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Abstract

E present the study of the radiative penguin BY — ¢y and BY — ~v decays and

.\/. \/ the resonant BT — K*h — Kt~y decays. We use data samples recorded at the

T (4S5) and T(5S) resonances with the Belle detector at KEKB, an electron-positron collider

located in Tsukuba, Japan. The Y(4S) sample corresponds to an integrated luminosity of

492 fb~! and contains 535 million BB pairs. At the Y (55) resonance, we use a sample of
23.6 fb~! containing 2.8 million B? mesons.

Penguin decays are loop-induced diagrams involving the heaviest particles of the Stan-
dard Model, the model describing, successfully so far, all particles and interactions, except
the gravitation. Penguin decays are sensitive to physics beyond the Standard Model: par-
ticles foreseen by theories extending the Standard Model, whatever their masses are, can
enter the loop and modify physics observables away from their Standard Model expecta-
tions.

We report the first observation of a radiative penguin decay of the B? meson in the

BY — ¢ mode with a significance of 5.5 standard deviations. We measure

B(BY — ¢) = (57H3(stat) 13 (syst)) x 1079

in agreement with the expectation of the Standard Model. We do not observe any signif-
icant B? — 77 signal and we compute an upper limit at the 90% confidence level on its
branching fraction of

B(BY — yv) <87 x107°.

This limit is about six times more stringent than the previously published one. However,
it is still about one order of magnitude larger than the expectation of the Standard Model
and still above expectations of theories beyond the Standard Model.

For the resonant BT — K*th — KT~v decays, we search for decays where the h par-
ticle can be a 7, 17, 1, 1:(25), Xc0, X2 Or @ J/1 meson, or the X (3872) particle discovered
in 2003 by the Belle collaboration. We observe the modes with » = 7 and 7’. We obtain an
evidence of the mode with h = 7,; this is the first time that a B™ — K T, signal is seen
in the K T~ final state. We measure

B(BT — K™n— Ktyy) = (0.8711%(stat) )50 (syst)) x 107°,
B(BY — KT — Ktyy) = (1407018 (stat) ™15 (syst)) x 107,
B(B* — K*n.— K*y7) = (022705 (stat) g (3 (syst)) x 107,

with significances of 7.3, 13.8 and 4.1, respectively. For the other modes, we obtain limits
on their branching fractions. We also measure or set limits on the branching fractions of
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the h — ~~y decays for the modes where B(B™ — KT h) has been measured elsewhere. We
set for the first time an upper limit at the 90% confidence level on the branching fraction
of the decay of the X (3872) particle into two photons of

B(X(3872) — vv) < 1.1%.

Keywords: high-energy physics, KEK, Belle, Standard Model, New Physics, B physics,
penguin decays.



Résume

ous présentons 'étude des désintégrations radiatives pingouirﬂ dans les modes B? —

¢y et B — ~v ainsi que 'étude des désintégrations résonantes B — K*+th —
K*vy. Nous employons des échantillons de données produites aux résonances Y (4.5)
et T(5S5) par le collisionneur électron-positron KEKB et récoltées par le détecteur Belle.
L'échantillon obtenu a la résonance Y (4S) correspond a une luminosité intégrée de 492
fb~! et contient 535 millions de paires BB. A la résonance T (55), nous disposons d’'un
échantillon de 23.6 fb~' contenant 2.8 millions de mésons BY.

Les désintégrations pingouin sont des désintégrations en boucle qui font intervenir
les particules les plus lourdes du Modele Standard. Le Modele Standard est la théorie
décrivant avec succes jusqu’a maintenant toutes les particules et interactions sauf la gravi-
tation. Les désintégrations pingouin sont sensibles aux phénomenes physiques au-dela du
Modele Standard: des particules non prévues par le Modele Standard, quelles que soient
leurs masses, peuvent participer a la boucle et, de ce fait, peuvent donner aux observables
physiques des valeurs éloignées de celles prévues dans le cadre du Modéle Standard.

Nous rapportons la premiére observation d’'une désintégration radiative pingouin du
méson BY dans le mode B! — ¢y avec une signification statistique de 5.5 déviations
standards. Nous mesurons

B(BJ — ¢7) = (57715 (stat) 1 (syst)) x 107°

en accord avec les prévisions du Modéle Standard. Nous n’observons pas de signal signi-
ficatif dans le mode B? — ~~v et nous calculons une limite supérieure avec un niveau de
confiance de 90% sur son rapport d’embranchement de

B(BY — yv) <87 x107°.

Cette limite est environ six fois plus restrictive que celle précédemment publiée. Cepen-
dant, elle est environ d’'un ordre de magnitude plus élevée que le rapport d’embranchement
prévu par le Modele Standard et encore au-dessus des prévisions des modeles de Nouvelle
Physique.

Concernant I’étude des désintégrations résonantes Bt — K*h — KT+, nous cher-
chons les désintégrations ou la particule / peut étre un méson 7, 7/, 1, 1c(25), Xc0, Xc2 OU
J/1, ou la particule X (3872) qui fut découverte en 2003 par la collaboration Belle. Nous
observons les modes avec h = i and 7. Nous obtenons une évidence du mode ot h est 7;

!Le mot anglais “penguin” devrait en fait étre traduit en francais par “manchot”. Manchots et pingouins
appartiennent a deux espéces bien distinctes; les manchots vivent dans 'hémisphere sud et les pingouins dans
I’hémispheére nord. Pingouin se traduit par “auk” en anglais.
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ceci est la premiére fois qu’un signal de la désintégration BT — K1, est vu dans I'état
final K ~~. Nous mesurons

B(BT — K'™n— Ktyy) = (0.87151%(stat) )50 (syst)) x 107°,
B(BT — K™n — Ktyy) = (1407015 (stat) T 15(syst)) x 107,
B(BY — K'ne — K*qy) = (0.22X555 (stat) £ 55 (syst)) x 107°,

avec des significations statistiques de 7.3, 13.8 et 4.1, respectivement. Pour les autres
modes, nous obtenons des limites sur leur rapports d’'embranchement. Nous mesurons
aussi les rapports d’embranchement de h en deux photons si le rapport d’embranchement
B(Bt — KTh) a été mesuré ailleurs. Nous obtenons la premiere limite sur le rapport
d’embranchement B(X (3872) — ~+) avec un niveau de confiance de 90% de

B(X(3872) — vvy) < 1.1%.

Mots-clés: physique des hautes énergies, KEK, Belle, Modele Standard, Nouvelle Physique,
physique du méson B, désintégrations pingouin.
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« Much human ingenuity has gone into finding the ultimate Before.

The current state of knowledge can be summarized thus:

In the beginning, there was nothing, which exploded.

Other theories about the ultimate start involve gods creating the universe
out of the ribs, entrails and testicles of their father (gods like a joke as much as
anyone else). There are quite a lot of these. They are interesting, not for what
they tell you about cosmology, but for what they say about people. Hey, kids,
which part do you think they made your town out of? »

Terry Pratchett, Lords and Ladies (1992).






Chapter 1

Theoretical framework and
motivations

S
5]
oF

5 Mg This chapter introduces the Standard Model of particle physics.
osf- , 1 Penguin decays, used to probe physics beyond the Standard
e ob DR Model, are discussed. A detailed motivation for the subjects of

this research is presented.

1.1 The Standard Model of Particle Physics

HE Standard Model (SM) is a theory describing all known particles and all known
T interactions except the gravitation. It was developed by many theorists during the
second part of the last century and many Nobel Prizes in Physics are related to its con-
struction. The unification of the electromagnetic and weak interactions and the prediction
of the W and Z bosons has awarded the 1979 Nobel Prize to Glashow, Salam and Wein-
berg. The quantum formulation of the electroweak interaction has awarded 't Hooft and
Veltman the 1999 Nobel Prize. The development of quantum chromodynamics (QCD) has
awarded Nobel Prizes to Gell-Mann in 1969 and to Gross, Politzer and Wilczek in 2004.

The SME] is a gauge theory that describes interactions with the exchange of spin-1
gauge fields. It is based on the symmetry group

SUB3)e ® SU2)L ® U(L)y, (1.1)

where SU(3)¢ describes the strong interaction via the exchange of eight massless gluons
(9), SU(2)r, describes the weak interaction which proceeds with the exchange of three
massive bosons, the W+ and Z, and U(1)y describes the electromagnetic interaction pro-
ceeding via photon () exchange. C and Y are, respectively, the color and hypercharge

'The following discussion is mainly based on [].
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Table 1.1: SM bosons. Masses are taken from [2]]. The mass interval for the Higgs
boson is computed at the 95% CL.

Boson Mass (GeV/ ) Force carried

Photon 0 electromagnetic interaction
w* 80.403 £+ 0.029 weak interaction (charged current)
7 91.1876 +0.0021  weak interaction (neutral current)
8 gluons 0 strong interaction

Higgs 1144 < mpy < 144 -

quantum numbers, and L denotes that weak interactions are left-handed. The SM bosons
are listed in Table[1.1]

Fermions are spin-% particles. In the SM, they are arranged in three generations and
belong to two types, quarks and leptons, with each generation made of two quarks and
two leptons, plus corresponding anti-fermions. We have therefore six quarks: u (called
up), d (down), ¢ (charm), s (strange), ¢ (top or truth) and b (bottom or beauty). Leptons
are composed of the electron (¢~), the muon (1 ~) and the tau (77), and their associated
neutrinos (eg. v., the electron neutrino). The fermions are listed in Table They are
organized in the following structure with three generations

Ve U v, ¢ v ot
, , , (1.2)
e” d [T T
Vr qu 14 qu _
[l_ ] = (l_) ) ( ) ) lRa QuR; 4dR (1.3)
qd ; \4d/

plus the corresponding anti-fermions.

Left-handed fields are therefore SU(2); doublets, while right-handed fields are sin-
glets. One can notice that the SM does not contain right-handed neutrinos. The three
fermionic families behave identically under gauge interactions. However, they have differ-
ent masses and flavor quantum numbers.

Quarks cannot act as isolated particles due to the color confinement mechanism [1].
They always appear in quark triplets, called baryons, or in quark-anti-quark pairs, called
mesons. Well-known baryons are the proton and the neutron, whose quark compositions
are uud and udd, respectively. Mesons appearing in the title of this document are the B?
(bs), BT (bu), ¢ (s3) and Kt (5u) mesons.

The gauge symmetry is broken by the vacuum in a so-called Spontaneous Symmetry
Breaking (SSB) mechanism, where the electromagnetic and weak groups are unified into
the electroweak group

with

SU3)e @ SU2)L @ U(l)y 222 SU(3)e @ U(1)qep - (1.4)
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Table 1.2: SM fermions. Electron and muon masses have been measured with
a precision of less than 1 ppm. Anti-particles have the same masses but are
oppositely-charged. All values are taken from [2]] except the top mass which
is taken from [3]]. Masses are given in MeV/ ¢2 and charges (Q) in unit of positron
charge (e). Upper limits on the neutrino masses are given at the 90% CL for the
muon neutrino and at the 95% CL for the two others. Cosmological evidences
indicate that Y m, < 0.62 eV (95% CL) [4].

Generation | Quarks @ Mass Leptons @ Mass
st w  +3  15-30 em -1 0.511
-1 317 Ve 0 <2x1076
ond ¢ +3  1250£90 p =1 105.7
s -3 95 + 25 Vi 0 <0.19
grd t +2 170900 £1800 | 7 -1 1776.90 %+ 0.20
b —3 4200 — 4700 vy 0 <18.2

The SSB generates the masses of the weak gauge bosons, and creates a scalar parti-
cle, the Higgs boson, which is the only fundamental SM particle to remain undiscovered.
Fermion masses and flavor mixing are also generated by the SSB.

1.1.1 Consistency test of the Standard Model at LEP and SLC

The gauge sector of the SM was extensively tested at LEP and SLC, eTe~ colliders which
took data at the Z resonance. A summary of these tests is presented in a so-called global
electroweak fit [5} [6]. Results are shown in Figure[1.1] where the last column is the pull of
each measurement, eg. the difference between the measurement and the SM expectation
in units of the measurement uncertainty. All these variables are discussed in [5]. The
vast majority of shown pulls are below one standard deviation. Only one measurement,
A?l’)b, the forward-backward asymmetry in b productions, has a pull at a dangerous level
(2.90). This deviation can be viewed as a statistical fluctuation considering the fact that 17
observables were measured. Some physicists had hoped that LEP would have run longer
to measure A(f)l;b more precisely; however, the general consensus is that LEP proved that
the SM was very successful, beyond the expectations of many physicists.
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Measurement Fit  |O™—Q|g™Meas

o 1 2 3

m,[GeV] 91.1875+0.0021 91.1875
r,[Gev]  2.4952+0.0023  2.4957
o’ ,[nb]  41.540+0.037  41.477

R, 20.767 £0.025  20.744
A 0.01714 +0.00095 0.01645
AP) 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21586
R, 0.1721+0.0030  0.1722
AP 0.0992 +0.0016  0.1038
AGC 0.0707 £0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin’0P(Q,,) 0.2324 +0.0012  0.2314
m, [GeV] 80.398+0.025  80.374
ry,[Gevl  2.140+0.060 2.091
m, [GeV] 1709+ 1.8 171.3

o 1 2 3

Figure 1.1: Comparison of the combined SM measurements performed at LEP and
SLC with the expectation of the SM, obtained from the global electroweak fit [[5, 6]
(Winter 2007 update). The top mass (m;) is measured at the Tevatron [3].
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1.1.2 The CP symmetry

The C' P symmetry denotes the fact that physical processes behave identically for particles
and particles converted by the C' P transformation. The C operation, the charge conjuga-
tion, reverses all additive quantum numbers such as the electric charge, the hypercharge
or the strangeness. The P (parity) transformation inverts the coordinate system, ie.

x —X
vl S =y |- (1.5)
z

—Z

The C'P operation is the combination of the C' and P transformations. For a proton
traveling along the = axis with its spin anti-aligned with its momentum (left-handed), P
inverts the velocity direction but doesn’t change its internal quantum numbers (the spin
for instance); the proton helicity becomes right-handed. A left-handed proton becomes,
after a C'P operation, a right-handed antiproton.

The violation of the P symmetry was discovered in nuclear 8 decays in 1957 [7]. The
P symmetry is now known as being “maximally” violated in the Standard Model: a right-
handed neutrino doesn’t exist or interact (sterile neutrino), while left-handed neutrinos
do. The previous statement arises from the non-observation of right-handed currents in
neutrino scattering experiments. C' is also “maximally” violated in the SM for the same
reason: under a C transformation, a left-handed neutrino becomes a left-handed anti-
neutrino.

The C'P symmetry was thought to be conserved in Nature: under C'P, a left-handed
neutrino becomes a right-handed anti-neutrino and both exist and/or interact. However,
it was discovered in 1964 that the C' P symmetry was slightly broken, at the 0.2% level, in
kaon decays [8]. C'P violation has been also observed in the B meson system in Summer
2001 by the Belle [9] and BABAR [10] experiments with the measurement of sin 2¢; # d?]
in B — J/yK gEI decays. Since then, both Belle and BABAR have observed C'P violation in
many other decay modes of the neutral and charged B mesons.

The violation of the C'P symmetry is one of the necessary ingredients to explain the
observed absence of anti-matter in our Universe [11]]. Indeed, it is thought that the Big
Bang created equal quantities of matter and anti-matter. One of the interactions, the weak
interaction in the SM, has to violate C P. However, to date, all observed C P violation rates
are compatible with the SM predictions and the source of C'P violation in the SM is not
large enough to explain the observed absence of anti-matter. Hence, new sources of C'P
violations are needed.

It is to note that the C'PT symmetry, where 7 is the time-reversal operation, is re-
spected in every Lorentz-invariant local quantum field theory with a Hermitian Hamilto-
nian due to the CPT theorem [[12]. To preserve C'PT and break C'P at the same time
means that the T" symmetry has to be broken too. In fact, mathematically, CP and T
violations are the same phenomena since the C'PT symmetry can be derived from the-
ory axioms. The C'PT symmetry constrains particles and anti-particles to have the same
masses and lifetimes, which is so far always confirmed by experiments. An observation of

2The angle ¢, will be introduced in the next Section.
3If not explicitely written, the inclusion of the charge conjugate mode is implied throughout this document.
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CPT violation would put an immediate end to most particle physics theories, including
the Standard Model.
1.1.3 Flavor dynamics in the SM and measurement of the unitarity triangle

After the SSB, flavor dynamics in the SM is described with the following Yukawa La-
grangian

Ly ~dj Ml,dy +a}, M, uy +1;, Ml +h.c., (1.6)

where M’ are 3 x 3 matrices containing arbitrary coupling constants and d’, u’, I’ are three
dimensional vectors in the flavor space defined as

d = (d,¢,V),
u o= (W, ), (1.7)
I'= ((e), (), (7)),

Each of the three M’ matrices can be decomposed as

M =S"MSU, (1.8)

where S and U are unitary matrices (ie. SST = §7S = 1) and M is diagonal and contains
masses, ie.

mg O 0 m, 0O 0 me O 0
Mg=|[0 mg 0], My=|0 mc: 0], My=|0 my, 0] .09
0 0 my 0 0 my 0 0 m,

The Yukawa Lagrangian is now simplified to
Ly ~dMgd+uaMyu+1M;l+he., (1.10)

where the mass eigenstates are defined by

dL = Sd IL,
u, = S,u}, (1.11)
1, = S,

and

dR = SdUdlea
ug = S, U,uf, (1.12)
lR = Sl Ul 13%

Due to the unitarity of S, we have

f,f, =f, S8 f, =f, 1, (1.13)
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Figure 1.2: Left: D to U charged-current quark transition governed by the Vi p
matrix element. The D quark can be d, s or b and U can be u, c or t. Right: D
to U transition governed by V5, obtained with a C P transformation of the left
transition.

and similarly for frfr = ff. Hence, the SU(2), ® U(1)y Lagrangian responsible for
neutral currents is not modified when expressed in terms of mass eigenstates. There are
therefore no flavor-changing neutral currents (FCNC) in the SM (eg. b — sZ). The former
affirmation is only valid at the tree level: loop-mediated FCNC (Penguin) decays are pos-
sible and will be discussed in Section In such diagrams, the flavor is in fact changed
twice (eg. b — t — s) by charged currents (W boson). The absence of FCNC at the tree
level was explained in 1970 by Glashow, Iliopoulos and Maiani (GIM mechanism) [13]
and requires two-fermions families. The existence of a partner to the s quark (the charm
quark) was foreseen by this mechanism.
However, charged currents can change flavor since

w,d; =a,8,8d,=u,Vdg, (1.14)

and S, and S, are generally different. Flavor-changing currents are shown in Figure
The V matrix is a 3 x 3 unitary matrix coupling up-type (u) quarks to the down-type (d)
quarks and is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [[14, [15]

d/ Vud Vus Vub d d
s'| = Via Ves Vg | XS] = Vokm X | s ] . (1.15)
V) \Ve Ve V) \b b

If we consider the general case with N fermionic generations, it can be demonstrated
that V' can be characterized by Ng(Ng—1)/2 (real) mixing angles and (Ng—1)(Ng—2)/2
complex phases. Hence, for N = 2, V takes the form of the well-known Cabibbo rotation
matrix [[14]

cos sin 6
Viwogen. = . “l. (1.16)
—sinfc  cosfc

where ¢ is the Cabibbo angle. The Lagrangian with N = 2 does therefore not contain
any complex phase and thus cannot accommodate C P violation. A third fermion genera-
tion is required and was foreseen by Kobayashi and Maskawa [15] to explain the observed
C P violation in the kaon system [8]]. Indeed, with Ng = 3, the SM contains one complex
phase, responsible for the C'P violation in the SM, and three real mixing angles.

The CKM-matrix exhibits the following hierarchy in its measured entries: the diagonal
elements are very close to unity, the ones connecting the two first generations have a size
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A = sinfc|V,,,| ~ 0.22, the mixing between the second and third families is of the order \?
and the mixing between the first and third families of the order A3. The CKM matrix can
therefore be expressed in the so-called Wolfenstein parametrization [16]]

1-% A AN (p—in)
Vekm = ) e AN +00\Y, (1.17)
AN (1 — p—in) —AN? 1

where A, A\, p and n owe four real parameters. The n parameter is the complex-phase
parameter, hence is responsible of C'P violation in the SM.

The unitarity triangle

Due to the unitarity of the CKM matrix, we can write 12 equations given by >, Vi, V}; =
d;;. Equations with 7 # j can be represented as triangles in the complex plane. The
following triangle, called the unitarity triangle, is of particular interest

wbVad + Vo Vea + Vi Via = 0. (1.18)

This triangle is usually rescaled by dividing its sides by V,, V., = —AX3 + O()\"), which
is real to a very good approximation [[17, [18]. This aligns one side of the triangle along
the real axis and makes its length equal to 1. The coordinates of the 3 vertices are then
(0,0), (1,0) and (p,7) = (1 — A2/2)(p,n). The three angles of this triangle areEr]

V.V
¢ =0B= arg <—Cdcf> , (1.19)
ViaV
P2 =a= arg —Ld i (1.20)
S VidVar/) .
= _ Yud¥u 1.21
o == wg (). (20
and the lengths are
V.V N\ 11|V
R = ud "ub | _ =2 P2=1-—1= _ub 1.22
A R G G Y bl 02
V.V - - 11V, 1|V,
R tdVth | _ 1_ 5)2 2 _ — | td| o 217t 1.23
S 77 A A A 7 YA (129

where R, is the side opposite to the angle ¢; and R is the side opposite to ¢3. The length
of the side opposite to ¢5 is equal to unity due to the normalization.

Figure presents the Summer 2007 status, obtained by the CKMfitter group [19],
on the experimental results constraining the unitarity triangle. Every measured observable
constrains the upper vertex of the triangle; the agreement between all measurements is
very good. The UTfit group provides similar plots [20]. We briefly discuss below how the
different parameters are measured.

*The denomination ¢ 23 is used by Belle, while («, 8,+) is used by BABAR and the rest of the world.
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Figure 1.3: Top: the unitarity triangle. Bottom: experimental constraints on the
unitarity triangle, as compiled by the CKMfitter group presented at the time of the
summer 2007 conferences [[19]].
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Figure 1.4: Feynman diagrams for the mixing in the neutral B meson systems
(¢ = d, s). The mixing amplitude is proportional to the square of the quark mass
involved in the box, hence the top contribution dominates entirely.

Ry, involves the ratio |V, /V,,| and is therefore measured by studying b — v and b — ¢
transitions. Equation[1.22]indicates that its constraint in the (p, 7j) plane is a circle centered
at (0,0).

R; involves the ratio |V,,;/V,|. |V,,| is obtained from the measured mass difference
between the mass eigenstates of the B%-B? system, Amy = (0.507 £ 0.005) ps—! [2],
which governs the B°-B° mixing transition, shown in Figure The observation of BY-
Bg mixing with the measurement of Am, = (17.77+0.12) ps—! [21] provides information
on R; since the ratio Amg/Am, gives |V, ,|/|V;,|. Constraints on R; are circles centered at
(1,0) in the (p, 77) plane.

Angles of the Unitarity Triangle can be probed by studying B decays into C'P (self-
conjugated) final states [22, 23| 24]. B°(B°) — J/%K2, a b — ccs transition, is the
golden mode to probe ¢;. From the latter and other modes, one obtains sin 2¢; = 0.673 +
0.028 [2]], which is the strongest constraint on the CKM picture. ¢, can be measured with
b — waud transitions. The most sensitive mode to determine ¢, is B — p™p~: we obtain
¢2 = (96 £ 10)° [2]. The angle ¢3 is the most challenging angle to measure. It is studied
with the interference of the b — ¢ and b — u transitions in B — DK decays. To date, the
only method returning a significant result on ¢j3 is the so-called GGSZ method proposed at
the same time by the Belle collaboration [25]] and Giri, Grossman, Soffer and Zupan [26].
¢3 can also be measured in B — DK decays with the ADS method [27] and the GILW
method [28]. A combination of all results gives ¢35 = (77 + 31)° [19].

