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Three quarks for Muster Mark!
Sure he has not got much of a bark
And sure any he has it’s all beside the mark.

- James Joyce, Finnegans Wake -



Contents

LMesons in the quark model

1.1 Thequarkmodel . . . . . . . . . e
1.2 MeSONS MiXiNg . . . . . v v v v v e e e e e e e e e

1.3 gycouplingofmesons . . .. ... ... .. .. ... ...

‘1.4 Scalar mesons‘ .......................................

‘2 Photon-photon interactions‘
‘2.1 Physics with two photons‘ ................................

‘2.2 Kinematics and cross section of yy reactions . . . ... ... ............

‘2.3 Approximations for the cross section formula . . . . . ... ... ... ... ... ..

‘2.4 Resonance production in 7y interactions . . . . .. ... ... oL

‘2.5 Tagging of the photons . . . . . . . . . . . . . .

‘2.6 Form factors in meson-photon-photon transitions . . .. ... ...........

‘2.7 Measurements of radiative widthsof mesons . . . . . . ... ... ... ......

\LThe KLOE experiment at DADPNE
3.1 The collider DA®NE . . . . . . . . . e

3.2 The KLOE detectoA ....................................
‘3.2.1 The driftchamber . . . . . . . . . . . .

‘3.2.2 The electromagnetic calorimeter . . . . . ... ... ... ..........

‘3.2.3 The quadrupole calorimeters . . . . . . .. .. ... ... ... .......

‘3.2.4 The trigger systemJ ................................

‘3.2.5 Data acquisition . . . . . . . ...

‘3.3 Data reconstruction . . . . . . . . . . e

‘3.3.1 Cluster reconstruction . . . . . . . . . . .

‘3.3.2 Track reconstruction . . . . . . . . . ..

‘3.3.3 Track-to-cluster associatior# ...........................

\LData and background sample
4.1 Data sample and preselection filter . . . . . . . . . . . ... ... .. ...

4.2 Simulation of signal and background . . . . . ... ... o0 0oL

9

9
11
12
14
15
15
19

21
21



Contents

5 Cross section for ete~ — ete npwithy — a7 39
‘5.1 Eventselection. . . . . ... ... .. ... 39
‘5.2 Background re]'ectionJ ................................... 39

‘5.2.1 Photon pairing .................................. 40
‘5.2.2 Kinematicfit. . . . . ... ... ... . ... o 40
‘5.2.3 Track identification and rejection of the QED background . ... ... .. 42
‘5.2.4 Time and energy quality cuts . . . . . . ... ... ... ... ... ..... 45
‘5.3 Selection efficiency for signal and backgrounds‘ .................... 52
‘5.4 Cross section evaluation| . . . . ... ... ... . ... ... . ... . ... ... 54
‘5.4.1 Estimates of background yields from a control region . . . . ... ... .. 60
‘5.5 Evaluation of the systematic uncertainties‘ ....................... 63

6 Cross section for ete~ — ete 1y withy — 7° 2979 65
‘6.1 Eventselection. . . . . ... .. ... . ... 65
‘6.2 Background re]'ectioA ................................... 65

‘6.2.1 Photon pairing .................................. 66
‘6.2.2 Kinematicfit. . . . .. .. ... ... ... . . 67
‘6.2.3 Cut on the energy of the most energetic photonJ ............... 68
‘6.2.4 Cuton the 6yinvariantmass . . . . . ... ... ... ... ... ..... 70
‘6.3 Selection efficiency for signal and backgrounds‘ .................... 71
‘6.4 Cross section evaluatiorJ ................................. 72
‘6.5 Evaluation of the systematic uncertainties‘ ....................... 76

‘7 Combination of the two cross section values 79

‘8 Extraction of the partial width I'(y — ) 81

‘9 Measurement of the cross section forete™ — 17')/‘ 85
‘9.1 Eventselection. . . . . ... .. ... ... e 85
‘9.2 Background rejectionJ ................................... 85

‘9.2.1 Photon pairing .................................. 86

‘9.2.2 Kinematicfit. . . . . . . . . ... 86

‘9.2.3 Track identification and rejection of the QED background . ... ... .. 87

‘9.2.4 Cut on the sum of the photon energies‘ ..................... 88

‘9.2.5 Cut on the sum of the track momenta . . . ... ... ............ 88

‘9.3 Selection efficiency for signal and backgrounds‘ .................... 97
‘9.4 Cross section evaluatiorJ ................................. 97
‘9.5 Evaluation of the systematic uncertainties‘ ....................... 98
Conclusions 105
‘A A Monte Carlo generator forete™ — ete "y 107

ii



Contents

\LEnergx scale correction 109

Bl efe” = KoK o v ot 109
B2 ete =y =310y . .. 111
\C;The Lagrange Multipliers method 113
C.1 TheLeast-Squaresmethod| . . . . . . . . . . . . . .. ... 113
C.2 Fitting with constraints: Largange Multipliers . . ... ... ... ... ...... 114

D The 2-dimensional ﬁﬂ 117
References 121

iii



Contents

iv



Introduction

Photon-photon interactions are forbidden in classical electrodynamics. According to Maxwell’s
linear equations electromagnetic waves cross each other without any disturbance. In quantum

electrodynamics (QED), however, the uncertainty principle allows a photon of energy E, to

2

fluctuate into states of charged particle pairs with mass 7, and lifetime At ~ 2E,/m,,;,,

and photon-photon scattering becomes possible due to the interaction of the intermediate par-
ticles. The cross section for photon-photon interactions is of the order a*, but increases with
the beam energy E like (logE/m,)?, and therefore already dominates over the O(a?) eTe™ an-
nihilation process for beam energies of a few GeV. Experimentally it is difficult to collide high
energy photon beams. A simple way of avoiding this problem is to use virtual particles, e.g.,
the quantum fluctuations of an electron into an electron-photon state. This is done at electron
and positron colliders. In the basic diagram of photon-photon reactions both the incoming e™
and e radiate a photon, predominantly at small angles and with small energies, and the two
photons produce the final state X. Photon-photon production of neutral mesons provides basic
information on their internal structure. The strength of the coupling, measured by the partial
decay width I'(X — <), is related to the quark content of the meson and gives information
on the relations between the hadronic state and its g7 representation. The measurement of the
radiative width of pseudoscalar mesons is indeed a crucial input for the determination of the
pseudoscalar mixing angle and for testing the valence gluon content in the 1" wavefunction.
Moreover, a precise study of the form factors of the transition yy* — X, where one photon is
off-shell and the other is real, is of particular interest in evaluating the light-by-light contribu-
tion to the anomalous magnetic moment of the muon.

Photon-photon interactions in electron-positron colliders were pioneered in the 1970s at ADONE
in Frascati and since then have been used to study the production of hadrons in almost all eTe™
colliders in a variety of conditions in low- and high-4* processes. In particular, measurements
of the vy partial width of 7 and 1’ mesons have been done measuring the ete™ — ete 1 (1)
cross section.

This thesis is focused on the measurement of the cross section e*e~ — e*e~ 5 and the extraction
of the partial width T'(y — <) with the KLOE detector at the ¢-factory DA®NE. DA®NE is
an e"e~ collider that operates at the mass of the ¢ resonance, 1020 MeV. The measurement is
done with off-peak data, at \/s = 1 GeV, to reduce the large background from ¢ decays, and
with an integrated luminosity of about 240 pb~!. The final state ¢* and e~ are not detected,

being emitted with high probability in the forward directions, outside the acceptance of the

1



Introduction

detector. The production of the 7 meson is identified in two decay modes, 7 — 7" 7w~ ¥ and
n — 01970, that exploit in a complementary way the tracking and calorimeter of the detec-
tor. The most relevant background for both measurements is the radiative process ete™ — 77y
when the monochromatic photon is emitted at small polar angles and escapes detection. The
cross section for ee” — 7y is measured in the same data sample with a dedicated analysis.
The cross section of the process eTe™ — ete ™y is a convolution of the differential 7y lumi-
nosity and the 7y — 7 cross section. The 7 partial decay width I'(y — <) is obtained by
extrapolating the value of o(yy — #) for real photons, using a parametrization for the # form
factor based on recent measurements.

The value obtained for the # partial decay width I'(y — 77) is in agreement with the world

average and is the most precise measurement to date.



Chapter 1

Mesons in the quark model

1.1 The quark model

In the 1960s and 1970s the number of observed hadronic resonances rapidly grew. Several at-
tempts were made to build a new classification scheme for summarizing the regularities of the
quantum numbers of all the particles. In 1964 M. Gell-Mann and G. Zweig independently pro-
posed the “quark model” [1,2, 3], which was the follow-up to a classification system known as
the Eightfold Way, or SU(3) flavour symmetry. According to the quark model, the hadrons are
composed of three fundamental particles: the “up”, “down” and “strange” quarks, denoted
as u, d and s. For every quark flavour there is a corresponding antiparticle, known as an an-
tiquark, that differs from the quark in that some of its quantum numbers have opposite sign.
The antiquarks corresponding to the u, d and s quarks are denoted as i, d, 5. Both quarks and
antiquarks are strongly interacting fermions with spin 1/2. Quarks have, by convention, posi-
tive parity, while antiquarks have negative parity. In the quark model, all known hadrons are

composed of quarks and antiquarks according to the following simple rules:
e each meson is a quark-antiquark pair;
e each baryon consists of three quarks, and each antibaryon of three antiquarks.

This simple model accounts to perfection for the properties of all the hadrons known in the
1960s. The electric charge, baryon number and isospin of the particles equal the sum of the
corresponding quantum numbers of the composing quarks. One of the outstanding features
of quarks is their electric charge. Contrary to all the previously discovered particles, they have
non-integer charges (in units of the proton charge): 2/3 for u and -1/3 for d and s. This is
a consequence of the fact that the baryon number of each quark is 1/3 (the resulting baryon
number for baryons is 1); as for strangeness, it is 0 for u and d, and -1 for s. The flavour
quantum numbers of the quarks are related to the charge Q through the Gell-Mann-Nishijima
formula Q = I3+ (B+S)/2 = I3+ Y/2, where I3 is the third component of the isospin, B is
the baryon number, S is the strangeness and Y is the hypercharge. The u and d quarks form
an isospin doublet (I = 1/2) with S = 0, where the u quark has I3 = +1/2 and the d quark
has Iy = —1/2. The s quark is an isospin singlet (I = 0) with S = —1. The flavor of a quark

3



Chapter 1. Mesons in the quark model

(I, , S, B) has, by convention, the same sign as its charge Q. Therefore any flavor carried by a
charged meson has the same sign as its charge. Antiquarks have the opposite flavor signs. The
properties of quarks and antiquarks are summarized in Tab.[1.1l Mesons, consisting of a quark

H [ @ | 5 [ B [S] Y |

u +2/3 | +1/2 | 1/3 | 0 | 1/3
d -1/3 | -1/2 | 1/3 | 0 | 1/3
5 -1/3 0 1/3 | -1 | -2/3
il 2/3 1 -1/2 1-1/3] 0 | -1/3
d +1/3 | +1/2|-1/3| 0 | -1/3
3 +1/3 0 -1/3 | +1 | +2/3

Table 1.1: Properties of quarks. Q is the electric charge, I3 the third component of the isospin,
B the baryon number, S the strangeness, Y the hypercharge.

and an antiquark, have baryon number B = 0. If the orbital angular momentum of the g7 state
is I, then the parity is P = (—1)"*!, where the factor (—1)" comes from the orbital motion and
the factor —1 is due to the opposite intrinsic parities of quark and antiquark. The meson spin
] is given by the usual relation |l —s| < J < |l + s|, where s is 0 (antiparallel quark spins) or 1
(parallel quark spins). The charge conjugation, or C-parity, is C = (—1)'** and is defined only
for the g7 states made of quarks and their own antiquarks. The C-parity can be generalized to
the G-parity G = (—1)**%, where I is the isospin. Mesons are classified in J’C multiplets. The
I = 0 states are the pseudoscalars 0~ and the vectors 1~ ~. The orbital excitations I = 1 are
the scalars 07, the axial vectors 171 and 1%, and the tensors 2. According to the SU(3)
symmetry, the nine possible g4 combinations containing the light u, d, and s quarks are grouped
into an octet and a singlet of light quark mesons: 3 ® 3 = 8 ® 1, as shown in Fig.[1.1 for the
pseudoscalar mesons. The singlet with Y = 0 and I = 0 contains all the quarks on an equal

y y
0
+1 L .Ko .K +1 b OK OK
0 70 0 50 .

0 s " :].. 1‘* = ) 7 T4 T @ .

— Ko
| 3 g 1 ¢ «

I, I,

_I1 6 +‘1 -i 6 +‘1
3 ® 3 = 8 ® 1

Figure 1.1: Pseudoscalar mesons arranged in SU(3) octet and singlet.

footing. The normalized singlet state is

1su3); |11 = 0) = ¢y = 1/V/3(uit + dd + s5), (1.1)

4



1.2. Mesons mixing

symmetric in flavour, where 7 is the dimensionality of the representation. Of the two states at
the centre of the octet, one belongs to an isospin triplet (isovector) and the other is an isospin
singlet (isoscalar), both have I3 = 0. The quark wavefunction of the I3 = 0 triplet state is

18su); |1 = 1) = yy = 1/V2(ui — dd). (1.2)

Since the s and 5 quarks are isospin singlets, they cannot couple to give an I = 1 state. However,
they can couple to give an I = 0 state so that the I = 0 state at the center of the octet is a linear
combination of uii, dd and s3. The properly normalized state, orthogonal to (1.1) and (1.2), is

18su); Tl = 0) = g5 = 1/V/6(ui + dd — 2s5) . (1.3)

Pseudoscalar mesons have angular momentum | = 0: quark and antiquark are in the min-
imum energy state, with relative angular momentum / = 0, and have opposite spin. The
correspondence between pseudoscalar mesons and g states is: Kt = u3, KO = ds, 7= = id,
K~ =is, KO = ds, mt = ud. The pseudoscalar mesons 0, 1, 11’, that have quantum numbers
Q=0,I3=0,Y = 0, are represented as orthogonal combinations A,uii + Azdd + Asss, with
normalized amplitudes |A,|? + |A4)* + |As]? = 1.

1.2 Mesons mixing

The mass splitting in the multiplets show that although flavour SU(3) describes the hadron
spectrum very well, it is not an exact symmetry. If it were, indeed, the states in a given mul-
tiplet would be degenerate. In the pseudoscalar sector, assuming that the 71 meson has no
strangeness component (m,0 < ms) and is the (uiidd)/+/2 state, SU(3)-breaking causes the

physical 7° and 7’ mesons to be mixtures of the SU(3) octet and singlet states:

7 = ngcostp — 11 sinbp,

7' = ngsinOp + 171 cosp, (1.4)

where 1’ and 7 are the physical states, 77; and 73 are the singlet and octet state respectively
and 0p is the mixing angle in the pseudoscalar nonet. The physical states 1’ and # are re-
lated to the SU(3) singlet and octet states by a rotation of the angle 6p. For small values of 6p
the parametrization (1.4) implies that 7" is mainly a singlet state and # mainly an octet state.

Assuming the mass matrix elements to be quadratic rather than linear (according to chiral per-

g m) M Mg\ (om0 (1.5)
UE Mis Mg s

After diagonalization of the mass matrix one derives [2]:

turbation theory),

MZ o m2
tan? fp = % , (1.6)
M, = Mg

5



Chapter 1. Mesons in the quark model

with M3g = 1/3(m% — m?%). Similar expressions exist for the vector and tensor meson nonets
in which there are ¢ — w and f} — f> mixing respectively. The sign of the mixing angle is
negative (positive) according to whether the mass of the mainly octet member is smaller than
(greater than) that of the mainly singlet member. Important predictions about the dominant
decay modes of the isoscalar states come from the observation that the 1~ and 2" nonets are
almost “ideally mixed”. The singlet and octet wavefunctions for the isoscalar states are defined
in (1.1) and (1.3), and the octet-singlet mixing is, for the general case, parametrized by

mg = Pgcosd — Py sinf,

my = Pgsin @ + p; cos b, (1.7)

where m; and mg are the physical, mainly singlet meson and the physical, mainly octet meson
respectively. If sinf = 1/ /3, where 6 is the mixing angle, one has m; ~ wii + dd and mg = ss.
In this case the nonet is said to be ideally mixed because the singlet state consists only of uii
and dd quarks and the octet state only of s5 quarks. Ideal mixing happens for § ~ 35°, which is
approximately the case for the 1~ and 2" nonets but not for the pseudoscalar nonet. Therefore,
for the members of these nonets, the mainly singlet states decay predominantly to pseudoscalar
mesons consisting of u and d quarks (pions) and the mainly octet states to strange pseudoscalar
mesons (kaons): BR(¢ — KK) ~ 83%, BR(w — it %) ~ 89%, BR(f; — KK) =~ 89%,
BR(fy — mt7t) = 85%.

1.3 7 coupling of mesons

The nonet mixing angles can be measured in <7y collisions. The 7y couplings of mesons can
be expressed in terms of coupling constants gz,-. For pseudoscalar and scalar resonances one
can define [4]:

3
Mp 2
Ipyy 6471SP Y
3
m
Tsyy = 168507 (1.8)
In the quark model mesons are represented as
[M) = Zqcqlqq) - (1.9)

The coupling of two photons (with a given 7y helicity) to a quark-antiquark pair is proportional
to the square of the quark charge:

(qalry) ~ e5pq(0) (S wave),
(qqlyy) ~ ey (0) (P wave), (1.10)

6



1.3. 77 coupling of mesons

where 1,(0) is the radial quark wave function at the origin and 1/)[7(0) is the first derivative of
,4(0) at zero. If 1,(0) is independent of the quark flavour the 7y coupling constant of a meson
M can be related to the quark charge through (1.9) and (1.10):

§Myy ~ (M]77) ~ Zycqeq = (ef) - (1.11)

The coefficients ¢, are given by the SU(3) representations shown in (1.1)-(1.3). The effective
squared charges defined in (1.11) are

(ex)v —e2)/V2=1/(3V2),
(e2)s = (eh +ed 2es>/xf =1/(3V6), (1.12)
(€)1 = (e +e5+e)/V3=2/(3V3),

where the indices 8 and 1 denote the flavour octet and flavour singlet isoscalars, while the
symbol V denotes the isovectors (e.g. 71, ap). Since the SU(3) symmetry is broken by the mass
of the s quark, the physical states are mixtures of the SU(3) singlet and octet states, as explained
in the previous section. Therefore, neglecting any possible mass dependence, the ratios of the
coupling constants depend only on the quark charges and on the mixing angle:

myy = &y * 8n'yy = ey 8f vy 8f vy
<e§)v : COS 9(6%)8 - sinQ(e%)l : sin@(ef]}g + c059<e§>1 =
V3 :cos —2v/2sinf : sinf +2v/2cos . (1.13)

A possible mass dependence for the coupling constant gz, is strongly model dependent.
The first two-photon experiment proposed for ete™ storage rings was the measurement of the
7¥ width [5]. The 7n° — 7+ decay played a fundamental role in the determination of the
number of color degrees of freedom of the quarks and therefore became a milestone for the
development of the color gauge theory, “quantum chromodynamics” (QCD). The vy width of
the 71¥ is connected to the -y widths of the ;7 and the 7’ mesons through the relations [6]:

) 2
Tyoyy _ 1My | fucosbp _ VBfrsinp (1.14)
rno_,,w 3 m3 f178 f171

2
ﬂ _ lm’l/ frsinbp \/ng cos Op (1.15)
Fnoﬂw 3 m;’-[ fy]S fql

where fr is the pion decay constant, f, ~ 93 MeV, 0p is the pseudoscalar mixing angle, f,; and
fys are the decay constants for the combinations 71 and 7s. The ratio fg/fr ~ 1.25 has been
calculated using chiral perturbation theory. Therefore the measurement of the partial yy width

I'(X — 77) is a crucial input for the determination of the pseudoscalar mixing angle.



