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Synopsis

0.1 Introduction

The bottomonium family, a bound system of a bottom (b) quark and its antiquark
(b), offers a unique laboratory to study spin-dependent strong interactions. As the
b quark is heavier than the u, d, s and ¢ quarks, the bottomonia can be well de-
scribed by the non-relativistic quantum mechanics. These states are characterised
by their spin S = 0 or 1, owing to an antiparallel or a parallel configuration of b
and b, orbital angular momentum (L), and total angular momentum (.J). Among
them the Y (nS) states have J”¢ = 17~ and thus can be directly produced through
virtual photons in e*e™ collisions in the process eTe™ — 4* — T(nS). At ete”

colliders, other bottomonium states are mainly produced from the YT (nS) decays.

The spin-singlet (S = 0) states with zero orbital angular momentum (L = 0)
are denoted as the 7,(nS). The 7,(1S) meson, also the ground state of the bot-
tomonium family, was discovered by the BABAR Collaboration in 2008 in the
decay Y(35) — ym(1S) [1]. Recently, attempts have been made to look for
its radially excited partner, the 7,(25). The first evidence for the 7,(25) is re-
ported by the Belle Collaboration [2] using a 133.4fb™" of data sample collected
near the T(55) resonance. The study is performed with the process ee™ —
T (55) = hy(nP)ntn™ hy(nP) — ny(mS)y for n > m = 1 and 2, in which the
my(mS) states are not exclusively reconstructed. Here, the intermediate h,(nP)
states are the P—wave spin singlet states (S = 0, L = 1) of the bottomonium
family. The 7,(25) mass is measured in the transition h,(2P) — 1,(25)7y to be
9999.0 4+ 3.5(stat.) 15 (syst.) MeV/c?, which corresponds to a hyperfine mass split-
ting between the Y (2S5) and n,(25) states, AMyp(2S) = M[Y(2S)] — M[ny(25)],
of 24.3772 MeV/c2.

There is a recent claim of observation of a bottomonium state, X,;(9975), in
the radiative Y (2S) decay based on an analysis performed on a data sample of
9.3 x 105 Y(2S) decays recorded with the CLEO III detector [3]. The X,z(9975)
state is exclusively reconstructed in 26 hadronic final states, and is measured with
a significance of about 5 standard deviations (o) at a mass of 9974.6 4+ 2.3(stat.) +
2.1(syst.) MeV/c?. Furthermore, the X,7(9975) state is assigned to the 7,(25),



which corresponds to the hyperfine splitting, AMup(25) = 48.6 + 3.1 MeV/c2
The claim of X;(9975) state to be the 1,(2S) is in contrast with the Belle result,
while the latter is in agreement with the lattice QCD, potential model and related

theoretical predictions summarized in Refs. [4, 5].

The P-wave spin-triplet states x,s(1P) and x,(2P) (J = 0,1, 2) were discovered
more than 30 years ago, while the x;,;(3P) is observed only in 2011 by the ATLAS
experiment [6]. In 2008, the CLEO Collaboration had reported first observations
of the xps(1P) and x;,(2P) decays into specific final states of light hadrons, where
the xps(1P) and x,s(2P) are produced in the radiative transition of the Y(25)
and Y(35), respectively [7]. For this study, CLEO used an on-resonance data
sample corresponding to 9.3 x 10 T(2S) and 20.8 x 10° T(3S5) decays. Further,
the xps(1P) and x,(2P) states were reconstructed from a combination of 12 or
fewer particles, where the particles are defined as a photon, 7%, K%, p/p, and K°
(photons must be paired into either 7° or 7). At the end, 14 modes were identified
that have had at least 5o significance from both x,;(1P) and x;,(2P) decays.

With almost 17 times larger data sample recorded at the Y(25) resonance com-
pared to CLEOQO, Belle has a unique opportunity to either confirm or refute the
aforementioned observation of the X,;(9975) state. A search for the X;(9975) is
discussed in detail in Section 0.3. The study of x,;(1P) decays in specific hadronic
final states at Belle would not only improve over the CLEO’s measurements of 14
modes, but also potentially uncover many new modes. Section 0.4 dwells on our

study of xs(1P) decays to several hadronic states.

0.2 Detector and Dataset

The dataset used in our study is recorded with the Belle detector [8] located at an
interaction region of the KEKB asymmetric-energy eTe™ collider [9] in Tsukuba,
Japan. Belle is a general-purpose magnetic spectrometer with a large solid angle
coverage. It includes a silicon vertex detector, a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters (ACC), time-of-flight
scintillation counters (TOF), and an electromagnetic calorimeter (ECL) compris-
ing CsI(T1) crystals. All these components are located inside a superconducting
solenoid coil that provides a 1.5T magnetic field. An iron flux return located

outside of the coil is instrumented to detect K} mesons and muons.



Belle was mainly designed to study CP violation in the B-meson system, for which
most of its data were recorded at the Y (4.5) resonance that decays almost entirely
to a BB pair. In addition, Belle also recorded world’s largest e*e™ collision data
near the Y(15), T(2S5) and Y (55) resonances. The latter data sets are well suited

for hadron spectroscopy related studies.

Our studies are performed using a 24.7 fb ™! of data, equivalent to (157.84:3.6) x 10°
T(2S) events, recorded at the T(2S) resonance. A 1.7fb™" of off-resonance data
sample, collected 30 MeV below the YT(2S) peak, provides a convenient though
limited sample to study the eTe™ — ¢q (¢ = u,d, s,¢) continuum background.
Hence, an 89.5fb ™! of off-resonance data sample recorded 60 MeV below the Y(49)
resonance is also used for the continuum background study. Monte Carlo (MC)
samples,; equivalent to the total T(2S5) data sample of Belle, of inclusive T(25)
decays are generated with PyTHIA [10]. These MC samples are utilised for the

investigation of potential peaking backgrounds.

0.3 Search for X;;(9975)

As discussed in Section 0.1, having 17 times larger data sample compared to CLEO,
Belle can unambiguously confirm or refute the observation of the X,;(9975) state.
We perform a search for the X,;(9975) in the reaction, Y (25) — vX,3(9975) [11],
where the X5(9975) is reconstructed in the same 26 modes as in Ref. [3]:

2 , 3(rtaT), AlntrT), B(rtwT), (rtr )(KTK™), 2(xta ) (KTK™),
3 (KTK™), 4T ) (KTK™),2(KTK™), (nTn )2(KTK ™), 2(rtn)2(KTK ™),

Cax
Cax
3(rtmT)2(KTK ™), (vt n)pp, 2(ntw " )pp, 3(x " )pp, 4(wta” )pp, ('t 7T ) (KK )pp,
(nt7)
(™ )m

™

™o

Amta ) (KK )pp,  3(rta)(KYK )pp,  wKFKY (e )mtKEK,
TRFKY 3(ntn ) nt KTKY, (ntn)2KY, 2(nt77)2KY, and 3(7 7™ )2KY

T

20T

The reaction Y(25) — vxps(1P)(J = 0,1,2), where the x,;(1P) decays to the
aforementioned 26 hadronic modes, serves as a good control sample. In the same

analysis, the 7,(15) state is also looked for in the radiative process Y (2S) —
Vp(LS).

Half a million signal MC events are produced for each of the 26 hadronic final states
arising from the X,;(9975), n(1S) and x3;(1P) decays. The radiative transition
of T(295) is generated with the helicity amplitude formalism [12]. Hadronic decays



of the (bb) system are modeled assuming a phase space distribution, where an

interface to PHOTOS [13] has been added to incorporate final state radiation effects.

Our event reconstruction procedure starts with the selection of an appropriate
number and type of charged particles to form a (bb) system. We require all charged
tracks, except for those from the K decays, to originate from the vicinity of the
interaction point by requiring their impact parameters along and perpendicular
to the 2z axis to be less than 4cm and 1cm, respectively. Here, the z axis is the
direction opposite to the e beam. Based on the information from various particle
identification subdetectors namely CDC, TOF, and ACC, the track candidates are
identified as pions, kaons, or protons. Candidate KY mesons are reconstructed by
combining two oppositely charged tracks that have an invariant mass between 486
and 509 MeV/c?; the selected candidates are also required to satisfy the criteria
described in Ref. [14].

An isolated cluster in the ECL that has an energy greater than 22 MeV and a
cluster shape consistent with an electromagnetic shower is selected as a photon
candidate. The expected energy range of the signal photon for X,3(9975) is 30 —
70 MeV and for 7,(15) is 400 — 900 MeV. Photons detected from the backward
endcap part of the ECL are excluded for the 7,(1S) selection in order to suppress
the beam-related background. For the X,;(9975) selection, photons detected only
in the barrel part of the ECL (excluding both the forward and backward endcap)
are considered, as the photon from Y(25) — vX;(9975) is even less energetic and
thus more prone to contamination from the beam background. The photon energy

resolution in the barrel ECL ranges between 2% at 1 GeV and 3% at 100 MeV.

An Y(2S) candidate is formed by combining a photon candidate with the (bb)
system. The continuum events coming from the process ete™ — ¢, where ¢ =
u,d, s and ¢ quarks, pose as a background. To suppress these events, the cosine
of the angle between the photon candidate and the event thrust axis (cosfr) is
utilised. Signal events have a spherical event topology giving rise to a uniform
cos O distribution whereas dijet continuum events peak near cos 0y = +1. Events
satisfying | cos 07| < 0.8 are thus selected as signal. This requirement substantially

(60%) reduces continuum background with a modest loss (20%) of signal.

Requirements are made on the difference between the energy of the Y(2S5) candi-
date and the beam energy (AE) , the momentum of the T(25) candidate (P ,g)),
and the angle between the y candidate and the (bb) system (6.y). These three



quantities are calculated in the ete™ center-of-mass (CM) frame. The require-
ments are obtained for X,;(9975) and 7,(15) signal regions separately from an
optimization procedure by using S/v/S + B as a figure of merit, where S is the
number of signal events estimated by assuming a branching fraction of 46.2 x 1076
for X,7(9975) [3] and 3.9 x 107° for the 7,(15) [15], and B is the number of back-
ground events obtained from a sum of the off-resonance data and a data equivalent
of generic MC events. Criteria for the X,3(9975) and n,(15) signal selections are

summarised below:

o X,;(9975):

o —40MeV < AFE < 50 MeV
o PYys < 30MeV/c
o .5 > 150°

o (19):
o —30MeV < AE < 80 MeV
o Pyiog) < 50MeV/e
o O pp > 177°

o As the background contribution is found to be dominated by photons
coming from the 7% decay, we require a 7° veto. For this, the difference
between the nominal 7° mass [16] and the invariant mass formed by
combining the signal photon with another photon candidate in the same
event is computed for each photon pair, and the smallest magnitude of
these differences (AM.,,,) is recorded. As a ¥ veto, we require AM,,., >
10 MeV/c2.

A kinematic fit imposing energy-momentum conservation (4C-fit) is applied to the
T (25) candidates, which improves the resolution of the signal. Further, the 2
of the 4C-fit is used to select the best candidate in case of events with multiple

candidate that appear in about 10% of the events in case of the X;(9975) selection.

In Figure 1, the YT(2S5) data after all selection criteria applied are presented in
terms of AM = M](bb)y] — M|[(bb)]. The four signals [X,;(9975) and y;,(1P)]

are parametrized by a sum of a Gaussian and an asymmetric Gaussian functions.
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FIGURE 1: AM distribution for YT(2S5) data events that pass all the selection

criteria. Points with error bars are the data, the blue solid curve is the result

of the fit for the signal-plus-background hypothesis, and the blue dashed curve

is the background component. The three x;7(1P) components indicated by the
red dotted curves are considered here as part of the signal.

The signal shape parameters (the common mean, three widths and relative frac-
tion) are taken from MC samples. A common calibration factor for four signal
components is used to account for a modest difference in the detector resolution
between data and MC simulations. The background is modeled with a sum of an
exponential function and a first-order Chebyshev polynomial shown with the blue
dotted curve in Figure 1. The large signal yields for the x;,;(1P) are found (300,
950, and 580 events for J=0, 1, and 2, respectively), which allow us to precisely
determine the mass of x;,;(1P) states to be 9859.63 £ 0.49, 9892.83 + 0.23, and
9912.00 & 0.34 MeV/c?. These results are in good agreement with the world aver-
age values [16]. No signal (—30 £ 19 events) is found for the X,;(9975) state and
hence an upper limit at 90% confidence level (CL) is set on the product branching
fraction B[Y(2S) — X,5(9975)7] x >, B[ X5 — hi] < 4.9 x 107%, where h; denotes
the i-th hadronic state. Our upper limit on the X,;(9975) is an order of magnitude

smaller than the product branching fraction measured in the CLEO data.

The 7,(15) signal shape is calibrated with a Breit-Wigner function whose width is
fixed to the value obtained in Ref. [2], convolved with a Gaussian function of width
8 MeV/c? describing the detector resolution. A first-order Chebyshev polynomial is
used for the background in the 7,(1S5) region. The result of the fit shows no excess
for the n,(15) signal, with a yield of —6 4+ 10 events. An upper limit at 90% CL is



obtained on the product branching fraction B[Y(2S) — 1,(15)7] x>, Bln(1S) —
hl] < 3.7 x 1075.

0.4 Properties of xp;(1P) states

A large signal statistics for x,;(1P) states in our previous analysis motivated
us further to study the product branching fractions of B[Y(2S) — vxus(1P)] X
B[x»s(1P) — h;]. The xs(1P) state can decay to many hadronic final states. As
for the charged hadronic final states, we focus on the following 26 modes identical
to Ref. [11]:

2(rtn),  3(ntw), A(ntwT), S(ntwT), wtn KK, 2(ntn )KTK,
3t )KTK~, A(rntn ) KTK~, 2(KTK™), ntn 2(KTK™), 2(vtn  KTK™),
(rtrm)2(KYK™),  wtwopp,  2(ntaT)pp,  3(xtwT)pp, A(wTrT)pp,
7t KT K pp, 2(ntn " )KTKpp, 3(rTn ) KT K pp, 7* K¥KY, nTn n*KFK?,
2t ) rEKFTKY, 3(atr ) n* KFKY, ot 2KY, 2(atr~ K?), and 3(7F 7~ )2KY.

One 7° is added to the above charged final states, excluding 2(m*7)n?,

3(rtr7 )Y, 4(r T )m® and 5(n 7 )70 that are forbidden by the G-parity con-

0

servation [7]. The following 22 modes with one 7 are reconstructed:

atr KK 7% 2(rtn )KTK—7° 3(rTn )KTK 7  4(rTn )KTK 7",
20KTK ), atr 2(KTK)n,  2(rfa  KTK)n%,  3(rTn)2(KTK)n®,
atrppr?,  2(ntr)ppr®,  3(xtw)ppn®, 4(xTa)ppr®, wta  KTK ppn®,
2ntr VKT K- ppr®,  3(ntr )KTK - ppr®, 7F*KTKn? rnfa 7t KTKnO,
2t ) rEKTKOR?, 3(ntn ) rtfKTKO, 7t 2K%Y 2(rtn~ KO)7% and

3(rtr)2K 0.

Further 26 modes are reconstructed with an addition of two 7%’s to the charged
final states mentioned above:

2(rtn7)2n0,  3(rtn)2n%,  A(xtr)27%  S(xtr)2n% (nTnT)KTK27Y,
2ntr )KTK27%  3(rTn ) KTK 27, 4(xtr )KTK 27° 2(KTK~)2n°,
atr 2(KTK )20, 2(nta )KTK 27Y, 3(ntn )2(KTK™)27°, wta pp2nY,
2(r ) pp27°, 3(r ) pp2r®, 4(m ) pp2n”, Tt Kt K pp2n°,
2atr ) KT K- pp2n°, 3(rtn ) KT K pp2n°, 7 KTK2710, ntr 7t KTK%270,
(rta ) rEKFK227Y) 3(r T ) nt KT K270, ot 2K 0270, 2(7n 7™ )2K 227, and
(r+7)

2K9270.

DO

3



In total, 74 hadronic decay modes of the y,;(1P) states are reconstructed. For
each mode as well as for each of the three y,;(1P)(J = 0,1, 2) states half a million
signal MC events are produced. As in Section 0.3, the decays Y(25) — vxs(1P)
are generated with the helicity amplitude formalism [12] and the hadronic decays of
b (1P)(J = 0,1,2) are modeled with phase space distribution, with an interface
to PHoTos [13].

The analysis procedure begins with the selection of charged particles and recon-
struction of K? similar to the search of X,;(9975) [11]. A ¥ is reconstructed from a
pair of 4’s, each having energy greater than 100 MeV. The reconstructed 7° should
have an invariant mass lying between [113, 157] MeV/c?, which is +3.5¢ around the
nominal 7% mass [16]. A x;s(1P) system is formed by combining an appropriate

number and type of charged (7%, K* and p/p) and neutral hadrons(K? and #°).

An isolated cluster in the ECL that has an energy greater than 30 MeV and a
cluster shape consistent with an electromagnetic shower is selected as a photon
candidate. Expected energy of the x;;(1P) signal photon is 110 — 230, 90 — 190,
and 80 — 160 MeV for J =0, 1, and 2, respectively. Photons detected only from
the barrel part of the ECL are included to suppress the beam-related background.
A veto is applied for the photon selected as the radiative decay product, not to

come from a 70 decay.

An T(2S5) candidate is formed by combining a photon candidate with the x;;(1P)
system. To suppress the continuum background, a criterion on |cosfzy| < 0.8 is
imposed, where 07 is the angle between the photon candidate and the thrust axis

in the event.

In our previous analysis, the 4C-fit is used for improving the signal resolution as
well as for the best candidate selection. In addition, the y? from the 4C-fit can be
used as a selection criterion for the signal. We have also verified that applying a
requirement on the y? is equivalent to applying requirements on the three variables:
AFE, Pﬁ?(w) and 0. . Hence, after the preselection and continuum suppression
described above, an optimised y? cut is applied for further background suppression.
The optimisation is done by using a figure-of-merit S/v/S + B, where S (B) is the
expected signal (background) yield. Signal is estimated by using the branching
fractions mentioned in Ref. [7]. We find x? < 3 to be the optimal criterion for

signal selection.