The parameter ey, related to C'P violation in the kaon sector, gives a hyperbolic con-
straint in the (p, 77) plane.

1.2 Physics beyond the Standard Model?

The SM is a very successful story. The SM, for example, predicted the Z and W boson
masses, the existence of the charm quark, and that of the third fermion generation. The
SM is compatible with more than 1000 pages of measurements centralized by the Particle
Data Group [2]]. The gauge part of the SM has been extensively tested at LEP and has
proved to be well described. Flavor physics has been extensively tested mainly by the
B-factories and has also proved to be well understood. However, the link between gauge
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physics and flavor physics, the Higgs boson is still missing. The SM will only be considered
a complete theory when the Higgs boson will be discovered, which is expected to happen
in the next decade at the Large Hadron Collider (LHC) at CERN.

Although SM Lagrangians can be derived only from the gauge principle [1[], the SM
looks like a phenomenological model due to the large number of arbitrary parameters. For
example, all fermion masses are not predicted by the theory and have therefore to be mea-
sured before the SM can be of any use to describe the flavor sector. The SM fails to answer
many fundamental questions. Why are there three and only three fermion families? Why
are the masses so different between the families? For instance, the top quark is more than
40’000 times heavier than the up quark. The SM can so far describe all measurements
of C'P violation; however, the SM source of C' P violation is not sufficient to explain the
matter - anti-matter asymmetry in our Universe. Moreover, the SM cannot accommodate
gravitation. Particle physicists can live without gravitation since it is a very weak force at
the scale where particle physics occur. However, gravitation is still a fundamental force of
Nature, which is quite important at human scale.

Neutrinos in the SM are considered to be massless. However, the observation of flavor
mixing in the neutrino sector [29,[30, [31]] implies by quantum theory arguments that they
are massive. This is an explicit sign of New Physics (NP). However, the SM can be modified
quite easily to incorporate neutrino masses and mixing [1]]. Consequences are that lepton
numbers can be Violate (eg. 7~ — e~ ) and the C'P symmetry in the leptonic sector
may be broken. This new source of C'P violation could help understand the anti-matter
disappearance in our Universe.

Another hint for NP is the Dark Matter (DM). DM was hypothesized to explain the
so-called galaxy rotation problem: for many galaxies, the rotation velocity as a function of
the distance to the galactic center doesn’t seem to follow Newtonian dynamics, assuming
that it is governed by the observed mass distribution of the galaxy [32]. Some invisible
mass has to be present. To date, the best evidence for the DM existence is the Bullet Clus-
ter [33], shown in Figure Two clusters of galaxies collided about 150 millions years
ago. One can notice that the different types of matter had their own behaviour. Stars were
only slightly slowed down due to gravitational interaction. Gas, observed in X-rays, was
much more slowed down and scattered than the stars due to electromagnetic interactions.
However, the mass distribution, observed through gravitational lensing, didn’t correspond
to the gas distribution as expected but lie ahead. Clowe et al. conclude that most of the
matter in the colliding clusters is collisionless and can only be explained by weakly inter-
acting matter, the DM. The galaxy rotation problem relies on Newtonian dynamics, hence
it can be solved by modifying this dynamics. The Bullet cluster provides evidence that
is difficult to revoke with modified dynamics or gravitation theories. DM seems also to
be necessary for the structure formation in our Universe. Just after the Big Bang, the
Universe was in a very hot, dense and almost uniform state [34]. However, we observe
now structures at all scales: from stars to galaxies and even clusters of galaxies with large
voids between them. DM acts as a compactor of structures [35]. Weakly interacting mas-
sive particles (WIMP) are currently searched by many experiments; to date, no conclusive
evidence has been found. Section[1.3.2|will show that the supersymmetry theory provides
a good candidate for DM.

*However, this violation is very suppressed due to the very small neutrino masses.
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Figure 1.5: Images of the Bullet cluster [33]] obtained from optical (left) and
X-ray (right) observations. Mass density contours obtained from gravitational
lensing are superimposed on both images, showing a clear discrepancy with the
distribution of visible matter.

1.3 New Physics and penguin decays

As mentioned in Section flavor changing neutral currents (FCNC) are absent at the
tree level in the SM. However, loop-induced FCNC are possible and are called penguin
decays. The “penguin” term takes its origin in a game of darts in the summer of 1977,
involving John Ellis and other physicists, where a joke about penguins gave rise to the
decision that the dart game loser would have to use the word “penguin” in his next paper.
Ellis lost and named loop diagrams in B decays as “penguin decays” in [36], without any
further explanation. Since then, “penguin” has de facto become the term to describe all
loop diagrams. However, loop diagrams were not invented by Ellis but were first intro-
duced to explain certain kaon properties [37].

For B mesons, two penguin transitions are possible, b — d and b — s, proceeding
with a loop where a W boson and an up-type quark are involved. To conserve energy and
momentum, a particle has to be emitted in the process. This particle defines the type of
penguin transition and can be:

e one or more real photons (electromagnetic penguin),
e avirtual Z boson or virtual photon producing two leptons (electroweak penguin),
e a gluon (gluonic penguin).

One also speaks about annihilation (or vertical) electroweak penguin, when the two
quarks of the B meson annihilate into each other in the loop. Example of electromagnetic
and annihilation electromagnetic penguin decays are, respectively, the B? — ¢ and B? —
~7 decays studied in this thesis. Examples of electroweak and gluonic penguin decays are,
respectively, the B — K*(892)°I*1~ decay and the BY — ¢n decays. Dominant Feynman
diagrams for these decays are shown in Figure A review of penguin B decays is
available in [3§].

Penguin transitions are sensitive to physics beyond the Standard Model: new particles,
as long as they can couple to quarks, provide some contribution to the loop and could
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Figure 1.6: Diagrams describing the dominant processes for the B! — ¢y (top
left), BY — ~~v (top right), B? — ¢n (bottom left) and B® — K*(892)%+1~
(bottom right) decays. In the B — ¢n diagram, two gluons need to be emitted

to preserve color.
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modify physics observables away from their SM expectations. Observables are, for exam-
ple, branching fractions, C'P asymmetries, angular distributions or photon polarization.
We study in this thesis two radiative penguin decays, BY — ¢v and B? — ~~. Both
decays are searched in a data sample with an integrated luminosity of 23.6 fb~' collected
with the Belle detector at the KEKB eTe™ (3.6 on 8.2 GeV) asymmetric-energy collider [39]
operating at the Y (55) resonance (10.87 GeV). This study has been accepted for publica-
tion in Physics Review Letters [40]]. Preliminary results were shown at the International
Europhysics Conference on High Energy Physics (EPS-HEP2007) held in Manchester, Eng-
land [41]]. This study is also described in an internal Belle document, the Belle note
1009 [42]. Detailed motivations for these two decays are presented in the sections below.

1.3.1 The B? — ¢y decay

The B? — ¢y mode is a radiative process described within the SM by a b — 5y penguin
diagram (Figure ; it is the strange counterpart of the B — K*(892)~ decay, whose
observation by the CLEO collaboration in 1993 [43] unambiguously demonstrated the
existence of penguin processes. In the SM, the BY — ¢ branching fraction has been
computed with ~30% uncertainty to be

Bsm(B) — ¢y) = (43+14) x107°, (1.24)
Bsm(BY — ¢7) = (39.4+11.9) x 107, (1.25)

where the first prediction is taken from [44] and the second from [45]].

The BY — ¢~ decay has not yet been observed, and the upper limit at the 90% confi-
dence level (CL) on its branching fraction has been set at 120 x 10~%, hence about three
times larger than the SM expectation, by the CDF collaboration [46].

A strong theoretical constraint on the B? — ¢~ branching fraction is generally assumed
due to good agreement between SM expectations and experimental results for b — sy
rates. For example, in the Bt — K*(892)Ty and B — K*(892)"y decays, the SU(3)
companions of the BY — ¢~ decay, we have

Bexp (BT — K*(892)Ty) = (40.3+2.6) x 1079, (1.26)
Bsm(BT — K*(892)Ty) = (46+14) x 107°, (1.27)
Bexp (B — K*(892)%y) = (40.14+2.0) x 107°, (1.28)
Bsm(BY — K*(892)%) (434 14) x 1079, (1.29)

where the experimentally measured branching fractions are taken from [2] and the branch-
ing fractions evaluated in the SM from [45]]. Other computations of B(B — K*(892)~) in
the SM can be found in [44} [47]; all predict similar rates.

The good agreement in the inclusive B — X v decays constrains the B? — ¢~ decay
too

Bexp. (B — Xsv) = (3.544+0.26) x 107, (1.30)
Bun(B — Xsy) = (3.154+0.23) x 1074, (1.31)

where the experimental branching fraction is taken from [2] and the theoretical one
from [48]].
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Belle has a sample containing about 2.8 million BY mesons (it will be discussed in
Chapter [2). Using the formula below, we can expect to reconstruct 14 signal events in
the clean ¢ — KTK~ decay mode (B(¢p — K+K~) =~ 50%) assuming a reconstruction
efficiency (¢) of 25%

Npo_.4y = Bsm(BY — ¢7) x B(¢p — K"K ™) x Npo x €. (1.32)

A first observation is possible if we can keep the background low and still maintain this
relatively high efficiency.

The goal is therefore to observe B? — ¢~ for the first time and to measure and compare
its branching fraction with the SM expectation.

With a much larger data sample, the physics objectives could be extended. Time-
dependent analyses can probe C'P violation effects as well as the photon polarization.
Because a ¢ meson is a C P-eigenstate, the time-dependent rate of a BY(B?) meson de-
caying to the ¢ final state is given by

_ AT AT
I(BY(BY) — ¢v) ~ e~ Tslatl <cosh TSAt — A”Ts ginh TSAt
+ AN cos Am At F A™X sin AmsAt> , (1.33)

where A4 describes direct C'P violation, while A™* and A" describe mixing-induced
C P violation. The direct C'P asymmetry in b — s+ transitions is expected to be very small
in the SM, < 1% according to [49]. Furthermore, the photon in the b — sy transition is
expected to be predominantly left-handed (right-handed for b — 57), so mixing-induced
C' P asymmetries are also very small [50]]. The SM predicts

AT < 1%, (1.34)
ATX = gin 2 sin (1.35)
ARTs = §in2¢cos g, (1.36)

where ¢ ~ 0 is a combination of BY-mixing and decay-amplitude weak phases [50], and

A(B_g - ¢'7right) o~ Ms i
A(BY = & Vetr) my 45’

is the fraction of “wrongly”-polarized photons. This helicity fraction can be enhanced up
to 40% in some NP scenarios allowing for sizeable C'P mixing-induced asymmetries [50,
51]. The direct C P asymmetry could also be enhanced up to 10% to 40% in some SM
extensions [52].

At B-factories running at the Y(5S5) resonance, due to the unsufficient boost of the
BY mesons, vertex detectors based on currently available technologies cannot resolve the
fast BY-BY oscillations, preventing access to A%Y" and A™X, It is also hopeless to measure
these parameters with a tagged time-integrated analysis because BY mixing occurs with
~50% probability. However, an untagged analysis could in principle take advantage of the
large decay width difference (Al;/T's ~ 15% [53]) and measure AALs | thus extracting
information on the photon polarization, from the following time-dependent rate

tany = (1.37)

_ AT AT
T{BY, B%} — ¢y) ~ e TslA (Cosh QSAt—AAFSSinhQSAt>. (1.38)
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At LHCD, thanks to a much larger boost, BY-BY oscillations can be resolved and a
tagged time-dependent analysis can simultaneously measure A%"s, A™X and A4 [54].

1.3.2 The B? — ~~ decay

The B? — v mode is usually described in the SM by a penguin annihilation diagram (Fig-
ure [1.6), and its branching fraction has been calculated in the SM to be in the range [55,
56, 571

Bsm(B? — vy) = (0.5 —1.0) x 1076 (1.39)

BY — v has not yet been observed, and the upper limit at the 90% CL on its branching
fraction is 53 x 1076 [58], set by the Belle experiment using the first sample (1.86 fb~1)
collected at the Y (55) resonance.

With about 2.8 million BY mesons and assuming the same reconstruction efficiency as
in [58] (e = 20%), we expect to reconstruct less than one signal event if the SM prevails:

Npo_y = Bsn(BY — 77) x Npo x € ~ (0.3 — 0.6).. (1.40)

The BY — ~v decay rate is also constrained by the good agreement between the SM
and the measurements in the B — Xy decays [59]]. However, various NP scenarios such
as supersymmetry with broken R-parity [60], a fourth fermion generation [61] or a two
Higgs doublet model with flavor changing neutral currents [62]], can increase the B? —
branching fraction by up to an order of magnitude without violating constraints on the
B — X,v branching fraction. We present below the implications of the supersymmetry
theory and the fourth fermion generation model for the B — ~+ decay.

Supersymmetry

Supersymmetry (SUSY) introduces an operator @) that transforms fermions into bosons
and vice versa. Each SM particle has a superpartner. Fermion superpartners are named
with the “s” prefix (eg. stop, sneutrino) and boson superpartners are named with the “ino”
suffix (eg. gluino, photino). The number of particles is therefore doubled. SUSY does not
conserve the baryon (B) and lepton (1) numbers. However, B — L conservation has been
tested very precisely, thus, an R-parity is introduced, defined as

R = (—1)3B-D=25 (1.41)

where S is the particle spin. SM particles have R = +1 and SUSY partners have R =
—1. If R-parity is conserved, SUSY particles must be produced in pairs. Under the same
assumption, the lightest SUSY particle must be stable, massive, neutral and colorless, thus
a perfect candidate for DM since it cannot decay and it is only sensitive to weak and
gravitational interactions.

SUSY does not solve SM questions such as the number of arbitrary parameters or the
fermion family number. SUSY is not a more fundamental theory than SM. However, SUSY
is thought to be a very promising extension to the SM because it solves the so-called hierar-
chy problem. In the SM, the Higgs mass diverges quadratically due to radiative correction
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Figure 1.7: \-irreducible diagram responsible for the large enhancement of the
BY — ~~ branching fraction within the supersymmetry theory with R-parity vio-
lation. The 7 is a sneutrino and f are fermions with —3 weak isospin.

from top loops. An energy cut-off at A = 1 TeV has to be introduced to avoid this phe-
nomenon. In SUSY, the Higgs mass is naturally protected with stop loops. SUSY also helps
the Grand Unification Theory (GUT), the theory supposed to unify the electromagnetic,
weak and strong interactions at very high energy (> 10'4 TeV). In the SM, the three cou-
pling constants (agn, aw, as) run with the energy but they do not seem to converge to
a common value at very high energy, thus GUT appears to be impossible within the SM.
SUSY is built to allow GUT, ie. the three coupling constants intersect at very high energy.

The authors of Ref. [60] have studied the inclusive B — X, yy and the B? — ~y
decays in the SUSY framework with broken R-parity. They found that a particular R-
parity violating (RPV) diagram, called A-irreducible and shown in Figure (1.7} can provide
a large enhancement, up to one order of magnitude to the BY — ~y branching fraction.
This diagram is irrelevant for the b — sy amplitude and therefore, the good agreement in
the latter rate does not introduce any constraint. However, if R-parity is conserved, the
b — sy amplitude is higly correlated to b — s [59]].

Information on the RPV couplings, shown as dots in Figure [1.7] is obtained from B
decays generated at one-loop level in the SM but at tree level in RPV SUSY. Such decays
include b — sltl=, B — hhwith h = K, 7, B — ¢K%, B — ¢¢ and B — ¢m. Some of
these decays, eg. b — st~ and B — ¢K 2, have been measured since [60] was published.
The allowed enhancement may be weakened. However, all B — hh modes were already
measured with good accuracy by Belle, BABAR and CLEO.

The fourth fermion generation

The SM can be extended with a fourth fermion generation denoted ¢',b’, 7', /. This new
SM is usually called SM4. The existence of this new generation is constrained in many
ways. Direct searches for the ¢ and b’ quarks at the Tevatron indicate that their masses
are larger than 190 GeV/c? [2]. The invisible decay width of the Z boson is proportional
to the number of neutrino species. A combination of the measurements performed by the
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Figure 1.8: Feynman diagram for B? — ~v with a fourth fermion generation.

LEP experiments indicates that the number of neutrino is [2]
N, =2.984 + 0.008, (1.42)

thus in very good agreement with three. The fourth generation neutrino therefore has to
be very massive (m,, > myz/2 ~ 46 GeV/c?) or sterile so that it does not contribute to
the invisible decay width of the Z. Theory and current observations seem to be able to
accomodate such a neutrino [61]. The CKM matrix elements associated with the fourth
generation, V}p, also have to be tiny in order not to violate constraints on measurements
involving penguin or box diagrams, which are very sensitive to the heaviest quark (up-
type quark in B decays). The paper [61] predicts branching fractions for the B® — ~+ and
B? — ~~ decay modes in the SM4 framework. Allowed ranges for the relevant CKM matrix
element products (|Vy,Vip|) are obtained from the measurement of BY-B° mixing for
BY — ~v and from the B — X, rate for BY — ~~. Figure[1.8|shows a B? — ~~ diagram
involving the #' quark. The allowed range is computed to be O(10~%) for |[VyqViry| (B® —
yy) and O(1073) for |VysVi| (B? — ~7). The B — ~v branching fraction is allowed
to be enhanced up to one order of magnitude above the SM prediction without breaking
constraints on B — X,v. However, the B® — v rate is mostly constrained at its SM value
due to the the tiny allowed values for |V}.4Vy|. It is very important to notice that [61]] was
published prior to the B?-BY mixing measurement by CDF [21]] and that the constraint
due to B — X,y was based on the ALEPH measurement, B(B — Xyy) = (3.1 £1.1) x
10~ [63]; since then, the latter branching fraction has been measured about four times
more precisely by CLEO, Belle and BABAR (Equation [1.30] on page [16]). The SM prediction
was also probably enhanced by a similar factor since then. The allowed enhancement of
the B? — ~v branching fraction by up to one order of magnitude therefore has to be taken
with a grain of salt.
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1.4 The resonant Bt — KTh — K T~~ decays

The first aim in this study was to search for the double radiative penguin decay Bt —
K*~v. This decay has mostly the same phenomenology as the B? — ~v decay and
was therefore searched for the same physical interests detailed in Section The
Bt — Ky~ branching fraction was calculated in the SM to be about 10-¢ [64]. Such
branching fraction is generally accessible at Belle and a preliminary study [65] confirmed
it, although Belle’s statistics at that time was not sufficient. However, a master student
from Lausanne, when trying to reproduce results from [64] with the EvtGen genera-
tor [66]], discovered inconsistencies between formulae and displayed figures [67]. The
authors soon acknowledged mistakes in their paper and published an erratum [68] in
which the predicted Bt — Kt~y branching fraction was lowered by about three or-
ders of magnitude and therefore dropped out of reach at Belle. This new prediction
was also confirmed by other theorists [69]. Moreover, it was later discovered that the
Bt — KT~y decay is hidden by an irreducible background over the whole m., phase-
space from the resonant Bt — K*T~y — Kt~y channel [70]. We therefore decided to
search for Bt — Kt~ decays where the two photons originate from a number of specific
resonances h, where h can be one of the following mesons: 1, 1/, 1¢, 7:(25), Xc0, Xc2, J/¥
or the mysterious X (3872) particle, discovered by Belle [[71] and confirmed by CDF [72],
D@ [I73]] and BABAR [74].

Many of the BT — K*h and h — ~v branching fractions involved in these decay
chains have been measured already, as shown in Table The Bt — K*™nand BT —
K™’ modes are well established [2] and can be used as calibrations in the search for
other BT — K*h — KT+ channels that have smaller or unknown branching fractions.
The Bt — K*.J/¢ channel can also serve as a control mode, since the decay of a spin
1 particle (here the J/¢) into two photons is forbidden by gauge invariance and Bose-
Einstein statistics [[75]].

The nature and quantum numbers of the X (3872) particle are still being debated;
based on analyses of the dipion mass spectrum [76},77] and angular distributions [[76) 78]
of X (3872) — ntn~J/v decays, JP¢ = 17+ and 2~ are allowed. The 1+ assignment is
also supported by signals observed in the B — (D°D°z°)K [77] and B — (D*°D%)K [79]
modes under the assumption that they are indeed due to the X (3872) particle. The obser-
vation of X (3872) — J/vp [80] and X (3872) — J/¢~ [81] 82] indicates that C' = +1.
Evidence of a signal in the B™ — Kt X (3872) — K "+~ channel would rule out J = 1.

The interference of Bt — K*n. — K*yy or Bt — Kty — K"~y with the radia-
tive decay chain BT — K*Ty — Kt~y can be used to measure the photon polarization
in the b — sv quark transition [70]. Such measurement would provide a test of the
Standard Model, which predicts the photon to be predominantly left-handed in b — s~
decays and right-handed in b — 5y decays. The observation of the Bt — Ktn. — Kt~y
or Bt — K*tx., — KTy decay chain is the first step in this search for new physics,
which could be achieved with about 10 ab™' of data (thus requiring a Super B fac-
tory 83,184, 185])).

In this study, we use a data sample of 492 fb~! containing 535 x 10% BB pairs that were
collected with the Belle detector at the KEKB asymmetric-energy eTe~ (3.5 on 8 GeV) col-
lider [39] operating at the Y (4.5) resonance. This study has been accepted for publication
in Physics Letters B [|86]] and is also described in the Belle note 936 [87].
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Table 1.3: Current status of the measured branching fractions or 90% confidence
level upper limits for BT — K*h and h — ~~ (all values are taken from Ref. [2],
unless otherwise indicated). The values in the last column are the expectations
computed as the products B(BT — KTh) x B(h — ~v). The decay chain BT —
K*h — K*~v has only been observed for h = 7.

h B(B* — K*h) B(h— ) B(B* — K*h— K*vy)
n (2.6 £0.6) x 107¢ (39.39 £ 0.24)% (1.02 4 0.24) x 1076
n (69.7 £2.8) x 1076 (212 +0.14)% (1.48 £ 0.11) x 1076
Ne (9.14+1.3) x 1074 (2.740.9) x 104 (0.25 4 0.09) x 1076
ne(2S) (3.441.8) x 1074 seen

X0 (1.40702%) x 107% (276 +£0.33) x 107*  (0.39 £ 0.08) x 1077
Xe2 <29x107° (2.58 £0.19) x 1074 <75x107?

J/ (10.07+£0.35) x 107* < 9.3 x 107> [88]] <9.4x1078

X (3872) seen [71]]




Chapter 2

The Belle experiment at KEKB

(D We present the Belle detector taking data at the KEKB collider in
Tsukuba, Japan. The determination of the number of B meson
@ pairs at the Y(4S) and Y(55) resonances and of the number of

B? mesons at the Y (55) are also discussed.

2.1 The Y resonances and the B meson factories

HE Y resonances are bb resonances with masses in the range 9 GeV/c? — 11 GeV/c2.

