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Introduction

The discovery of thé//i) resonance in 1974 by Ritcher and Ting was a real breakthrough
in the history of modern particle physics. The existence fafusth quark namedharm
had already been supposed, and the spectacular discovibmy firlst bound:¢ state con-
firmed that the quark model was following the right path. Bdyrarticle-antiparticle
states, such as'e~ positronium,cé charmonium andb bottomonium are considered as
ideal laboratories to test fundamental properties of thee® binding such systems. In
particular, the charmonium system is suitable to study yimanhics of the strong interac-
tion that binds the quarks inside the hadronic matter. [euntiore, this system is challeng-
ing on the theoretical side because it lies in a mass regi@nerthe strong force shows up
with both perturbative and non-perturbative effects. That ire easy to compute, while
the latter are non trivial and not completely understood, Yenomenological models
able to describe the charmonium mass spectrum and trars#azurately were available
in the 80’s. In the 90’s major theoretical efforts to link Byghenomenological models
to first principles were undertaken. Issues that remainéapgen were the existence of
states predicted but not-yet discovered, and some indensiss between experimental
measurement and theoretical predictions. However, thenahrdum model was consid-
ered to be quite successful in describing data.

The BABAR and Belle experiments, operated at the high-luminaBifactories PEP-
Il and KEKB, were built in the late 90’s with a physics programy marginally devoted
to charmonium spectroscopy. Their main goal was the meammeof the elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, that dessitheCP-violation in the
Standard Model. Furthermore, they were expected to seargthEnomena beyond the
Standard Model irfC’P-violation. The precise determination of th&-violation param-
eters in theB-meson sector provided YABAR and Belle confirms the validity of the
CKM picture and strongly constraints the flavor sector of ynaaw physics scenarios.
The results obtained at the-factories contributed to the awarding of the 2008 Nobel
prize in Phsyics to Kobayashi and Maskaviar‘the discovery of the origin of the broken
symmetry which predicts the existence of at least threditsaf quarks in nature The
large dataset available &-factories also allowed to first observeandbb particles that
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were still escaping detection.

In 2003 an unexpected discovery was reported by Belle. Ancbaium-like state
with unusual properties that cannot fit in the charmonium ehadhs observed. This
state, dubbedy (3872), was subsequently confirmed BABAR and many other exper-
iments. Despite the large number of available measuremgsitmterpretation on the
theoretical side is still ambiguous. The great excitemeettd such a discovery brought
to a renaissance of the charmonium spectroscopy, thatualpcone of the most active
fields in the B-factories research. Up to date more than ten new uncovettstates
have been reported.

In 2008, Belle reported the observation of highly unconveral states carrying non-
zero electric charge. Two more states with this highly nonventional property were
observed by Belle in the same year. These discoveries hare sieongly debated on
the experimental groundBABAR did not confirm, but was neither able to refute them. If
the existence of such states were confirmed, they could nottépreted as simpleg
states. Models that predict the existence of exotic hadrstates, such as tetraquarks
or meson molecules, have been proposed since long timendptire last thirty years,
some states have been claimed to have unconventional nattire definitive answer are
available. If observation of electric-charged states bifeBsere confirmed, this would
finally establish the existence of such exotic hadroniestaAt present, an improvement
of the charmonium model is needed in order to solve the opamsistencies and to be
able to clearly determine the exotic nature of the newly plegk states. Thus, precise
measurements of conventional charmonium state proparesighly welcome, in order
to tune and test theoretical models.

This thesis reports the analysis of the€ e —ete KOK*7T and efe —
ete” KT K- ntn~ 7" processes using the final dataset of BaBAR experiment located at
the SLAC National Accelerator Laboratory. From previoussweements, th&? KT
final state is known to show a clear signal from th€2.S) particle. Thisce state es-
caped detection for almost twenty years and its propertiestll not well established
on the experimental ground, while accurate predictionsten the theoretical side. The
ete—ete” KT K- ntn~x" process is first studied in this thesis. An accurate determin
tion of then,.(2S) properties is obtained in th€° K *7F decay mode. We also report the
first observation ofy.(25) and other charmonium states to the K —7 "7~ 7 final state.
The results of this thesis have been publisheBhgsical Review Dand will be useful to
test theoretical models describing the charmonium system.

The thesis is organized in four chapters. The first one giviesed introduction of
the theoretical models used to describe the charmoniurarsysthe second one discuss
the current status of conventional and exotic charmoniuactspscopy, reporting recent
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experimental results and their interpretation. The thindy@er is devoted to describe the
BABARexperiment. The analysis technique and results are desldntChapter 4. Finally,
conclusions from this analysis are drawn.






Chapter 1

Theoretical overview

1.1 Introduction

In this chapter we outline the theoretical tools used to idesahe charmonium sys-
tem. We cover the theory that predicts both the mass specndriransition rates. In
sight of the new unexpected results for unconventionaéstabove theéd D threshold,
we also review the main features of some possible exotiestatedicted by quantum-
chromodynamics (QCD). The discussion presented here istaoided to be exhaustive.
Comprehensive reviews reporting an up to date state of theratanding of the charmo-
nium system on both theoretical and experimental ground$€edound in Refs. [1, 2].

1.2 Charmonium quantum numbers

Since the discovery of thé/i) meson [3, 4], the so-callecharmoniunstates have been
considered as an ideal system to test the QCD theory in arr@ghere both perturbative
and non-perturbative effects are manifest. The charmomsuarbound state of aande
quark. Using the spectroscopic notatiott*![L];, each state is identified by four quan-
tum numbers. The radial quantum numhbdabels the radial excitation of the state. The
spin S is obtained from the combination of the spin-1/2 constitwgrarks, thus thec
system can be in a spin-singlgt= 0 or spin-tripletS = 1 configuration. The quantum
numberL is the orbital momentum between thande quark. The common notation for
[L]is S for L =0, Pfor L = 1andD for L = 2. No state withZ. > 2 has been ob-
served to date. According to quantum mechanics rules fosuhe of angular momenta,
J =S+ Lranges from{S — L|to S + L.

Historically, then'S, states are nameg(nS). The3S, state is theJ/yy, while its ra-
dial excitations are name@(n.S). Then3P;, n' D,, andn®D; states are nameg.;(nP),
ne2(nD), andy;(nD), respectively.
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A cc state is both a parity? and charge conjugatiofi’ eigenstate. The parity op-
erator transforms a wavefuncti@rip) in ¢(—p). The angular part of thec bound state
wavefunction can be described by spherical harmonics that the property? = (—1)~.
Sincee is thec antipatrticle, the product of their intrinsic parity 4sl. Thus, thecc state
has parity? = (—1)X*!. TheC operator transform a particle in its antiparticle. As fag th
P operator, the angular part of the wavefunction hag’ = (—1)~. The spin part of the
ce wavefunction is symmetric fo$ = 1 and antisymmetric fof = 0, thusC' = (—1)5+1.
The product of the spin part with the angular part and theusioh of a—1 factor fromc
ande intrinsic parity leads t@”' = (—1)%+9, for acc state.

1.3 The charmonium spectrum

1.3.1 Energy scales

The charmonium system is characterized by three energgsscdie charm quark mass
m., the relative momentum between charm quarks m.v ~ 1/r., and the charmonium
binding energyE ~ m.v?, wherev is the quark bound state velocity andthe cc state
radius. Sincen, is heavy ¢ 1.5 GeV/c?), the velocity is believed to be small< 1.
Using a simple potential model (see Eg. (1.2) below), theage kinetic energyT’)

of the heavy quarks is found to 937 GeV [5]. Since(T) = 2 - (1/2)m.(v?), using
m. ~ 1.5 GeV/c? one getgv?) ~ 0.24. Thus, the following relations hold

Me > mev > me. (1.1)
Using the value ofv?) obtained above, we get.v? ~ 0.5 GeV. The estimaten.v ~
0.9 GeV is obtained as the geometric mean betweerandm,v?.

Another important scale in QCD is the confinement scélg:p, where the value
of the coupling constant;(m) becomes large. The constam§(m.) at massm, is
much smaller than one. Thus, phenomena occurring atthmass scale are success-
fully treated in a perturbative approach. To ensure thatreugsative approach is valid,
alsoas(m.v) andag(m.v?) should be much smaller than one. This condition is likely
to be true only for the low-lyingc states, while it is probably violated for excited states.
Due to the absence of a direct experimental probe of the $izg (@nd so ofm.v) the
range where the perturbative approach is valid is debaied [2
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1.3.2 Potential models

Early attempts to describe the charmonium spectrum weferpeed by using potential
models. Anad hocpotential is chosen to describe ttieinteraction and it is used to solve
the Schrodinger equation.

A simple potential named theCornell Modet [6, 7] was first used:

V(r)=Vy(r)+ Vs(r) = —%% + br. (1.2)

The first term is a one-gluon-exchange short-range Coullkebnteraction, the second
one is linear inr and describes the quark confinement effect. To obtain astieatie-
scription of the charmonium spectrum, one should accounsgm-spin (SS), Thomas
precession (LS), and tensor (T) interactions terms in thergial. Such terms are [1]

0c.0¢

Vss(r) = G2 VAV (1), (1.3)
L-S (_dVy dVs
Vis(r) = 2m2r <3 dr  dr ) ’ 14
St 1dVy,  d*Vy
_ AT 1.
Vr(r) 12m? <T dr dr? ) ’ (1.5)

whereo. is the Pauli matrix acting on the spin of thequark, andSy = 2[3(S - 7)(S -
7 — S?)], with # being the unit vector in the direction. The expectation value 6 is
non-zero only forl, > 0 spin-triplet state and is equal to

—2L o J=L+1

2L +3)
CLyISTPPLy) = +2 J=1L (1.6)
2(L+1) _
— B J=L-1

The form of the terms in Eq. (1.3)—(1.5) is determined by tloeeintz nature of the po-
tential of Eq. (1.2), that is the sum of a vector and a scaldr. pehe confining part of
the potential does not contribute to any termVigy () andVr(r), due to its scalar nature.
The V2Vy(r) term in Vsgs(r) is proportional tad3(r), thus theVss(r) term is non-zero
only for S-wave. However, the running of the coupling constapteads to small effects
also forL > 0 states.

Studies aiming at systematically including relativistiaunning coupling constant
effects in this model started in 1985 [8]. This modificatidiowed to describe different
qq systemsdg, bb, ...) in the framework of a unified model. To date, full relattic
calculations, and the inclusion of the effect of non-legdnder effects provide an accu-
rate description of the charmonium spectrum [9—-14], whscshiown in Fig. 1.1. In order
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Figure 1.1: Spectrum of the charmonium system. Black boseswass predictions from

potential models [14], blue squares are the measured miassrfeentional states, green
squares are the measured mass of confirmed exotic stateedanduares are the mea-
sured masses for unconfirmed exotic states.

to improve the description of the charmonium system abogeoften-charm threshold,
the inclusion of a screening term in the potential has beepgsed [15-17] Th&(r)
term of Eq. (1.2) is replaced tby(%) wherey is a screening factor. This allows to
stop the linear growth of the confining termratalues where vacuum polarization effects
become dominant. Results obtained with this method showlg fpod agreement with
experimental results [17].
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1.3.3 Non-Relativistic QCD

Despite the great success of the potential models in termsoofracy of their predictions,
they suffer some problems. First of all the connection whiunderlying QCD theory is
hidden, second the energy scale at which they are defined tdaaw, and finally there is
no systematic procedure to improve them. To address sublepng an intense theoretical
effort is being made to relate the potential models to the @@ixiples.

The QCD lagrangian is

Locp = Ligne + V(" D, — me) ¥, (1.7)

whereL;;,,; describes gluons and light quarks, and the second termibles¢he charm
quark.

In the non-relativistic limity < 1, the QCD lagrangian can be simplified by integrat-
ing out the modes with a momentum larger than a certain culgjf; that satisfies the
conditionm.v < Apn.q < met. The resulting effective theory is named Non Relativistic
QCD (NRQCD), since the charm quarks are considered as rativigtic fields [19, 20].

If we take a virtuake state with a quark with momentum of order., such state is off-
shell by O(m,.). The propagation length of such state?$1/m..) that is pointlike on
the distance?(1/m.v), where the dynamic of ther state takes place. Thus, phenom-
ena occurring at scale,. or higher can be described by local operators in the effectiv
lagrangian. The coefficients of such operators are cakdlay matching the full QCD
theory and the effective theory at scale, where QCD becomes perturbative. The cre-
ation and annihilation of charm quarks is strongly supmessy the fact that charm quark
fields are separated from light quarks and gluons in the NR@@Engian. However, the
total annihilation rate of the charmonium states can berdest accurately by using the
optical theorem and adding appropriate local operatoreed\RQCD lagrangian [18].
The NRQCD lagrangian is

Lnroep = Liight + Lo+ 0L, (1.8)

L, is the leading order NRQCD contribution

D D
Lo = (¢D0+ )¢+XT (¢D0+
2m

S ) X, (1.9)

C

wherey andy are the Pauli spinor fields of the charm quark and antiquadpectively.

LIn principle to obtain the effective lagrangian, one caret&k). (1.7) and perform the transformation
needed to remove modes with momenta larger thap.,. Actually, an effective field theory approach is
commonly used. For details see Ref. [18].



10 Theoretical overview

Dy andD are defined byD* = o 4 ig A**T* = (D,, —D), andg, A andT are the usual
coupling, gluon field, and color matrix of QCD. This term caproduce the splittings
between radial and orbital-angular-momentum excitatigm$o errors of relative order
v? [18]. However, it is unable to reproduce spin-spin splgtmue to the symmetry under
the transformatiog— U1 andy—V x, with U andV beingSU (2) matrices fleavy quark
spin symmetry

Thed L term includes)? correction terms fo, and is equal to

C1 C3

- A2+ D E—E. too -
oL 8m§w (D) + Smgw gD-E—-E-D)y+ o, V197 BY
H’%wgg - (D x E — E x D)y + charge conjugate (1.10)
mC

whereo are the Pauli matriceskE and B are the chromoelectric and chromomagnetic
fields, defined by Dy, D;| = igE; and[D;, D;| = ige;;Bg, With 4, j = 1,2,3, ande;

is the Levi-Civita tensor. The coefficients, c,, c3, ¢, should be matched in order to
insure that NRQCD correctly reproduces the QCD behavianatdnergy. The presence
of the Pauli matrices breaks the heavy quark spin symmeityreproduces spin-spin
splittings up to errors of relative ordef [18]. The radial and orbital-angular-momentum
excitations are reproduced up to errors of relative ordg18].

1.3.4 Potential Non-Relativistic QCD

A second effective field theory, named potential NRQCD (pNIRY), is obtained by
NRQCD by integrating out the:.v scale [21-23]. The integration of soft gluon in the
m.v scale causes the appearance of potential terms in the tagnanThus, pNRQCD
offers a method to compute potentials by matching pPNRQCDR&RED, and addresses
the problem of linking potential models to the underlyingdhy. We should distinguish
two situations: weakly coupled pNRQCD whefyp < m.v and strongly coupled
PNRQCD wheMgep ~ m.v.

The weakly coupled case is of prominent interestifoand ¢t physics, but the de-
scription of thece spectrum in such a framework is not likely to hold, even far'th, and
35, ground stateg.(15) and J/y [24].

In the strongly coupled scenario withycp ~ m.v, them.v scale is non-perturbative
and the matching between pNRQCD and NRQCD cannot rely omnpation theory.
The matching would require calculations on the lattice d@D vacuum models.
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1.3.5 Lattice QCD

Recently, calculations of the charmonium properties ukittgce NRQCD methods have
been performed [20, 21, 25-33]. In this approach, the QCDh@imenology is studied
on a discrete lattice with spacing thus providing a cut-off on the available momentum
and curing the divergences. Calculations are performediifterent values of the lat-
tice spacing: < Aéch, and results are obtained by extrapolating the resultafo0.
This approach is valid as far as no important physics effdats place at a momentum
scale~ a~!. Lattice QCD is a promising tool to investigate non-peratile effects in
the charmonium system and significant improvements of galte have been obtained
recently [34].

1.4 Charmonium decay

In this section we briefly review the theory of electromagn@EM) and hadronic decays

of charmonia. We do not suppose to give a detailed and upd¢datigs of the theoretical

understanding of these aspects, but to point out some faattaite important to the inter-

pretation of the experimental results. In particular, treperties of EM transitions where
recently used to explain some inconsistencies instieéS) width measurements [35],

while the pattern of the hadronic decay width is useful toarsthnd some basic and
fundamental properties of the resonances studied in taggh

1.4.1 Hadronic transitions

Hadronic transitions play a prominent role in charmoniuroays.

For states lying over th& D threshold, the decay is mediated by OZI-favored dia-
grams [36-38] (Fig. 1.2). Such states decay bty D™ final states with a decay width
of tens ofMeV. The decay intaD™ D™ is expected to be dominant, unless some sup-
pression rule is involved in the transition (such as/@f1D)). In 2003, the Belle Col-
laboration reported the observation of a resonance Xtf8872), at a mass higher than
the DD* threshold, but with a decay width of feWeV [39]. To date many states with
unusual properties have been observed [40—-48]. The ietatpn of such states is still
ambiguous (see sec. 2.4).

Below the DD threshold, hadronic decays of charmonium proceed via fglitin
transitions (Fig. 1.3). In particulay.(15), n.(2S), andy.,(1P) states decay via double-
gluon emission, while//y) decays via three-gluon transitions, since double-gludaris



12 Theoretical overview

C c C (04

w(3770) Sy

Figure 1.2: Feynman diagram of the OZI- Figure 1.3: Feynman diagram of the OZI-
allowed transition)(3770)—D*D~. forbidden transition//iy) —p* 7.

bidden due t@’'-parity conservation. Expressions for the multi-gluonadewidth are [8]:

2
8mag

D(8,529) = o |Sy(w)P (1.11)
40(7* — 9) o

sy = 0B (112)

3 32ma

F(°P—2g) = o 1S (v ) (1.13)

D(*Fy529) 837;‘;‘5 S0P, (1.14)

C

whereag is evaluated at the meson mass, &adV) is given by

SL(\I/) =

! P d(p )[p]Lm (1.15)

@np? | P E
with ¢(p) = ®(p)YLrm(6,, ¢,) being the normalized Fourier transform of the wavefunc-
tion ¥ (7). Corresponding numerical predictions afgr.(15)) = 22 MeV, I'(J/Y) =

176 keV , andI'(n.(2S)) = 7.3 MeV [8]. Even if such predictions are not fully consistent
with currently measured values [49], the overall patterscdbes the charmonium system
with a rather good accuracy. The predictgd ton.(15) decay width ratio i$).008 to be
compared with the experimental valo®029 4+ 0.0002 [49], thus the qualitative behavior
is good. Furthermore, the predicted2S) to 7.(15) decay width ratid).33 is consistent
with the experimental value.42 + 0.18 obtained in this thesis. The large difference be-
tween the.(15) andn.(2S) width originates from the differences in the wavefunctions
of such states that enter in Eq. (1.11). More recent dedmatdf the hadronic decay
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widths of charmonium states also including next-to-legdirder (NLO) corrections, can
be found in Refs. [50, 51].

1.4.2 Electromagnetic transitions

Electromagnetic transitions are sizable in the charmorsystem below the threshold,
due to the OZI-rule that suppresses strong decays. Typigathing fractions of radiative

transitions are of 1-10%. In the potential model approdoé spatial dependence of the
EM transition amplitudes reduces to functions of quark motme and position between

the initial and final state wave functions. Using multipolg@ansion, the main contri-

butions to electromagnetic transitions are the electpold (E1) and electric monopole
(M1) amplitudes. Higher multipole contributions such agymetic quadrupole (M2) are

not discussed here.

Magnetic dipole transitions

Magnetic dipole transitions flip the spin quark. For S-watates, the wave function or-
thogonality ensures that the spatial overlap is one foestaith the same radial quantum
number and zero otherwise. Relativistic corrections ohice a small overlap between
states not sharing the same radial quantum number, makénigathsition possible. The
transition rates are [6,7,52,53]:

3 1
{ e } ~ Sz BT DIl By /2P (L16)
wherea is the electromagnetic coupling;, is the photon energy () indicates the fi-
nal(initial) state, andy(x) = sinz/z. If the photon energy is small, the matrix element
Jo(E,r/2) = 1, thus transitions between states with the same radial goantimber, that
are close in mass, are favored. The inclusion of fully reistiic correction to describe M1
transitions has been studied by several authors [8, 12@4AXalculation performed in
PNRQCD approach [59] shows that the matrix element for(the- 1)3S;—n'Sy + v
transition is proportional t@&?, after including all the corrections.

Electric dipole transitions

Electric dipole transitions cannot change the quark spih¢gdb change the orbital angular
momentumL. The partial widths of such transitions between t#xvave andP-wave
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states are [6,7,52,53]:

25+1 125+1 1604Ef;’ (2
D(n™ " Lij—n™ " Ly, + ) = o7 (2J7 + D)Sig[(flr]i)| (1.17)

with S;; = 1/9. Expressions for transitions betwe&hand D-wave states are given in
Ref. [60]. There are many corrections to the leading bemadidhese transitions ac-
counting for relativistic modification of the wave funct®and of the transition operator,
and finite-size corrections. Details for the interestedieezan be found in Ref. [1] and
references therein.

1.5 Exotic charmonium

The spectrum of newly observed charmonium-like stategisrted in Fig. 1.1. Exotiec
configurations, other than conventional ones, can be acanfatad by the QCD interac-
tion. In this section, we list such states and briefly dis¢heg characteristics. A more
comprehensive review can be found in Ref. [2]. An illustratpicture of such states is
shown in Fig. 1.4.

(a)

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

Hybrids

The presence of the gluon field in the QCD lagrangian allowsHe existence of more
states thamq : glueballs and hybrids. Hybrids are conventionaktates, with excited
gluonic degree of freedom [61—-66]. Lattice calculationshef lightest hybrid mass lead
to a value of about.4 GeV/c? [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 snidith fior such states, even
above theD D threshold.

Molecular states

A molecular state is constituted by a pair Bf*) meson bound by the exchange of soft
pions [70-78]. The molecule is characterized by an extrgragiall binding energy
O(100 keV ). Such small binding energy implies that theé*) mesons should be if-
wave state, since it is unlikely that pion exchange can litadave states [79]. It was
shown that the existence of@*° D° molecule does not imply the existence of’ D*°

or D'DC states [80]. The molecular states can mix with ordinarystates. Methods
addressing the problem of determining the composition o sdimixture have been pro-
posed [81-86]. Molecular states can accommodate largpirsg®lating effects [75].

Tetraquarks

Color-neutral configurations in the meson system can besgetiwith quark combina-
tions other thamg . The existence of tightly bound four-quark (tetraqudei)[cq'| states
have been proposed [87-93]. The main feature, that may bavwebdck of this picture,
is the relevant number of predicted states [87,94]. Funtloee the existence of states
with non-zero net electric charge is predicted. Models witn more exotic five-quark
(pentaquarks) [95, 96] and six-quarks (exaquarks) [97figarations have been studied.

Hadrocharmonium

The hadrocharmonium picture [98—100] is motivated by theeokation that some exotic
cc states decay to a specific conventiormatesonance plus light mesons, but decays to
othercc resonances or open charm appear to be suppressed [40-4&,U%l, 102]. The
hadrocharmonium is constituted by@aresonance embedded in a shell of light-quark and
gluon matter. The de-excitation of the hadronic matter ligiot meson causes the decay.
This picture implies that baryocharmonium states, decgfginexample to//i) p*, should
also exist [99].

Artifacts

Some of the unconventional observed states have been apegstio be artifacts due
to threshold or coupled channel effect [103-108]. Furtleeenmany states are classi-
fied as exotics because their measured mass does not mabeh pinedictions for yet-

unobserved states. Some authors argue that predictiomebiay using potential models
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may be not completely reliable above the open charm thrdd&i6P], 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 charmmrspectroscopy. In sec. 2.2
we review experimental techniques used to study charmomituBtfactories. We out-
line both the advantages and drawbacks of each techniquetbriti® experimental and
theoretical grounds. In sec. 2.3 we discuss the status ofdheentional charmonium
spectroscopy, giving a particular emphasis to the statelsest in this analysis. In sec. 2.4
we report recent results on new charmoniume-like statesrebd@bove thé D threshold.
We discuss the experimental status of the measurementiofptioperties and theoreti-
cal interpretations on their nature. A comprehensive mewtthe status of charmonium
spectroscopy can be found in Ref. [2].