After all selection criteria applied, the T(2S) data is fitted in terms of AM =
M(xps(1P))y]—M[x»s(1P)]. The fit range of AM distribution in data is (40, 240)
MeV/c?, which includes the three x;;(1P)(J = 0, 1, 2) signal components. In data,
signal components are parametrised by a sum of a Gaussian and an asymmetric
Gaussian functions. The signal shape parameters are taken from MC samples, and
a common calibration factor for all three signal components is used to account for
the modest difference in the detector resolution between data and MC simulations.
The background is modeled by a sum of an exponential function and a first order
Chebyshev polynomial. Using a fitting procedure similar to the previous analysis,
the AM distribution in data is fitted for the sum of all the 74 modes reconstructed.
Signal yields for the x;(1P) (1200, 4750, and 3050 events for J=0, 1, and 2,
respectively) found in this analysis is almost 5 times than our earlier analysis. We
also find that the angular distribution of the photon in data is in agreement with

the helicity amplitude formalism [12] for each signal of x,;(1P) (J =0, 1,2).

With signal shape parameters fixed to the values obtained from fitting the AM
distribution of the sum of 74 modes in data, the AM distribution in each mode is
fitted and the significance is determined as \/ —2In(Ly/Lnaz), where L., and Lo

are likelihoods from the fit in each mode with the signal yield as a free parameter
and fixed to zero, respectively. In total, 41 modes are identified that have at least
5o significance in any of the x,,(1P)(J = 0,1, 2) signals. The product branching
fraction, B[Y(2S) — vxps(1P)] x Blxm(1P) — h;], for each x,;(1P) where the
significance is greater than 30 are summarised in Table 1. The branching fractions
indicated by the symbol f in the table (in total, 85 of them) are the first observation

of the signal in that mode.

TABLE 1: Product branching fraction, B[Y(2S) — vxp7(1P)] x Blxpn (1P) —

h;] for each x3;(1P)(J = 0,1,2) in units of 107°. Upper limits at 90% CL

are calculated for the modes having a significance less than 30. The quoted

uncertainties in the table are statistical and systematic, respectively. The table
continues to the next page.

Mode Xb()(lP) ‘ Xbl(lP) ‘ sz(]_P) ‘
2r 27~ 0.13 £0.05 £ 0.027 | 0.3 £ 0.1 £ 0.047 0.2 £ 0.1 £ 0.02}
3t 3m~ 0.7 £ 0.1 = 0.06¢ 1.8 0.1 £0.2 1+01+£0.1
Antin— 0.8+ 0.1 +£0.1} 28 £02+04 1.8 £0.2+£0.2

S5t thr 0.5+0.1+0.1} 1.5 £ 0.2 £ 0.37 1.7 £ 0.2 £ 0.37
Tt KTK™ 0.15 £ 0.03 £ 0.031 | 0.17 £ 0.03 &+ 0.03} | 0.15 £ 0.04 £ 0.03F
2r2r KT K~ 0.5+0.1=x0.1 1.2 £01%0.1 0.8+ 0.140.1




Product branching fraction, B[Y(2S) — vx».7(1P)] x B[xps(1P) — h;] for each
Xos(1P)(J = 0,1,2) in units of 1075. Upper limits at 90% CL are calculated
for the modes having a significance less than 30. The quoted uncertainties in
the table are statistical and systematic, respectively. The table continues from
the previous page.

Mode xXv0(1P) ‘ X1 (1P) ‘ Xb2(1P) ‘
3rt3n  KTK~ 0.6 £0.1 £0.1 1.7+ 0.2+ 0.2 1.2+ 0.2 £ 0.17
Artan~KTK~ 1.2 +£ 0.2 £ 0.2y 1.6 £ 0.2 £ 0.2y 1.6 +£ 0.2 £ 0.2}
Tt 2K 2K~ 0.18 + 0.05 + 0.027 | 0.4 + 0.1 £ 0.03f | 0.3 = 0.1 £+ 0.03f}

2T 2r 2K 2K~

0.3 £ 0.1 £ 0.03}

0.6 £ 0.1 £ 0.17

0.6 £ 0.1 & 0.17

3nt3n 2K 2K~

0.3 £ 0.1 £ 0.17

0.4+ 0.1 +0.17

0.7 £02 £ 0.17

2727 pp

< 0.2

0.5+ 0.1 & 0.17

0.2 £ 0.1 £ 0.031

33 pp

0.2 = 0.1 £ 0.03%

0.7+ 0.1 & 0.17

0.3 &£ 0.1 &+ 0.04f}

7t KTK pp

0.13 £ 0.04 £ 0.027

0.2 = 0.1 £ 0.03f

0.2 £ 0.1 £ 0.03f

22" KT K pp

0.3+ 0.1+ 0.17

0.4+ 0.1 +0.17

0.2 = 0.1 £ 0.03f
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Our branching fraction results are consistent with the ones observed in CLEO’s
analysis. Also, a xps(1P)(J = 0,1,2) signal has been observed for the first time
in 27, 28 and 30 modes, respectively.

0.5 Research Values and Future Scope

The research outcome of our work gives us confidence in presenting it as my
thesis towards the doctoral degree. The disconfirmation of the X;(9975) state
was extremely important as its claim to be the 7,(2S5) was in disagreement with
the Belle result and theory predictions. Also, the decay of x,;(1P) in to states
of light-quark hadrons tells us how initial quarks and gluons turn into observable
hadrons [17]. Our measurement updated the previous study as well as discovered
85 new decay modes. Various theoretical models summarised in Ref. [18], predicts
the xp0(1P) width can be as large as 2 MeV. Future scope of our analysis is to

measure the width of y,o(1P) for the first time from the sum of 41 hadronic modes.

Though my thesis is mainly focused on the physics analysis of Belle data, as a
collaborator of the Belle I experiment I am also participating in the assembly of
the layer-4 of its silicon vertex detector. My task is to perform and optimize gluing
operations between the pitch adapters and silicon sensors. Apart from gluing, I
am also involved in aligning sensors during the module assembly using a precision

three-dimensional coordinate measuring machine.
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CHAPTER 1

Introduction

Bottomonium, the bound system of a bottom quark (b) and a bottom antiquark
(b), in a similitude with the positronium or even with the hydrogen atom, exhibits
several energy levels or resonances. It offers a unique laboratory to study strong
interactions as the b quark is heavier! than other quarks (u, d, s, ¢), thence can be

well described by the non-relativistic quantum mechanics.

This thesis presents a study of radiative transitions between various bottomonium
states and their decays to several hadronic final states, based on the data recorded
with the Belle detector located at the KEKB asymmetric-energy e™e™ collider. In
this chapter, a theoretical context of the bottomonium and its discovery is briefly
introduced followed by the recent experimental findings that are related to and

have motivated our thesis work.

1.1 Bottomonium: Theory

Two-particle bound states have played an important role in improving our under-
standing about the fundamental interactions [1]. Starting from the hydrogen atom
— a bound state of an electron and a proton — from which quantum mechanics de-
veloped, the deuteron, a bound state of a neutron and a proton, played a crucial
role in advancement of our knowledge of nuclear force. Study of the electron-
positron bound states or positronium energy levels is essential for the verification

of quantum electrodynamics (QED) and quantum field theory of electromagnetic

The top quark, the heaviest among the known quarks, decays before it can hadronize.
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interactions. Similarly, bottomonium provides a resourceful ground to test the

theory of strong interactions.

Starting with the case of positronium, where the potential between the bound

fermions has an electromagnetic form,

Vem = ——, (1.1)

where 7 is the distance between the electron and positron, and « is the fine struc-
ture constant. Its principal energy levels can be derived using the non-relativistic

Schrodinger equation as in case of the hydrogen atom,

(1.2)

where n is the principal quantum number, ¢ is the velocity of light, and p =
memy,/(me + my) is the reduced mass with m. and m, being the mass of an
electron and a proton, respectively. In case of positronium, p = m./2 and Eq. 1.2

can thus be written for positronium as,

(1.3)

Relativistically, energy levels are split by the spin-orbit interaction (fine structure
splitting) as well as by the spin-spin interaction (hyperfine splitting) [2]. The level
schemes of positronium and bottomonium have a remarkable similarity, although
in case of bottomonium (or, quarkonium in general) the exact form of the potential
is yet to be understood. The shape of the potential at smaller distance between
the quarks (r) can be pursued by the perturbation theories of quantum chromo-
dynamics (QCD). At its lowest order, the strong interaction is mediated by the
massless vector gluons, and this picture is similar to QED that is mediated by the
massless vector photons. For larger distances, a linear variation of the potential
describes well the experimental observations. One of the most popular models is
the Cornell potential which is the sum of a Coulomb-type and a linear term |3, 4],

given by,

4 o
VQCD = —57 + KT, (1.4)
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where ay is the strong coupling constant, the factor 4/3 appears as the color factor,
and k is the slope of the linear term. The Cornell potential is plotted as a function

of r in Figure 1.1, where values of ay = 0.2 and k = 1 GeV fm~! are assumed.

o
7
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F1GURE 1.1: Cornell potential as a function of distance, the blue dashed curve
represents the Coulomb-type term for smaller distance, the blue dotted line
denotes the linear term, and the blue solid curve is the combination of the two.

The energy-level diagram of the bottomonium states is shown in Figure 1.2. These
(bb) states are characterized by their spin .S = 0 or 1, owing to an antiparallel or
a parallel configuration of b and b spins, orbital angular momentum (L), and total
angular momentum (.J) that is the vector sum of L and S. In the spectroscopic
notation a state can be denoted as n?>*!'L;, where n = 1,2,3, ... is the principal
quantum number for radial excitations, and the notations S, P, D, ... are used
for L = 0,1,2,..., respectively. The parity (P) of the state is determined from
its L value as P = (—1)L*! because the spherical harmonics have parity (—1)F
and an extra —1 factor appears due to the opposite intrinsic parity of a fermion
and an antifermion, b and b in this case. For the (bb) system, symmetry under
particle exchange for the spin wave function is (—1)°*! and that for the spatial
wavefunction is (—1)E*!. Thus the total symmetry under exchange of spin and
space, which is an equivalent of the charge conjugation operation C, is (—1)+5 [2].

The states are also often referred to by their J¥¢ quantum numbers.
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The singlet states with L = 0, n'Sy, are known as n,(nS) with 7,(1S) being the
bottomonium ground state. Vector mesons with L = 0, n35;, have J’¢ = 17—
are called Y(nS). The P-wave singlets and triplets are known as hy(nP) and
Xos (nP)(J = 0,1,2), respectively.
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FIGURE 1.2: Experimentally known bottomonium states are shown by blue

horizontal lines. Their JXC values depending upon the spin and orbital mo-

mentum are given in red texts. The x;;(3P) and Y (1D) states are shown by
thicker lines as their splitting are not yet observed.

The significance of relativistic effects in quarkonia can be approximately estimated

from the mass of resonances [5],

v (1.5)

where for bottomonia, AM is the mass difference between the Y(2S) and Y(15)
states, and M is the T(1S) mass. The relativistic term for bottomonia is ~ 0.08
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TABLE 1.1: Comparison of the relativistic term v?/c? between various quarko-
nium systems.

Ground triplet state (135;)

System e Mass (MeV/c?) vi/e?

ut, (dd)  p 770 ~ 1.0
55 o) 1020 ~0.8
ce J /1 3100 ~0.2
bb T 9460 ~ 0.08

and its comparison with other quarkonium systems is done in Table 1.1. Not
being overly complicated by relativistic effects, the bottomonium system provides

an ideal tool to study the inter-quark dynamics.

The non-relativistic potential model in the Eq. 1.4 is further extended to include
spin-dependent interactions that results in three additional type of terms: (1) spin-
orbit interaction, (2) tensor interaction, and (3) spin-spin interaction. Description
of these terms and their forms are discussed in Refs. [1, 5, 6]. The spin-orbit and
tensor interactions give rise to the fine structure splitting of a state, while the spin-
spin interaction results in the hyperfine splitting between spin-singlet and -triplet

states.

1.2 Bottomonium: Experiment

The first evidence of the bottomonium was found by the E288 Collaboration in
1977 at Fermilab [7]. The Y(15) and its radially excited state were observed while
analyzing the spectrum of " p~ pairs produced in the collision of 400 GeV/¢ proton
with copper nuclei. These were the first particles containing a bottom quark to

be discovered.

Bottomonia can also be produced in e*e™ collisions, when the total center-of-mass
(CM) energy is close to the resonance mass. The positron and electron annihilate
giving rise to a virtual photon of which T(nS) states can be directly produced as
they have JPY = 17~ same as that of the photon. The Feynman diagram for the

corresponding process is shown in Figure 1.3.

The measured cross-section of the process e™e~ — hadrons vs. the total CM

energy near the 10 GeV region by the CUSB detector is shown in Figure 1.4. The
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o
FIGURE 1.3: Feynman diagram for the process ete™ — v* — T(nS).
four peaking structures in the plot correspond to various T (nS) states. In ete

collisions other bottomonium states are mostly produced from the Y (nS) decays.

Experimental status of these states are described in the following subsections.
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FIGURE 1.4: Cross-section of eTe™ — hadrons vs. the total CM energy near
10 GeV region [§].

1.2.1 xps(1P) States

The P-wave spin triplet states of bottomonia, x;(nP), especially the x;;(1P)
and xps(2P) states are discovered by the CUSB Collaboration at the CESR ete™
collider [9-12] nearly 30 years ago. They can be promptly produced from the
T (nS) states through electric dipole (E1) radiative transitions. Similarly they can
also decay to lower Y (nS) states through E1 transitions. Branching fractions [for

states below Y (45)] of these decays are listed in Table 1.2.
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TABLE 1.2: Branching fractions of the radiative Y (n.S) decays to xps(mP)
(n > m) (top), and yp;(nP) decays to Y(mS) (n > m) radiatively (bottom).
These values (in %) are taken from the Particle Data Group [13]

Decay mode J=0 J=1 J=2
T(3S) = vxps(2P) 59+0.6 126 £1.2 131+ 1.6
Y(35) = vxues(1P) - - 0.99 + 0.13

T(25) = vxos(1P) 38404 6.9+ 04 7.15+0.35

Decay mode J=0 J=1 J =2

xos(2P) = ~Y(2S) 46+21 199+19 106+2.6
xos(2P) = ~Y(1S) 09+06 92+08 7.0+0.7
Xos(1P) = ~T(1S) 1.764+£0.35 33.9+22 19.1+1.2

These states can also be produced in hadronic interactions, via dominant gluon
fusion to form a C-even x,;(nP) state, which further can decay radiatively to

T(mS) states as illustrated in Figure 1.5.

g

ol

3 3
I:)0,1,2 SJ_

FIGURE 1.5: Feynman diagram of a possible mechanism of the y;; production
at hadron colliders with its subsequent radiative decays to Y state.

Recently, the x,,(3P) state was first observed at the large hadron collider (LHC)
by the ATLAS Collaboration [14], and later confirmed by DO [15] and LHCD [16].

Among the y;; states, xp and yue can annihilate via two real photons or gluons.
In contrast, according to the Landau-Yang theorem a J = 1 particle cannot decay
to two identical massless spin-1 bosons, so the x;1(1P) cannot decay to two real
gluons or photons. Note that this process can occur if one of the gluons is virtual
giving rise to a quark-antiquark pair [1]. Most of the theoretical calculations
concern the two-gluon width (Tyota & Tgy) of the yupo(1P) (JFC = 07F) and

Xo2(1P) (JPC = 2%F) states. The ratio of the two-gluon annihilation rate of a
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0"t to 277 state, in the approximation of zero binding, is
Doy (0FF) /T (271) = 15/4, (1.6)

which is independent of any parameter [17]. Various theoretical calculations for
the xpo(1P) and xpe(1P) decay widths are summarised in Table 1.3. All of them
predict the width of y,0(1P) to be larger than that of xu(1P). On the experi-
mental front also, in the charmonium family, the width of x.o(1P) is measured to
be 10.3 £ 0.6 MeV, compared to a x(1P) width of 1.97 £ 0.11 MeV [13]. Not a

single measurement exists for the width of any x;;(1P).

TABLE 1.3: Theoretical predictions for two-gluon decay widths in keV of the
Xp0(1P) and xp2(1P) states assuming I'yora1 = T'ag.

Clxeo(1P)] Tlxwe(1P)] Theoretical approach used Ref.
431755 2147 Covariant light-front approach [18]
887 220 Relativistic (Salpeter method) corrections — [19, 20]
960(2740)  330(250)  Perturbative (nonperturabtive) calculations [21]
653 109 Relativistic quark model [22]
2150(2290)  220(330) QCD potential (alternative treatment) (23]
672 123 Relativistic quark model [24]

In 2008, the CLEO Collaboration reported the first observations of the y;;(1P)
and x,s(2P) decays into specific final states of light hadrons, where these states
are produced in the radiative transitions of the Y(2S) and Y(3S) resonances,
respectively [25]. CLEO used a data sample corresponding to (9.3 4= 0.1) x 106
T(2S) and (5.9 + 0.1) x 105 T(35) decays. In that analysis, the y;;(1P) and
Xb(2P) are reconstructed from a combination of 12 or fewer particles, defined as

a photon, 7%, K%, p/p, and K? (photons must be paired into either a 7°

or an).
Out of the total 659 modes reconstructed, 14 modes were identified having at least
a significance of 5 standard deviations (o) from both x,,(1P) and x3,(2P) decays.
The left plot in Figure 1.6 is the invariant mass distribution from the sum of
659 reconstructed modes, whereas the right plot is the invariant-mass distribution
from the sum of 14 significant modes. The branching fractions for these modes

are listed in Table 1.4.