The lightest T, the Y(9460) or Y(15), was observed for the first time in 1977 by the
CFS Collaboration at Fermilab [89]. The T resonances can be seen in Figure where
the hadronic cross-section in ete™ collisions is plotted as a function of the eTe™ center-
of-mass energy. Table lists their main properties. The mass of the T (4S) resonance
is ~20 MeV/c? above the mass of two B or B” mesons, therefore, it is the lightest T
resonance to be able to decay into a BB meson pair. In fact, it decays almost exclusively,
>96% according to [90], to B¥B~ and BB pairs. The Y(45) decay rate to BYB~ is
measured to be very consistent with the rate to BYBO [91]. Generally and further in this
report, these rates are assumed to be each equal to 50%, although a few non-BB decay
modes of the Y (4.9) have been observed with branching fractions of the order of 10~%. The
bb production cross-section at the Y (4.5) resonance is about 1.1 nb and e* e~ storage rings
operating at the Y (4.5) resonance are called B-factories. The T resonances stand on top of
a large continuum background coming from light-quark pair production (e*e~ — ¢q with
q € {u,d, s, c}) as shown in Figure[2.1] At the Y(45) resonance, the continuum production
cross-section is about three times larger than the BB cross-section.

The T (55) resonance was discovered by the CLEO collaboration in 1985 [92]. The
production of B? mesons at this resonance was established by the same collaboration in
2005 [93]]. After 6 years of data taking at the Y(45) resonance, Belle took a test run at
the Y(55) during three days in June 2005. A scan of the resonance, shown on the right
of Figure 2.1} was first performed to find the maximum of the hadronic cross-section,
estimated at Ecy; = 10869 MeV. A sample with an integrated luminosity of 1.86 fb~! was
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Figure 2.1: Hadronic cross-section in e*e™ collisions as a function of the ete™
center-of-mass energy. Left figure shows it in nb, middle figure shows it normal-
ized to the theoretical muon-pair cross section and right figure normalized to the
Bhabha cross-section. Right figure was obtained with the Belle detector near the
T(55) resonance. Left figure is taken from [94], middle figure from [92] and
right figure from [95].
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Figure 2.2: Feynman diagram for the ete™ — {Y(45), Y(55)} — BB process. At
the Y(45) and T(5S5) resonances, the B meson can be a B" = bd or a BT = bu.
At the Y(55), it can also be a BY(B?) = bs, or an excited B meson.

then collected at this energy. In June 2006, during twenty days this time, Belle took a
supplementary 21.7 fb~! data sample at the same energy. The total sample at the T (55),
23.6 fb~!, is about 40 times larger than the CLEO sample.

The variety of hadronic events at the Y(55) resonance is richer than at the Y(45).
BT, B° and B? mesons are produced in Y(55) decays. Unlike the Y(4S) resonance,
the T(5S5) resonance does not stand just above a BB threshold. B mesons are mostly
produced through excited states B* with subsequent low energy photon de-excitation. The
bb production at the Y (55) resonance is about 0.3 nb, hence more than three times smaller
than at the Y(4S) resonance. The production fraction of B B{") events at the T(55)
resonance is about 20%, and, out of these BX B events, the vast majority, about 90%
of them, are B} B! events. These quantities are discussed in more detail in Section
Figure shows a possible Feynman diagram for the ete™ — {Y(4S5),Y(55)} — BB
transition. Table lists the main B mesons; the B meson is the only weakly-decaying
B meson not being produced at the Y (55) resonance.

The first generation of B-factories, DORIS II at DESY in Germany with the ARGUS
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Table 2.1: Masses, widths and quantum numbers of the Y resonances and the B
mesons. Higher excitations (B**) are omitted. All values are taken from [2].

Particle =~ Mass (MeV/c?) Width (MeV/c?) IG(JFC) or I(JV)
T(15) 9460.30 +0.26  0.054 £ 0.001 0-(177)
T(25) 10023.26 £0.31  0.032 +0.003 0-(177)
T(35) 10355.2 + 0.5 0.020 = 0.002 0-(177)
T (4S) 10579.4 4+ 1.2 20.5 4+ 2.5 0=(177)
T(55) 10865 + 8 110 + 13 0-(177)
T(65) 11019+ 8 79 4 16 0-(177)
BY 5279.50 & 0.33 - £(07)
BT 5279.13 £ 0.31 - 3(07)
BT, B0 53251+0.5 ? 3(17)
BY 5366.1 =+ 0.6 - 0(07)
B 5412.0 1.2 ? 0(17)
Bf 6286 & 5 - 0(07)

experiment and CESR in Cornell, USA with the CLEO detector, Wer symmetric colliders,
where the electron and positron beams have the same energy, corresponding to one half
of the Y(45) mass. The second generation of B-factories, KEKB at KEK in Tsukuba, Japan
with the Belle experiment and PEP-II at SLAC in Stanford, USA with the BABAR experiment
are asymmetric colliders. At KEKB, electrons are stored in the “High Energy Ring” (HER)
with an energy of Eygr = 8 GeV, while positrons are stored in the “Low Energy Ring”
with Erpr = 3.5 GeV. The center-of-mass energy, of course, still equals the mass of the
T (4S) resonance:

ECM =2 X 4/ EHER X ELER = 10.58 GeV. (21)

Due to the beam asymmetry, the Y (4.5) particle is produced with a boost, with respect to
the laboratory frame, of

Eupr — E
By = ZHER T TLER _ g 495 (2.2)
Ecm

along the electron beam direction (z axis). Since the B mesons from the Y(4S) decay
have very little kinetic energy in the center-of-mass, they have approximately the same
boost 37 in the laboratory.

This boost provides the opportunity to perform time-dependent analyses. B mesons
fly generally 0.2 mm before decaying and the decay-length difference between the two
B mesons along the z axis (Az) can be measured with a vertex detector. The B mesons

'In fact, CLEO is still running as a charm factory with /s ~ 4 GeV.
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decay-time difference (At) can then be estimated as
At ~ — . (2.3)

The physics of B mesons is also investigated at hadron colliders, such as the Tevatron,
a pp collider with /s = 1.96 TeV] located at Fermilab near Chicago (USA), with the D@
and CDF experiments. The ATLAS and CMS experiments, and especially the b-devoted
LHCb experiment will also study B mesons when the Large Hadron Collider (LHC), a pp
collider with /s = 14 TeV] located at CERN near Geneva (Switzerland), will produce its
first collisions, planned for Summer 2008.

2.1.1 The KEKB asymmetric electron-positron collider

The KEKB collider is installed in a 3 km long tunnel, that was previously used by the
TRISTAN experiments in the search of the top quark [96]. The KEKB construction began
in April 1994 and was completed in November 1998. KEKB consists of two rings, one for
electrons and one for positrons. It has a single interaction point, called Tsukuba, where
the Belle detector is installed. Currently, the LER current is about 1.58 A, the HER current
is about 0.84 A, and 1584 bunches of particles are simultaneously kept in the rings. The
two rings are fed by a linear accelerator (linac).

The main KEKB parameters are listed in Table and a schematic layout of the accel-
erator can be seen in Figure KEKB is described in details in [39]. Since January 2004,
the injection is performed “continuously”, ie. without stopping the data taking. The col-
lider has achieved its design luminosity of 1.0 x 103* cm~2s~! in May 2003. Since then, the
luminosity has continuously increased and reached a peak value of 1.712x 103* cm—2s~ ! in
November 2006. It is also important to notice that the two beams do not collide head-on
but with a small crossing angle of 22 mrad. This has the advantage, at some cost on the
luminosity, to simplify the design of the interaction region and to reduce the background
in the detector. To cope with this luminosity loss, the bunches are tilted, since January
2007, by two crab cavities installed in each ring: the goal is to collide the bunches with a
maximum overlap as shown in Figure Although the specific luminosity per bunch has
increased (Figure right), the peak luminosity in this new crossing scheme has not yet
reached its 2006 value.

So far KEKB has provided Belle with ~760 fb~! of data, out of which ~653 fb~! were
recorded at the Y (4S5) resonance (corresponding to about 718 millions BB pairs), ~80
fb~! recorded 60 MeV below the Y (4) resonance, 23.6 fb™! at the Y (55) resonance and
2.9 fb~! at the Y(3S5) [97]. Figure shows how the luminosity progressed over the nine
years of Belle operation.
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Table 2.2: KEKB machine parameters.

Design Nov. 28 2007

LER HER LER HER unit
Circumference 3016 m
RF frequency 508.88 MHz
Current 2.6 1.1 1.58 0.84 A
Crossing angle 22 mrad
Bunches 5000 1584
Bunch current 0.52 0.22 1.00 0.53 mA
Bunch spacing 0.5 2.1 m
Horiz. emittance 18 18 18 24 nm
Horiz. 3 33 33 90 90 cm
Vert. 3, 1.0 1.0 0.59 0.59 cm
Vert. size at IP 1.9 1.9 1.1 1.1 pm
Beam-beam ¢, 0.039 0.039 | 0.089 0.098
Beam-beam ¢, 0.052 0.052 | 0.039 0.088

Design Record

Luminosity 1.0 1.712 1034 em 257!
[ Lum. / day ~0.6 1.232 b~
[ Lum. / 7 days - 7.82 fb~!
[ Lum. / 30 days - 30.21 fb~!
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Figure 2.6: Overview of the Belle detector.

2.2 The Belle detector

The “Belle” name is formed from B for B meson and from elle for electron and anti-
electron (le). Belle also means “beautiful” in French, which is perfectly suited for an ex-
periment studying the beauty quark. The experiment is also illustrated in its logo, shown
on page where the B character is formed from two face-to-face e characters, symbol-
izing the electron and the positron, with different sizes to indicate the energy asymmetry.

The Belle detector, shown in Figure is a multi-layered full-featured detector cov-
ering about 93% of the solid angle. It is immersed in a 1.5 T magnetic field provided
by a superconducting solenoid coil. Charged-track momenta (p) are measured with a
silicon vertex detector (SVD) and a central drift chamber (CDC). Photons are measured
with an electromagnetic calorimeter (ECL) and K? and muons with an instrumented iron
flux-return located outside the coil (KLM).

Charged tracks are then identified by detectors sensitive to the mass or the nature of
the underlying particles:

e the CDC measures the energy loss (dE/dz) of particles traveling through it,

e an array of aerogel threshold Cherenkov counters (ACC), based on the Cherenkov
effect, can distinguish pions from kaons,

e time-of-flight counters (TOF) measure the time of flight of a particle from the inter-
action point to a TOF module,
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e the ECL can distinguish electrons from other charged particles, and
e the KLM detects muons.

The energy (F) of a charged particle, once identified and therefore its mass (/) cho-
sen, is computed with

E? = (pe)? + (mc?)2. (2.4)
The following coordinate system is used:
e the 2 axis is aligned with the LER but is opposite to the positron momentum,
e the y axis is vertical,
e the z axis is horizontal and points to the outside of the ring.

The polar angle 6 is defined with respect to the z axis. ¢ is the azimuthal angle with
respect to the z axis. The radial distance is defined with » = /22 + 32.

The Belle detector is timed with the KEKB Radio Frequency (RF), which governs the
bunch crossing rate (~509 MHz, ~2 ns interval)

The following sections provide a more detailed description of every subdetector based
on [98}199,[100].

2.2.1 The beam pipe and the silicon vertex detector (SVD)

The beam pipe maintains the accelerator vacuum. KEKB has two beam pipes, one for
LER and one for HER, which merge at the interaction region. It is here made of a double-
wall beryllium cylinder as shown in Figure Both walls are only 0.5 mm thick to reduce
Coulomb scattering which is the main limiting factor on the z vertex-position resolution. A
2.5 mm gap between the two walls provides a helium-gas cooling channel for removing the
heat, a few hundred Watts, produced by the beams. This cooling is particularly important
to operate the silicon vertex detector located just around the beam pipe, hence as close as
possible to the interaction point to improve the vertex resolution.

The SVD has been designed to precisely measure the B-decay vertices. It also helps
with tracking. Two different SVDs have been used so far: a first version (SVD1) has
been used from 1999 to July 2003 and a second version (SVD2) is used since October
2003. Both SVDs use double-sided silicon strip detectors (DSSD). A DSSD is essentially
a depleted pn junction. A charged particle passing through the junction liberates elec-
trons from the valence band into the conduction band creating electron-hole (e~ h™) pairs.
These pairs create currents in the p* and n* strips located on the surface of the DSSD.
For both SVDs, the p™ strips are aligned along the beam axis and therefore measure the
azimuthal angle ¢. The n' strips are aligned perpendicularly to the beam axis and mea-
sure z. Both SVDs use DSSDs originally designed for the DELPHI microvertex detector and
fabricated by Hamamatsu Photonics. Each DSSD has 1280 sense strips and 640 read-out
pads on each side. The sensor size is 57.5 x 33.5 mm?.
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Figure 2.7: The beam pipe at the interaction region used with SVD1. The beam
pipe for SVD2 has a smaller diameter of 3 cm.

SVD1

The configuration of SVD1 is shown in Figure It consists of three concentric layers
arranged on a cylindrical structure at radii of 30 mm, 45.5 mm and 60.5 mm from the
interaction point. It covers the region 23° < 6 < 139° (86% of the total solid angle).
Layers are made of 8, 10 and 14 ladders, respectively, each ladder having two to four
DSSDs. SVD1 consists of 102 DSSDs and the total number of readout channels is 81920.
SVD1 is described in more detail in [[101].

SVD2

The configuration of SVD2 is shown in Figure For SVD2, the radius of the beam pipe
is reduced from 20 mm to 15 mm in order to put the silicon closer to the interaction point.
A fourth layer is also introduced and permits to reconstruct charged tracks from SVD hits
only. These four layers are at radii of 20 mm, 43.5 mm, 70 mm and 88 mm from the
interaction point. The angular coverage is also extended up to 17° < # < 150° and is
now similar to the coverage of the CDC (92% of the total solid angle). The vertex position
resolution is improved by ~25% compared to SVD1. SVD2 consists of 138 DSSDs and the
total number of readout channels is increased to 110592. SVD2 is described in more detail
in [102].



2.2. THE BELLE DETECTOR

33

SVD1 sideview

SVD1 endview CcDC
—
= — e —— ’*A ,,,,,,,,
= g
139M g
Be beampipe P

Figure 2.8: Configuration of the first version of the vertex detector (SVD1) shown
in a cross-section (left) and in a side view (right).
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Figure 2.9: Configuration of the second version of the vertex detector (SVD2)
shown in a cross-section (top) and in a side view (bottom).
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2.2.2 The central drift chamber (CDC)

The CDC is one of the most important subdetectors and is the core part of the tracking
system. The CDC has three objectives: it reconstructs effectively the charged particle
tracks, it measures precisely their momenta and it helps with particle identification by
measuring the energy loss (dE/dz). The CDC is immersed in a 1.5 T magnetic field
produced by the solenoidal coil: a charge track will follow a helicoidal trajectory through
the CDC.

Figure shows the CDC structure. It is asymmetric in the z direction, with an
angular coverage of 17° < # < 150°, to cope with the center-of-mass boost. The CDC is
composed of three cathode strip layers and 50 cylindrical layers, each containing between
three and six axial or small-angle-stereo wire layers. The CDC has a total of 8400 drift
cells, each being made of eight field wires and one sense wire. The CDC is filled with a
mixture of helium and ethane gas. When a particle travels through a drift cell, electrons
are kicked out of gas atoms. These electrons drift with a certain velocity to the sense
wire, releasing on their way more and more electrons. The electrons are collected by the
sense wire and a hit is recorded by the CDC electronics. The axial wires provide transverse
momentum (p;) information while the small-angle-stereo layers give information on the
helix pitch (z information).

A helix track can be defined with five independent parameters which are measured by
the CDC [103]:

e the signed curvature of the helix,
e the slope of the helix, and
e the three-dimensional coordinates of the pivot, the helix reference point.

The curvature radius is proportional to p, the slope proportional to p, and the sign of
the curvature provides the particle charge. The pivot is chosen as the wire position of the
innermost hit in the CDC.

Track parameters are then improved by matching the track to the SVD. Using both
tracking detectors, we obtain the following performance

% = (0.19p; ©0.34)%, (2-3)
t
50
(1990 ’ 2.6
ey < pﬂSin5/29> o >0
42
I Y 7 2.7
7 < pﬁsin5/20> . =7

where p is in GeV/c and & indicates a quadratic sum.

In addition to track reconstruction, each hit in the CDC provides information on the
energy deposited in the gas by the charged particle. Since dE/dz, described by the Bethe-
Bloch formula, mainly depends on j, particles with equal momenta but different masses
can be distinguished by measuring d£'/dx, as shown in Figure A clear 30 separation
of pions and kaons is obtained for momenta between 0.4 and 0.6 GeV/c.
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Figure 2.11: Particle identification performance for pions, kaons, protons and
electrons based on the dF/dx measurement as a function of the momentum (p in
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2.2.3 The aerogel Cherenkov counter (ACC)

Particle identification, specifically the ability to distinguish pions from kaons, plays a key
role in Belle. An array of silica aerogel threshold Cherenkov counters has been selected
as part of the particle identification system to extend the momentum coverage beyond the
reach of dE/dx measurements by the CDC and time-of-flight measurements by the TOE.

The ACC is based on the Cherenkov principle. Cherenkov light is emitted when a
particle passes through matter with a velocity v larger than the speed of light in that
medium calculated as

Vlight = ¢/7, (2.8)

where n is the refractive index of the medium. The refractive indices of the ACC were
chosen so that only pions with momenta between 1 and 4 GeV/c produce light. Pions are
indeed about three times lighter than kaons: for a given momentum, a pion travels faster
than a kaon.

The ACC consists of 960 counter modules segmented into 60 cells in ¢ for the barrel
part and 228 modules arranged in 5 concentric layers for the forward endcap. These mod-
ules are different for the barrel and the endcap, and have refractive indices between 1.01
and 1.03 depending on #. The ACC structure and the modules are shown in Figure [2.12]
ACC modules are made of five aerogel tiles stacked in an aluminium box with a size of
about 12 x 12 x 12 cm®. Photomultiplier tubes are attached to these boxes to collect the
Cherenkov light.

2.2.4 The time-of-flight counters (TOF)

The time-of-flight system helps with particle identification and provides fast trigger signals.
It consists of 128 TOF counters and 64 trigger scintillation counters (TSC) made of fast
scintillators and fine-mesh photo-multiplier tubes. The TOF covers the angular region
33° < f < 121° and its configuration is shown in Figure [2.13]

The signal of a particle crossing the TSC is used in coincidence with the two adjacent
TOF counters to create a trigger signal.

The TOF measures the time interval 7" between a collision and the passage of a particle
through a TOF module. The time resolution of the TOF is about 100 ps. The mass of the
detected particle can be computed with

2
m:%’ (Cg) 1, (2.9)

where p is the momentum obtained with the SVD and CDC and L is the distance travelled
by the particle from the interaction point to the TOF module. The TOF distinguishes pions
and kaons with momenta lower than 1.2 GeV/c with more than 2 standard deviations, as
shown in Figure

The TOF is described in more detail in [104].
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Figure 2.12: Top: transverse section of the Belle detector. Bottom: barrel ACC
module (left) and endcap ACC module (right).
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Figure 2.14: Configuration of the ECL.

2.2.5 The electromagnetic calorimeter (ECL)

The main purpose of the ECL is to detect and measure photons with high efficiency and
good resolution in energy and position. Photons at Belle can come directly from the eTe™
annihilation, from a B decay (eg. B — K*(892)°y) or from the end products of decay
chains (eg. B — DD~ (K2r n°(yv))), the ECL therefore has to cover a wide energy
range. Furthermore, the ECL is the main system used for electron identification.

The ECL is an array of 8736 tower-shaped CsI(Tl) crystals. When a photon or an
electron hits a crystal, it produces an electromagnetic shower by bremsstrahlung and pair
creation. Other particles only deposit small amounts of energy via dF/dx ionization.
Scintillation light is collected on each crystal by a pair of silicon PINE| photodiodes located
at the rear of the crystals. Electron identification is based on the comparison of the energy
deposited in the crystal and the momentum of a matched track.

The ECL consists of three parts, as shown in Figure [2.14}

e the forward endcap (1152 crystals) covers 12.4° < 6 < 31.4°,
e the barrel (6624 crystals) covers 32.2° < 6 < 128.7°,
e the backward endcap (960 crystals) covers 130.7° < 6 < 155.1°.

The barrel region is 3.0 m long with an inner radius of 1.25 m and an outer radius of
1.64 m. The endcaps are located at z = +2.0 m and z = —1.0 m from the interaction point
and are 0.4 m thick. The crystals are 30 cm long and have a cross section of about 6 x

2PIN is the acronym for positive-intrinsic-negative.
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6 cm?. Crystal size is a compromise between position determination and energy resolution.
Crystals with smaller cross-sections would enhance the position determination at a cost on
the energy resolution.

The position and energy resolutions as a function of the photon energy FE (GeV) are
given by

oE 0.066%  0.81%

= = 5 @ ©134%, (2.10)
3.4 1.8

The ECL is described in more detail in [[105].

2.2.6 The extreme forward calorimeter (EFC)

The EFC extends the angular coverage of the ECL: it covers the forward region 6.4° <
6 < 11.5° and the backward region 163.3° < § < 171.2° to detect electrons and photons
very close to the beam pipe. It also serves as a beam mask to protect the CDC, as a beam
monitor for KEKB and as a luminosity monitor for Belle. The luminosity measurement is
described in Section [2.6.1] The EFC is generally not used in physics analysis to reconstruct
photons and electrons.

Both parts of the EFC are composed of 160 BGO crystals, that are arranged in 5 6 and
32 ¢ segments as shown in Figure The scintillation light is collected by photodiodes.
The energy resolution measured with the HER and the LER is 7.3% at 8 GeV and 5.8% at
3.5 GeV.

Figure 2.15: Arrangement of the crystals composing the EFC.
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2.2.7 The K9 and muon detector (KLM)

K9 and muons are particles depositing only small amounts of energy in the above subde-
tectors. They live long enough to decay outside of the detector. The KLM is a very dense
and massive detector consisting of layers of iron plates alternating with charged particle
detectors (glass resistive-plate chambers, RPC). K% and muons create, in iron, ionizing
particles that are detected by the RPCs.

The KLM consists of a barrel part and
two endcaps. The barrel covers 45° < 6 <
125° and is made of 15 layers of RPCs and Ground plane
14 cm thick iron plates. The forward and
backward endcaps extend the angular cov-

Dielectric foam

¢-strips | \
erage up Fo 20° < 6 < 155° and each end- Insulator
cap contains 14 layers of RPCs and 4.7 cm [ | N~
thick iron plates. |
KLM layers are grouped in “super- f{g‘g}fayer | Gas gap |
layers”, as shown in Figure A super-
layer is made of 6 and ¢ cathode strips sur- ‘ - -HV
rounding two RPCs. Resistive-plate coun- - Insulator
ters have two parallel-plate electrodes sep- [ | L av
arated by a gas-filled gap. An ionizing par- 1
. ; . Sinele
'tlcle traversing the gap initiates a streamer  p7 g_layer | Gas gap |
in Fhe gas that results in ahlocal discharge.
This discharge creates a signal on the ex- ‘ = -HV
ternal cathode strips which can be used to ostri Insulator
record the location and time of the ioniza- SRS !
tion. ‘ Dielectric foam ‘

The KLM iron provides about 3.9 inter-
action lengths of material. The shower in-
duced by a K is used to determine the K?
direction assuming that it comes from the Figure 2.16:
interaction point. No energy information
can be derived from the shower.

Muons are clusters in the KLM that can
be associated to a charged track. The muon identification is based on the length and
dispersion of the shower. Indeed, muons travel much further and with smaller deflections
in the KLM compared to other charged particles such as pions and kaons. For muons with
momenta above 1.5 GeV/c, the identification efficiency is typically ~90% with a fake rate
of ~3%

The KLM detector is described in more detail in [106].

Ground plane

Cross-section of a
super-layer of the KLM detector.

2.3 The trigger

The purpose of the trigger is to reject uninteresting events and to forward interesting ones
to the Data Acquisition system, presented in the next section. Many events seen by the
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Table 2.3: Expected trigger rates from various sources at Y (45) and with a lumi-
nosity of 103* cm=2s~! [107].