Chapter 1. Mesons in the quark model

1.4 Scalar mesons

Scalar mesons belong to the multiplet J” = 0. They are grouped in a nonet, like the pseu-
doscalar mesons, but the mass spectrum is inverted, as shown in Fig. 1.2l This inversion
does not have any explanation within the usual description of mesons in terms of g7 couples.
Moreover, the scalar mesons have positive parity, which is not possible in a g7 combination

M (MeV) M (MeV)
1200}
1000} (980) .
a ® a 1000} '
f, (580)
800+
800
600 | o _
k(700) K(700) K o —1 ke R
400
600}
& (500) 200} - 0 "
. L 1 T L L : T
-1 0 a1 -1 0 s ¢

Figure 1.2: Mass spectrum of the scalar mesons (left) and pseudoscalar mesons
(right).

with angular momentum / = 0. One of the models used to describe the nature of the scalar
mesons is the “tetraquark model”, that predicts the existence of four valence quarks: a couple
of quarks (diquark) and a couple of antiquarks (antidiquark). This model explains the inverted
mass spectrum. In Tab.[1.2/the quantum numbers of the light scalar mesons (with mass < 1

GeV) are shown. In contrast to the vector and tensor mesons, the identification of the scalar

H H I \ I3 \ S \ Y \ composition H

at 1 +1 | 0 [0 [sul[3d]

a’ 1 0 00 %([su] [511] — [sd][5d])
a- 1 -1 0|0 [sd][51]

fo 0 0 | 0] 0| X([su[sa]+ [sd]sd)

o 0 0 010 (ud][id]

K" 1/2 | +1/2 | +1 | +1 [ud][5d|

KO 1/2 | 172 | +1 | +1 (ud] [51]

KO 1/2 | +1/2 | 1 | 1 (us] ]

K |[1/2]1/2 1|1 [ds][da]

Table 1.2: Quantum numbers and scalar mesons composition in the diquark-antidiquark
model.

mesons is a long-standing puzzle. Scalar resonances are difficult to resolve because some of
them have large decay widths which cause a strong overlap between resonances and back-
ground. Scalar mesons can be produced in 7N scattering, pp annihilation, |/, B-, D- and

K-meson decays, ¢ radiative decays and 7y interactions.



Chapter 2

Photon-photon interactions

2.1 Physics with two photons

Light by light scattering [4,7,8,9,10] is forbidden in classical electrodynamics because accord-
ing to Maxwell’s classical linear equations electromagnetic waves cross each other without any
disturbance. In quantum electrodynamics (QED), however, the situation is different. The un-
certainty principle allows a photon of energy E,, to fluctuate into states of charged particle pairs
with mass #1,,;,. The lifetime of this intermediate state, At ~ 2E / m;% 4irs €an be very large for
high values of E,, and photon-photon scattering becomes possible due to the interaction of
the intermediate particles. In other words, the photons create virtual pairs by quantum fluc-
tuations of the vacuum. The simplest mechanism for elastic 7y scattering is given by the box

diagram (Fig. 2.1). Very intense sources of photons are electron and positron storage rings,

Figure 2.1: Box diagram for elastic yy scattering.

which were built to investigate the annihilation of electrons and positrons. In the lowest order
of the electromagnetic coupling constant a, O(a?), this process can be seen as the annihilation
of eTe™ into a virtual time-like photon, which then materializes into a final state X of hadrons
or leptons, as shown on the left side of Fig.[2.2. In the dominant diagram of the two-photon
mechanism (right side of Fig.[2.2), instead, electrons and positrons of both incident beams emit
virtual space-like photons that annihilate producing the final state X, which is some arbitrary
final state allowed by conservation laws. In particular, hadronic states with | PC — (gE+; 2%+
are directly produced through the vy — X subprocess. The cross section of the process is of
the order a* and is very small at low beam energies (up to several hundred MeV) if compared
with the ete™ annihilation cross section. However, the two-photon cross section increases with

9



Chapter 2. Photon-photon interactions

e: e
e q ]
*i
y* v
X
et a Y*
e’ e’

Figure 2.2: Feynman diagrams for e™e™ annihilation (left) and 7y interactions (right).

the beam energy E like (logE/m,)?, while the e~e~ annihilation cross section decreases at least
like 1/E?. Therefore the two-photon process, despite of the order a*, already dominates over
the annihilation process (of the order a?) for beam energies of a few GeV. The structure of the
photon propagators in 77y reactions causes the photons to be radiated nearly on-mass-shell (al-
most real photons) and at small angles (~ m,/E) relative to the beam axis. The momentum
transferred to the system X is therefore small. Most 7 events produce a low invariant mass
final system, because of the typical bremsstrahlung spectrum of the emitted photons (~ 1/E,).
The two-photon production of lepton pairs can be used to test quantum electrodynamics (QED)
up to the order a*, while the production of hadronic final states gives the possibility of prob-
ing hadron dynamics and studying the coupling of the photons to quarks. In the regime of
large four-momentum transfer g> of the photons and high transverse momenta of the pro-
duced hadrons, the elementary nature of the photon is emphasized and the two photons have
a pointlike coupling to a quark pair (high-pr jets, structure functions). The investigation of
the production of high transverse momentum particles, jets, and scattering of highly virtual
photons, allows for tests of QCD. In the regime of low four momentum transfer > and low
transferse momenta of the hadrons, the hadronic nature of the photon is emphasized, and al-
most real photons are emitted. In the vector meson dominance (VMD) model [11], which works
fairly well in most processes involving real or almost real photons, the photons turn into virtual

vector mesons (.. p, w, ¢) which then interact strongly with hadrons (Fig.2.3).

q
Figure 2.3: The dual nature of the photon: QED coupling (left) and and VMD coupling (right).

The first theoretical papers related to two-photon physics at ete™ storage rings appeared in
1960. At the end of the 1960s and early 1970s the storage rings in Frascati, Novosibirsk, Or-
say, Stanford and Hamburg became available. The first experimental results were obtained by
ADONE in Frascati and by VEPP-2 in Novosibirsk [13]. Since then, 77y interactions have

10



2.2. Kinematics and cross section of 7 reactions

been used to study the production of hadrons in almost all e*e™ colliders in a variety of con-
ditions in low- and high-4? processes [10]. Both 7* (one almost real photon and one virtual
photon) and 77 (two almost real photons) reactions, exclusive and inclusive and for different
regimes of photon-photon center of mass energy W, give crucial information on hadronic struc-
ture. At low to medium W, the main goal of exclusive 7y studies is to extract the two-photon
widths of meson resonances that couple to two photons. The measurement of the radiative
width of pseudoscalar mesons I'(X — 7) is a crucial input for the determination of the pseu-
doscalar mixing angle (see sections 1.241.3) and for testing the valence gluon content in the
1" wavefunction [14]. On the other hand, a precise study of the form factors of the transition
¥y — X, F (Q%*, 0), where one photon is off-shell and the other one is real, allows one to test
phenomenological models used for computing the light-by-light contribution to the (g —2),
prediction in the Standard Model and the dynamics of the 1% — e*e™ transition [16].

2.2 Kinematics and cross section of -y reactions

Two-photon scattering at eTe™ storage rings can be observed through the reaction ete™ —
ete~ )y} — ete~X: an electron and a positron radiate photons, and these photons produce
the final system X with even C-parity. The kinematics of the reaction is completely determined
by the four-momenta of the incoming and of the scattered electron and positron (see Fig.2.4).

The main goal is to find the amplitudes for the 9y — X process, both for virtual and almost

p, =lE}.B;)

P, =lE.By) Z_{_
electron
qf=-0°
q§=-P§

2
(g,+q, ) =W
Py =(E3.5; )

Figure 2.4: Kinematics of the two photon reaction ete™ — ete™ X.

real photons. The colliding photons with momenta g1 and g, are space-like (4> < 0) and may
have both a transverse (T) polarization and a longitudinal (L) polarization. The mass of the
produced system is W? = (g1 + g2)2. The observed e"e~ — e'e™ X cross section is expressed
in terms of the 9y — X cross sections for the corresponding photons: orr, 011, 0L, 011, €.8.
orr is the cross section for the collision of a transverse photon g; with a longitudinal photon
g2. Moreover, the result has four additional interfering terms: trr, Tr1, Tfp, T7;, Where Trr

is the difference between cross sections for scattering transverse photons with parallel (||) and

11



Chapter 2. Photon-photon interactions

orthogonal (L) linear polarizations, and 77, is the difference between the cross sections for

scattering of transverse photons in states with total helicity 0 (¢p) and 2 (07):
T =0 —01; Tr=00—0 orr=1/2(c)+0.)=1/2(00+02). (2.1)

The terms 771 and 77; are connected with the interference terms of amplitudes for the transition
7y — X where both transverse and longitudinal photons participate. All these quantities
depend on W2, 4% and g3 only. The differential cross section for the two-photon production has
the form

o/ (0192)* — 4765 L Pidp,
T
+201 " pPorr + 2080053 Torr + 3003 01 + 2|07 3 | Trrcos2g

—807 %05 0| Trrcos2p + AThr + BT ]. (2.2)

4+

do(ete” —ete X) = x [4pf o3 oy

The mixture of polarization states of the photon is given by a 3 x 3 density matrix with elements
p!" (i = 1,2 for the two photons). The quantities p‘{f’z are the elements of the density matrix of
the virtual photons in the 7y helicity basis (a,b = +£1 for transverse photons, 0 for longitudinal
photons), and can be expressed in terms of the momenta p; and g; and the particle form factors.
The transformation between the two different bases (linear polarization basis and helicity basis)
is derived in [9]. The term ¢ is the angle between the lepton scattering planes in the 7y center-
of-mass system. Symmetry between photons requires o, (W, 43, 95) = o17(W, g3, 43), reducing
the number of independent functions to be determined. The coefficients of Trr and 77, both
vanish after the integration over ¢. The terms 74, and 74, can only be measured with polarized
lepton beams, otherwise A = B = 0. All terms with an index L vanish if the corresponding
photon is on-shell. Only orr and 771 survive as both photons become real.

2.3 Approximations for the cross section formula

The complicated helicity structure of the cross section in equation (2.2) can in some cases be
simplified [7,8,19]. Because of the photon propagators in 7y processes, the emitted photons are
almost real, and one can make the approximation that only transverse photons contribute. The
cross section 2.2 contains then only the term o7 (the term Trr vanishes after integrating over
P):

o2/ (192)” — 3393

d3 /d3 !
324 E2¢2 g2 x 401 oy Torr X s iy (2.3)
112

EiE)

do(ete” —ete X) =

Theete™ — eTe™ X cross section has been approximated by a product of the transverse photons

densities and a cross section for the process vy — X. Introducing a “two-photon luminosity

12



2.3. Approximations for the cross section formula

function” for transverse photons, L,g , the cross section can be rewritten as

do(ete” — ete X) dLay

dwi X dwy X dcosty X dcosty x d¢ - dwy X dwy x dcosth x dcosbty x d¢

Xorr, (2.4)

where w; = E,;/E. The differential luminosity function is

DLy _ BB oot tVE (2.5)
dewy x dw; x deosby x decosty x dp — 1673¢343 1 F2 ’ '

where X = 1/4(W? — g2 — 43)* — q345. The terms p;' " contain in general the variables of both
photons. However, for g2 — 0, g7 << W?, it is possible to write the photon luminosity function
as a product of two fluxes. Since 42 << W?, W? depends only on the energies of the photons:
W2 = (q1 + q2)* ~ 4E,1E,,. After integrating over the angular distribution of the leptons, one
obtains the factorized luminosity function:

Ly, dNy(w1) ANy (ws)

dwl X dan - dw1 % dwz ' (26)

The photon spectra, integrated between g2, and g3,,, << W?, become

Mlw) _ s {[1+ (1 - Pz (1 - ) (1 - q;>} : 27)

- 2 2
dw 271w & i Torax

Keeping only the leading term in (2.7) the photon spectrum is approximated by
AN, (w)/dw = (a/7)(1/w) In(E/m,)[1+ (1 — w)?]. (2.8)

The differential luminosity dL,,/dz (where z = W/2E) can be obtained by integrating (2.6)
with the constraint wjw; = z? and with the approximation (2.8):

o (2) ()

where the “Low function” f(z) is defined as

f(z) = (2+2*)°In(1/2) — (1 —2*)(3 + 2%). (2.10)

For not too large values of z (z < 0.8), this formula overestimates the exact luminosity function
by about 10% to 20%, but reproduces quite well the shape of the function. The factorization (2.6)
is called “Equivalent Photon Approximation” (EPA) or “Weizsdcker-Williams Approximation”.
This approximation gives the exact cross section in the case where both scattered e*e™ are
detected within small forward angles. Fig. shows the luminosity function multiplied by
an integrated e*e~ luminosity L., = 1fb~, as a function of the 7 invariant mass for three

different center-of-mass energies.

13



Chapter 2. Photon-photon interactions

2 10%F \, — s=14GeV
—'q>) ; — A\s=12GeV
= ——— s=1.02GeV
~ 10 F
’JO
X
B; 1F
2 F
i ;
arl
10 3
2T
10 3
=1
10

1 1 N |
0 500 1000
WW (MeV)

Figure 2.5: Differential 7y luminosity as a function of the center- of-mass energy. Accessible
final states are also indicated.

24 Resonance production in 7y interactions

The total cross section for the production of a hadronic resonance R by two real photons is
given by the (relativistic) Breit-Wigner formula

IT,,

o(yy — R) = 87(2] +1 ,
(vy = R) (2] )(WZ_M%{)ZJFFQM%

(2.11)

where | denotes the spin of the resonance, My its mass, I and I, its total and two-photon
decay width, and W the 7y center of mass energy. For a narrow resonance with | = 0 (e.g.

pseudoscalar mesons) the cross section is

r
oc(yy — R) = 8n2ML;5(w2 — M%). (2.12)

For almost real photons (Equivalent Photon Approximation) the cross section of the process
ete” — eTe R can be estimated from the expression:

dL
oclefe” —ete R) = /dz%awﬂq(z). (2.13)

Implementing the cross section formula for a narrow resonance R, c(yy — R), in equation

(2.13) one obtains the resulting cross section:

16a°T 2
oclete” —ete™R) = 6‘;\43 T (ln E) [(z2 + 2)21n% ~-(1-22)B+2%)|, (2.14)
R e
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2.5. Tagging of the photons

where the Low function has been used. This formula can be used to study the processes ete” —

ete~n%, 17, n'. Tab.[2.1 shows the cross section values for pseudoscalar mesons production in

7y interactions for different values of /s.

R Vs=1GeV | /s =1.02GeV | /s =12GeV | \/s = 1.4GeV
0 266 271 317 364
1 43 45 66 90
1 3.3 49 20.0 39.7

Table 2.1: 0.+, _+e-r [pb] calculated with the Equivalent Photon Approximation for different
values of /s.

2.5 Tagging of the photons

In experiments with two-photon interactions it is possible to “tag” the interacting photons by
detecting the scattered leptons. There are three different kinematical conditions: both scattered
leptons are detected (double-tag), only one scattered lepton is detected (single-tag), neither
of the leptons is detected (no-tag). In principle the double-tag condition is the best one for
measuring 7y processes because it gives complete information on the 7y system. However,
most of the photons are emitted at small angles with respect to the beam axis, and the rate of
events drops steeply when the leptons scatter away from the very forward direction. Tagging
at very small angles is in most cases not easy because of background problems (small angle
Bhabha scattering, beam-gas interaction). Furthermore, the energy loss of the scattered leptons
is measured less accurately at higher energies, and the resolution of the 7 center of mass
energy becomes worse. Most experimental results have been obtained with the single-tag or
no-tag conditions. Single-tag is required when the background from one-photon annihilation
events is not small or when one wants to determine the 4> dependence of resonance couplings
or of the total cross section (see section|2.6). Experimental experience has shown that if one
wants to study exclusive final states with almost real photons, tagging is often not necessary.
For the rejection of the background it is possible to take advantage of the fact that photons are
mainly radiated along the beam direction, and the transverse momentum of the 7y system is

small.

2.6 Form factors in meson-photon-photon transitions

The study of 7y interactions is useful to learn the properties of the strong interactions. Despite
the probe and the target are both photons that carry electromagnetic force, they can produce
a pair of quarks that interact strongly and are observed as hadrons, e.g. pseudoscalar mesons.
However, the transition between a meson and two photons cannot be calculated from QCD
directly, because at low energies the strong coupling constant g is too large for a perturbative

approach to work, and approximations are needed. Therefore, the process is calculated without
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Chapter 2. Photon-photon interactions

including the effects of quarks and gluons, and at the end these effects are taken into account in

an extra factor, known as “transition form-factor” (see Fig.[2.6). The form-factor connects three

@)
v

)
Y

Figure 2.6: General Py 4 ) vertex described by a transition form factor, where P is a pseu-
doscalar meson.

particles and therefore depends on three variables, the squared momenta g2 of the photons and
the g% of the pseudoscalar. However, under the approximation that the quark mass is zero, the
pseudoscalar becomes mass-less, g3 = 0 (unlike the photons, which can be virtual). Therefore
F(q3,93,9%5) = F(q3,93,0) = F(q3,43). The shape of the form-factor is not known exactly, but
there exist some constraints on it [19]. Three of them come from QCD calculations:

e when the two photons are real, g7 = 0, the transition can be seen as a point-like process
and the form-factor must fulfill the relation F(0,0) = 1;

e when both photons are are highly virtual and with equal value of g2, 43 = 3 = ¢> << 0,
the form factor is F (q%, q%) = —8(7tfx)?/N.q%, where N, is the number of colors in the
Standard Model, N, = 3, and f; is the pion decay constant;

e when one of the photons is real and the other one highly virtual, g7 = 0 and q]2 = %> <<0,
one must have F(0,4%) = —8(7fz)?>C/N.q%, where C is a constant.

A fourth constraint derives from the fact that one believes that quark and gluon effects (not
included in the pointlike description) correspond to intermediate states with other mesons,
like the p meson. Therefore it should be possible to explain the shape of the form factor within
the VMD model [20]. It is very difficult to find a form factor that satisfies all of these four
constraints. The form factor

F(qi,45) =1 (2.15)

satisfies only the first constraint. In this case there is no form factor, and the reaction is seen as

pointlike. The form factor
4

0
(2 — @) (2 — ) (210

satisfies the first and the fourth constraint, and with f, = 92.4 MeV and m, = 770 MeV it
satisfies the third constraint within the uncertainty on the constant parameter. The form factor

m

F(q3,q5) =

m

2
F(q1,33) = g qg s (2.17)
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2.6. Form factors in meson-photon-photon transitions

satisfies the first three constraints but not the fourth one. The last form factor,

4 47TZF%( 2., 2
- q1 +4q3)
F(f, q3) = 28

(m2 —q3)(m3 —q3) '

(2.18)

satisfies constraint one, two and four.

The cross section for the process vy — R, where R is a narrow resonance, can be written as:

8712
Tyy—r(q1,92) = rR—meRfS((ql +q2)* — MR)|F(q1, 55) > (2.19)

If the photons are real the form factor dependence disappears. The transition form factors
associated to the meson-photon-photon vertex can be accessed in the space-like region (4> < 0)
by single-tag two photon experiments, when the momentum 47 of one photon is varied and the
qu. of the other photon is kept small (single-tag condition). Available data on |F,0(g?,0)| and
|F,(4%,0)] for low |g?| values are presented in Figs.[2.7 and 2.8 [21]. Both processes 10 —
and 7 — y* can be described by the VMD model.

10

T IIIII|T| T IIIII|T| T IIIIIII| T

oo b by by sy |
-2 -1.5 -1 -0.5 0 0.5

1
q [GeV?]