These results motivated us to study the hadronic decays of x;;(1P) in the dataset

recorded by Belle experiment at the Y(2S) resonance, which is the world’s largest
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FIGURE 1.6: Invariant mass distributions in CLEO data, from the sum of 659
reconstructed hadronic modes (left) and the sum of 14 significant modes (right).
The plot is taken from Ref. [25].

ete™ collision data near that resonance. We can not only improve the measure-
ments made by CLEO but can also discover many new hadronic decay modes.
Our study is discussed in detail Chapter 4 where we have obtained a large signal
yield of xus(1P).

1.2.2  hp(nP) States

The hyperfine splitting at leading order is proportional to the square of the wave-
function at the origin, which vanishes for the P-wave states [26, 27]. Hence, the
P-wave spin singlet states, hy(nP), are expected to have a mass closer to the
spin-weighted average mass of the P-wave triplet x,;(nP) states, (M(n3Py)) =
[5M(n?Py) + 3M (n?Py) + M(nPy)] /9.

The Belle Collaboration reported the first observation of the hy(1P) and hy(2P)
states in a 121.4fb~" data sample collected near the T(5S) resonance [28], with

anomalously high signal yields. These states are observed in the 777~ missing

mass (M,,iss) spectrum, M, = \/[PT(5S) — Prir-]2, where Py(sg) is the four-
momentum of the Y(55) determined from the beam momenta and Pr+,- is the
four-momentum of the 7t7~ system. The background-substracted M,, ;s spec-
trum is shown in Figure 1.7. The peaks in the data distributions from left to right
are due to Y(55) — Y(1S)n 7, T(5S) — hy(1P)ntn—, T(3S) — Y(1S)ntn—,
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TABLE 1.4: Values of product branching fractions (B[Y(2S) — vxus(1P)] x
Blxp7(1P) — h;]) in units of 107°. Upper limits at 90% C.L. are set for the

modes with less than 3o.

Modes

By (25)syxus(1P) X Byy,(1P)h; (107°)

Xwo(1P) Xu1(1P) Xp2(1P)
mrr KTK- 7Y <06 1.4+03+03 06+£03+0.2
Tt KTKY < 0.2 09+£0.3+£0.2 <0.7

KT K270 <18 <4.2 38+1.4+1.0
2t 27270 <08 554+09+14 25408406
2rt2r KK~ 04+£02+01 1.0+03+02 08+0.2+0.2
2n 2 KT K7 < 1.0 24406+06 1.5+0.5404
2n 2 KK 27" <20 59414417 28+1.1+0.7
2nt 2t KT KO0 <0.6 6.44 1.6+ 1.6 < 3.6
3nt3m <03 1.3+£03+03 05+02+0.1
3rt3n— 270 <22 1194+18+32 73+£1.6+£20
3rt3nK*K- 09+044+02 1.8+04+04 < 0.6
3rt3r  KTK 7" < 3.7 52411411 26+08=+0.7
4rtdn <0.3 1.8404+05 06+02+0.2
4 tdm— 270 < 7.7 96424429 132431440

T(55) = Y(2S)rTn—, T(5S) — Y(1D)rtn—, T(5S) — h(2P)n n—, T(25) —
T(1S)7t7~, and T(55) — Y(3S)n "7, respectively, where T(35) and T (25) are
produced either inclusively in the T(5S5) decays, or via initial state radiation and
later decay to Y(1S)nmt7~. The mass of hy(1P) and hy(2P) states are measured
as 9898.2F1:4+19 MeV/c? and 10259.8 4+ 0.6112 MeV/c? at a significance of 5.50
and 11.20, respectively. The corresponding P-wave hyperfine splittings are con-
sistent with zero as per theory prediction, AMyp(1P) = +1.7 4+ 1.5 MeV/c? and
AMpp(2P) = +0.5715 MeV/c?, where AMyp(nP) = (M(n*Py)) — M(n'P,).
Furthermore, the productions of h,(1P) and hy(2P) are not suppressed relative
to the productions of T(15), T(2S5), and T (3S) despite the fact that the former

requires a spin flip of a b quark.

1.2.3 mp(nS) States

Mass of the S-wave spin singlet states provides the hyperfine splitting from their
spin triplet states, AMyp(nS) = M[Y(nS)]—M][n,(nS)], which in turn constitutes

an important piece of information about spin-spin interactions between the quark
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FIGURE 1.7: Missing mass spectrum against 777~ in the data recorded with
the Belle detector at T(55) resonance. The plot is taken from Ref. [28].

and antiquark. The ground state of bottomonia, 7,(1S5), was discovered in 2008
by the BABAR Collaboration in the radiative transition Y(3S) — vy (1S) [29].
This was followed by observations in Y(2S) — ~vn,(1S) by BABAR [30] and in
T(3S) — ym(1S) by CLEO [31]. The large signal yield of hy(nP) seen by the
Belle experiment [28] (discussed in Section 1.2.2), opened a new perspective to
study the n,(nS) states. Belle reported the first evidence for the 7,(25) and
the most precise mass measurement of 7,(15) including its width for the first
time [32]. A 133.4 fb~' data sample collected near the YT(55) resonance is used
to study the process ete™ — T(55) — hy(nP)rtn, hy(nP) — ny(mS)y for
n > m = 1 and 2, in which the n,(mS) states are not exclusively reconstructed.
To identify signal events, only a photon and w7~ pair are reconstructed and
a missing mass against T(55) is defined as Mss(X) = v/(Eom — E%)? — p,

where Ecyy is the CM energy, and E% and p% are the energy and momentum of

the recoiling system X measured in the CM frame. The missing mass against
the 77~ pair, M,,;ss(7777), is used in selecting hy(nP) signal events, while the
my(mS) signal is identified with the variable, M,SZLS(WUT*'y) = Myss(mtn™y) —
Miss(m7 77 ) + M, (npy. The hy(nP) yield wvs. (n) (7~ ) distribution is shown

miss

in Figure 1.8, where the peak near 9.4 GeV/c? is identified as the n,(15).

The mass of the n,(15) state is measured as 9402.4 + 1.5 + 1.8 MeV/c?, which
is the most precise measurement till date. The corresponding hyperfine splitting
[AMyp(19)] is 57.9 + 2.3 MeV/c?. Its comparison with other experimental re-
sults and theoretical predictions is shown in Figure 1.9. The n,(1S) width is also

measured in the same analysis and found to be 10.8739715 MeV.
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FIGURE 1.8: hy(1P) yield vs. M,%i)ss(ﬁrw*'y) (top), and hy(2P) yield wvs.
Mgi)ss(ﬂﬂr_v) (bottom) distribution in the 7,(15) region. Points with error
bars are the data, blue solid histograms are the result from a fit and the red
dashed histograms are the background component of the fit. The plot is taken

from Ref. [32].

The hy(2P) yield vs. M)
the peak near 10.0 GeV/c? is identified as the 7,(2S). The significance of the
n,(2S5) signal is 4.20 and its mass is 9999.0 4+ 3.5735 MeV/c?, which corresponds to

a hyperfine splitting for 25, AMyp = 24.3710 MeV/c?.

(mt7 =) distribution is shown in Figure 1.10, where

1.2.4  X,;(9975) State

There is a recent claim of observation of a bottomonium state, X,;(9975), in
the radiative YT (2S) decay based on an analysis performed on a data sample of
9.3 x 10° T(25) decays recorded with the CLEO detector [35]. The X,;(9975)
state is exclusively reconstructed in 26 hadronic final states, and is measured with
a significance of about 50 at a mass of 9974.6 + 2.3(stat.) &+ 2.1(syst.) MeV/c?.
Figure 1.11 shows the distribution of the variable AM = M[Y(2S)] — M[(bb)],
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FIGURE 1.9: Comparison of experimental results and theoretical predictions
for the hyperfine splitting for 1.S. The open numbered circles with error bars
are experimental measurements: (5) by BABAR in Y(3S) — ym,(15) [29], (4)
by BABAR in Y(2S) — ym(1S) [30], (3) by CLEO in Y(3S) — ym(15) [31],
(2) by Belle in hy(nP) — n(1S) (n = 1,2) [32], and (1) the world average
value (excluding Belle measurement) [13]. Green vertical-line shaded area is
the prediction from lattice QCD [33] while the yellow horizontal-line shaded
area is the prediction from potential non-relativistic QCD [34].
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Points with error bars are the data, the blue solid histogram is the result from
a fit and the red dashed histogram is the background component of the fit. The
plot is taken from Ref. [32].
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where M[(bb)] is invariant mass formed from the final state hadrons. The enhance-
ment seen near AM ~ 49 MeV/c? is the claimed X3(9975) signal. Furthermore,
this enhancement is assigned to the 7,(2S5), which corresponds to the hyperfine
splitting, AMyup(25) = 48.6 + 3.1 MeV/c?.
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FIGURE 1.11: Distribution of AM in data recorded at the Y(2S) resonance
with the CLEO detector. The blue thick solid curve is the result from a fit
while the black thin dashed curves are individual components of the fit. The
three peaks from the right side are y;;(1P)(J = 0,1,2), and the enhancement
near AM ~ 49 MeV/c? is X,;7(9975). The plot is taken from Ref. [35].

The claim of the X,;(9975) state to be the 7,(25) is in contradiction with the Belle
result, while the latter is in agreement with the lattice QCD, potential model and

other related theoretical predictions summarized in Refs. [36, 37] and shown in
Figure 1.12.

With 17 times more data recorded by the Belle detector at the T (2S) compared to
CLEO and with similar charged hadron identification and photon reconstruction
capabilities, we should be able to unambiguously confirm or refute the aforemen-
tioned observation of the X,3(9975) signal. Our search for X,;(9975) signal is
presented in Chapter 3. The X;3(9975) is reconstructed exclusively from the same
26 hadronic modes and in the same analysis we have also looked for the 7,(15)

state.
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FIGURE 1.12: Theoretical prediction for AMpyr(1S) is along the horizontal
axis and for AMpyr(25) in the vertical axis of the plot. The predictions from
lattice QCD are shown by the grey shaded area, model independent mass re-
lation by dotted lines and potential models by the circles. The experimen-
tal measurements are shown by the error bars, Belle measurement is near
AMpyr(2S) ~ 24MeV/c?, closer to theory predictions, whereas the measure-
ment in CLEO data is near AMpyp(2S) ~ 49 MeV/c?. The plot is taken from
Ref. [36].






CHAPTER 2

Experimental Setup

The analyses mentioned in this thesis are performed with the datasets recorded
by the Belle detector. The main goal of the Belle experiment was to observe
the phenomenon of CP violation in the B-meson system. Therefore, the Belle
detector [38, 39] was designed and optimised for this purpose, nevertheless it was
a general purpose device. It was a large-solid-angle magnetic spectrometer located
at the KEKB asymmetric-energy e*e™ collider [40, 41]. An excellent performance
of KEKB led to the world’s highest instantaneous luminosity (2.11 x 10** cm s~ 1)
for a high-energy accelerator, enabling Belle to collect over 1000fb™" or, 1 ab~! of
ete™ collision data. In 2001, Belle (along with BABAR [42], a similar experiment
located at Stanford, California) reported an observation of large CP violation
asymmetries in B-meson decays as proposed by Kobayashi and Maskawa [43].
The importance of these results was recognized in the 2008 Physics Nobel Prize
citation [44]. Now, KEKB is being upgraded to SuperKEKB to achieve 40-fold
increase in luminosity. To cope with the such rise in luminosity Belle detector
is also being upgraded to Belle II, for which the former was stopped recording
data on 30 June 2010. The aim of the next generation Belle II experiment is to
accumulate almost 50 times more data than Belle in a pursuit for physics beyond
the standard model. The Belle II detector and our participation in its upgrade
are described briefly in Appendix A.

In a bid to study properties of mainly B mesons, most of the Belle data are
collected at the Y(4S) resonance, because it predominantly (> 96%) decays to
a BB pair [13]. Belle has also recorded data samples near Y(15), Y(2S5), T(3S)
and T(59) resonance for studying other important topics, such as properties of B?

mesons and charm physics, 7 lepton, two-photon physics, and hadron spectroscopy.

17
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This chapter introduces the KEB accelerator and then describes various compo-
nents of the Belle detector as well as the datasets recorded by it. Towards the end,
the particle identification techniques and analysis framework used within Belle are

explained.

2.1 KEKB Accelerator

The KEKB accelerator is a two ring, asymmetric energy ete™ collider, which is
designed to produce copious pairs of B and B mesons via the Y(4S) decays. A
high-energy (8 GeV) electron ring (HER) and a low-energy (3.5 GeV) positron ring
(LER), each of about 3 km long, are installed side by side in a tunnel 11 m below
the ground level. Figure 2.1 presents a schematic layout of the KEKB accelerator.
The electron beam starts its journey from an electron gun, whereas positrons are
produced by hitting electrons onto a positron production target, namely a water-

cooled 14 mm tungsten plate.

After production, electrons and positrons are accelerated in a linear accelerator
(Linac) and injected at full energies to each ring near the Fuji area shown in
Figure 2.1. Designed current storage in the rings are 1.1 A for the HER and 2.6 A
for the LER. The beams are distributed in about 5000 bunches with a bunch
spacing of 0.59 m. The KEKB has one interaction point (IP) near the Tsukuba
area (shown in Figure 2.1) around which the Belle detector is built. The typical
beam size at the IP is 90 um along the horizontal direction and 1.9 um along the
vertical direction. The two counter-rotating beams collide with a finite crossing
angle of £11 mrad (0.63°) at the IP. The finite-angle collision scheme does not
require any separation dipole magnets and thus significantly reduces beam-related
background in the detector. Furthermore, with this scheme bunches are separated
soon after the collision, which allows a minimal bunch spacing of 59 cm and filling
all RF buckets with the beam. To cope up with the possible luminosity loss due
to finite-angle beam crossing, specially designed crab-cavities are introduced near
the IP.

A schematic diagram of the crab crossing concept is shown in Figure 2.2. In this
scheme, electron and positron bunches are tilted near the IP by using a time-

dependent strong transverse kick in the superconducting crab cavities to make
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FIGURE 2.1: Schematic layout of the KEKB accelerator [45].

the collision head-on. After beam-crossing, the bunches are kicked back to their

original orientation by other crab cavities.

Main parameters for the KEKB accelerator are listed in Table 2.1, which were
designed to give an instantaneous luminosity of 1 x 103 ecm~2s~!. With an in-
troduction of crab cavities the luminosity rose to 2.11 x 103 cm~2s7!, breaking
all records for the instantaneous luminosity for a high energy accelerator, which

helped Belle to record more than 1 ab™! of data.
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FIGURE 2.2: Beam rotation by crab cavities near the interaction region and
non-crab crossing scheme (shown in bottom) [40].

2.2 Belle Detector

The Belle detector is composed of several sub-detectors assembled around a super-
conducting solenoid that provides a 1.5 T magnetic field. A silicon vertex detector
(SVD) is placed closest to the interaction region in order to precisely locate the
vertex of short-lived particles, in particular B mesons. Trajectories of charged par-
ticles in the magnetic field are recorded by a central drift chamber (CDC), which
also provides information about specific ionization (dE/dx) of the particles. The
identity of charged particles, especially pions and kaons is determined using this
dFE/dx information in conjunction with the Cerenkov light emitted in an array of
silica aerogel Cerenkov counters (ACC) and the time-of-flight time measured in
a barrel-like arrangement of plastic scintillation counters (TOF). The ACC and
TOF are situated radially outside the CDC. An array of CsI(T1) crystals is used as
an electromagnetic calorimeter (ECL). All these sub-detectors are located inside
the solenoid coil. The K¢ and muons (KLM) are identified using an array of re-
sistive plate chambers interspersed in the iron yoke. Extreme forward calorimeter
(EFC), an array of bismuth germanate crystals is located in the forward and rear
end of the interaction region of Belle, which provides an active shield from beam
background as well as helping to monitoring the luminosity. A three-dimensional

schematic view of the Belle detector with its sub-detectors in different colors is
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TABLE 2.1: Designed main parameters of KEKB [40].

Parameter LER HER unit
Energy 3.5 8.0 GeV
Circumference 3.02 km
Luminosity 1 x 103 em 271
Crossing angle +11 mrad
Beta function at IP (83;/0;) 0.33/0.01 m
Beam current 2.6 1.1 A
Natural bunch length (o) 0.4 cm
Energy spread (o) 71x107% 6.7x 107" GeV
Bunch spacing (sy) 0.59 m
Particle per bunch 3.3x 101 1.4 x 10
Emittance (¢, /e,) 1.8 x 1078 3.6 x 10710

RF voltage 6.5 12 MV
RF frequency 508.89 MHz
Harmonic number 5120

Bending radius 16.3 104.5 m
Length of bending magnet 0.915 5.86 m

shown in Figure 2.3. All these sub-detectors are briefly described in the following

subsections.

2.2.1 Interaction Region

The et beam is aligned with the axis of the detector solenoid because lower-
momentum charged particles would suffer more bending in the solenoid if they are
off-axis. As there is a crossing angle (+11 mrad) between the two beams, the e~
beam makes an angle of 22 mrad with the detector solenoid axis. The z-axis of
the Belle detector is thus defined to be opposite of the e™ beam while the y-axis

is vertically upward, as shown in Figure 2.4.

Closer to the IP, the beam pipe is made up of beryllium with minimum thickness
to minimize multiple Coulomb scattering, while its front and rear parts are in
aluminum. In Figure 2.5, a schematic diagram of the beam pipe near the IP is
shown. The central beryllium part is a double-wall cylinder that has an inner
radius 20 mm and the thickness of both the walls is 0.5 mm. The gap between

the walls is 2.5 mm, where helium gas is channeled for cooling. Total material
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FIGURE 2.3: Schematic of the Belle detector. [38].

FIGURE 2.4: Definition of the coordinate system for Belle.
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FIGURE 2.5: Layout of the interaction region [40].

thickness of the central part corresponds to 0.3% of a radiation length and has
a length spread —4.6 cm< z < 10.1 cm. Outside the beryllium cylinder, a gold
sheet of thickness 20 um (0.6% of a radiation length) is attached to reduce the
X-ray background.