Source Rate (Hz)
Y(4S) — BB 12
Hadron production from continuum 28
ete” — putp~ andete™ — 77~ 16
ete” — eTe” and eTe™ — 7y (prescaled by 100) 5
Two-photon processes (p; > 0.3 GeV/c) 35
Beam background O(100)
Cosmic ray background 20

detector are not the result of a e*e™ collision and should be ignored to save storage space
and to reduce dead time:

e interactions between the beams and the residual gas,
e interactions in the beam pipe,
e synchrotron radiation,

e cosmic ray events.

At an instantaneous luminosity of 103 cm~2s7!, the rate for events of physical interest

is around 100 Hz and the total rate is about 220 Hz, as listed in Table The rate of
beam background events heavily depends on the accelerator condition. The trigger now
operates at around 500 Hz and can handle a rate up to 1300 Hz with 5% occupancy [102].

The Belle trigger system consists of the Level-1 hardware trigger and the Level-3 and
Level-4 software triggers. The signal delivered by the TOF to the SVD can be considered
a Level-0 trigger. However, there is no Level-2 trigger. The overall trigger efficiency for
hadronic events from e*e™ collisions is more than 99.5%. An overview of the Belle trigger
is shown in Figure[2.17]

2.3.1 The Level-1 trigger

A schematic layout of the Level-1 trigger is shown in Figure This trigger consists
of subdetector triggers governed by a central trigger system called Global Decision Logic
(GDL), which issues the Level-1 decision.

The GDL receives subdetector triggers within 1.85 us after the collision and issues
a decision 2.2 us after the collision. Subdetector triggers are based on track or energy
information. The CDC and TOF trigger on charged particles. The ECL triggers on the
deposited energy and the number and timing of ECL cluster hits. The KLM triggers on
muon hits. The EFC triggers on Bhabha (eTe™ — eTe™) and two-photon (eTe™ — v7)
events. The Level-1 trigger is described in more detail in [108].
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Figure 2.17: Overview of the Belle trigger. The DSTs are now produced online.
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The Level-1.5 hardware trigger is a trigger used in conjunction with SVD2. Its purpose
is to reject beam-gas events characterized by vertices far away from the interaction point.
This trigger uses SVD information available 25.6 us after the collision, hence too late
for the Level-1 decision. The purpose of this trigger is therefore to abort the readout
system, which generally takes 50 us. The Level-1.5 trigger can hence reduce dead time
significantly. The Level-1.5 trigger is described in details in [109].

2.3.2 The Level-3 trigger

The Level-3 trigger system is a software trigger running on a Linux PC farm. It uses fast
reconstruction and rejects events having no track with an impact parameter in z lower
than 5 cm and events having less than 3 GeV deposited in the ECL. The event rate is
reduced by about ~50%.

2.3.3 The Data Acquisition system (DAQ)

For Level-1 triggered events, the Data Acquisition (DAQ) collects subdetector informa-
tion. As shown in Figure the DAQ is a system running in parallel segmented into 7
subsystems corresponding to the different subdetectors.

In most subdetectors, signals correspond to pulses proportional to the deposited energy
in the detector. These pulses are converted to times by Q-to-T modules and these times are
then digitized by time digital converters (TDC). For the KLM, only the timing information
of the shower is recorded, hence a Q-to-T converter is not needed. For the SVD, the DSSDs
are read out by on-board chips and passed to Flash Analog-to-Digital Converters (FADC).

After the sequence control (SEQ) has received a GDL signal, subdetector data are sent
to the event builder, which combines parallel data from all subdetectors into event-by-
event data. The event is then sent to the online PC farm, which performs the Level-3
trigger and writes to storage raw data, which contain all subdetector information. The
size of a typical hadronic event is about 30 kB and about 15 MB/s have to be written to
tape.

2.3.4 The Level-4 filter and Data Summary Tapes (DST) production

The Level-4 filter is now applied online on raw data by a PC farm and events passing this
filter are converted from raw data to full reconstructed data, where, for example, particle
tracks, photon candidates and likelihoods for particle identification are computed. The
full reconstructed data are stored in DST files in the PANTHER [110] file format.

The Level-4 filter requires events with more than 4 GeV of energy deposited in the ECL
and with at least one track with a transverse momentum larger than 300 MeV/¢ and an
impact parameter less than 1 cm in r and 4 cm in z.

DSTs files are reduced for specific physics purposes in a process called “skimming” and
are stored in Mini-DST (MDST) files [111]. Both analyses presented in this document
use the “HadronB”(“HadronBJ”) skims, obtained after loose requirements to select B me-
son events (B meson and J/vy events) [112]. The “HadronBJ” skim is an update of the
“HadronB” skim and is used for data collected after August 2002. Both the (M)DST pro-
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duction and the analyses are performed in a C++ framework called BASF [113] (Belle
Analysis Framework).

2.4 The detector simulation

The detector is completely simulated using Monte Carlo techniques. Simulated events are
produced in two steps: events are generated according to physics processes and then are
reconstructed as real data using a complete simulation of the Belle detector. The first step
is achieved with EvtGen [66], an event generator written by the BABAR collaboration. The
second step involves GEANT 3 [114], the detector simulation software from CERN, and
the same software used to reconstruct real data. Beam background, obtained from random
triggered real data events, is embedded on each simulated event.

2.5 The flavor tagging

The flavor tagging is the identification of the flavor of the accompanying neutral B meson.
This information is crucial in, for example, C'P violation analyses where the flavor of the
studied B decay mode cannot be derived from its decay final state, such as in B°(B°) —
J/p(IHI) K (rFr).

The flavor of the accompanying B meson can only be determined when that B decays
into a flavor-specific mode, where the flavor can be derived from the charge of a decay
particle. Belle uses the following modes where the flavor can be determined from these
specific particles:

e high-momentum leptons from B? — XItv,

kaons, since the majority of them originate from BY — K*X decays through the
cascade b — ¢ — 5,

intermediate-momentum leptons from b — ¢ — 51”7,

high-momentum pions coming from B® — D™zt X decays,

slow pions from B — D*~X, D*~ — Dz,

e A baryons from the cascade decays b — ¢ — 3.

The flavor tagging tool of the Belle software requires as input the particles forming the
B candidate (eg. the two pions and leptons for B — .J/¢K?2) and returns the value of
two variables:

e f: the flavor of the accompanying B meson (+1 for BT and B° and —1 for B~ and
BY,

e r: an expected flavor dilution factor that ranges from zero for no flavor information
to one for unambiguous flavor assignment.
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The f and r variables are computed by comparing the particles composing the rest
of the event (and hence assumed to come from the accompanying B) with the “flavor
candles” listed above. This computation involves multi-dimensional likelihoods built from
MC events and is described in details in [115} [116].

2.6 Number of B meson pairs at the Y resonances

2.6.1 The luminosity measurement

The instantaneous luminosity of a eTe™ collider can be measured by counting Bhabha
scattering events (eTe~ — ete™). Bhabha events are electroweak processes and, there-
fore, their cross-section can be computed with a precision of ~0.5% using next-to-leading
order radiative corrections [[117]]. The luminosity (£) is measured with

R

oXxe'

L= (2.12)

where R is the rate of Bhabha events measured by a calorimeter, ¢ is the reconstruction
efficiency and o the theoretical Bhabha cross-section integrated over the calorimeter ac-
ceptance. At Belle, the luminosity is measured by both the EFC and the ECL; the Bhabha
rate in the EFC is ~148 Hz at £ = 103 cm~2s~!. The uncertainty on the luminosity is
about 1.4%.

2.6.2 The bb production cross-section

At both the T(4S5) and Y(55) resonances, a hadronic event is either a bb event or a con-
tinuum event. The number of bb events has therefore to satisfy the obvious relation

NP — Nbad _ pyeont (2.13)

where N}2d is the total number of hadronic events and N$°"* the number of hadronic
events from continuum.

We can estimate N$°™ using continuum data samples recorded below the T (45) reso-
nance, where no B meson can be produced. The previous relation can therefore be written
as

_ 1 L E2 Econt
bb __ had,meas had,meas T cont T
NT ~ X NT - Ncont X L x E2 X —cont | (214)
ET cont T €cont

where N2 is the produced number of bb events, Ny*meas (yhadmeasy jq the measured

number of hadronic events in the T (continuum) sample, £ are the luminosities of the two
samples, E' are the CM energies of the two samples to account for the energy dependence
of the hadronic cross section and e are the reconstruction efficiencies of the different event
types in the two samples.

The bb production can then be evaluated with

o = NP/ Ly . (2.15)
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2.7 B? production at the Y (5.5) resonance

We discuss below how the bb cross-section and the fractions related to B? production were
measured in [95] 58] with the first sample (1.86 fb~!) recorded by Belle at the Y (55)
resonance.

2.7.1 The bb production cross-section at the Y (5S5) resonance

Using a 3.76 fb~! continuum sample recorded 60 MeV below the Y(4S) resonance and
the method detailed in Section the number of bb events in the 1.86 fb~' sample is
determined to be (5.61 & 0.29) x 10° [95]. The bb production cross-section at the Y (59)
resonance is therefore

%) = (0.302 £ 0.015) nb. (2.16)
At the T(4S) resonance, the bb cross-section is about 1.1 nb, hence is more than three

times larger.

2.7.2 The fraction f,

The f, fraction is the fraction of bb events containing a B meson at the Y (55) resonance
and is computed as the ratio of B{" B{*) events among the bb events.

In a bb event at the Y (55) energy, a D meson is either the product of the decay of a BY
meson or a B meson. Therefore, f, can be extracted from the relations

B(T(5S8) — DsX)/2 = fs x B(B? = D, X) + (1 — fs) x B(B — D,X), (2.17)
B(Y(55) — D°X)/2 = f, x B(B? - D°X) + (1 — f,) x B(B— D°X).  (2.18)

The inclusive branching fractions of the Y(55) — {Ds, D°}X decays are measured
with a continuum subtraction method in the z(D) variable. This variable is defined as
p(D)/pmax(D) where p(D) is the measured momentum of the D meson and ppax(D) is
its momentum if it was produced in the process eTe~ — DD. Due to kinematics, the
D mesons from the Y(55) decay contribute in the region z(D) < 0.5 while those from
continuum events contribute in the region =(D) > 0.5, as shown in Figure

The inclusive branching fractions of the B — {D,, D’} X decays have been measured
elsewhere [2]] and model-dependent theoretical predictions exist for the By — {Dj, DU}X
branching fractions [93]]. Two measurements of f are obtained [95]]

fs(Dg) = (17.9+1.4+4.1)%, (2.19)
f(D% = (181+36+7.4)%. (2.20)

The Particle Data Group has computed the average of the two previous Belle measure-
ments [[95]] and the CLEO measurement [[118]] and has obtained [2]:

fs = (195539%. (2.21)

In the total sample recorded by Belle at the T(55) resonance (23.6 b1, we can
therefore evaluate the number of BY mesons with

Npo =2 X Lint X 0,07 x fi = (2.8%85) x 10°. (2.22)
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Figure 2.20: Normalized momentum distributions of D, (left) and D (right)
mesons [95]]. The points with error bars are the data recorded at the Y(55)
resonance and the histograms are the continuum data, normalized to the same
luminosity of 1.86 fb™!.
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Figure 2.21: AFE for six reconstructed B? decay modes [58] with M, in the
B! B? region (a), in the B} B? region (b) and in the B?BY region (c). A significant
signal is seen in the B} B! region. The M. and AF variables are defined in
Section [3.1.4

2.7.3 The fraction fg. 5.

The Y(55) can decay to B:B?, B:B? and BYBY. Due to low statistics, six B? decay
modes are reconstructed and combined: B — D)7zt BY — D7 pt, BY — J/yo
and B? — J/vyn. Figure shows a dominant B} B} production compared to the B} BY
and B) B productions. The fraction fj. 5. defined as the ratio of the B} B; events among

B B events is measured to be [58]
fpep: = (9379)%. (2.23)

The two other fractions (fp. o and fpo o) are small and not yet measured. Of course,
the sum of the three fractions should equal 100%.
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Chapter 3

Reconstruction

We describe the reconstruction of B mesons for the BT —
K*h — K*v7, the BY — ¢~ and the B? — ~+ modes. Possible
backgrounds are analyzed and their suppression studied. Large
efforts are directed toward the rejection of the continuum back-
ground.

3.1 Signal reconstruction

E describe below the reconstruction of signal candidates for the BT — K*h —
K*~v, BY — ¢v and BY — vy modes.

3.1.1 Charged tracks and kaons

Charged tracks are reconstructed using the SVD and CDC detectors and are required to
originate from the nominal interaction point with the requirements

|dr| < 0.5cm, (3.1)
ldz| < 3.0 cm, (3.2)

where dr and dz are the radial distance and the distance along the beam axis to the
interaction point, respectively. Kaon candidates are then selected from the charged tracks
with the requirement

Lisn=Lr/(Lx + Lr) > 0.6, (3.3)

where Ly (respectively £, ) is the likelihood for a track to be a kaon (respectively a pion)
based on the response of the ACC and on measurements from the CDC and TOE Tracks
with Ly, < 0.6 are assumed to be pions. The kaon identification efficiency depends on
the kaon momentum and therefore depends on the reconstructed mode. We compute an
average for each mode and we obtain the identification efficiency to be between 84% and
90% with 7% to 11% of pions misidentified as kaons.
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Table 3.1: Nominal mass (GeV/c?) of the reconstructed particles and definition
of invariant mass windows (GeV/c?) for photon pairs.

Particle Mass Wide m.., window Tight m.., window
n 0.548 0.4-0.7 0.50-0.57
n' 0.958 0.8-1.1 0.90-0.98
Ne 2.980 2.5-3.2 2.82-3.05
N:(25) 3.637 3.2-3.8 3.44-3.70
Xc0 3.415 3.0-3.5 3.25-3.50
X2 3.556 3.0-3.8 3.40-3.62
J/ 3.097 2.5-3.2 2.92-3.15
X (3872) 3.872 3.0-4.1 3.72-3.95

3.1.2 Photons

Photons are identified as energy depositions in the ECL that cannot be matched to a
charged track. We require their energies in the laboratory to be greater than 100 MeV
and their shower shape in the ECL to be consistent with that of a photon to reject neutral
hadrons such as neutrons and K? mesons, and merged photons from 7° to two photons de-
cays. For each ECL cluster, we compute Ey o5, the ratio of the energy deposited in the array
of the central 3x 3 calorimeter cells to that of 5x 5 cells. For the reconstruction of BY — ¢+,
BY — yyand Bt — Kth — KTyywith h = 1., 1:(25), Xc0, Xe2, J /1, X (3872), we require
Eqg/95 > 0.95 for all candidate photons. For the reconstruction of B — K*h — Kty
with i = n, 7/, we require Ey/95 > 0.90 for the photon with the lowest energy in the labo-
ratory and Ey /o5 > 0.95 for the other photon. For the BY — ~~ mode, we select photons
onlyE] in the barrel part of the ECL corresponding to

33° < 0 < 128°. (3.4)

3.1.3 Resonances: the h particles and ¢ mesons

For the Bt — KTh — K~y analysis, pairs of photons are retained and associated with
the corresponding h particle when their invariant mass (m.,) is inside one of the wide
mass windows defined in Table A mass-constrained fit of the photon momenta is
performed to match the nominal masses, listed in Table with the constraint that the
photons originate from the nominal interaction point. Figure shows the m.,, distri-
bution for every B¥ — K*h mode. One can notice that the m,, windows overlap for
some modes, hence a specific mode can be reconstructed as another mode and therefore
be a background for this other mode. This cross-feed effect is studied in Section [5.4] and
is found to be negligible, except for the BT — K*.J/v¢ mode, where a significant contri-
bution from B+ — K, is expected.

1See Sections and
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Figure 3.1: m.., signal distributions for the B — K*th — K*~v modes. Top
from left to right: B* — K+n, Bt — K/, Bt — K*n.and BT — K*1.(29).
Bottom from left to right: B¥ — K*x,, Bt — K¥xxn, Bt — K*J/¢, BT —
KX (3872). Lines show the tight requirement on m., discussed in Section [3.2.2]

For the BY — ¢~ analysis, we reconstruct ¢ mesons in the decay mode ¢ — K+ K~ by
combining oppositely charged kaons having an invariant mass within +12 MeV/c? of the
nominal ¢ mass of 1019.5 MeV/c? [2]. With a resolution of about 4.6 MeV/c?, the latter
requirement corresponds to about +2.5 standard deviations.

3.1.4 B meson selections

In the Bt — KTh — Kt~y analysis, B™ mesons are formed by combining a kaon and a
h particle. In the B? — ¢y and BY — ~v analyses, BY mesons are formed by combining a
¢ meson with a photon or by combining two photons, respectively. We select B mesons by
means of the beam-energy constrained mass, M, and an energy difference, AF, defined
as

My = J(ESM,)? —pGM, (3.5)
AE = ESM - ESM | (3.6)
In these definitions, EM = /s/2 is the beam energy and p§™ and EEM are the recon-

structed momentum and energy of the B meson candidate, all variables being evaluated
in the center-of-mass (CM) frame.

The B* — K+h — K™~ signals peak at M. = mp+ ~ 5.28 GeV/c? and at AE ~
0 GeV. For the B? — v and B? — ¢y modes, we do not fully reconstruct the B} meson
due to the low energy, about 50 MeV, of the photon of the B¥ — By decay. Therefore,
the B? modes peak at different My,. and AF positions depending on how the BY meson
was produced [119]:

e BB production: the BY signal peaks at My, = mp: ~ 5.41 GeV/c? and AE ~
mpo — mp: ~ —0.050 GeV.

I L L L
33 34 35 36 37 3
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Figure 3.2: AFE versus My, for the B — ¢y signal MC. Signals coming from
BYBY, BB and B} B are arbitrarily normalized and appear from upper left to
bottom right.

e B;B{ and BB} production: the BJ signal peaks at M. ~ (mp: + mpo)/2 ~
5.39 GeV/c® and AE ~ (mpo — mp:)/2 ~ —0.025 GeV.

e BYB{ production: the BY signal peaks at M. = mpo ~ 5.37 GeV/c* and AE ~
0 GeV.

The expected distribution of the different BY — ¢ signals is shown in Figure
Signals overlap in AE but are well separated in M.

For the BT — KTh — Kt~y analysis, we select BT meson candidates with M. > 5.2
GeV/c? and —0.3 GeV < AFE < 0.3 GeV. For the Y(55) analysis, we select BY — ¢~y
candidates with M. > 5.3 GeV/c? and —0.4 GeV < AFE < 0.4 GeV, and B! — vy
candidates with My, > 5.3 GeV/c? and —0.7 GeV < AE < 0.4 GeV. The latter regions are
called “fit regions”.

The helicity angle in the B — ¢~ mode

The helicity angle 6y, is defined as the angle between the K+ and the B? meson computed
in the ¢ rest frame. For signal events, cos . follows a 1 — cos? 6y, distribution, due to
the longitudinal helicity of the ¢ meson, while for continuum events, cos 6y, has a flat
distribution. No requirement is applied on the helicity angle but this quantity will be used
in the fit presented in Chapter to help separate signal and background. The helicity
angle distributions for signal MC and sideband data is shown in Figure [4.5 on page

Best candidate selection

In the BT — K*h — Kt~y analysis, we perform a best candidate selection when more
than one candidate in an event is seen. For each A mode, we choose the photon pair with
the smallest y? of the mass fit, and if multiple kaons can be associated with this photon
pair, the kaon with the highest probability to be a kaon (L) is chosen.
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Table 3.2: Signal windows for the Bt — K*h — K*~v modes. The M, signal
windows are defined as M. > 5.27 GeV/c? for all modes.

Particle AFE window (GeV) Particle AFE window (GeV)
n —-0.15 < AF <0.10 n —0.15 < AF <0.10
Ne —0.10 < AE < 0.10 1e(25) —0.08 < AE < 0.06
Yeo —0.10 < AE < 0.10 Ye2 —0.06 < AE < 0.06
J/ —0.09 < AE < 0.09 X (3872) —0.09 < AE < 0.09

In the BY — ¢y and B? — ~v analyses, after all requirements, all selected BY mesons
originate from different events. Hence a best candidate selection is not needed.

3.1.5 Definition of the signal windows

For the BT — KTh — KT~v analysis, the M. signal window is defined as M. >
5.27 GeV/c? for all modes and the AE signal windows are different for each mode, as
shown in Table

For the analysis at the T(55) resonance, we define signal windows corresponding to
B} B production since ~90% of the BY mesons are produced in this decay mode. For the
BY — ¢y mode, the signal window is defined as M. > 5.4 GeV/c?, —0.2 GeV < AFE <
—0.02 GeV and | cos Opel| < 0.8. For the BY — v mode, it is defined as M. > 5.4 GeV/c?
and —0.3 GeV < AE < 0.05 GeV.

Signal windows will be used to optimize the rejection of the continuum background
and to obtain projection figures of the fits to the data presented in Chapters |4 and

3.2 Background study

3.2.1 Continuum suppression variables

The main background in both analyses is due to continuum events, ie. events coming from
light-quark pair production (eTe™ — w, dd, s5, c¢ processes). This section describes the
tools used to suppress this background and Section describes how the rejection is
optimized and achieved.

Four variables describing event topology are used to suppress the continuum back-
ground: the SFW, |cos0$M| and Az variables, and the flavor tagging variable. In addi-
tion, we also reject photons from 7° and 1 decays to two photons to mainly reduce the
continuum.

The SFW variable

The SFW (Super Fox-Wolfram) variable is a Fisher discriminant based on modified Fox-
Wolfram moments. The Fox-Wolfram moments were introduced in [120] and the SF'W
variable used by Belle in many publications was employed for the first times in [121}[122].
SFW describes how the particles composing the event are distributed: the continuum
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Table 3.3: «; and (3; coefficients used to compute SEW.

Mode Qs a4 B B2 B3 B

BT — KTy —4.485 —1.238 —2.071 0.282 1.653 1.705
BT — K+77/ —4.294 —1.248 —2.003 0.240 1.654 1.667
BT — KTn, —4.165 —0.734 —2.182 0.291 1.593 1.605
Bt — K+770(25) —3.418 —1.028 —2.150 0.026 1971 1.713
BT — KTxq —3.756 —0.938 —2.178 0.114 1.877 1.660
BT — Kty —3.572 —0.982 —2.066 0.066 1.896 1.689
Bt — K+J/l/1 —4.220 —-0.759 —-2.098 0.260 1.620 1.602
Bt — KTX(3872) | —3.598 —0.903 —1.730 —0.104 0.626 1.498
Bg — ¢y —4.153 —1.603 —2.781 —0.032 1.473 1.788
BY — yy 4026 —1.861 -3.415  0.132 1.242 1.580

events tend to have a jet-like signature while the Y(45)/Y(55) — BB events a spherical
signature due to the fact that B mesons are produced almost at rest in the CM frame. The
SFW variable is built from six Fox-Wolfram moments (4;) and is computed as

hsignal, other hother other
_ l
SFW = Z & hsignal, other Z ’Bl hother other ’ (3.7)
=24 1=1,2,3,4
hy = Zp CMP (cos HSM) , (3.8)

where P, is the [*'-order Legendre polynomial function and p{™ and GZ»CjM are the momen-
tum of the i*! particle and the angle between the i'" and the j*® particles in the CM frame.
The signal, other superscript of h; means that ¢ runs over the reconstructed particles form-
ing the B signal candidate and j over all the other particles composing the event. The
other; other superscript means that both i and j run over the “other” particles. The «;
and 3, parameters, optimized for each mode using signal and continuum MC events, are
listed in Table SFW distributions for signal and continuum are shown in Figure
on page |60| for the BT — K1 mode and in Figure on page |64] for the BY — ¢~ and
B? — 4~ modes.

