toK+K−π+π−π0 was studied by CLEO [316,317]

resulting in a preliminary unpublished result. The onlyηc(2S) exclusive decay mode ob-

served so far isKK̄π [49]. Belle presented a preliminary observation ofηc(2S) decay

1According to the convention commonly used in the spectroscopy field, we use the notationγγ→X to
refer to thee+e−→γγe+e−→Xe+e− process.

2The decay proceeds via strong interaction, so bothJ andP are conserved. In theK0
S
K±π∓ system,

let l1 be the angular momentum betweenK0
S

andK±, andl2 the angular momentum betweenπ∓ and the
K0

S
K± system. The final state hasP = (−1)1+l1+l2 . Since the final state spinS is equal to 0,J = l1 + l2.

Thus,J = 0 impliesl1 = l2 andP = −1.

59
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to six prong final states [201]. We study theK+K−π+π−π0 decay mode to investigate

possible decays ofηc(1S), χc0(1P ), χc2(1P ), andηc(2S) to this final state.

Theχc2(2P ) resonance was observed in two-photon production decaying to DD by

Belle [204], and subsequently confirmed byBABAR [205]. We search for its possible

decay into theK0
S
K±π∓ andK+K−π+π−π0 final states.

We restrict our study tono-tagevents.

4.2 Data and Monte Carlo samples

The analysis presented in this thesis is based on the final dataset accumulated byBABAR

in the period 1999-2008. Data were collected at energies corresponding to the mass of

theΥ (nS) (nS = 2, 3, 4) resonances (on-peak). About 10% of data were collected at an

energy tens ofMeV lower than theΥ (nS) (nS = 2, 3, 4) resonances mass (off-peak). The

total integrated luminosity used in this analysis is equal to 519.2fb−1. The breakdown of

this total luminosity in different samples is: 429.0fb−1 Υ (4S) on-peak, 44.8fb−1 Υ (4S)

off-peak, 28.0fb−1 Υ (3S) on-peak, 2.4fb−1 Υ (3S) off-peak, 13.6fb−1 Υ (2S) on-peak,

and 1.4fb−1 Υ (2S) off-peak.

The production of Monte Carlo (MC) events is centralized anduses tools shared

among theBABAR Collaboration. The production and decay ofBB meson pairs and of

the unstable particles is simulated by using theEvtGen generator [318]. The hadroniza-

tion of quarks is modeled by using the JETSET generator [319]. The detector response is

modeled by using a GEANT4-based Monte Carlo simulation [320], taking into account

the varying accelerator and detector conditions. Large samples of simulated events are

used to study the background arising from random combinations of particles in non-γγ

events. The simulated dataset samples correspond to 786.3fb−1 for qq̄ (q = u, d, s)

events, 868.1fb−1 for cc̄ events, 726.1fb−1 for τ+τ− events, and 1.3ab−1 for bothB0B
0

andB+B− events.

The simulation of two-photon events is performed by using theGamGam two-photon

event generator [205]. TheGamGam generator uses the BGMS formalism [321], and was

originally developed for the CLEO experiment and later adapted toBABAR and used in

previous two-photon analyses [205,315]. In the process involving quasi-real photons, the

differential cross-section for thee+e−→γγ→X,X→f process is given by

σ(e+e−→γγ→X→f) = L× F × σ(γγ→X)× B(X→f), (4.1)

whereL is the two-photon flux,F is a form factor,B(X→f) is the branching fraction of
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theX decay to the final statef , and

σ(γγ→X) =

∫
4π(2J + 1)(~c)2m3

X

Γγγ√
Km

Γtot
(m2 −m2

X)
2 +m2

XΓ
2
tot

dm2, (4.2)

holds for a resonance of massmX , width Γtot and spinJ . HereK = (q1q2)
2 − q21q

2
2,

whereqi is the four-momentum of the interacting photon. The form factorF accounts for

the extrapolation of the process to virtual photons and is not knowna priori. We use the

model proposed in Ref. [322]

F =

(
1

1− q21/m
2
v

)2

×
(

1

1− q22/m
2
v

)2

, (4.3)

with mv being the mass of an appropriate vector boson (ρ, J/ψ , Z0). Since we are in-

terested in studying charmonium states, we usemv = m(J/ψ ). The size of MC samples

used to characterize the different signals is reported in Table 4.1.

γγ→ηc(1S)→K0
S
Kπ γγ→χc2→K0

S
Kπ γγ→ηc(2S)→K0

S
Kπ

4.2M 427K 417K

γγ→ηc(1S)→K+K−π+π−π0 γγ→χc0→K+K−π+π−π0 γγ→χc2→K+K−π+π−π0

4.2M 427K 427K

γγ→ηc(2S)→K+K−π+π−π0 γγ→Z(3930)→K0
S
K±π∓ γγ→Z(3930)→K+K−π+π−π0

427K 427K 427K

Table 4.1: Monte Carlo signal events dataset sizes.

4.3 Reconstruction of the decay chain

We reconstruct the decaysγγ→K0
S
Kπ andγγ→K+K−π+π−π0. Furthermore we recon-

struct the decayγγ→K+K−π+π− that is used as control sample. TheK0
S

andπ0 mesons

are reconstructed in their dominant decaysK0
S
→π+π− andπ0→γγ.

4.3.1 Charged tracks reconstruction

Charged particle tracks are reconstructed from the spatialhits in the SVT and the DCH.

Charged particles trajectory inBABARsolenoidal magnetic field is expected to be an helix.

Multiple scattering, energy loss in material and inhomogeneities of the magnetic field can

distort the trajectory. An iterative Kalman filter technique [323] is used to perform the

pattern recognition of the piecewise-helix trajectory andto determine for each track the

five parameters of the helix. The full map of the solenoidal magnetic field, the detailed

distribution of the material in the detector, and the expected energy loss of the particle
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as it traverses the detector are taken into account in the algorithm. Dedicated algorithms

are used to improve the determination of the trajectory and vertex, identify tracks coming

from interaction in the material and decay-in-flight, and torejectghosts, i.e. non-physical

tracks that arise as reconstruction artifacts.

With the exception of the pions from theK0
S

decay, charged tracks produced in two-

photon collisions are expected to originate from the interaction points. For such tracks,

the distance of the point of closest approach of the track to the interaction point is required

to be less than1.5 cm in theXY plane (transverse to the magnetic field) and less than

2.5 cm along theZ direction (parallel to the magnetic field). We further require the

maximum momentum of the track to be less than|p| < 10GeV/c, in order to remove

tracks that are badly reconstructed.

In order to suppress both low-tracks-multiplicity background from QED andτ+ τ−

events, and high-tracks-multiplicity background frome+e−→qq̄ (q = u, d, s, c) produc-

tion orBB events, we require to have exactly four charged tracks in theevent.

4.3.2 Charged tracks identification

Prompt charged tracks coming from the interaction point arerequired to be positively

identified as either pions of kaons.

Theπ/K separation is achieved by classifiers based on boosted or bagged decision

trees that use both global, such as total track momentum, andlocal information from

detectors subsystems, such as the tracking system, the DIRCand the EMC. The most im-

portant PID information comes from the specific ionization energy lossdE/dx measured

in the SVT and in the DCH, the ratio between the track energy asmeasured in the EMC

and its momentum, thěCerenkov angleθC , and the numberNγ of Čerenkov photons re-

constructed in the DIRC. In order to improve the discrimination power, some of these

variables are combined using a likelihood ratio technique,whose output is then used as

an input for the boosted decision tree classifier.

Several PID classifiers are available in theBABARanalysis framework for pions, kaons,

protons, electrons and muons. Also, each classifier can be used requiring a higher or

smaller purity (thus resulting in a smaller or higher detection efficiency) of the selected

sample.

Auxiliary studies performed by using high-purity control samples, show that PID clas-

sifiers used in this analysis have a selection efficiency of 98% and 87%–95%, for pions

and kaons, respectively. The probability of a pion to be misidentified as a kaon is smaller

than 2%. The probability of a kaon to be misidentified as a pionmay be as large as

about 10%. The probability of an electron to be misidentifiedas a pion is 1.5%, and the

probability to be misidentified as a kaon is as large as 20%.
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4.3.3 π0 reconstruction

A photon candidate is obtained as a single EMC cluster that cannot be associated to any

track in the SVT or DCH. We require the photon energyEγ to be larger than30 MeV.

A π0 candidate is obtained by combining two photons. We constrain theπ0 mass to be

equal to its nominal value [49]. We rejectπ0 candidates with aγγ invariant mass not in

the range [0.100,0.160]GeV/c2, or with an energy in the laboratory frame smaller than

0.200GeV.

We use signal MC events to optimizeπ0 selection criteria in theK+K−π+π−π0 de-

cay mode. Spuriousπ0 signals arise from random photon combinations and constitute

a large source of background in this decay mode. To discriminate well-reconstructedπ0

from fakes, we check if the reconstructed particle is associated to a MCπ0 at generation

level. If this is the case, we classify the reconstructedπ0 as “Well-Reconstructed” (WR)

π0, otherwise we classify it as “Mis-Reconstructed” (MR) π0. In Fig. 4.1, we show the

distributions, for WRπ0, MR π0, and different background samples, of the following

variables:

– E
(1)
γ : the momentum of the most energetic photon fromπ0 decay.

– E
(2)
γ : the momentum of the least energetic photon fromπ0 decay.

– Hπ0: defined as the absolute value of the cosine between the direction of one of the

π0’s daughters and ofπ0 mother recoil, inπ0 rest frame.

In Fig. 4.2 we show the low-energy region of theE(1)
γ andE(2)

γ distributions. The

shape ofE(1)
γ is similar for WR and MR signal events, so we do not apply any further

requirement on this variable. We optimize a requirement onE
(2)
γ andHπ0 . Such variables

are correlated at 50% level in both signal and backgrounds. Thus, we decide to perform

a two-dimensional optimization on both variables at the same time, to take correlations

into account. The optimization is performed by using60×103 WR signal events as signal

sample and30× 103 MR signal as background sample. We maximize the figure of merit

ns/
√
ns + nb, wherens andnb are the number of WR and MR signal events surviving the

requirements, respectively. We use15 × 102 independent WR signal events and8 × 103

independent MR signal events as testing sample, in order to validate our optimization

procedure. We find the optimal requirements to beE
(2)
γ > 50 MeV, andHπ0 < 0.95.

4.3.4 K0
S

reconstruction

TheK0
S
→π+π− decay is reconstructed by combining two charged tracks withpion mass

hypothesis. We constrain theK0
S

mass to be equal to its nominal value [49]. We do not
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Figure 4.1: Distributions of (a)E(1)
γ , (b)E(2)

γ , and (c)Hπ0 for γγ→K+K−π+π−π0 MC
WR signal (solid black), MR signal (red dashed), and ISRK+K−π+π−π0 MC back-
ground (green dotted); (d)E(1)

γ , (e)E(2)
γ , and (f)Hπ0 for γγ→K+K−π+π−π0 MC WR

signal (solid black), MR signal (red dashed), genericBB MC background (green dot-
ted), genericcc MC background (blue line-dashed), genericuds MC background (yellow
line-dotted), and genericτ+τ− MC background (magenta dot-three points).
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Figure 4.2: Distributions of (a)E(1)
γ and (b) E(2)

γ , in the low-energy region for
γγ→K+K−π+π−π0 MC WR signal (solid black), MR signal (red dashed), genericBB
MC background (green dotted), genericcc MC background (blue line-dashed), generic
uds MC background (yellow line-dotted), and genericτ+τ− MC background (magenta
dot-three points).

apply any PID requirement or any condition on the origin point of the tracks. We require

the reconstructed dipion mass to be in the range [0.470,0.520] GeV/c2.

4.3.5 Resonance candidate reconstruction

A resonance candidate is obtained by fitting the relevant number of tracks and oneK0
S

or

π0 candidate to a common vertex. We require the vertex fit to havea probability larger

than 0.1%. We require the total charge of the tracks to be equal to zero.

4.4 Two-photon events identification

In this section we describe criteria used to select two-photon events with high efficiency,

while rejecting most of theqq̄ annihilation and ISR background. As outlined in sec. 2.2.3,

the amount of activity in the EMC, and the shape of the kinematical variablesM2
miss and

pT can be used to achieve such a discrimination.

4.4.1 Rejection of EMC noise background

Two-photon events are characterized by a low activity in theEMC. To exploit this feature

we study the following variables:

– Number of extra photons (Nγ): the number of reconstructed photons excluding the

photons expected in signal.
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– Number of extraπ0 (Nπ0), the number of reconstructedπ0 excluding theπ0 ex-

pected in signal.

In Fig. 4.3 we showNγ andNπ0 distributions for different kind of signal and background

events. We requireNπ0 ≤ 3 andNγ ≤ 6 for K+K−π+π−π0, andNπ0 ≤ 1 andNγ ≤ 5
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Figure 4.3: Distributions ofNγ andNπ0 for (a-b) γγ→K+K−π+π−π0 (solid black)
and γγ→K0

S
K±π∓ MC signal (red dashed). Distributions ofNγ andNπ0 for (c-d)

γγ→K+K−π+π−π0 (e-f) andγγ→K0
S
K±π∓ MC signal (solid black), compared to sev-

eral backgrounds: genericBB MC background (red dashed), genericcc MC background
(green dotted), genericuds MC background (blue line-dashed), and genericτ+τ− MC
background (yellow line-dotted).
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for K0
S
K±π∓. In Fig. 4.4 we show thepT distribution forK+K−π+π−π0 andK0

S
K±π∓

data samples, and the effect of applying theNγ andNπ0 requirements. We observe a clear

peaking structure atpT ∼ 0GeV/c in both decay modes, characteristic of two-photon

events. No peak is observed in the distribution of events rejected by the requirements.