2.2.2 Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC), covers the angular ranges [6.4°, 11.5°]
and [163.3°,171.2°]. It acts as a mask to protect the CDC from the beam back-
ground, and is used to monitor luminosity and as a tagging device for two-photon
physics. Bismuth Germanate (BGO), BiyGe3O1s, is used in EFC as it is radiation
hard and non-hygroscopic in nature, and has a short radiation length (1.12 cm)
and suitable scintillating properties with decay time of about 300 ns. The BGO
crystals are contained inside 1 mm thick steel, and the arrangement of the crystals

in the forward and backward direction of the IP is shown in Figure 2.6.

The distance between the front surface of the detector and the IP is 60 cm and
43.5 cm, respectively, in the forward and backward direction. Due to limited space,
forward and backward BGO crystals have 12 and 11 radiation lengths, respectively.
Scintillation light is collected by two photo-diodes (Hamamatsu S5106) for each
crystal, except for the two innermost layers, where one photo-diode is used. The
energy resolution for the forward EFC is 7.3% at 8 GeV and that for the backward
EFC is 5.8% at 3.5 GeV.
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FIGURE 2.6: BGO crytal arrangement in the EFC [38].

2.2.3 Silicon Vertex Detector

The aim of the Silicon Vertex Detector (SVD) is to precisely measure the vertex
position of B mesons and other short-lived particles like 7 lepton and D mesons.
In order to observe CP asymmetry in the B meson system, the difference in decay
vertices of the two B mesons along the z axis needs to be determined with a
precision of ~ 100 ym. In addition to successfully accomplishing this task, the

SVD also contributes towards the tracking of low-momentum charged particles.

The first version of the SVD (SVD1) had three layers of double-sided silicon mi-
crostrip detectors (DSSDs) that led to many excellent results including the discov-
ery of CP violation in B meson decays in 2001. Despite its success, the SVD1 was
mainly limited by a readout electronics with poor radiation tolerance. Therefore,
it was later replaced by a new SVD (SVD2), which is more tolerant to radiation
(successfully tested for a radiation hardness up to 20 Mrad) and has a better

trigger capability to cope up with the higher luminosity phase of KEKB [46].

The SVD2 has a four-layer structure with the innermost one being 20 mm away
from the beam pipe, and each layer consists of an assembly of DSSDs as shown

in Figure 2.7. The SVD2 has a polar-angle coverage: 17° < 6 < 150°. Its main
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FIGURE 2.7: Schematic layout of the SVD2 [46].

parameters are listed in Table 2.2, where the strip pitch is the separation between
two strips. The measured hit resolution in the transverse r-¢ plane and along the

z-axis are 12 um and 19 pm, respectively [47].

TABLE 2.2: Main parameters of the SVD [46, 47]

Parameter Layers 1-3 Layer 4
Size (mm?) 79.2 x 284 % 0.3 76.4 x 34.9 x 0.3
Side n(r-¢)  p(z) n(-¢)  p(z)
Strip pitch (pum) 50 75 65 73
Strip width (pm) 10 50 12 55

Number of strips 512 1024 512 1024

2.2.4 Central Drift Chamber

The Central Drift Chamber (CDC) is designed to: a) precisely determine three-
dimensional trajectories (tracking) of charged particles in the magnetic field, b)
measure the momentum and specific ionization (dE/dz), and c) provide fast-track
information for discriminating interesting physics events from the beam-induced
background at the trigger level [48, 49]. The majority of the particles (mostly
coming from a B meson decay) have a momentum less than 1 GeV/e. Thus to
minimise multiple coulomb scattering and improve the momentum resolution, a
low-Z gas — a mixture of 50% helium and 50% ethane — is used. This gas mixture
has a long radiation length of 640 m, and a drift velocity that saturates at about
4 cm/pus for a 2 kV/cm electric field.
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FIGURE 2.8: A sketch of the CDC structure (length in mm) [38].

The Belle CDC is asymmetric along the z-axis and has an angular coverage 17° <
6 < 150°. The drift cylinder length is about 2.4 m with an inner radius 83 mm and
an outer radius 874 mm; its design is shown in Figure 2.8. The CDC is basically
a cylindrical wire drift chamber composed of 50 layers of anode wires. Each layer
contains between three to six axial or small-angle-stereo layers, the innermost part
having three cathode-strip layers. The drift chamber has in total 8400 drift cells,
each cell having one positively biased sense wire surrounded by eight field wires,
as shown in Figure 2.9. The sense wires are gold-plated tungsten wires of diameter
30 pm, while the field wires are made from aluminium of diameter 126 gm in order
to keep the electric field at the wire surface below 20 kV/cm to avoid potential
radiation damage. For the innermost three layers, a cathode image readout system
is used in combination with small-angle-stereo anode wires for a better z-position
measurement and thus an improved CDC-to-SVD track matching. Momentum
resolution (o, /p;) for a charged track as a function of its transverse momentum

(p¢) can be given as [39],
0p. /Pt = 0.0019 py[GeV/c] @ 0.0030/, (2.1)

where = v/c, v is velocity of the charged particle and ¢ is the velocity of light.
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FIGURE 2.9: Cell structure of the CDC.

2.2.5 Aerogel Cerenkov Counters

An array of silica aerogel Cerenkov counters (ACC) provides charged particle iden-
tification (PID), especially for pions and kaons. It extends the momentum coverage
of the Belle PID system up to 3.5 GeV/c. It is a threshold type Cerenkov counter,
where the Cerenkov radiation is emitted for charged pions (and charged particles
less massive than pions), for that silica aerogels with a refractive index 1.01 to

1.03 are used [50].

The ACC counters are arranged in the central cylindrical (barrel) and forward
endcap part of the Belle detector. The barrel part consists of in total 960 modules,
segmented in 60 counters in the ¢ circle with a range of refractive index between
1.010 to 1.028, depending on the polar angle. The forward endcap is comprised
of 228 counters in a five concentric arrangement having an refractive index 1.03.
The refractive index of aerogel of barrel part depends on the polar angle. For the
forward endcap part, refractive index is tuned for flavor tagging. Since there is no
TOF counter in the endcap, ACC has to cover a lower momentum region. The

configuration of the counter modules is shown in Figure 2.10.

The counter module in the barrel region contains five aerogel tiles inside an alu-
minium box, to which one or two fine-mesh photomultiplier tubes (FM-PMTSs)
are attached for the Cerenkov photon detection. In the forward endcap part, five

areogel tiles are placed inside a carbon-fiber reinforced polymer (CFRP) box and
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FIGURE 2.10: Configuration of the ACCs in the Belle Detector [38].

the FM-PMTs are attached to it through air light guide. For a better light col-
lection, the inner surface of the module box is lined with diffusive reflector sheets

(Goretex). A schematic of the counter modules is shown in Figure 2.11.

2.2.6 Time-of-flight System

The time-of-flight (TOF) system is useful in identifying charged particles with
a momentum less than 1.2 GeV/c. For a 1.2 m flight path, the TOF should
have a time resolution of 100 ps to distinguish between pions and kaons. To
achieve this goal the Belle TOF system has adopted following design strategies:
a) fast scintillator with an attenuation length longer than 2.5 m, b) no light guides
to minimize time dispersion of scintillation photons, and ¢) PMTs with larger

photocathodes to maximise light collection [51].

Each TOF module consists of two counters with FM-PMTs as readout mounted
directly at both the ends, and one thin trigger scintillation counter with the read-
out at the rear end only. Design of a TOF module is shown in Figure 2.12. The
acceptance of TOF is 33° < 0 < 121°, while the minimum transverse momentum
to reach the TOF system in the 1.5 T magnetic field is 0.28 GeV/c.

2.2.7 Electromagnetic Calorimeter

To reconstruct neutral particles such as photons, 7° and 1 mesons (decaying to two

photons) the electromagnetic calorimeter (ECL) plays a crucial role. It is also used
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in the electron identification. Most of the photons in Belle are the end products
of cascade decays and have a relatively low energy (less than 500 MeV). Processes
like B — 7°7% or B — K*v have photon energies up to 4 GeV. Also, for the
luminosity measurement and detector calibration purpose the Bhabha scattering
and ete™ — 47 processes are used, in which the photon energy ranges to 8 GeV.
The Belle ECL is thus designed to cover a wide range of photon energy starting
from 20 MeV to 8 GeV [53].

The ECL is a segmented array of CsI(Tl) crystals and size of each crystal is
determined by the condition that about 80% of total energy deposited by a photon
injected at the center of the crystal is contained in that crystal. The segmented
ECL is needed mainly to detect high momentum 7° from nearby photon clusters.
As, these crystals are installed inside a 1.5 T magnetic field, silicon photodiodes are

used as the readout device. Overall structure of the ECL is shown in Figure 2.13.
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FIGURE 2.13: Configuration of the Belle ECL [53].

The ECL covers in the polar angle 12° < 6 < 155°, and is made from in total 8736
CsI(T1) crystals of which 6624 are in the barrel and 1152 (960) are in the forward
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(backward) endcap region. Each CsI(Tl) crystal is 30 cm long that corresponds
to 16.2 radiation lengths, chosen to avoid any degradation of energy resolution
at higher energy due to fluctuations in shower leakages at the back-end of the

counters. Crystals in the barrel region have a front-face area 5.5 x 5.5 cm? and

2

back-end area 6.5 x 6.5 cm*. The overall energy resolution of the ECL can be

written as [54],

op  0.0066%  1.53%
F = ® T © 1.18%, (2.2)

E is in GeV. The first term corresponds to the electronic noise, the second term

originate from the stochastic fluctuations in the showering process and third term

comes from the shower leakage in the crystal.

2.2.8 Superconducting Solenoid

A magnetic field of 1.5 T inside the Belle detector is produced by a superconduct-
ing solenoid, made from a niobium-titanium alloy in a copper matrix (NbTi/Cu)
and stabilized by aluminium. The cryostat cylinder has an outer and inner radius
2.0 m and 1.7 m, respectively, and is 4.4 m long. The stored energy in the su-
perconducting coil is about 35 MJ and has a nominal current 4400 A. The iron
support structure of Belle serves as the return yolk for the magnetic flux and also
as an absorber for KLM (see the next subsection). An schematic of the magnet

and a cross-sectional view of the coil is shown in Figure 2.14.
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FIGURE 2.14: (left)An schematic of the magnet and (right) a cross-sectional
view of the coil [38].
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2.2.9 K and Muon Detector

The K and Muon Detector (KLM) consists of alternating layers of 4.7-cm thick
iron plates and super-layers of glass resistive plate chambers (RPCs). Cross section
of the KLM in the barrel region is octagonal in shape and has 15 RPC super-layers
and 14 iron layers, while in both the endcaps there are 14 RPC super-layers. The
detector is designed to identify K s and muons, and provides a total of 3.9 nuclear
interaction length in addition to 0.8 interaction length of material in the ECL for
K s to convert in the shower of ionizing particles. Then, the RPC layers allow to
differentiate between charged hadrons and muons, as muons travel much farther
with a small deflection. The KLM covers an angular range from 20° to 155°. RPCs,
arranged in the super-layer of the KLM, have two parallel-plate glass electrodes

with bulk resistivity > 10 Q cm, and are operated at the atmospheric pressure.
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FIGURE 2.15: Schematic of a super-layer of the KLM [38].
A cross-sectional view of a super-layer is shown in Figure 2.15, in which two RPCs

are placed in between the orthogonal pickup strips, one along 6 (bottom pickup

strip) and other along ¢ (top pickup strip).
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2.2.10 Trigger and DAQ

The trigger is an online system that quickly discards uninteresting events while
retaining potentially interesting physics events for further analysis, and allows
the data acquisition (DAQ) system to record the latter. The cross sections and
expected trigger rates of various interesting physics processes with the nominal

luminosity 1.0 x 103 cm™2s™! at the Y(4S) resonance are listed in Table 2.3.

TABLE 2.3: Cross section and trigger rates of various interesting physics processes with
£ =103 cm™2s7! [55]

Physics process Cross section (nb) Rate (Hz)
Y(4S) — BB 1.15 11.5
ete” = qq (¢ = u,d, s, c) 2.8 28
ete” = ptp=/rrr 1.6 16
Bhabha (ete™ — eTe™) (flap > 17°) 44 4.4#
ete™ = vy (Olap > 17°) 2.4 0.242
Two-photon events (0),, > 17°, pr > 0.1 GeV/¢) ~15 ~35P
Total ~67 ~96

& pre-scaled by a factor 0.01
b with restricted condition p; > 0.3 GeV/c

The Bhabha and ete™ — 7 events are useful in monitoring the luminosity and
calibrating detector. These events are prescaled due to their large cross sections.
Two-photon events are suppressed as they have a large cross section and topolog-
ically resemble with the beam background. In total, physics events have trigger
rate of about 100 Hz. Beam related backgrounds mainly coming from the spent
electron and positrons, have rate ~ 100 Hz, estimated from simulation studies.

~2571 a total trigger rate of ~ 200 Hz is

Hence for the luminosity 1.0 x 103* cm
expected. However, the trigger system is required to be built robust against any
expected high background rate, kept within the tolerance of DAQ (max. 500 Hz)

and efficient for the interesting physics events.

The Belle trigger system has two parts: (1) trigger system from individual sub-
detectors, and (2) central trigger system. It is described in detail in Refs. [38, 55—
57].
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2.3 Particle Identification in Belle

Particle identification (PID) plays an important role in tagging the B and D
mesons. The PID is also needed to reconstruct exclusive decay modes of other
hadrons. Energy loss due to ionisation (dF/dx) by a charged particle inside the

CDC volume can be used to identify it, as shown in Figure 2.16.

35 F

dE/dx

[
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FIGURE 2.16: dE/dx vs momentum (in the log scale) for electron, pion, kaon

and proton [58].

From the dFE/dz information from the CDC, a x? for each charged particle is

calculated as

2 ((dE/ dz)meas. — (dE/ dw)i) ’ 7 (2.3)

Xi =
O(dE/dz)

where (dE/dx)meqs. is the measured energy loss, (dE/dx); is the expected energy
loss for the i-th type of particle (i = e, u, 7, K or p) type, and o(4g/az) is the
resolution of the measured dE/dz. Then a likelihood is calculated, assuming a

Gaussian distribution, as

67X12/2

V2104 dr)

poPo _ (2.4)

Less than 100 ps resolution of the TOF system allows a 3 standard deviation
(0) separation between charged pions and kaons.The mass distribution in Fig-

ure 2.17, shows clearly separated pion, kaon and proton peaks, and is obtained
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FIGURE 2.17: Mass distribution from the TOF measurement [51].

from Eq. (2.5). Also, in the mass distribution plot in the data points agree well
with MC predictions, represented by the gray shaded histogram.

1 cTeor
2 2 obs 2
mass° = —= —1 = —2 ] -1 2.5
<52 )p {< Lpath ) } P ( )

where p and Ly, is the momentum and path length of the particle. respectively,
obtained from the CDC assuming a muon mass, and 75" is the corrected observed
time as defined in Ref. [51]. A x? for TOF is constructed from the expected and
observed time difference for PMT readout at each end, AF =tk —t* where k

is 0 or 1 indicating the two readouts of the PMT. Then, the x? and likelihood are
defined in Egs. (2.6) and (2.7) respectively,

X; = ATETA, (2.6)

e_X?/Q

P.TOF o

' H?:d{ V2moror
where A\, are elements of the vector Af’ , F/ is the 2 x 2 error matrix, and orop is
the TOF resolution. The particle likelihood for the ACC, PACC | is obtained from

the number of photoelectron distribution for each particle species expected from

(2.7)

Monte Carlo simulations.

The three individual likelihoods obtained from the CDC, TOF and ACC are com-
bined to get a total likelihood for each particle type,

-Pi — _PiACC % _F)Z»TOF % _PZ-CDC. (28)
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In order to distinguish between the two particle species ¢ and j, the following

likelihood ratio is then used,

P,

Li)i=——.
& Pi+Pj

(2.9)

In case information from one of the sub-detectors is not available for the exam-
ined track, a value of 0.5 is assigned for the corresponding sub-detector likelihood
for any particle species [59]. This can be noticed as a peak at 0.5 in the £;/;
distribution, shown in Figures 3.4, 3.5, 4.2, and 4.3 .

An electron is identified by matching a charged track in the CDC extrapolated
to the cluster centroid in the ECL and subsequently using the energy to mo-
mentum ratio, electromagnetic shower shape, dF/dx and Cerenkov light yield in
the ACC [60]. Muons are identified using information solely from the KLM sub-

detector.

2.4 Data recorded by Belle

As already mentioned, Belle has recorded eTe™ collision data at various Y (n.S)
resonances, with most of which are at the T(45). The e~ and e™ beam energies at
these resonances are listed in Table 2.4. Energy in the center of mass (CM) frame

(Ecm) can be calculated as,

ECM = \/2(]_ + cos 9>EHERELER ~ 24/ EHERELER (210)

where 6 is the beam crossing angle (22 mrad), Eggr and Epgr are energy of the
electron and positron beams respectively in the laboratory frame. The asymmetric
energy of two beams provides a boost to the CM system, mainly aimed at mea-
suring the time-dependent CP asymmetry in decays of B mesons coming from the
T(4S) resonance. The detector is designed to be asymmetric owing to the boosted
CM frame, and hence the boost vector is kept constant while running at different
resonances. This is achieved by tuning the energy of both the beams, as shown in
Figure 2.18.
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TABLE 2.4: Data recorded at various Y (n.S) resonances [39].

Resonance HER  LER  Ecy  On-peak (Off-peak)
(GeV) (GeV) (GeV) luminosity in fb™*

Y(15) 715 313 9.46 5.7 (1.8)
T(29) 758 331 10.02 24.7 (1.7)
Y(39) 783 342 10.35 2.9 (0.25)
T(4S) 8.00 3.50 10.58 711.0 (89.4)
T(5S) 8.22 3.59 10.86 121.4 (1.7)
% 10_
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FIGURE 2.18: Variation of Eggr and Epgr at different resonances keeping the
boost constant.