2.2 Experimental techniqgues atB-factories

The charmonium states can be created via several produngchanism at*e™ collid-
ers. We briefly review the experimental techniques usedutystharmonium resonances
by exploiting the characteristic of each production medran

2.2.1 B decays

Charmonium is produced via Cabibbo-favorBd-ccX decays (Fig. 2.1(a)). Usually
B— X K™ decays are used in experimental searches, wkiezan be both an exclusive
or inclusive final state. The dominant contributions to firiscess come from the decay of
theb quark into a color-singlete state plus & quark. In the factorization approach [115,

17



18 Experimental status of charmonium spectroscopy

(a) (b)

-~
?ISR

(=
|

]

(4]
OI

(© (d)

- - -
‘i? o . ;
] > x
y “w 7 S
{ ”R } B et
N /F{__‘_ .
" . LY -
4 i b !
- 1 '
" . ¢ E ",

(0]
ol

Figure 2.1: Representative Feynman diagrams for charmopioduction modes aB-
factories: (a)B-meson decay, (b) Initial State Radiation (ISR), (c) twa{aim fusion, and
(d) double charmonium.

116], the effective lagrangian describing this proces$iF][ey" (1 —15)c] [by*(1—5)s].
This current can describe the productiongf), 7.(15), x.(1P), andy(2S). On the
contrary, decays involving.o(1P), x.2(1P), andh.(1P) are not allowed at leading order
in ag, since a/ — A current cannot producg”® = 0++, 17—, or 2+ [117,118]. Such
P-wave states can be produced by the decay obtipgark into a color-octet-wave ce
state that radiates a soft gluon and forms a color-singtetave state [119, 120]. Such
process is described By(\,/2)v*(1 — v5)c][b(Aa/2)7*(1 — v5)s], where )\, are color
SU(3) matrices. The effect of long-distance interactidrad mix theccK final state with
channels likeD™® D{* may also be sizable [121,122]. The dedays y.o(1P)K has been
observed with an unexpected large branching fraction [#8f non-observation of the
B—x(1P)K decay [49] seems to indicate that the color-octet mechaisisuppressed
with respect to the color-singlet one.

At the B-factory experiment8ABAR and Belle, theB mesons are produced via the
decay of thel'(45) resonance, produced irfe~ interaction, into a pair o5 B mesons.
Events containing a pair @8 B mesons can be discriminated against continggnig =
u, d, s, c¢) background by means of event-shape variables, sihBeevents are more
spherical with respect to back-to-back jet-lije events (Fig. 2.2). Well-reconstructéd
mesons can be identified by means of kinematic variablegxpdoit the closed kinematic
information, such ad\F = Ep — %\/5 andmgs = /s/4 — |ps|?, where(Eg, p) is the
B four-momentum vector expressed in tigLS) rest frame. Thé\ £ distribution shows
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Figure 2.2: Schematic topological representations oft)(lefe~—¢qg and (right)
ete”—7T(45)— BB events.

a peak at~ 0 MeV for well-reconstructed signal events, while f@gf background a
smooth shape is expected (Fig. 2.3(a)). Thg; distribution is peaked atigs ~ mp
for signal events, while it is described by an ARGUS func{b23] for combinatorialg
background (Fig. 2.3(b)). The relevant background-seb#hX invariant massny is
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Figure 2.3: Distributions of (a\ £ and (b)mgs for well-reconstructed signdb events
(solid blue line) and combinatorial background (red dotiee).

usually obtained by fitting thewgs (or A E) distribution in intervals ofn .

2.2.2 Initial State Radiation (ISR)

Charmonium states witi”“ = 1~ can directly couple to virtual photons originating
from eTe~ collisions. In charm-factories, such as BESIII [124] andEQ-c [125], the
ete” center-of-mass (CM) energy corresponds/to or ¢)(n.S) mass, in order to maxi-
mize the production of such resonances. Hifactories experiment8BABAR and Belle,
are located at the PEP-Il and KEKB accelerators that arelynaperated at th@"(4.5)
energy. Charmonium states with'® = 1-— can be produced by"e~ annihilation after



20 Experimental status of charmonium spectroscopy

0.6

@ (b)

0.5
0.4

0.

w

0.

)

0.

-

25
P, (GeVic)

‘ ‘ ‘ i N S E
=75 -40 -20 0 20 “ 2
Mess (GeVic??

Figure 2.4: Distributions of (a)/2,.. and (b)pr for simulatedyy— KK~ 7"~ 7° (solid

black) ande™e™ —7;sr KT K~ nt 7~ 7° (red dashed) events.

one of the incoming electrohsadiates an energetic (initial state) photon, thus lovgerin
the CM energy to thec resonance mass (Fig. 2.1(b)).

The kinematics of thee~—~;5rf process, withf being an exclusive final state,
is closed. Thus we expect that the squared missing M&SS = (Preams — Preco)’
is ~ 0 (GeV/c?)? for well-reconstructed events, whepg...., and p,.., are the four-
momenta of the beams and reconstructed final state, regggctince the cross-section
for radiating the ISR photon has a maximum in the forwardaiom [126], the trans-
verse momenturp of the final state products with respect to the beam axis isaepl
to be small. Usually, the ISR photon detection is not reqlireorder to increase the
reconstruction efficiency. Th&/2. . andpr shapes for simulated ISR events are shown
in Fig. 2.4. The presence of a small number of tracks in theteigea further advan-
tage of this production mechanism, since it provides a cegaironment and allows for
the rejection of high-multiplicity background froate~—qq (¢ = u, d, s, ¢) and BB
events.

2.2.3 Two-photon fusion

Charmonium resonances can be produced via the interadttao @irtual photons emit-
ted by the incoming electrons (Fig. 2.1(c)). The scatteaingle of the outgoing electrons
is related to the momentum transfgr = (p. — p.)?, wherep, andp. are the momenta
of the electron in the final and initial state, respectivélyents resulting by two-photon
collisions are usually classified into three categories:

— no-tagevents, where both the outgoing electrons are scatteredadtangle along
the beam pipe and thus escape detection;

'Here and in the following, we use the wordléctrorf to refer to bothe™ or e~, unless otherwise
specified.
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— single-tagevents, where one of the outgoing electrons is scatterearge bngle
and might be detected,;

— double-tagevents, where both the outgoing electrons are scatteredgs angle
and might be detected.

In single-tagevents the scattering angle of the detected electron iedeta the mo-
mentum transfeg?. Thus such kind of events are useful in order to measure thescr
section dependence g, allowing for the extraction of the resonance form fact@JL

In no-tagevents the momentum transfgr ~ 0 (GeV/c)?, so the interacting pho-
tons are quasi-real. This implies a selection rule on thenatl quantum numbers of
the produced resonance [128]7 = 0%, 2%, 3%, 4%, .... Values ofJ > 2 are usually
suppressed by phase-space availability. Furthermoreotgiog of the resonance to the
two-photon initial state implies’ = +1. Hybrids and glueballs are expected to have
small coupling to the two-photon initial state and it is nkely that they can be produced
by this mechanism. There are two characteristic signaforeso-tagevents. First, the
low momentum transfeg? ~ 0 implies that the two quasi-real photons collide head-on,
sopr ~ 0 GeV /c. Second, since the outgoing electrons are scattered dtamgde, they
are not detected and are lost in the beampipe, carrying alagea portion of the beam
energy, thus resulting in a large value fa. . in the event. Thé/2.  andpr shapes for
simulated two-photono tagevents are shown in Fig. 2.4.

2.2.4 Double charmonium production

The production of @ac resonance recoiling against/a) in the processeste™— J/i) (cc)
was first observed aB-factories [129, 130] (Fig. 2.1(d)). The measuged — J/1) cc
cross-section was surprising larger, by about one order agmtude, than available
NRQCD expectations at leading order [131-138]. Relaiivstrrections [139-141] and
NLO perturbative effects [142—-144] are shown to enhancetbduction cross-section.
Taking both these effects into account, theoretical ptexis can be reconciled with ex-
perimental results. So far only = 0 resonances have been observed in this production
mechanism. Speculations aimed at explaining theand .. suppression have been
proposed [145].

Background from guantum-elctrodynamics (QED), two-phaiadr" 7~ processes
are rejected by requiring a minimum number of tracks in thenev TheJ/y is recon-
structed in its clean leptonic' e~ and .t~ decay modes. The mass recoiling against
it is obtained as\f:..; = [(vs — E,)* — p3,]* where\/s is the CM energy, and

recoil
(E7)- Py ) 1s theJfih 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 chaiomarspectroscopy below the
DD threshold, with a particular attention for thg(1.5) andr,.(2S5) resonances.

2.3.1 n,(1S)

The charmonium ground statg(15) was observed in 1980 by Mark-1l experiment in the
¥(25)—7n.(15) decay [146]. To date the.(1.5) has been observed in several production
mechanism, including//x» and(2S) decays, two-photon fusiomp collision, double
charmonium production, anb-decays [49].

Measurements of thg.(15) mass and width taken from Ref. [49] are reported in
Fig. 2.5. With several available measurements, a largeadpssobserved.

In the width measurements a quite peculiar pattern seenmdoe: experiments that
produce they.(15) via J/i» andy(2S) radiative decays tend to report a value of the width
of about 15MeV, while measurements performed by using other productiachar@sms
report values centered at about B@V. Then.(1S) production inJ/y) and(2S) ra-
diative decay has been investigated by several experinibs-154], by studying both
the inclusive photon spectrum, or reconstructing exckiival states. A recent paper by
CLEO [154] has pointed out that the use of a simple Breit-\WWigghape gives a poor de-
scription of they.(1.5) peak in the photon energy spectrum from thie¢ —n.(15) decay.
The observed spectrum should actually take into accounttiea1 transition matrix el-
ement is not uniform as a function of the photon energy (sdc2). Taking into account
a factorE§ in the fit improves the data description, but gives unsatisfg results on the
high-energy tail. The introduction of a damping factap(—E2/3%), whereg is a fit
parameter, inspired by the overlap of two ground-statetfancgives a good agreement
with data. A similar approach is used to fit thé€2S)—~n.(1S) transition, where a factor
ET [59] is taken into account. The fittegd(15) width is (31.5 4 1.5) MeV, which is con-
sistent with results obtained in other production processhe BESIII collaboration pre-
sented a preliminary measurement of thel.S) parameters in the(25)—~yn.(1S) de-
cay, withn.(15) reconstructed in several exclusive hadronic decays [16%)tder to ob-
tain a good description of the mass spectrum, both the enleggndence of the transition
amplitude and the interference effects with non-resonankdpround are taken into ac-
count. The measureg(1S) mass and width ar@984.4+0.5(stat) £0.6(syst)) MeV /c?
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 obtairsulis consistent with the
BESIII ones, but with a larger uncertainty. In the light oé#e new results, itis likely that
neglecting the energy dependence of the M1 transition meg bimsed previous.(15)
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Figure 2.5: Measured values of thg15) mass and width used to obtain world-average
values [49]. The squares are the measured values with béaskdr statistic uncertainty
and red bars for the sum in quadrature of statistic and sydienmncertainties. If the red
bars are missing, the black bars are the sum in quadratune statistical and systematic
errors. For each measure we report the experiment thatrpextbit and the production
mechanism exploited: two-photon fusiom(, B-meson decayR), double charmonium
(2(ce)), JRp or (2S) radiative decay(), andpp annihilation pp). Below the dashed
line we report new measurements not included in the worldsaee The yellow box is the
+10 region with respect to world-average values. The last calveports the PDG [49]
reference to the paper where the measure is reported.
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parameters measurement in the and«(2S) radiative decays.

Then.(1S) is studied also ilB-meson decays and two-photon fusion. The most ac-
curate results from these production modes are obtainecly B57] andBABAR[158],
respectively. The Belle analysis reconstructs fiie— KK*7F K* decay mode and
measures the.(1S5) parameters by a two-dimensional fit to the ti@K <7 mass dis-
tribution and thek? helicity angle. This angle is defined as the angle betweerithe
and theB-meson recoil direction, in th&2K*7T rest frame. Interference between the
n.(1S) signal and non-resonant background contribution is takemaccount. The ef-
fect of such interference is to produce a mass shift-6f6 MeV /c? in the measured
n.(1S) mass value. The change in the value of thel.S) width is +0.3 MeV. Tak-
ing into account interference effects, the measurétlS) mass and width are2985.4 +
1.5(stat) 95 (syst)) MeV/c? and (35.1 + 3.1(stat) T18(syst)) MeV [157]. TheBABAR
analysis studies they— K2K*7F process imo-tagmode and measure thg(15) pa-
rameters [158]. The.(1S) mass is obtained by measuring the — 7.(15) mass dif-
ference and using the nomindlyy mass [49]. The measuregl(1S) mass and width
are(2982.2 + 0.4(stat) £ 1.6(syst)) MeV /c* and(31.7 + 1.2(stat) £ 0.8(syst)) MeV.
The inclusion of the interference with non-resonant baockgd causes a change of up
to. 1.5 MeV /c? in the mass value and is taken into account in the systematiertainty.
Then.(1S) study in two-photon production is also reported in a pratiany, unpublished
result by Belle [159]. In this analysis, the inclusion of theerference of the signal with
non-resonant background in the fit leads to a shift-af2 MeV/c* for the mass and
+0.6 MeV for the width value.

Then.(1S5) is also observed by Belle in double charmonium productiohéninclu-
sive mass spectrum recoiling against//a@ [129, 160]. The fitted value of thg.(15)
mass iR970 + 5(stat) + 7(syst) [160]. The measured mass of all the charmonium states
observed are shifted of about MeV /c? towards lower values. The origin of this shift
is identified in the mismodeling of high-energy tails of tesonances. The magnitude
of this effect is estimated by MC simulation and is equab tbleV /c?, that is taken as
systematic uncertainty Thg(15) is observed in double charmonium production also by
BABAR[130].

2.3.2 The vectorJ/y) and(2S5) states

The Jjy and ¢(25) states have/’“ = 17— and have thus been studied via
ete”—=y*—=JM) (1(25)) since theJ/yy discovery [3,4,161]. The parameters of such
states are known with a great precision and many decay mededdeen observed [49].
The study of the M1 transition frord/i) andv(2S) to n.(1S) andn.(2S) provides
important check of the ability of the theory to describe tharenonium system. The most
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precise determinations of radiative decay rates.(dS) are provided by CLEO [35]

B(J/W—yn.(1S)) = (1.98 +0.09(stat) £ 0.30(syst))% (2.1)
B(¥(25)—yn.(2S)) = (0.432 £ 0.016(stat) + 0.060(syst))% (2.2)

A prediction of theB(J/1» —vn.(15)) from potential models [1] give&3.05 £+ 0.07)%,
which is larger than the experimental value. A calculatienfgrmed in pNRQCD ap-
proach [59] giveq1.6 + 1.1)%, where the uncertainty comes from expected contribu-
tions from higher-order corrections. The transitio(2S)—~n.(2S) has been recently
observed by BESIII [155] with a branching fraction @f.7 & 0.9(stat) £ 3.0(syst)) x
10~*. The measured value is in a good agreement with the phendoggcal estimate
(3.94 1.1.) x 10~* [162] obtained by assuming that the matrix element is theesim
the J/i» —~n.(15) transition and accounting for the ratio of thg) and(2S) widths
and changes in the available phase space.

Hadronic decays of thd/y) and(2S) are not completely understood yet, a long-
standing problem known ag7t puzzlé. Perturbative QCD predicts that the decay rate of
¥ (2S) andJ/y into a given hadronic final state or into a lepton pair shoelgtoportional
to the square of the wave functions at the origin [163, 16¥,90-called 12% rulée

B(y(2S)— hadrons) — B((2S)—ete™)

On = B(J/p — hadrons) - B(Jjp —ete) ~ 12% (2.3)

A large violation of this rule was observed in theand K** K~ decays by Mark-II [165].
Many hadronic decay modes that violate ##% rulehave been measured to date, for
both J/iy and(2S). The study of the decay tor is sensible to the procedure used
to extract thepmr contribution from ther—n* 7" final state. For the)(2S)—pr decay,
results from CLEO [166] and BESII [167] are based on a massndta partial wave
analysis, respectively, and disagreatlevel. Using a weighted average of the two re-
sults, the world-average value 8(.J/i) — p) [49], and information given in Ref. [168],
one obtaing),, = (0.13 £ 0.05)% which is suppressed by two order of magnitude with
respect to the 12% expectation. The valueQgpfor decays into pseudoscalar-vector and
vector-tensor final states are generally suppressed vafiect to the expectation, while
transitions to pseudoscalar-pseudoscalar final statesaapp be enhanced. Decays to
multihadron and baryonic final states do not exhibit a cledigon. Although models that
explain discrepancies into specific decay modes are alajlab model can accomodate
the12% ruleviolation into a general picture [2].
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2.3.3 They. (1P) triplet

The x.;(1P) P-wave states are well known on the experimental ground thiir pa-
rameters measured with a good precision and many decay nobdesved or searched
for [49]. These states have been considered as an ideabtabpto test charmonium
models predictions on radiative and hadronic transistions

The matrix elemenf(1P|r|2S)| for the E1 transition of Eq. (1.17) can be extracted
from the angular distributions of thg(25)—~x.,(1P) decays. They are equal {2.51+
0.10) GeV ™1, (2.0540.08) GeV ™!, and(1.90 £ 0.06) GeV " [1], for x.o(1P), xe1(1P),
and x.o(1P), respectively. Such values are in rather bad agreementsiiiple pre-
dictions from non-relativistic potential models, that amdependent on thé value and
range from 2.4 t®@.7 GeV~! [5-7,52, 53,169, 170]. The inclusion of relativistic cor-
rections [8, 12,55,58,171,172] allows to describe the lesH (x.o(1P)|r|¢(25))] >
[(xa(1P)|r|(29))] > |{xo(1P)|r|tb(25))| pattern, even if the numerical agreement
with experimental results is still unsatisfactory. Simjahe matrix element(1S|r|1P})|
can be extracted formg.;(1P)—~.J/7» measurements [1]. The predictions for such quan-
tities from non-relativistic potential models [5-7,52, 589, 170] have a surprising better
agreement with data than those obtained by including wd#t corrections [8,12,55,58,
171,172].

Simple calculations of thg.;(1P) decay rates into hadronic final states taking into
account only the color-singlet— hadrons(v~y) contributions give a poor agreement with
experimental results [173-175]. The inclusion of colotebecg— hadrons(y) contri-
butions in the calculation improves the agreement with erpental data [176,177]. The
ratio between the two-photon decay width fog (1) andy..(1P)? has been calculated
in the color-singlet model [50, 178]

F(Xe2(1P)=yy) 41— 1700
I(xeo(1P)—=vyy) 15 14 0.06a

R, = =0.128, (2.4)
where we used;(m?) = 0.3. The value obtained from experimental resultsiis, =
0.22+0.03 [2], thus resulting in a poor agreement with theoreticalestations. Possible
color-octet contributions may improve the theoreticalentptions [179]. Recent calcula-
tions based on NRQCD approach give a valud?of equal to 0.27 and 0.18 at LO and
NLO, respectively.

Another peculiarity of thec.;(1P) system was pointed out by a recent measurement
of x.s(1P)—VV decays by BESIII [180], wher& is ¢ or w. Decays ofy.,(1P) and
X2(1P) into these final states were previously measured afithé level [181, 182],
well above predictions based on perturbative QCD [183]. Mileasured branching ratios

2x.1(1P) cannot couple to two-photon state, sintg” = 1++ [128].
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for x.—VV final states arg4.4 + 0.3(stat) & 0.5(syst)) x 1074, (6.0 £ 0.3(stat) &
0.7(syst)) x 1074, and(0.22 + 0.06(stat) £ 0.02(syst)) x 1074, for ¢¢, ww, andgw,
respectively. The decay,.(1P)—VV is expected to be suppressed by the helicity se-
lection rule [184]. They.—¢w has a further suppression due to the OZl-rule. Mecha-
nisms that allow to evade the helicity suppression rulesorig-distance interaction have
been proposed [185, 186], resulting in branching fractioh€(10~*). However, the
expected branching fraction of the OZI-suppresggdl P)—¢w decay is more than an
order of magnitude smaller than the experimental values Pphints to the necessity of a
deeper theoretical investigations of mechanisms alloionghe evasion of the OZI rule

in x.1(1P) decays.

2.3.4 Theh.(1P) singlet

Together with the).(25), the h.(1P) has been one of the most elusive particles of the
charmonium spectrum. Its existence was predicted at thebeginning of the potential
models, but it was actually observed only in 2005 by CLEO [18Fhe h.(1P) state

is of a particular relevance to test the charmonium modetesthe hyperfine splittings
for P-wave states is expected to be of féweV /c?, since the Coulomb-like potential
contribution is proportional t63(7) [1]. This naive expectation is confirmed by potential
calculation including relativistic corrections [12], aladtice calculations [29, 188]. Thus
one expect thé..(1P) mass to be about equal to the center of gravity of thg1P)
triplet (m(*Py)) = (m(xeo(1P)) + 3m(xe1 (1P)) + 5m(xea(1P)))/9 = (3525.30 +
0.07) MeV /c* [2].

The most precise measurement of thél P) mass comes form CLEO [189] and BE-
SlII [190], that study the)(2S5)—7Oh.(1P)—7yn.(1S) transition, and from E835 [191]
that reports &c evidence in thep—h.(1P)—7n.(1S)—~7y process. CLEO has also
studied the angular distribution of the photon from thél P)—~7.(1S5) decay [189] that
Is consistent with a pure E1 transition. A preliminary réstdm BESIII [155] obtained
by studying the)(2S)—7°h.(1P)—nyn.(15) transition with the;,(1.5) exclusively re-
constructed in several exclusive final states, reports @uned value of thé.(1P) mass
that agrees ato level with that obtained by studying.(15) decay to an inclusive final
state [190]. Thé:..(1P) is also observed by CLEO e~ —n "7~ h.(1P) process [192],
but the measurement of the mass has a large §1eV /c?) systematic uncertainty related
to the determination of the beam energy.

The weighted average of the measurements reported in RE89-191] gives
m(h.(1P)) = (3525.45 4+ 0.15) MeV /c?, where we sum the statistical and systematic
uncertainties in quadrature. The hyperfine splitting-6.15 + 0.17) MeV /c?, compati-
ble with 0 in agreement with predictions. However, the sawtemtial model calculation
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used to determiném (®P;)) predicts [2]

m(Xcl(IP)) - m(XcO(lp))
m(XcQ(IP)) - m(Xcl(lp))

- g (2.5)

while the experimental value &% smaller [49].

2.3.5 n.(29)

The first radial excitation.(2.5) of the charmonium ground statg(1.5) is predicted to lie
below theD D threshold in the heavy quark potential model [7—14]. Caltiahs within
this model predict a mass splittingy,2s) — m,, 2s) in the rangg42, 103] MeV /2,

Then.(2S5) escaped the detection for more than 20 years and its decagsaod al-
most unknown. The Crystal Ball experiment reported in 1982wddence of a signal at-
tributed to the;.(295) in ¢(25) radiative decay, with a mass @594 + 5)MeV /c? [193],
well below theoretical expectations. This claim remainedanfirmed and unrefuted
for about 20 years until the observation of th€2S) at B Factories. The).(25) was
first observed by Belle in th&— K?K*7F K process [194] and confirmed by a subse-
quent analysis byBABAR by using B*(*) decays tok K7 K+*0 final states [195]. In
theBABARanalysis, thex K system is reconstructed info? K =77 and K+ K~ = final
states, but separate contributions from the different ylavades are not reported in the
results. Belle recently has performed an update of the arsgli/57] using a dataset about
ten times larger than that used in the previous analysis][1%#e analysis technique
is similar to that used to study thg(1.5) resonance, described in sec. 2.3.1. Includ-
ing the effect of the interference between #1€2.S) and non-resonant background has
a dramatic impact on the measurgd25) parameters. The mass value(8646.5 +
3.7(stat) 5 2(syst)) MeV /c? in the fit without the interference, an@636.1"% 5 (stat +
model)*9 1 (syst)) MeV /c? when taking the effect into account. Similarly the widthuel
is (41.1£12.0(stat) ™Sy (syst)) MeV and(6.6757 (stat +model) 55 (syst)) MeV when
not considering or including the interference effect infihfL57].