This indicates that two-photon events survive the selection with high efficiency.
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Figure 4.4: Distributions ofpT for (a) K+K−π+π−π0 and (b)K0
S
K±π∓ data sample

before (no filling) applying requirements onNπ0 andNγ , and the events rejected by these
requirements (gray filled).

As an independent check of the effect of such requirements, we use theK+K−π+π−

control sample, where prominentηc(1S), χc0(1P ), andχc2(1P ) peaks have been ob-

served [199]. In Fig. 4.5 we showNγ andNπ0 distributions for the control sample data.

The the effect of requiringNπ0 ≤ 1 andNγ ≤ 5 on the control samplepT and invariant

mass distribution is shown in Fig. 4.6. We observe that a small amount of events belong-

ing to the two-photon peak at∼ 0 GeV/c is rejected by this requirement. The invariant

mass distribution shows that most of theηc(1S), χc0(1P ), andχc2(1P ) signal events are
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Figure 4.5: Distributions of (a)Nγ and (b)Nπ0 for K+K−π+π− control sample data.
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retained. The presence of a prominentJ/ψ peak, whose production is forbidden in two-

photon production, in theK+K−π+π− invariant mass distribution is due to the fact that,

at this stage of the selection, the ISR background is not rejected, yet.
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Figure 4.6: Distributions of (a)pT and (b)K+K−π+π− invariant mass for control sample
data before (no filling) applying requirements onNπ0 andNγ, and the events rejected
by these requirements (gray filled). In (b), the blue lines are placed at the nominal [49]
masses of (left to right)ηc(1S), χc0(1P ), χc2(1P ), andηc(2S). The red lines are placed
at the nominal [49] masses of (left to right)J/ψ andψ(2S).
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4.4.2 Rejection of ISR background

TheM2
miss variable is very effective to suppress background from ISR production, which

is expected to show a narrow peak in this variable at∼ 0 (GeV/c2)2 (Fig. 2.4).

We optimize a requirement to reject ISR background contribution by using the

K+K−π+π− control sample. In Fig. 4.7(a) we show theM2
miss distribution for the data

control sample. A clear peak atM2
miss ∼ 0 (GeV/c2)2 indicates the presence of a

large ISR production. We fit theK+K−π+π− invariant mass spectrum in intervals of

M2
miss, thus obtaining theJ/ψ yield distribution as a function ofM2

miss, which is shown in

Fig. 4.7(b). The peak atM2
miss ∼ 0 (GeV/c2)2 in theJ/ψ signal yield distribution proves

that most of the largeJ/ψ signal observed in Fig. 4.6 originates from ISR background.In

order to suppress such kind of background we requireM2
miss > 2 (GeV/c2)2. In Fig. 4.8

we show the effect of applying such a requirement to control sample data. TheJ/ψ signal

is almost completely removed.
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Figure 4.7: Distributions of (a) events and (b)J/ψ signal yields as a function ofM2
miss in

K+K−π+π− control sample data.

Two photon process enhancement

A small value of the transverse momentumpT is peculiar of the two-photon production

due to the collinearity of the interacting photons intwo-photonevents. Background from

e+e−→qq̄ (q = u, d, s, c) annihilation andBB events is expected to have a higher value

of pT , since it usually originates from high-multiplicity events where some particle is lost

in the reconstruction. In Fig. 4.9 we show thepT distribution for different types of signal

and background events. In Fig. 4.10, we show thepT distribution for candidates selected

with the above mentioned requirements. The distribution isfitted with a signalpT shape

obtained from MC simulation plus a combinatorial background component, modeled us-

ing a sixth-order polynomial function. A clear signature for two-photon production is

observed.
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quiringM2

miss > 2(GeV/c2)2, and the events rejected by this requirement (gray filled).
The blue lines are placed at the nominal [49] masses of (left to right) ηc(1S), χc0(1P ),
χc2(1P ), andηc(2S). The red lines are placed at the nominal [49] masses of (left to right)
J/ψ andψ(2S).
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Figure 4.9: Distribution ofpT for (a) γγ→K+K−π+π−π0 and (b)γγ→K0
S
K±π∓ MC

signal (solid black), genericBB MC background (red dashed), genericccMC background
(green dotted), genericuds MC background (blue line-dashed), and genericτ+τ− MC
background (yellow line-dotted).

The choice on the requirement to be applied onpT is particularly important since a

tighter pT cut allows the rejection of more background in theηc(2S) mass region, but

has the effect of cutting away moreηc(1S) signal. The effect of applying differentpT
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Figure 4.10: ThepT distributions for selected (a)K0
S
K±π∓ and (b)K+K−π+π−π0 can-

didates (data points). The solid histogram represents the result of a fit to the sum of the
simulated signal (dashed) and background (dotted) contributions. Figure published in
Ref. [324]

requirements on theK+K−π+π−π0 andK0
S
K±π∓ mass spectrum is shown in Fig. 4.11.

A further insight in this issue is obtained by using theK+K−π+π− control sample. We

fit theK+K−π+π− invariant mass distribution in intervals ofpT in order to extract the

ηc(1S) andJ/ψ yield distribution as a function ofpT (Fig. 4.12). We decide to require

pT < 0.15 GeV/c. In Fig. 4.13, we show the effect of requiringpT < 0.15 GeV/c on the

control sample mass spectrum; a small amount ofηc(1S) andχc0,2(1P ) signal is lost, but

the requirement allows for a strong reduction of the combinatorial background.
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Figure 4.11: Mass distributions for (a)K+K−π+π−π0 and (b)K0
S
K±π∓ decay modes.

For all plots we requirepT < 0.25 GeV/c. No filling plot have no additional require-
ments. Filled plots show the events rejected by further requiring pT > 0.20 GeV/c (solid
black),pT > 0.15 GeV/c (points dark grey),pT > 0.10 GeV/c (lines light grey).
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Figure 4.12: Distribution of theηc(1S) (blue squares) andJ/ψ (red triangles) yield ex-
tracted from a fit to theK+K−π+π− invariant mass spectrum. Results are reported in
differentpT intervals.
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Figure 4.13: InvariantK+K−π+π− mass spectrum before (no filling) requiringpT <
0.15 GeV/c, and the events rejected by this requirement (gray filled). The blue lines are
placed at the nominal [49] masses of (left to right)ηc(1S), χc0(1P ), χc2(1P ), andηc(2S).
The red lines are placed at the nominal [49] masses of (left toright) J/ψ andψ(2S).
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4.4.3 Summary of selection requirements

We summarize here all the requirements, described in the previous sections, used to select

the events in this analysis:

• Number of tracks equal to 4;

• Resonance vertex fit probability greater than 0.1%;

• Prompt tracks satisfy PID requirements for pion or kaon;

• Nπ0 ≤ 3 for K+K−π+π−π0, andNπ0 ≤ 1 for K0
S
K±π∓ decay mode;

• Nγ ≤ 6 for K+K−π+π−π0, andNγ ≤ 5 for K0
S
K±π∓ decay mode;

• E
(1)
γ > 30 MeV andE(2)

γ > 50 MeV;

• Hπ0 < 0.95;

• M2
miss > 2 (GeV/c2)2;

• pT < 0.15 GeV/c.

4.4.4 Multiple candidates

We have studied the problem of the presence of multiple candidates in the same event.

After applying the selection requirements summarized in sec. 4.4.3, the number of can-

didates per event is equal to 1.09 and 1.003 inK+K−π+π−π0 andK0
S
K±π∓ signal MC

events.

In order to select the best candidate, we have tested two different algorithms: pick the

candidate with the lowestpT , and pick the candidate with the highest resonance vertex fit

probability. We checked that correlations betweenpT , the resonance vertex probability,

and the reconstructed mass is negligible.

We define a MC candidate asMC Truth (MCT) candidate, if all the reconstructed

particles are associated to the corresponding generated MCparticle at generator level.

For each of the selection algorithms, we define the “algorithm efficiency” for selecting the

best candidate as the ratio of the number of MCT candidate selected by the algorithm to

the number of MCT candidates that are present before the selection. We show in Table 4.2

the algorithm efficiency forK0
S
K±π∓ andK+K−π+π−π0 decay modes.

We checked that candidates rejected by the “best candidate” selection algorithm don’t

create fake peaks in the resonances mass regions, as shown inFig. 4.14. Due to this

reason, there is no strong benefit by applying this best candidate selection, while one risks

to distortpT spectrum. So our final choice isnot to apply any best candidate selection.
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Algorithm K+K−π+π−π0 Efficiency (%) K0
S
K±π∓ Efficiency (%)

LowestpT 98.7 99.9
Best Vertex probability 94.8 99.9

Table 4.2: Efficiency of “best candidate” selection algorithms (see text for details).
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Figure 4.14: TheK+K−π+π−π0 mass spectrum (dots with error bars). The grey his-
togram represents the events rejected by the best candidateselection.

4.4.5 Misreconstruction background

In this section we discuss possible sources of background arising from particle misrecon-

struction. The treatment of combinatorial background fromqq̄ events and of physical

irreducible peaking-background is discussed in sec. 4.5.

Reflections

A reflection is a fake peak created by the shift in mass of one resonance originating

from particle misidentification. We study if such reflections may create fake peaks in

theηc(1S), χc0(1P ), χc2(1P ), or ηc(2S) mass region.

The misidentification probability of PID selectors used in this analysis is 2% for a real
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pion to be misidentified as a kaon and10% for a real kaon to be misidentified as a pion

(sec. 4.3.2). Thus, reflections arising from double misidentification have a misidentifica-

tion probability in the range [0.2,1.0]%, and are not considered.

Taking into account only known resonances decay modes [49],the only decay that can

mimic final states studied in this thesis, as a consequence ofa single PID misidentifica-

tion, is theX→K∗0K+π− decay, whereX = χc0(1P ) orχc2(1P ) andK∗0→K0
S
π0, with

K0
S
→π+π−. Such decays have been observed [49] with a non-negligible branching frac-

tion and produce theK+π+π−π−π0 final state, that can mimic theK+K−π+π−π0 signal

in case of pion misidentification. To study possible reflections of these backgrounds,

we generate theχc0,2→K∗0K+π−→K0
S
π0K+π−→K+π+π−π−π0 decay using a phase

space generator. We study the reflection of theχc0,2 mass, in case of prompt pion orK0
S

pion daughters misidentification. X is generated with a massequal to the nominalχc0,2
mass [49] and a width of 10MeV. In Fig. 4.15 we show the results of such simulations.

Such plots show that, in case of prompt pion misidentification, χc0(1P ) andχc2(1P )

reflections may create a broad structure in theχc2(1P ) andηc(2S) mass region.
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Figure 4.15: ExpectedK+K−π+π−π0 mass distribution for reflection from (a)χc0(1P )
and (b)χc2(1P ) decays toK∗0K+π−→K0

S
π0Kπ→Kπ+π−ππ0.

In order to investigate the possible presence of this background in data, we study

the mass distribution of theπ+π− system inK+K−π+π−π0 events. This distribution is

expected to show a peak inK0
S

region if misreconstructedK∗0K+π− events are present.

In Fig. 4.16 we show theπ+π− mass distributions for real data. No peak is observed

in correspondence of theK0
S

mass. In Fig. 4.17, we show the effect of removing from

theK+K−π+π−π0 mass spectrum events whoseπ+π− mass is in the range [0.48,0.52]

GeV/c2. Since no relevant effect is observed, we conclude that possible background

contribution from such reflections is negligible.
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Figure 4.16: Invariantπ+π− mass distribution in theK+K−π+π−π0 data sample.
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Figure 4.17: Mass distribution for theK+K−π+π−π0 decay mode. No filling plot has
no additional requirements with respect to selection described in sec. 4.4.3. Filled plots
show the events rejected by requiring theπ+π− mass to be in range [0.48,0.52]GeV/c2.

Electron contamination

In Fig. 4.16, we observe that a large number of events have aπ+π− invariant mass in

proximity of of theπ+π− production threshold. This may be caused by a contamination

of our sample from conversione+e− pairs, misidentified as pions. In order to check if

such contamination is actually present, we show in Fig. 4.18the e+e− invariant mass

distribution, computed by assigning the electron mass hypothesis to the tracks associated

to the pions.

If the misidentifiede+e− contamination had been present, an excess of events would
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have shown in proximity of∼ 0 GeV/c2. The absence of any excess excludes the hy-

pothesis of a significant contamination frome+e− conversions.
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Figure 4.18: Mass distribution forπ+π−, when assigning electron mass hypothesis to the
pion. Bottom plot is a zoom of the region 0–200MeV/c2.