The datasets recorded by Belle at T(15), T(2S) and YT(4S) resonances are the
world’s largest samples, whereas its dataset at the T(5S5) resonance is a unique
sample collected in e*e™ collisions. Figure 2.19 compares the number of Y'(n.S)(n #

4) resonances recorded by the Belle, BABAR and CLEO experiments.!

Studies presented in this thesis are mostly based on the data collected at the Y(25)
resonance. A sample of 24.7 fb™! at T(2S) corresponds to (157.843.6) x 10° T(29)
decays [61], which is 17 and 1.6 times larger than the data collected with the CLEO
and BABAR detector, respectively.

!The comparison is done for Y(nS)(n # 4) resonances because these datasets are more
important in the context of hadron spectroscopy.
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FIGURE 2.19: A Comparison of datasets collected at different Y (n.S)(n # 4)
resonances between Belle, BABAR and CLEO experiments.

2.5 Analysis Framework

The Belle DAQ system is segmented into 7 subsytem running in parallel, each
handling data from a subdetector. The data from each subdetector components
are combined into a single event record by an event builder, which converts the
parallel data stream from subdetectors to an ‘event-by-event’ data river. Events
are stored onto data summary tapes (DSTs) by running reconstruction algorithms
on the raw data. At this stage, only interesting physics events are accepted by
a level-4 software filter (L4 trigger) [38], to be stored in DSTs. It also converts
the raw data format of detector component outputs into physics objects, such as
helix parameters, particle identification information, 4-vectors of momentum and
position. In a physics analysis, all the information available in the DSTs are not
needed. Hence, for this purpose a minimal set of parameters describing an event
is stored in a mini-DST (MDST) format. The MDSTs are compact but sufficient
enough to perform a physics analysis. A typical hadronic event in the MDST
format has the size of about 40 KB.

The event processing framework of Belle is called BASF (Belle AnalysiS Frame-

work), in which user’s reconstruction and analysis codes are taken as modules and
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linked dynamically at the run time. A module is usually written as an object of
a C++ class, though modules written in Fortran and C can also be linked using
wrapper funtions. PANTHER [62], an event and I/O management package, is
developed by the Belle Collaboration for the data transfer between the modules.

2.6 Monte Carlo Simulations

For a better understanding the nature of signal events and in order to select them
from a sea of backgrounds Monte Carlo (MC) simulations are produced. MC events
are also very useful in performing blind analyses in which signal region is kept
hidden to reduce experimenter’s bias. At Belle, the MC production can be divided
in two steps. First physical processes involved in a decay are generated using the
EvtGen [63] package. EvtGen is an event generation package that implements many
detailed decay models, well suited for B physics. It has an interface to JetSet [64]
and PYTHIA [65] for generation of continuum and to model the hadronization
of quarks. Then, the detector effects to an already generated event is included
by passing it through a GEANT [66] based MC simulator, which simulates the
interactions between the particles and detector material. Detector parameters
are updated in regular intervals during each experimental run to mimic the run-
dependent conditions. Beam-background events, obtained from the real random-
triggered data, are overlaid on the simulated MC events. Then, the simulated
events are saved in MDST format and analysed in a similar way as the real data.

MC samples generated for our studies are discussed in Chapters 3.1 and 4.1.






CHAPTER 3

Search for X,;(9975)

The X,;(9975) state is an enhancement observed, corresponding to a mass (9974.6
+ 2.3 £ 2.1) MeV/c?, in the data recorded with the CLEO detector at the T(25)
resonance. The X,;(9975) is reconstructed from the sum of 26 Hadrian modes in
the radiative T(2S) decays and attributed to the 7,(2S5) state in Ref. [35]. It has al-
ready been described in Chapter 1 that this claim is inconsistent with the observa-
tion of the 17,(25) by the Belle Collaboration at mass (9999.0+3.5775) MeV/c? [32]

as well as with the theoretical predictions.

Belle can unambiguously confirm or rule out this X,3(9975) signal having about 17
times larger Y (2S5) data compared to CLEO, and similar charged hadron identifi-
cation and photon reconstruction capabilities. This chapter describes a search of
the X;;(9975) state reconstructed in 26 hadronic final states comprising charged
pions, kaons, protons, and K° mesons, in the radiative decay of the Y(2S5). In
addition, the n,(1S5) state is also searched for in the decay Y(25) — yn,(1S5) from
the sum of the same 26 modes, as follows:

, 3(ntrT), A(ntrT), S(rta), (nta ) (KTK™), 2(rtn )(KTK™),
(KTK ), 4(rTn ) (KTK™),2(KTK™), (ntn)2(KTK™), 2(ntn)2(KTK ™),

+

(rFr™)
(rF77)
(mfm™)2(KTK ™), (wa ™ )pp, 27w~ )pp, (7 )pp, 4(w 7™ )pp, (w7 ) (K+K)pp,
(rF77)
(m )

2
3

™ T

T

w

2
2

(K™K~ )pp, 3t ) (KK ™)pp, Tt KTKY, (7t a ) ntKTKY,
FKFKY 3(nta ) ntKTKY, (nt7n7)2KY, 2(7t77)2KY, and 3(nt 7 )2K

T

+

™ T

In the search, the spin-triplet x;;(1P) states serve as a good control sample as the
E1 transitions T(2S5) — yxps(1P) have large branching fractions, (3.8 £+ 0.4)%,
(6.94+0.4)%, and (7.15 £ 0.35)% for J = 0,1, and 2, respectively [13].

41
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3.1 Data and MC Samples

The study is performed with the 24.7fb™! data that contain (157.8 + 3.6) x 10°
T(2S) events [61]. A 1.7fb™" of off-resonance data sample, collected 30 MeV below
the T(25) peak, provides a good though small sample to study the ete™ — ¢q

(¢ = u,d, s, c) continuum background. Hence, an 89.48 fb~! of off-resonance data
sample recorded 60 MeV below the T (45) is also used.

Half a million signal MC events are produced for each of the 26 hadronic final states
arising from the decay of all (bb) states, i.e., X;;(9975), m(15) and xus(1P)(J =
0,1,2) with the EvtGen [63] package. The radiative decay of Y(2S5) is generated
using the helicity amplitude (HELAMP) formalism [67, 68|, details of which are
given in Appendix B.1. Later, we have also verified that the angular distribution
of the photon in data is in agreement with the HELAMP prediction for each signal of
Xbs(1P) (J = 0,1,2); this cross-check is discussed in Appendix B.2. Furthermore,
hadronic decays of the (bb) are modeled with the phase space (PHSP) model, where
to incorporate final state radiation effects an interface to PHOTOS [69-71] has been
added. As (bb) decays are generated with an assumption of a phase distribution,
possible intermediate states such as p® — 777, ¢ — KTK~, K*(892)° — K*rT
and K*(892)* — Ko7* are considered to estimate systematic uncertainties on the

efficiency.

Inclusive T(2S5) MC events, generated using PYTHIA [65] with the same luminosity

as the data, are utilised to investigate potential peaking backgrounds.

3.2 7Y(2S) Reconstruction

In all of the 26 modes, the final state particles are charged hadrons!' that come
from the (bb) decay and a photon arising from the radiative decay of T(2S) to the
(bb) state. Figure 3.1 shows the sketch of an event which has six charged tracks
in the final state, shown by blue dotted curves, and a photon whose direction is
denoted by a red dashed arrow. Reconstruction of the YT (25) starts by selecting
an appropriate number and type of charged particles. Selection criteria of these

charged tracks are discussed in Section 3.2.1. By combining the four-momentum

!The K9 candidates are reconstructed from a pair of oppositely charged pions.
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of these charged tracks a (bb) system is formed. A photon, selected as a candidate
for the radiative decay (see Section 3.2.2), is then combined with the (bb) to get
an Y(25) candidate.

Ficure 3.1: Sketch of a signal event with six charged tracks and a photon.

3.2.1 (bb) Reconstruction

All charged tracks in the final state, except for those coming from K9 — 7r7m—,

are selected as follows:

e Impact parameter: To ensure that charged tracks are originating from the
interaction point (IP), conditions are applied on the distance of closest ap-
proach with respect to the IP. The impact parameters dr and dz are distances
in the transverse zy plane and along the z-axis. Figure 3.2 shows the distri-
bution of dr (left) and dz (right), and the corresponding conditions applied
are |dr| < lcm and |dz| < 4cm.

e Number of good charged tracks: ‘Good Tracks’” are defined as the tracks with
pr > 100 MeV/c. Distribution of number of good charged tracks is shown
in Figure 3.3 and a condition on it (4, 6, 8, or 10) is applied depending on
the mode.
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that the maximum of distributions is at the required number of tracks in that

mode.

e Charged pion and kaon selection: Charged pions and kaons are identified

based on the likelihood ratios Lg/r =

Lk _
Yo and L./ g =

Ly -
Tz (or 1

Lk/x), where L. and Lk are the likelihood for 7t and K*, respectively.
They are calculated based on the number of photoelectrons from the ACC,
information from the TOF and specific ionization in the CDC, explained in

Section 2.3. The L/, distribution is shown in Figure 3.4.

o Lgx < 0.4 for the selection of pions. Also 7+ should not be a daughter
of any K? candidate.
o Lg/r > 0.6 for the selection of kaons.

For the above mentioned condition, the kaon identification efficiency is 83 —

91% with a pion misidentification probability of 8 — 10%. Pions are detected
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with an efficiency of 87 — 89% with a kaon-to-pion misidentification rate of

7 13% [72].

e Selection of p/p : Protons and antiprotons are identified using the likeli-

hood ratios £,/x and L,/.. The distributions of these ratios are shown in
Figure 3.5.

o ﬁp/w > 0.7
o ﬁp/K > 0.7

For the above mentioned conditions, the proton identification efficiency is

95%, while the probability of a kaon being misidentified as a proton is below
3% [73, T4].
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TABLE 3.1: Good K selection [75, 76].

Momentum ( GeV/c) or (em) d¢ (rad) zge (cm)  f; (cm)

< 0.5 > 0.05 < 0.3 < 0.8 -
0.5—-1.5 > 0.03 < 0.1 <138 > 0.08
> 1.5 > (0.02 < 0.03 <24 > 0.22
'R F 'R C
L r L r
B 2000~ 3 10
= r = r
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FIGURE 3.6: KY candidate invariant mass distribution, the signal MC sample
used in the left distribution is X,3(9975) — (7+7~) (7= K¥)K? and in the right
distribution is X,3(9975) — 2(n 7~ )2KY.

e K? selection: The K? candidates are reconstructed from a pair of oppositely
charged tracks that satisfy a set of criteria listed in Table 3.1. Here, dr is
the smallest approach from the IP to both tracks in the xy plane, d¢ is the
azimuthal angle between the momentum and the decay vertex of the K
candidate, z4 is the mismatch in the z direction at the KY vertex point
for the charged tracks, and f; is the flight length of the K candidate in
the transverse plane. These criteria are optimised for three K momentum
ranges and are known as Belle standard ‘good K2 selection, described in
detail in Refs. [75, 76]. Further, the K invariant mass from the pair of
charged tracks is required to lie between 486 and 509 MeV/c?, corresponding
to 3 standard deviations around the nominal K mass [13]. The K¢ invariant

mass distribution is shown in Figure 3.6.

The (bb) candidate is reconstructed using the appropriate number and types of

selected particles according to the 26 mentioned hadronic modes.
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3.2.2 ~ Selection

The photon candidates coming from the radiative decay Y(2S) — ~(bb) are se-

lected based on following quantities:

e Energy of the photon (E,): The signal photon has an energy 30 — 70 MeV
for X;(9975) and 400 — 900 MeV for n,(1S), as shown in Figure 3.7. The
broad energy distribution is due the boosted T(2S). On the other hand, the
energy distribution in the CM frame E?, (Figure 3.8) peaks at the expected
value of 49MeV for X;(9975) and 620 MeV for n,(1S). A condition E, >
22 MeV is applied for the signal photon selection.

e E9/E25: Showers in the calorimeter have a variety of shapes and concentra-

tions; sometimes shower shape can be used to identify the initiating particle.
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photon for X,+(9975) (left) and 7, (1S) (right) in signal MC events.

Our requirement is to select the showers consistent with the electromagnetic
shower shape. The variable E9/E25 compares the amount of energy de-
posited in a 3 x 3 crystal block (E9) to that in a 5 x 5 crystal block (E25)
around the crystal which picks up the maximum energy (seed crystal), pic-
torially illustrated in Figure 3.9. Distribution of E9/E25 for the X,;(9975)
and 7,(15) signal photon is shown in Figure 3.10. For candidate photon
selection, a condition E9/E25 > 0.85 is applied.

Charged track matching: The photon cluster in the ECL should not match
with a charged track(s) in the CDC. To check matching between the showers
and tracks, the tracks are extrapolated up to the crystal front face of the
ECL. If the extrapolated track reaches the CsI(T1) crystal front face, which
contains the maximum shower energy, the case is called “shower match” and
a flag match=1 is assigned. When the extrapolated track does not reach
any crystal hits of the shower but reachs one of the crystals included in the

connected region, match=2 is assigned [77]. The showers that do not satisfy
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FIGURE 3.11: Polar angle distribution of the photon from X,7(9975) (left) and

(1S) (right) signal MC sample. Blue lined histogram is the total distribution,

blue crossed lined histogram is for the photons coming from beam background
and red crossed lined histogram is the signal photon.

either match=1 or match=2 are categorized as match=0. For the candidate

photon, only match=0 cases are retained.

e Polar angle of the photon (f,): Figure 3.11 shows the distribution of the
angle between the photon direction and the z-axis in the signal MC sample.
Distribution for signal photon is mostly flat with a slight excess towards the
forward endcap (coverage: 0.2 < 6 < 0.5 rad) of the ECL, whereas photons
coming from the beam background is predominantly in the backward endcap
(coverage: 2.3 < 0 < 2.7 rad). To suppress beam related background, a
criterion 6, < 2.3 rad is thus applied.

3.2.3 Continuum Suppression

The process ee™ — ¢q (¢ = u, d, s, c), where the quark pairs produced hadronise
into light hadrons, is a major source of background and referred to as the contin-
uum background. Light hadrons produced from the quark pairs move along the
initial quark direction, as shown in Figure 3.12 (right), and give rise to a back-to-
back jet like structure in the CM frame. In contrast, signal events have a spherical

topology (because the T(2S5) is decaying almost at rest), illustrated in Figure 3.12
(left).
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FIGURE 3.12: Schematic diagrams of signal (left) and continuum background
event (right).

To exploit this difference in event topology for suppressing the continuum back-

ground, a ‘thrust axis’ is defined as

T — max (M) (3.1)
i\ > 1]

where np is the thrust axis, along which the projection of the normalized momenta
is maximized, p; is momentum of the i-th particle. Once the thrust axis is calcu-
lated, the variable | cos 67|, where 07 is the angle between the thrust axis and the
candidate photon, can be used to distinguish between signal and continuum back-
ground. For signal events, the thrust axis does not have any preferred direction
giving rise to a uniform distribution in |cosfr|, as shown in Figure 3.13, where
in case of continuum events, the thrust axis is along either of the jet direction
and hence gives the | cos 07| distribution peaking near 1. The continuum events in
the blue lined histogram are from the 1.7 fb~* off-resonance data recorded 30 MeV
below the Y(25) resonance, and signal events are from the signal MC sample.
A requirement |cosfp| < 0.8 is applied for a substantial reduction (60%) of the

continuum events at a modest loss (20%) of signal.

3.3 Y(2S) Selection

An Y(295) candidate is formed by combining the reconstructed (bb) (Section 3.2.1)
with the selected photon (Section 3.2.2). The energy of the photon differs sig-
nificantly between X,7(9975) (~ 50MeV) and 7,(1S) (~ 600MeV), and hence
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tion of signal events are from signal MC sample (X,;(9975) — 37737 ~), and

the blue lined distribution peaking near 1 is for continuum background events
taken from the Y(2S) off-resonance data.

following variables are separately optimised for the two signal samples.

e AFE: It is the difference between the energy of the T(2S5) candidate and the
CM energy. As the beam energy in CM frame is almost equal to the T(25)
resonance peak, hence the AFE distribution for signal is expected to peak

near 0.

® P T(25) candidates are produced at rest, hence the T(25) momentum
in the CM frame (P7,g)) should also be peaking around 0.

® 0 45 The process T(25) — v(bb) is basically a two-body decay. There-
fore, the angle between the candidate photon and the reconstructed (bb),
0., 5> should be 180°, and can be used as a discriminating variable against

background.

3.3.1 Optimization for X;;(9975)

The signal can be conveniently expressed in terms of AM [= M (y(bb)) — M (bb)],
which is the mass difference between the reconstructed Y(25) candidate and the
(bb) system. The AM distribution for correctly reconstructed X,;(9975) events is
shown in Figure 3.14. The signal region of X;7(9975) is AM € (0.04,0.06) GeV/¢?,

which constitutes a +30 window around the mean of the distribution.

Dominance of the beam background in this region is evident in Figure 3.15, which

is the 0, distribution in the generic MC sample, and to suppress this contamination
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a condition ., > 0.5 is applied for the signal selection. In other word, X,;(9975)
signal photon is selected only from the barrel region of the ECL.
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FIGURE 3.15: Polar angle (f,) from the generic MC sample around the

X,5(9975) signal [AM € (0.03,0.08) GeV/c? ] region, blue lined histogram is

the total background distribution, and blue cross-lined histogram is contrbu-
tion from the beam-background.

Optimisation of the selection criteria for X;(9975) signal photon is based on the
maximization of the figure-of-merit (FOM) while varying the condition on the
variable. The FOM is given by,

FOM = —> (3.2)

VS+B
where S (B) is the expected signal (background) events for the condition on vari-
able. We estimate S as,

S = NT(QS) x B x g, (33)
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where Ny (o) = 157.8 x 10° is the total number of T(2S) decays [61] in the data
sample, and B = 46.2 x 1075 [35] is the product branching fraction, B[Y(2S) —
X5(9975)7] x >, B[X,; — hi], where h; denotes the i-th hadronic state. The
efficiency (¢) is calculated from the signal MC sample for the corresponding con-
dition, and B is estimated from the generic MC and scaled? off resonance events

in the signal window.