The | cos 6§M| variable (BT — K+h — Kt~ only)

The | cos O$M| variable is defined as the absolute value of the cosine of the B production
angle with respect to the beam computed in the CM frame. This variable can be used to
suppress the continuum in analyses at the Y (4.5) resonance due to the fact that the Y(45),
a particle with J = 1, decays to two J = 0 particles. Therefore, |cos M| is distributed
following a 1 — cos? function for signal events, while its distribution is found to be flat
for continuum events. The | cos $M| distributions for signal and continuum are shown in

Figure [3.3| on page [60}
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The Az variable (BT — Kth — KT~ only)

The Az variable is the flight length difference between the two B mesons along the beam
axis. This variable is generally used in time-dependent analyses but it can be used to dis-
criminate signal events from continuum events: the Az distribution, while being centred
at zero for both contributions, is wider for signal events than for continuum events. This
is due to the fact that B mesons fly for a short distance, typically 0.2 mm, before decaying,
while particles from continuum tend to originate directly from the interaction point. The
Az variable is computed as

AZ = Zpt Ktpy = 2Bogner (3.9)

where zp_, k-~ is obtained by intersecting the kaon track with the beam profile, measured
run by run mainly with Bhabha scattering events, and zp_,, . is obtained by performing
a vertex fit with all the other tracks composing the event, except the tracks compatible
with a K} — 777~ decay. If the x?/n.d.f. of the vertex fit is larger than 20, the track
with the largest x? to the vertex is removed and the fit is performed again. This procedure
is repeated until the fit yields a x2/n.d.f. smaller than 20 or until the number of track is
reduced to one. In the latter case, the vertex fit fails. The Az variable remains unknown
when the kaon track does not intersect the beam profile or when the vertex fit fails. The
Az distributions for signal and continuum are found to be slightly different between the
two configurations of the inner detector, and are shown in Figure on page

The likelihood ratio R

In the BY — K+h — K%~y analysis, the SFW, | cos #5M| and Az variables are combined
into a single variable R}, a likelihood ratio defined as

Lgignal
R(SFW, |cos SM|, Az) = slena , (3.10)
( ’ B ’ ) Lsignal + Lcontinuum
9CM
Lyignat(SFW, | cos 05M], Az) = LEEW, x L8 s a7 (3.11)
QCM
LCOHtinuum(SFW7 | Co8 QEML AZ) = Lgcl):‘n\‘]c\i[nuum x L‘cz(r)lstinBuur'n x Lé)fltinuunm (312)

where L are probability density functions (PDFs), obtained from MC for each h mode, of
their respective variables for signal and continuum events. The SFW and | cos 65| PDFs
for both signal and continuum are modeled, respectively, with three Gaussian functions
and a second order polynomial function. The Az PDF for the signal is modeled with the
convolution of a Gaussian function with an exponential decay function. The Az PDF for
the continuum is modeled with the convolution of two Gaussian functions with the sum
of an exponential decay function and a Dirac function. We use two different PDFs to
describe Az measured by SVD1 and SVD2. The PDFs for the three variables are shown
in Figure When Az is unknown, R is computed without this variable, ie. we use
LAz = [Az = 1 in the above formulae. Signal and continuum distributions for R

signal — “~continuum

are shown in Figure 3.4 for the B — K+, mode.
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Figure 3.3: MC distributions of SFW (top left), | cos #$M| (top right), Az for SVD1
(bottom left) and Az for SVD2 (bottom right) for signal (black) and continuum
(red) for the Bt — K7 mode. All distributions are arbitrarily normalized and
are shown with fits used as PDFs to form the likelihood ratio R. The distributions
for the other BY — K+h — K*~v modes are given in Appendix [Al on page
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Figure 3.4: Top: MC distributions of R (top left) and F (top right) for signal
(black) and continuum (red) for the BT — K7 mode. Bottom: R versus F
for signal (left) and continuum (right). The red lines show the requirements on
R optimized simultaneously in each bin in F. The distributions for the other
Bt — K+h — Kty modes are given in Appendix [A on page
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The flavor variable F

The flavor tagging, discussed in Section is generally used in C'P violation analyses
but its usual purpose can be diverted to reduce the contribution from the continuum back-
ground. We form a variable F defined as

F = Qiaon X [Boper X T s (3.13)

where giaon is the kaon charge of the K+~ candidate, fp,,, . is the flavor of the other B
meson and r the flavor dilution factor. In a perfect world, F should be equal to —1 for
signal events: gx.on and fg.,, .. have opposite signs and r is one. For continuum events, F
should be equal to zero because the flavor should not be determined (r =~ 0). However, a
large fraction of signal and continuum events are badly identified, as shown in Figure|3.4

Rejection of photons from 7° and 1 decays

The decay of n and especially 7° to two photons is an important source of high energy
photons that are important to veto when searching for radiative rare decays. Two different
methods are used in the analyses at the T(4.5) and Y (55) resonances.

In the BY — K*h — K17 analysis, we veto photons from 7" in the following way:
we reject pairs of photons having an invariant mass between 117.8 MeV/c? and 150.2
MeV/c?. The latter requirement corresponds to about +2.5 standard deviations around
the nominal 7° mass (im0 ~ 135 MeV/c? [2]]).

In the B? — ¢y and B! — ~v analysis, we reject photons from 7° and 7 decays to
two photons using a likelihood based on the energy and polar angles of the photons in the
laboratory frame and the invariant mass of the photon pair. For each candidate photon,
we obtain the probabilities, P,o and P,, that this photon originates from a 7° or n decay.
The requirements on P,o and P, are discussed in Section and their MC distributions
are shown in Figure on page This 7% and 7 rejection is described in more detail
in [123].

Table summarizes the different variables used in the two analyses to suppress the
continuum background.

Table 3.4: Summary of the variables used to suppress the continuum background.

Variable Bt — KTh — Ktyy B? — ¢vyand B? — vy
SFW combined v
| cos OEM| into a X
Az likelihood ratio R X
Flavor tagging F v X
70 — ~v rejection v v
n — 7y rejection X v
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3.2.2 Optimization of the continuum background suppression

Large MC samples are used to optimize the rejection of this background:

e BY — yvyand B? — ¢v: 50000 signal events for each mode and about three times
the size of the studied data sample for continuum events,

e Bt — Kth — KT~v: 100’000 signal events for each mode and about 1.5 times the
size of the studied data sample for continuum events.

For the Bt — Kth — K™~ analysis, we apply a tighter requirement on m.,
and different requirements on R depending on F. For the modes with h = 7,7/, we
use eight ranges on F (—1.00 < F < —0.75, —0.75 < F < —0.50, ..., 0.75 < F <
1.00) and for the other modes, we use five ranges (—1.00 < F < —0.75, —0.75 <
F < =025, —025 < F < 025,025 < F < 0.75 and 0.75 < F < 1.00). We op-
timize simultaneously the requirements on R and m., to maximize the figure of merit
defined as Ngignal/ \/Nsignal + Neontinwum for the modes with h = 7,7’ and defined as
€/ Ncontinuum for the other modes. In these definitions, € is the signal efficiency and
Ngignal and Neontinuum are the expected number of signal and continuum events in the
signal window normalized to the size of the studied data sample assuming the measured
branching fractions, listed in Table The second figure of merit does not depend on
any branching fraction assumption and is therefore used for modes with large uncertainty
on the branching fraction. Table lists the tight m.,, requirements. Figure shows
the requirement on R as a function of F for the Bt — K'n mode. About 95% of the
continuum background is rejected by the requirement on R while about 60% of the signal
is kept. For the BT — K X (3872) mode where a looser requirement is applied, ~84% of
the continuum is rejected and ~81% of the signal is kept.

For the BY — ¢ analysis, we use a tighter requirement on SFW when the candidate
photon is reconstructed outside the barrel part of the ECL. Indeed, the process ete™ — qgy
is a source of high-energy photons with low polar angles and can thus be a background
for radiative B decays. We optimize simultaneously the requirements on SFW and on the
rejection of photons from 7% and n decays to maximize S = Ngignal/ \/ Nsignal + Neontinuum-
Ngignal and Neontinuum are computed in the BY? — ¢ signal window corresponding to
B} B? production and are normalized to the studied data sample assuming B(B? — ¢v) =
40 x 1075, £, = 19.5% and fg. 5. = 93%. The optimization of the figure of merit is shown
in Figure We expect to reconstruct ~12.0 signal events on top of ~3.6 continuum
events, corresponding to a significance of S ~ 3.0, with the following requirements

SFW (barrel) > -0.1, (3.14)
SFW(endcaps) > 0.5, (3.15)
Po < 0.75, (3.16)

P, < 0.65. (3.17)

For the BY — vy mode, we use on both photon candidates the same 7° and 7 rejection
requirements as for the B — ¢y mode and, since we do not have the sensitivity to
observe this decay, we optimize the requirements on SFW to minimize the limit at 90%
CL on the B? — ~~ branching fraction. The limit is computed with the Feldman-Cousins
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Figure 3.5: SFW, P.o and P,, MC distributions for signal (black) and continuum
(red) for the B? — ¢y mode (top) and the BY — ~v mode (bottom). For the
B? — ~v mode, the P and P, distributions are shown for the higher energy
photon.
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Figure 3.6: Optimization of the rejection of the continuum background. Left:
BY — ¢ signal significance as a function of the SFW requirement with the opti-
mized requirements on P and P, applied. Middle: BY — ¢ signal significance
as a function of the requirements on P,o and P, with the optimized requirements
on SFW applied. Right: expected upper limit at 90% CL on the BY — ~~ branch-
ing fraction (1079) as a function of the SFW requirements.
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method [[124]. Two inputs are required: the number of observed events (/V,,s) and the
number of expected background events (NVyy,). We assume Nops = Nignal + Neontinuum
and Npke = Neontinuum. Figure presents this minimization. Assuming B(B? — ~v) =
1.0 x 1079, we expect to obtain B(BS — yy) < 8.6 x 10~ (90% CL) with

SFW(barrel) > 0.0, (3.18)
SFW(endcaps) > 1.0, (3.19)

where the SFW (barrel) requirement is applied when the two candidate photons lie in
the barrel region of the ECL. The SFW(endcaps) requirement is applied otherwise. In
fact, since the two photons of a BY — ~~ candidate are mostly back-to-back due to kine-
matics, it is very unlikely to have one photon in the barrel and one in an endcap. The
SFW (endcaps) requirement was finally abandoned due to systematic uncertainties, as ex-
plained in Section An optimization without the endcaps was not performed due to
time constraints.

3.2.3 Background from B decays

Background from B decays are studied using large MC samples. At the T (4.5) resonance,
we use samples of charmed and charmless B decays about 1.5 and 36 times larger than
the studied data sample, respectively. At the YT (55) resonance, we use a sample of mainly
charmed bb decays having about the same size as the studied data sample and a sample of
B*/0 — X,y decays about 10 times larger.

B background for the B? — ¢~ and B? — ~~ modes

For the B? — ~v mode, no candidate is reconstructed in the fit region from both studied
samples and we therefore assume that continuum is the only background for this mode.
For the B! — ¢ mode, backgrounds coming from the charmed BT and B° decays and the
B — Xy decays are found to lie outside of the fit region. However, we have a potential
background contribution from BY decays in the fit region: the B? — ¢n and B? — ¢7°
decays to the K+ K~~~ final state are identified as possible sources of background and are
studied using large MC samples. With reconstruction efficiencies estimated to be 5.8% and
2.8%, respectively, their branching fractions have to be about 1.6 x 107° and 1.3 x 107 to
produce one background event in the fit region. The branching fraction of BY — ¢7° can
be estimated to be much lower than 10~ because the gluons of the gluonic penguin b — s
transition, shown in Figure on page cannot couple to the 7¥ due to its isospin.
Other diagrams are color-suppressed and Cabibbo-suppressed, hence can be estimated to
have a few orders of magnitude lower branching fractions. The B® — K*(892)°7° decay,
the BY counterpart to B — ¢n¥, is constrained for the same reason and its branching
fractions is measured to be less than 3.5 x 1076 at 90% CL [2]]. We conclude the B! —
¢ decay to be a negligible background. On the other hand, for the B! — ¢n mode,
the gluonic transition is allowed and the branching fraction of its B° partner decay has
been measured to be B(B? — K*(892)%5) = (1.63 + 0.13) x 1075 [2]]. Due to the large
uncertainty on the BY — ¢n branching fraction, this background is treated as a source of
systematic uncertainty assuming the B® — K*(892) branching fraction. The M. and
AF distributions for this background are shown in Figure 4.6/ on page
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B background for the Bt — K+th — K1~~ modes

In the Bt — K*n channel, 56% of this type of background is from B — K*(892)n
with the rest being composed of several small contributions, the largest ones being due to
B — X yand BT — 7. In the BT — K1/ channel, the dominant source (about 2/3)
is B — X, about half of which is from B — K*(K)~. For the other modes, about 95%
of the charmless B decay contributions is due to B — X,v. The final state with K+7%y is
a significant background for modes with charmonia and with the X (3872) resonance. It is
suppressed with the requirement

M, > 1.5 GeV/c?, (3.20)

where m -, is the invariant mass of the system formed by the kaon and the lowest energy
photon (in the laboratory frame) forming the K~~ candidate. Figure shows signal and
background distributions for this variable for the Bt — K*n. and BT — KT X(3872)
modes. For the BT — K™, channel, the B — K*(892)n.(7y) background is the most
relevant contribution. All discussed B backgrounds produce a broad, compared to signal,
peak in the M, signal region. The B — X~ background is flat in AE, BT — ntn peaks
at AE ~ 0.05 GeV due to the misidentification of the pion as a kaon and B — K*(892)n
and B — K*(892)n. peak at AE ~ —0.2 GeV, where the pion from the K*(892) decay is
missed in the reconstruction. Distributions of these backgrounds can be seen in Figures|5.4

and [5.5]on pages[95] and
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Figure 3.7: m., distributions for signal (black), B — K*(892)y (red) and B —
X+ (blue) for the Bt — KT, (left) and Bt — KX (3872) (right) modes, with
arbitrary normalization. The line shows the requirement. The other modes have
similar m.,, distributions.

3.2.4 The off-time QED background

Another source of background is produced by the overlap of a hadronic event with a
previous QED interaction (mainly Bhabha scattering) that has left energy deposits in the
calorimeter. This off-time background was seen for the first time in the B — ~~ analy-
sis [125] and is discussed in details in [126]. It can be removed with ~100% efficiency
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by means of the timing information (tdc(TC)) of the calorimeter clusters corresponding to
each photon candidate. The requirement is

9000 ns < tde(TC) < 11000 ns. (3.21)

Though being saved in the raw data since the beginning of Belle data taking, this
timing information was however only propagated to the reconstructed datasets available
to Belle users for analysis after the off-time background was discovered. For the Y(55)
data, this background can be vetoed in the entire studied dataset and is therefore not an
issue. However, for the BT — K+th — KT~ analysis, the off-time background can only
be removed for the last 258 x 10° BB pairs. For the rest of the data, it is included in the
fit described in Chapter [5] by modeling it with the distribution of the off-time background
events rejected from the most recent data. In this fit, we will differentiate when one
photon or both photons are off-time. These two contributions are slightly different but
both are almost flat in AFE and slightly peak at low M., as shown in Figures and
on pages[95]and [9€]in Chapter[5] The importance of this background is proportional to the
mass of h: the contribution from the off-time background is negligible for the B* — K*n
and BT — K™'n' modes but it is particularly important for Bt — KT X (3872). For the
latter mode, we apply a requirement on the center-of-mass momentum of the X (3872)
particle of

pS™M > 0.5 GeV/e. (3.22)

A large fraction of the “two-photons” off-time background is removed with this require-
ment, as shown in Figure This is due to the fact that both photons were produced in
a eTe” — ~v process, hence the ~v system is mostly at rest in the CM frame.

:HMHM v b LT
%702040608 1 12141618 2
CM

px(3872) (GeVic)

Figure 3.8: Center-of-mass momentum of the X (3872) for signal MC (black) and
data when two off-time photons are selected to reconstruct the X (3872) candidate
(red).
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3.3 Summary of all requirements and expectations

Table summarizes all requirements for the B — ¢v and B? — ~v analysis and Ta-
ble [3.6| for the B* — K*h — K*~v analysis.

With these requirements, the BY signal reconstruction efficiencies evaluated with MC
are

€89y = 17.8%. (3.24)

For the B? — ¢ mode, we expect to obtain a first evidence assuming B(BY — ¢v) =
40 x 1079 the MC study indicates that we will reconstruct about 12.0 signal events on top
of 3.6 continuum events, thus corresponding to a significance of about 3. For the B? —
mode, we don’t expect to see any SM signal and expect to set a limit of B(B? — ~v) <
8.6 x 1075 (90% CL).

For the BT — K*th — KT~y modes, the expectations are listed in Table In
summary, we expect to observe large signals for the BT — K*pnand BT — K*n/ modes
and to obtain an evidence for Bt — K*n,.. For the Bt — Kty and Bt — K*txe
modes, we don’t expect to see any signal due to the very low branching fractions. The
J /v meson is not allowed to decay into two photons, thus we don’t expect to see BT —
KtJ/y — K*t~v. As for the Bt — K*n.(2S) and Bt — K*X(3872) modes, their re-
spective branching fractions suffer from large uncertainties. Efficiencies listed in Table|3.7
are computed in the signal regions and are the averages of the efficiencies computed for
the two configurations of the inner-detector. These efficiencies are listed in Table on

page
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Table 3.5: Selection requirements for the B? — ¢y and BY — ~v analysis. Signal
windows are introduced in Section on page

Selection Channel Requirement Comment
‘CK/T( > 0.6
Kaons BY — ¢y |dr| < 0.5 cm
|dz| < 3.0 cm
BY — yy 33° < 0 < 128° ECL barrel region
Eg/E25 > 0.95
Photons P < 0.75 0 rejection
P,(v) <0.65 7 rejection
9000 < tde(TC) < 11000 ns off-time photons
o BY — ¢ | |mg+ - —my| <12MeV/c? | £ 2.5 0 window
both My, > 5.3 GeV/c?
B BY — ¢y |AFE| < 0.4 GeV fit region
BY — 4y —0.7 < AE (GeV) < 04
BY — SFW (barrel) > —0.1
SFW (endcaps) > 0.5
Event
0 SFW (barrel) > 0.0
BS — vy
FEiot <12 GeV
both My, > 5.4 GeV/c?
—0.2 < AE (GeV) < 0.02
Signal windows | B? — ¢ (GeV)
| cos Opel| < 0.8
BY — yy —0.3 < AE (GeV) < 0.05
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Table 3.6: Selection requirements for the BT — KTh — Kt~y analysis. Require-
ments applied after the best candidate selection (BCS) discussed in Section [3.1.4;
on page |56/ are shown with a x symbol. Signal windows are introduced in Sec-

tion [3.1.5/on page[57}

Selection Particle h Requirement Comment BCS
L K/m > 0.6
Kaons all |dr| < 0.5 cm
|dz| < 3.0 cm
n,n Ey/Ea5(v1,72) > 0.95,0.90 E, > E, *
all exc. n, 7/ Eg9/Es; > 0.95 *
Photons My — myo| > 16 MeV 70 rejection
all | By = By |/(Eyy + Eyy) > 0.9
9000 < tde(TC) < 11000 ns off-time photons *
L all tight m., windows of Table 3.1 *
X (3872) pS™M > 0.5 GeV/e off-time photons *
My > 5.2 GeV/c?
BT all be /e fit region
|AE| < 0.3 GeV
all R(F) req. continuum rejection | x
Event —
all exc. n,n’ My, > 1.5 GeV/c? X, rejection *
Signal windows all Table |3.2

Table 3.7: Expectations for the BT — KTh — KT~y modes assuming the
B(BT — Kth — K*vv) listed in Table[1.3|on page[22] All values are computed
in the signal windows listed in Table on page The last column is computed
as Niignal/\/Nsignal + Neontinuum + NB bikg for the modes with » = 5,7/, 7. and as
€/v/Neontinuum + NB big for the other modes.

Mode Efficiency Ngignal Neontinnum Npbkg Figure of merit
BT — Kty 15.6% 85 77 27 6.2

BT — Ko/ 14.9% 118 40 20 8.8

BT — K*n. 10.1% 13.5 4.7 2.5 3.0

Bt — KTn.(25) 10.9% - 8.1 2.4 3.3%

BT — Ktxq 10.9% ~0 7.0 2.8 3.5%

BT — Kty 10.6% ~0 2.4 1.4 5.4%

Bt — KTJ/y 9.5% 0 4.3 2.0 3.8%

Bt > K+X(3872)  14.0% - 20.3 4.9 2.8%




Chapter 4

Fitting procedure and results for the
0 0 :
B, — ¢v and B, — ~+ analysis

L
Elzi This chapter describes, for the analysis of the radiative penguin
g BY — ¢y and BY — ~v decays, the probability density functions
O 8- . L. .
S and the. ﬁt'tmg procedure. Results and the study of systematic
E ﬂ { i M» uncertainties are also presented.
& 2 ! —

:J [ < 1 8 =\

M, (GeVic?)

4.1 Fitting procedure

oR the BY — ¢+ (B? — ~v) mode, we perform a three-dimensional (two-dimensional)
F unbinned extended maximum likelihood fit to M,., AE and cos 6y, (M}, and AFE)
of the selected B? candidates in the data using the probability density functions (PDF)
described below. The likelihood is defined as

L=e 2% < [[O 8P, (4.1)
i

where i runs over all selected B? meson candidates, j runs over the possible event cate-

gories (signals and backgrounds), S; is the number of events in each category and FP; is
the corresponding PDE

4.1.1 Probability density functions for the signal

For both modes, the BB}, B* B? and B! B? signal PDFs for M,,. and AF are modeled sep-
arately with two-dimensional smoothed histograms obtained from signal MC. The B} B?
signal PDF is calibrated using control modes reconstructed in the data. We do not cali-
brate B} B? and BYBY signal PDFs since their relative fractions are small (fg. 5. = 93%).
Furthermore, these signals will not be used to measure the branching fraction.
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Table 4.1: M. (MeV/c?) and AE (MeV) mean values of B — D 7" in data
and MC. The difference (Ju) is used to adjust the BY — ¢v and B? — ~ signal
MC.

Variable UMC data o (correction)
My, 5416.69 £0.04 5417.9+0.4 1.24+04
AF —49.0£0.1 —-53.1+1.6 —41+1.6

To account for the uncertainty on the B} meson mass and the uncertainty on the beam
energy, we adjust the mean values of the My,. and AE B} B! signal distributions of both
modes using B! — D; 7" events reconstructed in the same Y (55) data sample. These
events are reconstructed as described in detail in [119]. To summarize the BY — D;n*
selection, we reconstruct the Dg mesons in the three experimentally clean decay modes
P(KTK™)m, K*(892)°(K7)K and K(nm)K with the pions and kaons selected using the
same criteria as in this analysis. Mass requirements are applied on the D, ¢, K*(892)°
and Kg candidates and BY mesons are selected using the M. and AFE variables.

We perform a two-dimensional fit to My, and AFE of the selected B! — D7 can-
didates in data and in signal MC. The signal PDF is modeled with the product of two
Gaussian functions (one for M. and one for AFE) and, for the fit to the real data, the
continuum with the product of an ARGUS function [127] for My, and a linear function
for AE. The results of these fits are shown in Figure|4.1| and the obtained mean values for
My and AF are listed in Table The difference between data and MC is used to adjust
the mean values of the PDFs derived from the BY — ¢~ and B? — ~~ signal MC. The M,
mean value of the BY — D, 7+ signal MC agrees with the Evtgen input value for the B*
mass and the My, mean value obtained in the data agrees with that of a previous Belle
analysis [|58]. The uncertainties on the corrections to the mean values will be propagated
as systematic uncertainties.