Then.(2S) decay into theK? K== final state is also studied by CLEO [196], and
BABAR [197] in two-photon production process. A preliminary, ubpshed result by
Belle [159] is also available. Ther shape of events is consistent with those expected in
two-photon production. In Ref. [197] an analysis of the dagdistribution of the decay
products in the).(25) signal region has been performed. The results of the asdigsie
confirmed the consistency with the two-photon productiocimaaism and the inconsis-
tency with ISR one. The preliminary Belle analysis [159]a#gp values of the).(25)
parameters in good agreement with values reported by okparienents. A study of
the effect of the interference of thg(25) with non-resonant background on the value of
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n.(2S) parameters is performed. The change in the fitted mass anhl vathe when in-
cluding interference effectis1 MeV /c? and4 MeV, respectively. Recently, BESIII ob-
served the).(25) decay intoK? K=, with ther.(2S5) produced in the)(25)—n.(2S)
decay [155].

Hadronic decays branching fractions gi25) are expected to be similar to those
of 1.(15) [198]. However, the measurddl(n.(2S)—KKr) = (1.9 £ 1.2)% [195] is
significantly smaller than the correspondifign.(15)—KKr) = (7.0 + 1.2)% [49],
where the error is the sum in quadrature of the statisticdlsystematic uncertainties.
Furthermore, many other decay modes were searched fornbLU2Q11 all the searches
has been insuccesfull. Thg(2S) was searched for in the decay(to"~.~) (" h'~) (with
r") = K, ) final state with no significant results [199]. The branchiragtion for the
corresponding).(15) decay is~ 1% [49]. The production mechanispp was used to
search for the).(2S) in they~ final state, but no significant signal was found [200]. A
preliminary result by Belle reports the observatiomgf2S) decays to six-particle final
states [201].

Then.(25) is also observed in the inclusive mass distribution of tretesy recoiling
against aJ/y» in ete~ annihilation by both Belle [129, 160, 202] amBABAR [130]. An
evidence at.8¢ level forn.(25) decay into inclusive final state is also reportecdBaBAR
in B-meson decays t& . K* [203]. The analysis is performed by fully reconstructing
one B-meson B,..,), so the signaBB-meson Bg;,) momentum is known from thé,.,
and beam momenta. Events with one charged kaon not assbwiiteS,.., are selected
and the kaon momentum is calculated in g, rest frame. The mass of; ismx =
Vm% + m% — Exmp, wheremp andmy are theB* and K* mass andZy is the K=

energy.

The parameters of the.(2S) are known with poor experimental precision, even if
important step torward their determination have been doriast few years. We show
in Fig. 2.6 the experimental status: the mass measurembtdaged in different pro-
cesses are consistent within experimental errors, and shlavge spread ranging from
3626 MeV /c? t0 3645 MeV /c?. These measurements are inconsistent with the first result
reported by the Crystal Ball Collaboration [193]), that mayginate from a misiden-
tification of the(25)—J/i» X feeddown process, with/y) —~n.(1S). The measured
photon energy91 + 5) MeV [193] is comparable, although not fully consistent, with th
Jhp —n.(1S) mass differencél17 4= 1) MeV /c? [49]. Using the number of(25) pro-
duced [193], the reported efficiency [193], and relevanhbieng ratios [49], the number
of expected events from this background proces®)id + 2381 that is consistent with
the5582 4 1270 signal events reported by the Crystal Ball Collaboratic®8]J1
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Figure 2.6: Measured values of thg25) mass and width used to obtain world-average
values [49]. The squares are the measured values with béasifdr statistic uncertianty
and red bars for the sum in quadrature of statistic and sydienmncertainties. If the red
bars are missing, the black bars are the sum in quadratune statistical and systematic
errors. For each measure we report the experiment thatrpextbit and the production
mechanism exploited: two-photon fusiom, B-meson decayR), double charmonium
(2(ce)), and J/y or 1(2S) radiative decay(). Below the dashed line we report new
measurements not included in the world average. The yeltowi$the+1o0 region with
respect to world-average values. The last column repoet®G [49] reference to the
paper where the measure is reported.
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2.3.6 Y. (2P)

The x.2(2P) was the first observed conventional charmonium state ath@vehteshold.
First dubbed”(3930), it was observed by Belle [204] and confirmed BABAR [205] in
two-photon production process amiD final state. The measured mass and width are
(3929 + 5(stat) + 2(syst)) MeV /c* and (29 + 10(stat) + 2(syst)) MeV for Belle and
(3927 + 2(stat) + 1(syst)) MeV /c? and (21 + 7(stat) + 4(syst)) MeV for BABAR The
agreement between the two measurements is very good. Thg ddo spinless final
state, combined with the fact th@t= +1 due to the production mechanism, implies that
J = Lisevenandthu® = +1. The value of/ is determined by studying the angular dis-
tribution of the decay products, in particular the anglenasn the directions of th® D
system and the beam. Both experiments fa¥dtr = 2+* assignment. Belle provides a
measurement of the branching fraction rd8i@? (3930)—D* D~) /B(Z(3930)—D° D) =
0.74 £+ 0.43(stat) £+ 0.16(syst) [204] which suggests isospin invariance, as expected for
conventionake. The product of the two-photon width times the decay bramghatio

I, (Z(3930))xB(Z(3930)—DD) is found to bg0.184-0.06) keV and(0.24+0.05) keV,

by Belle andBABAR, respectively, where the error is the sum in quadratureestatisti-

cal and systematic uncertainties. There is a general agrgeim the interpretation of this
state, which is identified ag., [49]. The mass, two-photon width and decay angular dis-
tribution are consistent with theoretical expectationtfes charmonium state [8,13,206].

2.4 EXxotic charmonium

In this section we review the new states discovered sinc® 2se interpretation is
still ambiguous. For each state we report experimentas faot the status of the theo-
retical understanding. We give particular emphasis torétezal considerations about the
compatibility of available measurements with the difféneroposed models.

2.4.1 X(3872)

The X (3872) was discovered by Belle in 2003 [39], in tie— X (3872) K—J/yntn~ K
process, and subsequently confirmed by several experifZiis211]. Quite a large
number of experimental results are available for this state

TheJ/w=tn~ decay mode, where this state was discovered [39], alsogeewsight
on its nature. Belle precisely measures the mass in thisydecale and puts an upper
limit of 1.2 MeV on its width [212]. Ther~x~ mass distribution is consistent with
subthreshold production [213]. The CDF collaboration has performed & dulgular
analysis of the decay, excluding all the possibfenumbers, but* and2~ [214]. Belle
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has performed a spin-parity analysis usifig fb~' [212] of data. A study of angular
distributions suggested in Refs. [215, 216] favoiis a assignment, but does not exclude
2=+, The study of thert7— mass distribution gives some insight on the state parity.
In fact, the mass distribution near the kinematic endparsuppressed by a centrifugal
barrier factor. Both CDF [213] and Belle [212] found that @enting forp-w interference

in the analysis, the information carried by the dipion massitution is insufficient to
discriminate between the"* and2~* assignment.

Decay toD’D°7° has been observed [217] and interpretedd$*°. This inter-
pretation has been confirmed in subsequent analyses [29]8,Rath BABAR and Belle
analyses constrain the** mass to its nominal value, so the study of #i€3872) line-
shape in this decay mode is not feasible.

Belle reported preliminary unpublished evidence of theagiéto /i) 77~ [220].
The three pion mass distribution is consistent with sulsthollw production. The ra-
tio of branching fraction®(X (3872)— J/ 7T n~7°) /B(X (3872)—=J/p 77~ ) is 1.0 &
0.4(stat) £ 0.3(syst). Recently,BABAR has reported evidence of decay into thew
final state with a significance of 4 standard deviatians[R21]. The angular distribu-
tion of the three-pion system strongly supports their origpm anw meson. The ratio
B(X(3872)—=J/pw)/B(X(3872)—J/iym~ ) is equal t00.7 + 0.3 and 1.7 £+ 1.3, for
charged and neutrd? decays, respectively, where the error is the sum in quadyratu
the statistical and systematic uncertainties. An analyfsise three pions mass distribu-
tion is performed. The agreement with= —1 (61.9%) is far better than witlk = +1
(7.1%). Thus,JP¢ = 2=+ is favored, in contrast with Belle preliminary indicatioh o
JPC =1+ [222].

RadiativeX (3872) decay inta//i)y has been observed BpABAR[223] and Belle [224].
This observation implies that th€ (3872) has positive C-parityBABAR reports an evi-
dence of the decay intg(25)~ final state [223] aB.50 level , using a data sample of
424 fb~!. The measured branching fraction ratio
B(X(3872)—=1(2S5)y)/B(X(3872)—=J/i~y) = 3.4 + 1.4, where the error is the sum
in quadrature of the statistical and systematic uncerésnts unexpectedly large. Re-
cently, Belle searched for the(25)~ decay using349 fb~* of data [224]. No signif-
icant signal is observed. The branching fraction uppertlai90% confidence level
is B(X(3872)—1(2S5)v)/B(X(3872)—J/~) < 2.1. This results challenge previous
BABARevidence [223].

A consensus concerning the interpretatiotk@f872) has not been reached. Possible
conventional charmonium assignments grg(2P) or n.2(1D). The first is challenged
by the fact thaty.»(2P) has a mass of abo@930 MeV/c2. This implies that the mass
splitting in thex..; (2 P) triplet should be larger than expected. It was noticed tiaeffect
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of the coupling toDD* channel may shift thé** state mass down t®D* threshold,
while the shift of the2™ state is expected to be much smaller [110-114]. Radiative
decay rates of thg.,(2P) to vJ/i» and~(2S) are in agreement with the measured
values [225]. Thej.(1D) interpretation is favored bBABAR assignment of/7¢ =
2-*. The measured (3872) mass is consistent with the D, state mass predicted in
Ref. [8], but not consistent with the values reported in maatent papers [14,226,227].
Theoretical calculations [228, 229] show that the prediatecay rate of such a state to
1 (25)~ is inconsistent with the results reported BBAR [223]. It should be noted
that recent Belle result [224] for this decay mode disagveds BABAR one [224], thus
mitigating this inconsistence. Recently it has been ndtitet also the decay rate to
D°D*° cannot fit thel ! D, assignment [229].

The interpretation ofX (3872) as aD’D*® molecule was suggested by many au-
thors [73-75, 230, 231], and may accommodate the large \wa$esospin violation [75].
The decays intd//yyy and(2S)~y imply that this molecular state should mix wit,
[109, 232-235]. Such a mixing would not need to be as largadeeproposed, in the
light of the new Belle result on the(25)~ decay [224]. Molecular interpretation is usu-
ally challenged byBABAR JP¢ = 2+ assignment, but a molecular model withDaD*
molecule with this/F¢ assignment was proposed [236]. TH&3872) production rate
in B meson decays in the molecular picture [237] is consistetiit @perimental results.
Oppositely, the large cross-section for prompt productiat can be derived from CDF
results seems inconsistent with this model [238].

The interpretation o (3872) as a tetraquark [87] predicts a mass in good agreement
with the experimental results. It was noticed [239] that sragasurement are likely not to
be able to discriminate between tetraquark and molecutanng, while radiative decay
rates should exhibit different patterns for the two hypet®e The predicted radiative
decay rate inta J/y) for X (3872) as a tetraquark [240] is consistent with the experimental
results. The tetraquark picture predicts the presence wifadeand charged partners in
the same mass region. Such states were searched for andundt lig BABAR [241],
CDF [242] and Belle [212]. Furthermore, calculations of thieding energy seem to
favor the molecule picture with respect to the tetraquask [@43].

2.4.2 Y (3940)

The Y (3940) was observed by Belle in thB— J/i)w K process [47], and confirmed by
BABAR[48]. The same structure is not observed in thes D° D*° K process [218, 219].
Belle measures the mas¥943+11(stat)+£13(syst)) MeV /c? and width(87422(stat )+
26(syst)) MeV. A resonance in the thé/i)w final state, dubbed (3915), was observed
by Belle in two-photon collisions [244]. The measured masd width are(3914 +
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3(stat) 4 2(syst)) MeV /c* and (17 £ 10(stat) £ 3(syst)) MeV, respectively. A re-
centBABARre-analysis of thé3— J/iyw decay [221] provides a Y(3940) mass and width
of (3919.1758(stat) & 2.0(syst)) MeV/c? and (3173 (stat) + 5(syst)) MeV, respec-
tively. This latter measurement favorsyd3940) mass slightly lower than the one first
reported by Belle [47]. This value is in agreement with the aneasured by Belle
for the X (3915) in the two-photon process. Thus, it seems likely that theespar-
ticle, with a mass of about 3918V /c?, is observed in two distinct production pro-
cesses. Belle reports a product of the two-photon widthgithe decay branching ra-
tio I, (Y'(3940)) x B(Y(3940)—J/w) equal to(61 + 17(stat) £ 8(syst)) eV and
(18+5(stat) £2(syst)) eV for J© = 0F and2™ assignments, respectively [244]. Assum-
ingI',, (Y (3940)) ~ 1 keV, that is a typical value for excited charmonium, the ofdng
ratio B(Y (3940)—J/yw) is in the range [1,6]%, which is unexpectedly large, comgare
to other excitedwc states [49].

The proposed interpretation &f(3940) as they.;(2P) state, where the final state
interaction enhances thgy w decay [1], is ruled out by the observation of this state in
two-photon production. Interpretation gs,(2P) was also suggested [245]. Interpreta-
tion as a charmonium hybrid is seriously challenged bydattialculations that show that
the expected mass for hybrid ground state should be appativiely 500MeV /c? higher
than the one of"(3940) [2]. Interpretation in the framework of molecular model has
been proposed [246-248]. It was suggested that the seatbl decay into thé)* D~y
may give more insight on the nature of this state [248]. Xi8915) was supposed to be
the x.2(2P) state [249]. Since th&(3930) assignment as the.,(2P) is commonly ac-
cepted [49], this interpretation is problematic, unl&g8940) andx.»(2P) are the same
particle. However, if this were the case, it would be diffidol explain the large value of
B(Y (3940)— J/pw).

2.4.3 New states in double charmonium production

Belle has observed two charmonium-like resonances, duklyggi0) and.X (4160), pro-
duced in association with &) meson ineTe~ annihilation [160]. The measured mass
and width of the two resonances arg X (3940)) = (39427 1(stat) + 6(syst)) MeV /c?
m(X(4160)) = (4156132 (stat) £ 15(syst)) MeV /2, T'(X(3940)) = (37175 (stat) &
8(syst)) MeV, andl'( X (4160)) = (139151 (stat) £21(syst)) MeV [250]. TheX (3940)

is observed in the inclusive mass spectrum recoiling agaisfyg’ meson [160]. An search
for its decay toD™ D™ is performed by studying the"e~—J/) D®) X, where theJ/i
and theD™ are exclusively reconstructed, and the invariant mass efXttsystem is
consistent withD or D* [160, 250]. A clear enhancement in thi& D spectrum is ob-
served, while a broad structure is observed in fh@ spectrum. An exclusive search
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of the X' (3940) decay to the//i)yw final state is performed, but no significant signal is
found [160]. TheX (4160) is observed in th&* D* mass spectrum. No results are avail-
able by experiments other than Belle.

Since large).(15) andn.(25) signals are observed in double charmonium production,
the X (3640) may be identified as the.(3.5) state. The measured mass is lower than ex-
pectations for this state [14]. However, screened potentiael provides a mass estimate
only 50 MeV /c? higher than the measured value f6¢3940) [109]. The measured width
is consistent with theoretical estimates [251]. AnothesSilole interpretation as the first
radial excitationy.;(2P) of the y.;(1P) meson is favored by the expected large branch-
ing fraction of this state in th® D* final state [1]. This interpretation is challenged by the
fact thatJ”¢ = 17+ particle production seems to be suppressed in double ciméumo
process [129, 130, 145], and by an inconsistency with theeegy ., (2P) width [252].
The non-observation in thé/y)w final state [160] points to the fact thaf(3940) and
Y'(3940) are distinct particles.

The X (4160) was tentatively interpreted as thg(4S) state [253]. They.(3P) in-
terpretation was also proposed [253]. In this scenario tead structure in theDD
spectrum can be due to feed-down from thg(3P)— D*D* decay. The predicted mass
in the screened potential model [109] favors the(3P) assignment. These interpreta-
tions are disfavored by thB®*) D) decay width reported in Ref. [254], that suggests a
ne2(2'Dy) assignment. The interpretation gs (3P) state is also disfavored by the ab-
sence of any signal corresponding to the(2P) in the same production process. It was
suggested [109] that the broad bump observed inAlhe spectrum can be the missing
state. Interpretation as/a* D* molecule was also proposed [255].

2.4.4 Thel ~ states

SeveralJP¢ = 1~ states have been observed in the last years. Such statestene p
tial exotic candidates both for their unnatural propertaesd for the excess of observed
JPC = 1~ states with respect to conventional charmonium model e¢afiens.

These states are observed in ISR production, thus fHéirassignment is clearly es-
tablished.BABAR first observed a state decayingta) =7, with a mass 0f4259 +
8(stat)*Z(syst)) MeV/c* and a width in the rangé0, 90] MeV [40]. This observa-
tion is confirmed by both CLEO [41] and Belle [42]. CLEO alsas#hed for the//y
7% and Jip K™K~ final states and reports for a significant signal of the firstagte
and evidence for the latter. Belle measurest{é260) mass and width to bgt247 +
12(stat) "33 (syst)) MeV /c?, and(108 & 19(stat) £ 10(syst)) MeV. Furthermore a sec-
ond broad structure with mass and width(d608 + 40(stat)*3i*(syst)) MeV /c* and
(226 £ 44(stat) £ 87(syst)) MeV is observed. A preliminary, unpublished updated anal-
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ysis by BABAR [256] confirms the previou¥ (4260) observation and measures a width
of (105 4 18(stat)™5(syst)) MeV. No evidence of any structure in tH608 MeV /c?
mass region is found. Possibilg4260) decay in open-charm channels was searched for
by studying theD™ D®) cross-section in ISR events [257, 258]. No significant digha
found. Searches for decays into hadronic exclusive finestntaining ac meson other
than the observed/yy 77—, J/ip7°=°, or J/y K™K~ modes, were unsuccessfully [41].

The study of the) (25 )77~ final state in ISR production was motivated by the search
of new decay modes of the newly discovel&éd260). A first search performed B§ABAR
resulted in the observation of a peaking structure at a mags®4 + 24) MeV /c* 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 ndt éadnsistent with that of
the Y (4260) pointed to the presence of a new resonance, the limitecdtitatavailable
prevented to clearly establish this. A subsequent anabydBelle confirmed the existence
of the peak observed IBABAR, and reported the presence of another resonance with mass
of (4664 + 11(stat) £5(syst)) MeV /c* and with of (48 + 15(stat) & 3(syst)) MeV [44].

The larger statistic used in the Belle analysis allows taldish that theY (4360) and
Y (4660) are not the same state observed inihe =7~ decay.

The absence of any signal from(4260) andY (4360) meson in open-charm decay
modes motivated the study of thee ™ —~;sr AT A7 [259]. While no signal is observed at
an invariant( A} A ) mass corresponding to the above mentioned resonancesy &ole
hancement is visible close to thg A threshold opening. Fitting the enhancement with
a relativistic Breit-Wigner shape results in a maséi684 3 (stat) "3 (syst)) MeV /c? and
a width of (9213} (stat) "3} (syst)) MeV [259]. The measured mass of the enhancement
is consistent with th&”(4660) mass and with predictions for thg(5.S) state [260]

Recently CLEO reported an analysis of the™ —7 7~ h.(1P) [192]. The measured
cross-section at a CM energy 460 MeV /c? is larger than at170 MeV /c?. Unfortu-
nately, this excess is not statistically significant to deiee if it originates fromy"(4260)
resonant production [192].

The interpretation of these states as conventional chatmostates are disfavored
by the fact that no/”¢ = 1~ state is predicted at a mass close to the observed one,
and by the absence of any evidence of decay into open-chameerged potential models
predict the mass for the(45), v(3D), and(6S5) to be4273 MeV /c?, 4317 MeV /2,
and4608 MeV /c? [109]. Such results do not take into account complicatedD mixing
effects, that can explain the actual discrepancies witrtéasured mass of thé(4260),
Y (4360), andY (4660) resonances. In any case, this assignment is far from beimg co
clusive [109]. Interpretation as a hybrid [261] is suppdrby a general selection rule
that forbids the decay of #@-wave hybrid into anS-wave D*) D™ final state [69].
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Furthermore, a large branching fraction to thé, final state is expected [68]. While
first lattice calculations of the lowest-lying charmoniurybhid mass predicted a value
close t04200 MeV /c? [262], more recent calculations [263] find a vake200 MeV /c?
larger, that is only marginally compatible with the measuY&4260) mass. The same
calculation favors models where th&4260) is a D; D or D°D*° molecule [264]. Sim-
ilar results are obtained in Ref. [265]. The distributiontleé dipion invariant mass in
the Y'(4660) decay points to the presence of a lar§€980) contribution. Interpreta-
tion as ay(29)f,(980) molecule was proposed [266, 267]. Due to isospin symmetry
an n.(25) f0(980) molecule is expected at a mass of abééits MeV /c?, with domi-
nant decay t0).(2S)rm [267,268]. In this picture, the((4630) and theY (4660) can

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

as acscs tetraquark inP-wave state was proposed [94, 270, 271]. Authors of Ref. [94]
predict that the decay t®, D, should be dominant. Furthermore, an isospin partner of
this tetraquark decaying td/y) 77~ 7% is expected [261]. The calculation of thecs
tetraquark mass performed in Ref. [265] is consistent vhthalue measured for the
Y (4360). Thus interpretation of th& (4260) as acscs tetraquark is problematic. Pos-
sible interpretation a$’-wave cqcq tetraquark was proposed [265]. However, different
calculations of the mass of this state give quite differesttts that can be either consis-
tent [272] or inconsistent [265] with the measured valuee Pkculiar decay pattern of
the Y (4260) andY (4360), where each state has a prominent decay Jtito or /(25),

with an apparent suppression of the decay into the othenair@um state, has triggered
the idea othadrocharmoniunf98, 99]. In this picture, the exotic resonance is composed
by a charmonium core, embedded into light quarks matter biual strong interac-
tions. The existence of thE(4260) state as real resonant state has been questioned by
many authors that suggest that it may be an artifact origngdtom coupled channels
effect [103], or interference between thee™— J/ip wm, ete™—1)(4160)— J/p mw, and
ete”—)(4415)—J/p mw amplitudes [273]. Similarly, th& (4630) was suggested to be
an artifact originating from the interference between the&e —¢(25)nT,
ete”—=1(4160)—(2S)mw, and ete”—1(4415)—1(2S)mm amplitudes [274]. Con-
cerning theX (4360), it should be noted that near-threshold enhancements @ataré
observed in several processes, kike~— A/ [275]. However, they do not usually create
peaking-like structures, but smooth shapes.

2.4.5 NewJ/iy ¢ states

The search of structures in thi&) ¢ mass spectrum is motivated by the prediction that a
ccss tetraquark is expected to have sizable branching ratiasdittal state and a mass in
the range [4270,4350][eV /c? [276]. A first CDF measurement has reported an evidence
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of a resonance-like candidate, dubBé@i140), with a significance 08.8¢ [277]. A sub-
sequent analysis performed by using a two times largesst#{278] has confirmed the
previous evidence with a significance of more thhanand has reportedalo evidence
of another structure at a mass of about 42%€V /c?. The J/i ¢ final state is studied in
Bt—Jrp oK+ decay. The measured(4140) mass and width arét143.4727(stat) +
0.6(syst)) MeV /c? and(15.315%* (stat)£2.5(syst)) MeV [278]. The measured mass and
width for the second structure arei274.4%83(stat) + 1.9(syst)) MeV/c®> and
(32.37219(stat) + 7.6(syst)) MeV.  The measured branching fraction ratio
Ry 10y = B(BT—=Y (4140)K*) x B(Y (4140)—=J/) ¢)/B(BT—=J/p oK) value is
0.149 £ 0.039(stat) + 0.024(syst) [278].