φ contamination

The presence of an excess of events near 0.3GeV/c2 in theπ+π− invariant mass (Fig. 4.16)

may be an indication of contamination fromφK+K−π0, with theφ kaon daughters mis-

identified as pions. Theφ reflection would manifest in a preciselocus in the

(mπ+π− , cosθH
π+) plane, wheremπ+π− is the invariant mass of the dipion system and

cosθH
π+ is the cosine of the helicity angle of theπ+. This angle is defined as the an-

gle between the dipion system direction in the laboratory frame and theπ+ direction in

the dipion frame. Kaons coming fromφ, misidentified as pions should create a bump
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of events in the (mπ+π− ∼ 0.35GeV/c2, −0.5 < cosθH
π+ < 0.5) region, as indi-

cated by MC simulation shown in Fig. 4.19. In Fig. 4.20 we showthe distribution of
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Figure 4.19:Loci in the(mπ+π− , cosθH
π+) plane where aφ reflection would manifest in

case of doubleK→π misidentification. Each line corresponds to a different value of the
φ momentum, which is reported as a label nearby the line.
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Figure 4.20: RealK+K−π+π−π0 data events distribution on the(mπ+π− , cosθH
π+)

plane.

K+K−π+π−π0 data events on the(mπ+π− , cosθH
π+) plane. No clear enhancement in

seen in the(mπ+π− ∼ 0.35GeV/c2, −0.5 < cosθH
π+ < 0.5) region. The broad enhance-

ment observed in the [0.35,0.50]GeV/c2 region is due to the tail of theρ meson. In order

to try to enhance any possibleφ contamination contribution, we show in Fig. 4.21 the
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mmis
K+K− distribution after requiring−0.5 < cosθH

π+ < 0.5. Themmis
K+K− distribution is

obtained by assigning the kaon mass hypothesis to the tracksidentified as pions. In the

case of presence of aφ contamination, an enhancedφ signal is expected in theK+K−

mass distribution, after applying such a requirement. The absence of any enhancedφ

signal is then considered as a proof that suchφ contamination is negligible in our sample.
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Figure 4.21: Mass distribution forπ+π−, when assigning kaon mass hypothesis to the
pion. In the black only requirements described in sec. 4.4.3are applied. In the grey plot
we further require−0.5 < cosθH

π+ < 0.5.

4.5 Resonance parameters measurement

The primary goal of the analysis presented in this thesis is to measure theηc(1S) and

ηc(2S) parameters and to search for their decays into the previously unobserved

K+K−π+π−π0 decay mode. TheK0
S
K±π∓ andK+K−π+π−π0 invariant mass distri-

butions are reported in Fig. 4.22. A prominent peak in correspondence of theηc(1S)

mass value is observed in both spectra. Signals forχc0(1P ), χc2(1P ), andηc(2S) are also

present. Theχc0(1P ) signal is not present in theK0
S
K±π∓ final state, since this decay

is forbidden due to spin-parity conservation. A smallJ/ψ peak is also visible, due to

residual ISR background that survives the selection criteria.

4.5.1 Fit strategy

Signal yields and resonance parameters are measured by using an extended binned max-

imum likelihood (ML) fit to theK0
S
K±π∓ andK+K−π+π−π0 invariant mass spectra.

The bin width is 4MeV/c2. The components used in the likelihood are:ηc(1S), χc0(1P ),
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Figure 4.22: Invariant mass distribution for (a)K0
S
K±π∓ and (b)K+K−π+π−π0 decay

modes. The insets (b) and (d) show a the zoom in the region [3.3,3.8]GeV/c2. The blue
lines are placed at the nominal [49] masses of (left to right)ηc(1S), χc0(1P ), χc2(1P ),
andηc(2S). The red lines are placed at the nominal [49] masses of (left to right)J/ψ and
ψ(2S). Lines corresponding to theηc(1S) andJ/ψ are not shown in the insets.
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χc2(1P ), andηc(2S) signal,J/ψ ISR background, and combinatorial background. The

χc0(1P ) component is not present in the fit to theK0
S
K±π∓ invariant mass distribution.

Each resonance PDF is modeled as the convolution between a non-relativistic Breit-

Wigner function and the detector resolution function. Details on the detector resolution

function are given in sec. 4.5.2. The continuum background PDF is a fourth-order poly-

nomial, while the residualJ/ψ ISR background is parameterized with a Gaussian shape.

Signals and backgrounds yields, theηc(1S) and ηc(2S) mass and width, the mass

and width of the Gaussian function describing theJ/ψ ISR background component, and

the combinatorial background shape parameters are free parameters in the fit. Mass and

width of theχc0(1P ) andχc2(1P ) components are fixed to their nominal values [49].

In theK0
S
K±π∓ decay mode, theJ/ψ mass is fixed to its nominal value [49], too. In

theK+K−π+π−π0 decay mode the width of theηc(2S) signal component is fixed to the

value found in theK0
S
K±π∓ decay.

Theχc2(2P ) resonance is searched by adding a signal component to the fit,with the

mass and width fixed to the values found in Ref. [205].

4.5.2 Mass resolution

In order to obtain an accurate measurement of theηc(1S) andηc(2S) parameters, a precise

description of the detector mass resolution is needed. We rely on MC simulation in order

to obtain the resolution function. For each signal MCT event, we compute the mass

resolutionδm = mres
reco − mres

true, wheremres
reco is the reconstructed resonance mass, and

mres
true is the MC-generated resonance mass.

In Figs. 4.23 and 4.24 we show theδm distributions obtained using MC events that

simulate different resonances production, followed by thedecay in theK0
S
K±π∓ and

K+K−π+π−π0 final state, respectively.

The distributions are fitted using the following shape [158]

F (x) = A
(
sin2 ξ G(x) + cos2 ξ B(x)

)
, (4.4)

where

G(x) = exp

(
−(x− µ)2

2σ2

)
, (4.5)

and

B(x) =
(Γ(1,2)/2)

β(1,2)

|x0 − x|β(1,2) + (Γ(1,2)/2)
β(1,2)

, (4.6)

Γ1 (Γ2) andβ1 (β2) are used ifx < x0 (x ≥ x0). We checked that modifying the resolution

function forηc(1S)→K0
S
K±π∓ by adding another Gaussian component to (4.4) improves

the description of theδm shape, but does not change the analysis results. Therefore,we
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decide to keep theF (x) parameterization as in Eq. 4.4.
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Figure 4.23: Distribution ofδm (a) ηc(1S), (b) χc2(1P ), (c) ηc(2S), and (d)χc2(2P )
MCT events, inK0

S
K±π∓ decay mode. The blue solid curve is the fit function (see text

for details). In each figure we also show the distribution of the error-normalized difference
(pull) between the fit function and the data points.

4.5.3 Absolute mass scale

The determination of the absolute mass scale is crucial in order to aim at a precise

measurement of theηc(1S) andηc(2S) masses. We select a high-statisticsJ/ψ control

sample by reverting theM2
miss requirement described in sec. 4.4.2. We thus select the

e+e−→γISRK
0
S
K±π∓ ande+e−→γISRK

+K−π+π−π0 ISR process.

TheK0
S
K±π∓ andK+K−π+π−π0 invariant mass spectra of the ISR-enriched con-

trol sample is fitted to obtain the difference between the fittedmmeas
J/ψ and the nominal

mPDG
J/ψ [49] J/ψ mass value. We then correct the measuredηc(1S) andηc(2S) mass value

for the observed difference. Thus, the resulting correctedmass for theηc(nS) resonance

ismcorr
ηc(nS)

= mmeas
ηc(nS)

− (mmeas
J/ψ ) −mPDG

J/ψ ). This is equivalent to measure the mass differ-

ence between theηc(nS) and the well-knownJ/ψ mass. The mass parameters that are

fixed to their nominal values in the fit described in sec. 4.5.1are also corrected by the

measured shift.
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Figure 4.24: Distribution ofδm (a) ηc(1S), (b) χc0(1P ), (c) χc2(1P ), (d) ηc(2S), and
(e)χc2(2P ) MCT events, inK+K−π+π−π0 decay mode. The blue solid curve is the fit
function (see text for details). In each figure we also show the distribution of the error-
normalized difference (pull) between the fit function and the data points.

TheJ/ψ andψ(2S) signals are parameterized with the convolution between thedetec-

tor resolution function described below and a non-resonantBreit-Wigner function. Back-

ground is parameterized with a second order polynomial function. In theK0
S
K±π∓ decay

mode, the wide structure present in theηc(1S) region is described by the convolution of a

non-relativistic Breit-Wigner with theηc(1S) resolution function. Theηc(1S) parameters

are fixed to the value obtained in the fit to the nominal data sample. In order to describe the

J/ψ resolution function, we use the function defined in Eq. (4.4). In theK+K−π+π−π0

decay, theψ(2S) resolution function is parameterized using an asymmetric Gaussian with
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exponential tails defined as

C(x) = Nexp

(
−(x− µ)2

2σ2
L,R + αL,R(x− µ)2

)
, (4.7)

whereN is a normalization factor,σL andαL are used whenx ≤ µ, andσR andαR when

x > µ. Theδm distributions forJ/ψ andψ(2S) ISR MC events, and the corresponding

resolution functions are shown in Fig. 4.25, for bothK0
S
K±π∓ andK+K−π+π−π0 decay

mode.
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Figure 4.25: Distribution ofδm for (a) J/ψ→K0
S
K±π∓, (b) J/ψ→K+K−π+π−π0, and

(c)ψ(2S)→K+K−π+π−π0 MCT events. The blue solid curve is the fit function (see text
for details). In each plot we also show the distribution of the error-normalized difference
(pull) between the fit function and the data points.

The ηc(1S), J/ψ , andψ(2S) yields, and theJ/ψ andψ(2S) masses are free pa-

rameters in the fit. For theJ/ψ peak, the parameterσ of the resolution function de-

fined in Eq. (4.5) is modified to account for possible MC/data differences. We define

σ2 = σ2
MC + sign(∆σ) · ∆σ2, whereσMC is the value obtained in the fit to the MC

samples, reported in Fig. 4.25.

The results of the fits are shown in Figs. 4.26. The fittedJ/ψ mass is(3096.4 ±
0.2) MeV/c2 and(3095.8±0.8) MeV/c2, giving a mass shift of(−0.5±0.2) MeV/c2 and

(−1.1 ± 0.8) MeV/c2, for theK0
S
K±π∓ andK+K−π+π−π0 decay mode, respectively.
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Figure 4.26: Fit to (a)K0
S
K±π∓ and (b)K+K−π+π−π0 mass spectrum for real data

satisfying the reversedM2
miss requirement (see text). The solid line is the total fit function,

the dashed line is the background component. In each plot we also show the distribution
of the error-normalized difference (pull) between the fit function and the data points.

The shifts observed by fitting ISR MC samples are consistent with these results, inside

the statistical uncertainties. The fitted value of∆σ is (5.0 ± 1.0) MeV/c2, and(4.8 ±
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2.5) MeV/c2 for theK0
S
K±π∓ andK+K−π+π−π0 mode, respectively. These values are

used in sec. 4.8.1 to estimate a systematic uncertainty.

4.5.4 Fit results

Results of the fit to theK0
S
K±π∓ andK+K−π+π−π0 mass spectra, described in sec. 4.5.1,

are reported in Tab. 4.3 and shown in Fig. 4.27. Theχ2/ndf of the fit is 1.07 and 1.03,

wherendf is the number of degrees of freedom which is 361 and 360, for theK0
S
K±π∓

andK+K−π+π−π0 final state, respectively. No significant change in fit results is ob-

tained when aχc2(2P ) component is added in the fit. The fittedχc2(2P ) signal yield is

−1± 45 and−185± 146, forK0
S
K±π∓ andK+K−π+π−π0 final state, respectively.

Decay Signal Yield Corrected Mass Fitted Width
(Evts.) (MeV/c2) (MeV)

ηc(1S)→K0
S
K±π∓ 12310± 235 2982.5± 0.4 32.1± 1.1

χc2(1P )→K0
S
K±π∓ 126± 37 3556.2 (fixed) 2 (fixed)

ηc(2S)→K0
S
K±π∓ 624± 72 3638.5± 1.5 13.4± 4.6

ηc(1S)→K+K−π+π−π0 11158± 430 2984.5± 0.8 36.2± 2.8
χc0(1P )→K+K−π+π−π0 1094± 143 3415.8 (fixed) 10.2 (fixed)
χc2(1P )→K+K−π+π−π0 1250± 118 3556.2 (fixed) 2 (fixed)
ηc(2S)→K+K−π+π−π0 1201± 133 3640.5± 3.2 13.4 (fixed)

Table 4.3: Extraction of event yields and mass and width of the ηc(1S) andηc(2S) reso-
nances: fitted signal yield with statistical uncertainty, corrected mass, and fitted width for
each decay mode.