We also calibrate the M, and AFE resolutions of the BB} signal. For the BY — ¢
mode, we use B® — K*(892)°(K7)y events reconstructed in a 112 fb~! data sample
recorded at the T(4S5) resonance. The 21.7 fb~' sample at the Y (55) resonance was col-
lected during the latter Y(4S) sample, hence, with similar experimental conditions. We
apply the same requirements to reconstruct BY — ¢y and BY — K*(892)"y, except that
we require 0.845 GeV/c? < my, < 0.941 GeV/c? to reconstruct the K*(892)° resonance.
We perform one-dimensional fits to My, with AE in signal region (—0.15 GeV < AF <
0.100 GeV) and to AE with M. > 5.27 GeV/c?. The signal for both M. and AE is
modeled with a Crystal Ball function [128]. The continuum is modeled with an ARGUS
function for M,,. and with a linear function for AE. Fits results are shown in Figure |4.2
and the obtained resolutions are listed in Table The M, resolution in data is com-
patible with the MC resolution. For AF, a small discrepancy at the ~1¢ level is seen. We
decide not to correct the My, and AFE resolutions of the signal BY — ¢y MC sample but
will include the result of this test as systematic uncertainty.

For the signal resolutions of the BY — ~v mode, we use the same corrections com-
puted for the BY — ~v analysis [126]. These corrections were obtained with the study
of eTe™ — ~7v events where the photon momenta were smeared to reproduce in MC
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Figure 4.1: Top: Gaussian fits of the M. (left) and AE (right) distributions
of B — D;r" MC signal from BB} events. Bottom: M. (left) and AE
(right) projections in the B} B region of the fit to the BY — D« signal seen
in the data. The points with error bars represent data, the solid curves are
the fit functions and the dotted curves represent the various signal and back-
ground components: B? — D; 7" signal from B:B! at My, ~ 5.42 GeV/c?
and AE ~ —0.05 GeV, B! — D; " signal from B!B? at M. ~ 5.39 GeV/c?,
BY — D~ 7" background at AE ~ —0.15 GeV, and continuum background in
the whole My, and AFE ranges.

Table 4.2: M, (MeV/c?) and AE (MeV) resolutions of B® — K*(892)%y in data
and in signal MC.

Variable OMC Odata
My 3.0240.04 31402
AFE 37.2+04 41 + 3
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Figure 4.2: M, and AF distributions for B — K*(892)%+. Top: MC signal fitted
with Crystal Ball functions. Bottom: data and projections of the full fit in the
signal window defined as M, > 5.27 GeV/c? and —0.15 GeV < AE < 0.100 GeV.

the measured 1.7% energy resolution of the ECL. This smearing has a negligible effect
on M, but increases the AE resolution from 56 MeV to 70 MeV. We therefore apply a
V702 — 562 ~ 42 MeV smearing to the AFE resolution of the BY — ~v signal MC and we
conservatively assume a 50% uncertainty on this correction.

Figures [4.3] and show for both modes the corrected signal MC with the smoothed
histograms used as PDFs in the final fit.

For the B? — ¢v mode, we perform a fit to the cos 6}, distribution of signal MC after
all selection requirements with a 1 4 ¢; cos fpe + c2 cos el + 3 cos® Oy function, shown
in Figure We obtain, in complete agreement with the expected sin? O, = 1 — cos? Ol
function,

c1 = —0.004 £0.022, ¢ =—-0.996+0.006, c3= 0.00740.026.
We therefore use the 1 — cos? #y,.; function PDF to describe cos 6y, of signal in the fit.
The total PDF for the three variables is the product of the two-dimensional PDF for

My, and AFE and the 1 — cos? 6, function for cos 6y,



4.1. FITTING PROCEDURE 75

00F L L
ST 500¢ S500¢
v v v |
@500 ot o ¢
o f cAOOF c100F
o L o L o L
g)OOT < r g r
2t S300(- Sz001-
b I s
*z&soo: e f a r
c I 200 2200
gOOO: S 0 > [
w m £ o [
500 100} 100
L ) I \ ) AT B L ) A » (i IR ) L " rilf i R ) )
837535534536 538 5.4 542 544 83535534536 538 5.4 542 544 837532 534 536 538 54 542 544
2 2 2
M, (GeVic?) M, (GeVic?) M, (GeVic?)
3000 ~ =
S oo 500
) 8 8
25007 ~500F 500F
[ 2] 2] n
Q S S
000 400 o400
N Z N
g Z Z
4500 83001 83001
= = =
[] [} [}
Fooo- {fi200 1200
5001 100F 100F
7\\\\\\\\\\\\\\\\\\\\\ d | 1 7\\\\\\\\\\\\\\\\\\\\\\\ o \ 7\\ ATETI AR AT TSI W o \
84030201 0 01 02 03 04 84 0302 01 0 01 02 03 04 84 0302 01 0 01 02 03 04
AE (GeV) AE (GeV) AE (GeV)

Figure 4.3: BY — ¢~ signal PDFs for M, (top) and AE (bottom) from BB}
events (left), B BY events (middle) and B?B? events (right).
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4.1.2 Probability density functions for the background

The continuum contribution is modeled with the product of an ARGUS function for M,
and a linear function for AFE.

For the BY — ¢y mode, we perform a fit to the cos f}, distribution of sideband data
(My. < 5.3 GeV/c?) with a linear function (1 + ¢ cosfye). We obtain ¢; = 0.004 +
0.011 in complete agreement with the expected flat distribution. The fit result is shown

in Figure In the final fit, we therefore use a flat function to describe cos 6y, for the
continuum.
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Figure 4.5: Left: cos 6y, distribution of signal MC fitted with a 1 + ¢; cos fye +
9 cos? Opel + c3cos> By function. Right: cos 6y, distribution of sideband data
(M. < 5.3 GeV/c?) fitted with a linear function.

The B? — ¢n background PDFs in the B? — ¢ fit is modeled with a two-dimensional
smoothed histogram for M. and AE and a one-dimensional histogram for cos fy,,]. The
BY — ¢n PDF is shown in Figure
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Figure 4.6: BY — ¢n PDF for M., AE and cos 6}, used in the fit to the data.

4.1.3 Fit parameters

Both fits have six free variables: the yields for the B:B?, B BY and BYBY signals (Sg. -,
Sp«po and Spopo), the continuum background normalization and PDF parameters (Mye
and AE slopeé),sexcept the ARGUS endpoint which is fixed to 5.435 GeV. The branching
fractions B(BY — ¢v) and B(B? — ~v) are determined from the B} B? signal yields with
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the relations

0_,
BY— _
SBEB;‘M = B(B] = ¢7) x B(¢ — KTK™) x €4y X Npo X fp.p; , (4.3)

where € are the MC signal efficiencies listed in Table Npo is the number of B? mesons
evaluated as Npo = 2 X Ly X 02%(55) X fs = (2.870%) x 10° and fp+px is the fraction of
(*) 5
S S

B! B} events among B . The computation of the number of B? mesons is detailed

in Section

4.2 Systematic uncertainties

4.2.1 Uncertainty on the signal reconstruction efficiency
Uncertainty on the photon reconstruction efficiency

The uncertainty on the photon reconstruction efficiency has been studied with radiative
Bhabha events [129] and has been evaluated to be 2.2% per photon.

Uncertainty on the tracking efficiency

The uncertainty on the tracking efficiency has been evaluated by comparing the yield ratio
r = N(n — w7~ 7%~vy))/N(n — ~vv) between data and MC [130, [131]. Assuming that
the tracking efficiency for the two pions are equal and assuming that the uncertainty on
the photon reconstruction efficiency cancel in the ratio, they have obtained the tracking
efficiency ratio between data and MC with

€data/EMC = \/Tdata/TMc = 0.993 £ 0.018. (4.4)

The uncertainty on the tracking efficiency is assumed to be 1% per track.

Uncertainty on the kaon identification efficiency

This uncertainty has been studied with inclusive D** — DO(K~7T)nt decays [132].
Due to the momentum and polar angle dependence of the identification efficiency, the
systematic uncertainty is computed as a weighted average for the kaons of the BY — ¢~y
signal MC. We obtain an uncertainty of 1.1% per kaon.

Systematic uncertainty on the SFW requirement efficiency

This systematic uncertainty is studied with the same BY — D 7+ sample used to calibrate
the signal mean values of M. and AFE. We study the efficiency discrepancy between MC
and data when the SFW requirements are applied. A double ratio R is calculated as

R— Ngata(with SEW req.) emc (with SEW req.)
~ \ Ngata(without SEW req.) emc(without SFW req.) )

(4.5)
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Table 4.3: SFW systematic uncertainties. B? — D7 MC reconstruction ef-
ficiency (including D; branching fractions), signal yield measured in data for
BY — D; 7" events from B} B! events and computed double ratio R.

Requirement Efficiency (MC) Yield (data) Double ratio R
No requirement 1.76% 126 +13

0 Barrel: SFW > —0.1 1.23% 88 +£10 1.01 £0.10
By — ¢y

Endcaps: SFW > 0.5 0.73% 53+ 8 1.03 £0.09

0 Barrel: SFW > 0.0 1.11% 79+9 1.00 £0.10
By =y

Endcaps: SFW > 1.0 0.26% 27+5 1.47 +0.32

Table 4.4: Systematic uncertainty on the signal reconstruction efficiency for the
BY — ¢y and BY — 7~ channels.

Source BY — ¢y BY -y
Photon reconstruction 2.2% 2 x 2.2%
Kaon identification 2x1.1% -
Tracking 2 x 1.0% -
SFW cut 10% 10%
MC statistics 0.8% 1.1%

Total (quadratic sum) 10.7% 11.0%

where eyc is the B! — D; 7+ signal MC reconstruction efficiency and N is the B —
D;nt signal yield in the B} B region obtained with the same fit prepared for the cali-
bration of the mean values. Table presents the result of this study. For the BY — ¢
mode, we assign a systematic uncertainty of 10%. For the BY — vy mode, due to the large
systematic uncertainty of the SFW requirement for the calorimeter endcaps, we select
photons only in the barrel part; we also have 10% uncertainty.

Total uncertainty

The total systematic uncertainty on the signal reconstruction efficiency is computed as the
quadratic sum of the previously mentioned systematic uncertainties. For the B? — ¢y
mode, we have a total uncertainty of 10.7% and, for the B — vy mode, 11.0%. These
systematic uncertainties are summarized in Table 4.4
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4.2.2 Uncertainty on the number of B? mesons

The relative uncertainties on the determination of the number of B? mesons are listed
in Table The fraction f, introduces the largest uncertainty on the branching fraction

measurement. The fg. 5. variable is also responsible for a large uncertainty of Jjg?%.
S S N

Table 4.5: Uncertainty on the determination of the number of BY mesons.

Source

Uncertainty

Lint
T(5S5)
Tpp

fs

Npo (quadratic sum)

1.4%
5.0%
T13%

16
3%

4.3 Fit results

The two-dimensional distributions in the AE-M,. plane of the B? — ¢y and B? — ~y
candidates selected in the data sample are shown in Figure These candidates are
fitted as described in Section [4.1| The numerical values and errors of all fit parameters for
each mode are given in Appendix [B| on page while the final results are summarized

in Table [4.6]
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Table 4.6: Efficiencies, signal yields, branching fractions and significances ob-
tained from the fits described in the text. The first uncertainty is statistical and
the second systematic. The upper limit is calculated at the 90% CL.

Mode e (%) Spopo Spxpo Spip: B (107%  Significance
BY— ¢y 247 07732 05179 18F  57TIETY 5.5
BY —yy 178 47735 —08%3% —73t30 <87 -

4.3.1 B? — ¢~

Figure shows the data with the fit results. We observe 181’2 BY — ¢ signal events in
the B} B! region and no significant signals in the two other regions. These signal yields
are compatible with fp. 5. = 937%. We measure

B(B — ¢7) % fo X fpep: = (10.3733£1.3) x 107F, (4.6)
BB — ¢y) = (57HET]) x 1079, 4.7)

with a significance of 5.5 standard deviations, where the first uncertainty is statistical
and the second is systematic. The computation of the significance and of the systematic
uncertainty is detailed below.

The measured branching fraction is in agreement with the Standard Model expecta-
tions 39 x 10~% [44] and 43 x 1076 [45] and with the measurements of the BT and B’
counterpart decays: B(B" — K*(892)%) = (40.1+£2.0)x10"% and B(B™ — K*(892)"v) =
(40.3 +2.6) x 1076 [21.

We compute the systematic uncertainty on the branching fraction by repeating the fit
with each constant parameter successively varied by plus or minus one standard deviation
around its central value. The positive (negative) systematic uncertainty is the quadratic
sum of the positive (negative) branching fraction deviations with respect to the branch-
ing fraction obtained with the nominal fit. The uncertainty due the BY — ¢v signal PDF
modeling is introduced in this computation by building signal PDF with corrections mod-
ified by +10. The uncertainty on the branching fraction due to signal modeling and the
BY? — ¢n background are evaluated to be 732% and ™9}, respectively.

The significance (S) of the signal is computed as

S = /2(In Liax — In Lo) , (4.8)

where L.« is the likelihood value returned by the nominal fit and £, the likelihood value
GBI
B:B;
uncertainties is 5.6 standard deviations. Systematic uncertainties are included by choosing
the lowest significance value returned by the fits used to evaluate the systematic uncer-
tainty. The parameter related to the BY — ¢n background is the only parameter having a

non-negligible effect on the significance. The significance is reduced to 5.5.

of a fit where the signal yield is set to zero. The significance without systematic
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4.3.2 BY — ¢ inthe mg+ - sideband

As a check, we perform a fit to My, AE and cos 6}, of the data in the region 1.1 GeV/c? <
my+ - < 1.2 GeV/c?, where no BY — ¢~ signal can contribute. This fit is simplified: we
consider only continuum and signal from BB} events using the same BY — ¢~ shape as
for the fit in the m g+ - signal region. Figure |4.9| shows no evidence of signal and we
obtain a signal yield of —2.2*7) compatible with zero.

4.3.3 Bg — vy

Figure shows the data with the fit results. We do not observe any significant signal
and we extract an upper limit at 90% CL including systematic uncertainties of

B(BY — 4v) <87 x107°. (4.9)

The latter limit is about six times more restrictive than the previously published one,
B(B? — ~v7) < 53 x 1076 [58,[05]]. The obtained limit is still about one order of magnitude
larger than the SM expectations in the range (0.5 —1.0) x 1076 [55] 56, [57] and still above
existing New Physics models predictions (up to ~5 x 1076 [60], 61}, [62]].

Computation of the upper limit

We obtain the upper limit at 90% confidence level on the branching fraction (y;,,,;;) using a
Bayesian approach with a flat prior by integrating to 90% the likelihood of the fit according
to

Blimit 1
/ £(B)dB = 0.9 x / £(B)dB. (4.10)
0 0

We first include the signal shape uncertainty into a modified likelihood (£,,04). This
likelihood is the average of the likelihoods obtained by repeating 1000 times the fit with
randomly chosen signal shapes according to the statistical error on the M}, and AFE mean
values and resolutions corrections. Then, we obtain the upper limit at 90% confidence
level by integrating to 90% the convolution of the modified likelihood with the normalized
sensitivity (S/Sp) where

S = Npo X fpeps X € (4.11)

and Sy is the nominal sensitivity.

We perform a MC integration: the 90% CL limit is the 90% percentile of the B(B? —
77y) x S/8p distribution formed by randomly choosing B(B? — ~v) and S according to
their respective distributions. We model £,,,4(B(B? — ~7)) with a spline and S with the
product of Gaussian functions and bifurcated Gaussian functions for parameters having
asymmetric uncertainties (for example, fs). The different distributions used to obtain the
limit are shown in Figure We finally obtain B(B? — vv) < 8.7 x 1075 (90% CL).

The latter limit can be checked by computing two other limits: the statistical limit
(integration to 90% of the unmodified likelihood) is B(B? — 7) < 8.1 x 107% and a semi-
systematic limit (integration to 90% of the convolution of the unmodified likelihood with
the normalized sensitivity) is B(B? — ~7) < 8.5 x 1075, This is of course not a thorough
check but this at least gives confidence in the numerical integration.
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Chapter 5

Fitting procedure and results for the
BT — Kth — KT~~ analysis

%";“;’ This chapter describes, for the analysis of the resonant BT —
o %F K*h — KT~ decays, the data samples, the probability den-
%60; sity functions/gld thej}iltting procedure{) Résults an the S?L,ldy of
gm, T } 1 systematic uncertainties are also presented.

oo TTT TOT T TE

I I B e e v i A AT A AL =
Q.z 5.215.225.235.24 5.255.26 5.275.28 5.29
M, (Gevic?)

5.1 Fitting procedure

E perform a two-dimensional unbinned extended maximum likelihood fit to M,
'\/. \/ and AF using the probability density functions (PDF) described in the following
section. The likelihood is defined as

L=e 2% < [[O 8P, (5.1)
U]

where i runs over all selected B™ meson candidates, j runs over the possible event cate-
gories (signal and backgrounds), S; is the number of events in each category and P; is the
corresponding PDE

5.1.1 Signal probability density functions and efficiencies

We obtain the signal PDFs using a two-dimensional unbinned maximum likelihood fit to
signal Monte Carlo events. M, is modeled with a Crystal Ball [128] function and AE
with the sum of three Gaussian functions. Figure shows the fit to the signal MC for the
Bt — K*5mode. Plots for the other modes are shown in Appendix|C|on page
Signal efficiencies are counted from the number of signal MC events that survive all
requirements. Separate set of efficiencies are obtained for each of the two configurations
of the inner detector. We check the signal shape modeling by performing a fit where
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Figure 5.1: M. and AFE distributions for the B+ — K™n signal MC together
with the fit functions used as PDFs.

Table 5.1: Signal efficiencies for the two configurations of the inner detector and
efficiency corrections.

Channel e(SVD1) (%) €(SVD2) (%)  ecorr (%)
Bt — K™ 16.0+£0.1 16.9+0.1 98.5£0.2
BT — K*n/ 14.9£0.1 16.0£0.1 98.3+0.2
Bt — K'n, 10.0 £ 0.1 10.9 £0.1 99.4 £0.2
Bt — K™n.(25) 11.0£0.1 11.6 £0.1 98.7£0.1
BT — K'xq 11.1£0.1 11.7+0.1 98.9+0.2
Bt — KT xe 10.6 £ 0.1 11.4+0.1 98.7£0.1
BT — KtJ/v 9.4+0.1 10.0£0.1 99.1+0.2

Bt — KT X(3872) 14.1£0.1 15.5£0.1 96.9£0.1

signal MC events are merged in toy continuum events generated assuming an ARGUS
function [127] for M), and a first order polynomial function for AFE. We compute an effi-
ciency correction factor defined as ecorr = 1t/ Ninput Where ng is the signal yield returned
by the fit and ni,pyt is the number of embedded signal MC events. This correction mainly
accounts for the fact that we use a factorized signal shape to model signals: in fact, M,
and AFE are slighly correlated due to the two photons in the final state. Signal efficiencies
and corrections are listed in Table

We correct the My, and AFE signal resolutions using a sample of B¥ — K*7° events
reconstructed in the same data sample. The Bt — K*7° mode decays to the same final
state as the studied modes and its branching fraction is about ten times larger than the
BT — K™r/ one. We reconstruct approximately 1200 signal events. Figure shows
the results of the fit to the data. The resolution discrepancy between data and MC is
mainly due to the imperfect description of the ECL energy resolution, hence we require
the energies of the most energetic and least energetic photons of the BT — K70 decay to
be within the ranges accessible to each Bt — K+h mode. These requirements are listed
in Table We obtain the M}, and AFE resolutions listed in Table The corrections
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Figure 5.2: Top: M. and AFE distributions together with fit results of the
Bt — K7*r° control mode in the data. Bottom: fit projections in the signal
region defined as M, > 5.27 GeV/c? and —0.2 GeV < AFE < 0.1 GeV. The points
with error bars represent data, the thick solid curves are the fit functions, the
thin solid curves are the signal functions, the dashed curves are the contribution
from the continuum background and the hashed areas are the contribution from
B background.

(60) are computed as (0gata — onc)/omc. We also compare the mean values of M;,. and
AFE between MC and data. The AF mean values and corrections are listed in Table
The mean values of My, are consistent between data and MC, and agree with the mass
of the BT meson [2]. For AE, we only compare the mean values of the main Gaussian
function which describes the AFE peak. The obtained corrections are in agreement with
other studies [133] [134,[135] 136].

5.1.2 Background PDFs

The continuum component is modeled with an ARGUS function for My, and a first order
polynomial function for AE. The B and the off-time backgrounds are modeled with two-
dimensional non-parametric KEYS| PDFs [137] built with MC events and with off-time
data events, respectively. KEYS are computed directly out of unbinned M, .—~AFE datasets
and are therefore very handy to describe complicated distributions. One does not need to
find fit functions and the resulting distribution is smooth, by construction.

We model separately B background contributions having different M}, or AE distribu-
tions. For example, in the B* — K™ fit, the B — K*(892)n background, the BT — 7ty

'KEYS is an acronym for Kernel Estimating Your Shapes.



88 FITTING PROCEDURE AND RESULTS FOR THE BT — Kth — Kt~~ ANALYSIS

Table 5.2: Photon energy requirements on the Bt — K 7% sample to mimic the
other modes. The requirement £, is applied on the higher energy photon. All
values are in GeV.

Channel E, win. FE,, win. | Channel E, win. E,, win.
Bt — K*tn 09-35 0.1-20| Bt — KTxe 1.6 —4.0 0.7-2.3
Bt — Kty 1.0.—35 01-2.0 | B" = Kty 1.7-4.0 08-24
Bt — K*tn, 1.5-38 05—-22| BT - K"J/yY 1.5-40 06-22
Bt - K™n.(28) 16-40 08-24| Bt —KTX(3872) 1.9-4.0 09-24

Table 5.3: Signal resolutions in MC and data, and corrections for M. and AE
obtained with the B* — K*7° control sample. Resolutions are in MeV/c? for

M. and MeV for AE.

h om,, MC) o, (data)  do [%] || oar (MC) oap (data) o [%]
70 3.38 £ 0.02 2.8 +0.1 —15+3 | 34.7+£0.6 389+2.1 1246
3.38 £ 0.02 2.8 +£0.1 —164+3 || 34.7+£0.6 39.3+£2.1 13+6

! 3.37 +£0.02 2.8+0.1 —16+3 | 346+0.6 39.1+2.1 13+6
Ne 3.32 +0.02 2.7+0.1 —18+3 || 33.24+0.7 38.0£2.7 14 £8
ne(2S5) 3.30 £ 0.03 2.8+0.2 —-164+6 | 334+£09 378+39 13+12
Xc0 3.30 £0.03 29+0.2 —13+6 || 33.7+08 364+34 8+ 10
Xc2 3.28 +£0.03 2.7+0.2 —174+6 || 335+£1.0 37040 10£12
J /1 3.31 £0.03 294+0.2 —12+6 || 33.3+£0.7 372+28 12 £8
X (3872) | 3.254+0.04 2.7+ 0.3 —18+9 | 335+1.5 389+54 16+16

Table 5.4: Mean values of AF in MC and data and corrections obtained with the
Bt — K170 control sample. All values are in MeV.

Channel uap (MC)  puap (data) op

BT — K*tn0 —2.8+0.7 6.8+24 104+ 2
Bt — Kty -294+07 69+24 10+2
BT — Kty —2.9+0.7 7.0+24 1042
BT — K'n, —2.5+0.8 6.3 £3.1 9+3
Bt — K™n.(25) -33+11 92442 13+4
BT — K'xq —-34+1.0 51+3.7 8+4
BT — KT xe -31+11 914+44 1244
BT — KTJ/y —-3.0+0.9 7.4+ 3.2 104+ 3
Bt —>K+X(3872) —-1.6+1.5 9.8 £6.1 11+6
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background and the other contributions (mainly B — X,v) are modeled with three inde-
pendent PDFs and have independent normalization parameters.