Belle has searched for th&(4140) using the same production mechanism, and found
no evidence of it [279]. Due to small detection efficiency miee .J/ ¢ threshold, the
upper limit on the branching ratio 8(B*—Y (4140) K) x B(Y (4140)—J/ ¢) < 6 x
107%. Using the world-average value f&( B*—Jip ¢ K*) = (5.2 £ 1.7) x 107>, one
gets Ry 140y < 0.115, that is not in contradiction with CDF measurement, corrsnde
its large uncertainty. A recent search by LHCb [280], perfed by using a data sample
about three times larger that CDF one [278], has given negatisults. The measured
upper limits onRy 4140y ranges between.04 and0.07, depending on the shape used to
parameterize the background. This measure seriouslyecigalpreviously reported CDF
observation.

Several interpretations were proposed for Yn@140) and theY (4270), including a
D** D*~ molecule [247,255,281-289], an exatic" hybrid [287], accss tetraquark [290],
and an effect of the//i) ¢ threshold opening [291]. Some arguments were raised dgains
the interpretation as a standaf@state [292] and scalab** D~ molecule [293, 294].
Authors of Ref. [247] predict, in thé®** D*~ molecule picture, the product of the two-
photon width times the decay branching ratip, (Y (4140)) x B(Y (4140)—.J/i ¢) to be
sizable, with large theoretical uncertainties.

Belle searched for th&(4140) in two-photon production and found no evidence of
it [295]. Furthermore, Belle has reported evidence of aovastructure with a mass equal
to (4350139 (stat) £ 0.7(syst)) MeV /c? and width(1315®(stat) & 4(syst)) MeV. The
structure, dubbed (4350), has a significance &f20. The measured mass is inconsistent
with that of theY'(4140). Interpretation of theX' (4350) asx”, was suggested [245]. Other
interpretations as an exotic state are similar to the ongggsed for the”(4140) [285,
286,290, 296, 297].
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2.4.6 Charged states

Belle reported the evidence of the narrédi{4430)~ decaying inta)(2S5)7~, with a sig-
nificance of 5.4 [298]. This state was studied in the decBY—(2S)7~K+. The
Dalitz plot of this decay is dominated by the presence offligesonances. In a previous
analysis by Belle, a veto was applied to remove such corioibsi[299]. In a more recent
analysis, a Dalitz plot analysis was performed [298]. Bathlgses report the same value
for the masg4433*115(stat) 13 (syst)) MeV/c? [298]. The measured widths are equal to
(45718 (stat) T3 (syst)) MeV and(10755 (stat) Tl (syst)) MeV, in the first [299] and lat-
ter [298] analysis, respectively. These measurementoamestent within the large uncer-
tainties of the latterBABAR has searched for th&(4430) in both.J/iy 7~ and(2S5) 7~ fi-

nal states, but no evidence of resonance-like structuselsden found [300]. In this analy-
sis,BABARhOas performed a study of the reflections of ttiesystem in the//y (¢(25) )7~
mass spectrum, and found that such reflections reprodueewdsl, without the need
of any additional resonant structures. The upper limit 2 3fbnfidence level on the
branching fraction produd8(B°— Z(4430)" KT) x B(Z(4430)"—(2S)n~) reported
by BABARIs 3.1x10~°. This is notin contrast with the measured valge 5 5-3) x 10~°
reported by Belle [298]. No analysis of thig) 7~ final state has been reported by Belle
so far.

Belle reported an evidence of two more stat8g {050)~ and Z,(4250)~) with non-
zero electric charge in the final statg 7~ [301]. These states were foundii—y 7~ K,
whose Dalitz plot is dominated by th&* resonances. A Dalitz plot analysis is per-
formed. The solution with two resonant structures is fasongth respect to the one
with no resonant contributions, with a significancesdfo. The mass of these states
are(4051 £ 14(stat) T3 (syst)) MeV /c? and (4248133 (stat) 33 (syst)) MeV /c?, respec-
tively. Their widths aré82"3L(stat) "3 (syst)) MeV and(177+§§(stat) 219 (syst)) MeV,
respectively. The reported branching fractlonﬁSB —ZTKT) x B(Z7 = xar™) =
(3753 (stat) ™35 x 107° andB(FO—>Z;K+) x B(Zy —xarm™) = (4723 (stat) T5%7) x
1075. BABAR has searched for th&; and Z, in the same final state [302], with an
analysis technique similar to that used for tHé analysis [300]. No significant signal
for an exotic resonance is found. The obseryedr— mass spectrum is well described
by the reflections of thé{* meson. The upper limits at 90% confidence level on the
resonance branching fractions #€5 — Z; K~) x B(Z{ —xar~) < 1.8 x 10~% and
BB =7 K~) x B(Zf —yan~) < 4.0 x 10-°. These results disfavor the existence
of the Z; and Z; resonances. However, the measured upper limits are natisaffy
stringent to refute Belle claims. More insight on these dethatates will be provided in
the near future by experiments at hadronic machines likatfew and LHC.

If future experiments confirm the observation of resonaatest with non-zero net
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electric charge, this will be a striking evidence of a stai#an unconventional nature,
since it would be inconsistent with the electric neuty@l structure. Interpretation as a
D*~D? molecule [92,303-306%ucd tetraquark [307] or hadrocharmonium [98,99] have
been proposed. Molecular models provide a natural sugpres$ the Z(4430) decay

to open-charmD®)~ D™ final states, while these modes are likely to be dominant in
the tetraquark picture [308]. In the tetraquark pictureapproach based on th&/(3)
symmetry predicts the existence of strange partners of {i¢30)~ decaying toJ/y) K*
and.J/y K2 [309]. Non exotic interpretations have also proposedZhet30)~ could be
interpreted as a radial excitation of thg meson [310] or it could be an artifact due to
D, D* rescattering [104, 105,107, 108]



Chapter 3

The B.B. experiment

3.1 Introduction

In this Chapter, after a brief overview of the PEPH}actory, we describe thBABAR
detector. EaclBABAR subsystem is described, and we point out the solutions addpt
match the demanding performances required by the physigsam.

3.2 B-factories overview

The experiment8ABAR [311] and Belle [312] operated at the PEP-Il and KEKB
factories were designed to study th® violation in the B system. Th&"(45) resonance
provides a very clean environment fBrreconstruction, with a very favorable ratio if
production frome* ande~ beams compared to lighter quark pair$td) /o (qq ) ~ 0.28).
Asymmetrice™ ande~ beams provide a boost to the produdeédneson pair, allowing
for reconstruction of3 flavor as a function of time of flight through the separationhaf
B vertices in the lab frame. The concept of asymmefitactories was first proposed in
1987 by Pier Oddone [313]. He proposed that the best way thusmand studys parti-
cles would be to construct an asymmetric collider that covddite a separation in space
between the decay products of individualand B mesons. In fact, unlike symmetric
beams, the3 particles are carried downstream in the direction of thééignergy beam
and due to this forward boost the distances between theatydesrtices is large enough
to be measured. This configuration allows to study time-ddpetCP asymmetries.

Thanks to the high cross-section far production,o(c¢) = 1.3 nb, the B-factories
are, in fact, als@harm-factories becoming a very attractive environment to stoplgn
charm and charmonium spectroscopy. Furthermarean also be produced by the ISR
and two-photon fusion mechanisms.

BABAR and Belle operated in the last fifteen years and collecteditabd ab ' of

41
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data. TheBABAR and Belle experiments are very similar, with some importifier-
ences: the KEK-B/Bellds factory has a nonzero beam crossing angle (4.2 mr) at the in-
teraction point (IP), whereas the PEFPBHWBAR B factory has a more traditional collinear
IP. The particle identification method also differs betw®&aBAR and Belle: as will be
described in section 3.4.BABAR uses quartz bars to internally refléerenkov light to

a backward-mounted detector (the DIRC), whereas Belle ansererogef:erenkov de-
tector. In additionBABAR has a 5-layer silicon vertex detector (SVT, see sec. 3.4dl) t
can perform standalone tracking, whereas Belle uses ae3-$dljcon vertex detector. In
Fig. 3.1 we show a sketch of tlBABAR detector, where we indicate the location of each
subdetector. The longitudinal section is shown in Fig. 32 PEP-II accelerator ceased
its operations o April 2008, having integrated 55315 '. KEK-B ceased its oper-
ations in 2010, having integrated more than 1 'abBoth machines reached luminosity
values far beyond the design ones.

Figure 3.1: ThéBABAR detector, where each subdetector is indicated.

3.3 The PEP-Il asymmetric collider

The design of PEP-II is shown in Fig. 3.3. The &6V electrons and 3.GeV positrons
are injected in PEP-II from the SLAC linac via bypass linegha linac gallery. They
collide in the single interaction point of PEP-II, wheBeBAR s situated. The collisions
take place inside a beryllium beam-pipe, with a diameter®ti. The beam parameters
are listed in Table 3.1. PEP-Il surpassed design goals batistantaneous and in average
integrated luminosity.
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Figure 3.2:BABAR detector longitudinal section.

The energy in the center-of-mass system (CMSYis= 10.58 GeV, which corre-
sponds ta"(45) resonance. With this configuration, the CMS moves in lalooydtame
with a relativist boost ofiy = 0.56, which gives an average separation between the two
B (coming from7'(45) decay) vertexes ofycr = 270 um. The cross-sections of pro-
duction of fermionic pairs at CMS energy are shown in Tabk 3.

PEP-II data operations started in 1999 and ceasedohpril 2008. Most of the data
were taken at th& (4.5) resonance (on-peak). Approximately 10% were taken 40
below the resonance peak (off-peak), where there i¥ fi®) resonance production, to
provide a control sample of noBB events in data (see Fig. 3.4). In the last period of
operation PEP-II also ran &t(3S) and 7' (2S) resonance energies. A scan above the
7(45) region was also performed. The total integrated luminogitsing the duration
of the experiment was 432.89 ' at 7'(45) resonance, 30.2 ' at7'(3S) resonance,
14.45fh~" at 7'(2S) resonance and 53.85 ' at off-peak energy. A plot of PEP-II
integrated luminosityBABAR recorded integrated luminosity as a function of time and
integrated luminosity per day is shown in Fig. 3.5. Duringedaking, PEP-II integrated
553.48fb~!, while BABAR recorded 531.48>'(which corresponds to an efficiency of
96.0%).
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Figure 3.3: The PEP-Il asymmetric storage ring and the SLiA€al accelerator. The
SLAC linac is the injector for PEP-II. The single interactipoint of PEP-Il is at Interac-
tion Region 2, wher8ABARIs 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
ore (pm) 110 120

o1y (pm) 3.3 4.1

or. (Mmm) 9 1.75
Luminosity (1033 cm—2s71) 3 11-12
Luminosity (pbt/d) 135 891

Table 3.1: PEP-Il beam parameters. Values are given fordabigd and for typical collid-
ing beam operations. HER and LER refer to the high energgnd low energy:* ring,
respectively.o,, or,, ando;,. refer to the R.M.S. horizontal, vertical, and longitudinal
bunch size at the IP.

| ete”— | Cross-section (nb)

bb (045) 1.05
cc (o) 1.30
s5 (0s3) 0.35
utl (Oyz) 1.39
dd (043) 0.35
777 (0,) 0.94
php~ (o) 1.16
ete™ (0.) ~40

Table 3.2: Cross-sectiomsof production of fermionic pairs at tHE(4.S5) mass energy in
nb= 10"33cn?.
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CMS energy. We show the two regions corresponding to on-pedloff-peak energies.

As of 2008/04/11 00:00 As of 2008/04/11 00:00

Bt 4 B BaBar No
& BaBar g, F Rl ]
; r un 1- / : 8001 I Delivered Luminosity —
£500—  PEP Il Delivered Luminosty: 553.48/fb © [ [ Recorded Luminosiy ]
o [ BaBar Recorded Luminosity: 531.43/fb B 8] - B
£ L BaBar Recorded Y(4s): 432.89/fb 4 0] 7000 .
g L BaBar Recorded Y(3s): 30.23/fb i a L A
a L BaBar Recorded Y(2s): 14.45/fb | é‘ r ]
A 2 L i
g 400|— Off Peak Luminosity: 53.85/fb o L 4
1 € 600 —
T 4 £ F B

£
o B 5 C i
2 J 4 r ]
£ ] 500 J
300 [ g:’c:mekﬂ Luminosit ity Y(2s) : :
200 - 4
100 L ]
I
ol M L

N
Q > g o » o © 4 ® § & & & & & & &
¢ o & $ & § S ¢
& & & & &£ & & 5 f LA A A

Figure 3.5: Left: PEP-II BABAR integrated luminosity since startup. Right: PEP-II -
BABARIntegrated luminosity per day.



46 The BABAR experiment

3.4 TheBaBar detector

The BABAR detector resembles the other general purpose detectatsrubegh-energy
physics, with some features that address the demandings\alr fphysics analyses.
Charged-patrticles resulting from the interaction areatett and their momenta are mea-
sured, by a combination of five layers of double-sided silioocrostrip detectors (SVT)
and a 40-layer drift chamber (DCH). Both systems operatéeénlt5 T magnetic field
of a superconducting solenoid. Photons and electrons ardifieéd in a CsI(TI) crys-
tal electromagnetic calorimeter (EMC). Charged-partidentification (PID) is provided
by the specific energy lossl//dx) in the tracking devices, and by an internally re-
flecting, ring-imagingCerenkov detector (DIRC). Muons add® mesons are identified
in the instrumented flux return (IFR) iron of the magnet. Ie tbllowing sections we
describe the several subsystems that compos&4BeR detector and we also discuss
trigger techniques used to suppress uninteresting evé&nither details may be found
elsewhere [311].

3.4.1 Silicon Vertex Tracker

Together, the SVT and the DCH form the charged patrticle trackystem. Precise and
efficient measurement of track 4-momentum is necessaryfioreiconstruction of many
tracks final states and to provide good mass and vertex tesaluAn image of fully
assembled SVT is shown Fig. 3.6.

Beam Pipe 27.8mm radius

Layer 5a

//// > \\gtzif::
oS

\ Layer 3
W\

Layer 2
//
/

I\

Layer 1

I

Figure 3.6: Fully assembled SVT. The sili- Figure 3.7: Transverse section of the SVT.
con sensors of the outer layer are visible, as

is the carbon-fiber space frame (black struc-

ture) that surrounds the silicon.

The SVT is the most important subdetector ¢d@P-violation studies aBABAR, since
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Figure 3.8: Longitudinal section of the SVT.

it provides a precise measurement of ftheneson decay vertex. Furthermore, the SVT
should provide standalone tracking for soft tracks with reatom less thah20 MeV /¢,
which is the minimum momentum that can be reliably measurdéda DCH.

The SVT is composed by five layers of double sided striplétsosi detectors (Fig. 3.7.
Strips on the opposite sides of each layer are orthogapatrips run parallel to the
beam axis and strips run transverse to the beam direction. The 5 layergaatively
long radial separation between SVT detector layers pravadle standalone track pattern
recognition and refinement of drift chamber tracks via addibf SVT hits.

The SVT detectors are composed of 30 thick n-type substrate with™ andn™
strips on opposite sides. The bias voltage ranges from 25 ¥ Bhe layers of the SVT
are divided radially into modules, shown as line segmenisgn3.7. The modules in the
inner 3 layers are straight along thexis, while those in layers 4 and 5 are arch-shaped,
as shown in Fig. 3.8. The arch design was chosen to minimeaurtiount of silicon as
well as increase the angle of incidence of tracks origimggaitthe IP which cross the arch
“lampshadesnear the edges of acceptance. The total active siliconiai@86 nt.

The strip pitch (width) varies from 50 to 21am depending on the layer (inner lay-
ers are more closely bonded). The strips are AC-coupledetelctronic readout. Only
approximately half the strips are read out. The signal ia timaplified and discriminated
with respect to a signal threshold by front-end electranit¢®ge time over threshold of the
signal is related to the charge of the signal and is read othdyata acquisition system
for triggered events. The resulting information on the zaion energy losgE /dx pro-
vides a20 separation between kaons and pions up to a momentustiodfleV /c and
between kaons and protons abav@eV/c.

The offline reconstruction has the responsibility for thgrahent of each SVT mod-
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ule. Alignment is critical for the accuracy of vertexing aoidtrack reconstruction, and
is done in two steps. The local SVT alignment uses dimuon asdhc ray events to
calibrate the relative position of each of the 340 moduleke lobal alignment then
determines the overall position and rotation of the SVT wa$pect to the DCH.

The proximity of the SVT to the interaction point demands fthatand a high dose
of integrated ionizing radiation, up to a lifetime-intetpd dose oR Mrad. To limit the
exposure, the SVT includes a radiation protection systamisting of PIN diodes (doped
p-type and n-type semiconductor regions separated by m@msictsemiconducting region)
and diamond diode sensors located in close proximity to #arb These monitors can
abort the colliding beams in the event of sudden high inatatus or prolonged back-
ground levels that could damage the hardware components.

The SVT performed according to design essentially sincen@sption. A combined
hardware and software hit-finding efficiency greater tha®o 9%as observed, excluding
the 4 (out of 208) readout sections which were defectivegI8ihit resolution for tracks
originating from the IP averages 20n in bothz and¢ for hits on the inner 3 layers and
40 um in z and 20 ing for hits in the outer 2 layers.

3.4.2 Dirift Chamber

The BABAR DCH surrounds the SVT and complete the tracking system. TQH pro-
vides accurate momentum measurement for tracks with tesss\momentump, larger
than100 MeV /c . The DCH also provides particle identification informattmased on the
measurement of théFE /dx for low momentum particles{ 700 MeV /c ), and those in
the extreme forward and backward directions that fall aet$he geometric acceptance
of the DIRC. Finally, reconstruction of long lived partislsuch ag<® is mainly based on
DCH information.

The DCH is 3 m long, has an inner diameter of 24 cm and outer etianof 84 cm.
The final design adopted for the DCH is illustrated in Fig. 3t% composed by hexago-
nal cells consisting of one grounded gold-coated tungdtenium sense wire surrounded
by six gold-coated aluminum field wires held at more than 1900 a 80:20 mixture of
helium:isobutane gas. The choice of low-mass aluminum-faeids and of a helium-
based gas mixture is aimed at reducing the material buddeitahe effect of multiple
scattering on the momentum measurement. The hexagonateli§ are arranged in 40
cylindrical layers; the layers are grouped into 10 supensy Two of the four layers in
each superlayer are directed along thaxis, while the other two are set at small stereo
angles relative to the two axial layers, thus providing a sneament of the longitudinal
(z) position of tracks with good~ 1 mm) 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.
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A charged particle coming across the DCH ionizes the gaseléarons from the
gas ionization drift trough the sense wire and are acceldyahus producing a negative-
charge shower that can be detected. The position of the prifoaization clusters is
derived from timing of the leading edge of the amplified siginam the sense wire,
while the total charge induced on the wire is a measure ofdh&ation energy loss.
The DCH has a typical position resolution bf0 pym, anddFE /dz resolution of7.5%,
that were determined using Bhabha events. In Fig. 3.11 we #w position resolution
dependence on the distance from the sense wire, as well asired@F~ /dx as a function
of the particle momentum
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Figure 3.11: (left) DCH drift distance resolution as a fuoetof the drift distance in the
cell. (right) DCH particle identification as a function of mentum usinglF /dzx.

The achieved resolution on transverse momentum is
0p/pe = (0.1340.01)% - p; + (0.45 + 0.03)%, (3.1)

wherep; is given in units ofGeV /c. The first contribution comes from the curvature error
due to finite spatial measurement resolution; the seconttibotion, dominating at the
low momenta, is due to multiple Coulomb scattering.

3.4.3 Cerenkov Detector

BABARhas stringent requirements for— K separation over a large momentum range.
The DIRC (Detector of Internally Reflecte@erenkov light) principle uses internal
reflection within quartz bars to propagaferenkov light to readout phototubes while
preserving th&€erenkov angle. This requires extremely flat surfaces ieraavoid the
dispersion of the reflected angles. Therenkov angle contains information on particle
type via the relatioros 6. = 1/(nf3), with 3 being the particle velocity normalized to the
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Figure 3.12: View of the DIRC mechani- Figure 3.13: DIRC sketch showing the

cal structure. principle behind Particle IDentification
(PID) measurements. Th@erenkov an-
gle is preserved through specular internal
reflection.

speed of light, and. being the mean refraction index (1.473 for fused silica). Fused,
synthetic silica quartz bars are used as lé@¢henkov radiator and light guide thanks to the
excellent optical surface it allows through polishing, adlas other favorable properties
such as long attenuation length, low chromatic disperssomall radiation length, and
radiation hardness. Furthermore, silica bars minimizentlagerial to be put in front of
the calorimeter. At the backward end of the bars, the phopaiss through a standoff
box filled with purified water that has refractive index £ 1.346) similar to the silica
one, so that refraction at the silica-water boundary is mipéd. A mirror is placed at the
opposite end the standoff box to collect light internallfleeted toward the opposite end
of the detector. The rear surface of the standoff box isumsénted with photomultiplier
tubes (PMTs), which collect the photons, convert them toted@s with photocathodes,
and amplify the signal using the gas-avalanche principketh® standoff box is located
outside the solenoid magnet, it is possible to limit the negigrfield in its volume to about
1 Gauss with a bucking coil that counteracts the field of tiersmnd, so that conventional
PMTs, which do not tolerate high magnetic fields, can be u8esthematic view of the
DIRC and its functioning are shown in Figs. 3.12— 3.13.

The emission angle of théerenkov photons are reconstructed from the spacial coor-
dinates and the timing of the PMT signals. Tberenkov coordinateg{, ¢ andd,) are
then obtained via a maximum likelihood fit. The measured ties®lution,.e. the time
interval between the, 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 angpgeviding an inde-
pendent measurement of tBerenkov angle, and is critical for background hit rejettio
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resolving ambiguities, and separation of hits from difigriracks within an event. In
Fig. 3.14 we show the effect of applying PMTs timing requiegns to the DIRC output
in a dimuon event.

Figure 3.14: Display of am™e~ — ptu~ event reconstructed iBABAR with two dif-
ferent time cuts. On the left, all DIRC PMTs with signals viftthe 300 ns trigger
window are shown. On the right, only those PMTs with signaihiw 8 ns of the ex-
pectecf:erenkov photon arrival time are displayed.

The DIRC performed well throughoABAR's operational lifetime: The&erenkov
angle resolution for dimuon events was 2.5 mrad, close ta#sggn goal of 2.2 mrad.
This resulted inr — K separation of 4.2 at a momentum o3 GeV. The distributions of
the Cerenkov angle, as function of the momentum, for a contnwipe of r and K are
shown in Fig. 3.15.

3.4.4 Electromagnetic Calorimeter

The design parameters for tBaBAR EMC are driven by the requirements of precisely
measuring energies over a spectrum fromM20/ up to 9GeV, in a 1.5 T magnetic field
and a high radiation environment. At the high end of the enspgctrum, measurements
of QED processes such as Bhabha and two-photon scattesinglieas (at slightly lower
energies) photons from the critical physics proces3és:7°7° and B°— K*~ decays,
present the motivating incentive. The need for efficiened&gbn of photons from high
multiplicity B decays containing®’s determines the requirement for the low end of the
energy spectrum.

BABAR uses a thallium-doped cesium iodide (CslI(Tl)) crystal galeter in order to
achieve the necessary energy and angular resolution tothesst physics requirements.
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Figure 3.15: Cerenkov angle distributions, as a function of the momentton (left)
7w and (right) K events from control sample. The control sample use®is —
DY (— K—nt)n™.

The EMC is formed by a cylindrical barrel and a conical endddpe longitudinal section

of the EMC is shown in Fig. 3.16. The crystals have nearly sgfrant and rear faces,
with a trapezoidal longitudinal cross-section. Two sitid8IN diodes mounted on the
rear face of each crystal are used to readout the sciraiifiiht. The section of a typical

EMC crystal is shown in Fig. 3.16

Several calibrations of the EMC were performed, by the usa otutron source,
a xenon flash light pulser system, high energy photons frombBa process, and low
energy photons from a" control sample. The clustering pattern recognition use=ed s
crystal algorithm to recognize energy clusters. Local gnenaxima within a cluster are
used (if there are more than 1) to separate the cluster impbuCharged particle tracks
are associated with bumps usingaconsistency requirement.