Figure 2.7: Single off-shell 71° meson transition form factor in the low |g?| region from SND
and CMD-2 data on the reaction ete~ — 7%y and CELLO [24] data on the reactioneTe™ —

ete v y* — ete 0.
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Figure 2.8: Single off-shell 7 meson transition form factor from NA60 [25] dataony — yuu~
decay; from SND [22] and CMD-2 [23] data on the reaction ete™ — #57, and from CELLO [24]
data on the reaction ete™ — eTe y*y* — ete .
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2.7. Measurements of radiative widths of mesons

2.7 Measurements of radiative widths of mesons

In this section some measurements of partial widths I'z_.,, obtained with experiments at e e~
storage rings are reported. With the MD-1 detector [17] at the VEPP-4 storage ring the following
processes have been studied:

e ¢ce” —eteay, withay — w7,
o etem —etey/,withy — ntm,
o etem — ete y, withy — 7.

The center of mass energy is in the range [7.2-10.4] GeV, and the integrated luminosity is 20.8
pb~ L. The results for the v widths are:

o T(ay — vv) = (1.26 £ 0.26 = 0.18) keV,
o I'(y — vy) = (46+£1.1+£0.6) keV,
o T(y — 77) = (0.51 £ 0.12 £ 0.05) keV.

The Crystal Ball detector [6] at DORIS II (DESY) has been used to study the process ee™ —
ete R, with R — 7y, where R is a generic narrow resonance with mass between 100 and 3000
MeV. With an integrated luminosity of 114 pb~! and a center of mass energy between 9.4 and
10.6 GeV, three peaks are observed in the invariant 7y mass spectrum, corresponding to the
pseudoscalar mesons 77, 17 and 1’ (see Fig.[2.9). The results obtained for the 7y widths are:

o I'(1° — vy9) = (7.7 +£05+0.5) keV,
e I'(7 — vv) = (0514 £+ 0.017 £ 0.035) keV,
e I'(y — vy) = (47+05+0.5) keV.

The production of the 77 and 7’ mesons in 7 interactions has also been observed with the
detector ASP [18] at the PEP storage ring (SLAC), with a data sample of 108 pb~! and a center
of mass energy /s = 29 GeV. The process studied is ete™ — eTe™ R, with R — 7. After a
selection of 2287 1 events and 547 1 events, the following 7+ partial widths are obtained:

o T(7 — ~v) = (0.490 + 0.010 = 0.048) keV,

o T(y/ — 77) = (496 +0.23 +0.72) keV.
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Figure 2.9: Distribution of the invariant 7 mass in the region of the 77° mass (a), of the 77 mass
(b) and of the 1" mass (c) obtained with the Crystal Ball experiment at DORIS II.
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Chapter 3

The KLOE experiment at DADPNE

The K LOng Experiment, KLOE, operates at the Frascati ¢-factory DA®NE. The main goal
of the experiment is to measure direct CP violation in the neutral kaon system, analyzing KK
couples produced in the ¢ meson decays. However, DA®NE also produces a huge statistics of
o, w, 1,14, fo, a0 mesons. The KLOE physics program goes thus beyond the study of symmetry
violations in kaons, and covers many other topics, among which high precision studies on light

hadron spectroscopy.

3.1 The collider DAD®NE

DA®PNE (Double Annular ®-factory for Nice Experiments) is an electron- positron collider
designed to work at a center of mass energy corresponding to the mass of the ¢ resonance,
My = (1019.456 4 0.020) MeV [1]. The accelerator complex consists of a LINAC, an accumu-
lator and a two-ring collider, as shown in Fig.3.1l Electrons and positrons are accelerated up
to 510 MeV in the LINAC and are then stored in the accumulator, where they are prepared

for injection in the main rings. In order to reduce beam-beam interactions and to achieve high

LINAC )
SR o 1 2 Accumulator
iiisshisscsass; T =2
' r i | &
| I"‘-Eitur‘zlgu rings
Erer v -
‘,_J—.r?‘;- --‘,\-1‘ g
7 ‘
L
,--{.:.'{\1.‘\\'._ '
10 m ) \\:'E'.&i.\:"’\’ f“’,
C b A

Figure 3.1: Layout of the DA®NE facility.

values of luminosity (= 102 cm~! s72), in DA®NE electrons and positrons are stored in two
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Chapter 3. The KLOE experiment at DA®NE

different rings and cross at the interaction point, IP, in two interaction regions with an angle in
the horizontal plane (x-z) of 25 mrad, as shown in Fig.3.2. This angle results in a small average
eTe”-momentum along the x-axis: < py+,- >~ —12.7 MeV. Electrons and positrons circulate
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Figure 3.2: Layout of the DA®NE main rings. The boxes indicate the two interaction regions.
The KLOE detector is located in the lower one.

in the rings grouped in bunches. If L is the single bunch luminosity, the total luminosity can
be expressed as:

(3.1)

where 7 is the number of bunches, N. and N_ the number of positrons and electrons per
bunch, v the collision frequency, ¢ and o, the transverse (horizontal and vertical respectively)
dimensions of the bunch at the IP. The bunch dimensions are kept small at the IP by using
a triplet of quadrupoles, which focus the beam in the vertical direction. The bunch sizes are
0y = 02 cm, 0y = 20 ym, 0, = 3 cm. The beams collide with a frequency up to 370 MHz,
corresponding to a minimum bunch crossing period of Tj,,,c, = 2.7 ns and a maximum number
of 120 bunches in each ring.

3.2 The KLOE detector

The KLOE detector was designed to collect the largest amount of neutral kaons from ¢ decays.
The size of the apparatus is driven by the decay length of the K, which at DA®NE is about 340
cm. The detectable decay products of neutral kaons are pions, electrons, muons and photons,
the latter coming mainly from neutral pion decays. The momentum spectra, limited by the
kaons low energy, range between 50 and 300 MeV/c for charged particles and between 20 and
300 MeV/c for photons [27]. The detector has to be efficient for these energy ranges, minimiz-
ing the losses due to geometrical acceptance. Fig.[3.3/shows a section of the detector. The main

components are:

e alarge, highly efficient drift chamber which measures trajectories and momenta of charged

particles;
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Figure 3.3: Vertical section of the KLOE detector.

e an electromagnetic calorimeter (barrel and endcaps) with excellent timing capabilities, to

measure the energy deposits and the impact points of photons;

e asecond electromagnetic calorimeter located in the narrow space between the drift cham-

ber and the beam focusing quadrupoles, to improve acceptance and hermeticity;

e asuperconducting coil which surrounds all the detectors and produces an axial magnetic
tield B=0.52T.

The beam-pipe at the interaction point is made of a beryllium-aluminum alloy, 0.5 mm thick, to
reduce multiple scattering, kaon regeneration, energy loss of particles and photon conversion,
and encloses an interaction region made of a 10 cm radius sphere.

3.2.1 The drift chamber

The design of the KLOE drift chamber (DC) [28] was guided by the event topology of the K}
decays. Five main physics requirements have to be fulfilled:

e high and uniform reconstruction efficiency over a large volume;

e good momentum resolution (épr/pr ~ 0.4%) for low momentum tracks (50 < p < 300

MeV). The dominant contribution to the momentum resolution is multiple scattering:

Spr 0053 | L

pr [BILB\ Xo’ 02
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Chapter 3. The KLOE experiment at DA®NE

where pr is the transverse momentum in GeV, f is the velocity of the particle, L is the
track length in m, B is the magnetic field in T and Xj is the radiation length;

e transparency to low energy photons (down to 20 MeV), and minimization of K; regener-

ation;

e a track resolution in the transverse plane cre ~ 200 ym, a vertex resolution oy ~ 1 mm,

and a z resolution 0, &~ 2 mm over the whole sensitive volume;
e fast trigger for neutral and charged particles.

The solution that meets the above requirements is a large cylindrical drift chamber, 3.3 m in
length and 2 m in radius, around the IP. The uniform filling of the chamber has been achieved
through a structure of drift cells almost square shaped, arranged in coaxial layers with alter-
nating stereo angles which increase in magnitude with the radius from + 60 to £ 150 mrad

(Fig.3.4). The stereo angle is defined as the angle between the wire and a line parallel to the

Figure 3.4: The KLOE drift chamber without the external wall.

z-axis passing through the point on the plate of the DC, where the wire is connected (Fig.3.5).
Uniformity of response is obtained with a ratio of field to sense wires of 3:1, which is a satisfac-

Figure 3.5: Scheme of the stereo angle geometry of the cells.
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3.2. The KLOE detector

tory solution that ensures good electrostatic properties of the drift cell while still maintaining
an acceptable track sampling frequency. Gold-plated tungsten wires are used as anodes (diam.
=25 um). For the field wires, silver-plated aluminum wires have been chosen (diam. = 80 ym).
There are 12 inner and 46 outer layers, the corresponding cell areas are (2x2) cm? and (3x3)
cm?, respectively, for a total of 12582 single-sense-wire cells and 52140 wires. The gas used is a
90% helium, 10% isobutane mixture. The helium is the active component, its low atomic mass
reduces multiple scattering and regeneration. The isobutane acts as quencher, absorbing the
photons produced in recombination processes and avoiding the production of discharges in
the DC. The mixture has a radiation length X, ~ 1300 m. Taking into account also the presence
of the wires, the average radiation length in the whole DC volume is Xp ~ 900 m. The sig-
nals coming from sense wire are amplified, discriminated and transmitted to read-out system:
ADC for dE/dx measurement and TDC for time meausurement. Samples of Bhabha-scattering
events allow evaluation of the momentum resolution for 510 MeV e (Fig.[3.6), as well as the
beam energy at the IP, and the position and the shape of the luminous region. In the interval
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Figure 3.6: Momentum resolution for Bhabha tracks as a function of the polar angle.

50° < 6 < 130° the momentum resolution is 0, ~ 1.3 MeV, 0,,/p = 2.5 x 103,

3.2.2 The electromagnetic calorimeter

The KLOE electromagnetic calorimeter (EMC) was designed to fulfill four main require-
ments:

e good time resolution (= 100 ps) and good spatial determination of the photon conversion
point (= 1 cm);

e hermeticity (98% of the solid angle), good energy resolution (= 5%/+/E [GeV]) and high
efficiency over the range 20-300 MeV;

e particle identification power for electrons, muons and charged pions;
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Chapter 3. The KLOE experiment at DA®NE

o fast first level trigger.

The above considerations have led to the choice of a lead-scintillating fiber sampling calorime-
ter. Scintillating fibers offer many advantages, in particular they provide good light transmis-
sion over the required distances, up to about 4.3 m. It is easy to adapt the calorimeter shape

(Fig.[3.7) to geometrical requirements, obtaining good hermeticity. The cylindrical barrel con-

Figure 3.7: The KLOE electromagnetic calorimeter.

sists of 24 modules 4.3 m long, 23 cm thick and trapezoidal in cross-section, with fibers running
parallel to the beam line. Each of the two endcaps consists of 32 vertical C-shaped modules 0.7
to 3.9 m long and 23 cm thick, with fibers running perpendicular to the beam line. The whole
structure has a 98% solid angle coverage. All modules are stacks of 0.55 mm thick lead foils
(passive material) alternating with layers of 1 mm diameter scintillating fibers (active material)

(Fig.[3.8). The average density is 5 g/cm’, the radiation length is about 1.5 cm and the over-

Scintillating fiber

Figure 3.8: Schematic view of the fiber-lead structure of the electromagnetic calorimeter for a
barrel module.

all thickness of the calorimeter is about 15 radiation lengths. Light is collected at both ends
of the fibers through light pipes, which match almost square portions of the module to 4880
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3.2. The KLOE detector

photo-tubes (PMs). The read-out subdivides the calorimeter into five planes in depth, each
4.4 cm thick. In the transverse direction each plane is subdivided into cells 4.4 cm wide. The
resulting read-out granularity is about 4.4 x 4.4 cm?. Signals from the PMs are split and sent
to ADC’s for energy measurements and trigger, and to the TDC'’s for time measurements. The
time difference of the signal at both ends allows to reconstruct the coordinate along the fiber
with a resolution ¢} ~ 1.4 cm/+/E [GeV]. The resolution in the orthogonal direction is o', ~ 1.3
cm. Energy resolution and linearity have been measured using photons from radiative Bhabha
events. Event reconstruction from tracking informations determines the photon direction and
energy, E,, with good accuracy. The photon energy is then compared with the measured cluster
energy E.,. The resolution og/E, and the deviation from linearity (E, — E,)/E, are shown

in Fig.[3.9/as a function of the photon energy. Linearity is better than 1% for E, > 75 MeV.
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Figure 3.9: Top: linearity of the calorimeter energy response as a function of the photon energy.
Bottom: energy resolution of the calorimeter as a function of the photon energy.

By fitting the energy resolution with a function a/+/E [GeV] + b, one obtains a stochastic term
a = 5.7% and a negligible constant term, showing that the resolution is dominated by sampling

fluctuations:
[ 0.057 (33)
Ey  /E, [GeV]’ '

The time resolution has been obtained from the analysis of Bhabha events and radiative ¢
decays, and is shown in Fig.3.10 as a function of the energy of the photon:

57 ps
V Ey [GeV]
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where the sampling fluctuation term is in agreement with test beam data. The second term is a
constant to be added in quadrature and is given by two contributions: the intrinsic time spread
due to the finite length of the luminous point in the beam direction, and the resolution of the
synchronization with the DA®NE radiofrequency.
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Figure 3.10: Time resolution of the calorimeter as a function of the photon energy.

3.2.3 The quadrupole calorimeters

The quadrupole tile calorimeters of KLOE (QCAL) are two compact detectors, made of lead
plates and scintillator tiles, that surround the focusing quadrupoles (Fig.[3.11). Their aim is to
complete the hermeticity of the KLOE calorimeter for photons coming from the K, — 7%7%7°

decays. Each sector contains 16 absorber plates made of 1.9 mm thick lead, alternating with

Pb layers (1.9 mm)

Scintillator tiles (1 mm)
and WLS fibers

Figure 3.11: The KLOE QCAL.

16 scintillator layers 1 mm thick. The scintillator layers are divided into three equal tiles. In
the cylindrical section the tyles have rectangular shape, while in the conical section the shape
is trapezoidal. In each layer, four 190 cm long wavelength shifting (WLS) fibers run along the
sides of the tiles. Light is collected by PMs. The overall radial thickness is 5.5 Xj.
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3.2. The KLOE detector

3.2.4 The trigger system

The KLOE trigger system [31] was designed to:
e produce a trigger signal for all ¢ decays;
e recognize Bhabha and cosmic-ray events;
e reject machine background.

The trigger is based on local energy deposit in the calorimeter and multiplicity information
from the DC. It is composed of two levels in order to both produce an early trigger with good
timing to start the acquisition operations and to use as much information as possible from the
DC. After the arrival of a first level trigger, additional information is collected from the DC,
which is used, together with the calorimetric information, to confirm the trigger and start the

data acquisition system.

The EMC trigger

For trigger purposes the fine granularity of the calorimeter is not needed, therefore adjacent
calorimeter columns are grouped together to form a “trigger sector” and their signals are
summed. In order to guarantee that each “particle” is fully contained in at least one sum,
the calorimeter signals form a set of totally overlapping sectors: “normal” and “overlap”. In
the barrel, each trigger sector is made of 5 cells x 6 columns, being the columns of each series
placed on top of the other by half sector width (see Fig.[3.12). Since the particle multiplicity is

Overlap series

‘ ‘ Cosmic series
1 1] e

‘ f / ‘g‘“ ‘3"‘ Barrel

\\ “\I‘\ ‘u“ B B ;“’ 1 wedge

6 columns
Normal series

Figure 3.12: Trigger sectors in the barrel.

higher in the forward region, mostly for background events, the geometry of the end caps is
more complex: they are segmented in groups of four columns in the zone close to the beam axis
and of five/six columns elsewhere. The outer layer of the entire calorimeter is used as a cos-
mic ray detector. The calorimeter triggers on local energy deposits larger than a programmable
threshold. Two thresholds are used, one for the barrel (= 50 MeV) and one for the endcaps
(= 150 MeV). In practice it is not easy to apply a threshold which corresponds to a constant

energy deposit, because the signal amplitude depends on the position along the fibers of the
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Chapter 3. The KLOE experiment at DA®NE

incident particle. This is due to the attenuation of the scintillator light in the optical fibers. In
order to reduce the effect, the analog signals from both sides (A and B) of each calorimeter sec-
tor are compared to two thresholds (Tjow, Thign). The threshold settings and comparator output
are shown in Fig.[3.13. This scheme allows to apply a large variety of effective thresholds.
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Figure 3.13: Effective trigger threshold as a function of the z-coordinate (along the fiber) of the
incident particle.

The DC trigger

DC information can be used to produce a trigger for the 7757 and 775 channels, for which the
calorimeter trigger is less efficient. The DC trigger is based on the multiplicity of hit wires, i.e.
on the sum of all signals from the 12582 DC sense wires. The sense wire signals, after preampli-
fication, are brought to the ADS (Amplifier /Discriminator/Shaper) boards. On the ADS, each
signal is discriminated, buffered, and split into two different paths. The first path is directed to
the DC readout front-end; the second path is used for the trigger. In the trigger path, signals
are formed with a width of 250 ns. The signals coming from the DC wires are organized in
nine concentric ring sections called “superlayers”, which represent the multiplicity of hit wires
in eight, six or four (from the innermost to the outermost) contiguous planes. The superlayers
are defined in order to reduce the effect of low-momentum electrons spiralling inside the DC
volume, which produce a large number of hit wires in the inner region of the detector.

The two-level trigger logic

The KLOE trigger is composed of two levels. The first level trigger (T1) is activated if there are
two calorimeter fired sectors with barrel-barrel, barrel-endcap or endcap- endcap (not the same
endcap) topology OR 15 DC hits within 250 ns. The T1 trigger sets a ~ 2 us long acknowledge
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signal, which vetoes other T1 triggers and allows signals formation from the DC cells. The
second level trigger (T2) validates the T1 trigger and starts the data acquisition. Events with
two fired sectors in the external planes of the calorimeter (see Fig.3.12) with barrel-barrel or
barrel-endcap topology are passed to a third level hardware algorithm, based on DC hits, which

recognizes cosmic-ray events and rejects them.

3.2.5 Data acquisition

The KLOE data acquisition (DAQ) [32] has been designed to cope with a rate of 10* events
per second, due to ¢ decays, downscaled Bhabha events, non vetoed cosmic rays and DA®NE
machine background. An average event size of 5 kbytes is estimated, corresponding to a total
bandwidth requirement of 50 Mbytes/s. The DAQ readout system involves some 23000 chan-
nels of front end electronics (FEE) from EMC, DC and trigger system. For each event, relevant
data coming from the whole FEE system have to be concentrated in a single CPU where a dedi-
cated process builds the complete event. A three level scheme has been implemented. The first
level reads data from single FEE crates. The second level combines information from different
crates. The last level, responsible for final event building, relies on standard network media
and protocols (TCP/IP).

3.3 Data reconstruction

Data reconstruction starts immediately after the completion of the calibration jobs. The recon-
struction program, DATAREC [33], provides additional data-quality and monitoring informa-
tion, and consists of several modules, among which EMC reconstruction, DC reconstruction,
and track-to-cluster association.