4.6 Peaking-background subtraction

There are two different processes that can produce real resonances, thus producing physi-

cal irreducible peaking-background events. Such processes are theJ/ψ andψ(2S) radia-

tive decays, and two-photon production with higher multiplicity, such as

γγ→ηc(1S)π
0→K0

S
K±π∓π0. We give an estimate of such backgrounds using data-

driven techniques. The number of peaking-background events originating from the

J/ψ→γηc(1S) radiative decay is subtracted from theηc(1S) signal yield. The num-

ber of peaking-background events from higher multiplicitytwo-photon processes, like

γγ→ηc(1S)π
0, is used to assign a systematic uncertainty. The number of

peaking-background events forχc0(1P ), χc2(1P ), ηc(2S), originating from bothψ(2S)

decays and two-photon processes, is used to assign a systematic uncertainty as described

in sec. 4.8.
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Figure 4.27: Fit to (a) theK0
S
K±π∓ and (c) theK+K−π+π−π0 mass spectrum. The

solid curves represent the total fit functions and the dashedcurves show the combinatorial
background contributions. The background-subtracted distributions are shown in (b) and
(d), where the solid curves indicate the signal components.In each plot we also show the
distribution of the error-normalized difference (pull) between the fit function and the data
points.
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4.6.1 ψ’s radiative decays background

J/ψ background

Background arising fromJ/ψ radiative decays are estimated using the fitted number of

J/ψ eventsNJ/ψ
fitted in the nominal fit. The number of background events fromJ/ψ radia-

tive decays is equal to

N
J/ψ→ηc(1S)
f =

ǫ(e+e−→J/ψγISR, J/ψ→γηc(1S), ηc(1S)→f)

ǫ(e+e−→J/ψγISR, J/ψ→f)
×

B(J/ψ→γηc(1S))B(ηc(1S)→f)

B(J/ψ→f)
×N

J/ψ
fitted, (4.8)

whereǫ(Y ) andB(Y ) represent the efficiency and branching fraction for the relevant Y

process. Efficiencies are estimated using MC simulation andare equal to:

ǫ(e+e−→J/ψγISR, J/ψ→γηc(1S), ηc(1S)→K0
SK

±π∓)

ǫ(e+e−→J/ψγISR, J/ψ→K0
S
K±π∓)

= 3.31± 0.05, (4.9)

ǫ(e+e−→J/ψγISR, J/ψ→γηc(1S), ηc(1S)→K+K−π+π−π0)
ǫ(e+e−→J/ψγISR, J/ψ→K+K−π+π−π0)

= 1.96± 0.08. (4.10)

We use world average values for branching fractions [49], except for

B(ηc(1S)→K+K−π+π−π0) which is taken from the results of this thesis. The relevant

branching fraction ratios are equal to:

B(J/ψ→γηc(1S))B(ηc(1S)→K0
S
K±π∓)

B(J/ψ→K0
S
K±π∓)

= 0.20± 0.07, (4.11)

B(J/ψ→γηc(1S))B(ηc(1S)→K+K−π+π−π0)

B(J/ψ→K+K−π+π−π0)
= 0.03± 0.01. (4.12)

The fitted number of events in the theJ/ψ peak is324±49 and442±11, inK0
S
K±π∓

andK+K−π+π−π0 sample, respectively. Using Eq. (4.8) and values from Eqs. (4.9)–

(4.12), the number of expectedηc(1S) peaking-background events, originating fromJ/ψ

decays, is214± 82 and26± 9, inK0
S
K±π∓ andK+K−π+π−π0 final state, respectively.

ψ(2S) background

Theψ(2S) decays radiatively toχc0(1P ) andχc2(1P ), with a branching fraction of(9.6±
0.3)% and(8.7 ± 0.4)%, respectively [49]. The branching fraction ofψ(2S) radiative

decay toηc(2S) has been recently measured and is equal to8 × 10−4 [155]. In principle

the background contamination fromψ(2S) decays may be estimated using Eq. (4.8) by

changingJ/ψ with ψ(2S). Since theψ(2S) peak is not observed in the mass spectra

(Fig. 4.22), this component is not included in the fit. The numberNψ(2S)
fitted to be used in
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Eq. (4.8) is then obtained as

N
ψ(2S)
fitted =

ǫstandard(ψ(2S)→f)

ǫreverted(ψ(2S)→f)
N
ψ(2S)
reverted, (4.13)

where the numberNψ(2S)
reverted of ψ(2S) events is obtained by fitting the ISR-enriched sam-

ple selected by reverting theM2
miss requirement, as described in sec. 4.5.3. The effi-

cienciesǫstandard(ψ(2S)→f) andǫreverted(ψ(2S)→f) for theψ(2S)→f process selected

with nominal and revertedM2
miss requirements, respectively, are obtained from MC. In

theK0
S
K±π∓ decay mode, theψ(2S) peak is not even observed in the enriched dataset

(Fig. 4.26). We thus conclude that background fromψ(2S) radiative decays is negligible

for this channel. In theK+K−π+π−π0 decay mode,231±28 ψ(2S) events are observed.

The ratio between the efficiencies obtained with standard and reverted selection criteria is

ǫstandard(ψ(2S)→K+K−π+π−π0)

ǫreverted(ψ(2S)→K+K−π+π−π0)
= 0.51± 0.01. (4.14)

Efficiencies needed in Eq. (4.8) are estimated using MC events and are equal to:

ǫ(e+e−→ψ(2S)γISR, ψ(2S)→γχc0(1P ), χc0(1P )→K+K−π+π−π0
)

ǫ(e+e−→ψ(2S)γISR , ψ(2S)→K+K−π+π−π0
)

= 0.73± 0.02, (4.15)

ǫ(e+e−→ψ(2S)γISR, ψ(2S)→γχc2(1P ), χc2(1P )→K+K−π+π−π0
)

ǫ(e+e−→ψ(2S)γISR , ψ(2S)→K+K−π+π−π0
)

= 2.19± 0.05. (4.16)

The quite large difference in efficiency between the two modes is related to the different

energy of the radiative photon in theψ(2S) decay toχc0(1P ) andχc2(1P ). The larger

energy of the photon fromψ(2S)→γχc0(1P ) decay leads to an averagepT value for these

events that is larger than that forψ(2S)→γχc2(1P ). Thus,ψ(2S)→γχc0(1P ) events are

more efficiently rejected by thepT requirement. In order to estimate
B(ψ(2S)→γχc0,2(1P ))B(χc0,2(1P )→K+K−π+π−π0)

B(ψ(2S)→K+K−π+π−π0)
, needed in Eq. (4.8), one should know the

value of theB(χcJ(1P )→K+K−π+π−π0) branching ratios. To date, such decays have

not been observed, yet. TheχcJ(1P )→K+K−π+π−π0 branching fraction can be ob-

tained by the measurement ofΓγγ×B(χc0,2(1P )→K+K−π+π−π0) reported in this thesis

(sec. 4.9) and the world-averageΓγγ(χc0,2(1P )) values [49]. We obtain

B(χc0(1P )→K+K−π+π−π0) = (1.14 ± 0.27)% andB(χc2(1P )→K+K−π+π−π0) =

(1.30± 0.36)%. The value ofB(χc2(1P )→K+K−π+π−π0) is consistent with a prelimi-

nary CLEO measurement [316,317]. We find:

B(ψ(2S)→γχc0(1P ))B(χc0(1P )→K+K−π+π−π0)

B(ψ(2S)→K+K−π+π−π0)
= 0.87± 0.22, (4.17)

B(ψ(2S)→γχc2(1P ))B(χc2(1P )→K+K−π+π−π0)

B(ψ(2S)→K+K−π+π−π0)
= 0.90± 0.25. (4.18)
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Using the number ofψ(2S) fitted events and values in Eqs. (4.14)–(4.18), we estimate

75± 21 and233± 73 peaking-background events fromψ(2S) radiative decay toχc0(1P )

andχc2(1P ), respectively. The number of peaking-background events for ηc(2S) is found

to be negligible.

4.6.2 Two-photon backgrounds

The amount of irreducible peaking background originating from two-photon events with

high multiplicity and other processes that produce real resonances is estimated by com-

paring thepT distribution of resonance signal events with those expected for two-photon

MC signals.

The combinatorial-background-subtractedpT distribution for each resonance is ob-

tained by fitting theK0
S
K±π∓ andK+K−π+π−π0 invariant mass spectrum in inter-

vals of pT , with a width of 0.05GeV/c. For each interval, we repeat the fit procedure

described in sec. 4.5.1, with the resonances parameters fixed to the values reported in

Tab. 4.3. These fits are performed in the three intervals corresponding to the nominalpT
range [0,0.15]GeV/c, and in a sideband region, used to better parameterize the back-

groundpT shape. The sideband range is [0.15,0.50]GeV/c and [0.15,0.90]GeV/c,

for K+K−π+π−π0 andK0
S
K±π∓ decay modes, respectively. Forχc0,2(1P ) decays,

we observe some upwards fluctuations in the high-pT region, that originate from back-

ground fluctuations. These fluctuations were found to bias the estimate of the number

of expected peaking-background events. We then decide to use [0.15,0.30]GeV/c and

[0.15,0.20]GeV/c as sidebands forχc0,2(1P ) decays, inK+K−π+π−π0 andK0
S
K±π∓

decay modes, respectively.

The yield distribution as a function ofpT is fitted to the sum of the MC-expected signal

pT distribution plus a flat background. Peaking-background events fromJ/ψ→γηc(1S)

radiative decays are expected to have apT distribution similar to the signal one. Adding an

explicit ISR-background component in the fit to thepT distribution introduces negligible

effects in the results. In Figs. 4.28–4.29 we show the results of the fits to the resonance

yield distribution as a function ofpT . The expected number of peaking-background events

are reported in Tab. 4.4. This method to estimate backgroundwas already proven to be

effective for theγγ→ηc(1S)π
0→K0

S
K±π∓π0 background [158]. We cross-check the

validity of this method for theK+K−π+π−π0 final state with an exclusive study of the

γγ→K+K−π+π−π0π0 background process. Background contribution from such process

is found to be negligible. Details about this study are reported in App. A. The two-photon

background estimate given in the present section is more conservative with respect to the

one obtained by studying the exclusive final state.
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K0
S
K±π∓ Decay K+K−π+π−π0 Decay

ηc(1S) χc2(1P ) ηc(2S) ηc(1S) χc0(1P ) χc2(1P ) ηc(2S)
Npeak (pT fit) 189± 18 −45± 11 25± 5 118± 32 −39± 19 14± 24 −46± 17
Nψ (ψ’s Decays) 214± 82 – – 26± 9 75± 21 233± 73 –

Table 4.4: Summary of expected irreducible peaking-background events for each reso-
nance:Npeak is the number of peaking-background events estimated with thepT fit, and
Nψ the number of peaking-background events fromψ’s radiative decays.
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Figure 4.28: The (a)ηc(1S), (b) χc2(1P ), and (c)ηc(2S) signal yield distribution as a
function of pT , in theK0

S
K±π∓ decay mode. Points with error bars are the fitted res-

onance yield in eachpT interval, the blue solid line is the MC signal shape plus flat
background fit function, the blue dashed line is the flat background contribution. The red
line denotes the separation between signal (pT < 0.15) and sideband (pT > 0.15) region.

4.7 Two-photon couplings measurement

The measurement of the two-photon couplingΓγγ of the charmonium resonances is of

a particular interest since this quantity carries information about the charmonium struc-

ture [1,2].

The cross-section for the two-photon production of aX resonance decaying to thef

final state is equal to

σ
(
e+e−→e+e−γγ→e+e−X→e+e−f

)
=

NX
f

εf
∫
L∆t (4.19)
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Figure 4.29: The (a)ηc(1S), (b)χc0(1P ), (c) χc2(1P ), and (d)ηc(2S) signal yield distri-
bution as a function ofpT , in theK0

S
K±π∓ decay mode. Points with error bars are the

fitted resonance yield in eachpT interval, the blue solid line is the MC signal shape plus
flat background fit function, the blue dashed line is the flat background contribution. The
red line denotes the separation between signal (pT < 0.15) and sideband (pT > 0.15)
region.

whereεf is the average detection efficiency and
∫
L∆t is the total integrated luminosity.

According to Eqs. (4.1)–(4.2), such a cross-section is proportional to the product between

Γγγ(X) and the final state branching fractionB(X→f). The flux termL and the form-

factorF in Eq. (4.1), and the integral in Eq. (4.2) may be computed by using theGamGam

generator [205]. Thus, theGamGam generator allows to relate the productΓγγ(X) ×
B(X→f) to the measured cross-section values.

We also measure the ratio between the branching fractions ofthe K0
S
K±π∓ and

K+K−π+π−π0 decay mode for theηc(1S) andηc(2S). This ratio is equal to

B(ηc(nS)→K+K−π+π−π0)

B(ηc(nS)→K0
S
K±π∓)

=
N
ηc(nS)
KK3π

N
ηc(nS)

K0
S
Kπ

·
ǫ
ηc(nS)

K0
S
Kπ

ǫ
ηc(nS)
KK3π

, (4.20)

whereηc(nS) denotesηc(1S) or ηc(2S), N
ηc(nS)
f represents the peaking-background-

subtractedηc(nS) yield, andǫηc(nS)f the average detection efficiency, for thef final state.
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4.7.1 Fit strategy

The cross-section and the branching fraction ratio, according to Eqs. (4.19)–(4.20) are

proportional to theNX
f /εf ratio. Since the detection efficiency is not uniform over the

phase space available to the decay, the average efficiency should depend on the sub-

resonant decay structure. Such sub-resonant structure wasnever studied in detail for

theK0
S
K±π∓ final state [158], and is unknown for theK+K−π+π−π0 final state. The

ignorance about the decay dynamic may then lead to a large systematic uncertainty.