Energy resolution, using.; —J/i»y and Bhabha scattering events, was found to be

op _ (2:32£0.30)% @ (1.85 +0.12)% (3.2)

E 1\/E(GeV)

and angular resolution, using andn decays, was found to be

(3.87i 0.07

+0.00 +0.04 | mrad (3.3)
E(GeV)

In both cases, the first term is due to fluctuations in the nurob@hotons and to
electronic noise of the photon detector and electronicdgewthe second term arises from
the non-uniformity of light collection, leakage and absap 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(TI) crystadl @ead out package. (right)
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3.4.5 Instrumented Flux Return

Detection of neutral hadrons (primarily;’s) and muons is necessary for sevéBaBAR
analyses: muons are important f@k) reconstruction, semileptoniB decays studies,
and B flavor tag; K reconstruction is critical for th&°— J/y) K? and B~ K chan-
nels. The main requirements of tlB2BAR IFR is a large coverage angle and a good
discrimination efficiency for muons with momentum as low &SeV /c.

The IFR is composed of one barrel region and two endcapsayitait is illustrated in
Fig. 3.17. The IFR uses the steel flux return of the magnet asanrfilter and hadron
absorber. It was originally equipped with layers of regesplate chambers (RPCs) In
addition, two layers of cylindrical RPCs were installedvaet¢n the EMC and the cryostat
of the magnet to improve the matching between IFR and EMC shavwResistive plate
chambers consist of two highly-resistive bakelite plariesedly separated by a gap filled
with a gas mixture, held at a large potential voltage. Thalasurface of the bakelite is
smoothed with a linseed-oil coating, so that the electrid i uniform, thus preventing
discharges in the gas and large dark currents. The RPCgepefatreamet mode: par-
ticles passing through the chamber ionize the gas, and giedhigh voltage accelerates
the resulting electrons into a controlled gas-dischargdéaache. The streamer signal is
collected by inducing a charge in capacitatively-coupkatrout strips outside the RPC.
The gas gain in streamer mode is sufficient to produce a laggalsndependent of ini-
tial ionization, greatly simplifying the electronics readt. A cross-sectional diagram of
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Figure 3.17: Overview of the barrel sectors and forward aaxktvard end doors of the
IFR. The shape of the RPC modules and their dimensions in ranmdicated.

a planar RPC is shown in Fig. 3.18.

During the first year of operation, a large fraction of the RR@lules suffered signif-
icant losses in efficiency. It was found that linseed-oilpdets had formed on the inner
surface of the bakelite plates, probably because of highhatipg temperatures>( 37°
C). These accumulating droplets, under the high electiit, fomuld “bridge the gapbe-
tween the plates, leading to discharge and large detecéor @eas. In 2002, new RPCs
constructed under much stricter tolerances were instaikedthe forward endcap. The
backward endcap was not retrofitted, as its acceptance i@Nh&ame is small. In the
barrel, the RPCs were replaced with limited streamer tub8% Y during two installation
phases, in 2004 and 2006.

The LSTs consist of a PVC gas-filled cells with grounded grtaptoated walls and
a central gold-plated beryllium-copper anode wire heldighlvoltage (Fig. 3.19 and
Fig. 3.20). Similar to RPCs, the gas operates in streameemden ionized, with the
charge collected on the high voltage sense wire while samelusly inducing a charge
on a plane, which is mounted below the tube. The LSTs are radunith the wire
directed along the beam, thus providing information abbetazimuthal angle of the hit.
The induced charge on the plane is detected using coppes perpendicular to the wire
direction and conveys thecoordinate.
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Figure 3.19: Sketch of an 8-cell module (top), and photo of & partially inserted in
the sleeves (shown at the bottom of the picture).

3.4.6 Trigger

The BABARtrigger needs to select interesting events with high eficyewhile rejecting
most of the background arising from physical processes asi@habha events. The total
output rate should not be higher than 120 Hz, to satisfy cdimguimitations of the
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Figure 3.20: Diagram of a prototypical limited streameretub

offline processing farm. Events with either a DCH track ar 400 MeV EMC cluster
occur at 20 kHz, thus the trigger is responsible for scalimg tate down by a factor of
more thanl50 while accepting over 99% aB events, 95% of hadronic continuum, and
90% of 77~ events. The trigger should also be flexible enough to dedl @hinging
background conditions.

The BABARtrigger is implemented in two levels, a Level 1 hardwaregeig(called
L1), and a Level 3 software trigger (called L3); a Level 2 ¢eg is used in some other
high energy particle physics experiments, but was not reed3ABAR

The L1 trigger uses information from basic tracks recomsion from the DCH and
presence of energy deposit in the EMC to trigger interestivents. It may also trigger
independently on DCH and EMC by using IFR information togag events with muons
or cosmic rays. The combined L1 Trigger efficiency is lard@nt99.9% for genericBB
events99% for continuum, and4.5% for 77~ events.

The L3 trigger refines the selection from L1 trigger, to fertlieduce background
events. The L3 DCH algorithm fits L1 tracks to helices and ik @b determine the
impact parameter of the tracks. The impact parameter irdbam allows to efficiently
reject machine backgrounds such as beam-gas interacti&wvents that passes the L3
trigger are then stored to be reprocessed offline and usedlpses.
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Chapter 4

Analysis of yy—KIK* 7T and

WW%K_FK_?T_'_?T_?TO

4.1 Introduction

This  thesis is aimed at studying the yv—KK*rF  and
y—K+*K-ntn~7° process.

The yv—K2K*x¥ process is known to show cleay(15) [158, 196, 314] and
n.(25) [196, 315] signals. The.(2S) parameters are measured with poor experimen-
tal precision [49]. To date, the most precise single measent of 7.(2S) width was
obtained byBABAR in this process with a dataset corresponding td88 [315]. Belle
recently reported a measurement [157] with a better patisith respect to that of the
BABAR one [315]. We update thBABAR measurement by using the firBABAR dataset
corresponding to 519 ' of data to provide a precise measurement ofitfi2S) mass
and width. They.,(1P) cannot decay td&?K*=F, due to spin-parity conservation that
forbids the decay of d&” = 0" resonance to this final state

The ywv—=K*K-nt7— 7" process has never been studied before. A search for the
n:(25) decay to KK - 7tn~7 in the ¢ (25)—~yn.(2S) process was performed by
CLEO [162], but no significant signal was found, probably du¢he small production
rate [155]. The decay of the,(1P) to K K7 7~ 7° was studied by CLEO [316,317]
resulting in a preliminary unpublished result. The only2.S) exclusive decay mode ob-
served so far igK K7 [49]. Belle presented a preliminary observationef25) decay

1According to the convention commonly used in the spectiegéield, we use the notatiopy— X to
refer to theeTe™—~yvyete™— XeTe™ process.

2The decay proceeds via strong interaction, so bo#ind P are conserved. In th& K *7F system,
let /; be the angular momentum betwek andK*, andl, the angular momentum betweert and the
KYK* system. The final state h&s= (—1)'T11+2_ Since the final state spifiis equal to 0] = I1 + I».
Thus,J = 0 impliesl; = l; andP = —1.

59
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to six prong final states [201]. We study thé&" K 77— 7" decay mode to investigate
possible decays 0f.(15), x.0(1P), x2(1P), andn.(25) to this final state.

The x.2(2P) resonance was observed in two-photon production decagifigll by
Belle [204], and subsequently confirmed ByBAR [205]. We search for its possible
decay into theK K*7F and K " K 7=~ = final states.

We restrict our study tao-tagevents.

4.2 Data and Monte Carlo samples

The analysis presented in this thesis is based on the firedetaiccumulated HBABAR

in the period 1999-2008. Data were collected at energieegponding to the mass of
the?'(nS) (nS = 2, 3, 4) resonances (on-peak). About 10% of data were tetlet an
energy tens oMeV lower than th&"(nS) (nS = 2, 3, 4) resonances mass (off-peak). The
total integrated luminosity used in this analysis is eqad@19.2fb . The breakdown of
this total luminosity in different samples is: 42910 " 7°(45) on-peak, 44.8b~" T (45)
off-peak, 28.0(b~! 7 (35) on-peak, 2.4b~" 7(39) off-peak, 13.6h ' 7'(2S) on-peak,
and 1.4fb~' 7(29) off-peak.

The production of Monte Carlo (MC) events is centralized asés tools shared
among theBABAR Collaboration. The production and decay®B meson pairs and of
the unstable particles is simulated by usingEvé Gen generator [318]. The hadroniza-
tion of quarks is modeled by using the JETSET generator [319¢ detector response is
modeled by using a GEANT4-based Monte Carlo simulation [32&ing into account
the varying accelerator and detector conditions. Largepsesrof simulated events are
used to study the background arising from random combinatad particles in nonyy
events. The simulated dataset samples correspond to #86.3or ¢ (¢ = u, d, s)
events, 868.1h ! for cz events, 726.1h " for 77— events, and 1.36~" for both BB’
andB* B~ events.

The simulation of two-photon events is performed by usirgg@amGamtwo-photon
event generator [205]. THeamGamgenerator uses the BGMS formalism [321], and was
originally developed for the CLEO experiment and later aeldgo BABAR and used in
previous two-photon analyses [205, 315]. In the processiwinwg quasi-real photons, the
differential cross-section for the' e~ —~yy— X, X — f process is given by

olete —=yy—=X—f) =L x F x o(yy—=X) x B(X—=f), (4.2)

whereL is the two-photon fluxf' is a form factor3(X — f) is the branching fraction of
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the X decay to the final statg, and

1—‘tot

3 1y
m
VEm (m? = m%)? + mi T,

o(yy—X) = /47T(2J+ 1)(he)? dnv, (4.2)
holds for a resonance of massy, width I';,; and spinJ. Here K = (q1q2)* — ¢3¢3,
whereg; is the four-momentum of the interacting photon. The formdaé’ accounts for
the extrapolation of the process to virtual photons and iknowna priori. We use the
model proposed in Ref. [322]

1 2 1 2
= (1 - q%/mz) " (1 —q%/mz) ’ (*:3)

with m, being the mass of an appropriate vector bosgn/(», Z°). Since we are in-
terested in studying charmonium states, wemse= m(.J/i). The size of MC samples
used to characterize the different signals is reported loheT4. 1.

Yy—=n.(1S) = KK Yy—=Xca— KUK YY—=n.(2S) KK
4.2M 427K 417K
Y—=1(1S)=KTK- 777" | yy—=xeo—=KTK nFr—n° YY—=Xe2—KTK - ntn— 70
4.2M 427K 427K
Y==K K7t 7% | 7v—=2(3930)=K°K*7¥ | y7—Z(3930)=K T K at7—7°
427K 427K 427K

Table 4.1: Monte Carlo signal events dataset sizes.

4.3 Reconstruction of the decay chain

We reconstruct the decays— K°Kr andyy— KK 7"~ =°. Furthermore we recon-
struct the decayy— K+ K= "r~ thatis used as control sample. TR€ and=® mesons
are reconstructed in their dominant dec#/s—7+7— andr®—~~.

4.3.1 Charged tracks reconstruction

Charged particle tracks are reconstructed from the sgat&ln the SVT and the DCH.
Charged particles trajectory BABARSsolenoidal magnetic field is expected to be an helix.
Multiple scattering, energy loss in material and inhomagees of the magnetic field can
distort the trajectory. An iterative Kalman filter techné&[B23] is used to perform the
pattern recognition of the piecewise-helix trajectory amdletermine for each track the
five parameters of the helix. The full map of the solenoidajnsic field, the detailed
distribution of the material in the detector, and the expeetnergy loss of the particle
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as it traverses the detector are taken into account in tloeitdgn. Dedicated algorithms
are used to improve the determination of the trajectory amtex, identify tracks coming
from interaction in the material and decay-in-flight, andd@ctghostsi.e. non-physical
tracks that arise as reconstruction artifacts.

With the exception of the pions from th€? decay, charged tracks produced in two-
photon collisions are expected to originate from the irdgoa points. For such tracks,
the distance of the point of closest approach of the tradkdartteraction point is required
to be less than.5 cm in the XY plane (transverse to the magnetic field) and less than
2.5 cm along theZ direction (parallel to the magnetic field). We further requihe
maximum momentum of the track to be less thph < 10 GeV/c, in order to remove
tracks that are badly reconstructed.

In order to suppress both low-tracks-multiplicity backgnd from QED and-t 7~
events, and high-tracks-multiplicity background frerre™—qq (¢ = u, d, s, ¢) produc-
tion or BB events, we require to have exactly four charged tracks ieveat.

4.3.2 Charged tracks identification

Prompt charged tracks coming from the interaction pointracpiired to be positively
identified as either pions of kaons.

The n/K separation is achieved by classifiers based on boosted gedatgcision
trees that use both global, such as total track momentum)amadl information from
detectors subsystems, such as the tracking system, the &&@e EMC. The mostim-
portant PID information comes from the specific ionizatioemy loss/E /dx measured
in the SVT and in the DCH, the ratio between the track energyeasured in the EMC
and its momentum, th€erenkov anglé., and the numbel,, of Cerenkov photons re-
constructed in the DIRC. In order to improve the discrimimatpower, some of these
variables are combined using a likelihood ratio techniquiyse output is then used as
an input for the boosted decision tree classifier.

Several PID classifiers are available in BrdBARanalysis framework for pions, kaons,
protons, electrons and muons. Also, each classifier can dx nesjuiring a higher or
smaller purity (thus resulting in a smaller or higher datecefficiency) of the selected
sample.

Auxiliary studies performed by using high-purity contrahsples, show that PID clas-
sifiers used in this analysis have a selection efficiency &6 @8d 87%—-95%, for pions
and kaons, respectively. The probability of a pion to be deistified as a kaon is smaller
than 2%. The probability of a kaon to be misidentified as a pimy be as large as
about 10%. The probability of an electron to be misidentiisch 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 7' reconstruction

A photon candidate is obtained as a single EMC cluster thataiabe associated to any
track in the SVT or DCH. We require the photon enefgyto be larger thar30 MeV.

A 7° candidate is obtained by combining two photons. We comstta 7° mass to be
equal to its nominal value [49]. We reject candidates with &~ invariant mass not in
the range [0.100,0.16@eV /c?, or with an energy in the laboratory frame smaller than
0.200GeV.

We use signal MC events to optimizé selection criteria in thé(* K 77— 7° de-
cay mode. Spurious® signals arise from random photon combinations and cometitu
a large source of background in this decay mode. To discetaiwell-reconstructed’
from fakes, we check if the reconstructed particle is asdedito a MCr® at generation
level. If this is the case, we classify the reconstructéas “Well-Reconstructéd WR)

7%, otherwise we classify it asMis-Reconstructed(MR) #°. In Fig. 4.1, we show the
distributions, for WRz?, MR =%, and different background samples, of the following
variables:

- E,(yl): the momentum of the most energetic photon frohdecay.
- E§2): the momentum of the least energetic photon frdhuecay.

- Hﬁo: defined as the absolute value of the cosine between thaidiret one of the
7V's daughters and af® mother recoil, int® rest frame.

In Fig. 4.2 we show the low-energy region of tﬁéf) and Eﬁz) distributions.  The
shape ofESl) is similar for WR and MR signal events, so we do not apply anyhier
requirement on this variable. We optimize a requiremerE&handHﬁo. Such variables
are correlated at 50% level in both signal and backgrountiss,Twe decide to perform

a two-dimensional optimization on both variables at theeséime, to take correlations
into account. The optimization is performed by usiiiig< 10° WR signal events as signal
sample and0 x 10® MR signal as background sample. We maximize the figure oftmeri
ns/v/ns + ny, Wheren, andn,, are the number of WR and MR signal events surviving the
requirements, respectively. We usex 10? independent WR signal events atick 103
independent MR signal events as testing sample, in ordealtdate our optimization
procedure. We find the optimal requirements toﬂi@ > 50 MeV, and”HWo < 0.95.

4.3.4 KY reconstruction

The K?—n 7~ decay is reconstructed by combining two charged tracks pitth mass
hypothesis. We constrain th€? mass to be equal to its nominal value [49]. We do not
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Figure 4.1: Distributions of (a2}, (b) £, and (C)H_o for yy—K*+K-r*7~ 7" MC
WR signal (solid black), MR signal (red dashed), and IBRK ~ 77~ 7" MC back-
ground (green dotted); (5", () £1”, and ()H_o for yy—K* K77~ 7" MC WR
signal (solid black), MR signal (red dashed), genésiB MC background (green dot-
ted), generiec MC background (blue line-dashed), generits MC background (yellow
line-dotted), and generict 7~ MC background (magenta dot-three points).
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Figure 4.2: Distributions of (a)Egl) and (b) E,(f) , in the low-energy region for
yvw—KtK-ntn~7° MC WR signal (solid black), MR signal (red dashed), genétig
MC background (green dotted), genetitMC background (blue line-dashed), generic
uds MC background (yellow line-dotted), and genericr— MC background (magenta
dot-three points).

apply any PID requirement or any condition on the origin poirthe tracks. We require
the reconstructed dipion mass to be in the range [0.47@MPG&V /2.

4.3.5 Resonance candidate reconstruction

A resonance candidate is obtained by fitting the relevantosurof tracks and on&™ or
7V candidate to a common vertex. We require the vertex fit to laapeobability larger
than 0.1%. We require the total charge of the tracks to bel@égquaro.

4.4 Two-photon events identification

In this section we describe criteria used to select two-gmetents with high efficiency,
while rejecting most of theg annihilation and ISR background. As outlinedin sec. 2.2.3,
the amount of activity in the EMC, and the shape of the kinésahvariables)\/?
pr can be used to achieve such a discrimination.

and

iss

4.4.1 Rejection of EMC noise background

Two-photon events are characterized by a low activity irBENEC. To exploit this feature
we study the following variables:

— Number of extra photons\,): the number of reconstructed photons excluding the
photons expected in signal.
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— Number of extrar® (N_o), the number of reconstructed excluding ther® ex-
pected in signal.

In Fig. 4.3 we showV, andNﬂo distributions for different kind of signal and background
events. We require/_o < 3andN, < 6for K"K 7tr 7% andN_o < 1andN, <5
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Figure 4.3: Distributions ofV, and N_o for (a-b) yy—KtK-nt7~7% (solid black)
and yy—K{K*7™ MC signal (red dashed). Distributions of, and N_o for (c-d)
yy—=K+TK-ntn~n% (e-f) andyy— K2 K*xF MC signal (solid black), compared to sev-
eral backgrounds: generié B MC background (red dashed), genefidVC background
(green dotted), generieds MC background (blue line-dashed), and generic— MC
background (yellow line-dotted).
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for KXK=x¥. In Fig. 4.4 we show ther distribution for K™K~ n+r~ 7" and KY K n+
data samples, and the effect of applyingNl@andNﬁo requirements. We observe a clear
peaking structure gt; ~ 0GeV/c in both decay modes, characteristic of two-photon
events. No peak is observed in the distribution of evenectefl by the requirements.
This indicates that two-photon events survive the selaatiibh high efficiency.
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Figure 4.4: Distributions ofr for (a) Kt K-ntn— 7 and (b) K!K*#¥ data sample
before (no filling) applying requirements M o andN.,,, and the events rejected by these
requirements (gray filled).

As an independent check of the effect of such requiremermgsise thek* K~ 77—
control sample, where prominent(1S), x.o(1P), and x.»(1P) peaks have been ob-
served [199]. In Fig. 4.5 we show, andNWo distributions for the control sample data.
The the effect of requiringV_o < 1 andN, < 5 on the control samplg; and invariant
mass distribution is shown in Fig. 4.6. We observe that alssnabunt 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 the€1.5), x.o(1P), andy.2(1P) signal events are

(b)

Figure 4.5: Distributions of (a),, and (b)NV_o for K* K~ 7=~ control sample data.
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retained. The presence of a prominént peak, whose production is forbidden in two-
photon production, in th& ™ K~ 77~ invariant mass distribution is due to the fact that,
at this stage of the selection, the ISR background is nottesje yet.
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Figure 4.6: Distributions of (g)7 and (b) K K =7~ invariant mass for control sample
data before (no filling) applying requirements 8h o and NV,, and the events rejected
by these requirements (gray filled). In (b), the blue lines@aced at the nominal [49]
masses of (left to right).(1S5), xco(1P), x2(1P), andn.(2S). The red lines are placed
at the nominal [49] masses of (left to rightl, and(25S).
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4.4.2 Rejection of ISR background

The M2, variable is very effective to suppress background from I1&Ripction, which
is expected to show a narrow peak in this variable @t (GeV /c?)? (Fig. 2.4).

We optimize a requirement to reject ISR background contiobuby using the
K+ K-—ntr~ control sample. In Fig. 4.7(a) we show thé&?.  distribution for the data
control sample. A clear peak at/2,. ~ 0 (GeV/c?)? indicates the presence of a
large ISR production. We fit th& ™ K~ 77~ invariant mass spectrum in intervals of
M2, thus obtaining the//, yield distribution as a function af/2 ., which is shown in
Fig. 4.7(b). The peak at/?,.. ~ 0 (GeV/c?)? in the J/i» signal yield distribution proves
that most of the largd/:) signal observed in Fig. 4.6 originates from ISR background.
order to suppress such kind of background we requifg,. > 2 (GeV/c?)%. In Fig. 4.8
we show the effect of applying such a requirement to controifge data. The/y signal

is almost completely removed.
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Figure 4.7: Distributions of (a) events and (b)) signal yields as a function af/>2.__ in
K+ K- ntx~ control sample data.

Two photon process enhancement

A small value of the transverse momentpmis peculiar of the two-photon production
due to the collinearity of the interacting photondwo-photorevents. Background from
ete”—qq (¢ = u,d, s, c) annihilation andB3 B events is expected to have a higher value
of pr, since it usually originates from high-multiplicity evenvhere some patrticle is lost
in the reconstruction. In Fig. 4.9 we show thedistribution for different types of signal
and background events. In Fig. 4.10, we showpth@listribution for candidates selected
with the above mentioned requirements. The distributidittesd with a signap, shape
obtained from MC simulation plus a combinatorial backgmbaomponent, modeled us-
ing a sixth-order polynomial function. A clear signature fao-photon production is
observed.
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Figure 4.8: Mass spectrum of thé+* K77~ control sample before (no filling) re-
quiring M2, > 2(GeV/c?)?, and the events rejected by this requirement (gray filled).
The blue lines are placed at the nominal [49] masses of @efight) 7.(15), xo(1P),
Xe2(1P), andn.(2S). The red lines are placed at the nominal [49] masses of deifght)
Jp andy(25).
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Figure 4.9: Distribution of for (a) yy—K+TK 77~ 7% and (b)yy— K K*rF MC
signal (solid black), generiB B MC background (red dashed), genefdIC background
(green dotted), generieds MC background (blue line-dashed), and generic— MC
background (yellow line-dotted).

The choice on the requirement to be appliedpgnis particularly important since a
tighter pr cut allows the rejection of more background in #h€2S) mass region, but
has the effect of cutting away morg(15) signal. The effect of applying different
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Figure 4.10: The; distributions for selected (K *#F and (b)K* K 7" n~ 7" can-
didates (data points). The solid histogram representsethdtrof a fit to the sum of the
simulated signal (dashed) and background (dotted) caitvis. Figure published in
Ref. [324]

requirements on th& * K~ 7~ 7% and K K*7F mass spectrum is shown in Fig. 4.11.
A further insight in this issue is obtained by using the K~ 7~ control sample. We
fit the KT K~ n"x~ invariant mass distribution in intervals pf in order to extract the
n.(1S) and J/i yield distribution as a function g, (Fig. 4.12). We decide to require
pr < 0.15 GeV/c. In Fig. 4.13, we show the effect of requiripg < 0.15 GeV /c on the
control sample mass spectrum; a small amoumt @fS) and x.o »(1P) signal is lost, but
the requirement allows for a strong reduction of the comtoinal background.
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Figure 4.11: Mass distributions for (& K77~ 7% and (b) K?K*7T decay modes.
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4.4.3 Summary of selection requirements

We summarize here all the requirements, described in theguesections, used to select
the events in this analysis:

e Number of tracks equal to 4;

Resonance vertex fit probability greater than 0.1%;

Prompt tracks satisfy PID requirements for pion or kaon;

N_o <3for K*K-ntn~n° andN_o < 1for K{K*nT decay mode;

N, <6for KT K—nta~ 7% andN, <5 for K!K*nF decay mode;

EY > 30 MeV and EY” > 50 MeV;

Hﬂo < 0.95;

M2

miss

> 2 (GeV/c?)%

pr < 0.15 GeV/c.