1. AFE: The optimization procedure begins with the variable AE. Distribution
for the AE, normalised to unity, is shown in Figure 3.16. The red-lined
histogram is from the signal MC sample of X,7(9975) — 3(7" 7 ™), blue-lined
histogram is from the generic MC sample added with scaled off-resonance
sample in the AM < 0.08GeV/c? region (expected background), where as
points with error bars are from the data sample in the sideband (AM €
0,0.04] U [0.06,0.08] GeV/c?). The optimization plots for AE are shown
in the bottom two plots of Figure 3.16, where the left (right) plot is for a
variation in the negative (positive) side of AE. The optimal criterion for
signal selection is found to be AE € [—0.04,0.05] GeV.

2. P§(2 5)’ After applying conditions for A F, optimization of criterion on P;(Z )
is performed. Figure 3.17 (left) shows Pf g distributions (normalized to
unity) from signal MC sample, background and the data sideband. The
variation of the FOM with conditions applied on the P§(2 ) is shown in the
right plot. Though, no clear FOM maximum is found, we apply a criterion
for signal selection to be Pf,q) < 0.03 GeV/c, which is the tightest condition

to have the FOM closer to the maximum value.

3. 0,45 Figure 3.18 (left) shows 0. distributions from the signal MC, back-
ground and data sideband with conditions, AE € [—0.04,0.05] GeV and
Pas) < 0.03 GeV/c applied. Optimal condition is found to be €, 45 > 150°.

3.3.2 Optimization for 7;,(1.S)

Distribution of AM for correctly reconstructed 7,(1S) events is shown in Fig-
ure 3.19. The signal region of n,(15) is AM € (0.57,0.65) GeV/c?, which is +30

window around the mean of the distribution.

2The off-resonance sample is scaled by a factor 24.7/1.7 (=14.7), as this off-resonance sample
of 1.7fb~! is to be made equivalent to the Y(2S) on-resonance sample of 24.7 fb™*.



Chapter 3. Search for X3 (9975) 54

> 0.18F
2 F Signal MC
=) 0'16? Background
? 0.14r —4— Side-band Data
£ 012
i1] C
0.1—
0.08f
0.06
0.04[—
0.02
83702 01 o 01 02 03
AE in GeV
=10.8 = [
810 = y 2rer * % . °
T [ r L] [ ]
E 7.4
10.6f r
C [ ) b r
10.5F 7.2
C C [ ]
10.4f L -
C Un
10.3[- r
F 6.8
102 o ® N
101~ @ i 6.6 o
E 1 v ol b b b b b b by
0.1 -0.08 -0.06 004 _ 002 0.03 0.04 0.05 0.06 0.07 0.08 009 0.1
AE in GeV AE in GeV

FIGURE 3.16: AFE distribution (top) from the signal MC sample is red his-
togram, expected background is the blue histogram, and the data in the side-
band are shown by black dots. Plots for FOM wvs. conditions on AFE are shown
in bottom; the left (right) plot is for a variation in the negative (positive) side

of the AF.
S %N [ signal MC 3
s 0.35[ Y Background |.|.14-5? ® °
3 R HN —4— Side-band Data 141
2 NN 13505
£ 025 g
= E 13
W ool F
C 12.5;
O'“’ix 120 °
0-% 1155
K = °
0.05E 11 ® o 0o o o
GO‘ NN -0 0l [POPNPN 10.570(\)2\ \0(\)4\ I ‘0‘06‘ I ‘0(‘)8‘ | \0\1\
0.05 0.1 0.15 0. 0.25 .3 . . . R . .
%*Y(ZS) in GeV/% P*y s In GeVic

FIGURE 3.17: Pf g, distribution (left) from the signal MC sample is red his-

togram, expected background is the blue histogram, and the data in the side-

band are shown by black dots, and (right) variation of the FOM with conditions
applied on the P]*((2 s):
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FIGURE 3.18: 0, distribution (left) from the signal MC sample is red his-

togram, expected background is the blue histogram, and the data in the side-

band are shown by black dots, and (right) variation of the FOM with conditions
applied on the 0.
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FIGURE 3.19: AM distribution for correctly reconstructed 7,(1S) signal in the
signal MC sample of 7,(15) — 3(7 7).

Optimisation of selection criteria for the 7,(1S) signal photon is performed by
maximising FOM already defined in Eq. (3.2). For estimating expected signal
events given in Eq. (3.3), we use the product branching fraction value, B[Y(2S) —
m(19)7] x 32, Blm(1S) — hi] = 3.9 x 1079, where h; denotes the i-th hadronic
state. Here B[T(2S) — m(159)y] = 3.9 x 107" is taken from Ref. [30] and
B[n,(1S) — h;] is assumed to be 1%. Number of background events is estimated
from a combination of the generic MC and scaled off-resonance events in the signal

window.

1. AFE: Here also, the optimization procedure begins with the variable AFE.
Figure 3.20 (left) shows the same distribution (normalised to unity); the red
line histogram is from the signal MC sample 7,(1S) — 3(7"7~), blue line

histogram is from the generic MC sample added with scaled off-resonance
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sample in the AM € [0.45,0.75] GeV/c? region (expected background), and
black points with error bars are from the data sample in the sideband
(AM € [0.45,0.57] U [0.65,0.75] GeV/c?). The sideband data points are in
good agreement with the expected background distribution. The optimiza-
tion plot for a variation in negative side of the AF is shown in the right

plot of Figure 3.20. The optimal criterion for signal selection is found to be
AFE € [-0.03,0.08] GeV .3
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FIGURE 3.20: AF distribution (left) from the signal MC sample is red his-

togram, expected background is the blue histogram and the data in the side-

band are shown by black dots. Plot for FOM wvs. conditions on AF is shown in
the right plot for a variation in the negative side of the AFE.

2. P§(2 s)’ After applying conditions for AFE, optimization of criteria on P§(2 )
is performed. Figure 3.21 (left) shows Py g distributions from the signal
MC sample, background and the data sideband. The variation of the FOM
with conditions applied on P;QS) is shown in the right. Optimal criterion

for signal selection is found to be Pf g < 0.05GeV/c.

3. 0,45 Figure 3.22 (left) shows 0,4 distributions from signal MC, back-
ground and the data sideband with conditions, AE € [—0.03,0.08] GeV
and Pﬁ?(zs) < 0.05GeV/c applied. The optimal condition is found to be
O py) > 177°.

The n,(1S) signal region is found to be affected from photons coming from 7°
decays and to suppress this background we require a dedicated ‘m° veto’. For this,
the difference between the nominal 7° mass [13] and an invariant mass formed

from the signal photon and any other photon in the event is computed for each

3In the positive side of AE no clear FOM maximum is found, we apply AE < 0.08, which is
the tightest condition to have the FOM closer to the maximum value.
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togram, expected background is the blue histogram, and the data in the side-
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applied on the Pﬁ*r(QS)'
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FIGURE 3.22: 0, distribution (left) from the signal MC sample is red his-

togram, expected background is the blue histogram and the data in the sideband

are shown by black dots, and (right) variation of the FOM with conditions ap-
plied on the 6,z

photon pair, and the smallest magnitude of these differences (AM,,) is recorded.
Figure 3.23 (right) presents the AM.,., distribution from the generic MC sample
with correctly reconstructed photons originating from a 7% decay, shown in the
crossed line histogram. In left of Figure 3.23 is the distribution from the signal
MC sample as the red histogram, the expected background as the blue histogram
and the sideband data are shown by black dots. To veto the background due to
70, a condition AM,., > 0.01 GeV/c? is applied.



Chapter 3. Search for X3 (9975) 58

< 0.2p = < F

L E Signal MC kS \

>0.181 5 9 ‘ g > 100K total
E ackgroun

20.16- N _ g =

Coh —4— Side-band Data v 80

=0.14 =

g g

'=0.12 =

< € 60K

w 0.1 w

o O O
5 O [e°]
T
//”/
54—
]
]
N D
o o

A

Ct) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 0.02 0.04 0.06 0.08 0.1
AM,, in GeV/c? AM,,, in GeV/c?

FIGURE 3.23: AM,, distribution (left) from the signal MC sample is red his-

togram, expected background is the blue histogram and the data in the sideband

are shown by black dots, and (right) in the generic MC sample with photons
originating from a 7° decay.

3.3.3 Kinematic Fit

After all above event selection criteria applied, we perform a kinematic fit (dis-
cussed in Appendix B.3) on the selected T(2S5) candidates by imposing energy-
momentum conservation. The resolution of the AM distribution for n,(1S) is
significantly improved by this fit, from approximately 14 to 8 MeV/c? as shown
in Figure 3.24 (left). The improvement in the mass resolution is modest for the

X,3(9975) signal, shown in Figure 3.24 (right), as the photon has so little energy.
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FIGURE 3.24: Effect of kinematic fit on the resolution of AM distribution for
the 7,(15) and X,;(9975) candidate.

There is a possibility of multiple T(25) candidates appearing in an event. Candi-
date multiplicity arises largely due to more than one photon, originating mostly
from beam related backgrounds that pass all the selection criteria applied. In case

of ny(15), there is no multiple candidates found as shown in Figure 3.25 (left).



Chapter 3. Search for X3 (9975) 59

However, multiple candidate appears in about 10% of the events satisfying the
X,5(9975) selection. The x? from the kinematic fit (aka 4C fit) can be used to

select the best candidate.
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FIGURE 3.25: T(2S) candidate multiplicity for n,(1S) (left) and X,;(9975)
(right).

3.3.4 Maximum Likelihood Fit

To decide the probability density function (PDF) of the each signal component,
the respective signal MC distributions are studied. In signal MC, the X;(9975)
signal component is parametrized by the sum of a Gaussian and an asymmetric
Gaussian function (to take into account of low energy tails) and a first order
Chebyshev polynomial for the background component. The fit is illustrated in
Figure 3.26 (left), the yield obtained for the signal component is used to obtain
the efficiency of each mode. In the case of three x;;(1P), which are our control
sample, the same PDF as the X,;(9975) is used. As an example, for the y;; (1P)
case the distribution is shown in Figure 3.26 (right). The Gaussian component of
signal (shown in the red dashed line) in the case of X;(9975) is narrower than the
X»s's but has a larger tail component of the asymmetric Gaussian (shown in the

green dashed line).

The fit to the AM distribution in data is done in the (0.03,0.30) GeV/c? range
that includes the eventual X,;(9975) peak region as well as the three x;,(1P)
peaks, whose yields are expected to be few hundreds in our sample. The signals,
as mentioned earlier, are fitted with the sum of two Gaussians, where the three
widths and the fraction between the two Gaussians are fixed from the MC sample

of the corresponding signal in all the reconstructed modes. These parameters are
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FIGURE 3.26: Fit to the AM distribution from the X,;(9975) (left) and x4 (1P)

(right) in the signal MC samples. Blue solid curves are the result from the fit,

red dashed curves denote is the core Gaussian component and the green dashed
curves represent the asymmetric Gaussian component of signal.

0.06

very close in the different modes, and when plotting each parameter of all the 26
modes, the distribution has a small RMS. Each parameter is fixed to the mean
value of this distribution and the RMS is used for the variation to estimate the
assorted systematic uncertainty. In the X;(9975) case, we use the same procedure
to fix the mean as well. To take into account of the possible difference in resolution
between MC and data, a fudge factor is allowed to vary for the sigma of the main

Gaussian; this factor is common to all the four signal PDFs.

Background is fitted with the sum of an exponential function and a first order
Chebyshev polynomial, the corresponding three parameters (fraction, exponential
factor and slope of polynomial) are allowed to vary in the fit. The background
PDF is validated by fitting the AM distribution of off-resonance data recorded
60 MeV below the T (4S5) resonance, as shown in Figure 3.27. This is in contrast to
Ref. [35], where a single exponential function was used to describe the background
PDF'. The polynomial component is critically needed to model the background due
to final-state radiation for AM < 0.15 GeV/c? and from 7 for AM > 0.15 GeV/c?

and thus only an exponential won’t be sufficient to fit the background.

Before fitting the T(25) data, a sample composed of an T(2S) generic MC sample
and a scaled T(4S) off-resonance sample is fitted. The resulting fit is illustrated
in Figure 3.28. The fudge factor obtained, 0.94 4 0.41, is consistent with 1. This
shows that our procedure to estimate the difference in resolution between the
sample fitted and the signal MC is working properly. The means of the yu(1P),
Xo1(1P) and yu(1P) are 109.84 + 0.30, 130.09 & 0.31, and 162.07 & 0.22 MeV/c?
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FIGURE 3.27: Fit to the AM distribution of the Y(4S5) off-resonance data for

AM € (0.03,0.30) GeV/c?, black dots with error bars are data points, blue solid

curve is the result from the fit, red dashed curve denotes the exponential compo-

nent and the green dashed curve represent the first-order Chebyshev polynomial
component of the total fit.

that correspond to a mass of 9913.42 4+ 0.31, 9893.17 4+ 0.31, and 9861.19 + 0.22
MeV/c?, respectively. These values are consistent with generated mass values
listed in Table B.1.

005 01 015 02 025 0.3
A M (GeV/cd)

FicUre 3.28: Fit for AM distribution of generic MC and scaled off-resonance

data for AM € (0.03,0.30) GeV/c?, blue solid curve is the result from the fit, blue

dashed curve denotes background component, and red dashed curves represent
signal components.

Figure 3.29 (top) illustrates the fit to the AM distribution in the Y(2S) data
sample and the bottom plot is a zoomed up version in the X,;(9975) region. The
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yield of X,;(9975) is found —29.6 £ 18.7, consistent with no signal. The back-
ground shape is consistent with the one found for the T(4S5) off-resonance sample
(Figure 3.27). The fudge factor, which represents the data-MC difference for the
resolution, is found to be 1.2340.05, in reasonable agreement with the usual Belle
estimations. The chi?/NDF of the fit is found to be 0.91. The large statistic
available in our sample for the x;;(1P) (from 300 to 950 candidates) allows to
determine precisely (with an accuracy competitive with the world average) the
X»s(1P) masses and are listed in Table 3.2. Complete fit result is listed in Ta-
ble B.2 of Appendix B.4.

Events / (0.003 GeV/c?)

0.05 0L 05 02 023 0.3
A M (GeV/cd)

0.06
A M (GeV/c?)

FIGURE 3.29: Fit to the AM distribution of Y(2S) on-resonance data sample

for AM € (0.03,0.30) GeV/c?, is shown by blue solid curves, points with error

bars are the data, red dashed curves are the signal component, and blue dashed

curve is the background component of the fit. The bottom plot shows a zoomed
view of the AM distribution in the [0.03,0.09] GeV/c? region.

The signal PDF for the 7,(15) is a Breit-Wigner function, whose width is fixed

to the value obtained in Ref. [32], convolved with a Gaussian function with a



Chapter 3. Search for X3 (9975) 63

TABLE 3.2: Summary of the x;;(1P) masses in the fit to the AM distribution
in the Y(25) data sample.

AM Mass Mass(PDG) [13]
(GeV/c?) (MeV/c?) (MeV/c?)
Xeo(1P) 0.16363 £ 0.00049 9859.63 + 0.49 9859.44 + 0.42 + 0.31
Xp1(1P) 0.13043 £0.00023 9892.83 +0.23 9892.78 + 0.26 + 0.31
Xp2(1P) 0.11127 £0.00034 9912.00 + 0.34  9912.21 + 0.26 + 0.31

width of 8 MeV/c? describing the detector resolution. The latter is estimated by
studying the signal MC sample of all the 26 modes. An example fitting to the
signal MC sample for the 3(7*7~) mode is demonstrated in Figure 3.30 (left).
A first-order Chebyshev polynomial is used for background in the 7,(1S) region,
which is validated with the large sample of T(4S) off-resonance data. The result

of the fit to off-resonance data is presented in the right plot of Figure 3.30.
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FIGURE 3.30: Fit to the AM distribution of the 7,(1S) signal MC and Y (45)
off-resonance data samples for AM € (0.45,0.75) GeV/c?.

No signal (—6 £ 10 events) is found for the 7,(15). Fit to the AM distribution
in T(29) data is shown in Figure 3.31 while complete fit result can be found in
Table B.3 of Appendix B.4.

3.4 Efficiency Estimation

For a particle of mass near 10 GeV/c?, exclusive decays are distributed across many
final states. Thus the x,;(1P) decay modes are used as a guidance to estimate the
average efficiency e[(bb)] for both X,3(9975) and 7,(1S5). The [(bb)] is calculated
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FIGURE 3.31: Fit to the AM distribution of the n,(15) region in the Y(25)
on-resonance data sample for AM € (0.45,0.75) GeV/c?.

’@)] obtained from signal MC samples weighted

according to the yields [N)"W(lp)] for each mode in the x;;(1P) case, as

with the individual efficiencies [e

26 % N?
- X (1P)
lob) = ”Ntot e (3.4)
i=1 Xbs(1P)

where N;‘;E (1P) denotes the total sum of signal yields obtained for the 26 hadronic
decays of the x;s(1P). Similar results are obtained in the three cases of x;;(1P)(J =
0,1,2): 3.99%, 4.05%, and 3.78%, respectively, for X,;(9975). The xu(1P) case is
selected for further calculation as it is a scalar like 7,(15) and X;(9975) [claimed
to be 1,(25)]. The main decays contributing to x0(1P) are found to be 3(nt7™)
[14.42%], 4(7F7~) [12.33%], 2(n 7~ (KT K7) [11.91%], 4(7 "7~ ) (KT K ™) [10.39%],
and 3(7t7 ™) (KK ™) [8.30%] (in decreasing order of contribution). A calibration
factor due to particle identification efficiency difference between data and simu-
lations is also taken into account, where the main difference is found for pions
(~ 95% per pion) with negligible contributions for kaons and protons. The final
efficiency is 2.85% for X,;(9975) and 3.52% for n,(1S).