In order to reduce such uncertainty, we extractNX
f /εf with an unbinned maximum

likelihood fit, where each event is given a weightw, proportional toε−1
f , that takes into

account the efficiency dependence on the decay kinematics. Adetailed description of

the efficiency parameterization is given in sec. 4.7.2. The weightw is equal toǫ∗−1
f =

ǫf/εf ∼ 1, whereǫf is the average value of the efficiency over the available phase space

for the decay. This procedure is needed in order to have fit weights ofO(1), since weights

far from one may lead to an underestimation of the statistical uncertainty of the fit [325].

With this convention, the ratioNX
f /εf becomes

NX
f

ǫf
=

NX
f

ǫ∗f × ǫf
(4.21)

The fit to the weighted dataset is performed independently intwo separate mass re-

gions, near theηc(1S) ([2.5,3.3]GeV/c2) andηc(2S) ([3.2,3.9]GeV/c2) masses, in order

to take into account the dependence of the reconstruction efficiency on the invariant mass.

We use the same PDFs parameterization used in the fit to the unweighted dataset, de-

scribed in sec. 4.5.1. The resonance parameters are fixed to the values reported in Tab. 4.3.

The free parameters of the fit are the yields of the backgroundand signal resonances, the

mean and width of the Gaussian function describing the ISRJ/ψ background, and the

background shape parameters. Since the cross-section in Eq. (4.19) depends on the CM

energy, the measurement ofΓγγ × B is performed by using 473.8fb−1 collected near

theΥ (4S) mass energy. The whole 519.2fb−1 dataset is used to measure the branching

fraction ratio of Eq. (4.20).

The kinematics of peaking-background events is similar to those of the signal, so we

assume the signal to peaking-background ratio to be unaffected by the weighting tech-

nique. Theηc(1S) weighted yield is corrected by subtracting the number of expected

background events originating fromJ/ψ→γηc(1S), while we assign a systematic uncer-

tainty (see sec. 4.8.1) to account for the presence of peaking-background forχc0(1P ),

χc2(1P ), andηc(2S).



4.7 Two-photon couplings measurement 95

4.7.2 Efficiency parameterization

The reconstruction efficiency is expected to depend on the kinematics variables describ-

ing theK0
S
K±π∓ andK+K−π+π−π0 decay. In the following sections we describe the

efficiency parameterization that is used to compute efficiencies, and thus weights, that

enter in the fit described in sec. 4.7.1.

K0
S
K±π∓ decay mode

We describe theK0
S
K±π∓ decay kinematics by using the “Squared Dalitz Plot” formal-

ism. The decay is described by the invariantKπ mass versus the angle between the

direction of theK+ in theKπ rest frame and that of theKπ system in theK0
S
K±π∓ ref-

erence frame. The “Squared Dalitz Plot” is a standard technique used to study three-body

decays. Its main advantages with respect to the “standard” Dalitz Plot are the fact that the

angular structure of the decay is made explicit, the presence of a rectangular boundary,

and the fact that reflections originating from mis-PID manifest in preciseloci.

The efficiency dependence on these variables is parameterized by using a

two-dimensional histogram. The efficiency in each bin is computed as the ratio of the

number of MCT signal events surviving the selection to the number of MC generated

signal events. While computing efficiency, we set the efficiency to zero in bins with less

than 10 events. The number of real data events falling in these bins is smaller than 0.5%.

In Figs. 4.30–4.31 we show the efficiency and the efficiency uncertainty distribution over

the “Squared Dalitz Plot”, for the ηc(1S) andηc(2S) mass regions. We also show such

distributions over the “standard” Dalitz Plot as a function of theK0
S
π versus theKπ mass.

K+K−π+π−π0 Decay Mode

In order to describe a five body decay, 8 independent variables are needed. We generalize

the Cabibbo-Maksymowicz variables [326] used to describe afour-body decay, by group-

ing the decay products in two sub-systems that we identify with the two kaons and the

three pions system, respectively. The 5 body decay kinematics can be parameterized by

using the following variables, as sketched in Fig. 4.32:

1. mKK : the invariant mass of theK+K− system;

2. m3π: the invariant mass of theπ+π−π0 system;

3. mππ: the invariant mass of theπ+π− system;
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Figure 4.30: Signal efficiency ((a) and (c)), and its uncertainty ((b) and (d)) distributions
over the “standard” and (c-d) “squared” Dalitz Plot, for ηc(1S) mass region.
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Figure 4.31: Signal efficiency ((a) and (c)), and its uncertainty ((b) and (d)) distributions
over the “standard” and (c-d) “squared” Dalitz Plot, for ηc(2S) mass region.

4. cos θK : the cosine of the angle between the direction ofK+ and the recoil of the3π

system, in theK+K− frame;

5. cosΘ: the cosine of the angle between the normaln̂ to the3π decay plane and the

recoil direction of theK+K− system, in the3π frame. This angle describes the

polar orientation of̂n with respect to the recoil direction of theK+K− system;

6. Φ: the angle that describes an azimuthal rotation ofn̂ with respect to the recoil

direction of theK+K− system;
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Figure 4.32: Representation of the 5 body decay system splitin theK+K− and3π sys-
tems, and of angles used to describe the decay (see text for further details).

7. θπ: the angle that describes a rotation of the whole3π system on its decay plane;

8. cos θππ: the cosine of the angle betweenπ+ andπ− momenta, in the3π frame.

Correlations betweenmKK, m3π, andmππ are as large as60%. Correlation between

different angular variables and between angular variablesand the invariant masses are

usually negligible, with the exception of the correlation betweencos θππ andmππ which is

-70%. The efficiency dependence on each of the eight variables described above is shown

in Fig. 4.33–4.34, forηc(1S) andηc(2S) mass regions, respectively. The efficiency has

a weak dependence on the angular variables, while has strongdependence onmππ,mKK

andm3π.

A full parameterization in eight dimensional space is not feasible due to limited MC

statistics. A three-dimensional histogram is used to parameterize the dependence on the

invariant masses. The binning of the three-dimensional efficiency histogram needs to be

optimized in order to be small enough not to loose information, but also large enough to

keep the statistical error, due to MC sample size, reasonably low. We choose a binning

that allows to have at least half of the bins with a relative error on the efficiency lower

than 10%. We assign null efficiency to bins with less than 10 events. The number of real

data events falling in these bins is3− 4%. In Figs. 4.35–4.36, we show the projection of
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Figure 4.33: 1D projections ofγγ→ηc(1S)→K+K−π+π−π0 efficiency on (a)cos θK ,
(b) cosΘ, (c)Φ, (d) θπ, (e)cos θππ, (f) mKK , (g)mππ, and (h)m3π.

the signal efficiency and its uncertainty on the two-dimensional planes(mKK , mππ) and

(mKK, m3π), in theηc(1S) andηc(2S) mass regions, respectively. The signal efficiency

obtained by the three-dimensional histogram is corrected taking into account its depen-

dence on the angular variables. The correction factor distribution as a function of each

angular variable is obtained by dividing the efficiency distribution as a function of the

relevant variable by its mean value. The correction factor distribution is parameterized

with fourth and second-order polynomial shapes as shown in Fig. 4.37.

The total efficiencyε for one event is given by

ε = ε3D(mKK, m3π, mππ)× c1(cos θK)× c2(cosΘ)× c3(Φ)×
c4(θπ)× c5(cos θππ), (4.22)

whereε3D is the efficiency obtained from the three-dimensional histogram andci (i =

1, 2, 3, 4, 5) are the correction factors depending on the angular variables. The factor-

ization of the correction factors in Eq. (4.22) implies the assumption that the correlations

involving the angular variables are negligible The -70% correlation betweencos θππ and

mππ results in a change of the efficiency that is taken into account as a systematic uncer-

tainty as described in sec. 4.8.2.
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Figure 4.34: 1D projections ofγγ→ηc(2S)→K+K−π+π−π0 efficiency on (a)cos θK ,
(b) cosΘ, (c)Φ, (d) θπ, (e)cos θππ, (f) mKK , (g)mππ, and (h)m3π.
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Figure 4.35: Signal efficiency ((a) and (c)), and its uncertainty ((b) and (d)) distributions
over the(m(KK), m(ππ)) and(m(KK), m(3π)) planes , for theK+K−π+π−π0 decay
mode in theηc(1S) mass region.
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Figure 4.36: Signal efficiency ((a) and (c)), and its uncertainty ((b) and (d)) distributions
over the(m(KK), m(ππ)) and(m(KK), m(3π)) planes , for theK+K−π+π−π0 decay
mode in theηc(2S) mass region.
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Figure 4.37: Fit to efficiency correction factors dependingon the angular variables in
ηc(1S)→K+K−π+π−π0 (left) andηc(2S)→K+K−π+π−π0 (right) decay. Top to bot-
tom: cos θK , cos θππ, Φ, θπ, andcosΘ.
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4.7.3 Fit results

In Tab. 4.5 we show the cross-section results for each resonance, obtained with data col-

lected near theΥ (4S) energy. The cross-section for theK0
S
K±π∓ decay mode is corrected

to take into accountB(K0
S
→π+π−) = (69.20±0.05)% [49]. The weighted signal yield to

cross-section (fb)
ηc(1S) χc0(1P ) χc2(1P ) ηc(2S)

K0
SK

±π∓ 299.0 ± 5.9 − 2.6 ± 0.9 12.3 ± 1.3

K+K−π+π−π0 431.7 ± 14.5 30.3 ± 5.3 29.8 ± 4.6 26.8 ± 5.1

Table 4.5: Cross-section results for data collected near theΥ (4S) energy.

be used for the branching fraction ratio measurement, obtained by using the whole dataset,

is 109550± 2038 and223496± 7160 for ηc(1S), and4483± 447 and14375± 2542 for

ηc(2S), in theK0
S
K±π∓ andK+K−π+π−π0 decay mode, respectively. In Figs. 4.38

and 4.39 we show the fitted spectra in theηc(2S) andηc(2S) mass regions. We compute

a χ2 using the total fit function and the binned relevant mass distribution obtained after

weighting. The values ofχ2/ndf are 1.16 and 1.15 forηc(1S), and 1.20 and 1.00 for

ηc(2S) mass regions, in theK0
S
K±π∓ andK+K−π+π−π0 channel, respectively.

4.8 Systematic uncertainties

In the following section we discuss the sources of systematic uncertainty in our mea-

surements. We discuss separately the sources that affect yield and resonance parameters

measurement and those that are involved in the cross-section and relative branching frac-

tion measurement.

4.8.1 Yields and resonances parameters systematics

Here below we list the sources of systematic uncertainties affecting the yield and reso-

nance parameters measurement and the method used for their estimate. A summary of all

the contributions may be found in Tab. 4.7.

PDFs shape

A systematic uncertainty is assigned to account for the uncertainty related to parameters

that are fixed in the fit described in sec. 4.5.1. We assign as systematic the sum in quadra-

ture of the changes in results observed when performing the nominal fit by varying the
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Figure 4.38: Fit to theK0
S
K±π∓ efficiency-weighted mass spectrum in the (a)ηc(1S)

region and (b)ηc(2S)region. The solid line is the total fit function, the dashed line is the
background component. In each plot we also show the distribution of the error-normalized
difference (pull) between the fit function and the data points.
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Figure 4.39: Fit to theK+K−π+π−π0 efficiency-weighted mass spectrum in the (a)
ηc(1S) region and (b)ηc(2S)region. The solid line is the total fit function, the dashed
line is the background component. In each plot we also show the distribution of the error-
normalized difference (pull) between the fit function and the data points.
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fixed parameters of±1σ with respect to their central value. In this systematic we in-

clude the uncertainty related to fixingχc0(1P ), χc2(1P ) and some of theJ/ψ andηc(2S)

parameters in the fit.

Background shape

Possible background mismodeling is evaluated by changing the background shape from

fourth to sixth order polynomial. Changes in the fit results are taken as systematic on the

background shape.

Absolute mass scale

The absolute mass scale is determined by fitting the ISR-enriched sample as described

in sec. 4.5.3. The observed mass shift with respect to the nominal J/ψ mass value is

(−0.5±0.2) MeV/c2 and(−1.1±0.8) MeV/c2, forK0
S
K±π∓ andK+K−π+π−π0 decay

modes, respectively. We assign the statistical error on theshift as systematic uncertainty

on the absolute mass scale.

ηc(1S)-J/ψ momentum distribution

The shift in the absolute mass scale determined by using the ISR-enriched sample may be

biased due to the fact that two-photon and ISR events have quite different distribution of

the longitudinal momentumpz. Possible mismodeling of the detector response may lead

to a systematic shift in the value of the corrected mass [158]. The distribution ofpz for

signal two-photon andJ/ψ ISR MC events is shown in Fig. 4.40.
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Figure 4.40: Distribution ofpZ for (a)K0
S
K±π∓ and (b)K+K−π+π−π0. The black solid

line is theηc(1S) signal MC, the red dashed line is theηc(2S) signal MC, and the green
dotted line is theJ/ψ ISR background MC.