A BT — K. cross-feed is introduced in the BT — K*.J /1 fit as it will be explained
in Section This cross-feed is modeled with a Crystal Ball function for M}, and three
Gaussian functions for AE.

5.1.3 Fit description

For each channel, the fit is simultaneously performed on two or three sub-data samples de-
fined by the following experimental conditions: SVD1 and SVD2 (efficiency discrepancy)
and for experiments with or without timing information.

For the BT — K*pand BT — K7/ modes, we consider two sub-samples:

e SVD1 (exp. 7 to 27) containing 152 x 10 BB pairs.

e SVD2 (exp. 31 to 49) containing 383 x 10¢ BB pairs.

For the other modes, we consider three sub-samples:

e SVD1 (exp. 7 to 27) containing 152 x 10 BB pairs.

e SVD2 without timing information (exp. 31 to 37) containing 125 x 10° BB pairs.
e SVD2 with timing information (exp. 39 to 49) containing 258 x 10° BB pairs.

For each mode, the branching fraction (B) is the only free parameter for the signal.
The signal yield S° in sub-sample i is then defined as

ST = BXe€ X eon X NJiz’B’ (5.2)

where NfB 5 1s the number of BB pairs in sub-sample i, ¢ is the signal efficiency in sub-
sample i and e, is the correction applied to the signal efficiency.

The other free fit parameters are the continuum normalizations (one per sub-sample)
and the continuum shape parameters, except the ARGUS endpoint which is fixed to 5.29
GeV/c?. The continuum shape parameters in MC are found to be consistent between SVD1
and SVD2 and we therefore use the same parameters to describe all sub-samples.

5.2 Systematic uncertainties and results

For each mode, the fit contains by construction all known sources of systematic uncertain-
ties, which can be studied by changing the values of fixed parameters:

1. uncertainties on the signal PDF parameters and corrections (signal shape modeling),
2. uncertainties on the signal reconstruction efficiency and on the efficiency correction,
3. uncertainties on the normalizations of the B and off-time backgrounds,

4. uncertainties on the number of BB events.
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5.2.1 Uncertainty on the signal reconstruction efficiency
Uncertainty due to the m., requirement

We compare the distribution of the two-photons invariant mass between data and Monte
Carlo in the BT — K7 mode. We perform the fit in the data in bins of m., and compare
the signal yield obtained in each m.,, bin with the m., distribution of signal MC, as shown
in Figure We compute the efficiency of the tight m., requirement. This efficiency
i €data = (95.9 + 1.1)% in the data and ey;¢ = 93.6% in the MC. We assign, for each
mode, a 3.6% relative systematic uncertainty due to the m., requirement, computed as
(|€data - 6MC‘ + Uﬁdata)/€1\40'

—DATA
—MC
“cuts

Lol b b bvv b b Laa
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
My

Figure 5.3: m.,, comparison between data and MC for the BT — K7 channel
used to estimate the systematic uncertainty on the m., requirement.

Uncertainty due to the continuum rejection requirement

We compute the efficiency of the R requirement using the B* — K70 control sample.
This efficiency is evaluated as

S
ep = ST (5.3)
Stot

where Sg~r.,, is the number of BT — K7 signal events with the continuum rejection
requirement applied and S without it. The number of signal events are obtained in the
data with a fit and in MC by counting. We obtain an efficiency of ey;c¢ = 54.6% in MC and
€data = (94.7 £ 3.8)% in the data, in perfect agreement with each other. In the data, we
take into account the correlation between Sg~x.,, and Si.t to have a better estimate of the
efficiency uncertainty. We assign, for each mode, a 6.9% relative systematic uncertainty
due to the R requirement for all modes, computed as o, /emc.

Total uncertainty on the signal reconstruction efficiency

We consider a 2.2% uncertainty per photon for the photon reconstruction efficiency, 1%
per track for the tracking efficiency, 2% for kaon identification efficiency, 3.6% for the m.,,
requirement efficiency and 6.9% for the R requirement effiency. The first three uncertain-
ties are the same as those used in the B? — ¢y and B? — ~~ analyses and are described
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Table 5.5: Uncertainty on the signal reconstruction efficiency.

Source Uncertainty (%)
Photon reconstruction efficiency 2x22
Tracking efficiency 1x1
Kaon identification efficiency 2.0

m.~ cut efficiency 3.6

R cut efficiency 6.9

MC statistics 1.0

Total 9.3

in Section [4.2] on page These uncertainties are summed in quadrature and listed in
Table[5.5]

5.2.2 Likelihood including systematic uncertainties

The likelihood of the fit depends on free parameters (53, «;) and on many constant param-
eters (0;) that are only known to some extent

ﬁEﬁ(B,Ozl,...,Ozm,ﬁl,...,ﬁn). (54)

These (3; parameters, listed in Tables in Appendix D] on page are often
called nuisance parameters in the literature [138]. Their uncertainties are sources of

systematic uncertainty on the parameters that we want to measure, ie. B and «;. We
compute a likelihood including the systematic uncertainties by convolving the likelihood
function with the distributions of the [3; parameters

Leonv(B, a1, .y am) = /E(B,ou,.--,am,ﬁi,-..,ﬂ;)gl(ﬁi—ﬁl) oo 9n(By, — Bn)
dg, ... da. (5.5)

where we assume no correlation between all the 3; parameters and we assume that their
distributions can be described with Gaussian functions. A likelihood including systematic
uncertainties (Lgys;) depending on 5 only is then computed by maximizing L., for each
value of B according to

£syst<B) = maXal,...amﬁconv(By g, ..., am) . (5.6)
An analytical integration is impossible to perform. We choose to do a Monte Carlo
integration

N
1 ) .
ﬁsyst(B) = N g maxoq,...amﬁ(By Ay ey QU ﬂiv ceey /8:1) 5 (57)
i=1

where max,, _a,, L(B, a1, ...,am, B, ..., /%) is the maximum value of the likelihood of a fit
of the a; parameters where B is fixed and the ; parameters randomly chosen according
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to their distributions. A large number (N = 500) of fits has to be performed in order to
obtain a good estimate of the integral.

We then extract the final results from this likelihood, which include, by construction,
all known systematic uncertainties. We report the central value of B (B;) as the maximum
of Ly and we compute the total uncertainties (5ti0t) on the branching fraction with

Bo+d.t, 1
/ Loy dB = 68.3% x / Loyt dB, (5.8)
Bo+5;0t 0
['syst (BO + 5t_ot) = ﬁsyst (BO + 5{2»5) . (59)
+

Systematic uncertainties (J_...) are then computed with

syst
2 2
of o — 0L, (5.10)

syst =

where the statistical uncertainties (5=,,) are obtained from the nominal fit likelihood (£)
as in Equation [5.8] We compute limits on the B at 90% confidence level (Bjiyit) with

Blimit 1
/ ['syst dB = 90% x / »Csyst dB. (5.11)
0 0

And finally, we compute the significance (S) with

S = /20 Loyst (B = Bo) — In Loyt (B=10)) (5.12)

5.3 Fit results

Figures [5.4] and show the data with the fit results. The numerical values and errors
for all fit parameters for each mode are given in Appendix D] on page while the main
final results are summarized in Tables and

We observe signals in the Bt — K7'n and the BT — K1’ modes and obtain an
evidence for a signal in the Bt — K. channel. We report the first measurements of
BT — K+ and Bt — K™n, channels in the K"~ final state. We measure

B(BT — KTy — Ktyy) = (0.87701%(stat) T5 50 (syst)) x 107°, (5.13)
in agreement with Belle’s measurement of this mode with the same dataset [139]], and

B(BT — K™y — Ktyy) = (1407015 (stat) T 15(syst)) x 107, (5.14)

B(BT — K™n. — Ktyy) = (0227009 (stat) 905 (syst)) x 107 (5.15)

where the first uncertainty is statistical and the second systematic. All measured branching
fractions agree with the values shown in the third column of Table on page

We see no significant signal in the other modes, and we extract the following 90% CL
upper limits

B(BY — K'n.(28) - KTyy) < 0.18x107°, (5.16)
BBt - KTxeo — KTyy) < 0.11x107¢, (5.17)
B(BT - KTxe — KTyy) < 0.09x107°, (5.18)

BBt — Kt J/p — Ktyy) < 016 x107°, (5.19)
B(BY — KtX(3872) — KTvyy) < 024x107°9. (5.20)
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Table 5.6: Total signal yields, branching fractions and significance results for
BT — KTh — Ktvv. The first uncertainty is statistical, the second one is sys-

tematic.

Channel Signal yield B (1079 B significance
Bt — Kty 6ty 0870 hor 73

Bt — Kty 114+£13 14070184615 13.8

BY — K*n, 13.375% 0.22700910-02 4.1

BT — K*n.(29) 4.0730 0.071008 1.4

Bt — Ktxa 0.7t15 0.017003 0.21

Bt — Ktxe -0.3728 0.0070-03 -

Bt — K*tJ/y 3.4728 0.06100 2.0

Bt — KTX(3872) —0.97%2 —0.017003 -

Table 5.7: 90% CL upper limits on the branching fractions for the BT — KTh —
KT~ decays including systematic uncertainties.

Resonance & B limit at 90% CL (10~9)

N:(25) 0.18
X0 0.11
Xe2 0.09
J /b 0.16

X (3872) 0.24
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Table 5.8: Estimation of the B(BT — KT X(3872)) branching fractions. Note
that B(B* — KT X(3872)) x B(X(3872) — J/yntm~ ") is known as B(BT —
K+X(3872)) x B(X(3872) — J/¢mtn~) x (1.0 +0.5) [81].

Channel Value

x B(X(3872) — J/¢mtn™) (11.4 £ 2.0) x 107° 2]

x B(X(3872) — J/yntm—n%) (11.446.0) x 1075 [81]

x B(X(3872) — J/1) (3.3+£1.0) x 1076 [82]
(26.147.0) x 1076

The likelihoods used to obtain all above results are shown in Figure |5.6| for all modes.

Whenever the branching fraction of BT — K h has been measured elsewhere, we also
perform the fit by constraining B(B™ — KTh) to the measured value [2]], thus extracting
a measurement or an upper limit on B(h — 7). The uncertainty on B(Bt — K*h) is
included as a source of systematic uncertainty. We obtain

B(xeo —vy) < 9.5x107%, (5.21)
B(1.(25) — vy) < 82x107%, (5.22)
B(J/Y —~y) < 1.6x107%, (5.23)

at 90% CL. Similarly, for the three modes where we have an evidence of signal, we deter-
mine

By —yy) = (2013)5508)%, (5.24)
Bne —vy) = (24553707 x 107%, (5.25)

where the first uncertainty is statistical and the second systematic.

The absolute branching fraction B(BT — K1 X (3872)) has not yet been measured.
However, there are measurements of the product of this quantity and the branching frac-
tions of different decays of the X (3872). Assuming that the X (3872) partial widths to
J/yrta=, J/yYntrn—n® and J/vyy saturate the total decay width of the X(3872) and
taking the values of the corresponding products listed in Table we can estimate
B(Bt — K*X(3872)) and derive the upper limit

B(X(3872) — vvy) < 1.1% (5.26)

at 90% CL. The latter limit is conservative: if a new decay mode of the X (3872) parti-
cle is discovered, the branching fraction B(B™ — K'X(3872)) would increase thus re-
ducing B(X (3872) — ~), which is equal to B(Bt — K1tX(3872) — Ktvyv)/B(BT —
K+X(3872)).
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Figure 5.4: M. and AF distributions together with fit results for the modes
BT — K™Tn (first row), Bt — KT (second row), BT — K. (third row)
and BT — K*n.(2S) (fourth row). In each row, the two left plots show the full
fit region while the two right plots are the projections of the fit in the signal re-
gion. The points with error bars represent data, the thick solid curves are the fit
functions, the thin solid curves are the signal functions, the dashed lines show
the continuum contribution and the dotted lines show the sum of all background
contributions. The hatched area present in the whole AFE region is the contribu-
tion from charmless B decays. The hatched area around AF = —0.2GeV in the
Bt — K'™n (Bt — K™n.) case shows the contribution from B — K*(892)n
(B — K*(892)n.) decays. The filled area around AE = 0.05 GeV in the
BT — K™y case is the contribution from Bt — 7+n decays. The filled area in
the Bt — K*n. and BT — K*n.(2S) cases is the contribution from the off-time
background.
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Figure 5.5: M. and AF distributions together with fit results for the modes
Bt — KTy (first row), Bt — K1 x. (second row), Bt — KT .J /1 (third row)
and BT — K*X(3872) (fourth row). In each row, the two left plots show the
full fit region, while the two right plots are the projections of the fit in the signal
region. The points with error bars represent data, the thick solid curves are the
fit functions, the thin solid curves are the signal functions, the dashed lines show
the continuum contribution, the dotted lines show the sum of all background
contributions, the hatched area is the contribution from charmless B decays and
the filled areas the contribution from the off-time background. In the BT —
K™ J/v plots, the BT — K. cross-feed is visible in thin solid curves as a small
peaking background in M),. while it is peaking around 120 MeV in AF.
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Table 5.9: Measurements of the B(h — =) branching fractions. Second uncer-
tainties are systematic. Limits are computed at the 90% CL and include systematic
uncertainties. The assumed BT — KTh branching fractions are taken from Ta-

ble[5.8|for h = X (3872) and Table [1.3]| on page [22| for the other modes.
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Figure 5.6: Likelihoods as a function of B(B™ — KTh — KT+v) used to extract
results. Top: Bt — K*n, Bt — K*n/, Bt — K*n.and Bt — K'n.(289).
Bottom: Bt — K+J/1, B — K¥xe0, BT — K*xe and B¥ — K+X(3872). In
the Bt — K*™n, Bt — K™/ and B™ — K, figures, the lines show the +1o
uncertainties. In the remaining figures, the line shows the 90% CL limit on the

branching fraction.
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5.3.1 Fitin bins of the m.., mass

For the modes where we observe a signal, we scan the invariant mass of the two photons
by repeating the fit in several m., bins. We then compare the signal yields obtained by
these fits with the MC signal shape. A good agreement between data and MC is obtained,
as shown in Figure

—DATA o —DATA O 18 —DATA
—mc QO 70 ‘ —mC L6k —mC
uts > E —= ---cuts > E ---cuts
601 | 14
50F 12F =
40F 10F
E 8-
30F ‘ ‘ £
: - 5F
200 \ aF [
(. 10F | 2-
L . El_ | — | E
P i oEET Ll =N 0
E ‘ E = i |
Ft R0 o O I I AR R et N T T T T T
04 045 05 055 06 065 0.7 08 085 09 095 1 105 11 25 26 27 28 29 3 31 32
My myy My

Figure 5.7: Scan of m.., (GeV/c?) for BY — K*n (left), Bt — K*n/ (middle)
and BT — K™, (right). The points with error bars represent the signal yield
fitted in data and the histograms represent the signal MC shapes. The blues lines
show the tight m.., windows.
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5.4 Study of the cross-feeds between the h resonances

The tight m., selections listed in Table on page |54| overlap for the Bt — K™, and
Bt — K™.J/¢ modes and for the BT — K*tx., BT — Ktx«» and Bt — KTn.(25)
modes. When we reconstruct one mode, we also reconstruct the other one(s) with a
shift on AFE equal to the mass difference between the two resonances due to the mass-
contrained fit. As a check, we study the effect of this overlap by performing two simultane-
ous fits, described below, where cross-feed PDFs are introduced and are used to measure
the respective branching fractions. This study has proved that the results previously dis-
cussed in Section [5.3] are reliable and can be considered final results.

Independent datasets are required to perform these simultaneous fits. This is achieved
by modifying the m.,, selection, as listed in Table Efficiencies then have to be com-
puted again and are listed in Table for the simultaneous fit of the Bt — KT,
and Bt — K7*.J/¢ modes and in Table for the Bt — Ktx.,, BT — Kty and
Bt — K*n.(25) modes, including cross-feed efficiencies.

Table 5.10: Definitions of the tight invariant mass windows (GeV/c?) for photon
pairs.

Particle Tight m., window Non-overlapping tight m.., window

Ne 2.82-3.05 2.82-3.05
J /1 2.92-3.15 3.05-3.15
X0 3.25-3.50 3.25-3.45
Xe2 3.40-3.62 3.45-3.57
16(25) 3.44-3.70 3.57-3.70

Table 5.11: Signal reconstruction efficiencies (%) for the nominal fit and for the
simultaneous fit of the Bt — K ', and BT — K*.J/¢) modes. Note that there is
no BT — K™, signal reconstructed in the m.. region of the .J/v.

Nominal efficiencies Updated efficiencies
SVD1 SVD2 SVD1 SVD2 SVD1 SVD2
True 7, True J/v
reconstructed as 7, 10.0 10.9 100 109 438 4.8
reconstructed as J/v | 9.4 9.7 - - 5.8 6.3

~ For both fits, the signal fit variables are the branching fractions. The signal yields
S?(k), for mode k, are computed from the branching fraction B(k) with the relations

SI(k) = B(k) x € (k) x N’

(. (5.27)

where i runs over the simultaneously reconstructed and fitted resonances and j over the
different sub-samples.
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Table 5.12: Signal reconstruction efficiencies (%) for the nominal fit and for the
simultanous fit of the BT — KT xq, BT — K*x. and BT — K*1.(2S) modes.
Note that there is no BT — Ky, signal reconstructed in the m. region of the
1e(29).

Nominal efficiencies Updated efficiencies
SVD1 SVD2 SvD1 SvVD2 SVD1 SVD2 SVD1 SVD2
True x.o True x.o True 7.(2S5)
recon. as xqo 11.0 11.6 10.0 104 29 2.9 1.8 1.8
recon. as X2 10.4 11.3 1.3 1.5 7.2 7.7 4.9 5.1
recon. as 7.(25) | 10.9 11.4 - - 2.1 2.5 5.9 6.3

Table 5.13: Signal yields and branching fractions results for the simultaneous
combined fits with cross-feeds. The uncertainties are statistical. Limits are calcu-
lated at 90% confidence level and include systematic uncertainties.

Resonance Signal yield B(Bt — KTh — KTv) (1079)

e 12.7557 0.22%557
J/ —~1.17%¢ <0.13
Xe0 11723 <0.11
Xe2 ~1.671¢ <0.07
1:(25) 2.91%2 <0.20

The results of the simultaneous fits are shown in Table and in Figures[5.8|and
They are globally consistent with the results from the nominal fits. In particular, the limits
vary by very small amounts. However, some of the cross-feed components go negative,
which is difficult to interpret on statistical grounds. Therefore, we decide to keep the
nominal fits as our final results.

For each of the BT — K'x,, Bt — KTy« and Bt — K*1.(25) modes, we try
another fit where cross-feed branching fractions are set equal to the limits presented in
Table on page The fit results are listed in Table We obtain the same or
slightly smaller limits. We conclude that the limits presented in Table for these three
modes are reliable and conservative.

For the BT — K™n., we do not try another fit with non-zero fixed B™ — K*.J/v
cross-feed, which is a forbidden background. However, note that we have introduced in
the nominal B* — KT .J /v fita Bt — K. background component using our measured
BT — K1, branching fraction.
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Figure 5.8: Results for the simultaneous combined fit of the modes BT — KTy
(first row), BT — K*tx. (second row) and B™ — K*n.(25) (third row). For
each row, the two left plots show the full fit region, while the two right plots
show the projection of the fit in the signal window. Fit curves are described in

Figures[5.4] and [5.5 on pages[95|and

Table 5.14: BT — K'Th — K1~y branching fractions results for the fit with
cross-feeds fixed to the upper limits of Table [5.7] on page The uncertainty is
statistical. Limits are calculated at 90% confidence level and include systematic
uncertainties.

Resonance Signal yield B(BT — KTh — K*t~v) (107%)
Xe0 0.7+35 <0.10
Xe2 ~1.2%%3 < 0.09
1:(25) 2.9139 <0.18
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Conclusion

E have studied the B — ¢~ and B? — ~~ radiative penguin decays in a 23.6 fb!

-\/. \/ sample containing 2.8 million BY mesons recorded at the Y(55) resonance with

the Belle detector at KEKB, an electron-positron collider located in Tsukuba, Japan. We

have obtained the first observation of a radiative penguin decay of the B? meson in the
BY — ¢y mode with a significance of 5.5 standard deviations, and we have measured

B(BY — ¢v) = (571 (stat) 13 (syst)) x 10~

in agreement with the Standard Model expectation [44], [45].
We have not observed any significant BY — ~~ signal and computed an upper limit at
the 90% confidence level on its branching fraction of

B(B? — ~vv) <87 x107°.

This limit is about six times more stringent than the previously published one [58]. It
is only about one order of magnitude larger than the expectation from the Standard
Model [55| 56, 57] leaving good hope for a Super B-factory [83],184) [85] to observe this
decay in the future. Its observation would provide an important test of the Standard
Model [160, [61], [62].

We have studied the resonant B™ — K*™h — K"~y decays, where the h particle can
be a n, ', e, 1:(25), X0, Xc2 OF @ J/1) meson, or the X (3872) particle. We have searched
for these decays in a 492 fb~! sample containing about 535 millions BB pairs recorded at
the Y (4S5) resonance.

We have observed the modes with & = n and 7/, and we have obtained an evidence of
the mode with h = 7.. We have measured

B(BY — Kn— K*yy) = (0.875515(stat) fgn(syst)) x 107°,
B(BY — K™y — K¥yy) = (14070 3(stat) (15 (syst)) x 107°,
B(BY — KTn, — KTyy) = (0.22755 (stat) 505 (syst)) x 1076,

with significances of 7.3, 13.8 and 4.1, respectively. This is the first time thata BT — KT,
signal is seen in the K~ final state. This evidence provides hope to test the Standard
Model by measuring, at a future Super B-factory, the photon polarization of the b — s
transition [70].

For the other BT — K+h — K'~v modes, we have computed upper limits on their
branching fractions. We have also measured or set limits at the 90% confidence level
on the branching fractions of the h — ~~ decays, whenever B(B*™ — K*h) had been
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measured elsewhere. We have set, for the first time, an upper limit on the branching
fraction of the decay of the X (3872) particle into two photons of

B(X(3872) — vy) < 1.1%.



Appendix A

Continuum suppression figures for
BT - KTh — KT~~

We present in this appendix continuum suppression figures for all BT — KTh — Kty
modes, except those for BT — K7 which are shown in Figures and on pages
and
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Figure A.1: MC distributions for the BY — K1’ mode. Top: SFW, | cos 6$M|, Az
for SVD1 and Az for SVD2 distributions for signal (black) and continuum (red).
Bottom: R, F, and R versus F for signal and continuum.
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Figure A.2: MC distributions for the BT — K*7. mode. Top: SFW, |cos §$M|,
Az for SVD1 and Az for SVD2 distributions for signal (black) and continuum
(red). Bottom: R, F, and R versus F for signal and continuum.

0.6F F 30b
25
0.5F E 250
20F
0.4F 20F
15F
0.3F s 15
0.2 10 100
o1 5 5F
0! : L L L L L L L L L E L L
% 0010203040506070809 1 015 0.1 005 0 005 01 015 015701 005 0 005 01 015
|cos 6| AZ (SVD1) (cm) AZ (SVD2) (cm)
2.2F ]  E— = =
’ ) =Llq
= |-
6 1.8] =
. 1.6  E—1 | — E =
1.4 = = :
4 1.2 —— = -
1 = =
3 0.85] = =
2 il = =
0.4 = =
1 0.2 = =
I L L L L L L 0 L L == T
%70.1020.30.405060.70.809 1 105 05 1 0 05 1
R F F F

Figure A.3: MC distributions for the BT — K*7.(25) mode.
| cos M|, Az for SVD1 and Az for SVD2 distributions for signal (black) and
continuum (red). Bottom: R, F, and R versus F for signal and continuum.