4.4.4 Multiple candidates

We have studied the problem of the presence of multiple ciatels in the same event.
After applying the selection requirements summarized i 4e4.3, the number of can-
didates per event is equal to 1.09 and 1.00&ihK ~ 7 7~ 7° and K? K7 T signal MC
events.

In order to select the best candidate, we have tested twereliff algorithms: pick the
candidate with the lowest-, and pick the candidate with the highest resonance vertex fit
probability. We checked that correlations between the resonance vertex probability,
and the reconstructed mass is negligible.

We define a MC candidate #4C Truth (MCT) candidate, if all the reconstructed
particles are associated to the corresponding generateghdii®le at generator level.
For each of the selection algorithms, we define tlgdrithm efficiencyfor selecting the
best candidate as the ratio of the number of MCT candidaéetgsl by the algorithm to
the number of MCT candidates that are present before thetmelie\We show in Table 4.2
the algorithm efficiency foK? K 7T and K+ K ~7 "7~ 7" decay modes.

We checked that candidates rejected by thest candidateselection algorithm don’t
create fake peaks in the resonances mass regions, as shéwm #hl14. Due to this
reason, there is no strong benefit by applying this best datelselection, while one risks
to distortp spectrum. So our final choice m®tto apply any best candidate selection.
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Algorithm K+ K—ntn— 70 Efficiency (%) | KYK*rT Efficiency (%)
Lowestpr 98.7 99.9
Best Vertex probability| 94.8 99.9

Table 4.2: Efficiency of best candidateselection algorithms (see text for details).
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Figure 4.14: TheK " K77~ x" mass spectrum (dots with error bars). The grey his-
togram represents the events rejected by the best candilatgion.

4.4.5 Misreconstruction background

In this section we discuss possible sources of backgrousih@ifrom particle misrecon-
struction. The treatment of combinatorial background frgmevents 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 osenance originating
from particle misidentification. We study if such reflectomay create fake peaks in
then.(15), xco(1P), x2(1P), orn.(2S) mass region.

The misidentification probability of PID selectors usedhistanalysis is 2% for a real
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pion to be misidentified as a kaon ah@; for a real kaon to be misidentified as a pion
(sec. 4.3.2). Thus, reflections arising from double midifieation have a misidentifica-
tion probability in the range [0.2,1.0]%, and are not coasdl.

Taking into account only known resonances decay modestl#®nly decay that can
mimic final states studied in this thesis, as a consequenaesioigle PID misidentifica-
tion, is theX — K** K7~ decay, whereX = x.(1P) or y.(1P) and K**— K27°, with
K?—7t7~. Such decays have been observed [49] with a non-negligiateching frac-
tion and produce th& 7+ 7~ 7~ 7 final state, that can mimic th€* K~ 7+ 7= signal
in case of pion misidentification. To study possible reftatsi of these backgrounds,
we generate thg g~ KK r KK n~— K ntr~ 7 7° decay using a phase
space generator. We study the reflection of thg, mass, in case of prompt pion &’
pion daughters misidentification. X is generated with a neggsl to the nomina. -
mass [49] and a width of 1BleV. In Fig. 4.15 we show the results of such simulations.
Such plots show that, in case of prompt pion misidentifieatig.,(1P) and x.(1P)
reflections may create a broad structure inthg1P) andn.(2S) mass region.
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Figure 4.15: Expected ™ K ~7 "7 7° mass distribution for reflection from (a).o(1P)
and (b)x.2(1P) decays tak K n~— Ko Kn— Krtn—rd.

In order to investigate the possible presence of this backgt in data, we study
the mass distribution of thet7~ system inK+ K ~#*7n 7% events. This distribution is
expected to show a peak ii? region if misreconstructe®f** K "7~ events are present.
In Fig. 4.16 we show the*7~ mass distributions for real data. No peak is observed
in correspondence of th&? mass. In Fig. 4.17, we show the effect of removing from
the K™K ~n*t7~ 7% mass spectrum events whaser~ mass is in the range [0.48,0.52]
GeV/c2. Since no relevant effect is observed, we conclude thatilpessackground
contribution from such reflections is negligible.
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Figure 4.16: Invariant ™7~ mass distribution in thé&l " K —7+7 7" data sample.
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Electron contamination

In Fig. 4.16, we observe that a large number of events havéra invariant mass in
proximity of of ther ™7~ production threshold. This may be caused by a contamination
of our sample from conversiosi e~ pairs, misidentified as pions. In order to check if
such contamination is actually present, we show in Fig. 4hE8*e~ invariant mass
distribution, computed by assigning the electron mass tigsis 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/c®. The absence of any excess excludes the hy-
pothesis of a significant contamination frere~ conversions.

5000

+
+++ +#
' t

e

&

g Myt
+++++H T W

4000

3000

Events / (0.01 GeV/c ?)

2000

1000

d’\\\‘\\\\‘\\\\‘\\\\‘\\\\
+
o+

0.2 0.4 0.6 0.8 1 1.2
m(e*e’) (GeVic?)

2000
1800
1600
1400

Events / (0.01 GeV/c ?)

1200
1000
800
600
400

f

f
f
f

200

f

f

o
ol

o
ok
NE
.O.f
ol
=L
ol
>l
.O”
oF
oL
O
=
ok
g
oL

0.18
e

(e'e) (GeVic?d)

Figure 4.18: Mass distribution for" 7—, when assigning electron mass hypothesis to the
pion. Bottom plot is a zoom of the region 0-2BR:V /2.

¢ contamination

The presence of an excess of events neat@\3/c? in thenr* 7~ invariant mass (Fig. 4.16)
may be an indication of contamination fropd * K~ 7, with the ¢ kaon daughters mis-
identified as pions. Thepy reflection would manifest in a precisicus in the
(mw+7r_, cos@?r) plane, wheren__- is the invariant mass of the dipion system and
cos@§+ is the cosine of the helicity angle of the". This angle is defined as the an-
gle between the dipion system direction in the laborataayne and ther™ direction in
the dipion frame. Kaons coming frog, misidentified as pions should create a bump
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of events in the i+ - ~ 0.35GeV/c?, —0.5 < cosej;ﬂr < 0.5) region, as indi-
cated by MC simulation shown in Fig. 4.19. In Fig. 4.20 we slibe distribution of
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Figure 4.19:Loci in the(mw+7r_, cos@frﬂr) plane where & reflection would manifest in
case of doublél—m misidentification. Each line corresponds to a differentieadf the
¢ momentum, which is reported as a label nearby the line.
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Figure 4.20: Realk ™K ntr—n° data events distribution on tr(enﬂw_,cose?ﬂ)
plane.

KT*K-ntr—x% data events on thémﬁﬂ_,cos@?ﬂ) plane. No clear enhancement in
seeninthém_+_ - ~ 0.35GeV/c?, —0.5 < coseéﬂr < 0.5) region. The broad enhance-
ment observed in the [0.35,0.5GkV /c? region is due to the tail of themeson. In order

to try to enhance any possiblecontamination contribution, we show in Fig. 4.21 the
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migs - distribution after requiring-0.5 < cosfl, < 0.5. Themy’, _ distribution is
obtained by assigning the kaon mass hypothesis to the trdeksfied as pions. In the
case of presence of @contamination, an enhancedsignal is expected in th&+ K~
mass distribution, after applying such a requirement. Tiseace of any enhanced
signal is then considered as a proof that spidontamination is negligible in our sample.
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Figure 4.21: Mass distribution far™7—, when assigning kaon mass hypothesis to the
pion. In the black only requirements described in sec. ade3applied. In the grey plot

we further require-0.5 < cosf™, < 0.5.
™

4.5 Resonance parameters measurement

The primary goal of the analysis presented in this thesis im¢asure the.(15) and
n.(2S) parameters and to search for their decays into the preyiousbbserved
KT K-ntr—n% decay mode. Th&K*7F and K+ K~ n"n~ = invariant mass distri-
butions are reported in Fig. 4.22. A prominent peak in cqoeslence of they.(15)
mass value is observed in both spectra. Signalgfgi P), x.2(1P), andn.(2S5) are also
present. They(1P) signal is not present in th&Y K*x7 final state, since this decay
is forbidden due to spin-parity conservation. A smal) peak is also visible, due to
residual ISR background that survives the selection aiiter

4.5.1 Fit strategy

Signal yields and resonance parameters are measured lgyaimsextended binned max-
imum likelihood (ML) fit to the KOK*#¥ and K K~# 7 invariant mass spectra.
The bin width is 4MeV /c?. The components used in the likelihood agg(15), x.o(1P),



4.5 Resonance parameters measurement 81

N;: B (a) 140 | (b)
> = 120 MI |
3 10001 100|||‘Wf|||| | |
S g o s,
3 soo—w| (e IM “I "Mn" IWNMMllI Lo
g - leﬂ II | 40 f WMIM{MIM
L L
o — i | 3 37 35 36 37 38
400~ M‘“\"‘Jhwiw I'%
200 - MHW&"*"W#
- ' u"'o”«‘l'u'i'l".ﬁ.'#m.wo gty
B "I'I.MMW il "“‘TW'M A St
fo | I T N P IR | I N I M PR B
2.6 2.8 3 3.2 34 3.6 3.8 4
m(K JKTr) (GeVic?)
~§ 16005_ (c) ZZZ%ﬂ+ﬁ}#ﬁw}%JmH " (d)
& 14001— Iﬂ 500F- “H*H***im“ A H**}H*}*Hiwii
S W‘N" '. ‘ oo K *H*ﬂo’{o’#ﬁﬂ’"h';'»m0
Sl
3 10001 wﬂ 100f-
§ - |\| %5 34 35 36 37 38
@ 8001
6001 MM\"M':
- ! Wf’lﬁt\mm
400 : w"‘*"."'h'ﬂ.\»
2001 M’M«WJ
- MWM"WW.,H,
0_' Lvow o b b v v by v B b bbb by v by by g g |y

2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4
m(K 'K rrrrr0) (GeV/c?)

Figure 4.22: Invariant mass distribution for (8 K7 and (b)K* K77~ 7" decay
modes. The insets (b) and (d) show a the zoom in the regior8[8]&eV /c*. The blue
lines are placed at the nominal [49] masses of (left to right).S), x«o(1P), xe2(1P),

andrn.(2S). The red lines are placed at the nominal [49] masses of (efght) .J/z>» and
¥ (2S5). Lines corresponding to thg(1.5) and.J/x» are not shown in the insets.
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X2(1P), andn.(25) signal, /i) ISR background, and combinatorial background. The
X«o(1P) component is not present in the fit to thé K =7 invariant mass distribution.

Each resonance PDF is modeled as the convolution between-egelativistic Breit-
Wigner function and the detector resolution function. etan the detector resolution
function are given in sec. 4.5.2. The continuum backgroubf B a fourth-order poly-
nomial, while the residual/t) ISR background is parameterized with a Gaussian shape.

Signals and backgrounds yields, thg€15) andn.(2S) mass and width, the mass
and width of the Gaussian function describing thi¢ ISR background component, and
the combinatorial background shape parameters are freengéers in the fit. Mass and
width of the x.(1P) and x.o(1P) components are fixed to their nominal values [49].
In the KOK*7F decay mode, thd/iy mass is fixed to its nominal value [49], too. In
the K™ K—nt7—n° decay mode the width of thg (2S5) signal component is fixed to the
value found in theK? K== decay.

The x.2(2P) resonance is searched by adding a signal component to thatfithe
mass and width fixed to the values found in Ref. [205].

4.5.2 Mass resolution

In order to obtain an accurate measurement ofitheS) andn.(25) parameters, a precise
description of the detector mass resolution is needed. We®neMC simulation in order

to obtain the resolution function. For each signal MCT eyevé compute the mass
resolutionom = m;% — mic , wherem S is the reconstructed resonance mass, and
m;cs . is the MC-generated resonance mass.

In Figs. 4.23 and 4.24 we show the: distributions obtained using MC events that
simulate different resonances production, followed by deeay in theK?K*7F and
K*K-ntn 7" final state, respectively.

The distributions are fitted using the following shape [158]

F(z) = A (sin® € G(z) + cos* € B(w)) , (4.4)
where )
G(x) = exp <—%) : (4.5)
and

_ (I‘(172)/2)5(1,2)
|l‘0 _ x|5(1,2) + (1"(172)/2)5(1’2) )

B(z) (4.6)

'y (I'y) andf, (52) are used ife < g (z > x4). We checked that modifying the resolution
function forn.(15)— K% K*rT by adding another Gaussian component to (4.4) improves
the description of thém shape, but does not change the analysis results. Therefere,
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decide to keep thé'(x) parameterization as in Eq. 4.4.
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Figure 4.23: Distribution obm (a) 7.(15), (b) x2(1P), (C) 7.(2S), and (d)x2(2P)
MCT events, inK? K*7F decay mode. The blue solid curve is the fit function (see text
for details). In each figure we also show the distributiorheférror-normalized difference
(pull) between the fit function and the data points.

45.3 Absolute mass scale

The determination of the absolute mass scale is crucial deroto aim at a precise
measurement of the.(15) andnc(QS) masses. We select a high-statistigg control
sample by reverting thé/;, . requirement described in sec. 4.4.2. We thus select the
ete” =15 KOK*nT andete™—yrsp KWKt~ 7% ISR process.

The KYK*7F and K+ K~ "7~ 7" invariant mass spectra of the ISR-enriched con-
trol sample is fitted to obtain the difference between thedlm%‘“ and the nominal
mWG [49] J/ib mass value. We then correct the measuggtlS) andr.(25) mass value
for the observed difference. Thus, the resulting correnteds for the;.(n.S) resonance
IS Ml g = myes, — (myey —mf57¢). This is equivalent to measure the mass differ-
ence between the.(nS) and the well-knownJ//i) mass. The mass parameters that are
fixed to their nominal values in the fit described in sec. 4d&d also corrected by the

measured shift.
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Figure 4.24: Distribution obm (a) 1.(15), (b) xo(1P), () x2(1P), (d) n.(2S), and
(€) x2(2P) MCT events, inK+ K~ 7~ 7" decay mode. The blue solid curve is the fit
function (see text for details). In each figure we also shasvdistribution of the error-
normalized difference (pull) between the fit function and tlata points.

TheJ/ip andy(2S) signals are parameterized with the convolution betweedelesc-
tor resolution function described below and a non-resoBagit-Wigner function. Back-
ground is parameterized with a second order polynomialtfoncin the K K==+ decay
mode, the wide structure present in él.S) region is described by the convolution of a
non-relativistic Breit-Wigner with the.(1.5) resolution function. The.(15) parameters
are fixed to the value obtained in the fit to the nominal datgsanin order to describe the
J/i resolution function, we use the function defined in Eq. (4lAthe K+ K~ 7770
decay, the)(2S) resolution function is parameterized using an asymmeisiggSian with
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exponential tails defined as

C(z) = Nexp ( —w =)’ ) ; 4.7)

20%7}2 + o r(x — p)?

whereNN is a normalization factory;, anda;, are used when < 1, andor andayr when

x > p. Theom distributions forJ/i) andi(2S) ISR MC events, and the corresponding
resolution functions are shown in Fig. 4.25, for b&ffK “77 and K+ K~ 7~ 7° decay
mode.
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Figure 4.25: Distribution ofm for (a) J/w — K K*=¥F, (b) Jip - KT K-nTn~ =% and
(€)y(2S)—KTK-nTx~7° MCT events. The blue solid curve is the fit function (see text
for details). In each plot we also show the distribution & #ror-normalized difference
(pull) between the fit function and the data points.

The n.(1S), J/, and(2S) yields, and theJ/y and(2S) masses are free pa-
rameters in the fit. For thd/y) peak, the parameter of the resolution function de-
fined in Eq. (4.5) is modified to account for possible MC/daféertences. We define
0? = 02, + sign(Ac) - Ao?, wherea™ 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 fitléd mass is(3096.4 +
0.2) MeV /c* and(3095.8+0.8) MeV /c?, giving a mass shift of—0.5+0.2) MeV /c* and
(—1.1 £ 0.8) MeV/c?, for the KOK=nF and K+ K 7w~ decay mode, respectively.
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Figure 4.26: Fit to (QK2K*7T and (b) K™K ~n"7—7° mass spectrum for real data
satisfying the reverset/2, . requirement (see text). The solid line is the total fit fuoisti

the dashed line is the background component. In each plotsseshow the distribution
of the error-normalized difference (pull) between the fitdtion and the data points.

The shifts observed by fitting ISR MC samples are consistéiht thvese results, inside
the statistical uncertainties. The fitted value/of is (5.0 & 1.0) MeV /c?, and (4.8 +
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2.5) MeV/c? for the KOK*7F and K" K77~ x° mode, respectively. These values are
used in sec. 4.8.1 to estimate a systematic uncertainty.

45.4 Fitresults

Results of the fitto th& O K7 F and K+ K~ 7=~ 7° mass spectra, described in sec. 4.5.1,
are reported in Tab. 4.3 and shown in Fig. 4.27. XAgndf of the fit is 1.07 and 1.03,
wherendf is the number of degrees of freedom which is 361 and 360, fokthK £ T

and KT K-ntn— = final state, respectively. No significant change in fit resigtob-
tained when a.(2P) component is added in the fit. The fittgd,(2P) signal yield is

—1 445 and—185 + 146, for KYK*7T and K™K~ 77~ =" final state, respectively.

Decay Signal Yield Corrected Mass Fitted Width
(Evts.) MeV /c?) (MeV)
n.(1S) = KOK*n T 12310 £235 2982.5+04  32.1+1.1
Xe2(1P) = KOK*nF 126 +£37  3556.2 (fixed) 2 (fixed)
n.(28)—>KK*7nT 624 + 72 36385+ 15 134446

ne(1S)=KVTK ntm 70 11158 £430 2084.5+0.8  36.2 +2.8
Xo(1P)=KTK-mta—a® 1094 + 143 34158 (fixed)  10.2 (fixed)
Xe(1P)= Kt K-mta—a0 1250 +£118  3556.2 (fixed) 2 (fixed)

ne(28) = KTK-nta—a® 1201 +133  3640.5+32  13.4 (fixed)

Table 4.3: Extraction of event yields and mass and width efjth1.S) andn.(2S) reso-
nances: fitted signal yield with statistical uncertaintyrected mass, and fitted width for
each decay mode.

4.6 Peaking-background subtraction

There are two different processes that can produce realaeses, thus producing physi-
cal irreducible peaking-background events. Such prosemgethe//y) andy(2S5) radia-

tive decays, and two-photon production with higher muitipy, such as
y—=n.(1S)m°—= K K*7T7% We give an estimate of such backgrounds using data-
driven techniques. The number of peaking-background severiginating from the
J—yn.(15) radiative decay is subtracted from thg1S) signal yield. The num-
ber of peaking-background events from higher multipli¢ciyo-photon processes, like
yy—n.(18)7°% is used to assign a systematic uncertainty. The number of
peaking-background events fQr(1P), x2(1P), n.(2S5), originating from both)(25)
decays and two-photon processes, is used to assign a syistancertainty as described

in sec. 4.8.
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Figure 4.27: Fit to (a) thek?K*xF and (c) theKt K~ "n~7° mass spectrum. The

solid curves represent the total fit functions and the dasbieges show the combinatorial
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(d), where the solid curves indicate the signal componémtsach plot we also show the
distribution of the error-normalized difference (pull)ttveen the fit function and the data

points.
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4.6.1 ¢’s radiative decays background
J/ background

Background arising fronv/;) radiative decays are estimated using the fitted number of
Jhp eventsNin/f;ed in the nominal fit. The number of background events frém radia-
tive decays is equal to

NI TneS) elere”=Jvisr, R —=me(1S), n(15)=f)
d e(ete = Jbyisr, T —f)
B(J/w_>777€(15))B(770(15>_>f> Jfp
B(J/w_nc) X Nfitted’ (4-8)

wheree(Y') and B(Y') represent the efficiency and branching fraction for theveeieY
process. Efficiencies are estimated using MC simulatioreaeequal to:
elete™ > visr, JA —>ne(18), ne(1S)—> KA K *nF)

elete=— sk, I —KQKEr¥) =3.31 £0.05, (4.9)

elete—>J , Jp—rvne(18), ne(1S)— KT K~ atn—x0
R e e f Ao LS S o ) —1.96+0.08.  (4.10)

We use world average values for branching fractions [49],cepk for
B(n.(1S)—K*K-nTn~7%) which is taken from the results of this thesis. The relevant
branching fraction ratios are equal to:

Bp —=ane(15)Bme(19) = KK=xT)
B(ipp —KOK=7F)

—0.20 £ 0.07, (4.11)

The fitted number of events in the thig) peakis324+49 and442+11, in KOK*x¥
and Kt K- ntx— 7" sample, respectively. Using Eq. (4.8) and values from E49)€
(4.12), the number of expectegd(1.5) peaking-background events, originating froif
decays, i214 4+ 82 and26 4 9, in KYK*7F and K™K~ 777 final state, respectively.

¥(2S) background

The(25) decays radiatively tq .o (1P) andy.2(1P), with a branching fraction of9.6 +
0.3)% and (8.7 &+ 0.4)%, respectively [49]. The branching fraction ©f25) radiative
decay ton.(25) has been recently measured and is equél*ol0~* [155]. In principle
the background contamination from(2S) decays may be estimated using Eq. (4.8) by
changingJ/y) with ¢(2S). Since they(2S) peak is not observed in the mass spectra
(Fig. 4.22), this component is not included in the fit. The bemV}..>) to be used in
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Eq. (4.8) is then obtained as

NVES) _ GSta"dard(¢(2S)—>f)Nw(25)

4 = 4.13
fitted Ereverted (QZJ(QS) _)f) reverted? ( )

where the numbeNifiled of /(25 events is obtained by fitting the ISR-enriched sam-
ple selected by reverting th&/2. = requirement, as described in sec. 4.5.3. The effi-
cienciesestdard (4),(25)— f) andereverted (1) (29)— f) for they (25)— f process selected
with nominal and reverted/? . . requirements, respectively, are obtained from MC. In
the KK*7T decay mode, the(25) peak is not even observed in the enriched dataset
(Fig. 4.26). We thus conclude that background fro(25) radiative decays is negligible
for this channel. In thé& ™ K —7 "7~ 7" decay mode231 + 28 1)(2S) events are observed.
The ratio between the efficiencies obtained with standaddeverted selection criteria is

Esmndm"d(w(QS)—)K""K_7r+7r_7r0)
Ereverted(w(QS)_)KJrKfﬂ-Jrﬂ-fﬂ.O)

= 0.51 & 0.01. (4.14)

Efficiencies needed in Eq. (4.8) are estimated using MC evamd are equal to:

_ et —-0
e(ete _W’(?S)“/ISR,¢(25)_>7Xc0(1p)7Xco(lp)—ertKOﬂ' T ) _ 0.73 +0.02, (4.15)
e(ete—>p(28)vrs R, $(2S)— K+K-T T 70)
e(ete” —r9(28)v1sR, ¥(25) VX2 (LP), xcz(lP)—iKiK;WJFW_WO) =2.194+0.05. (4.16)
c(ete=—>p(28)vrs R, $(2S) = K+K-T T 70)

The quite large difference in efficiency between the two nsadeelated to the different
energy of the radiative photon in thg2S) decay tox.o(1P) andx.2(1P). The larger
energy of the photon from(2S5)—~x.o(1P) decay leads to an averagge value for these
events that is larger than that fof2S5)—~yx.2(1P). Thus,(25)—vx.0(1P) events are
more efficiently rejected by thep;y requirement. In order to estimate
B(WS)_)'”%‘E;zggf%fﬁfﬁ:gfc”+”_”O), needed in Eq. (4.8), one should know the
value of theB(x.;(1P)— K™K m 7~ =) branching ratios. To date, such decays have
not been observed, yet. The;(1P)—K ™K 7 7= branching fraction can be ob-
tained by the measurementlof, x B(x.02(1P)— K"K~ 7t7 =) reported in this thesis
(sec. 4.9) and the world-averag€., . (x.02(1P)) values [49]. We obtain
B(xo(1P)»K+*K-ntrn=n%) = (1.14 £ 0.27)% and B(x2(1P) K+t K —ntn—n%) =
(1.30 £ 0.36)%. The value of3(x.»(1P)— K™K ntr =) is consistent with a prelimi-
nary CLEO measurement [316,317]. We find:

Bw(25) = 1xe0(1P)Blxeo 1P) F K+ K-t n=n®) _
B((28)— K+ K-rtr-m0) = 0.87+0.22, (4.17)
Bwes) =P BauUn 2 K Koxtan) _ () g 4 .95, (4.18)

B((28)— K+ K—n+m—n0)
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Using the number of (2.5) fitted events and values in Egs. (4.14)—(4.18), we estimate
75+ 21 and233 + 73 peaking-background events fron25) radiative decay tq.o(1P)
andy.o(1P), respectively. The number of peaking-background events.{@s) is found
to be negligible.