3.5 Systematic Error Estimation

Uncertainties on the signal yields due to signal PDF shapes are estimated with £1o
variations of the shape parameters that are fixed in the nominal fit. The dominant
sources of such additive systematic errors are the X,;(9975) [35] and n,(1S) [32]

masses. For the upper limit calculation, we conservatively use the fit likelihood,
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which gives the largest upward variation of the signal yield: 18 and 4 events for
the X,;(9975) and 7,(15), respectively. The multiplicative systematic uncertainties
that do not affect the signal yields are listed in Table 3.3. The largest contribution
here comes from the uncertainty in the efficiency estimate. Two sources dominate
here: (a) the statistical error in the yield of the different decay modes of the
xwo(1P), and (b) effects of possible intermediate states on the signal efficiency
(referred to as “decay modeling”, mentioned in Section 3.1). Differences in the
efficiencies based on the same final-state modes generated with the intermediate
resonances (p°, ¢, K*(892)°, K*(892)*) can be as large as 9.2%. The other minor
contributions are from hadron identification, charged track reconstruction, K2 and
photon detection, and the number of T(25).

TABLE 3.3: Multiplicative systematic uncertainties (in %) considered in the
estimation of the X7(9975) (top) and 7,(1S) (bottom) upper limits.

g X,;(9975)
ource

error (+) error (—) | error (max.)
Efficiency calculation +2.5 —2.9 +2.5
Decay modeling +0.0 —9.2 +9.2
Hadron identification +3.7 —-3.7 +3.7
Track reconstruction +2.6 —2.6 +2.6
K? detection +0.2 —0.2 +0.2
Photon detection +3.0 -3.0 +3.0
Number of T(25) +2.3 —2.3 +2.3
Total +6.4 —11.2 +11.2
Source (1)

error (+) error (—) | error (max.)

Efficiency calculation +2.9 —2.9 +2.9
Decay modeling +0.0 —6.9 +6.9
Hadron identification +3.7 —3.7 +3.7
Track reconstruction +2.6 —2.6 +2.6
K? detection +0.2 -0.2 +0.2
Photon detection +3.0 3.0 +3.0
Number of T(25) +2.3 -2.3 +2.3
Total +6.8 —-9.5 +9.5

3.6 Results

The branching fraction is determined from the number of observed signal events
(nsig) as B = ngg/{[(bb)] x Ny(2s)}, where £[(bb)] is evaluated according to Eq. 3.4
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and Nry(2g) is the total number of T(2S) decays. In the absence of the signal,
we obtain an upper limit at 90% confidence level (CL) on the branching fraction
(Byr,) by integrating the likelihood (£) of the fit with fixed values of the branching

fraction:

BuL 1
/ L(B)dB = 0.9 x / L(B)dB. (3.5)

Multiplicative systematic uncertainties are included by convolving the likelihood
function with a Gaussian function of width equals to the total uncertainty from
Table 3.3. We estimate B[Y(2S5) — n,(15)7] x >, Bmp(1S) — h;] < 3.7 x 107°
and B[Y(2S5) = X;37] x >, B[X;5 — hi] < 4.9 x 1076,

In summary, we have searched for the X,;(9975) state reported in Ref. [35],
which is reconstructed in 26 exclusive hadronic final states, using a sample of
(157.8 £ 3.6) x 10° T(2S) decays. We find no evidence for a signal and thus
determine a 90% CL upper limit on the product branching fraction B[Y(2S) —
Xyl x 3. B[Xy; — hi] < 4.9 x 1075, which is an order of magnitude smaller
than the value reported in Ref. [35]. We have also verified using a large num-
ber of pseudo-experiments that if the X;(9975) signal were present in our data
sample we would have observed it with a significance exceeding 10 standard de-
viations. We have searched for the 7,(15) state as well, where set an upper limit
B[Y(2S) = np(19)7] x >, Bn(1S) — h;] < 3.7 x 107% at 90% CL.



CHAPTER 4

Hadronic decays of the x,s(1P) triplet

The recent claim of observing a new state near 9975 MeV/c?, X,;(9975), in the
CLEO data is now refuted by us [78], which is already discussed in the previous
chapter. In that analysis, we also observe a large signal yield for x;;(1P) states
from the sum of 26 exclusive hadronic final states. The observed signal yields
for xps(1P)(J = 0,1,2) are 299 £ 22, 946 &+ 36 and 582 + 31, respectively. This
motivated us to study the product branching fractions of B[Y(2S5) — yxps(1P)] X
Bxps(1P) — h;], where h; is a specific hadronic mode. Our study using the
world’s largest ete™ collision data recorded with the Belle detector in the T(25)
decays would not only improve over the earlier measurements of 14 modes [25],

but also potentially uncover many new modes. This chapter describes this study.

We have reconstructed the following hadronic decay modes for x;;(1P):

e The 26 charged hadronic modes same as in the previous analysis,
2rtr7), 3(xtn7), 4(ntn7), S(rtr), wtn KTK™, 2(ntn )KTK™,
3t )KTK—, 4(ntn )KTK—, 2(KTK™), ntn 2(KTK™), 2(rTn  KtK™),
3(rtrT)2(KTK™), wtaTpp,  20ntwT)pp,  3(nTwT)pp,  A(rFmT)pp,
Tt KT K™ pp, 2(r ) KT K™ pp, 3(rtn ) KT K™ pp, Tt KTKY,
atr atKTKY 2(atn ) nt KTKY, 3(atn ) nt KTKY, ntn2KY, 2(ntn~ KY),
and 3(r 77 )2KY.

e One 7 is added to the above charged final states, excluding 2(m 7 )7°,

3(rta)m, 4(nt 7)Y and 5(w T ) 70 as they are forbidden by the G-parity
conservation [25]. In total, the following 22 modes with one 7% are recon-

structed,

67
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atrKYK—7% 2(xt7n )KYK—7° 3(zta )KtK—7%, 4(zt7n")KtK-7°,
2AKTK )Y, ata 2(KTK )Y, 2(rfa KTK-)n®, 3(rTn)2(KTK~)nY,
tamppr?, 2(xta))ppn?, 3(nta T )ppr®, A(xtr)pprl, ataT KT K ppr®,
2t a ) KT K= ppr®, 3(ntr )KtK ppr®, 7*KTKO 7ta rtKTKO,
20t )t KTKIY, 3(ata ) nt KTKO, atn=2K%70, 2(rtn~ K9)70, and

3(rtn™)2K 70,

s

e Further 26 modes are reconstructed with an addition of two 7%’s to the
charged final states mentioned above.
2(ntr7)2nY, 3(ntr)2nY, A(ntr)2q0, B(rtr)2qY, (ntaT)KTK 270,
20t e )KTK27Y, 3(ntn )KTK—27°, 4(rtn )KTK—27° 2(KTK~)2x",
atr 2(KTK)270, 2(ntn ) KTK—27% 3(rtn)2(KTK™)27°, ntr pp2n°,
2(n ) pp2r?, 3(r T )pp2r?, 4(r 7 )pp2n?, atn KT K pp2n°,
2(ntr ) KT K pp27°, 3(ntn ) K+t K pp2n°, 7T KT K270, ntn—nt KT K9270,
2rta ) nt KTK270, 3(ntn ) nt KT K270, 7ntn—2K%270, 2(ntn—)2K927Y,

and 3(zmt7)2K%27Y.

In total, 74 hadronic decay modes of the x;;(1P) are reconstructed comprising

charged and neutral pions, kaons, protons, and K2 mesons.

4.1 Data and MC Samples

The study is performed with the same data sample used in previous analysis
(described in Section 3.1), which contains (157.8+3.6) x 10° T(2S5) events [61] and
the off-resonance sample below T (2S) and Y(4S5) resonances for the continuum
background study. MC events, same luminosity as the data, of generic T (25)
decays are utilised to study the potential peaking background.

Half a million signal MC events are produced for 48 hadronic modes with 7%’s
other than the previously generated 26 modes. In the newly generated modes
also, the radiative decay of T (2S) is generated by the helicity amplitude (HELAMP)
model [67, 68], details are given in Appendix B.1. The hadronic decays of x;;(1P)
are modeled with the phase space (PHSP) model, where final state radiation effects
are incorporated with an interface to PHOTOS [69-71]. Here, to estimate the sys-
tematic uncertainties due to a phase space assumption for the hadronic decays,
possible intermediate states considered are, p° — 7t7~, p* = 77% ¢ - KT K,
w— 7t % K*(892)° — K*7T/K%% and K*(892)* — Kox*/K*x".
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4.2 7Y (2S) Reconstruction

The reconstruction procedure begins with selecting and reconstructing final state
hadrons to form a x;;(1P) system, which is further combined with a selected pho-
ton originating from the radiative decay to form an Y(25) candidate. Figure 4.1
shows a typical sketch of an event, which has six charged tracks in the final state,
shown by blue dash-dotted curves and three photons two of which arising from
a m decay are shown by blue dotted arrows and the photon from the radiative

decay is shown by the red dashed arrow.

FIGURE 4.1: Sketch of a signal event with six charged tracks, a photon pair
coming from a 7° decay, and a photon from the radiative decay.

4.2.1 xps(1P) Reconstruction

The x3,(1P) is reconstructed from its daughter charged and neutral hadrons (K
and 7). Requirements on charged hadrons in the final state (except for those

coming from K? — 7777), KY and 7° reconstruction are discussed below.

e Impact parameter: Condition on the impact parameters are |dr| < 1 cm and

|dz| < 4cm.
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e Number of charged tracks: The number of good charged tracks are selected

as 4, 6, 8, or 10 depending on the mode.

e Charged pion and kaon selection: Charged pions and kaons are identified

based on the likelihood ratio L/, and its distribution is shown in Figure 4.2.

o Li/r < 0.6 for the selection of pions. Also 7+ should not be a daughter
of any K? candidate.

o Lg= > 0.6 for the selection of kaons.

For the above mentioned condition the kaon identification efficiency is 81 —
90% with a pion misidentification probability of 9 — 14%. Pions are detected

with an efficiency of 91 — 95% with a kaon-to-pion misidentification rate of

8 — 13%.

g F S
S10° true ™
1)
(]
= @true K*
i

10°

10*

10° ‘

0 0.2 0.4 0.6 0.8

1
L(K/m)

FIGURE 4.2: Distribution of L/, in the signal MC sample of xp (1P) —

2(r 7~ ) (Kt K~). The red cross-hatched histogram represents truth-matched

kaons whereas the blue line hatched histogram denotes correctly reconstructed
pions.

e Selection of p/p: protons and antiprotons are identified using the likelihood

ratios £,k and L,/r. The distributions of these ratios are shown in Fig-
ure 4.3.

@) ﬁp/w > 0.7
o ﬁp/K > 0.7
For the above mentiontioned conditions the proton identification efficiency

is 95%, while the probability of a kaon being misidentified as a proton is
below 3%.
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FIGURE 4.3: L,/ (left) and £,/ (right) distributions obtained from the signal
MC sample of xp1(1P) — 2(xtn~ ) KT K~ pp.

e K reconstruction: The K candidates are reconstructed in the same way as
described in the Section 3.2.1. Further, the K invariant mass from the pair

of charged tracks should lie between [486, 509] MeV/c?, which corresponds to

+30 around the nominal K? mass [13].

e 70 reconstruction: A 7° is reconstructed from a pair of photons, each having

energy greater than 100 MeV. The reconstructed 7 should have an invari-

ant mass between [113, 157] MeV/c?, which corresponds to £3.50 around the

nominal ¥ mass [13].

The x4s(1P) candidate is reconstructed using as appropriate number and types of

selected particles according to the 74 mentioned hadronic modes.

4.2.2 ~ Selection

The radiative photon candidates coming from the process, T(2S) — vxus(1P),

are chosen based on the following quantities, already defined in Section 3.2.2:

e Energy of the photon (E,): The signal photon has energy 100 — 240 MeV for
Xpo(1P), 70 — 190 MeV for xp1(1P), and 50 — 170 MeV for xpo(1P). In Fig-
ures 4.4, 4.5, and 4.6 the signal energy distributions are shown for x;,;(1P),
J =0, 1, and 2, respectively, in the laboratory (left) and CM frame (right).
A condition E, > 30 MeV is applied for the signal photon selection.

e E9/E25: To ensure the showers in the calorimeter consistent with electro-

magnetic shower shape, a condition E9/E25 > 0.85 is applied.
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FIGURE 4.6: Distribution of energy of the correctly reconstructed signal photon
for xp2(1P) in the laboratory (left) and CM frame (right).
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e Charged track matching: The electromagnetic shower should not match with

any charged track in the CDC for the signal photon selection.

e Polar angle of the photon (f.): To reduce the beam related background, only
photons in the barrel region satisfying the condition 6, € [0.5, 2.3] rad are

selected.

0

e The candidate ~y should not be coming from a 7° reconstructed for x;;(1P).

4.2.3 Continuum Suppression

Continuum events comprise the light (u, d, s and ¢) quark-antiquark pairs pro-
duced in eTe™ collisions. They have a ‘back-to-back’ jetlike topology in contrast
to spherical signal events. To suppress this background, the cosine of the angle
between the photon candidate and the thrust axis (calculated from the final state
hadrons), cosfr, is used. Signal events have a uniform distribution (shown as
the red histogram in Figure 4.7) in this variable while continuum events peak
near |cosfr| = 1 (shown as the blue histogram in Figure 4.7). A requirement

| cos 7| < 0.8 is applied to reduce the continuum background.
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FIGURE 4.7: Normalised | cos 0| distributions, flat red-cross lined distribution

of signal events is from the MC sample of x41(1P) — 3(7t7~), and the blue

lined distribution peaking near 1 is for continuum background events taken from
the T(2S) off-resonance data.
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4.3 Kinematic Fit and x? Cut

A kinematic fit imposing energy-momentum conservation (4C) can help in improv-
ing the mass resolution since all the final state particles are reconstructed. The
x? from the 4C fit can also be used as a selection criterion for signal (and to select
the best candidate if multiple candidates are found). In our previous analysis, we
have verified that applying a selection criterion on the x? is equivalent to applying
selection criteria on variables P;(zs) and AFE. The 4C-fit is discussed in detail in
Appendix B.3.

After the pre-selection criteria and continuum suppression described above, an
optimised criterion on reduced y? (y?/NDF) is applied for further background
suppression. Optimisation is done for the signal xuo(1P) because it is also the
signal of interest for the width measurement. As the branching fraction informa-
tion is mostly available for the x;;(1P) decays, the optimisation is performed
for two branching fraction cases: (a) sum of the product branching fractions
(B[Y(2S5) = vxo1(1P)] x B[xp1 (1P) — X;]) for 13 modes (available in Ref. [25], ex-
cluding upper limit), multiplied by the ratio of the sum of signal yields for xuo(1P)
and xp1(1P) in those modes, and (b) the product branching fraction as in case

(a), but it is varied around (410) the obtained uncertainty.

The xpo(1P) signal region in AM (MY (2S)] — M[x»s(1P)]) distribution is de-
fined as [138,180] MeV/c?, which corresponds to a +3¢ window. The variation
of the expected signal yield with reduced y? is shown in Figure 4.8 (left). The
background contribution is estimated from one stream of generic MC events in
the same mass window ([138,180] MeV/c?). Signal events are removed from the
generic MC sample while the off-resonance data are added to it after a proper
scaling. The variation of background events with the criterion on reduced x? is

shown in Figure 4.8 (right).

A figure-of-merit (FOM) is calculated as S/\/(S + B), where S (B) is the expected
signal (background) events. The variation of FOM with the condition on reduced
x? is shown in Figure 4.9, where x?/NDF < 3 is found to be the optimal point.
The uncertainty on FOM mostly arises from the ratio of the yield of x4 (1P) to
that of x41(1P) in our signal estimation. The FOM is recalculated by varying the
product branching fraction +1o around its error [discussed above as the case (b)],

and is shown in Figure 4.9. The optimal point remains unchanged at y?/NDF < 3.
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FIGURE 4.8: Variation of expected signal (left) and background (right) events
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FIGURE 4.9: Variation of the FOM with the condition on reduced y2, the
optimal point is found at x?/NDF < 3. The FOM is recalculated by varying the
product branching fraction by +1o around its error. The curve with upward
orange triangles is for the positive variation, the curve with downward green
triangles for the negative variation, whereas the curve with blue dots is for no
variation. The optimal cut value does not change from y?/NDF < 3.

4.4 Fit and Significant Modes

Significant modes need to be identified for the branching fraction related studies.
Fit in data to the AM distribution and the method of significant mode selection

are discussed in the following subsections.

4.4.1 Maximum Likelihood Fit

To decide the PDF for the signal components, the respective signal MC samples

are studied. All three signals shapes are modeled with the sum of a symmetric
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FIGURE 4.10: Fit to the AM distribution of the signal MC sample of xpo(1P) —

2(m 7). Black points with error bars are signal MC events, the solid blue curve

is the result of the total fit, the symmetric Gaussian component is shown by

the dotted red curve, and the asymmetric Gaussian component of the fit is
represented by the dotted green curve.

and an asymmetric Gaussian function. Both the Gaussians have a common mean

(an example is shown in Figure 4.10).

The fit range of the AM distribution in data is (40, 240) MeV/c?, which includes the
three s (1P)(J = 0,1,2) signal components. These components, as mentioned
earlier, are fitted with the sum of two Gaussians, for which the three widths and
the fraction between the two are fixed from fitting MC events of the corresponding
signal in all the 74 modes. The parameters for all modes are close, having a small
RMS. Thus we fix each parameter to its mean value while the RMS is varied to
estimate the assorted systematic uncertainty. In order to account for a modest
difference in the detector resolution between data and simulations, we use a fudge
factor common to the three signal components. Background is modeled with
the sum of an exponential function and a first-order Chebyshev polynomial. The
corresponding three parameters (exponent, slope and relative fraction) are allowed
to vary in the fit. The fitting procedure is similar to that already discussed and
validated in Section 3.3.4.