3.3.1 Cluster reconstruction

The calorimeter is segmented into 2440 cells, which are read out by PMs at both ends (A, B).
This segmentation provides the determination of the position of energy deposits in » — ¢ for
the barrel and in x — z for the endcaps. Both charges Qﬁ’gc and times t?gc are recorded. For
each cell, the particle arrival time f and its coordinate s along the fiber direction (the zero being

taken at the fiber center) are obtained using the times at the two ends as

1 L
t(ns) = E(t/‘ +t8 B - o (3.5)
s(em) = E(tA — 8~ +-1F), (3.6)

2

with 48 = ¢AB x t?gc, where ¢4 are the TDC calibration constants, t(‘;"B are the overall time
offsets, L and v are the cell length and the light velocity in the fibers, respectively. The energy
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on each side of a cell 7 is obtained as

AB
E{P(MeV) = kg x gi(s) x sz (3.7)

MIP,i
where S = Qapc — Qo,apc is the charge collected after subtraction of the zero-offsets (ADC
“pedestals”), and Spjp is the response to a minimum ionizing particle crossing the calorime-
ter center. The correction factor g(s) accounts for light attenuation as a function of the impact
position s along the fiber, while kg is the energy scale factor, obtained from showers of parti-
cles of known energy (for more information about global offsets and calibration constants see

refs. [29,33]). The cell energy E; is taken as the mean of the energies at each end:

EA + EP

Ei (MeV) = )

(3.8)
Calorimeter reconstruction starts by applying the calibration constants to transform the mea-
sured quantities Qapc and trpc into the physical quantities S and t. Position reconstruction
and energy/time corrections are applied to each fired cell. Then a clustering algorithm looks
for groups of cells contiguous in ¥ — ¢ or x — z and groups them into pre-clusters. In a sec-
ond step, the longitudinal coordinates and arrival times of the pre-clusters are used for further
merging and/or splitting. The cluster energy, Ej,,, is the sum of the energies of all cells assigned
to a cluster. The cluster position, {x,y,z},, and time, t,, are evaluated as energy-weighted
averages over the contributing cells. Cells are included in the cluster search only if times and
amplitudes are available on both sides; otherwise, they are recorded as “incomplete” cells. The
available information from most of the incomplete cells is added to the existing clusters at a
later stage, by comparing the positions of such cells with the cluster centroid.

3.3.2 Track reconstruction

Track reconstruction is performed in three steps: pattern recognition, track fit, and vertex fit.

Each step is managed separately and produces the information for the following step.

Pattern recognition

The pattern recognition algorithm searches for track candidates. It begins by associating hits,
working inward from the outermost layer, and then obtains track segments and approximate
trajectories parameters. The DC wires form alternating positive and negative stereo angles
with respect to the z direction. When the hits are projected on the x — y plane, they are seen
in the stereo views as two distinct images. The pattern recognition procedure first associates
separately the hits of each projection, using only two dimensional information, and in a second
step combines the track candidates of the two views, according to their curvature values and
geometrical compatibility.
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3.3. Data reconstruction

Track fit

The track-fit procedure minimizes a x?, function based on the comparison between the mea-
sured and the expected drift distance for each hit: x?, = Y./, (d; — d{ 2y 0?7, where 7 is the
number of hits, di(tdriﬁ) is the drift distance, obtained via the space-time (s-t) relation from
the measured drift time, d{ I is the result of the fit and 0'12 is the estimate of the hit resolution.
The procedure is iterative because the s-t relation depends on the track parameters. At each
tracking step, the effects due to energy loss and multiple scattering are estimated.

Vertex fit

The track parameters are used to look for primary and secondary vertices. For each track pair, a
X2 function is computed from the distances of closest approach between tracks; the covariance
matrices from the track-fit stage are used to evaluate the errors. The vertex position is obtained

minimizing the x?,.,.

3.3.3 Track-to-cluster association

The track-to-cluster association module makes correspondences between tracks in the DC and
clusters in the EMC. The procedure starts by assembling the reconstructed tracks and vertices
into decay chains and by isolating the tracks at the end of these chains. For each of these tracks,
the measured momentum and the position of the last hit in the DC are used to extrapolate the
track to the EMC. The extrapolation gives the track length L., from the last hit in the chamber
to the calorimeter surface, and the momentum p,, and position x,, of the particle at the surface.
The resulting impact point is then compared with the positions x.; of the reconstructed cluster
centroids. A track is associated to a cluster if the distance to the centroid in the plane orthogonal
to the direction of incidence of the particle on the calorimeter, D = |(Xg — Xex) X Poy/ |Poxll, 1S
less than 60 cm.
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Data and background sample

4.1 Data sample and preselection filter

The data used in this analysis were collected by the KLOE detector at DA®NE in 2006 at /s = 1
GeV. The average data taking conditions are summarized in Tab./4.1| The analysis is performed

NG 1000.1 MeV
ete” transverse momentum 12.7 MeV
e current 0.7 A
e~ current 1.1A
luminosity 7% 10 em 257!
trigger rate 1.7 kHz

Table 4.1: Average values during the run.

on data taken at /s = 1 GeV to reduce background due to ¢ decays, and is based on an inte-
grated luminosity of 242.5 pb~!, measured with a precision of about 0.3% recording large angle
Bhabha scattering events [34]. The KLOE trigger uses both calorimeter and DC information.
For this analysis the events are selected by the calorimeter trigger, requiring two energy de-
posits with E > 50 MeV in the barrel or E > 150 MeV in the endcaps. The data were filtered
with the background rejection filter FILFO [33] before event reconstruction. FILFO is an offline
filter used to recognize and reject cosmic rays, machine background events and Bhabha scat-
tering events with electrons (positrons) emitted with polar angles 6 < 20° that interact with the
low-beta focusing quadrupoles. To reject background events, cuts are applied on the number
of clusters, the number of DC hits, the total energy deposited in the calorimeter, the position of
the most energetic clusters, and the ratio of the number of hits in the internal DC layers to the
total number of hits. A 1/20th sample of unfiltered data is used to control the filter efficiency.
Usual analysis filters applied to the reconstructed data are dedicated to the analysis of kaons
and radiative ¢—decays, and require a large amount of energy deposited in the final state. In
77 interactions, on the contrary, most of the energy deposited in the final state is carried away

by positrons and electrons that go undetected in the beam direction. In this analysis a filter that
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optimizes the selection of 7y events has been used, which requires:

e at least two energy clusters, neutral (not associated to any track) and prompt (with |t —
r/c| < 501);

e all prompt neutral clusters are required to have energy E, > 15 MeV and polar angle
20° < 6, < 160°%;

e at least one prompt neutral cluster with energy greater than 50 MeV;

e aratio of the energy of the two highest energy prompt clusters over the total calorimeter
energy R =3, E,/Ew: > 0.3;

e 100 MeV < E;; < 900 MeV, to reject low energy background events and the high rate
processes ete™ — ete y, eTe” — yy(7y).

4.2 Simulation of signal and background

The detector response for signal and background events is fully simulated with the program
GEANTFI [33], based on the package GEANTS3. For a given process, the momenta of the parti-
cles in the final state are generated according to the data taking conditions, and GEANFI sim-
ulates the detector response. Moreover, it allows one to simulate the machine background on
a run-by-run basis, i.e. simulation of accidental clusters and tracks follows the real data taking
conditions, and the accidental activity is monitored analyzing e*e~ — <7y collinear events. The
beam-induced background events are added to simulated events in the Monte Carlo, MC. The
calorimeter clusters are simulated for all the particles, and also the DC hits for the charged par-
ticles. For the reconstruction of the events the same procedure applied to data (and explained
in section 3.3) is used. The trigger response is simulated as well. While GEANFI contains
the event generator for all background processes, a new generator for ete~ — ete™ X events
is developed and interfaced to the detector simulation. While the Equivalent Photon Approxi-
mation involves almost real photons, the simulation used in this analysis generates events with
exact matrix element according to full 3-body phase space distributions [35] (see Appendix|A).
This results in the production of 7 mesons with non negligible transverse momentum. The rel-
ative error due to high-order radiative corrections is estimated to be 1% [36]. The # transition

form factor is parametrized as

1 1
E,(q3,q3) = 4.1
q(‘hz‘iz) (1—17,76]%) (1—517(1%) s ( )

where g7 are the 4-momenta of the virtual photons and b, is the slope parameter. The pa-

rameter by for the 7 meson has been measured at high ¢* values in 7y experiments with
single-tagging [37, 38, and with measurements of the 7 leptonic radiative decays  —
007 [39,125, 40] at low g? values, closer to those of this measurement (see Tab.[4.2). The

results do not show appreciable dependence on g2, as shown in Fig./4.1, and the average value
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4.2. Simulation of signal and background

assumed in this analysis is the weighted average out of the last three measurements in Tab. 4.2
by = (1.94£0.15) GeV ?, with x*/ngs = 012/1.  The kinematics shows that there is a

by Experiment g2 range (GeV?)
1.67 £ 0.13 CLEO [37] 1.5-20

2.04 £ 0.46 TPC [38] 0.1-7

1.42 +£0.21 CELLO [24] 0.3-34
19+04 Lepton-G 0.05-0.25
1.95+£0.17+£0.05  NA60 [25] 0.04-0.25

1.92 £ 0.35+0.13 CB/TAPS [40] 0.025-0.25

Table 4.2: Measurements of b, performed by the quoted experiments.
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Figure 4.1: Measurements of b, performed by the quoted experiments as a function of the
average g* value of the photons.

strong correlation between the 7 longitudinal momentum in the e*e™ center of mass, pr, and

2
miss

M2, =s+ M% —2V5\/ M2+ pE+pl =5+ M§ — 2y/sEr\/1+ p? /E2 (4.2)

and, for small values of pr (Er ~ M,),

the squared missing mass M

2
M2y, = s + M2 —2M /5 — \/E% . 4.3)
Ui
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This correlation is shown in Fig.[4.2/for events generated according to the Equivalent Photon
Approximation, i.e. with negligible transverse momentum of the outgoing e ¢, for events
generated with exact matrix element and for MC reconstructed events that pass the preselec-
tion cuts of theete™ — ete 1,7 — 7t 7w~ 7¥ analysis. All background processes are simulated
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Figure 4.2: Correlation between the 7 longitudinal momentum and the squared missing mass
for events generated according to the EPA approximation (top left), for events generated with
exact matrix element (bottom left), and for the reconstructed events that pass the preselection
cuts of the ee™ — ete 1,7 — 't~ 70 analysis (right).

in GEANFI and have been extensively studied in other analyses. A source of irreducible back-
ground is originated by ete~ — 77 when the monochromatic photon is emitted at small angles
and is not detected. The cross section for this process is measured in the same data sample and
is used for normalization of the e*e™ — eTe™ 7 cross section.

The MC energy scale has been corrected taking into account data-MC comparisons for the pro-
cessesete” — KgKypandete™ — 7. The details of the procedure are described in Appendix
The effect of tracking efficiency has been studied on a clean sample of ¢ — pwr — 7w 7~ 7"
events (purity > 99%), using 2002 and 2005 data [41]. The correction to the tracking efficiency
depends on the longitudinal (P;) and transverse (Pr) momentum of the track, and is given as a
function of Pr in slices of P,. A gaussian smearing [42] is applied as well to the momenta of the

reconstructed tracks.
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Cross section for eTe™ — eTe 7 with

n— nta Y

5.1 Event selection

In addition to the pre-selection described in section candidate events () y(*) — y —

7ttt 770 must fulfill the following requirements:

1. two and only two neutral prompt clusters with |t — r/c| < 30y and polar angle 23° < 6 <
157°;

2. atleast two tracks with opposite curvature extrapolated inside a cylinder with p = /¥ + 1% <
8 cm and |z| < 8 cm centered on the average beam collision point;

3. distance of the first DC hit to the average beam collision point < 50 cm for both tracks (in
case of two or more tracks with the same curvature, the track with best quality parameters

is chosen);
4. sum of the momenta |p1| + |p2| < 700 MeV.

To minimize any selection bias and to optimize the selection efficiency, there is no requirement
for the tracks to be associated to calorimeter clusters nor that they form a vertex. The number
of selected events is 3.9 x 10°. Events with fully neutral final states survive the tracks require-

ments, because of YN — e*e™ N conversions or 7r° Dalitz decays.

5.2 Background rejection
Many background contributions have been considered, of which the most importantareete™ —
ny,ete” — wn’, ete” — KsKp, ete™ — K*K- and ete™ — ete .

e The e"e™ — 5y process is a source of irreducible background when 7 decays to 77t~ 7t

and the monochromatic photon, E, = 350 MeV, is emitted at small polar angles and is not
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2 .
miss

~ 0.

detected. However, the correlation of M
pr = E, cos6 ~ 350 MeV and M>

miss

vs. py, is rather different from the signal since

e The efe” — wm’ process has four photons in the final state and therefore gives the
same final state of the signal only when two photons are lost. The cross section has
been measured by KLOE at /s = 1 GeV with data of the same run: o(ete” — wn’ —
ntn n’nY) = (5.72 £0.05) nb [43].

e ¢te” — KsK; events can mimic the signal either when the K; decays to 7*/Tv close

to the collision point and Ks — °71% with one neutral pion not detected, or when the
Ks — 71°7tY decay gives rise to one e*e~ pair from conversion or 71° Dalitz decay and the

K7 escapes detection.

e ¢te” — KTK™ events can mimic the signal when both kaons decay close to the collision

+ -0

point: either K*¥* — 7¥ 7% or semileptonic K* decays in coincidence with K¥ — pFv

decays.
e ¢Te” — ete 7y events have a very large cross section at /s = 1 GeV, about 400 nb, and
can be an important background source in case of accidental or split clusters.
5.2.1 Photon pairing

The difference between the v invariant mass and the 7t mass can be used to check if the two
photons come from the 7. This is performed using a pseudo-x? variable

2
- of 1 [ OEyi  OFqyj
XEW _ (L ; M) with Imyy - [ ZEY g “Evy (5.1)
O—m’y'y m’Y’Y 2 E’Yi E’Yj

The energy resolution function is given in Tab.[5.1; the v invariant mass is dominated by
the calorimeter energy resolution while the angle measurement gives a negligible contribution.
Fig.[5.1 shows the distribution of the x3., variable for MC signal events and data. Candidate

or/E 0.057/+/E (GeV)
0 57 ps/+/E (GeV) & 100 ps

Oyy (barrel), oy, (endcap) 1.3 cm
0, (barrel), o, (endcap) 14 cm/+\/E (GeV)

Table 5.1: Resolution function for the cluster measurements.

events are selected asking for )(EW < 8.

5.2.2 Kinematic fit

The two tracks momenta are combined with the 7t to identify 7 — 71+ 77~ 7° decay candidates,
assigning the charged pion mass to the tracks. A kinematic fit is then performed, using La-
grange Multipliers (see Appendix/C). The fit requires that the 71" 71~y invariant mass is equal

40



5.2. Background rejection

eventy0.5

x> yy (data)

eventy0.5

x vv(lVlC signal)

Figure 5.1: x2. distribution for data (top) and MC signal events (bottom).
& Y P &

to the #7 mass. The function to be minimized is the following:

N (V Vmeas)
XWZZ; 3 +ZA’< (VE,...VE), (5.2)
i= i

where V" are the measured values of the V; variable, C;(V;) are M constraints, A; are the
Lagrange Multipliers and k is the iteration index. The number of degrees of freedom is given
by the number of constraints. To search for the minimum of equation (5.2) the following 10
quantities are used:

e the energy, E;;
e the time, ¢;;
e the cluster centroid position, x;, y;, z;.

for the two photons. The track momenta are not varied in the minimization since these are
measured with much better precision than the cluster energies. There are four constraints:

e promptness of the two photons assumed to originate at the ID, t; —r;/c = 0;
e 77 and 71’ masses, M+ -y = my and My, = m 0.

The resolution functions used in the fit are given in Tab.[5.1. Fig.5.2 shows the distribution of
the x? of the kinematic fit, X%/ for data and MC signal events. The cut X% < 20 is applied. This
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cut reduces the 57(— 777t~ %)y background, which has has a long tail for )(% > 20 values,
due to events with the monochromatic photon in the detector acceptance and one undetected
photon coming from the 71¥ that are not rejected by the ;@7 < 8 requirement. Fig.[5.3/shows the
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Figure 5.2: Distribution of the x? of the kinematic fit for data (top) and MC signal events (bot-
tom).

correlation between the energy of the most energetic photon, E,1, and the X% variable for MC
17(— tt 1~ %)y events before and after the X%w < 8 requirement.

5.2.3 Track identification and rejection of the QED background

At this stage of the selection, radiative Bhabha scattering, eTe~ — ete 7, and eTe” — 7y
annihilation followed by photon conversion are still a source of background. Separation of
charged pion from electron/positron tracks is done using a 7t-¢ likelihood method [42]. This
method is applicable when a cluster is associated to the track, i.e. the distance between the
centroid and the extrapolation of the track to the calorimeter wall is less than 60 cm. The
likelihood is based on the following variables:

o the time of flight difference t — ¢/c, where t is the time assigned to the cluster, and / is the

track length;
e the cluster energy deposited in the calorimeter;
e the fraction of energy deposited in the first and the fifth calorimeter layers.
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Figure 5.3: Correlation between E,; and )(,27 for MC 57(— 77~ 7") events before (top) and
after (bottom) the X%v < 8 selection.

In this analysis events with a cluster associated to each track and a value of the likelihood
estimator log £,/ L, < 0 for both clusters are rejected. Bhabha radiative events, eTe™ — ete v,
are characterized by a small acollinearity, with small values of 6 and large values of 6_, where
0 and 0_ are the polar angle of the positive and the negative track, respectively. In the case of
¥N — ete” N conversions, instead, both tracks have either small or large values of 6. Fig.[5.4
shows the correlation between the polar angle of the positive and the negative track before
and after the cuts on the fit x*> and on the likelihood estimator. Events along the diagonal,
0+ + 0_ ~ 180°, survive the cut on the likelihood estimator, because they are not the result of
QED reactions. These events are due to a peculiarity of the track reconstruction program that
does not assume that a track originates in the beam collision point. In fact, if a single track with
positive, or negative, curvature is split in two track segments, and both are extrapolated back
close to the collision point, it may happen that they are reconstructed as two opposite curvature
tracks with opposite momenta originated close to the point where the original track was split.

An example is shown in the event display of Fig/5.5/where a single track is split in two tracks
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Figure 5.4: Correlation between positive and negative track polar angles before (top) and after
(bottom) the cuts on the fit x> and on the likelihood estimator.

with origin far away from the collision point, thus with opposite curvature. These events are

characterized by
e large values of the angle & between the two candidate tracks, i.e. 64 ~ 180 —6_;
e opposite values of the momenta, i.e. p+ ~ —p—;
e small distance between the first DC hits of the two tracks.

Fig./5.6/shows the correlation between the opening angle of the two candidate tracks a (close
to 180°) and the momentum difference Ap (centered around zero) for data and for signal sim-
ulated events. Indeed also the simulation shows the same split-track pathology, though much
less abundant. The characteristics of these events suggest a way to reject a large part of them
by cutting on the tracks opening angle a and the distance between the first hit of the positive
track and the first hit of the negative track, as shown in Fig.5.7. Also the cut a +,- < 176°
has been applied. Additional cuts to suppress specifically ete~ — () events and to reduce
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5.2. Background rejection

Figure 5.5: Display of an event characterized by a large angle between the two tracks and a
small difference between the absolute values of the momenta.

17(— 77w~ y)y events where the monochromatic photon is mis-identified as coming from the

neutral pion are
e acut on the energy of the most energetic photon, E,; < 230 MeV,
e a cut on the polar angle of the most energetic photon, 27.5° < 6,1 < 152.5°,

e acut on the angle between the tracks, a;+ - > 50°, which is useful in reducing y conver-

sions into an e*e™ pair and background from kaons.

Fig. 5.8 shows the correlation between the energy and the polar angle of the most energetic
photon. Fig.5.9/shows the distribution of the angle between the tracks, a+,-, for data, MC
K*K™ events , MC signal events and MC KsK|, events.