We divide data into three subsamples, with approximativelythe same statistics, but

with a different average value ofpz. The average value ofpz in the threeK0
S
K±π∓
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subsamples is -0.9GeV/c, 0.7GeV/c, and 2.6GeV/c, respectively. The average value

of pz in the threeK+K−π+π−π0 subsamples is -0.7GeV/c, 0.7GeV/c, and 2.4GeV/c,

respectively. For comparison,pz is peaked around -2.3GeV/c for ISR J/ψ events in

bothK0
S
K±π∓ andK+K−π+π−π0 decays, as shown in Fig. 4.40 Each subsample is then

fitted with the procedure described in sec. 4.5.1. In these fits, theηc(2S) width is fixed to

the value reported in Tab. 4.3.

The differences between the nominal fitted mass, reported inTab. 4.3, and the values

obtained when fitting the three subsamples are:

• (+0.2 ± 0.6) GeV/c2, (+0.1 ± 0.6) GeV/c2, (−0.4 ± 0.6) GeV/c2for ηc(1S) in

K0
S
K±π∓ decay;

• (−0.6 ± 2.7) GeV/c2, (+0.2 ± 4.0) GeV/c2, (+0.3 ± 2.1) GeV/c2for ηc(2S) in

K0
S
K±π∓ decay;

• (+0.3 ± 1.3) GeV/c, (−0.1 ± 1.3) GeV/c, (−0.0 ± 1.6) GeVfor ηc(1S) in

K+K−π+π−π0 decay;

• (−3.1 ± 5.1) GeV, (+7.2 ± 6.5) GeV/c, (−1.1 ± 4.8) GeV/c for ηc(2S) in

K+K−π+π−π0 decay;

No significant shift is observed. The value of the shift observed in the subsample where

the averagepz value is maximum is taken as an estimate of the systematic uncertainty on

the resonance mass.

MC/data resolution

The systematic uncertainty due to the different mass resolution in data and MC is esti-

mated by repeating the nominal fit described in sec. 4.5.1 with a modified value ofσ in

Eq. (4.5). We defineσ2 = σ2
MC + sign(∆σ) ·∆σ2, whereσMC is the value obtained from

MC simulation, and∆σ is determined in the fit to the ISR-enriched sample describedin

sec. 4.5.3. The fitted value of∆σ is equal to(5.0±1.0) MeV/c2, and(4.8±2.5) MeV/c2

forK0
S
K±π∓ andK+K−π+π−π0 mode, respectively. The changes in results with respect

to the values reported in Tab. 4.3, observed when using the modified value ofσ in the fit,

are taken as systematic uncertainties.

Background subtraction

We subtract the number ofJ/ψ→γηc(1S) peaking-background events from theηc(1S)

signal yield. A systematic uncertainty equal to the uncertainty on the number of

J/ψ→γηc(1S) peaking-background events is assigned.
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Peaking background

We assign as systematic uncertainty due to the presence of two-photon irreducible peaking-

background the number of peaking-background events obtained with the fit to the yield

distribution as a function ofpT , summed in quadrature with its uncertainty. For the

χc0,2(1P ), we also add to this systematic the estimated number ofψ(2S)→γχc0,2(1P )

peaking-background events summed in quadrature with its uncertainty.

Resolution function distortion

The fact that the subresonant structure of the decay is different between data and MC

(that is simulated with phase-space assumption) may lead todistortion of the resolution

function.

Distributions for data over the Dalitz Plot in signal and background region for the

K0
S
K±π∓ decay mode are shown in App. B. The Dalitz Plot is divided in different re-

gions as illustrated in Fig. 4.41. The 23 (4) regions labeledwith “A” and “B” are used
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Figure 4.41: Division of the Dalitz plot into regions: (a) the 23 “A” regions used to eval-
uate systematics for theηc(1S)→K0

S
K±π∓ decay; (b) the 4 “B” regions used to evaluate

systematics for theηc(2S)→K0
S
K±π∓ decay. Plotted data are taken from Fig. B.1 (a) and

(b), respectively.

to study the systematic effect on theηc(1S) andηc(2S) parameters, respectively. The

ηc(1S) andηc(2S) yield is fitted in each region to obtain the experimental Dalitz Plot

distribution. The signal MC samples are reweighted in orderto reproduce such a distri-

bution. Theηc(1S) andηc(2S) resolution functions are then fitted by using events from

the reweighted MC samples, and the fit described in sec. 4.5.1is repeated by using these

“ reweighted” resolution functions. The changes observed in the fitted resonances param-

eters with respect to the results reported in Tab. 4.3 are taken as systematic uncertainties.

In theK+K−π+π−π0 decay mode, due to the limited statistics, the weighting tech-

nique is applied to projections of the data over one or two invariant masses combination
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per time. Invariant masses distributions for data in signaland background regions for the

K+K−π+π−π0 decay mode are shown in App. B. In Figs. 4.42–4.43 we show the “A”

and “B” regions used to fit theηc(1S) andηc(2S) yields, respectively. For each projec-
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Figure 4.42: Division of the invariant mass projections into “A” regions used to com-
pute the systematic for theηc(1S)→K+K−π+π−π0 deacy; (a)m(KK), (b)m(π+π−),
(c)m(π+π−π0), (d) (m(K+π−), m(K−π+)), (e) (m(π+π0), m(π−π0)). Plotted data are
taken from Figs. B.2–B.6(a).

tion, we reweight the MC events in order to reproduce the distribution obtained by fitting

the data. The reweighted MC events are used to fit a resolutionfunction that is used in

the fit described in sec. 4.5.1. We perform a fit to the data using each of the “reweighted”

resolution functions. We take as systematic the largest among the differences between

the nominal fit results reported in Tab. 4.3 and the values obtained with the “reweighted”

resolution functions.
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Figure 4.43: Division of the invariant mass projections into “B” regions used to com-
pute the systematic for theηc(2S)→K+K−π+π−π0 deacy; (a)m(KK), (b)m(π+π−),
(c)m(π+π−π0), (d) (m(K+π−), m(K−π+)), (e) (m(π+π0), m(π−π0)). Plotted data are
taken from Figs. B.2–B.6(a).

Efficiency distortion

The resonance lineshape may be distorted due to the change ofthe efficiency as a function

of theK0
S
K±π∓ andK+K−π+π−π0 invariant mass. This dependence is fitted with a first

order polynomial. The invariant mass spectrum is then corrected taking into account this

efficiency dependence, and the nominal fit is performed. We take as systematic uncer-

tainty the differences between the results of this fit and thenominal results reported in

Tab. 4.3. All the observed changes are small compared to the statistical uncertainty of the

measurement.
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The change of the average reconstruction efficiency due to the subresonant decay dy-

namics can lead to distortion of the resonance lineshape, too. We take as systematic un-

certainty due to this effect the difference between the nominal results reported in Tab. 4.3

and the ones obtained by leaving the mass and width of the resonances floating in the

efficiency-weighted fit described in sec. 4.7.1. All the observed changes are small com-

pared to the statistical uncertainty of the measurement.

The systematic contribution originating from these two efficiency-related effects are

listed separately in Tab. 4.7. The first effect is named “Mass Efficiency” and the latter

“DP Efficiency”.

Interference

Interference between the signal and the non-resonant background may lead to a distortion

of resonance lineshape as discussed in sec. 2.3.1. In order to estimate this possible con-

tribution to the systematic uncertainty, we include an interference term in the signal PDF.

Theηc(1S) signal Breit-Wigner is substituted by the function

∣∣∣∣∣
Γ/2

M −M0 − iΓ/2
+ Aeiφ

√
P4(M)

P4(M0)

∣∣∣∣∣

2

, (4.23)

where the first term is the resonance signal PDF and the secondis the PDF of the interfer-

ing non-resonant background.M0 andΓ are the mass and width of the signal resonance,

A andφ are real parameters.P4(x) has the same functional form used to describe the

non-interfering background shape. We use the sameP4(x) shape parameters for both

interfering and non-interfering background PDFs.

When including interference effects, the fitted “signal yield” Nfitted
sg receives contri-

butions from signal, interference and interfering background terms. We define

α =

∫ ∣∣∣∣
Γ/2

M −M0 − iΓ/2

∣∣∣∣
2

dm (4.24)

β =

∫ ∣∣∣∣∣Ae
iφ

√
P4(M)

P4(M0)

∣∣∣∣∣

2

dm (4.25)

f =
α

α+ β
(4.26)

where the integral is performed on the fitting range and the PDFs parameters are obtained

from the fit. Thus, we define the resonance signal yield asN res
sg = f ·Nfitted

sg .

In Tab. 4.6 we summarize the changes in fit results with respect to the ones reported

in Tab. 4.3, observed when introducing the interference term in the signal PDF. These
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changes are taken as a systematic uncertainty.

Decay A φ Difference with respect to nominal fit
Resonance Yield Mass Width

(deg) (Events) MeV/c2 MeV
ηc(1S)→K0

S
K±π∓ 0.03± 0.02 182.2± 190.1 +10± 287 +1.2± 0.5 +0.2± 1.1

ηc(1S)→K+K−π+π−π0 0.08± 0.04 135∗ −26± 762 +2.9± 1.5 +0.6± 2.9

Table 4.6: Results of fits with interference term added.∗ value that minimizes fit-dataχ2

obtained with a scan.

The interference between signal and non-resonant background produces a change in

the tails of the signal distribution, thus making this effect difficult to be estimated in

presence of a small signal size and a poor signal to background ratio. We therefore do not

consider any systematic effect due to interference for theηc(2S).
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0 ηc(1S) χc0(1P ) χc2(1P ) ηc(2S)

Yield Mass Width Yield Yield Yield Mass Width
(Evts.) MeV/c2 MeV (Evts.) (Evts.) (Evts.) MeV/c2 MeV

K0
SK

±π∓ Decay Mode
PDFs shape 19 0.3 0.4 – 2 4 0.2 0.7
Background shape 144 0.0 0.5 – 5 10 0.1 0.2
Absolute mass scale – 0.2 – – – – 0.2 –
Momentum distribution – 0.4 – – – – 0.3 –
MC/data resolution 105 0.09 0.9 – 7 20 0.07 2.9
Background subtraction 82 – – – – – – –
Peaking background 190 – – – 11 25 – –
Res. function distortion 0 0.1 0.0 – – 3 0.1 0.1
Mass Efficiency – 0.1 0.2 – – – 0.0 0.7
DP Efficiency – 0.3 0.8 – – – 0.7 0.7
Interference 10 1.2 0.2 – – – – –
Total 274 1.4 1.3 0 14 34 0.8 3.2

K+K−π+π−π0 Decay Mode
PDFs shape +44

−55 0.8 1.0 +57
−54

+67
−60 99 +1.8

−1.6 –
Background Shape 417 0.1 2.0 104 137 154 0.2 –
Absolute mass scale – 0.8 – – – – 0.8 –
Momentum distribution – 0.0 – – – – 1.1 –
MC/data resolution 9 0.2 0.1 10 11 0 0.2 –
Background subtraction 9 – – – – – – –
Peaking background 122 – – 80 246 17 – –
Res. function distortion 52 0.3 0.8 – – 17 0.2 –
Mass Efficiency – 0.1 1.3 – – – 0.1 –
DP Efficiency – 0.2 1.2 – – – 0.9 –
Interference 26 2.9 0.6 – – – – –
Total 442 3.1 3.0 143 290 185 2.5 –

Table 4.7: Summary of systematic uncertainties for yield and resonance parameters measurements. The uncertainty on yield measurement is
expressed in number of events. The uncertainty on mass and width measurement is expressed inMeV/c2 andMeV, respectively.
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4.8.2 Cross-section systematics

Here below we list the sources of systematic uncertainties on the measured value of

NX
f /εf . As described in sec. 4.7.1,NX

f /εf is used to compute both the cross-section

for thee+e−→γγ→X→f process, withX = ηc(1S), χc0(1P ), χc2(1P ), ηc(2S), and the

ratio of the branching fraction of theηc(nS) to theK0
S
K±π∓ andK+K−π+π−π0 decay

mode. The systematic uncertainties affecting the cross-section measurement are estimated

using data collected near theΥ (4S) energy and are summarized in Tab. 4.8. The sys-

tematic uncertainties affecting the ratio of branching fraction measurement are estimated

using the whole dataset and are summarized in Tab. 4.9. Systematic uncertainties are

divided into additive systematic, that affect the measuredNX
f /εf by causing a bias, and

multiplicative systematics that are related to uncertainties in term, like the efficiency and

the integrated luminosity, that enter multiplicatively inthe cross-section and branching

fraction ratio measurements.

PDFs shape

The uncertainty due to fixing parameters in the fit is estimated as described in sec. 4.8.1.

Peaking background

The scaled number of irreducible-peaking-background events are computed by scaling

the number of expected peaking-background events from two-photon processes andψ

radiative decays reported in Tab. 4.4, by the ratio betweenNX
f /εf and the resonance

yield reported in Tab. 4.3. The systematic uncertainty due to the presence of peaking-

background events is estimated as described in secs. 4.8.

Weights uncertainty

The weighting procedure used to extractNX
f /εf relies on the efficiency parameterization

obtained from MC simulation. Due to finite MC sample size effect, this parameterization

has a statistical uncertainty that enters in theNX
f /εf determination.