Top: SFW,
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Figure A.4: MC distributions for the BT — KTy, mode. Top: SFW, | cos §§M|,
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(red). Bottom: R, F, and R versus F for signal and continuum.
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Figure A.5: MC distributions for the B* — Ky, mode. Top: SFW, | cos $M|,
Az for SVD1 and Az for SVD2 distributions for signal (black) and continuum
(red). Bottom: R, F, and R versus F for signal and continuum.
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Figure A.6: MC distributions for the B* — K*.J /¢ mode. Top: SFW, | cos 0$M|,
Az for SVD1 and Az for SVD2 distributions for signal (black) and continuum
(red). Bottom: R, F, and R versus F for signal and continuum.
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Figure A.7: MC distributions for the Bt — K1 X(3872) mode. Top: SFW,
| cos M|, Az for SVD1 and Az for SVD2 distributions for signal (black) and
continuum (red). Bottom: R, F, and R versus F for signal and continuum.



Appendix B

Fit Parameters for Bg — ¢~ and
Bg —

We give in this appendix parameters of the nominal fits described in Chapter 4. For the

BY — ¢ fit, floating (constant) parameters are listed in Table (Table [B.2)). For the
(Table B.4).

BY — ~~ fit, floating (constant) parameters are listed in Table Table

Table B.1: Floating parameters of the BY — ¢ fit.

Parameter Value
B(BY — ¢7) (5.702+1736) 5 107
deltae_udsc_al —0.21436J_r8&g?8
mbc_udsc_arguspar ~16.914275327
Neontinuum 107.15Jjﬂ:gg
SpoBy —0.7049++2-455

Spx 5o 0.539412-937
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Table B.2: Constant parameters of the BY — ¢ fit.

Parameter

Value

B(BY — ¢n)

B(n — vv)
B(¢ — KTK
T (59)

T

ECM

beam
€BY—¢y
€BY—¢n
/ B:Br
[s
intlum_e43
intlum_eb3

systerror

(0.0015:53) x 1075
(39.39 + 0.24)%
(49.3 + 0.6)%
(0.302 4 0.015) nb
5.4346
(24.7 + 0.2)%
(5.840.2)%
(93t9)%
(19.555:3)%
(1.857 £ 0.026) fb~*
(21.744 £ 0.304) fb~*
1.000 £ 0.107

)

Table B.3: Floating parameters of the BY — - fit.

Parameter Value
B(BY — v7) (—1.72135103315) 105
deltae_udsc_al —0.65611J_r8:}§gg
mbc_udsc_arguspar —21.4750fg:g%

Ncontinuum
Spopgo

Sp: B

14.99

157.76 11175
3.831
—4.4830715:83

4.537
—1.366513 20

Table B.4: Constant parameters of the BY — v+ fit.

Parameter Value
o 5% (0.302 4 0.015) nb
ESM 5.4346
€B0—yry (17.8+£0.2)%

B: B (93_—%)%
fs (19.555:3)%
intlum_e43  (1.857 +0.026) fb~!
intlum_e53 (21.744 +0.304) fb~!

systerror

1.000 + 0.109




Appendix C

Signal probability density functions
for BT — KTh — KT~~

We present in this appendix the signal probability density functions for the BT — K*h —
K™ ~~ modes, except those for Bt — K1 which are shown in Figure |5.1|on page

F 1200F 1200
1800F r [
1600 10001 1000
1400 s00l-
1200F r 8o0p
1000F 600 s00-
800F [
600F 400 400
400 200F 200F
200f [ [
. . . . A 0 Ll (W . . . ) e _ Jr (W . . . . AT
B357315555.535.045.255.265.275.285.29 B5573157555.535.045.255.265.275.285.29 B3°57315555.535.045.255.265.275.285.29
M, (GeVic?) M, (GeVic?) M, (GeVic?)

3 1200F 2200F
1200 2000
1000 18000
1000 [ 1600F
[ 800 £
8001 r 1400-
r 1200F
6001 F
6001 r 1000F
800
L 400 F
4001 F 600-
200~ 200 400F
[ 2001

L . A IRTRIT BT . L . d i ! £ ! ! Ll . L

®37 02 01 0 01 02 03 83702 01 01 02 03 83792701 o0 01 02 03
AE (GeV) AE (GeV) AE (GeV)

Figure C.1: My, and AFE distributions for the Bt — K+’ (first column), BT —
K. (second column) and Bt — K*1.(2S) (third column) signal MC together
with the fit functions used as PDFs.



112

SIGNAL PDF FIGURES FOR BT — Kth — KT~~

1200F 1400F
1000 12001
[ 1000
800F ¥
¥ 8001
600F ¥
! 600F
400k 400
200 200
L 5 5 4 " . i Al I £ X I i 4
B3"8315.255.235.545.955.265.275.285.29 87702 01 0 01 02 03
M, (GeVic?) AE (GeV)
1200 F
[ 2200F
1000[- 2000
[ 1800F
8001 16005
[ 1400F
600~ 12005
: 1000F
4001 800F
t 600F
200F 4005
t 200F
h A . I L il (= L L 1 i L
83°57215.225.935.245.255.265.275.285.29 937027061 o o1 02 03
M,, (GeVic?) AE (GeV)
F 1800F
10001 1600
[ 14001
800 F
[ 1200F
600} 1000}~
r 800
400 600
200" 400~
[ 200F
IR PP P Al L . A, .
83"5315.255.235.945.255.265.275.285.29 83702701 o 01 02 03
M, (GeVic?) AE (GeV)
F 4000F
1400" 35000
1200- 3000
1000- 2500
8oof- 2000-
600/~ 15001
4001 10005
200 500
bttt | L 3 I I 1 L .
B375315.225.235.245.955.265.275.285.29 83702 01 o0 01 02 03
M, (GeVic?) AE (GeV)

Figure C.2: M,. and AFE distributions for the Bt — K%ty (first row), BT —
KT xe (second row), BT — K*t.J/v (third row) and BT — KX (3872) (fourth
row) signal MC together with the fit functions used as PDFs.



Appendix D

Fit Parameters for
BT - KTh — KT~~

We give in this appendix parameters of the nominal fits described in Chapter |5, Table
links to tables containing the fit parameters for all studied modes.

Table D.1: This table links to tables containing constant and floating parameters.

Mode floating constant
Bt — K+n D.2 D.10

BT — Ko/ D.3 D.11

Bt — K+, D.4 D.12

Bt — K+n.(25) D.5 D.13

B* — K*xe D.6 D.14

BY — K+ye D.7 D.15

Bt — K*TJ/vy D.8 D.16/and [D.17
BT — KTX(3872) D.9 D.18




FIT PARAMETERS FOR BT — Kth — K1~~

Table D.2: Floating parameters of the BT — KT fit.

Parameter Value

B(B* — Ktn— Ktyy) (0.8727013)) x 107°
liots 2565153

NETto27 1022 + 33

continuum

qq_deltae_p2_a0

qq_mbc_argus_par

+0.029
—0.175" 030

—14.4+£20

Table D.3: Floating parameters of the BT — KT/ fit.

Parameter Value

B(BT — Kty — Ktyy)  (1.37970161) % 1076
Ne3ltodd 840 4+ 31
Neoimum 282717

qq_deltae_p2_a0

qgq_mbc_argus_par

—0.30310:053

+3.65

Table D.4: Floating parameters of the BT — K1, fit.

Parameter Value

B(BT — K*n. — K*yy)  (0.235X075) x 1076
Néontimum 45.9755
Neotintmm 95.2-106
Néontimum 40455

qq_deltae_p2_a0

qq_mbc_argus_par

0.126

9.91
—3.55 g ar

Table D.5: Floating parameters of the BT — KTn.(25) fit.

Parameter Value

B(B* — K*ne(28) — Ktyv)  (0.0677(055) x 107

Neontimun 76.6757
ot 158.61337

Neantinmum 861755

gqq_deltae_p2_a0

qq_mbc_argus_par

0.088
—0.578750s3

7.08
—0.032* o8
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Table D.6: Floating parameters of the BT — KTy fit.

Parameter Value

B(B* — K*xe — K*v7y)  (0.01270031) x 1076
NS 5L
Néontimmum 16213

N atinoum 76.1494
qq_deltae_p2_a0 —0.58170053
qq_mbc_argus_par 195785

Table D.7: Floating parameters of the BT — KTy, fit.

Parameter Value

B(BT — KXo — K*yy)  (—0.005%003;) x 107°
NS, 63.975
N 1442 12
Neontimum 69.8%%7
qq_deltae_p2_a0 —0.550f8:8§3
qq_mbc_argus_par —10.1f;:§

Table D.8: Floating parameters of the BT — KT .J /v fit.

Parameter Value
B(BY — K*J/ip) — K*yy)  (0.0651005) x 1076
N 37555
Neontimium 72753

T 38.95
qq_deltae_p2_a0_jpsi —0.39870159

qq_mbc_argus_par_jpsi O.Gfigig
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Table D.9: Floating parameters of the BT — K+ X (3872) fit.

Parameter

Value

qq_deltae_p2_a0

qgq_mbc_argus_par

B(BT — KTX(3872) — KTvyy) —0.01279:028 x 106

160.9714°5
39612
161.4714%
—0.5005 057

4.5
—14.6757
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Table D.10: Constant parameters of the BT — K T fit.

Parameter Value
Ngto®d (382.6 +5.8) x 10°
N;%OW (152.0 & 1.2) x 10°
N2 802y bke. 92.1+£1.3
N (802)n bke. 36.6 + 0.5
59,0 1.1
N 23,5404
Aﬁﬁﬂffinbkg_ 9.3+£2.3
Nf;fojzr+n bk, 3.7£0.9
qq_mbc_argus_m0 5.29 GeV/c?
sigcorr_deltae_gl_m 0.010 £ 0.002
sigcorr_deltae_gl_s 1.13+0.06
sigcorr_mbc_m 0.0
sigcorr_mbc_s 0.84 £0.03
€corr. 0.980 £ 0.002
e(SVD1) 0.1598 £ 0.0008
€(SVD2) 0.1689 £ 0.0008

sigmc_deltae_gl_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n
sigmc_mbc_cb_s

systerror

0.704 + 0.047
(—0.0485 + 0.0052) GeV
(0.0452 4 0.0030) GeV
0.400 + 0.036
(—0.0713 =+ 0.0045) GeV
(0.1046 4 0.0062) GeV
(—0.00197 + 0.00095) GeV
(0.02771 4 0.00074) GeV
5.638
5.27910 + 0.00003 GeV/c>
1.5594
0.00313 = 0.00002 GeV/c>
1.00000 % 0.09430
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Table D.11: Constant parameters of the BT — K™/ fit.

Parameter

Value

e31to49
Ng5

e7to27
]VBB

e31to49
N, charmless B bkg.

e7t027
charmless B bkg.

qq_mbc_argus_mO0
sigcorr_deltae_gl_m
sigcorr_deltae_gl_s
sigcorr_mbc_m
sigcorr_mbc_s

€corr.

e(SVD1)

e(SVD2)
sigmc_deltae_gi_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n
sigmc_mbc_cb_s

systerror

(382.6 £ 5.9) x 10°
(152.0 £1.2) x 106
91.3+ 1.3
36.3 £+ 0.5
5.29 GeV/c?

0.010 =+ 0.002
1.13 +0.06
0.0
0.84 +0.03
0.9832 £ 0.0015
0.14868 + 0.00079
0.15990 + 0.00082
0.865 + 0.018
(—0.0265 £ 0.0017) GeV
(0.0427 £ 0.0013) GeV
0.448 4 0.028
(—0.0478 £ 0.0056) GeV
(0.1175 + 0.0073) GeV
(—0.00143 4 0.00059) GeV
(0.02242 + 0.00058) GeV
4.697
5.27900 + 0.00003 GeV/c?
1.765
0.003026 + 0.000024 GeV/c?
1.000 £ 0.094
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Table D.12: Constant parameters of the Bt — KT, fit.

Parameter Value
NggresT (124.7 +1.9) x 106
Np3tos (258.0 & 3.4) x 100
NyE2t (152.0 + 1.2) x 10°
Ng?it?(i?ggz)m bke. 3.2+0.8
N 892y, be. 6.7+ 1.6
N 892y bie. 3.9+1.0
ofttime 1 1.941.0
Nitime 0.0
Nt tme 1 24412
Neftdme 2 1.0£0.7
oft-ime 2 0.0
oftime 2 12408
Nmicss B bkg. 2.0%£0.1
N f}?ﬁ?ﬁi B bkg. 4.1+0.2
N fg;frﬁlzss B bkg. 24+0.1
qq_mbc_argus_m0 5.29 GeV/c?
sigcorr_deltae_gl_m 0.009 + 0.003
sigcorr_deltae_gl_s 1.14 +0.08
sigcorr_mbc_m 0.0
sigcorr_mbc_s 0.82 £0.03

6COI‘I‘.

e(SVD1)

e(SVD2)
sigmc_deltae_gl_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n
sigmc_mbc_cb_s

systerror

0.9944 + 0.0015
0.09991 =+ 0.00067
0.10915 =+ 0.00070

0.915 4 0.018
(0.00007 = 0.00041) GeV
(0.01499 + 0.00070) GeV

0.477 4 0.037
(—0.0400 £ 0.0063) GeV

(0.0903 = 0.0058) GeV
(—0.00238 + 0.00071) GeV
(0.0327 £ 0.0011) GeV
99.97
5.27900 =+ 0.00004 GeV/c?
1.1954
0.003229 = 0.000036 GeV/c?
1.000 = 0.094
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Table D.13: Constant parameters of the Bt — K*1,.(29) fit.

Parameter

Value

e31to37
]VBB

e39to49
]VBB

e7to27
Ngp

e31to37
off-time 1
e39t049
off-time 1
e7to27

N, off-time 1
e31to37
off-time 2
€39t049
off-time 2
e7to27
off-time 2
e31to37

N, charmless B bkg.

Ne39t049
charmless B bkg.
eTto27
charmless B bkg.

qq_mbc_argus_mO0

sigcorr_deltae_gl_m

sigcorr_deltae_gl_s

sigcorr_mbc_m
sigcorr_mbc_s
€corr.

e(SVD1)

€(SVD2)
sigmc_deltae_gi_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n
sigmc_mbc_cb_s

systerror

(124.7 £1.9) x 106
(258.0 £3.4) x 106
(152.0 £ 1.2) x 106
0.5+0.5
0.0
0.6 £ 0.6
11.1+23
0.0
13.5+£2.8
3.0+£0.1
6.2 +0.3
3.6 +£0.2
5.29 GeV/c?
0.013 = 0.004
1.13+£0.12
0.0
0.84 4 0.06
0.9870 + 0.0015
0.1100 + 0.0007
0.1159 + 0.0007
0.9698 + 0.0046
(—0.0158 £ 0.0005) GeV
(0.0237 + 0.0007) GeV
0.365 & 0.02
(—0.027 £ 0.014) GeV
(0.137 £ 0.018) GeV
(—0.0123 + 0.0002) GeV
(0.00981 = 0.00026) GeV
18.06
5.27900 + 0.00005 GeV/c?
1.259
0.003297 + 0.000038 GeV/c?
1.000 4 0.094
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Table D.14: Constant parameters of the BT — K Ty fit.

Parameter Value
NgiLtod? (124.7 £1.9) x 106
N?B?to‘lg (258.0 & 3.4) x 10°
Ngto2 (152.0 £ 1.2) x 10°
NEIMo37, 1.9+1.0

00

AR 24+1.2
NEIL037, 14+08

00

Al 1.78 +1.02

25401

52403
N 3102
qq_mbc_argus_m0 5.29 GeV/c?
sigcorr_deltae_gl_m 0.008 £ 0.004
sigcorr_deltae_gl_s 1.08 £0.10
sigcorr_mbc_m 0.0
sigcorr_mbc_s 0.87 £ 0.06

€corr.

€(SVD1)

e(SVD2)
sigmc_deltae_gi_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n

sigmc_mbc_cb_s

0.9897 =+ 0.0015
0.11134 4 0.00070
0.11714 + 0.00072

0.894 + 0.021
(0.00034 = 0.00035) GeV
(0.01332 = 0.00070) GeV

0.515 4 0.045
(—0.0405 + 0.0046) GeV

(0.0804 = 0.0041) GeV
(—0.0020 £ 0.0008) GeV
(0.0287 4 0.0013) GeV
100.0
5.27910 + 0.00005 GeV/c>
1.0841
0.003189 + 0.000037 GeV/c2
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Table D.15: Constant parameters of the BT — K Ty fit.

Parameter Value
Ng%tom (124.7 4+ 1.9) x 10°
Ng9tod9 (258.0 £3.4) x 106
NgTko2? (152.0 +£1.2) x 10°
NE3o37, 1.0£0.7
N, 00
A 1.2+0.8
NEIL037, 48+ 1.5

00
A 59+1.9
N e 230,
NS, e 19403
N2 e 29£0.1
qq_mbc_argus_m0 5.29 GeV/c?
sigcorr_deltae_gl m 0.012 + 0.004
sigcorr_deltae_gl_s 1.10 £0.12
sigcorr_mbc_m 0.0
sigcorr_mbc_s 0.83 £ 0.06
€corr. 0.9874 £ 0.0015
e(SVD1) 0.10562 £ 0.00069
e(SVD2) 0.11418 +0.00071
sigmc_deltae_gi_f 0.9862 £ 0.0025
sigmc_deltae_gl_m (—0.00027 £ 0.00015) GeV
sigmc_deltae_gl_s (0.00960 £ 0.00023) GeV
sigmc_deltae_g2_f 0.731 £0.024
sigmc_deltae_g2_m (—0.033 £0.018) GeV
sigmc_deltae_g2_s (0.144 £+ 0.020) GeV
sigmc_deltae_g3_m (—0.00063 £ 0.00053) GeV
sigmc_deltae_g3_s (0.02328 £ 0.00086) GeV
sigmc_mbc_cb_a 100.0
sigmc_mbc_cb_m 5.279000 4 0.000044 GeV/c?
sigmc_mbc_cb_n 1.152
sigmc_mbc_cb_s 0.003201 4 0.000036 GeV/c?

systerror 1.000 £ 0.094




FIT PARAMETERS FOR BT — KTh — Kt~y 123

Table D.16: Constant parameters of the BT — K*.J/1 fit. See also Table
for more parameters.

Parameter Value
B(Bt — K*tn, — Ktyy)  (0.2240.09) x 1070
€(SVD1)p+ . kc+y, 0.0669 & 0.0012
€(SVD2) g+ g+, 0.0755
NgRresT (124.7 £ 1.9) x 100
Nggrete (258.0 4 3.4) x 100
N2 (152.0 £ 1.2) x 106
Nt 1 44+15
Strime 1 0.0
Noftme 1 5.3+1.8
Nt ime 2 1.0+0.7
Stttime 2 0.0
Noftime 2 12408
Nimiess B bkg. 1.9+0.1
Nfl?e?r&r(l)ﬁags B bkg. 3.8+0.2
N 2.3+0.1

charmless B bkg.
qq_mbc_argus_mO_jpsi 5.29 GeV/c?
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Table D.17: Constant parameters of the BT — K*.J/1 fit. See also Table
for more parameters.

Parameter Value
sigcorr_deltae_gl_m_jpsi 0.010 £ 0.003
sigcorr_deltae_gl_s_jpsi 1.12 +£0.08
sigcorr_mbc_m_jpsi 0.0
sigcorr_mbc_s_jpsi 0.88 £ 0.06
sigeff_corr_jpsi 0.9917 £ 0.0015
€(SVD1) g+ it g/ 0.09434 £ 0.00065
€(SVD2) g+ i+ 7/ 0.10044 £ 0.00067
sigmc_deltae_gl_f_jpsi 0.546 + 0.041
sigmc_deltae_gl_m_jpsi (—0.00011 £ 0.00022) GeV
sigmc_deltae_gl_s_jpsi (0.00943 £+ 0.00044) GeV
sigmc_deltae_g2_f_jpsi 0.9551 £ 0.0094
sigmc_deltae_g2_m_jpsi (—0.001020 £ 0.00046) GeV
sigmc_deltae_g2_s_jpsi (0.0223 £ 0.0012) GeV
sigmc_deltae_g3_m_jpsi (0.0045 £+ 0.0036) GeV
sigmc_deltae_g3_s_jpsi (0.0627 £+ 0.0044) GeV
sigmc_etac_jpsi_deltae_gl_f 0.84 £0.01
sigmc_etac_jpsi_deltae_gl_m (0.1266 £+ 0.001) GeV
sigmc_etac_jpsi_deltae_gl_s (0.0466 £+ 0.001) GeV
sigmc_etac_jpsi_deltae_g2_f 0.4904 £ 0.022
sigmc_etac_jpsi_deltae_g2_m (0.0859 £ 0.005) GeV
sigmc_etac_jpsi_deltae_g2_s (0.1309 £ 0.004) GeV
sigmc_etac_jpsi_deltae_g3_m 0.1318 GeV
sigmc_etac_jpsi_deltae_g3_s 0.0197 GeV
sigmc_etac_jpsi_mbc_cb_a 4.3964
sigmc_etac_jpsi_mbc_cb_m 5.2785 GeV/c?
sigmc_etac_jpsi_mbc_cb_n 1.2006
sigmc_etac_jpsi_mbc_cb_s 0.0039 GeV/c?
sigmc_mbc_cb_a_jpsi 99.999
sigmc_mbc_cb_m_jpsi 5.27900 4 0.00004 GeV/c?
sigmc_mbc_cb_n_jpsi 1.1582
sigmc_mbc_cb_s_jpsi 0.003180 4 0.000036 GeV/c?

systerror 1.000 £ 0.092
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Table D.18: Constant parameters of the Bt — KT X (3872) fit.

Parameter Value
NpRosT (124.7 £ 1.9) x 100
Nyt (258.0 4 3.4) x 100
NyE2T (152.0 + 1.1) x 106

oftime 1 39414

Sittime 1 0.0
Niftime 1 47T+17

oftime 2 9.3 +£4.9

St imé 2 0.0

ot ime 2 60.14 6.0
Nmicss B bkg. 5.4+0.2
N f}?agrtrgﬁ?s B bkg. 11.2+04

Camaless B bkg. 6.6 4 0.2
qq_mbc_argus_m0 5.29 GeV/c?
sigcorr_deltae_gl_m 0.011 + 0.006
sigcorr_deltae_gl_s 1.16 £0.16
sigcorr_mbc_m 0.0
sigcorr_mbc_s 0.82 +0.09

6COI‘I‘.

e(SVD1)

€(SVD2)
sigmc_deltae_gi_f
sigmc_deltae_gl_m
sigmc_deltae_gl_s
sigmc_deltae_g2_f
sigmc_deltae_g2_m
sigmc_deltae_g2_s
sigmc_deltae_g3_m
sigmc_deltae_g3_s
sigmc_mbc_cb_a
sigmc_mbc_cb_m
sigmc_mbc_cb_n
sigmc_mbc_cb_s

systerror

0.9694 + 0.0015
0.1410 £ 0.0008
0.1547 & 0.0008
0.9724 £ 0.0029
(—0.00022 + 0.00010) GeV
(0.00722 4 0.00017) GeV
0.688 & 0.024
(—0.0427 £ 0.0097) GeV
(0.1300 4 0.0094) GeV
(0.0004 4 0.0003) GeV
(0.01714 + 0.00056) GeV
100.0
5.2790 + 0.00004 GeV/c?
1.1396
0.003224 + 0.000032 GeV/c2
1.000 = 0.094
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