5.2.4 Time and energy quality cuts

Improved time and energy measurements, derived using the kinematic fit described in sec-
tion|5.2.2, are compared with the direct measurements from the calorimeter so that the follow-
ing pull statistics are defined

tmeas — timpr \ >
X% _ Z < meas - zmpr) ) (5.3)
27y t
Xz o Z (Emeas - Eimpr>2 (5.4)
E— Y ’
2y UE
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Figure 5.6: Correlation between the momentum difference Ap and the two tracks opening angle
« for data (top) and for signal simulated events (bottom).

where the superscript meas and impr indicate the values measured and returned by the fit,
respectively. These variables are used to further suppress background events from KsK; and
K*K™. In fact, deviations from time intervals expected for photons coming from the collision
point and from energy deposits expected for the # decay products are a signature of kaon
decays. The cuts applied are x? < 7, x2 < 8. Figs.[5.10 and/5.11/show the time and energy pulls
of the two photons for data, MC K"K~ events, MC signal events and MC KsK|, events.
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events (bottom). The cut to reject pathological events is indicated by the straight line.
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Figure 5.10: Time pulls of the two photons for data (top left), MC KTK~ events (top right), MC
signal events (bottom left) and MC KsK| events (bottom right). Selected events (x? < 7) are
included in the black circle.
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Figure 5.11: Energy pulls of the two photons for data (top left), MC KTK~ events (top right),
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are included in the black circle.
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5.3 Selection efficiency for signal and backgrounds

The selection efficiencies are evaluated with the MC simulation described in section The
number of MC events after each analysis cut is shown in Tabs. for the signal and the
backgrounds. The first row lists the number of generated events; the second row, selection,
includes FILFO, trigger, and the filters described in sections 4.1/and (5.1l The trigger efficiency
is controlled by comparison of the calorimeter trigger with a complementary trigger based on
the DC hit patterns. The ete”™ — 7'y and efe™ — 4¢(980)7y background processes do not
survive the analysis cuts. Despite the number of e"e~ — ete™ 7y generated events is very large,
the number of events surviving the cut on the 7t — e likelihood is not sufficient for the analysis.
Then, in this case, this cut is not applied since there is no correlation between the likelihood
estimator and the variables used in the fit. Tab. 5.5 lists the number of data events after the
same analysis cuts of Tabs.[5.2/-[5.4l  The signal is simulated with different values of the b,

MCsignal #5(— nfn 7%y  wnd ete
generated 19150 4907485 9208930 95580900
selection 6587 654119 283859 427533
X5y <8 6487 254487 156846 133280
X% <20 5528 135791 5162 1366
likelihood 4760 122670 4286 -
split tracks 4524 119755 3866 1037
E,1 <230 MeV 4492 115009 3691 692
27.5° < 8,1 <152.5° 4306 106341 3595 599
XP<7,x3<8 4077 101090 2404 379
Kt > 50° 3974 94704 2083 356
Table 5.2: Number of MC events after each analysis cut.
KTK~ KsKy  n(— mtm )y #n(— neutrals)y
generated 29487300 19872200 1024527 9822290
selection 124604 33632 449625 18170
X5y <8 118713 21083 68784 1615
X%; <20 7813 5977 548 292
likelihood 6913 4712 463 208
split tracks 5032 4080 344 184
E,1 <230 MeV 4664 3768 170 70
27.5° < 8,1 <152.5° 4500 3625 148 60
XP<7,x3<8 2741 2448 93 47
Wt > 50° 2200 1170 92 29

Table 5.3: Number of MC events after each analysis cut.
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5.3. Selection efficiency for signal and backgrounds

ntnTy YY(7) ntnn® atanly
generated 71939100 142775000 6057553 2964527
selection 204772 54278 2356549 984584
)@7 <8 107532 18851 2318201 938952
Xy < 20 382 1462 169 1294
likelihood 372 444 155 1138
split tracks 334 362 120 503
E,1 <230 MeV 322 45 81 450
27.5° < 0,1 < 152.5° 313 40 75 391
X2 <7,x:<8 207 20 57 258
Xt g > 50° 111 1 42 213

Table 5.4: Number of MC events after each analysis cut.

data sample

filtered 1.4x10%
selection 3886001
X5y <8 2555196
X5 <20 16539
likelihood 10210
split tracks 6788
E,1 < 230 MeV 5687
27.5° < 0,1 < 152.5° 5057
XP<7,x%<8 3516
Kt > 50° 2977

Table 5.5: Number of data events after each analysis cut.

parameter of the form factor, varying in the range (0.7-2.24) GeV~2 and the fit to derive the
signal yield is repeated for each value. The values of the efficiencies shown in Tabs.5.2 - 5.4
correspond to b, = 1.94 GeV 2.
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5.4 Cross section evaluation

To evaluate the number of signal events and the cross section, a 2-dimensional fit (see Ap-
pendix|D) of the data is performed. The distributions fitted are the 7" 71~ 7y transverse mo-
mentum, pr, and the squared missing mass, Mﬁﬂ.ss, in the window pr < 300 MeV and -0.15
GeV? < M2, < 0.25 GeVZ2. The 2-dimensional distributions used in the fit are shown in
Fig.[5.12. The pr variable is preferred with respect to the longitudinal 7% 77~y momentum,
pr, because it allows a better separation between kaons and signal events, as can be deduced
by comparing Figs. -5.13. The number of data events in this window is 2720, and the
number of MC signal events is 3970. The signal efficiency is (20.73 & 0.29)%. The weights are
left free for the signal and the backgrounds, except for the 17(— 7+ 71~ 7?)y background, whose
cross section, measured in the same data sample (see chapter9), is implemented by adding the

following x2-like term in the 2-dimensional fit:

fyyNaata/ (€7 L) — ‘7717)2 , (5.5)

—2InL — —2InL + (
(5(7,77

where 0y = Oyt _pyminn0, = (1947 £ 3.3) pb is the measured 57 cross section, and the
other quantities refer to 7y events as selected in the present measurement. The fit returns the
fraction of data events f; = n;/ns with the constraint }; f; = 1. Tab. 5.6/ lists the fraction

of events returned by the fit. The error on f;, is constrained by the x2-like term of equation

frignat (1449 £1.06)%
frr  (32.02+0.54)%
foro (2048 £1.81)%
( )
(

15.13 +1.81)%
frek,  (11.36 £1.70)%
forey (754£0.87)%

X2/ Mo = 2670/2637
Ngata = 2720

frrk-

Table 5.6: Fit results

(5.5). Other contributions either do not survive the analysis cuts or result in fractions by far
negligible compared to sensitivities in Tab. 5.6/ The projections of the fit are shown in Fig.|5.14|
for data and backgrounds weighted by their fractions f;, and the distribution of p; is shown
in Figure 5.15| The most relevant background is eTe~ — n, characterized by M2, . ~ 0
and pr ~ +350 MeV. The fit returns 394+28 signal events, that correspond to a cross section
olete” —efe n — ete -t n 1Y) = (7.84 & 0.57tat) pb. Fig./5.16 shows the distributions of

ng and X% with signal and backgrounds weighted by their fractions f;.
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Figure 5.13: Top: 2-dimensional distributions of M2 versus p; for MC signal events (top
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Figure 5.15: Distribution of the longitudinal 7t~y momentum. The contribution of the
signal is blue, ete™ — nyisred, ete~ — wmn’is black, ee™ — ete 7y is green, ete” — KK~

is light blue and ete™ — KK is purple.

160 F
103

events0.4

140

120

100

80

60

xX2yy
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5.4. Cross section evaluation

Fig.5.17/shows the distributions of the sum of the energies of the two photons, E,; + E,», the
7t 7t invariant mass, M+ -, the angle between the two photons, &+1+2, and the polar angle
of the two photons system, 0,0. In all the distributions there is good agreement between data
and MC.
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Figure 5.17: Distributions of E,1 + E,» (top left), M+ (top right), a,1,2 (bottom left) and 6,
(bottom right). The contribution of the signal is blue, ete™ — 57y isred, eTe™ — wmn? is black,
ete” — eTe yisgreen, ete” — KK is light blue and ete™ — KsK is purple.
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5.4.1 Estimates of background yields from a control region

The background weights, defined as fx Ny, / N§'yic, for the X background with N§4{j- events
after analysis cuts, are left free in the 2-dimensional fit. To check these weight values, a second
2-dimensional fit is performed in a sideband region. This independent control region is selected

by the requirements:
e 20 < xj < 60,
e no cuts on the pulls variables,
e pr > 150 MeV.

The fit is performed using the pr and M2 variables in the window 150 MeV < pr < 320 MeV
and -0.05 GeV? < M2,

in Fig.[5.18. The 17(— 777t~ 71°)7y cross section is constrained by the x?-like term described in
equation (5.5). Tab.[5.7/shows the fit results. The projections of the fit are shown in Fig.5.19|

for data and backgrounds weighted by their fractions f;. There is good agreement between the

< 0.25 GeV2. The 2-dimensional distributions used in the fit are shown

weights obtained with the “standard” fit and those obtained with the fit in the sideband region,
as shown in Tab.

fomo (2111 +431)%
frix- (57.90 4+ 5.63)%
frsk,  (20.16 +4.06)%
X2/ ngor = 787/774
Naata = 582

Table 5.7: Fit results.

standard fit weights (%) sideband weights (%)

ete” — wn 282 +£25 23.9+49
ete” — KTK~ 21.6 £26 239 +23
ete” — KsKi. 26.8 +£4.0 31.0 £ 6.2

Table 5.8: Background weights. Comparison between standard fit and control region.
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5.5. Evaluation of the systematic uncertainties

5.5 Evaluation of the systematic uncertainties

The possible contributions to the systematic error are investigated by varying the analysis cuts
by the rm.s. width of the distributions of each variable. The results are shown in Tab. 5.9]
where 00 /0 (%) is the percentage variation of the signal cross section. The total positive and
negative variations are +2.6% and -2.4%, and 2.6% is taken as final systematic fractional er-
ror.  To this the MC simulation statistical error of 1.4% is added in quadrature, and the

fsignalNdata €signal (0/0) 50'/0-(0/0)

X3, < 6.6 396 20.70 +0.67
X%, <10.8 391 20.73 -0.73
Xx; <185 393 20.72 +0.06
X5 <235 393 20.82 -0.68
E,1 <210 MeV 385 20.54 -1.17
E,1 <250 MeV 393 20.78 -0.33
26.5° < 0., < 153.5° 403 20.96 +1.21
28.5° < 0,1 < 151.5° 390 20.46 +0.46
XP <6 393 20.46 +1.10
x> <8 391 20.87 -1.22
Xk <7 395 20.42 +1.89
Xk <9 395 21.10 -1.39
Wt e > 48° 394 20.79 -0.21
Ut > 52° 394 20.69 +0.20

Table 5.9: Systematics for the o(ete™ — e*e 1 — ete” 1"~ 7°) measurement.

errors due to knowledge of the form factor and to the branching ratio are kept separate to
account for correlations between the two # decay modes. The changes of the result due to
the variation of by in the transition form factor formula are shown in Tab. A +10 varia-
tion of b, leads to a 2.0% fractional error. The final result for the cross section is o(e*e™ —
ete ny — ete i %) = (7.84 £ 0.57a¢ + 0.234y5¢ + 0.1655) pb at /s = 1 GeV. Using
for the branching fraction the value BR(yy — nt7w~7’) = 0.2274 4+ 0.0028 [1], one derives
olete” — eTen) = [34.5 £ 255t + 1.0syst £ 0.75r £ 0.4pg(y— 1+ 7 70)] Pb-
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b, Numc signal efficiency (%) signal yield (%) cross section (pb)

0.7 18807 20.16 14.161 34.65
1.5 18441 20.63 14.467 34.59
1.64 18994 20.53 14.058 33.77
1.8 18749 20.68 14.743 35.17
1.94 19150 20.73 14.487 34.47
2 18997 20.75 14.208 33.78
2.2 18909 20.28 14.396 35.01
2.24 18662 20.50 14.548 35.01

Table 5.10: Signal efficiency, event yield and cross section as a function of the b, parameter.
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Cross section for eTe™ — eTe 7 with

N—n

0,00

6.1 Event selection

In addition to the pre-selection described in section [4.1, candidate decays y(*)y*) — 5 —

0

7T

0

719 must fulfill the following requirements:

e six and only six neutral prompt clusters with |t — r/c| < 30y and polar angle 23° < 6 <

157°;

e no tracks in the DC.

The number of selected events is 9857.

6.2 Background rejection

Many background contributions have been considered, of which the most important aree™e™ —

ny,ete” — wn®, ete” — KsKp and ete™ — a(980)7.

e the ee™ — 57y process, as for the charged 7 decay, is a source of irreducible background

when 7 decays to 71°7°7° and the monochromatic photon, E, = 350 MeV, is emitted at
small polar angles and is not detected. Anyway, also in this case the correlation of M2,
vs. py, is rather different from the signal.

09) ¥ process has 5 photons in the final state and therefore is impor-

Theete — w(— 7
tant only in case of accidental or split photons. The cross section has been measured by

KLOE at /s = 1 GeV with the same data set: o(e*e” — wn’ — 7m%7%y) = (0.550 4 0.005)
nb [43].

ete” — KgK| events mimic the signal when Kg — 9779, the K; is not detected and there

are two additional split or accidental clusters.
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e The ete™ — a9(980)y — 57y process can mimic the signal only when 7 — 7°7°7°,
with undetected photons, or 7 — 27, in presence of split or accidental clusters. Similar
arguments apply to the ete~ — 7’y background with 1’ — neutrals topologies, more
suppressed by products of branching fractions: BR(3" — 171°7°) x BR( — neutrals) or
BR(" — w?) x BR(w — 7%7) as the major components.

6.2.1 Photon pairing

The six photons are paired chosing the combination that minimizes the difference between
the 7 invariant masses and the masses of the three neutral pions. This is performed using a
pseudo-x? variable

2= ¥ Unoma)® g T 1 (e TE) )
~yypair Tinyy My 2\ Eyi Eqj

The energy resolution function is given in Tab. 5.1, Fig.[6.1 shows the distribution of the x7,
variable for MC signal events and data. In the following analysis events with ng < 14 are
selected.

S 280 F
i) -
$ 200
B 150 -
100 |
50 |
0:““1““1“‘1“““
0 5 10 15 20 225 30
XYy (data)
AN
o
iz
o
b
A PR VU S S T S S D S U S
15 2% 25 30
X“yy(MC signal)

Figure 6.1: Distribution of X%w for data (top) and MC signal events (bottom).
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6.2. Background rejection

6.2.2 Kinematic fit

A kinematic fit is then performed, requiring the 6y invariant mass to be equal to the # mass.
The function to be minimized is the same used for the charged channel (equation (5.2)). To

search for the minimum of equation (5.2) 30 variables are used:
o the energy, E;;
e the time, £;;
e the cluster centroid position, x;, y;, z;.
for the six photons. There are seven constraints:
o t; —r;/c = 0 for the six photons;

° M%v = M,ZI, where M%v is the invariant mass of the six photons and M% is the invariant

mass of the 7 meson.

The resolution functions used in the fit are given in Tab.[5.1. Fig.[6.2 shows the distribution
of the x? of the kinematic fit for data and MC signal events. The cut applied is )(% < 20.
Fig. shows the distribution of the x? of the kinematic fit for the backgrounds e*e~ — 77,
ete” — wn’, ete” — KsKi and ete™ — a9(980).

160 F
140 £
120 ¢
100 £

events/0.5

25 30 35 40 45 50
X" n (data)

events/0.5

300 [
200 |-

100 [

0 coec b b _—d e e L

05 10 15 20 25 30 35 40 45 50
x*n (MC signal)

Figure 6.2: Distribution of the x? of the kinematic fit for data (top) and MC signal events (bot-
tom).
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Figure 6.3: Distribution of the x? of the kinematic fit for ete~ — 5 (top left), ee~ — wn® (top
right), ete™ — KK (bottom left) and eTe™ — 4¢(980)7y (bottom right).

6.2.3 Cut on the energy of the most energetic photon

Also in this analysis the ete™ — 57 — n%7%7% background has a very big tail for bad )(%
values (i.e. greater than 20). This is due to events with the monochromatic photon in the
detector acceptance. Fig. 6.4] (left) shows the distribution of the energy of the most energetic
photon, E,1, for data, MC 7 events and MC signal events; the peak of the monochromatic
photon, which is visible in the data and in the MC 7 events, is shifted due to the preselection
requirement E;; < 900 MeV. On the right side of Fig. 6.4 the correlation between E,; and )(%
for 17y events is shown. It is possible to see that the 77y events with the monochromatic photon
in the detector acceptance (e.g. E, > 300 MeV) have a bad )(f] value. To eliminate these events,
in addition to the )(% requirement, the cut E,; < 260 MeV is performed. Fig./6.5 shows a good
data-MC agreement also in the sideband region, selected requiring X% > 20 and E,; > 260
MeV.
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6.2. Background rejection
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Figure 6.4: Left: distribution of the energy of the most energetic photon, E,1, for data (top), MC
77y (center) and MC signal events (bottom). The peak of the monochromatic photon, which is
visible in the data and in the MC 7y distribution, is shifted due to the preselection requirement
Etot < 900 MeV. Right: Correlation between E,; and X%; for MC 5+ events.
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Figure 6.5: Distribution of E;; in the sideband region ()(% > 20, E,1 > 260 MeV). Data are black,
MC 77y events are red.
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6.2.4 Cut on the 6y invariant mass

Fig. shows the invariant mass distribution of the 6y, Mg, for data, MC signal events and
MC 77y events. A long tail at high values of Mg, is visible in the data. This tail is not well re-
produced by the signal and neither by the 17y background. The cut Mg, < 630 MeV is therefore
applied. The systematics due to this cut are small (see section|6.5).

events/4 MeV
8

650 700 780 800
data M6y(MeV)

c b b e b e b
400 450 500 550 600

100 F

events/4 MeV
o

E P SRR SN PP PR oo .- S-S EV R B
400 450 500 550 600 650 700 750 800
MC signal M6y(MeV)

events/4 MeV
8

b L
400 450 500 550 600 650 700 750 800
MCny MéyMeV)

Figure 6.6: Invariant mass distribution of the 67 for data (top), MC signal events (center) and
MC 5+ events (bottom).
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6.3 Selection efficiency for signal and backgrounds

The selection efficiencies are evaluated with the MC simulation described in section The
number of MC events after each analysis cut is shown in Tabs. 6.116.2/ for the signal and the
backgrounds. The first row lists the number of generated events; the second row, selection,
includes FILFO, trigger, and the filters described in sections /4.1 and[6.1. The eTe™ — yy(7)
events do not survive the selection cuts. Tab. lists the number of data events after the same
analysis cuts of Tabs.[6.146.2.

MCsignal 7(— 770y  w(— 7))
generated 27159 6293520 914472
selection 8386 689018 1328
X5, < 14 8231 585297 906
Xy <20 8184 228699 274
E,1 <260 MeV 8024 142578 103
Me, < 630 MeV 7768 134788 70

Table 6.1: Number of MC events after each analysis cut.