In order to quantify the uncertainty onNX
f /εf originating from the uncertainty on

the efficiency parameterization, we perform 500 simulated (toy) experiments. In each

experiment the value of the efficiency in each histogram bin and the coefficients of the

functions describing the dependence oncos θK , cos θππ, cosΘ, θπ andΦ are varied within

their statistical uncertainties. We then use this “toy”-efficiency to weight data and we

perform the weighted fit described in sec. 4.7.1.

The resulting distribution of the fittedNX
f /εf value is usually a Gaussian. In the

K+K−π+π−π0 decay mode a tail at higher values ofNX
f /εf , with respect to the Gaus-
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sian core, is observed. This is caused by the fact that the efficiency weights, which are

usually Gaussian distributed, may present a tail when the uncertainty on the efficiency is

large. This reflects the fact that the inverse of a Gaussian distribution shows a tail when

the Gaussian width is large. We fit theNX
f /εf distribution with a Gaussian shape or a

Crystal Ball [327–329] function. In Figs. 4.44–4.45 we showthe distributions of the fit-

tedNηc(nS)
f /εf values in theK0

S
K±π∓ andK+K−π+π−π0 decay modes, respectively.

No significant bias is observed with respect to the values reported in sec. 4.7.3. The width

of the Gaussian (Crystal Ball) function is taken as systematic related to the efficiency

parameterization.
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Figure 4.44: Distribution of the fitted values of (left)Nηc(1S)

K0
S
K±π∓ and (right)Nηc(2S)

K0
S
K±π∓

in 500 toy experiment. In each toy experiment the efficiency-related weights are varied
according to their uncertainty. The distribution is fitted with a Gaussian shape.
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Figure 4.45: Distribution of the fitted values of (left)Nηc(1S)

K+K−π+π−π0 and (right)

N
ηc(2S)

K+K−π+π−π0 in 500 toy experiment. In each toy experiment the efficiency-related
weights are varied according to their uncertainty. The distribution is fitted with a Gaus-
sian shape.

Events falling in null-efficiency bins are accounted for in this systematic calculation.



4.8 Systematic uncertainties 115

As described in sec. 4.7.2, a bin is given null efficiency if the number of reconstructed

MC events falling in it is less than 10. We divide null-efficiency bins in two categories:

I : High-efficiency bins, where the number of generated MC eventsngen is∼ 10

II : Low-efficiency bins, wherengen ≫ 10. Such bins are located in proximity of

mass thresholds.

The “toy”-efficiency used to weight events falling in high-efficiency bins is computed

usingN = max[nreco, 3], where N is the number of reconstructed events entering in

the efficiency determination, andnreco is the number of reconstructed events actually

observed in the bin. The “toy”-efficiency used to weight events falling in low-efficiency

bins is 0.05% forηc(1S) and 0.5% forηc(2S). For comparison, the minimum efficiency

observed in the two(three)-dimensional histogram is 0.16%and 1.6%, forηc(1S) and

ηc(2S), respectively.

Correlation betweenθππ andmππ

In theK+K−π+π−π0 decay mode, the efficiency corrections as a function of the angular

variables that describe the decay kinematics are computed neglecting their correlations

with the invariant massesmππ, m3π, andmKK . Actually, θππ andmππ are correlated at

-70% level. We take as systematic the changes in results observed when removing the

correction factor depending on theθππ value.

Tracking efficiency

A systematic is assigned to take into account the differencebetween data and MC effi-

ciency for correctly reconstructing a track originating from the interaction region. This

uncertainty is estimated by auxiliary studies based on aτ+τ− control sample with one

τ lepton decaying toeνeντ or µνµντ , and the other one toπππντ . The systematic un-

certainty for tracks selected with the requirements described in sec. 4.3 is 0.216% per

track.

K0
S

finding efficiency

A systematic is assigned to take into account the differencebetween data and MC effi-

ciency for correctly reconstructing a track originating from a vertex that is displaced from

the interaction region. This uncertainty is estimated by auxiliary studies based on aK0
S

control sample. The systematic uncertainty is computed forK0
S

selected with the require-

ments described in sec. 4.3, taking into account the relevant kinematic signatures, such
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as the transverse momentum and the polar angle of theK0
S

momentum observed in our

dataset. The systematic contribution is 1.7% perK0
S
.

π0 efficiency

A systematic is assigned to take into account the differencebetween data and MC effi-

ciency for correctly reconstructing aπ0. This uncertainty is estimated by auxiliary studies

based on aτ+τ− control sample with oneτ lepton decaying toeνeντ , and the other one

to ρ+ντ The systematic uncertainty forπ0 selected with the requirements described in

sec. 4.3 is 3% perπ0.

PID requirements

A systematic is assigned to take into account the differencebetween data and MC effi-

ciency for assigning the correct PID to a charged track. Thisuncertainty is estimated by

auxiliary studies based on high purity control samples. Electrons and muons are selected

by using Bhabha events; pions are selected inK0
S

decays or inτ+τ− events with oneτ

lepton decaying toeνeντ or µνµντ , and the other one toπππντ ; kaons are selected in

theD∗0→D0π+ decay, withD0→K−π+; protons are selected in theΛ→pπ decay. The

systematic uncertainty is computed for tracks selected with the requirements described

in sec. 4.3, taking into account the relevant kinematic signatures, such as the transverse

momentum and the polar angle of the tracks observed in our dataset. This systematic

uncertainty is 0.5% per track for both pion and kaon PID.

Luminosity

The value of the integrated luminosity is taken from auxiliary studies performed by using

Bhabhaµ+µ− events. The total uncertainty on the luminosity measurement is 1.1%.

4.9 Results

4.9.1 Yield and resonance parameters

The results of the fit to the whole unweightedK0
S
K±π∓ andK+K−π+π−π0 spectrum

can be found in Tab. 4.3. Theηc(1S) yields are corrected by subtracting the number of

expected peaking-background events from theJ/ψ→ηc(1S) decay reported in Tab. 4.4,

as described in sec. 4.5.1. The mass values are corrected to account for the mass shift of

theJ/ψ mass observed in the fit on the ISR-enriched dataset, described in sec. 4.8.1. The

systematic uncertainties are summarized in Tab. 4.7. The statistical significance of the
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K0
S
K±π∓ Decay K+K−π+π−π0 Decay

ηc(1S) χc2(1P ) ηc(2S) ηc(1S) χc0(1P ) χc2(1P ) ηc(2S)

PDFs shape (A) 3224 80 561 8151 914 1064 1402
Background Subtraction (A) 666 – – 165 – – –
Peaking Background (A) 1541 74 168 2246 1051 2769 180
Efficiency Weight (A) 683 12 25 27575 1951 1716 1488
θππ-mππ Correlation (M) – – – 1.4 1.0 2.4 1.1
Tracking (M) 0.4 0.4 0.4 0.8 0.8 0.8 0.8
K0

S
(M) 1.7 1.7 1.7 – – – –

π0 (M) – – – 3.0 3.0 3.0 3.0
PID (M) 1.0 1.0 1.0 2.0 2.0 2.0 2.0
Luminosity (M) 1.1 1.1 1.1 1.1 1.1 1.1 1.1

Sub-Total (A) 3698 110 586 28843 2397 3427 2052
Sub-Total (M) 2.3 2.3 2.3 4.1 4.0 4.5 4.0
Sub-Total A (fb) 11.3 0.3 1.7 88.0 7.4 10.4 6.2
Sub-Total M (fb) 6.8 0.0 0.3 25.6 1.7 2.0 1.6

Total (fb) 13.2 0.3 1.7 91.6 7.5 10.7 6.5

Table 4.8: Systematic uncertainty on cross-section measurement for data collected near
theΥ (4S) energy. The additive (A) contributions are given in number of weighted events,
the multiplicative (M) contributions are given in percentage. The total contribution is
converted in fb, taking into accountB(K0

S
→π+π−) = (69.20± 0.05)% [49].

Weighted Yield Uncertainty
K0

S
K±π∓ Decay K+K−π+π−π0 Decay

ηc(1S) ηc(2S) ηc(1S) ηc(2S)

PDFs shape (A) +3480
−3522

+601
−632

+8952
−8766

+1362
−1414

Background Subtraction (A) 730 – 180 –
Peaking Background (A) 1690 184 2448 203
Efficiency Weight (A) 667 28 29198 1617
θππ-mππ Correlation (M) – – 1.4 1.1
Tracking (M) 0.4 0.4 0.8 0.8
K0

S (M) 1.7 1.7 – –
π0 (M) – – 3.0 3.0
PID (M) 1.0 1.0 2.0 2.0

Sub-Total (A) +3993
−4030

+629
−659

+30638
−30584

+2124
−2158

Sub-Total (M) 2.0 2.0 3.9 3.9

Total (Events) +4555
−4587

+636
−665

+31853
−31802

+2196
−2229

Table 4.9: Systematic uncertainty on weighted yield measurement forηc(1S) andηc(2S),
using the whole dataset. The additive (A) contributions aregiven in number of events, the
multiplicative (M) contributions are given in percentage.The total contribution is given
in number of weighted events.

signal is computed as the ratio of the number of observed events to the sum in quadrature

of the its statistical and systematic uncertainties. Results are summarized in Tab. 4.10.

The mass and width of theηc(2S) resonance in theK0
S
K±π∓ decay are measured
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Decay Corrected Npeak Nψ Significance Corrected Fitted
Mode Yield (Evts.) (Evts.) (Evts.) (σ) Mass (MeV/c2) Width (MeV)

ηc(1S)→K0
S
K±π∓ 12096± 235± 274 189± 18 214± 82 33.5 2982.5± 0.4± 1.4 32.1± 1.1± 1.3

χc2(1P )→K0
S
K±π∓ 126± 37± 14 −45± 11 – 3.2 3556.2 (fixed) 2 (fixed)

ηc(2S)→K0
S
K±π∓ 624± 72± 34 25± 5 – 7.8 3638.5± 1.5± 0.8 13.4± 4.6± 3.2

ηc(1S)→K+K−π+π−π0 11132± 430± 442 118± 32 26± 9 18.1 2984.5± 0.8± 3.1 36.2± 2.8± 3.0
χc0(1P )→K+K−π+π−π0 1094± 143± 143 −39± 19 75± 21 5.4 3415.8 (fixed) 10.2 (fixed)
χc2(1P )→K+K−π+π−π0 1250± 118± 290 14± 24 233± 73 4.0 3556.2 (fixed) 2 (fixed)
ηc(2S)→K+K−π+π−π0 1201± 133± 185 −46± 17 – 5.3 3640.5± 3.2± 2.5 13.4 (fixed)

Table 4.10: Analysis results: corrected signal yield with statistical and systematic uncertainties, number of peaking-background events
estimated with thepT fit (Npeak), number of peaking-background events fromJ/ψ andψ(2S) radiative decays (Nψ), significance (including
systematic uncertainty), corrected mass, and fitted width for each decay mode. We do not reportNψ for modes where it is negligible.
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with a better precision with respect to the current world-average value [49]. This result

supersede the previousBABARmeasurement [315]. We report the first observation of the

ηc(1S) χc0(1P ), andηc(2S), and evidence of theχc2(1P ) decay into theK+K−π+π−π0

final state. No significant signal for theχc2(2P ) has been observed in bothK0
S
K±π∓ and

K+K−π+π−π0 decay mode. This result, together with Belle’s preliminaryobservation

of ηc(2S) decay to six-particle final state [201], is the first observation of an exclusive

hadronic decay ofηc(2S) other thanKKπ.

4.9.2 Γγγ × B measurement

The measured value of the two-photon production cross-section for each resonance and

final state, obtained with data collected near theΥ (4S) energy, is reported in Tab. 4.5.

The relevant systematic uncertainties are reported in Tab.4.8. From theK0
S
K±π∓ cross-

section, we obtain theKKπ cross-section by taking into account the isospin relation

3B(K0
S
K±π∓) = B(KKπ).

Since no significantχc2(2P ) signal is observed, we determine a Bayesian upper limit

at 90% Confidence Level (CL) on its cross-section, assuming auniform prior probabil-

ity distribution. We obtain the likelihood function shape with a scan over the relevant

χc2(2P ) cross-section. The likelihood function is then convolved with a Gaussian with

mean equal to zero and width equal to the systematic uncertainty, in order to take sys-

tematic effect into account in the upper limit calculation.Systematic uncertainties for

theχc2(2P ) cross-section are estimated with the procedures describedin sec. 4.8.2. We

compute the upper limit by finding the value of the cross-section below which lies 90%

of the convolved likelihood integral in the positive cross-section region.

As described in sec. 4.7, we use theGamGam generator to obtain the value ofΓγγ ×
B that corresponds to the measured production cross-sectionfor each resonance. The

systematic uncertainty associated to the cross-section calculation performed byGamGam

generator is estimated by comparing its output to that of theTRESP generator [330], that

is used by Belle. This uncertainty is 3 % [205] and is summed inquadrature with the

cross-section uncertainty for theΓγγ × B measurement.