4.6.2 Two-photon backgrounds

The amount of irreducible peaking background originatigrf two-photon events with
high multiplicity and other processes that produce readmances is estimated by com-
paring thep distribution of resonance signal events with those explefcietwo-photon
MC signals.

The combinatorial-background-subtracted distribution for each resonance is ob-
tained by fitting theK?K*#7 and K* K~ 7*7~ =0 invariant mass spectrum in inter-
vals of pr, with a width of 0.05GeV /c. For each interval, we repeat the fit procedure
described in sec. 4.5.1, with the resonances parametetstbxehe values reported in
Tab. 4.3. These fits are performed in the three intervalesponding to the nominal,
range [0,0.15]GeV /¢, and in a sideband region, used to better parameterize ttie ba
ground pr shape. The sideband range is [0.15,0.6@V /c and [0.15,0.901GeV /c,
for KT K—ntr—7° and KYK*7rT decay modes, respectively. Fgpy»(1P) decays,
we observe some upwards fluctuations in the highegion, that originate from back-
ground fluctuations. These fluctuations were found to biaseitimate of the number
of expected peaking-background events. We then decideet§Ous5,0.30]GeV /c and
[0.15,0.20]GeV /c as sidebands foy. »(1P) decays, inK ™K ~n+r~ 7% and KK *7F
decay modes, respectively.

The yield distribution as a function of- is fitted to the sum of the MC-expected signal
pr distribution plus a flat background. Peaking-backgrourehes/from.J/i) —~n.(1S)
radiative decays are expected to haye distribution similar to the signal one. Adding an
explicit ISR-background component in the fit to thedistribution introduces negligible
effects in the results. In Figs. 4.28—-4.29 we show the regilthe fits to the resonance
yield distribution as a function gf;. The expected number of peaking-background events
are reported in Tab. 4.4. This method to estimate backgrewasdalready proven to be
effective for theyy—n.(15)m°—KOK*r¥7° background [158]. We cross-check the
validity of this method for thek* K —#"#n~x° final state with an exclusive study of the
yy—KTK-nt7~7%7% background process. Background contribution from suchgs®
is found to be negligible. Details about this study are reggbm App. A. The two-photon
background estimate given in the present section is morgeceative with respect to the
one obtained by studying the exclusive final state.
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KYK*x¥ Decay KTK—ntr— 7% Decay
ne(18)  Xe2(AP)  1e(25) | me(LS)  Xxeo(P)  xe2(1P)  1e(25)
Npeax (pr fit) 189+ 18 —454+11 2545 | 118+£32 —-39+19 14+24 —46+17
Ny (¢'s Decays)| 214 + 82 - - 26£9 75+21 233473 -

Table 4.4: Summary of expected irreducible peaking-bamkgd events for each reso-
nance: N, iS the number of peaking-background events estimated tpt fit, and
N, the number of peaking-background events froisiradiative decays.
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Figure 4.28: The (a).(15), (b) x.2(1P), and (c)n.(25) signal yield distribution as a
function of pr, in the KYK*7rF decay mode. Points with error bars are the fitted res-
onance yield in eachr interval, the blue solid line is the MC signal shape plus flat
background fit function, the blue dashed line is the flat bembigd contribution. The red
line denotes the separation between sigpal< 0.15) and sidebandyg- > 0.15) region.

4.7 Two-photon couplings measurement

The measurement of the two-photon coupling, of the charmonium resonances is of
a particular interest since this quantity carries infolioratbout the charmonium struc-
ture [1,2].

The cross-section for the two-photon production of aesonance decaying to tife
final state is equal to

Ny
EffﬁAt

o (e+e*—>e+e*77—>e+e*X—>e+e*f) = (4.19)
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Figure 4.29: The (a&).(15), (b) x.o(1P), () x2(1P), and (d)n.(25) signal yield distri-
bution as a function of, in the K K7 ¥ decay mode. Points with error bars are the
fitted resonance yield in eagh interval, the blue solid line is the MC signal shape plus
flat background fit function, the blue dashed line is the flakigegound contribution. The
red line denotes the separation between signal<{ 0.15) and sidebandpf > 0.15)
region.

wheree ; is the average detection efficiency afd At is the total integrated luminosity.
According to Egs. (4.1)—(4.2), such a cross-section isgntognal to the product between
I',,(X) and the final state branching fracti®{ X — f). The flux termL and the form-
factor F'in Eqg. (4.1), and the integral in Eg. (4.2) may be computeddiggitheGantzam
generator [205]. Thus, th@amGamgenerator allows to relate the proddct, (X) x
B(X—f) to the measured cross-section values.

We also measure the ratio between the branching fractiortheof{ K== ¥ and
K+ K-ntr—n° decay mode for the.(15) andn.(2S5). This ratio is equal to

c(nS)
Bn(nS) =K+ K-mnn®) _ Ny e 4.20
B(ne(nS)—KOK*rF) @) ne(nS)’ (4.20)

Kg[(ﬂ 6KK?m

wheren.(nS) denotesn.(1S) or n.(29), N;ZC(”S) represents the peaking-background-
subtracted;.(nS) yield, ande’}c("s ) the average detection efficiency, for tfiéinal state.
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4.7.1 Fit strategy

The cross-section and the branching fraction ratio, adgegrtb Eqgs. (4.19)—(4.20) are
proportional to theNj(/sf ratio. Since the detection efficiency is not uniform over the
phase space available to the decay, the average efficiemcydstepend on the sub-
resonant decay structure. Such sub-resonant structurenevas studied in detail for
the K?K*xT final state [158], and is unknown for th€ " K~ 7~ final state. The
ignorance about the decay dynamic may then lead to a largensgsc uncertainty.

In order to reduce such uncertainty, we extraGt /c; with an unbinned maximum
likelihood fit, where each event is given a weight proportional tOEJTl, that takes into
account the efficiency dependence on the decay kinematicdet#iled description of
the efficiency parameterization is given in sec. 4.7.2. Tleahtw is equal tOE}‘1 =
€s/er ~ 1, wheree; is the average value of the efficiency over the available ppace
for the decay. This procedure is needed in order to have fghteofO(1), since weights
far from one may lead to an underestimation of the statisticeertainty of the fit [325].
With this convention, the ratidV;* /< ; becomes

NN @.21)
Ef Ef X Ef

The fit to the weighted dataset is performed independenttwanseparate mass re-
gions, near the.(15) ([2.5,3.3]GeV /c?) andn.(295) ([3.2,3.9]GeV /c?) masses, in order
to take into account the dependence of the reconstructimreaicy on the invariant mass.
We use the same PDFs parameterization used in the fit to theiginted dataset, de-
scribed in sec. 4.5.1. The resonance parameters are fixeelalues reported in Tab. 4.3.
The free parameters of the fit are the yields of the backgramaddsignal resonances, the
mean and width of the Gaussian function describing the J&R background, and the
background shape parameters. Since the cross-section {@#.E§) depends on the CM
energy, the measurement Bf, x B3 is performed by using 473.8" collected near
theY'(45) mass energy. The whole 51912 ' dataset is used to measure the branching
fraction ratio of Eq. (4.20).

The kinematics of peaking-background events is similahtsé of the signal, so we
assume the signal to peaking-background ratio to be unaffdzy the weighting tech-
nique. Then.(15) weighted yield is corrected by subtracting the number ofeeigd
background events originating frodly —~n.(15), while we assign a systematic uncer-
tainty (see sec. 4.8.1) to account for the presence of pgddackground fory.,(1P),
Xe2(1P), andn.(25).
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4.7.2 Efficiency parameterization

The reconstruction efficiency is expected to depend on thenkatics variables describ-
ing the KCK*7F and K™K 77 ~7° decay. In the following sections we describe the
efficiency parameterization that is used to compute effaie=; and thus weights, that
enter in the fit described in sec. 4.7.1.

KYK*x¥ decay mode

We describe thé(? KT decay kinematics by using th&tuared Dalitz Pldtformal-
ism. The decay is described by the invaridttr mass versus the angle between the
direction of theK'* in the K'r rest frame and that of th&r system in thek? K =T ref-
erence frame. TheSquared Dalitz PIdtis a standard technique used to study three-body
decays. Its main advantages with respect to t@rfdard Dalitz Plot are the fact that the
angular structure of the decay is made explicit, the preseh@ rectangular boundary,
and the fact that reflections originating from mis-PID masifin precisdoci.

The efficiency dependence on these variables is paranederiyy using a
two-dimensional histogram. The efficiency in each bin is patad as the ratio of the
number of MCT signal events surviving the selection to thenber of MC generated
signal events. While computing efficiency, we set the efficyeto zero in bins with less
than 10 events. The number of real data events falling irethass is smaller than 0.5%.
In Figs. 4.30—-4.31 we show the efficiency and the efficienaeuainty distribution over
the “Squared Dalitz PIdt for the n.(15) andn.(2S) mass regions. We also show such
distributions over thestandard Dalitz Plot as a function of th& % versus the< T mass.

KT*K-ntn~ 7" Decay Mode

In order to describe a five body decay, 8 independent vagabkeneeded. We generalize
the Cabibbo-Maksymowicz variables [326] used to descriloeiabody decay, by group-
ing the decay products in two sub-systems that we identifi e two kaons and the
three pions system, respectively. The 5 body decay kinesma#in be parameterized by
using the following variables, as sketched in Fig. 4.32:

1. mgg: the invariant mass of th&* K~ system;
2. mas,: the invariant mass of the™ 7~ 7 system;

3. m,,: the invariant mass of the® =~ system;
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4. cos Ok the cosine of the angle between the directiokof and the recoil of thé8r

system, in thex " K~ frame;

5. cos O: the cosine of the angle between the norm#b the3r decay plane and the
recoil direction of theK ™ K~ system, in the3w frame. This angle describes the
polar orientation of: with respect to the recoil direction of tHé* K~ system;

6. ®: the angle that describes an azimuthal rotatiom afith respect to the recoil
direction of theK ™ K~ system;
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Figure 4.32: Representation of the 5 body decay systemisghie KK~ and3r sys-
tems, and of angles used to describe the decay (see texttioefualetails).

7. 0,: the angle that describes a rotation of the wiatesystem on its decay plane;

8. cos .. the cosine of the angle betweeh and7w— momenta, in th&x frame.

Correlations betweemyy, ms,, andm,, are as large aé0%. Correlation between
different angular variables and between angular varia@hesthe invariant masses are
usually negligible, with the exception of the correlatie@tweercos 0., andm... which is
-70%. The efficiency dependence on each of the eight vasalgscribed above is shown
in Fig. 4.33-4.34, for.(15) andn.(2S) mass regions, respectively. The efficiency has
a weak dependence on the angular variables, while has stependence om..., my g
andms,.

A full parameterization in eight dimensional space is nasfble due to limited MC
statistics. A three-dimensional histogram is used to patarize the dependence on the
invariant masses. The binning of the three-dimensionalieffcy histogram needs to be
optimized in order to be small enough not to loose infornmgtlut also large enough to
keep the statistical error, due to MC sample size, reasgriall We choose a binning
that allows to have at least half of the bins with a relativ@reon the efficiency lower
than 10%. We assign null efficiency to bins with less than ¥hes: The number of real
data events falling in these binsds- 4%. In Figs. 4.35-4.36, we show the projection of
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Figure 4.33: 1D projections ofy—n.(15)—K+K-ntr—x efficiency on (a)cos 0,
(b) cos ©, () @, (d) b, (€)cos b, () mxx, (Q) Mrr, and (h)yms,.

the signal efficiency and its uncertainty on the two-dimenal planesmg x, m.,) and
(mk K, msg), in then.(1S) andn.(2S) mass regions, respectively. The signal efficiency
obtained by the three-dimensional histogram is correakihg into account its depen-
dence on the angular variables. The correction factoribligion as a function of each
angular variable is obtained by dividing the efficiency wittion as a function of the
relevant variable by its mean value. The correction factstribution is parameterized
with fourth and second-order polynomial shapes as showigiE37.
The total efficiency for one event is given by

BD(

e = e (Mg, M3r, Mypr) X ¢1(cos k) X ca(cos©) X c3(P) x

c4(0r) X c5(cosOrr), (4.22)

wheree3? is the efficiency obtained from the three-dimensional lgjsim ande; (i =

1, 2, 3, 4, 5) are the correction factors depending on the angular Vasalilrhe factor-
ization of the correction factors in Eq. (4.22) implies tlss@mption that the correlations
involving the angular variables are negligible The -70%elation betweeros 6,., and
m,. results in a change of the efficiency that is taken into actasma systematic uncer-
tainty as described in sec. 4.8.2.
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4.7.3 Fitresults

In Tab. 4.5 we show the cross-section results for each resenabtained with data col-
lected near th&'(45) energy. The cross-section for thé K== ¥ decay mode is corrected
to take into accounB(K°—ntr~) = (69.2040.05)% [49]. The weighted signal yield to

cross-section (fb)
770(15) XcO(lP) XCQ(IP) 770(25)
KIK*nF 299.0 £ 5.9 - 26+09 123+1.3
KYK-ntn—70 | 4317+ 145 303+£53 298446 2684+5.1

Table 4.5: Cross-section results for data collected nesr thS) energy.

be used for the branching fraction ratio measurement, médidyy using the whole dataset,
is 109550 + 2038 and223496 + 7160 for n.(15), and4483 + 447 and 14375 + 2542 for
n:(2S), in the K¢K*7T and K™ K~n*7—7° decay mode, respectively. In Figs. 4.38
and 4.39 we show the fitted spectra in #€2.5) andr.(2S5) mass regions. We compute
a2 using the total fit function and the binned relevant massibigion obtained after
weighting. The values of?/ndf are 1.16 and 1.15 fox.(15), and 1.20 and 1.00 for
n.(25) mass regions, in th& Y K*#+ and K" K ~n 7~ 7° channel, respectively.

4.8 Systematic uncertainties

In the following section we discuss the sources of systemaicertainty in our mea-
surements. We discuss separately the sources that aféddtayid resonance parameters
measurement and those that are involved in the cross-sestibrelative branching frac-
tion measurement.

4.8.1 Yields and resonances parameters systematics

Here below we list the sources of systematic uncertainffestang the yield and reso-
nance parameters measurement and the method used forstivaaite. A summary of all
the contributions may be found in Tab. 4.7.

PDFs shape

A systematic uncertainty is assigned to account for the nimicgy related to parameters
that are fixed in the fit described in sec. 4.5.1. We assign@smsatic the sum in quadra-
ture of the changes in results observed when performing dh@mal fit by varying the
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fixed parameters of-10 with respect to their central value. In this systematic we in
clude the uncertainty related to fixingo(1P), x.2(1P) and some of thg/iy andn.(25)
parameters in the fit.

Background shape

Possible background mismodeling is evaluated by chan@i@edpackground shape from
fourth to sixth order polynomial. Changes in the fit resufestaken as systematic on the
background shape.

Absolute mass scale

The absolute mass scale is determined by fitting the ISReedli sample as described
in sec. 4.5.3. The observed mass shift with respect to thanabni/;) mass value is
(—0.5+0.2) MeV/c* and(—1.14+0.8) MeV /¢?, for KSK*nF andK ™K~ n "7~ =° decay
modes, respectively. We assign the statistical error oshifeas systematic uncertainty
on the absolute mass scale.

ne(15)-J/v» momentum distribution

The shift in the absolute mass scale determined by usingsfReshriched sample may be
biased due to the fact that two-photon and ISR events have difierent distribution of

the longitudinal momentur,. Possible mismodeling of the detector response may lead
to a systematic shift in the value of the corrected mass [1BBg distribution ofp, for
signal two-photon and/y) ISR MC events is shown in Fig. 4.40.
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Figure 4.40: Distribution op; for (a) K°K*7T and (b)K ™K 77~ x°. The black solid
line is then.(1.5) signal MC, the red dashed line is thg2S) signal MC, and the green
dotted line is the//i) ISR background MC.

We divide data into three subsamples, with approximatitedysame statistics, but
with a different average value gf.. The average value qf, in the threeK?K=n¥
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subsamples is -0.8eV /¢, 0.7GeV /¢, and 2.6GeV /¢, respectively. The average value
of p, in the threeK ™ K ~7 "7~ 7° subsamples is -0.GeV /¢, 0.7GeV /¢, and 2.4GeV /c,
respectively. For comparisop, is peaked around -2.&eV/c for ISR J/i) events in
bothK!K*7F and K+ K—nt7—=° decays, as shown in Fig. 4.40 Each subsample is then
fitted with the procedure described in sec. 4.5.1. In thesgtfier.(25) width is fixed to
the value reported in Tab. 4.3.

The differences between the nominal fitted mass, report@dbn4.3, and the values
obtained when fitting the three subsamples are:

o (+0.240.6) GeV/c?, (+0.1 £0.6) GeV/c?, (—0.4 £ 0.6) GeV/c*for n.(15) in
K°K*r¥ decay;

o (—0.6+2.7) GeV/c? (+0.2 £ 4.0) GeV/c?, (+0.3 £ 2.1) GeV/c*for n.(25) in
KYK*x¥ decay;

e (+0.3 £ 1.3) GeV/¢, (—0.1 £ 1.3) GeV/e, (—0.0 £ 1.6) GeVfor n.(1S) in
KT*K-ntn— 7" decay;

o (—3.1 +5.1) GeV, (+7.2 & 6.5) GeV/c, (—1.1 & 4.8) GeV/c for 1.(25) in
KTK-nTr— 7" decay;

No significant shift is observed. The value of the shift olsedrin the subsample where
the average. value is maximum is taken as an estimate of the systematgrtancty on
the resonance mass.

MC/data resolution

The systematic uncertainty due to the different mass résalin data and MC is esti-
mated by repeating the nominal fit described in sec. 4.5.8 avinodified value of in

Eq. (4.5). We define? = o3, + sign(Ao) - Ac?, whereo ¢ is the value obtained from
MC simulation, andA¢ is determined in the fit to the ISR-enriched sample desciibed
sec. 4.5.3. The fitted value dfc is equal ta(5.0 +1.0) MeV /c?, and(4.8 +2.5) MeV /¢?

for K)K*nF andK+ K—n 7~ 7" mode, respectively. The changes in results with respect
to the values reported in Tab. 4.3, observed when using tltfied value ofo in the fit,

are taken as systematic uncertainties.

Background subtraction

We subtract the number of/i) —~n.(15) peaking-background events from thg15)
signal yield. A systematic uncertainty equal to the undetyaon the number of
J—yn.(1S) peaking-background events is assigned.
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Peaking background

We assign as systematic uncertainty due to the presence-gdtiaton irreducible peaking-
background the number of peaking-background events adataaith the fit to the yield
distribution as a function opr, summed in quadrature with its uncertainty. For the
Xc0.2(1P), we also add to this systematic the estimated number(d5)—~x.02(1P)
peaking-background events summed in quadrature with derteanty.

Resolution function distortion

The fact that the subresonant structure of the decay isreiftedbetween data and MC
(that is simulated with phase-space assumption) may leddtortion of the resolution
function.

Distributions for data over the Dalitz Plot in signal and kground region for the
KYK*#F decay mode are shown in App. B. The Dalitz Plot is divided iifedént re-
gions as illustrated in Fig. 4.41. The 23 (4) regions labelgt “A” and “B” are used

(CY

m(Kgrr) (GeVic)
S

m(K°m) (GeVic?)

1 15 2 25 3 0

25 3.5 4
m(K ') (GeVic?) m(K*1r) (GeVvic?)

Figure 4.41: Division of the Dalitz plot into regions: (atB3 “A” regions used to eval-
uate systematics for thg(15)— K2 K*7F decay; (b) the 4B” regions used to evaluate
systematics for the,(25)— K2 K= T decay. Plotted data are taken from Fig. B.1 (a) and
(b), respectively.

to study the systematic effect on thg1S) and7.(2S) parameters, respectively. The
n.(1S) andn.(29) yield is fitted in each region to obtain the experimental 2aRlot
distribution. The signal MC samples are reweighted in otdeeproduce such a distri-
bution. Then.(1S) andn.(2S) resolution functions are then fitted by using events from
the reweighted MC samples, and the fit described in sec. &.5epeated by using these
“reweighted resolution functions. The changes observed in the fittedmances param-
eters with respect to the results reported in Tab. 4.3 aentak systematic uncertainties.
In the K™ K—nt7n~ 7" decay mode, due to the limited statistics, the weightinp-tec
nique is applied to projections of the data over one or twaiiiant masses combination
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per time. Invariant masses distributions for data in sigimal background regions for the
KT*K-ntn~7" decay mode are shown in App. B. In Figs. 4.42—-4.43 we showAhe “
and ‘B” regions used to fit the.(15) andn.(2S5) yields, respectively. For each projec-
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Figure 4.42: Division of the invariant mass projectionifif\” regions used to com-
pute the systematic for thg(15)— K+ K- ntn— 7" deacy; (@m(KK), (b) m(rTn~),
) m(rtr—7%), (d) (m(K 7)), m(K~7")), (€) (m(x+7°), m(7—=°)). Plotted data are
taken from Figs. B.2—B.6(a).

tion, we reweight the MC events in order to reproduce theitligion obtained by fitting
the data. The reweighted MC events are used to fit a resolfuimtion that is used in
the fit described in sec. 4.5.1. We perform a fit to the datagusath of the feweighted
resolution functions. We take as systematic the largesingntioe differences between

the nominal fit results reported in Tab. 4.3 and the valueainbtl with the feweighted
resolution functions.
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Figure 4.43: Division of the invariant mass projectionifiB” regions used to com-
pute the systematic for thg(25)— K+ K- n 77" deacy; (@Qm(KK), (b) m(rTn~),
) m(r a7, (d) (m(K 7)), m(K—=")), (€) (m(r =), m(x—=")). Plotted data are
taken from Figs. B.2—B.6(a).

Efficiency distortion

The resonance lineshape may be distorted due to the chatigeedficiency as a function
ofthe KXK*7F and K" K~ 7= invariant mass. This dependence is fitted with a first
order polynomial. The invariant mass spectrum is then ctetetaking into account this
efficiency dependence, and the nominal fit is performed. We &8 systematic uncer-
tainty the differences between the results of this fit andnibiainal results reported in
Tab. 4.3. All the observed changes are small compared tadhstEal uncertainty of the
measurement.
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The change of the average reconstruction efficiency duesteubresonant decay dy-
namics can lead to distortion of the resonance lineshape We take as systematic un-
certainty due to this effect the difference between the nahresults reported in Tab. 4.3
and the ones obtained by leaving the mass and width of the@aeses floating in the
efficiency-weighted fit described in sec. 4.7.1. All the okied changes are small com-
pared to the statistical uncertainty of the measurement.

The systematic contribution originating from these twoogdficy-related effects are
listed separately in Tab. 4.7. The first effect is nambtass Efficiencyand the latter
“DP Efficiency.