KsKp. a9(980)y  fo(980)y  #'y

generated 19571400 53340 129115 43865
selection 2468 1440 190 934
X% <14 2143 1243 134 815
X% <20 1566 900 42 337
E,1 <260 MeV 1552 802 15 120
Me, < 630 MeV 1437 453 9 93

Table 6.2: Number of MC events after each analysis cut.

data sample

filtered 3.77 x 108
selection 9857
X5, <14 6794
X <20 3297
E,1 < 260 MeV 2405

Mg, > 630 MeV 2166

Table 6.3: Number of data events after each analysis cut.
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6.4 Cross section evaluation

To evaluate the number of signal events and the cross section, a 2-dimensional fit of the data
is performed. The variables used to discriminate the signal from the background are the 6y
longitudinal momentum, pr, and the squared missing mass, M%ﬁSS, in the interval -0.15 GeV?
< Mﬁﬂ-ss < 0.35 GeV? and -450 MeV < pr < 450 MeV, that contains 2166 events. The signal
efficiency is (28.60 + 0.27)%. The fit to the data is done using the simulated shapes for the signal
and backgrounds and the fit returns the fraction of data events f; = n;/n; with the constraint
Y.; fi = 1. The weights are left free for the signal and the backgrounds. Background yields from
w(— %)% ag(980)7y and 7'y result in the fractions estimated using the MC efficiencies from

Tabs.6.1-

Lo,0(vV/s=1GeV)ey 0  — fuom = 0.47% (6.2)
BRy_.
Tap(980)7 (Vs = 1GeV) < 0y, (Vs =1 GeV)];{/;m — fay(980)y < 0.34% (6.3)
-1y
BR4H17W

07 (Vs =1GeV) < 0y (Vs = 1 GeV) — fyy < 0.02% (6.4)

BR‘P—”Y’Y

0 cross section value [43],

where the estimate of equation (6.2) comes from the knowledge of the wrr
and the estimates of equations (6.3,/6.4) are based on phase space arguments when moving from
Vs = My to \/s = 1 GeV, together with the knowledge of the 177 cross section value (see chap-
ter 9). These background contributions are by far below the expected statistics sensitivity of
about 4-5% and are neglected. Fits with the w7’ contribution left free are performed resulting
in a negligible f,, 0 value. The 2-dimensional distributions used in the fit are shown in Fig.|6.7|
The contribution of the KsK}, background turns out completely negligible. Only the signal and

the 17(— 7°7%7%)y background are left. Tab. /6.4 shows the fit results. The projections of the

fuignal (334 £1.5)%

for (66.6+1.9)%

X2/ 1aor = 1140/1536
Niata = 2166

Table 6.4: Fit results

M2

miss

their relative factors f;, and the pr distribution is shown in Fig.[6.9. From 2166 data events,

x pr. distribution are shown in Fig.[6.8 for the data and the backgrounds weighted by

723433 signal events are obtained, and a cross section o(ee” — efe yyp — ete n'n'70) =
(10.43 4 0.484tat) pb. The fit also returns the fraction of 7y events, resulting in 1442+41 events
and a cross section o(ete” — 7y — m007%) = (278.0 & 8.141at) pb- Fig.[6.10 shows the dis-
tributions of the variables X,zw and X%/ where the MC distributions have the weights obtained
from the fit. In all the distributions there is good agreement between data and MC.
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Figure 6.7: 2-dimensional distributions of M2 . versus p; for data (top left), MC signal events
(bottom left), MC 5y events (top right), and MC KsK| events (bottom right).

73



Chapter 6. Cross section forete™ — eTe n with 7 — 797070

120 -

events/15 MeV

100 —
80 —
60 —
a0 b

20

0 *2200 7300 200 -100 0 100 200 300 400
P (MeV)

140
120 -

100 -

events'0.0125 GeV 2

80

40 -

20 -

] 1 1 1 e
O 005 01 015 0.2 025 03 035
M?miss (GeV ?)

R
-0.15 -0.1 -0.05

Figure 6.8: Projections of the 2-dimensional fit. Top: distribution of the longitudinal monentum
of the 6y. Bottom: distribution of the squared missing mass. The contribution of the signal is
blue and ete™ — 5y is red.
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6.4. Cross section evaluation
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Figure 6.9: Distribution of the transverse momentum. The signal is blue and e*e™ — 77 is red.
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Figure 6.10: Distributions of the variables X%v (left) and X% (right). The contribution of the

signal is blue and e*e™ — 5y is red.
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6.5 Evaluation of the systematic uncertainties

The contributions to the systematic error are evaluated by varying the analysis cuts by the r.m.s.
width of the distributions of the variables )(,Zw, X% and Mg, . The results are shown in Tab.[6.5,
where d0 /0 (%) is the percentage variation of the signal cross section. In subsection|6.2.3 it was
shown that in the E,; sideband region there is a very good data-MC agreement (see Fig.|6.5),
both in shape and normalizazion, therefore a negligible systematic error is expected from the
cut on this variable. The total positive and negative variations are +2.6% and -1.5%, and 2.6%
is taken as final systematic fractional error. To this the MC simulation statistical error of 1.0% is

fsignalNdata esignal(o/o) (50'/0-((70)

central value 723 28.60 -

X5y <12 716 28.46 -0.51
X5, <16 732 28.69 +0.83
Xy <17 716 28.41 -0.26
X; <23 730 28.66 +0.68
Mg, < 610 686 27.49 -1.33
Mg, < 650 754 29.13 +2.38

Table 6.5: Systematics for the o(ete™ — ete 1 — ete” 1'71°7") measurement.

added in quadrature, and the errors due to knowledge of the form factor and to the branching
ratio are kept separate. The changes of the result due to the variation of by in the transition form

factor formula are shown in Tab. The changes of the result due to the variation of b, in the

b, Nwmc signal efficiency (%) signal yield (%) cross section (pb)

0.7 27413 27.51 32.974 32.87
1.5 27425 28.42 33.332 32.16
1.64 27011 28.93 32.882 31.18
1.8 27416 28.70 33.290 31.81
1.94 27159 28.60 33.409 32.03
2 27239 28.40 32.969 31.84
22 27051 28.22 33.169 32.24
224 27291 28.67 32.986 31.56

Table 6.6: Signal efficiency, event yield and cross section as a function of the b, parameter.

transition form factor formula lead to a 0.7% fractional error. The final result for the cross sec-
tionis o(ete” — efen — efe  mOn7%) = (10.43 £ 04841t £ 0.29yst &= 0.07g5) pb at /s = 1
GeV. Using the value BR(yy — n%7°7%) = 0.3257 4 0.0023, one obtains c(ete™ — ete 7)) =
[32.0 + 1540 £ 0.9syst = 0.2pp = O.ZBR(WA,HOTEOR-O)] pb. Similar systematics measurements are per-
formed for the o(eTe™ — #5y) cross section, as shown in Tab.[6.7. The total positive and nega-

76



6.5. Evaluation of the systematic uncertainties

fyyNaata  €5y(%) 60 /0(%)
central value 1442 2.14 -

X5y <12 1421 2.12 -0.36
X5, <16 1451 2.16 -0.20
Xy <17 1429 2.11 +0.43
Xy <23 1446 2.15 -0.44
Me, < 610 1390 2.07 -0.17
Me, < 650 1470 2.18 +0.13

Table 6.7: Systematics for the o(eTe™ — 5y — m°71°7%y) measurement.

tive variations are +0.5% and -0.6%, and 0.6% is taken as final systematic fractional error. The
result for the cross section is o(eTe™ — 5y — m'n%7%) = (278.0 + 8.1t &= 1.75yst) pb at
Vs = 1 GeV. With the same 7 — 7°7%7° branching fraction value, one obtains c(ete™ —
1Y) = [853 & 254tat = Ssyst = bpR(y—n07070)| Pb. This eTe™ — 77y cross section is in agreement

with the value measured in the dedicated analysis (see chapter9).
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Chapter 7

Combination of the two cross section

values

The cross section values from theete™ — ete 7 — ete 3n%andete™ — ete yp — ete ntm n°

processes are combined accounting for the following sources of correlation:

a) systematic uncertainties are correlated due to the photon requirement, i.e. the features
of photons reconstructed in the calorimeter, essentially the cluster energy scale and so
the derived efficiency, energy resolution and time resolution that are in common to the

results of the two selections;
b) the common systematics due to the transition form factor, i.e. the b, parameter;

c) each exclusive cross section is divided by the appropriate branching fraction from PDG [1],

and their correlation coefficients are accounted for.

The correlation coefficient for the type a) is evaluated varying the data/MC energy scale cor-
rection to the MC cluster from 0.5% to 1.1% in steps of 0.1%, in such a way to have seven signal
efficiencies for each analysis (see Tab.[7.1) and to perform statistical regression, resulting in

psyst = —0.37, obtained with the formula:

0— Yi(xi —%)(yi — 7) . (7.1)
/o~ P el 9

The same formula is used to estimate the correlation coefficient for the type b), due to the form
factor, evaluated by varying b, as in Tabs. 5.10 - 6.6, The correlation coefficient obtained is
prr = 0.34. The correlation due to the branching fraction, pgr = —0.73, is taken from PDG [1].

The covariance matrices have the form

52 N
Vovariance = ( 3l Pz s et > . (7.2)
£ 03720 Oyt - 0 57# =70

79



Chapter 7. Combination of the two cross section values

€data/MC__ €p—mtnnd (%) €370 (%)

0.5% 20.73107 28.65349
0.6% 20.74151 28.64244
0.7% 20.72585 28.62771
0.8% 20.73107 28.60194
0.9% 20.73107 28.57616
1.0% 20.72585 28.56143
1.1% 20.75196 28.52830

Table 7.1: Signal efficiencies for different values of the data/MC energy scale correction.

The following covariance matrices, whose elements are the cross section errors, are used:

62, 0 62 —0.37 83,00 614 -
Vstat = ( 3 > > ’ Vsyst = ( 37 2 s St ) ’ (73)
0 O —0.37 8370 64 -0 00— o
Vip = 5 0.34 03,0 6+ - 70 Vg = 5 —0.73 03,00 6 14 -0 .
0.340370 6 -0 0%, 4 —0.73 03,0 00 824
(7.4)
The resulting combination covariance matrix, Veomb = Vstat + Vsyst + VEr + VBR,
& 0 003,70 0+ = 0
Veomb = 37 2 e ’ (7.5)
P 53710 57‘[*71* 70 (Sn+ - 70
displays all the elements for determining the average cross section value
Ucomb(e+e_ - €+€_i7) = W 03,0 + (1 - w) Un+m=m0 s (7.6)
where the weight w is given by
2
w— 5n+ -0 — P 53710 (57r+ =m0 (7.7)
5%710 + (Sgﬁn— 70 200370 00+ - 0
and p is the total correlation coefficient. The uncertainty is
2\ 52 2
52 _ (1-p%) 53rr0 57r+rr— 0 (7.8)
comb T 52 52 — 206500 ' '
3720 T 00t =0 0 9370 Ot 71— 70

2 . =2pb? resulting in oeomp (et e —
etemn) = (32.7+1.4) pb = (32.7 £ 1.35tas &= 0.75yst) pb. The total correlation between the two
measurements is found to be small, and the result obtained for the combined cross section is

The values computed for w and 62 arew = 0.7 and 42

comparable to the average value obtained assuming independent uncertainties.
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Chapter 8

Extraction of the partial width
L@ — )

In order to extract the partial width I'(y — y) = I, eacho(ete™ — ete™17) = o> measure-
ment, done in the charged (CD) or neutral (ND) 1 decay channel, is divided for the theoretical
value o(ete” — ete 1| by;T)y,) = ot The theoretical cross section value is obtained from a
MC code with exact QED matrix element [36] (see Appendix|A), using the form factor

Fr(q1,42) = (1 by 1 b0,2) " (8.1)

and rmv = 1 keV. The width is obtained from

O'Qbs NX
FW'Y'Y = O.th = GBRXL(Tth 7 (82)

0700

where Ny is the number of eTe™ — efe np — ete ntn nl/efe” — eten — ete n
events observed, € is the total efficiency, L the integrated luminosity and BRx the branching
fraction for each decay channel. In this formula, the form factor enters both in the (T)‘gbs mea-
surement, i.e. in the signal efficiency and in the shape used for fitting data (events are generated
using the same form factor of equation (8.1)), and in the theoretical cross section U"h(b,?). In or-
der to exploit possible compensations, the width I';,, is extracted conditional to the b, value,

consistently used in both 0" and ot

. Since the values of the 4-momenta q; and g, sampled in
the two decay modes analyzed in chapters 5 and [6 can be slightly different, the partial width
is determined separately for the two decays. Tab.[8.1 shows the cross sections and the partial

width values as a function of the b, parameter. Using the reference b, = 1.94 GeV 2 value, one

obtains:
TP [from w77~ 7% = (548 & 40t = 16syst & 7pr + 1455) €V, (8.3)
1—'1’;1';?7 [from 7T0 77:0 71-0] = (509 + 23Stat + 14syst + 4BR + 8FF) eV. (84)
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Chapter 8. Extraction of the partial width I'(y — 7)

by ( GeV?) ol (pb) oS (pb) o™ (pb/1keV) TL (eV) THD (eV)

mry Yy
0.70 34.65 32.87 66.49 521.20 494.37
1.50 34.59 32.16 64.04 540.23 502.29
1.64 33.77 31.18 63.67 530.36 489.64
1.80 35.17 31.81 62.27 555.84 502.72
1.94 34.47 32.03 62.93 547.69 509.02
2.00 33.78 31.84 62.73 537.97 507.05
2.20 35.01 32.24 62.34 561.62 517.11
224 35.01 31.56 62.25 562.37 506.92

Table 8.1: Observed cross section, theoretical cross section and partial width as a function of
the b,] parameter.

Using the criterion of taking the largest fractional difference between the partial width evalu-
ated at the b, = 1.94 GeV 2 reference and the ones evaluated at by = (1.8 - 22) GeV 2, the
systematic error due to the form factor gets slightly modified with respect to the one assigned
to the cross sections. It is relevant to notice that upon combining the two partial widths, also

the form factor covariance matrix gets modified:

2 2
Vip = (537r0 0.234 Y S — Ve = (537r0 0577 N S —
034037007070 O%i o 0.77 0370 Ot -0 Oy~ 0

The other correlation coefficients remain the same. Using the formulas given in the previous

chapter, one finds w = 0.7 and
Teomb (7 — 17) = wINP 4+ (1 — w) TP = (520 & 20540 £ 135y51) €V, (8.5)

resulting at present as the best determination of the T, partial width. Tab.[8 and Fig.8.1|
show the experimental results for the I';,, partial width measurement obtained studying the

processete” — ete .
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[y—qy (keV) Experiment  Year

0.56 +0.16 Crystal Ball 1983
0.64 +0.14 £0.13 TPC-2° 1986 [46]
0.53 + 0.04 + 0.04 JADE 1985
0.514 +0.017 £ 0.035 Crystal Ball 1988  [6]
0.490 + 0.010 4+ 0.048 ASP 1990
0.51 +0.12 £+ 0.05 MD-1 1990
0.510 £ 0.026 PDG average! [1]
0.520 #+ 0.020 4+ 0.013 KLOE 2012

1 The first two measurements are not taken into ac-
count for the calculation of the PDG average.

Table 8.2: Measurements of the rUW partial width performed by different experiments studying

the decay eTe™ — eTe 7.

Crystal Ball 1983 A
TPC 1986 "
JADE 1985 —
Crystal Ball 1988 —h
ASP 1990 A
MD1 1990 "
PDG ‘
KLOE 2012 —
02 03 04 05 06 o7 os

0.8
r(n-vyy) (kev)

Figure 8.1: Experimental points for the measurement of the I';,, partial width. The statistical
error is black, while the total error is green. For the Crystal Ball 1983 measurement and the
PDG average only the total error is quoted. The main contribution to the total KLOE error

comes from the statistical error.
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Chapter 9

Measurement of the cross section for
ete” — 1y

The most relevant background in the measurement of the e*e™ — ete™# cross section is due
to the radiative process ete~ — 7. The value of the cross section at /s = 1 GeV has been
used as a constraint in the fit in case of the 7 — 771~ ¥ decay while it has been derived as
a by-product of the analysis of the 7 — 7°71°7° decay. The cross section has been measured
by the SND experiment [47] at VEPP-2M in the range /s = (0.6 — 1.38) GeV, but with less

precision than needed for this analysis.

9.1 Event selection

The cross section for e*e~ — 7y is measured exploiting the 7 — 77771~ ¥ decay using the same
data sample and the same pre-selection and selection procedures described in sections|4.1}5.1
and 6.1/ with the only difference that in this case events with three and only three neutral
prompt clusters are selected. The event selection aims at finding two tracks of opposite cur-
vature, compatible with being due to 7%, two neutral prompt clusters compatible with being
originated by a 71° decay, and a third neutral prompt cluster compatible with the photon recoil-

ing against the 77" 77~ 70 system.

9.2 Background rejection

Many background contributions have been considered:

0 0

e eem — wmn’ events followed by the decay w — nt7~ 7" are characterized by two
tracks and four photons and can simulate the signal if one photon is not detected. The
contribution from the decay w — 71’7 is negligible since there are no tracks in the final

state.

e ¢ctem — Tt % events (including eTe™ — wy events, with w — 7771~ %) have the

same final state of the signal, with two photons and two tracks. The ete™ — wry cross
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Chapter 9. Measurement of the cross section forete™ — 77y

section at v/s = 1 GeV has not been measured. According to the MC code Phokhara [48]
oclete — wy — ntn n’y,\/s =1GeV)=14nb.

e ¢Te” — ete 7y events have a very large cross section at /s = 1 GeV, about 400 nb, and
can be an important background source when an electron/positron track is recognized as
a pion track. The two extra photons in the final state may come from split or accidental
clusters.

e ¢e” — KgK| events can mimic the signal when the K| decays to 1T v close to the

collision point and Ks — 7°71" but one photon is not detected.

e ¢Tem — KTK™ events can mimic the signal when both kaons decay close to the collision
point: K*¥ — 75710 and KT — 77 71%, with four photons in the final state and one photon
undetected, or K¥ — 775 71° and KT — uFv, with two photons in the final state plus one

accidental or split cluster.

e ¢Te” — yywithy — 7wt~y events (BR = 0.046) have only two photons in the final
state, but one extra photon may come from split or accidental clusters. The presence of
the monochromatic photon, E, = 350 MeV, and of the 7 meson makes this contribution
not easily distinguishable from the signal.

e ctem — ¥ events can mimic the final state of the signal in case of accidental or

split clusters.

e ¢ce” — 7T 7y events can mimic the final state of the signal in case of at least two

accidental or split clusters.

e ¢Te” — 77y may become important in case of conversions in the material close to the

beam line and when there are split or accidental clusters.

0,00

e ¢Tem — ny withy — 7%7” events have seven photons and no tracks in the final state.
This can become an important background only in case of conversions; in most cases

however there are some undetected photons.

9.2.1 Photon pairing

In this analysis the same pseudo-x? variable introduced in chapter 5 is used to identify the 7t
meson by selecting two out of the three total photons detected. Photons are paired choosing
the combination that minimizes the difference between the <y invariant mass and the mass of

the neutral pion. No cut is applied to the value of szw-

9.2.2 Kinematic fit

A kinematic fit is then performed, using Lagrange Multipliers. The function to be minimized
is the same used for the 7(*)4(*) — 5 analyses (equation (5.2)), but in this case the leading
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9.2. Background rejection

requirement is to satisfy energy and momentum conservation. To search for the minimum of

equation (5.2) 15 variables are used:
o the energy, E;;
e the time, ¢;;
e the cluster centroid position, x;, y;, z;.

for the three photons. The track momenta are not varied in the minimization since these are

measured with much better precision than the cluster energies. There are seven constraints:

e t; —r;/c = 0 for the three photons;

i \/52237E’Y+E7T+ +E,-;

—

i 237 ﬁ’}' + ﬁn* + ﬁrt* = Pete-
The resolution functions used in the fit are given in Tab.[5.1. Fig.[9.1 shows the distribution
of the x? of the kinematic fit for data, MC signal events, MC efe~ — K"K~ events and MC
ete” — KsK; events. The cut x> < 50 is applied. The improved variables are used to fit the
distribution of the recoil photon energy. Fig.9.2/shows the pull statistics
Eimpr — Emeas timpr — tmeas

1
e — ©.1)

Ximpr — xmeas, Zimpr — Zmeas ’ 9.2)

Oy o
for the energy and the z,x,t coordinates of the unpaired photon. The pairing procedure is
repeated after the fit, to minimize the events in which the selected unpaired photon is one
of the photons coming from the 7t°. This is shown in Fig. 9.3, where the distributions of the
“improved” (after the fit) energy of the unpaired photon, before, in black, and after, in red, the
second pairing procedure are compared. Figs.9.4 -/9.5/show the distributions of the energy of

0

the unpaired photon and of the 7" 7~ 71’ invariant mass before and after the kinematic fit for

data and MC signal events.