In Tab. 4.11 we report the measured cross-section and the correspondingΓγγ × B for

each resonance, in bothK0
S
K±π∓ andK+K−π+π−π0 decay mode. Theηc(1S)→KKπ

measurement is consistent with, but slightly more precise than, the current world-average

value [49]. The other entries are first measurements.
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Process Cross-section (fb) Γγγ × B (keV )
ηc(1S)→KKπ 896.9± 17.8± 39.6 0.386± 0.008± 0.021
χc2(1P )→KKπ 7.7± 2.7± 0.9 (1.8± 0.5± 0.2)× 10−3

ηc(2S)→KKπ 37.0± 3.9± 5.1 0.041± 0.004± 0.006
χc2(2P )→KKπ < 6.5 < 2.1× 10−3

ηc(1S)→K+K−π+π−π0 431.7± 14.5± 64.7 0.190± 0.006± 0.028
χc0(1P )→K+K−π+π−π0 30.3± 5.3± 5.3 0.026± 0.004± 0.004
χc2(1P )→K+K−π+π−π0 29.8± 4.6± 7.4 (6.5± 0.9± 1.5)× 10−3

ηc(2S)→K+K−π+π−π0 26.8± 5.1± 4.5 0.030± 0.006± 0.005
χc2(2P )→K+K−π+π−π0 < 10.0 < 3.4× 10−3

Table 4.11: Results forΓγγ × B for each resonance inKKπ andK+K−π+π−π0 final
states. The first uncertainty is statistical, the second systematic. Upper limits are com-
puted at 90% confidence level.

4.9.3 Relative branching fraction

The ratio of the branching fractions to theK0
S
K±π∓ andK+K−π+π−π0 final state, for

bothηc(1S) andηc(2S) is computed using the values ofNηc(nS)
f /εf obtained from the fit

to the whole dataset and reported in sec. 4.7.3. Theηc(1S) yields are corrected by sub-

tracting the number of expected peaking-background eventsfrom J/ψ→γηc(1S) decay,

scaled taking into account the reconstruction efficiency. The systematic uncertainties are

reported in Tab. 4.9. Taking into accountB(K0
S
→π+π−) = (69.20 ± 0.05)% [49], we

find

B(ηc(1S)→K+K−π+π−π0)

B(ηc(1S)→K0
S
K±π∓)

= 1.43± 0.05± 0.21 (4.27)

B(ηc(2S)→K+K−π+π−π0)

B(ηc(2S)→K0
S
K±π∓)

= 2.2± 0.5± 0.5 (4.28)

where the first error is statistical and the second systematic. The uncertainty in the ef-

ficiency parameterization is the main contribution to the systematic uncertainties and is

equal to0.17 and0.3, in Eqs. (4.27) and (4.28), respectively. Using Eqs. (4.27)–(4.28),

B(ηc(1S)→KKπ) = (7.0 ± 1.2)% andB(ηc(2S)→KKπ) = (1.9 ± 1.2)% [49] , and

isospin relations, we obtain

B(ηc(1S)→K+K−π+π−π0) = (3.3± 0.8)%, (4.29)

B(ηc(2S)→K+K−π+π−π0) = (1.4± 1.0)%, (4.30)

where we have summed in quadrature the statistical and systematic uncertainties.



Conclusions

In this thesis we have reported the analysis of theγγ→K0
S
K±π∓ andγγ→K+K−π+π−π0

two-photon processes using the finalBABAR experiment dataset. The analysis of

γγ→K0
S
K±π∓ is an update of a previous measurement [197], using a datasetsix times

larger. The dataset used in the present analysis has a large overlap with that used in an-

other recent analysis byBABAR [158]. Theγγ→K+K−π+π−π0 is first studied in this

thesis. Results are summarized in sec. 4.9.

We report a precise measurement of theηc(1S) andηc(2S) parameters in theK0
S
K±π∓

decay mode. Such results are consistent with the world-average values [49] and other re-

sults recently obtained by other experiments [155, 157]. The measurement of theηc(2S)

parameters supersedes that reported in the previousBABAR analysis [315], and is the

most accurate single measurement available [49, 155, 157].We observe for the first time

ηc(1S), χc0(1P ), and ηc(2S) decay intoK+K−π+π−π0, and report first evidence of

χc2(1P )→K+K−π+π−π0. The values of theηc(1S) andηc(2S) parameters measured in

K+K−π+π−π0 are consistent with, but less precise than those obtained intheK0
S
K±π∓

decay mode. We search for theχc2(2P ) in both final states, but no significant signal is

found.

We measure the product of the two-photon width and the final state branching frac-

tion for all the resonances observed, in both decay modes. The measured value for the

γγ→ηc(1S)→K0
S
K±π∓ process is consistent with, and slightly more precise than the

world-average value [49]. The others are first measurements. For theχc2(2P ) state,

we put a Bayesian upper limit at 90% confidence level on this product. We measure

the ratio of theK+K−π+π−π0 andK0
S
K±π∓ branching fractions for theηc(1S) and

theηc(2S). From earlier measurements of theKKpi branching fractions [49], we derive

B(ηc(2S)→K+K−π+π−π0) = (1.4±1.0)%. We have applied an event-by-event weight-

ing procedure that allows to greatly reduce the systematic uncertainty in the two-photon

width and branching fractions ratio measurements.

The results reported in this thesis have been published inPhysics Review D[324]. The

candidate has presented these results at following conferences or workshops: “8th Inter-

national Workshop on Heavy Quarkonium”, held on October 4-7, 2011, in GSI, Darm-
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stadt, Germany [331]; “Incontri di Fisica delle Alte Energie 2011” [332], held on April

27-29, 2011, in Perugia, Italy; “XCVI Congresso della Società Italiana di Fisica”, held

on September 20-24, 2011, in Bologna Italy.



Appendix A

K+K−π+π−π0π0 background

A.1 Introduction

The number of peaking-background events originating from two-photon processes with

a higher multiplicity with respect to the signal is estimated in sec. 4.6.2, by comparing

the pT shape distribution of the fitted resonances yield with MC expectation for signal

events. This procedure has been proven to be effective for theK0
S
K±π∓ final state, by

studying theγγ→ηc(1S)π
0→K0

S
K±π∓π0 background process exclusively [158]. In this

section we study the background processγγ→Xπ0→K+K−π+π−π0π0, whereX =

ηc(1S), χc0(1P ), χc2(1P ) or ηc(2S), in order to check that thepT -shape-based method

works also for theK+K−π+π−π0 final state.

A.2 Event selection

We select events by applying the following requirements:

• exactly four charged tracks in the event with zero net charge;

• fit vertex probability greater than 0.1%;

• tracks should satisfy pion or kaon PID. The net charge of the dipion and two-kaon

system should be zero;

• Nπ0 ≤ 3 andNγ ≤ 6;

• π0 photons energy larger than100 MeV;

• the twoπ0 in the final state should not have overlapping photons;

• M2
miss of theK+K−π+π−π0π0 system larger than2 (GeV/c2)2.
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In Fig. A.1 we show thepT distribution of theK+K−π+π−π0π0 events in data. The

presence of a peak atpT ∼ 0 GeV/c indicates the presence of the two-photon signal. For
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Figure A.1: Distribution ofpT for selectedK+K−π+π−π0π0 events.

each event there are two possible combinations to obtain theXπ0 (X = ηc(1S), χc0(1P ),

χc2(1P ), ηc(2S)) final state. In fact, due to the fact that the twoπ0 are indistinguishable,

the system K+K−π+π−π0
1π

0
2 may be combined as(K+K−π+π−π0

1)π
0
2 or

(K+K−π+π−π0
2)π

0
1. We thus create two resonance candidates for each event.

A.3 Mass spectrum and fit

In Fig. A.2 we show the invariant mass distribution for theK+K−π+π−π0 system af-

ter applying apT cut to enhance the two-photon contribution. No peaking structure is

observed in correspondence of theηc(1S), χc, χc2(1P ), andηc(2S) mass.

We fit theK+K−π+π−π0π0 mass distribution with a fourth order polynomial shape

that model the background distribution. Results of the fit are shown in Fig. A.3. For each

point of the mass spectrum, the pull is defined as(Nobs − Nfit)/σ, whereNobs is the

number of events observed in data,Nfit the number of events expected by the fit, and

σ is the statistical uncertainty associated to each point. The pull distribution is shown in

Fig. A.3. No significant excess is observed at the position ofthe studied resonances. We

thus conclude that theK+K−π+π−π0π0 process does not give substantial contribution

to the peaking-background. The estimate of the number of peaking-background events

originating by two-photon processes obtained in sec. 4.6.2is then considered to be con-

servative.
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Figure A.2: Invariant mass of theK+K−π+π−π0 system for theK+K−π+π−π0π0 final
state after applying a (a)pT < 0.1 GeV/c and (b)pT < 0.2 GeV/c requirement.
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Figure A.3: Fit to theK+K−π+π−π0 invariant mass for theK+K−π+π−π0π0 final state
after applying a (a)pT < 0.1 GeV/c and (b)pT < 0.2 GeV/c requirement. The green
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ψ(2S).



Appendix B

Invariant mass projections

In Fig. B.1 we show the Dalitz Plot distribution for events intheK0
S
K±π∓ decay mode.

In each figure, we show a plot for signalηc(nS) and background region.

In Figs. B.2– B.6 we show the one-dimensional projections ofK+K−π+π−π0 data

over theK+K−, π+π−, andπ+π−π0 invariant mass, and the two-dimensional projections

in the(m(K+π−), m(K−π+)) and(m(π+π0), m(π−π0)) plane. In each figure, we show

a plot for signalηc(nS) and background region.
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Figure B.1: Dalitz plot distributions forK0
S
K±π∓ events in (a)ηc(1S) region (2.9 <

mK0
S
K±π∓ < 3.05 GeV/c2), (b) ηc(2S) region (3.6 < mK0

S
K±π∓ < 3.7 GeV/c2), (c)

ηc(1S) sideband region (mK0
S
K±π∓ < 2.9 GeV/c2 or 3.05 < mK0

S
K±π∓ < 3.4 GeV/c2),

and (d) ηc(2S) sideband region (3.4 < mK0
S
K±π∓ < 3.5 GeV/c2 or mK0

S
K±π∓ >

3.7 GeV/c2).
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Figure B.2: InvariantK+K− mass distributions forK+K−π+π−π0 events in (a)ηc(1S)
region (2.9 < mK0

S
K±π∓ < 3.05 GeV/c2), (b) ηc(2S) region (3.6 < mK0

S
K±π∓ <

3.7 GeV/c2), (c) ηc(1S) sideband region (mK0
S
K±π∓ < 2.9 GeV/c2 or 3.05 <

mK0
S
K±π∓ < 3.4 GeV/c2), and (d) ηc(2S) sideband region (3.4 < mK0

S
K±π∓ <

3.5 GeV/c2 ormK0
S
K±π∓ > 3.7 GeV/c2).
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Figure B.3: Invariantπ+π−π0 mass distributions forK+K−π+π−π0 events in (a)ηc(1S)
region (2.9 < mK0

S
K±π∓ < 3.05 GeV/c2), (b) ηc(2S) region (3.6 < mK0

S
K±π∓ <

3.7 GeV/c2), (c) ηc(1S) sideband region (mK0
S
K±π∓ < 2.9 GeV/c2 or 3.05 <

mK0
S
K±π∓ < 3.4 GeV/c2), and (d) ηc(2S) sideband region (3.4 < mK0

S
K±π∓ <

3.5 GeV/c2 ormK0
S
K±π∓ > 3.7 GeV/c2).
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Figure B.4: Invariantπ+π− mass distributions forK+K−π+π−π0 events in (a)ηc(1S)
region (2.9 < mK0

S
K±π∓ < 3.05 GeV/c2), (b) ηc(2S) region (3.6 < mK0

S
K±π∓ <

3.7 GeV/c2), (c) ηc(1S) sideband region (mK0
S
K±π∓ < 2.9 GeV/c2 or 3.05 <

mK0
S
K±π∓ < 3.4 GeV/c2), and (d) ηc(2S) sideband region (3.4 < mK0

S
K±π∓ <

3.5 GeV/c2 ormK0
S
K±π∓ > 3.7 GeV/c2).
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Figure B.5: Invariant(m(K+π−), m(K−π+)) mass distributions forK+K−π+π−π0

events in (a)ηc(1S) region (2.9 < mK0
S
K±π∓ < 3.05 GeV/c2), (b) ηc(2S) region

(3.6 < mK0
S
K±π∓ < 3.7 GeV/c2), (c) ηc(1S) sideband region (mK0

S
K±π∓ < 2.9 GeV/c2

or 3.05 < mK0
S
K±π∓ < 3.4 GeV/c2), and (d)ηc(2S) sideband region (3.4 < mK0

S
K±π∓ <

3.5 GeV/c2 ormK0
S
K±π∓ > 3.7 GeV/c2).
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Figure B.6: Invariant(m(π+π0), m(π−π0)) mass distribution for (a)ηc(1S) region2.9 <
mK0

S
K±π∓ < 3.05 GeV/c2, (b) ηc(2S) region3.6 < mK0

S
K±π∓ < 3.7 GeV/c2, (c) ηc(1S)

sideband regionmK0
S
K±π∓ < 2.9 GeV/c2 or 3.05 < mK0

S
K±π∓ < 3.4 GeV/c2 (c), and

(d) ηc(2S) sideband region3.4 < mK0
S
K±π∓ < 3.5 GeV/c2 ormK0

S
K±π∓ > 3.7 GeV/c2.
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