Interference

Interference between the signal and the non-resonant baakgy may lead to a distortion
of resonance lineshape as discussed in sec. 2.3.1. In ordstinate this possible con-
tribution to the systematic uncertainty, we include anriiet®@nce term in the signal PDF.
Then.(15) signal Breit-Wigner is substituted by the function

2

L/2 4 Agie, | DM , (4.23)

M — My — il'/2 Py(Mo)

where the first term is the resonance signal PDF and the sestmelPDF of the interfer-
ing non-resonant background/, andI" are the mass and width of the signal resonance,
A and ¢ are real parametersP;(x) has the same functional form used to describe the
non-interfering background shape. We use the séljie) shape parameters for both
interfering and non-interfering background PDFs.

When including interference effects, the fittesighal yield N//““ receives contri-
butions from signal, interference and interfering backeabterms. We define

2

/2

a = / M= My —iT)2 dm (4.24)
= 6i¢ 7P4(M) 2 m
o} / A (M) d (4.25)
a
f = P (4.26)

where the integral is performed on the fitting range and thEdarameters are obtained
from the fit. Thus, we define the resonance signal yield/gs = f - Nfg“ed.

In Tab. 4.6 we summarize the changes in fit results with rédpebe ones reported
in Tab. 4.3, observed when introducing the interferencen ter the signal PDF. These
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changes are taken as a systematic uncertainty.

Decay A o Difference with respect to nominal fit
Resonance Yield Mass Width
(deg) (Events) MeV/c? MeV
n.(1S)—=KOK*7T 0.03£0.02 182.24+190.1 +10 £ 287 +1.2+05 +02+1.1
Ne(1S)—K+*K-ntr= 7% | 0.0840.04 135* —26 £ 762 +29+15 +0.6+29

Table 4.6: Results of fits with interference term addedalue that minimizes fit-datg?
obtained with a scan.

The interference between signal and non-resonant backdnaoduces a change in
the tails of the signal distribution, thus making this effedficult to be estimated in
presence of a small signal size and a poor signal to backdnatio. We therefore do not
consider any systematic effect due to interference fontfes).
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770(18) XcO(lP) XcQ(lP) 770(28)
Yield Mass Width| Yield Yield Yield Mass Width
(Evts.) MeV/c? MeV | (Evts.) | (Evts.) | (Evts.) MeV/c?  MeV
KIK*nT 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 distortionf 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 14 1.3 0 14 34 0.8 3.2
K*K-rtn— 7Y Decay Mode

PDFs shape a 0.8 1.0 i i 99 13 -
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 -

112

Table 4.7: Summary of systematic uncertainties for yield @@sonance parameters measurements. The uncertaintgldmgasurement is
expressed in number of events. The uncertainty on mass attd mieasurement is expressedMnV /c¢?> andMeV, respectively.
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4.8.2 Cross-section systematics

Here below we list the sources of systematic uncertaintreshe measured value of
N /es. As described in sec. 4.7.1N;* /<4 is used to compute both the cross-section
for thee*e™ —yy—X— f process, withX' = 1.(15), xco(1P), xe2(1P), n:(2S5), and the
ratio of the branching fraction of thg (nS) to the KYK*7T and Kt K~n* 7~ 7° decay
mode. The systematic uncertainties affecting the crosBesemeasurement are estimated
using data collected near th&4S) energy and are summarized in Tab. 4.8. The sys-
tematic uncertainties affecting the ratio of branchingti@ measurement are estimated
using the whole dataset and are summarized in Tab. 4.9. Bg8teuncertainties are
divided into additive systematic, that affect the measUVéﬂ/gf by causing a bias, and
multiplicative systematics that are related to unceriasnin term, like the efficiency and
the integrated luminosity, that enter multiplicativelytime cross-section and branching
fraction ratio measurements.

PDFs shape

The uncertainty due to fixing parameters in the fit is estichagedescribed in sec. 4.8.1.

Peaking background

The scaled number of irreducible-peaking-background tsvare computed by scaling
the number of expected peaking-background events fromptvaten processes and
radiative decays reported in Tab. 4.4, by the ratio betwiaféryaf and the resonance
yield reported in Tab. 4.3. The systematic uncertainty duthé presence of peaking-
background events is estimated as described in secs. 4.8.

Weights uncertainty

The weighting procedure used to extragt /¢ relies on the efficiency parameterization
obtained from MC simulation. Due to finite MC sample size effféhis parameterization
has a statistical uncertainty that enters in \&/<; determination.

In order to quantify the uncertainty oNf/af originating from the uncertainty on
the efficiency parameterization, we perform 500 simulateg)(experiments. In each
experiment the value of the efficiency in each histogram bith the coefficients of the
functions describing the dependenceconfy, cos 0., cos O, 0, and® are varied within
their statistical uncertainties. We then use thisy™efficiency to weight data and we
perform the weighted fit described in sec. 4.7.1.

The resulting distribution of the fittedfj(/gf value is usually a Gaussian. In the
K*tK-#ntn~ 7" decay mode a tail at higher values]tsff(/af, with respect to the Gaus-
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sian core, is observed. This is caused by the fact that tr@esity weights, which are
usually Gaussian distributed, may present a tail when tieertainty on the efficiency is
large. This reflects the fact that the inverse of a Gausstnlalition shows a tail when
the Gaussian width is large. We fit thé* /<, distribution with a Gaussian shape or a
Crystal Ball [327-329] function. In Figs. 4.44—4.45 we shibw distributions of the fit-
ted NJ’ZC(”S)/ef values in theK?K*nF and K™K ~7"7—7° decay modes, respectively.
No significant bias is observed with respect to the valuesrteg in sec. 4.7.3. The width
of the Gaussian (Crystal Ball) function is taken as systenratated to the efficiency
parameterization.
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Events falling in null-efficiency bins are accounted for listsystematic calculation.
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As described in sec. 4.7.2, a bin is given null efficiency & thumber of reconstructed
MC events falling in it is less than 10. We divide null-effieey bins in two categories:

| : High-efficiency bins, where the number of generated M(héeve,.,, is ~ 10

Il : Low-efficiency bins, wheren,.,, > 10. Such bins are located in proximity of
mass thresholds.

The “toy’-efficiency used to weight events falling in high-efficignbins is computed
using N = maz[n.., 3], where N is the number of reconstructed events entering in
the efficiency determination, and..., is the number of reconstructed events actually
observed in the bin. Thedy-efficiency used to weight events falling in low-efficiency
bins is 0.05% fom,.(15) and 0.5% fom.(2S). For comparison, the minimum efficiency
observed in the two(three)-dimensional histogram is 0.E8#b 1.6%, forn.(1S) and
n.(25), respectively.

Correlation betweené,.. and m..

Inthe K+ K~ n*n~7° decay mode, the efficiency corrections as a function of tiyeilan
variables that describe the decay kinematics are compwgigcting their correlations
with the invariant masses.,.., ms,, andmg . Actually, 6., andm,, are correlated at
-70% level. We take as systematic the changes in resultsw@sservhen removing the
correction factor depending on thg, value.

Tracking efficiency

A systematic is assigned to take into account the differdxateeen data and MC effi-
ciency for correctly reconstructing a track originatingrfr the interaction region. This
uncertainty is estimated by auxiliary studies based aria control sample with one
7 lepton decaying tev.v, or uv,v,, and the other one torrv.. The systematic un-
certainty for tracks selected with the requirements dbedrin sec. 4.3 is 0.216% per
track.

K? finding efficiency

A systematic is assigned to take into account the differdxateeen data and MC effi-
ciency for correctly reconstructing a track originatingrfr a vertex that is displaced from
the interaction region. This uncertainty is estimated byilary studies based on A

control sample. The systematic uncertainty is computedibselected with the require-
ments described in sec. 4.3, taking into account the retdaaamatic signatures, such
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as the transverse momentum and the polar angle ofithenomentum observed in our
dataset. The systematic contribution is 1.7% Rér

70 efficiency

A systematic is assigned to take into account the differdrateeen data and MC effi-
ciency for correctly reconstructing/d. This uncertainty is estimated by auxiliary studies
based on a* 7~ control sample with one lepton decaying tev,v,, and the other one
to p*v. The systematic uncertainty for’ selected with the requirements described in
sec. 4.3 is 3% per.

PID requirements

A systematic is assigned to take into account the differdyateeen data and MC effi-
ciency for assigning the correct PID to a charged track. Thisertainty is estimated by
auxiliary studies based on high purity control samplesctites and muons are selected
by using Bhabha events; pions are selectedindecays or inr™ 7~ events with one-
lepton decaying tev.v, or uv,v,, and the other one torrv,; kaons are selected in
the D*°— D%+ decay, withD°— K ~7*; protons are selected in the—pr decay. The
systematic uncertainty is computed for tracks selectet thié requirements described
in sec. 4.3, taking into account the relevant kinematic aigres, such as the transverse
momentum and the polar angle of the tracks observed in oaset This systematic
uncertainty is 0.5% per track for both pion and kaon PID.

Luminosity

The value of the integrated luminosity is taken from aurylistudies performed by using
Bhabhau ™~ events. The total uncertainty on the luminosity measuremsein1%.

4.9 Results

4.9.1 Yield and resonance parameters

The results of the fit to the whole unweightéd K== ¥ and K* K ~7 7~ 7" spectrum
can be found in Tab. 4.3. Thg(1S) yields are corrected by subtracting the number of
expected peaking-background events from fhe—n.(15) decay reported in Tab. 4.4,
as described in sec. 4.5.1. The mass values are correcteddora for the mass shift of
the J/i») mass observed in the fit on the ISR-enriched dataset, deddrilsec. 4.8.1. The
systematic uncertainties are summarized in Tab. 4.7. Tdtestital significance of the
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KYK*rT Decay KT*K~ntn~ 70 Decay

770(15) X(:Q(lp) 77(:(25) 770(15) X(:O(lP) X(:Q(lp) 77(:(25)
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
0 n-my 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
K% (M) 1.7 1.7 1.7 - - - -
70 (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 17 | 916 7.5 10.7 6.5

Table 4.8: Systematic uncertainty on cross-section measemt for data collected near
the?'(45) energy. The additive (A) contributions are given in numideveighted events,
the multiplicative (M) contributions are given in perceyg¢a The total contribution is
converted in fb, taking into accou{ K0 — 7 7m~) = (69.20 4 0.05)% [49].

Weighted Yield Uncertainty

KIK*nT Decay| KK~ 7"=x~ 7" Decay

1e(1S)  ne(25) | ne(19) 1e(25)
PDFs shape (A) Tiss Tas | Taves Y
Background Subtraction (A) 730 - 180 -
Peaking Background (A) 1690 184 2448 203
Efficiency Weight (A) 667 28 29198 1617
0 r-m . Correlation (M) - - 1.4 1.1
Tracking (M) 0.4 0.4 0.8 0.8
K9 (M) 1.7 1.7 - -
70 (M) - - 3.0 3.0
PID (M) 1.0 1.0 2.0 2.0
Sub-Total (A) Tioso oo | Tsoma  oiss
Sub-Total (M) 2.0 2.0 3.9 3.9
Total (Events) | TR Yess | T 029

Table 4.9: Systematic uncertainty on weighted yield meament for.(1.5) andn.(25),
using the whole dataset. The additive (A) contributionsggven in number of events, the
multiplicative (M) contributions are given in percentagéhe total contribution is given
in number of weighted events.

signal is computed as the ratio of the number of observedgtethe sum in quadrature
of the its statistical and systematic uncertainties. Resue summarized in Tab. 4.10.

The mass and width of the.(2S) resonance in thé&(K*7rF decay are measured
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Decay Corrected Npeak Ny Significance Corrected Fitted
Mode Yield (Evts.) (Evts.) (Evts.) o) Mass MeV /c?) Width (MeV)
nc(lS)%KgKiij 12096 £ 235 £ 274 189+ 18 214 £ 82 33.5 20825+04+14 3214+1.14+1.3
Xe2(1P) = KOK* 7 1264+37+14  —45+11 — 3.2 3556.2 (fixed) 2 (fixed)
nC(QS)—>K2Ki7er 624+ 724+ 34 25+5 — 7.8 36385 +1.5+0.8 13.4+4.6+3.2
nc(lS)—>K+K*7r+7r*7r0 11132 £430 £442 118 + 32 269 18.1 20845+ 08+3.1 36.2+28+3.0
Xeo(1P) =K+ K-ntn~n® 10944143 4+143 —39+19 75+21 5.4 3415.8 (fixed) 10.2 (fixed)
Xe2(1P) =K+ K-nta~n% 12504+ 1184290 14424 233473 4.0 3556.2 (fixed) 2 (fixed)
nC(QS)—>K+K_7r+7r‘7TO 1201 £133 £185 —46 £+ 17 — 5.3 3640.5 £ 3.2+ 2.5 13.4 (fixed)
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Table 4.10: Analysis results: corrected signal yield withitistical and systematic uncertainties, number of pegk@ckground events
estimated with the fit (/V,..), number of peaking-background events frdf and«(2S) radiative decays/Xy), significance (including
systematic uncertainty), corrected mass, and fitted wiltledch decay mode. We do not repdit for modes where it is negligible.



4.9 Results 119

with a better precision with respect to the current worlérage value [49]. This result
supersede the previoB2BAR measurement [315]. We report the first observation of the
n:(1S) xe0(1P), andn.(2S5), and evidence of thg..(1P) decay into theX ™ K 77~ 7"

final state. No significant signal for the,(2P) has been observed in bolff K*7F and
KtK-ntn—n% decay mode. This result, together with Belle’s preliminabgervation

of n.(25) decay to six-particle final state [201], is the first obsdorabf an exclusive
hadronic decay ofi.(2S5) other thank K .

4.9.2 TI',, x B measurement

The measured value of the two-photon production crosseseftr each resonance and
final state, obtained with data collected near 1he.S) energy, is reported in Tab. 4.5.
The relevant systematic uncertainties are reported in4:8b.From thek? K7 F cross-
section, we obtain thél K cross-section by taking into account the isospin relation
3B(KYK*nF) = B(KKT).

Since no significant.(2P) signal is observed, we determine a Bayesian upper limit

at 90% Confidence Level (CL) on its cross-section, assumiagifarm prior probabil-

ity distribution. We obtain the likelihood function shapéthva scan over the relevant
X2(2P) cross-section. The likelihood function is then convolvethve Gaussian with
mean equal to zero and width equal to the systematic unogstan order to take sys-
tematic effect into account in the upper limit calculatioBystematic uncertainties for
the x.2(2P) cross-section are estimated with the procedures desdritsest. 4.8.2. We
compute the upper limit by finding the value of the crossieadbelow which lies 90%

of the convolved likelihood integral in the positive crassstion region.

As described in sec. 4.7, we use Ba@nGamgenerator to obtain the value Bf., x
B that corresponds to the measured production cross-sdctic@ach resonance. The
systematic uncertainty associated to the cross-sectlonlaaon performed byzantGam
generator is estimated by comparing its output to that o tREESP generator [330], that
is used by Belle. This uncertainty is 3 % [205] and is summeduadrature with the
cross-section uncertainty for tthe, x B measurement.

In Tab. 4.11 we report the measured cross-section and thespandind’,, x B for
each resonance, in bott? K*7F and K K~n* 7~ 7" decay mode. The.(15)—+KKm
measurement is consistent with, but slightly more pretiaa,tthe current world-average
value [49]. The other entries are first measurements.
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Process Cross-section (fb) [y x B (keV)
nc(lS)%wa 896.9+17.8 +39.6  0.386 4+ 0.008 £ 0.021
Xe2(1P)=KKn 77427409 (1.84054+02)x 1073
7}0(25)—>KF7T 37.0£39+5.1 0.041 £ 0.004 £ 0.006
Xe2(2P)—»KKn < 6.5 <21x1073

n(1S) =K K ntr 7’  431.74+14.54+64.7  0.190 £ 0.006 + 0.028
Xeo(1P)=»K K- ntr—n° 30.3+£53+5.3 0.026 £ 0.004 £ 0.004
Xeo(IP) KT K-ntr 0 208+46+74 (6.5+0.9+1.5) x 1073
n.(28) =K K ntn—7° 26.8£5.1+45 0.030 £ 0.006 £ 0.005
Xe2(2P)—»K K ntm 70 < 10.0 <34x1073

Table 4.11: Results for.., x B for each resonance i Km and K™K~ 7 +7~=° final
states. The first uncertainty is statistical, the secontesyatic. Upper limits are com-
puted at 90% confidence level.

4.9.3 Relative branching fraction

The ratio of the branching fractions to th& K*7+ and K" K~ =7~ final state, for
bothn.(15) andn.(2S) is computed using the values M}?C(”S)/ef obtained from the fit
to the whole dataset and reported in sec. 4.7.3. 7fhES) yields are corrected by sub-
tracting the number of expected peaking-background evemts J/i) —+n.(1S) decay,
scaled taking into account the reconstruction efficiendye 3ystematic uncertainties are
reported in Tab. 4.9. Taking into accouBtK°—nt7~) = (69.20 & 0.05)% [49], we
find

B(n.(1S) K"K ntn ")
(55 KOKiﬁ) — 1.4340.05+0.21 (4.27)
B(n.(2S)—KtK-ntn—7°)

= 22+£05=£0. 4.28
B(1.(25) > KOK =77 05205 (4.28)

where the first error is statistical and the second systematie uncertainty in the ef-
ficiency parameterization is the main contribution to thstesnatic uncertainties and is
equal to0.17 and0.3, in Egs. (4.27) and (4.28), respectively. Using Eqgs. (4-V28),
B(n.(1S)»KKr) = (7.0 £ 1.2)% and B(n.(2S)—»KKn) = (1.9 + 1.2)% [49] , and
isospin relations, we obtain

B(n.(1S)—=KtK ntn 7% = (3.3+£0.8)%, (4.29)
B(n.(2S)=»K*K ntr—7% = (1.44+1.0)%, (4.30)

where we have summed in quadrature the statistical andnsgiteuncertainties.



Conclusions

In this thesis we have reported the analysis ofthe; K? K 7T andyy— KK~ ntr 0
two-photon processes using the filBABAR experiment dataset. The analysis of
yy—K2K*7¥ is an update of a previous measurement [197], using a datixsétes
larger. The dataset used in the present analysis has a kedamwith that used in an-
other recent analysis bBABAR [158]. Theyy—K K -ntn— 7Y is first studied in this
thesis. Results are summarized in sec. 4.9.

We report a precise measurement offig S) andn.(2S) parameters in th&® K7+
decay mode. Such results are consistent with the worldageeralues [49] and other re-
sults recently obtained by other experiments [155, 157 measurement of thg(25)
parameters supersedes that reported in the preBaBaR analysis [315], and is the
most accurate single measurement available [49, 155, Y8& observe for the first time
n:(15), x0(1P), andn.(25) decay intoK+*K-=t7~ =", and report first evidence of
Xe2(1P)=KTK-nt7~7° The values of the.(15) andn.(2S) parameters measured in
KTK~-rT7n~x° are consistent with, but less precise than those obtainggbii K =7
decay mode. We search for tlye,(2P) in both final states, but no significant signal is
found.

We measure the product of the two-photon width and the firdé diranching frac-
tion for all the resonances observed, in both decay modes.nTdasured value for the
yy—1.(18)—=K°K*nF process is consistent with, and slightly more precise than t
world-average value [49]. The others are first measuremehrts the y.o(2P) state,
we put a Bayesian upper limit at 90% confidence level on thaslpect. We measure
the ratio of theK+K—n*7~7° and K?K*xF branching fractions for the.(1S5) and
then.(25). From earlier measurements of theK pi branching fractions [49], we derive
B(n.(2S)—»KtK-ntn~7%) = (1.4+1.0)%. We have applied an event-by-event weight-
ing procedure that allows to greatly reduce the systemateainty in the two-photon
width and branching fractions ratio measurements.

The results reported in this thesis have been publishBtysics Review [B24]. The
candidate has presented these results at following canfeseor workshops:8*" Inter-
national Workshop on Heavy Quarkonitirheld on October 4-7, 2011, in GSI, Darm-
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stadt, Germany [331];Ihcontri di Fisica delle Alte Energie 2011332], held on April
27-29, 2011, in Perugia, Italy;XCVI Congresso della Societa Italiana di Fisicheld
on September 20-24, 2011, in Bologna Italy.



Appendix A

K+TK~ntr 77" background

A.1 Introduction

The number of peaking-background events originating fravm+photon processes with
a higher multiplicity with respect to the signal is estinthte sec. 4.6.2, by comparing
the pr shape distribution of the fitted resonances yield with MCestation for signal
events. This procedure has been proven to be effective éokth< =T final state, by
studying theyy—n.(19)7°— K2 K*nF 7% background process exclusively [158]. In this
section we study the background process—+ X7’ <K+t K- ntr 7%7% whereX =
ne(15), xeo(1P), xe2(1P) or n.(2S), in order to check that the,-shape-based method
works also for thek ™ K~ n+tn~ 7 final state.

A.2 Event selection

We select events by applying the following requirements:

e 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 thed and two-kaon
system should be zero;

N o<3 andN,, < 6;

7¥ photons energy larger than0 MeV;

the twor? in the final state should not have overlapping photons;

M2, ofthe KT K- nTn~7n07% system larger thad (GeV /c?)2.
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In Fig. A.1 we show thep; distribution of theK+* K~ 7t7—7%7° events in data. The
presence of a peak gt ~ 0 GeV/c indicates the presence of the two-photon signal. For

w
a
o
(=]

3000

2500

Events /( 0.01 GeV/c)

Figure A.1: Distribution ofp; for selecteds ™ K~ 77~ 7%z events.

each event there are two possible combinations to obtail tfe( X = 7.(15), x.o(1P),
Xe2(1P), n.(29)) final state. In fact, due to the fact that the twibare indistinguishable,
the system K™K ntr 7] may be combined as(KTK 7 n 7))l or
(KTK-nta~73)7?. 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 the K 77— 7" system af-
ter applying apr cut to enhance the two-photon contribution. No peakingcsting is
observed in correspondence of theéls), x.. x.2(1P), andn.(2S5) mass.

We fit the K T K~ 77— n°7° mass distribution with a fourth order polynomial shape
that model the background distribution. Results of the &tsdrown in Fig. A.3. For each
point of the mass spectrum, the pull is defined as® — N7/%) /o, where N°* is the
number of events observed in dafé/" the number of events expected by the fit, and
o is the statistical uncertainty associated to each poiné @il distribution is shown in
Fig. A.3. No significant excess is observed at the positiaefstudied resonances. We
thus conclude that th&+* K ~7+t7~ 7% process does not give substantial contribution
to the peaking-background. The estimate of the number dipgdackground events
originating by two-photon processes obtained in sec. 4s6f2en considered to be con-
servative.
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Figure A.3: Fit to theK * K —nt 7~ 7% invariant mass for th&* K ~7 7~ 797" final state
after applying a (apr < 0.1 GeV/c and (b)pr < 0.2 GeV/c requirement. The green
lines are placed at the nominal [49] masses of (left to right).S), x.o(1P), xe2(1P),
andn.(2S). The red lines are placed at the nominal [49] masses of (efght) .J/z» and

¥(25).



Appendix B

Invariant mass projections

In Fig. B.1 we show the Dalitz Plot distribution for eventstie K% K*7F decay mode.
In each figure, we show a plot for signaln.S) and background region.

In Figs. B.2— B.6 we show the one-dimensional projection&ofK —7 77" data
overtheK " K—, n"7~, andr* 7~ 7 invariant mass, and the two-dimensional projections
inthe (m(K+7~),m(K ")) and(m(x %), m(7—=°)) plane. In each figure, we show
a plot for signal).(nS) and background region.
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Figure B.1: Dalitz plot distributions folXK=7xF events in (a).(15) region .9 <
Myoeer < 3.05 GeV/c?), (b) n.(25) region 8.6 < myogz.+ < 3.7 GeV/c?), (c)
1c(15) sideband region o i+ .+ < 2.9 GeV/c? 0r3.05 < mgogers < 3.4 GeV/c?),
and (d)n.(25) sideband region3(4 < mgogis < 3.5 GeV/c* or MEO KT >
3.7 GeV/c?).
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Figure B.6: Invarianfm(n*7°), m(7~=°)) mass distribution for (a).(15) region2.9 <
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