9.2.3 Track identification and rejection of the QED background

The background of ete™ — ete 7y and ete™ — 7 is reduced using the 7t-¢ likelihood esti-
mator as described in subsection|5.2.3. Fig.[9.6 shows the correlation between the polar angles
of the positive and negative tracks before and after the cuts on the fit x> and on the likelihood
estimator. Split-track events are completely removed at this stage of the analysis. Additional
cuts to reduce ete” — eTe 7y events are a cut on the angle between the tracks, a+ - < 160°,
and a cut on the angles between any photon pair, a,,,, > 20°. The last cut aims to reduce
ete” — ete 7 events with one or more split photons. Fig.[9.7/shows the distribution of the
angle between the two tracks for ete™ — eTe™y events and for the signal, while Figs.|9.8 and
[9.9 show some Koy distributions for data, MC eTe~ — eTe™ 1y events and MC signal events.
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Figure 9.1: Distribution of the x? of the kinematic fit for data (top left), MC signal events (top
right), MC eTe™ — KTK™ events (bottom left), MC eTe™ — KgK| events (bottom right).

9.2.4 Cut on the sum of the photon energies

A cut on the sum of the photon energies requires )} E, < 660 MeV. This cut is performed
to suppress the background e*e~ — 5y — 7%y with conversions. Fig.[9.10 shows the
distribution of the sum of the photon energies for MC signal events and MC ete™ — 5y —

71719y events with conversions.

9.2.5 Cut on the sum of the track momenta

A cut on the sum of the momenta of the tracks requires |p(7t")| + |F(7t7)| < 440 MeV. This
cut is performed basically to suppress the backgrounds ete™ — 7t 7% and efe™ — 7(—
7t 7t~ )7, but it also reduces the contribution of e*e~ — 7t 7~ 7’y and ete” — wn’. Fig.9.11
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Figure 9.2: Pull statistics for the energy (top left) and the z (top right), x (bottom left), t (bottom
right) coordinates of the unpaired photon.

shows the distribution of the sum of the tracks momenta for MC signal events and MC ete” —

ata °

events, and the distribution of the energy of the unpaired photon for data before and

after the cut on the sum of the tracks momenta. The e*e™ — w?y peak is visible, with E, = 194

MeV.
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Figure 9.3: Distribution of the improved energy of the unpaired photon, before, in black, and
after, in red, the second pairing procedure.
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Figure 9.4: Distribution of the energy of the unpaired photon before (left) and after (right) the
kinematic fit for data (top) and MC signal events (bottom). The peaks of the monochromatic
photons 7, and 7, (from the processes e*e~ — 17, and e*e” — w1, respectively) are clearly
visible in the data distribution after the fit.
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Figure 9.5: Distribution of the 7771~ ¥ invariant mass before (left) and after (right) the kine-

matic fit for data (top) and MC signal events (bottom). The 77 and w peaks are clearly visible in
the data distributions.
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Figure 9.6: Correlation between positive and negative track polar angles in data before (top)
and after (bottom) the cuts on the fit x? and on the likelihood estimator. Split-track events are
completely removed at this stage of the analysis.
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Figure 9.7: Distribution of the angle between the two tracks for MC eTe™ — eTe™ 1y events (top)
and MC signal events (bottom).
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Figure 9.8: Distribution of the angle between the two paired photons (top), the angle between
the most energetic paired photon and the unpaired photon (center) and the angle between the
least energetic paired photon and the unpaired photon (bottom) for data.
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Figure 9.9: Left: distribution of the angle between the two paired photons (top) and the angle
between the most energetic paired photon and the unpaired photon (bottom) for MC signal
events. Right: distribution of the angle between the least energetic paired photon and the
unpaired photon for MC signal events (top) and MC eTe™ — e'e™ 1y events (bottom).
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Figure 9.10: Distribution of the sum of the photon energies for MC signal events (top) and for
the MC of the process e*e™ — 1y — 797°

7%y with conversions (bottom).
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Figure 9.11: Distribution of the sum of the tracks momenta for MC signal events (top) and MC
ete” — 't ¥ events (center). The plot at the bottom shows the distribution of the energy
of the unpaired photon for data before (black) and after (red) the cut on the sum of the tracks
momenta. The ete™ — w7 peak is clearly visible, with E, = 194 MeV.
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9.3 Selection efficiency for signal and backgrounds

The selection efficiencies are evaluated with the MC simulation described in section/4.2, Tabs.[9.1|
- 9.2/list the number of MC events after each analysis cut for the signal and the backgrounds.
The first row lists the number of generated events. The second row, selection, includes FILFO,
trigger, and the filters described in sections|4.1/and[9.1. Table[9.3 lists the number of data events
after the same analysis cuts of Tabs.[9.1/-[9.2]

(= ntn )y #atn %y  wnd ete y KtK~ KsKr
generated 4907485 2964527 9208930 95580900 29487300 19872200
selection 1801423 180205 1823023 28605 11113 76347
X% < 50 1609974 131916 226126 7125 128 1663
likelihood 1498948 129999 220610 2109 108 1378
0,0+~ < 160° 1492246 122018 203795 910 105 715
0, > 20° 1467958 116472 199770 706 103 714
Y E, <660 MeV 1408102 116221 199464 513 103 714
Y pr <440 MeV 1407643 35356 98116 353 84 714

Table 9.1: Number of MC events after each analysis cut.

n(—7tn )y (= neutrals)y mfany  y(y)  afmAl

generated 1024527 9822290 71939100 142775000 6057553
selection 7406 10919 7757 2710 34042
X2 < 50 3333 6641 657 395 8087
likelihood 3193 6054 655 258 8067
O n < 160° 3144 5744 539 211 8021
6,7 > 20° 1172 5715 79 194 500
Y E, < 660 MeV 1149 215 77 94 499
Y pr < 440 MeV 712 214 9 93 15

Table 9.2: Number of MC events after each analysis cut.

9.4 Cross section evaluation

The number of signal events is derived with a 2-dimensional fit to the data. The distributions
used to discriminate the signal from the background are the energy of the unpaired photon,
E,, and the invariant mass of the two charged pions, M, in the interval 50 MeV < E, <
400 MeV and 280 MeV < M +,- < 520 MeV that contains 55150 events. The signal efficiency
is (28.68 £ 0.02)%. The fit to the data is done using the simulated shapes for the signal and
backgrounds and the weights are left free. The fit returns the fraction of data events f; =
ni/nior with the constraint ) ; f; = 1. The 2-dimensional histograms used in the fit are shown
in Fig.9.12| The projections of the E, X M+ .- distribution are shown in Fig.[9.13/for the data
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data sample

filtered 1.4x108
selection 811043
x> < 50 177618
likelihood 166365
Ot < 160° 154989
0,, > 20° 142449

YE, <660 MeV 141271
Y pr < 440 MeV 55408

Table 9.3: Number of data events after each analysis cut.

and the backgrounds weighted by their relative factors f;. The result of the fit gives 13536 £+ 121
signal events resulting in a cross section o(eTe™ — 5y — wta 7ly) = (194.7 4 1.854¢) pb-
The only relevant backgrounds are from ete~ — 77~ 7% and eTe™ — wn. Figs.[9.14]-9.17)
show some data-MC comparisons. Fig.[9.14/shows the distribution of the cosine of the polar
angle of the monochromatic photon, cos 6, where in the right plot the region around the signal
peak, 320 MeV < E, < 380 MeV, is selected. Fig. 9.15| shows the distributions of the )(2 of
the kinematic fit. The invariant mass of the 7t7— 7° system, reconstructed with the improved
energies, is shown in Fig. 9.16. Fig.9.17/shows the distributions of the energy of the two paired
photons, where <1 stands for the most energetic one and 1, for the least energetic one. In all
these distributions there is good agreement between data and MC.

9.5 Evaluation of the systematic uncertainties

The distributions of ete~ — 7t 71~ 7%y and eTe™ — 7 are well reproduced by simulation both

in shape and relative normalization, while the fraction of w7’ events results slightly higher

0

than expected. The ete™ — wr cross section can be introduced as a constraint by adding the

following x2-like term in the 2-dimensional fit:

2
—2InL — —2InL + JeomoNaata! (o £) = Oyt , (9.3)
5Own0

where 0,0 + 60,0 = (5.72 + 0.05) nb is the measured value [43], while the other quantities
refer to w(— 7177t~ %) 70 events as selected in the present measurement. After including the
term of eq. (9.3), a result higher by 1.36% is obtained for the e"e~ — 7 cross section. This
difference is accounted for in the systematic error. Other possible contributions to the system-
atic error are investigated by varying the analysis cuts by the r.m.s. width of the distributions
of X%, 0+, 04y, Y E, and |P(7r7)| 4 |F(7r")|, as shown in Tab. This results in a relative
error of £1.45% and o(eTe™ — vy — ntn 1) = (194.7 + 1.8t + 2.85yst) pb. Using
for the branching fraction the value BR(y — 77w~ 7’) = 0.2274 + 0.0028 [1], one obtains
o(efe™ — 177v) = [856 % 8stat + 12syst £ 11gr(y— - 70y] Pb. This value, obtained from a direct
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Figure 9.12: Distribution of the energy of the unpaired photon, E,, versus the invariant 7t 7r~
mass, M, for data (top left), MC signal events (top right), MC wn® events (bottom left), MC

't~ 1%y events (bottom right).

measurement, agrees well with the value obtained from the analysis of yy — # — 7

077070,

The result interpolates well with the measurements of the SND experiment [47] and has a bet-
ter precision. Fig.[9.18 shows the KLOE value for c(ete™ — 57) at /s = 1 GeV compared to

the SND results [47] for several values of /s.
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9.5. Evaluation of the systematic uncertainties
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Figure 9.14: Distribution of the cosine of the polar angle of the monochromatic photon, cos 6.
The contribution of the signal eTe~ — 7y isblue, ete~™ — wn®is greenand ete™ — t 7~ 7'y
is purple. The MC distributions have the weights obtained from the fit. In the right plot the
region around the signal peak, 320 MeV < E,, < 380 MeV, is selected.
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Figure 9.16: Distribution of the invariant mass of the 777~ ¥ system, obtained using the im-
proved energies after the kinematic fit. The contribution of the signal eTe™ — 75y is blue,
ete” — wn'is green and ete™ — w7t~ ¥ is purple.
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Figure 9.17: Left: distribution of the energy of the most energetic paired photon, E,;. Right:
distribution of the energy of the least energetic paired photon, E,>. The contribution of the
signal ete™ — 7y isblue, e"e™ — wn’ is green and e*e~ — 71" w71’ is purple.
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9.5. Evaluation of the systematic uncertainties

Nsignal ~ €signal (0/0) 50/0(0/0)

wrt? fixed 13720 28.68 +1.36
X% < 45 13489  28.54 +0.12
x> <55 13583  28.79 -0.04
0., <157° 13518  28.64 -0.01
0., <163° 13548  28.70 -0.01
0., > 18° 13601  28.79 +0.09
0.y > 22° 13482 2855 +0.03
YE, <610 12232 2580 +0.44
YE, <710 13927  29.62 -0.38
Y pr <435 13551  28.65 +0.21
Y.p. <445 13522  28.68 -0.11

Table 9.4: Systematics for the c(ete™ — 5y — 7+ 7w~ 71%9) measurement.
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Figure 9.18: Cross section result for the KLOE o(ete” — 77) measurement (red point) com-
pared to SND [47] for several values of y/s. On this scale, errors of the present measurement
are not visible.
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Conclusions

The cross section o(ete™ — ete 7) is measured at /s = 1 GeV with the KLOE detector,
using an integrated luminosity of about 240 pb~!. The 77 mesons are selected through the two
decays 7 — 7ttt 7° (charged decay, CD) and 7 — 7’770 (neutral decay, ND) that exploit
in a complementary way the tracking and the calorimeter measurements. Many background
processes are considered, the most relevant being e*e~ — 7y when the photon is emitted at
small polar angles and escapes detection.

The cross section for ete™ — e'e 7 is obtained independently for the two 1 decay modes
with a 2-dimensional fit to the squared missing mass and the # momentum projections. The
results are o(ete™ — eTe )P = (34.5 & 2560 & 1.35yst) pb and o(ete” — eten)NP =
(32.0 & 1.54tat &= 0.95yst) pb. Combining the two measurements, the value o(ete™ — efe™7) =
(32.7 £ 1.34tat £ 0.75yst) pb is obtained.

The cross section of the irreducible background ete™ — 7+ is measured in the same data
sample with a dedicated analysis, and yields o(ete™ — 5y) = (856 & 8stat £ 16yst) pb. This
value interpolates well the previous measurements by the SND experiment and is more precise.

0

The eTe™ — 57y cross section is used as a constraint in the fit for the y — 7t 71~ 71” case. In the

0719710 decay, instead, it is measured as a by-product of the main analysis, and

caseof § — 7
yields o(ete” — 57y) = (853 =+ 254tat & 8syst) pb, in agreement with the value obtained in the
dedicated analysis.

Since the values of the four-momenta g1 and g, sampled in the two decay modes can be slightly
different, the partial width is extracted separately for the two decays, and then combined. The
results obtained separately for the two decay channels are Fg% = (548 + 40gat = 225yst) eV and

T2, = (509 & 234tar = 175yst) €V. The final result for the yy width of the 17 meson is

T(n — 7y) = (520 4 20stat + 134yst) V. (9.4)

This value is in agreement with the world average of (510 & 26) eV and is the most precise
measurement to date.

These results are encouraging in view of the forthcoming data taking campaign of the KLOE-2
project [49], when analyses of the data collected at the ¢-peak will be possible with the informa-
tion coming from two dedicated e* tagging detectors: the low energy taggers (LET), located in
the region between the two low-beta focusing quadrupoles inside KLOE, and the high energy
taggers (HET), located at the exit of the first bending magnet.
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Appendix A

A Monte Carlo generator for
ete” —etey

Several MC generators have been developed for 7y physics (see ref. for a detailed list). The
simulation used in this analysis generates events with exact matrix element according to full
3-body phase space distributions, includes both s- and t-channel amplitudes and their interfer-
ence, and allows user-defined form factors. The cross section for the process ete™ — eTe 7
can be written as 11

olete —efe ) « 1% Y |M[*dLs, (A1)

where 1 is the spin averaging factor, 2s is the flux factor, M is the matrix element, and dLs is
the 3-body Lorentz invariant phase space. The Feynman diagrams for s- and t- channels are
shown in Fig.|A.1.

P2 q2

P1 q1 p1 q1

Figure A.1: Feynman diagrams for the process ete~ — eTe 5. Left: t-channel. Right: s-
channel.

The kinematic invariants used are

s=(p1+p2)’ (A2)
b= (p1—q)% (A.3)
th = (p2 — 92)?, (A4)
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where t; and ¢, are the four-momenta of the photons in the t-channel. Photons in s-channel
have four-momenta s; = s = (p; + p2)? and s = (g1 + g2)>. The matrix element for the
t-channel can be written in the form

My o gy X Gey X t%tz x F(t, 12) X €uap (g1 — p1)" (g2 = p2)P (7(p1)v"v(q1)) ((q2) 1" u(p2)),
(A.5)
where g, refers to the 797y coupling, g., to the ey coupling, F(t1, t;) is the form factor, and
1/t1,1/t; are the photon propagators. The last part of the matrix element contains the currents
product. €**f is the Levi-Civita completely antisymmetric tensor. The couplings are defined

as
4nl
872777 - mgwl (A.6)
1
8oy = (4710)?, (A7)

(A.8)

where I';,, is the 77y partial width of the 7 meson, and a ~ 1/137 is the fine structure constant.

The 7 transition form factor is parametrized as

1 1
Fy(t, t2) = <1—b,7t1) <1—b,7t2>’ (A9)

where by, is the slope parameter. The matrix element for the s-channel has the form

M & Gy X ey X ﬁ X F(s1,52) X €uump(p1 + p2)* (01 + 32)P(0(p1) V" u(p2)) (1(92)y v (1)),
(A.10)
where the form factor F(sj,sy) has the same analytical expression as in the t-channel (equation
(A.9)). The s-channel amplitude has a peak at small invariant masses of the final e*e™ pair, and
is much smaller than the t-channel amplitude. With this MC code it is possible to calculate the
total cross section with the only contribution of the t-channel, or with both s- and t- channels.
For the analyses described in this thesis only the t-channel has been considered, as at a center

of mass energy of 1 GeV the s-channel contribution is less than 0.5%.
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Appendix B

Energy scale correction

B1 ete — KsK;

MC ete™ — KK events with Ks — 7970 and with the K. interacting in the calorimeter are
selected by requiring:

e four prompt neutral clusters with polar angle 23° < 6 < 157¢;

¢ one neutral delayed cluster with 0.06 < g* < 0.13, where B* is the K, velocity in the K; Kg
system (expected value ~ 0.1);

e no tracks in the DC.

A pseudo—)(2 variable is then defined, to pair the four photons:

2
(170 —zmi]') L (0 —kaz)z with i1 (cw - Um]‘) ’ (B.1)
7ij T mij 2\ Eyi — Ey;

2
Xnn =

where m;; is the invariant mass of the two photons, m;; = \/ ZEiEj(l — cosGij), and the energy
resolution is 0 /E = 0.057/+/E (GeV). The cut x%, < 4 is applied. Fig. left, shows the

four photons invariant mass distribution for data and for MC ete~ — KgK|, events. By super-
imposing the two distributions (bottom left part of Fig.(B.1) it is possible to see that there is a
small shift between data and MC events. A correction of 0.8% has been therefore applied to the
MC clusters energy, Eclu = 1.008 x Eclu. The corrected MC spectrum and its superimposition
with data are shown on the right side of Fig./B.1
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Figure B.1: Left: Distribution of the four photons invariant mass for data (top), and for MC
ete” — KgK| events (center). In the bottom plot the two distribution are superimposed (black

= data, red = MC ete™
tion on MC clusters energy.
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B.2. ete” — 5y — 310

B.2 ete — yy — 31y

MC efe™ — 57y — 37y events are selected by requiring:

e at least five prompt neutral clusters with polar angle 23° < 6 < 157°;

e no tracks in the DC;

e x2%,. < 4. This is the same variable as defined for the eTe~ — KsK| process described in

section|B.1, and is used in this case to pair the four “best” photons, i.e. the photons that

better reconstruct two out of the three neutral pions;

e pr > 200 MeV, where pr is the transverse momentum of the four “paired” photons.

The y~-filter described in Section [4.1 cuts out eTe™ — w7

0

events with five photons in the

final state. Fig. B.2/shows the 2 invariant mass distribution (inclusive on the four photons) for

data and for MC eTe™ — 757y events, where the MC cluster energies are corrected by 0.8%. The

bottom part of Fig.[B.2/shows the data and MC distributions superimposed after the correction.
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Figure B.2: Top: distribution of the 27 invariant mass for data. Center: distribution of the 2y
invariant mass for MC ete™ — 77y events after energy correction. Bottom: the two distributions
are superimposed (black = data, red = MC ete™ — 77 events).
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Appendix C

The Lagrange Multipliers method

C.1 The Least-Squares method

A set of N independent, experimental values y;(x;) with variances 0?7 are given. The true values
1,12, ... ]n of the observables are not known, but it can be assumed that some theoretical

model exists, which associates the true values 7; with each x; through a functional dependence,

fi = fi(xi|91/92/-'-/9L)/ (Cl)

where x; are independent variables, and (6, 6>, ...,0r) is a set of parameters, L<N. According
to the Least-Squares (LS) Principle [53] the best values of the unknown parameters are those
which minimize the quantity

2

x> =Y wilyi— fi)?, (C.2)

o

Il
—

1
where w; = 1/07 is the weight of the i-th observation, and describes the accuracy of the mea-

surement y;. If the observations are corrrelated and a covariance matrix V() is given, equation
(C.2) can be written as

N N
=Y Y i~ Vi - £), (C.3)
i=1j=1
or, in terms of matrix notation,
X=G-HVv'g-1. (C.4)

If there is a linear dependence on the parameters f = Af, equation (C.4) becomes
X = (7 A0V (5 - Af). (C5)

In many situations the quantities to be estimated are not the 6 parameters, but the true ob-
servables 7. The observations § with covariance matrix V(i) are taken as initial estimates of
the true, but unknown, 7 values. The best estimates of 77 are the values which minimize the
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quantity
> =¢e'vle, (C.6)

where € is the difference between the measured and true values, ¢ = § — 7. When the LS
minimization has been performed, the final estimates 77 of the true 7 are called “improved
measurements”, or “fitted variables”. The “residuals” € of the LS estimate are defined as the
differences between the original measurements and the “improved measurements”, € = i — 7.
If the N measurements y; are uncorrelated, independent and normally distributed with vari-

2

ance ¢; around the true values 7;, and in the hypothesis that the observables 77; were known,

N A 2
2-n(E) -5 ©

would be a sum of N independent squared normal variables, distributed as a x? variable with

the quantity

N degrees of freedom. However, in practice, the true, unknown 7; values should be replaced
by their estimated values 77;, thus obtaining a weighted sum of squared residuals

NoE\® yi — 7
da=t(5) =L (457) s

which, in the case of a linear model with L parameters, is distributed as a x? variable with (N-L)
degrees of freedom.

C.2 Fitting with constraints: Largange Multipliers

In some cases the observables 77 can be related through algebraic constraint equations. This
happens, for instance, when one measures independently the three angles of a triangle and
wants the LS estimates of the true values to satisfy the requirement that their sum be equal to
180°. In this case the method of Lagrange Multipliers [53] may be used. This method increases
the number of unknows in the minimization by adding a set of Lagrange Multipliers, one for
each constraint equation. Given N observables y;, L parameters 6;, and K linear constraints, the

constraint equations can be written as
B6—b=0, (C.9)

where B is a KxL matrix and b is a K-component vector. If one introduces a Lagrange Multi-
pliers K-component vector A= (A1, Ag, ..., Ak), the quantity to be minimized becomes

(7— ATV (i — AB) +2AT(BA —

x2(6,7) b), (C.10)
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which is the analogous of equation (C.5) for the unconstrained case. By equating the x? deriva-

tives to zero with respectto 0;,i = 1,2,...,Land A;,i = 1,2, ..., K one obtains

Vex:=—-2(ATv 1y - ATV-1A9) +2BTA =0,
Vx> =2(Bf—b)=0. (C.11)

These are L+-K linear equations for the unknowns. By introducing the abbreviations

Cc=ATv1lA,  e=ATvly, (C.12)
equations (C.11) become
CQ_ + BT/_\ - C_/
BO=b. (C.13)

If the inverse of the C matrix exists, one can multiply the first of these equations by BC~! and

substitute B from the second equation, obtaining
b+ BC'BTA = BClc. (C.14)
Writing
Vg = BC'BT, (C.15)

and assuming that the inverse of the Vg matrix exists, the solutions for the Lagrange Multipli-
ers, for the parameters 6, and for the “improved measurements” are

A=V (BCle—b),

0=Cle—C BTV Y(BC e —b),
=A0=A[C'c—C'BTV; 1 (BC e - D). (C.16)
The Xfm.n variable is, in this case, distributed as a )(2 variable with (N-L+K) degrees of freedom.

If the number of observables is equal to the number of parameters, the number of degrees of

freedom is equal to the number of constraints K.
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Appendix D

The 2-dimensional fit

The code used in this analysis fits the MC 2-dimensional distributions to the data using a
binned maximum likelihood fit, which takes into account the finite statistics both from data
and from MC samples and allows to determine the fraction yield for each component. The dis-
tribution is described by 2-dimensional histograms with n x m bins. This gives a set of numbers
di1,d12-..dum, where d;j is the number of events in data that fall into the bin ij. p;; is the predicted
number of events in the bin, and is given by the predicted fraction of signal and background
events in data f;, f, and by the number of MC signal and background events s;;, b;j, in bin ij:

S:: b::
pij = Np (fsN—”s +be—Z;) = Wssij + Wybij, 1)

where Np is the total number of data and Ns, Np the total number of MC signal events and MC
background events, respectively. InD.1 ws and wj, are the normalized weights for signal and
background. The probability for observing a particular d;; is given by the Poisson distribution:

_,. Pi

P(dijlpyj) = e V= (D.2)
dij-

and the estimates of the weights ws, w;, are found by maximizing the likelihood £ = [T;; P(d;;|p;;)-

For each source, in each bin, there is some (known with limited statistics) expected number of

events S;j, B such that p;; = w;S;; + w;Bjj. The likelihood to be maximized is the combined

probability for observing d;;, s;; and b;; given S;;, B;; [50]:
n m
L =TT TP(dijlwsSi; + wyBjj) P(si|Sij) P(bij| Bij) (D.3)
i=1j=1
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Expanding equation (D.3) in terms of three expressions of type in equation (D.2) one obtains
the following function:
ok dij Sij bij
Inl = Z Z(dlj - plj — dl] lnf + Si]' - 51] — Si]' lnS— + bi]' - Bi]' — bi]' In B—) (D4)
i=1j=1 Pij if if
To find the maximum of equation (D.4) one has to differentiate InL and set the derivatives to
zero. The differentials with respect to the 2 X n x m variables S;;, B;; give S;;, B;; expressed as
functions of the observables s; and b;:
ij S — Sij
y ij =
djj ) 1+ ws(l _

wssijerbb,-j

b

_ (D.5)
1+ wb(l —

d; )
wssjj+wybij
The derivative of InL with respect to the free parameters f;, f; is obtained numerically. Cus-
tomized versions of the routines HMCLNL and HADJUST (included in the HBOOK package [51]) are
used, adapted to fit data with the superposition of 2-dimensional MC histograms, to obtain the
—2In £ value for a given set of f;, f; fractions.

Also possible constraints are accounted for, such as the knowledge of a cross section value o,

for the b component, obtained in similar analyses:

2
_2InL — —2Inl+ (bed“t“/(s(;b‘c) - ‘Tb) (D.6)
b

where €, is the analysis efficiency from Monte Carlo. The procedure is iterated with the MINUIT
routines and determines the best estimate for the parameters f; and f, the statistical error,
the likelihood maximum and the minimum value of x> = —2In L.

118



Acknowledgements

It would not have been possible to write this thesis without the help and support of many peo-
ple around me. First of all, I express my deep and sincere gratitude to to my Ph.D. supervisors,
Prof. Filippo Ceradini and Dott. Federico Nguyen, for their assistance, advice and dedicated
guidance throughout the last three years and more. Without them, the results obtained in this
work would not have been achieved.

I wish to thank all the people of the KLOE-2 Collaboration for giving me the opportunity of
learning and growing in a rich and stimulating environment. Among them, special thanks
go to Fabio Bossi and Simona Giovannella for their countless support, encouragement, and
stimulating discussions. I thank my internal referees, Antonio De Santis and Danilo Babusci,
for providing thorough advice during all the phases of the analysis. I thank all the KLOE-2
people who gave comments and suggestions during the writing of the final paper, and who
encouraged me during workshops and meetings, among those Caterina Bloise, Giorgio Capon,
Antonio Di Domenico, Paolo Gauzzi, Enrico Graziani, Andrzej Kupsc, Juliet Lee-Franzini, Ste-
fano Miscetti, Dario Moricciani, Antonio Passeri and Graziano Venanzoni. I warmly thank
Erika De Lucia and Barbara Sciascia for their assistance and never-ending patience during the
KLOE-2 shifts. I thank Fulvio Piccinini and Antonio Polosa for the support with the Monte
Carlo code for the signal generation and for enlightening discussions.

I would like to acknowledge the financial and academic support of the Roma Tre University. I
express particular gratitude to Alfredo Cardosi and Nicoletta Felici, from the Physics Depart-
ment, for helping me with bureaucracy a countless number of times.

I thank Eryk and Gianfranco for introducing me to “sbriciolata”. I thank Ivan, Paolo, Mon-
ica and all the Roma Tre Ph.D. students for providing a fun environment, and for the pleasant
coffee-breaks. I thank Lars and Simone for the good company during the thesis-writing period.
Special thanks go to Kazu, whose enthusiasm, encouragement and emotional support helped
me get through the difficult moments. Last but not least, I thank all the members of my family

for their help, support, patience, and love.

119



Acknowledgements

120



Bibliography

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).

[2] W. E. Burcham and M. Jobes, Nuclear and Particle Physics, Longman (1995).
[3] Y. Ne’eman and Y. Kirsh, The Particle Hunters, Cambridge University (1989).

[4] H. Kolanoski, Two-Photon Physics at eTe™ Storage Rings, Springer Tracts in Modern
Physics 105, Springer Verlag (1984).

[5] F. Low, Proposal for Measuring the 7t° Lifetime by 7° Production in Electron-Electron or
Electron-Positron Collisions, Phys. Rev. 120, 582 (1960).

[6] D. Williams et al. [Crystal Ball Collaboration], Formation of the pseudoscalars 0, 1, and
1" in the reaction ¢y — 77, Phys. Rev. D 38, 1365 (1988).

[7] S.]. Brodsky, T. Kinoshita and H. Terazawa, Two-Photon Mechanism of Particle Produc-
tion by High-Energy Colliding Beams, Phys. Rev. D 4, 1532 (1971).

[8] G. Bonneau, M. Gourdin, F. Martin, Inelastic lepton (anti-)lepton scattering and the two-
photon exchange approximation, Nucl. Phys. B 54, 573 (1973).

[9] V. M. Budnev et al., The two-photon particle production mechanism. Physical problems.
Applications. Equivalent photon approximation, Phys. Rep. 15, 181-282 (1975).

[10] C. Berger and W. Wagner, Photon photon reactions, Phys. Rep. 146, 1-134 (1987).
D. Morgan, M. R. Pennington and M. R. Whalley, A compilation of data on two-photon
reactions leading to hadron final states, J. Phys. G: Nucl. Part. Phys. 20, A1 (1994).
M. R. Whalley, A compilation of data on two-photon reactions, J. Phys. G: Nucl. Part. Phys.
27, A1 (2001).

[11] R. P. Feynman, PhotonHadron Interactions, AddisonWesley Publishing Company, Inc.
The Advanced Book Program, 1989, ISBN 0-201-51006-5.

[12] C. Bacci et al., Gamma-gamma interaction processes at Adone e e~ storage ring. Measure-
ment of the reaction ete™ — eTe eTe™, Nuovo Cimento Lett. 3, 709 (1972).

G. Barbiellini ef al., Muon Pair Production by Photon-Photon Interactions in e*e™~ Storage

121



References

Rings, Phys. Rev. Lett. 32, 38588 (1974).
L. Paoluzi et al., Multihadron production through the photon-photon interaction, Nuovo
Cimento Lett. 10, 435-439 (1974).

[13] V. E. Balakin et al., Experiment on 2 y-quantum annihilation on the VEPP-2, Phys. Lett. B
34, 99 (1971).

[14] E. Kou, On the 7’ gluonic admixture, Phys. Rev. D 63, 054027 (2001).
E. Ambrosino et al. [KLOE Collaboration], Measurement of the pseudoscalar mixing angle
and 7’ gluonium content with the KLOE detector, Phys. Lett. B 648, 267 (2007).

[15] F.Jegerlehner and A. Nyffeler, The muon g-2, Phys. Rept. 477, 1-100 (2009).

[16] A. E. Dorokhov, Recent results on rare decay pi0 to e+e-, Nucl. Phys. Proc. Suppl. 37, 181
(2008), arXiv:0805.0994v1 [hep-ph].

[17] S. E. Baru et al. [MD-1 Collaboration], Measurement of the two-photon widths of the
az,1', 1, Z. Phys. C 48, 581 (1990).

[18] N. A. Roe et al. [ASP Collaboration], Measurement of the two-photon width of the 1 and
" mesons, Phys. Rev. D 41, 17 (1990).

[19] ]. Bijnens and F. Persson, Effects of different Form-factors in Meson-Photon-Photon Tran-

sitions and the Muon Anomalous Magnetic Moment, arXiv:hep-ph/0106130v1.
[20] L. G. Landsberg, Electromagnetic decays of light mesons, Phys. Rept. 128, 301 (1985).

[21] E. Czerwinski et al., MesonNet Workshop on Meson Transition Form Factors,
arXiv:1207.6556v1 [hep-ph].

[22] M. N. Achasov et al. [SND Collaboration], Study of conversion decays ¢ — ne*e~ and
n — yete” in the experiment with SND detector at VEPP-2M collider, Phys. Lett. B 504,
275 (2001).

[23] R. R. Akhmetshin et al. [CMD-2 Collaboration], Study of the processes e*e~ — 57, 'y —
37 in the c.m. energy range 6001380 MeV at CMD-2, Phys. Lett. B 605, 26 (2005).

[24] H.J. Behrend et al. [CELLO Collaboration], A measurement of the 7r°, 7 and 7’ electromag-
netic form factors, Z. Phys. C 49, 401 (1991).

[25] R. Arnaldi et al. [NA60 Collaboration], Study of the electromagnetic transition form-factors
iny — putp~yand w — putu~ ¥ decays with NA60, Phys. Lett. B 677, 260 (2009).

[26] R. Baldini et al., Proposal for a Phi-Factory, report LNF-90/031(R) (1990).

[27] A. De Santis, Study of the ete~ — wn” process in the ¢ mass region with the KLOE

experiment, Ph.D. thesis.

122



References

[28] M. Adinolfi et al. [KLOE Collaboration], The tracking detector of the KLOE experiment,
Nucl. Inst. Meth. A 488, 51 (2002).
A. Ferrari [KLOE Collaboration], The KLOE drift chamber, Nucl. Inst. Meth. A 494, 163
(2002).

[29] M. Adinolfi et al. [KLOE Collaboration], The KLOE electromagnetic calorimeter, Nucl. Inst.
Meth. A 482, 364 (2002).

[30] M. Adinolfi et al. [KLOE Collaboration], The QCAL tile calorimeter of KLOE, Nucl. Inst.
Meth. A 483, 649 (2002).

[31] A. Aloisio et al. [KLOE Collaboration], THE KLOE TRIGGER SYSTEM, report LNF-
96/043(IR) (1995), http://wuw.1lnf.infn.it/kloe/
M. Adinolfi et al. [KLOE Collaboration], The trigger system of the KLOE experiment, Nucl.
Inst. Meth. A 492, 134 (2002).

[32] M. L. Ferrer and KLOE Collaboration, Data acquisition and data quality control in a
high energy physics experiment, Proceedings of Int. Conf. on Advances in Infrastructure
for Electronics, Business, Science and Education on the Internet, L’Aquila, Italy (2001),
http://www.lnf.infn.it/kloe/

[33] F. Ambrosino et al. [KLOE Collaboration], Data handling, reconstruction, and simulation
for the KLOE experiment, Nucl. Inst. Meth. A 534, 403 (2004).

[34] F. Ambrosino et al. [KLOE Collaboration], Measurement of the DA®PNE luminosity with
the KLOE detector using large angle Bhabha scattering, Eur. Phys. J. C 47, 589 (2006).

[35] F. Nguyen, F. Piccinini and A. D. Polosa, ete™ — eTe™ 17" at DA®NE, Eur. Phys. J. C 47,
65 (2006).

[36] F.Piccinini, 9y physics at Flavour Factories, presented at the XVII SuperB Workshop, Pisa,
Italy, 29 May-1 June 2011, http:/ /agenda.infn.it/conferenceDisplay.py?confld=3352.

[37] ]J. Gronberg et al. [CLEO Collaboration], Measurements of the meson-photon transition
form factors of light pseudoscalar mesons at large momentum transfer, Phys. Rev. D 57,

33 (1998).

[38] H. Aihara et al., Investigation of the electromagnetic structure of 77 and #’ mesons by two-
photon interactions, Phys. Rev. Lett. 64, 172 (1990).

[39] R. 1. Dzhelyadin et al., Investigation of the electromagnetic structure of the 7 meson in the
decay 7 — u"u~ 7y, Phys. Lett. B 94, 548 (1980).

[40] H. Berghduser et al., Determination of the 7-transition form factor in the yp — py —
pyete” reaction, Phys. Lett. B 701, 562 (2011).

[41] A. De Santis and S. Giovannella, Study of the eTe™ — wn® — 7t~ 77" process using

KLOE data, KLOE Note n. 219, 2008, http:/ /www.Inf.infn.it/kloe/pub/knote /kn219.ps

123



References

[42] A. Denig et al, Measurement of c(ete” — 7w7m ) and extraction of
olefem — mtn) below 1 GeV with the KLOE detector, KLOE Note n. 192, 2004,
http:/ /www.Inf.infn.it/kloe/pub/knote /kn192.ps

[43] F. Ambrosino et al., Study of the process e"e~ — w7’ in the ¢-meson mass region with
the KLOE detector, Phys. Lett. B 669, 223 (2008).

[44] A. ]. Weinstein et al. [Crystal Ball Collaboration], Observation of the production of 7
mesons in two-photon collisions, Phys. Rev. D 28, 2896 (1983).

[45] W. Bartel et al. [JADE Collaboration], A measurement of the 17 radiative width I’ ., Phys.
Lett. B 160, 421 (1985).

[46] H. Aihara et al. [TPC-2° Collaboration], Study of # formation in photon-photon collisions,
Phys. Rev. D 33, 844 (1986).

[47] M. N. Achasov et al., Reanalysis of the eTe” — 17y reaction cross section, Phys. Rev. D 76,
077101 (2007).

[48] H. Czyz, A. Grzelinska, J. H. Kithn and G. Rodrigo, The radiative return at ¢- and B-
factories: small-angle photon emission at next-to-leading order, Eur. Phys. J. C 27, 563
(2003).

[49] G. Amelino-Camelia et al., Physics with the KLOE-2 experiment at the upgraded DA®NE,
Eur. Phys. J. C 68, 619 (2010).

[50] R.]J. Barlow and C. Beeston, Comput. Phys. Commun.77, 219 (1993).
[51] R. Brun et al., HBOOK version 4.22, CERN Program Library Y250 (1995).
[52] F.James and M. Roos, Comput. Phys. Commun. 10, 343 (1975).

[63] A. G. Frodesen and O. Skjeggestad, Probability and Statistics in Particle Physics, Univer-
sitetsforlaget (1979).

124



	Introduction
	Mesons in the quark model
	The quark model
	Mesons mixing
	 coupling of mesons
	Scalar mesons

	Photon-photon interactions
	Physics with two photons
	Kinematics and cross section of  reactions
	Approximations for the cross section formula
	Resonance production in  interactions
	Tagging of the photons
	Form factors in meson-photon-photon transitions
	Measurements of radiative widths of mesons

	The KLOE experiment at DANE
	The collider DANE
	The KLOE detector
	The drift chamber
	The electromagnetic calorimeter
	The quadrupole calorimeters
	The trigger system
	Data acquisition

	Data reconstruction
	Cluster reconstruction
	Track reconstruction
	Track-to-cluster association


	Data and background sample
	Data sample and preselection filter
	Simulation of signal and background

	Cross section for e+e-e+e- with +-0
	Event selection
	Background rejection
	Photon pairing
	Kinematic fit
	Track identification and rejection of the QED background
	Time and energy quality cuts

	Selection efficiency for signal and backgrounds
	Cross section evaluation
	Estimates of background yields from a control region

	Evaluation of the systematic uncertainties

	Cross section for e+e-e+e- with 000
	Event selection
	Background rejection
	Photon pairing
	Kinematic fit
	Cut on the energy of the most energetic photon
	Cut on the 6 invariant mass

	Selection efficiency for signal and backgrounds
	Cross section evaluation
	Evaluation of the systematic uncertainties

	Combination of the two cross section values
	Extraction of the partial width ()
	Measurement of the cross section for e+e-
	Event selection
	Background rejection
	Photon pairing
	Kinematic fit
	Track identification and rejection of the QED background
	Cut on the sum of the photon energies
	Cut on the sum of the track momenta

	Selection efficiency for signal and backgrounds
	Cross section evaluation
	Evaluation of the systematic uncertainties

	Conclusions
	A Monte Carlo generator for e+e-e+e-
	Energy scale correction
	e+e-KS KL
	e+e-30

	The Lagrange Multipliers method
	The Least-Squares method
	Fitting with constraints: Largange Multipliers

	The 2-dimensional fit
	References