The fit to the AM distributions for the sum of 74 modes in data is shown in
Figure 4.11, the x2/NDF of the fit is 1.082. Complete fit result is given in Table B.4
of Appendix B.4. The y,,(1P) signal yields are found to be 5 times more than
in our previous analysis [78]. The masses of the y,,;(1P)(J = 0,1,2) states are
obtained to be in an excellent agreement with, and more precise than, the world
average values [13]. They are listed in Table 4.1 along with their world average

values. The calibration factor, which takes into account the data-MC difference
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TABLE 4.1: Mass and signal yield of x47(1P) obtained in this analysis from the

sum of 74 reconstrcuted modes.

State Signal yield

Mass in MeV/c¢? Mass in MeV/c¢?
(stat. error only) (World average [13])

xeo(1P) 1197 £58 9858.98 = 0.33  9859.44 + 0.42 £

0.31

o1 (1P) 4747 + 94 9893.05 = 0.12  9892.78 + 0.26 £

0.31

xw2(1P) 3064 £+ 87 9911.81 £0.16  9912.21 £ 0.26 £

0.31

for the resolution is, 1.134 + 0.019, in a resonable agreement with the usual Belle

estimations.
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FIGURE 4.11: Fit to the AM distribution for AM € (0.04,0.24) GeV/c? in
T(2S) on-resonance data from the sum of 74 reconstructed modes. The blue
solid and blue dashed curves are the total fit and background components. The

three x37(1P) components are shown by red dashed curves.

4.4.2 Mode Selection

With signal shapes, including the AM values, fixed by the fit to the sum of 74
modes (described in Section 3.3.4), the AM distribution in each mode is fitted.

The signal significance from the fit to each mode is determined as \/ —2In(Lo/Lmaz),
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where Ly and L,,., are the likelihood value with the signal yield varied as a free
parameter and fixed to 0. Signal significances in all the modes reconstructed are
given in Appendix B.5. In total, 41 modes are identified that have at least 5o
significance in any of the x,;(1P)(J = 0,1,2) signals. Number of signal events
obtained from the fit, corrected efficiency, and the significance for the selected
modes are listed in Table 4.2. The AM distribution in those 41 selected modes

are shown in Figure 4.12.

TABLE 4.2: Number of y;;(1P) signal events obtained from the fit, the sig-
nificance and the corrected efficiency for each significant modes. The table
continues to the next page.

X0 Xb1 Xb2
Modes N o € N o € N o €
2rt2m™ 256 | 3.0 | 127 | 725 | 6.8 |146| 326 | 3.1 | 13.6
3rt3n~ 90.2 | 11.0| 86 | 286.3|23.6 | 9.8 |143.0| 126 | 94
At 63.0| 85 | 5.1 |266.7|225| 6.0 | 163.7|14.6 | 5.7
S5rt5m™ 2561 49 | 3.1 | 84.8 | 108 | 3.5 | 90.8 | 109 | 3.3
mtr KK~ 2591 &1 | 108 | 339 | 86 |123| 271 | 6.3 | 114

27 2r KTK~ | 599 87 | 7.2 | 157.6 | 163 | 83 | 96.6 | 11.5| 7.0
3r73r KK~ | 427 58 | 44 | 1325|137 50 | 898 | 9.8 | 4.8
Artan KYK~  |[455| 7.9 | 25 | 71.1 | 105 | 29 | 66.9 | 9.6 | 2.7
mtr 2KT2K~ | 166 | 54 | 6.0 | 388 | 86 | 7.0 | 337 | 7.4 | 6.6
2T 2r 2K 2K~ | 145 | 44 | 35 | 386 | 78 | 4.1 | 347 | 7.2 | 39
3r73r 2KT2K - | 102 | 38 | 1.9 | 154 | 45 | 23 | 238 | 6.2 | 22
2721 pp 1.7 109 [ 38| 45 [102] 55 | 135 | 35 | 5.2
37731 pp 102 31 [ 29 | 365 | 7.8 | 33 | 15.3 | 3.6 | 3.2
Tt KK pp | 102 ] 42 | 51 | 176 | 57 | 59 | 133 | 3.7 | 5.6
2T 2r KK pp | 17.3 | 45 | 35 | 283 | 63 | 41 | 12 | 34 | 38
Tt rEKTKY | 0.0 | 0.0 | 55 | 749 [ 129 ] 64 | 270 | 5.0 | 6.1
2 2r mEKTKY | 10.6 | 2.2 | 33 | 1162|139 | 3.8 | 643 | 85 | 3.6
3r73r ntKFKY [ 103 | 2.1 | 1.9 | 55.9 | 89 | 2.2 | 248 | 43 | 2.1
27 2m 2K 81 | 42 | 26 | 134 | 54 | 31 | 136 | 5.2 | 2.9
3773 2K 51 | 22 | 15 | 144 | 50 | 1.7 | 114 | 38 | 1.6
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Number of y;;(1P) signal events obtained from the fit, the significance, and
the corrected efficiency for each selected modes. The table continues from the
previous page.

X0 Xb1 Xb2
Modes N o € N o € N o €
7t KTK 7" 3.3 07162 8.0 [10.7]7.2] 39.0 | 5.2 |6.9
2rtor KT K ' 45.7 |45 13412614183 (391704 | 11.8| 3.8
3rt3r  KtK—r' 52.5 | 5.2 1.8 1986|145 |2.1|124.3| 9.0 | 2.0
Arton~ Kt K70 93 [14/09] 692 | 7.8 | 1.1 | 40.0 | 44 | 1.0
7t 2K 2K 70 122 | 32127 46.2 | 7.9 | 3.2 22 3.9 | 3.1
22 2K 2K 7Y 157 32114 300 | 5.0 |1.7] 187 | 3.5 | 1.6
ntr ppn® 00 [00[40| 174 | 54 |46 99 | 3.3 |45
7t KT K~ ppr® 6.8 [ 28261 209 | 55 |29 143 | 3.3 | 2.8
A G e 82 | 1.5 271108 11.9]3.2] 5.8 | 6.1 | 3.1

2r 2t KT KO0 309 [ 38|15 1370|121 16| 67.1 | 6.1 | 1.6
3rt3r KT KOrY 296 [4.1]08| 647 | 76 |09 39.2 | 47 1 0.9

212279 42.0 | 3.9 |34 (2825|169 |4.0 2135|125 | 4.0
3t 3r27Y 101.1 | 6.7 | 1.8 | 556.3 | 24.0 | 2.1 | 308.5 | 13.6 | 2.0
4t 4r— 270 66.9 | 5.3 0.9 | 365.7]19.6 | 1.0 | 251.7 | 13.3 | 1.0
5t Hr 270 195 126 (04| 878 | 84 |05 | 8.7 | 7.1 [ 0.5
ntr KTK 27! 244 | 3328 | 578 | 7.0 | 33| 476 | 54 | 3.2

ontor KTK 270 | 394 |39 |14 1295|100 1.7] 895 | 6.8 | 1.6
3rF3r KTK 27 | 356 | 3.6 0.7 | 1143 | 94 | 08| 775 | 6.3 | 0.8
ort2r pp2m? 133 (27109276 | 5.0 | 1.0] 253 | 44 | 1.0
T rEKFK2a0 | 373 | 51|12 782 | 86 | 14| 35.7 | 42 | 1.3
2 2r it KK | 27 [ 35|06 90.8 | 9.1 | 06| 53.1 | 5.1 | 0.7

4.4.3 Systematic Error Estimation

The major source of systematic uncertainty is found to be the effect of possible
intermediate states (mentioned in Section 4.1) on the signal reconstruction effi-
ciency. The deviation in the efficiency obtained from phase space consideration
is found be 2 — 23%. Uncertainties on the signal yield due to PDF shapes are
estimated using +1c¢ variations of the shape parameters that are fixed in the fit,
and are found to be 3 — 12%. The uncertainty due to a limited size of the signal
MC sample is 1%. Uncertainties associated with photon detection (3%), charged
track reconstruction (0.35% per track), particle identification is (1.5 — 4.5%), K?°

0 reconstruction (2.2% per 7°) and number of

reconstruction (2.2% per K?), 7
T(29) in data sample (2.3%) are also taken into account. Systematic errors are

added in quadrature mode by mode, and they are in a range of 6 — 27%.
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4.4.4 Branching Fraction Results

The product branching fraction, B[Y(2S5) — yx»s(1P)] x Blxm(1P) — X;], for
each x,s(1P) decay where the significance is greater than 30, are listed in Table 4.3.
The values indicated by a symbol f in the table (in total, 85 of them) are the first

observation of the signal in that mode.

TABLE 4.3: Product branching fraction, B[Y(2S) — vxp.7(1P)] x Blxp (1P) —

h;], for each x,s(1P)(J = 0,1,2) in units of 1075.

Upper limits at the 90%

CL are calculated for the modes having a significance less than 3o. The quoted
uncertainties are statistical and systematic, respectively. The table continues
to the next page.

Mode X0 (1P) ‘ xp1(1P) ‘ Xb2(1P) ‘
2rton— 0.13 + 0.05 £ 0.02¢} 0.3 £ 0.1 + 0.047 0.2 +£ 0.1 + 0.027
3rt3m~ 0.7 £ 0.1 + 0.067 1.8 0.1 +£0.2 1+£0.1+£0.1
Artam— 0.8 +£ 0.1 +0.1% 28 +£02+04 1.8+ 0.2+ 0.2
5mt5m— 0.5+ 0.1 £ 0.1} 1.5+ 0.2 £ 0.3t 1.7 £ 0.2 £ 0.37
Tt KK~ 0.15 + 0.03 £+ 0.03f | 0.17 £+ 0.03 + 0.031 | 0.15 £+ 0.04 + 0.03f}
2r 2~ KT K~ 0.5+0.1£0.1 1.2+ 0.1 +0.1 0.8+ 0.1 £0.1
3nt3n  KTK~ 0.6 £0.1 £0.1 1.7+ 0.2+ 0.2 1.2 £0.2 +£0.17
Artan~KTK~ 1.2+ 0.2 £ 0.2y 1.6 £ 0.2 £ 0.27 1.6 + 0.2 £ 0.2}
Ttr 2K 2K~ 0.18 + 0.05 £+ 0.02f} 0.4 +£ 0.1 + 0.037 0.3 £ 0.1 + 0.037

onton 2K 2K~

0.3 £ 0.1 + 0.03f

0.6 £ 0.1+ 0.11

0.6 £ 0.1 & 0.17

3rt3n 2K 2K~

0.3+ 0.1+ 017

0.4 + 0.1 £ 0.1}

0.7+ 02+ 0.17

272w pp

<0.2

05+ 0.1+ 0.11

0.2 + 0.1 + 0.03f

33 pp

0.2 £ 0.1 £ 0.03}

0.7+ 0.1+ 0.11

0.3 £ 0.1 & 0.04f}

7t KTK pp

0.13 £ 0.04 £+ 0.02¢}

0.2 + 0.1 £ 0.03f

0.2 £ 0.1 +0.03}

22 KT K~ pp

0.3+ 0.1 £ 0.17

0.4+ 0.1 £0.1%

0.2 = 0.1 £ 0.031
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Product branching fraction, B[Y(2S) — vxss(1P)] x B[xp1(1P) — h;], for each
xps (1P)(J = 0,1,2) in units of 107°. Upper limits at the 90% CL are calculated
for the modes having a significance less than 30. The quoted uncertainties are
statistical and systematic, respectively. The table continues from the previous

page.

Mode Xbo(1P) \ Xb1(1P) \ xb2(1P) |
T KTKY < 0.1 0.7+ 0.1+0.1 0.3 £0.1 +0.1f
2r 2 n T KT K <04 1.9+02+02f | 1.1 £0.2+ 0.1}
3rt3r nt KT K < 0.7 1.6 £03+0.1f | 0.8+ 0.2+ 0.1}
2 2 2K 0.2 £0.1+0.04f | 0.3+£0.1+0.03F | 0.3=£0.1+0.03F
37T+37r_2K2 < 0.6 0.5+£02+0.17f | 04 +0.2+0.1}
atr  KTK 70 < 0.2 0.8 0.1 £0.1 0.4 + 0.1 +£0.04
2t 2r~ Kt K— 7Y 0.8+ 0.2+ 0.2f 4.2 +0.3 +£0.7 2.8 0.3 £0.5
3nt3r KT K70 1.8 +£ 0.4 £ 047 6.0+ 0.6 £ 1.1 3.8 0.5 +£0.7

Artdr— KT K70

< 1.7

4.0 + 0.7 + 1.0

2.4+ 0.6 £ 0.6

7t 2KT2K 70

0.3+ 0.1 £ 0.17

0.9 £ 0.2 £ 0.2

0.5+ 0.1 = 0.1f

2rtor 2K 2K 7V

0.7 £ 0.3 £ 0.17

1.1 £0.3 £0.27

0.7+ 0.3 £ 0.11

mrr~ppr? <0.1 0.2 &+ 0.1 £ 0.04f | 0.1 £ 0.1 &+ 0.02f
T~ Kt K~ ppr® <05 0.5+ 0.1+0.2f | 0.3+£0.1+0.1%
T T KT K70 <0.5 22403 +0.27 | 1.24+0.2 +0.21

22t KTKO7% | 1.34+04+02t | 53+£06+08 | 2.6+ 0.5+ 0.5¢
3rt3r nt*KTKIr® | 244 0.7+ 0.5f | 46+ 0.8+ 1.0f | 2.9+ 0.7 + 0.61
2nt2m =270 08+02+02f | 45+04+10 | 34+03+08
3r+3r—2n70 36+06+05f | 168+09+23 | 9.7+09+15
4rtamr—2m0 48 +1.0+1.0f | 223 +15+47 | 155 £ 1.5+ 3.3
5m+5m 20 <5.1 10.8 + 1.6 £ 2.41 | 11 4+ 1.9 & 2.5¢
" KTK— 270 0.5+02+01f | 1.1 £0.2+0.3f | 0.9+ 0.2+ 0.2}
2nt2n~ KT K—27Y 1.7+05+04t | 494+06+1.1 | 35+0.6+0.8

3rt3r KT K279

3.2+ 1.0+ 0.8

8.9 + 1.2 + 2.2

6.4 + 1.2 £ 1.6}

2727~ pp2rY <18 1.8 +£05+03f | 1.6 £0.5 £ 0.3f
T KT K270 24+05+03F | 3.6£05+04f | 1.7+£0.5+£0.2
2ntor ntKTK227% | 34+ 1.0+ 061 [ 90+ 1.3+ 1.7t | 5.1+ 1.2+ 1.0%

Our branching fraction results are consistent with, and more precise than, the ones

observed in CLEQO’s analysis. Futhermore, a x;;(1P) signal for J = 0,1 and 2 has

been observed for the first time in 27, 28 and 30 modes, respectively.



CHAPTER 5

Epilogue

The first evidence for bottomonium was found in the di-muon spectrum at Fer-
milab in 1977 (3 years after the famous November revolution of particle physics
started with the discovery of charmonium). Recently many new discoveries in bot-
tomonia have made it a hot topic. Notable among them is the observation of the P-
wave spin-singlet bottomonium states h,(1P) and h,(2P) by the Belle experiment
at KEK [28]. This subsequently led to the discovery of Zbi, an exotic state!, and
also opened a new window to access 1,(15) (the ground state of botttomonium) as
well as 1,(25) states via radiative transitions [32]. Belle confirmed the 7,(15) at a
mass 9402.4 + 1.5 4+ 1.8 MeV/c?, which is most precise measurement till date, and
measured its width 10.8739725 MeV for the first time. In the same analysis, the
n5(25) meson is also discovered at 9974.6 + 2.3(stat.) 4= 2.1(syst.) MeV/c?. These
S-wave spin singlet states allow one to obtain the hyperfine splitting from their
spin triplet T (n.S) counterparts, AMyp(nS) = M[Y(nS)|—M[n,(nS)], which pro-
vide an important piece of information about spin-spin interactions between the
quark and antiquark. Hyperfine splittings for the 1.5 and 2S5 states are found to
be 57.9 4+ 2.3 MeV/c? and 24.3712 MeV/c?, respectively. However, there is a recent
claim [35] of observation of a bottomonium state X,;(9975) in the radiative decay
Y (2S) — X,3(9975)y with a data sample of 9.3 10° Y (25) decays recorded by the
CLEO detector. The analysis, based on the reconstruction of 26 exclusive hadronic
final states, reports a mass of 9974.6 4 2.3 & 2.1 MeV/c? and assigns this state to
the 1,(2S), which corresponds to AMyr(2S) = 48.6 & 3.1 MeV/c?. This disagrees
with most of the predictions for AMyp(2S5) from unquenched lattice calculations,

potential models and a model-independent relation that are compiled in Ref. [36],

!These states are non-standard hadrons, containing at least four quarks.
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and therefore suggests a flaw in the theoretical understanding of QCD hyperfine
mass splittings. In contrast, the Belle result [32] is consistent with theoretical

expectations.

5.1 Search for X;;(9975)

We have searched for the X;(9975) state in the data set recorded at the Y(25)
resonance by the Belle detector, which is also world’s largest ete™ collision data
at that energy [78]. The search is performed in the radiative decay 1(25) —
v(bb), where the (bb) states are reconstructed from the same 26 modes mentioned
in Ref [35]. In Figure 5.1, we present a fit to the AM = M][(bb)y] — M (bb)
distributions for the sum of the 26 modes. The results of the fit show no evidence
of an X;(9975) signal, with a yield of —30 £ 19 events. Our analysis procedure is
described in Chapter 2.

300

250

200

Events / ( 0.003 GeV/c?)

150
X, 5(9975)

claim X (1P)
100

50

R4
lllla“illll.
. wih o L %,
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0.05 0. 0.15 0.2 0.25 0.3
A M (GeVic?)

FIGURE 5.1: AM distributions and fit for a T(2S5) data events.

A 90% CL upper limit is determined on the product branching fraction B[Y(2S5) —
X5(9975)7] x >, B[X;5(9975) — h;] < 4.9 x 107%, which is an order of magnitude
smaller than that reported in Ref. [35]. We have also searched for the 7,(1S5) state
and set an upper limit B[T(25) — n,(19)7] x >, Bln(1S) — h;] < 3.7 x 107°
at 90% CL. The disconfirmation of the X,;(9975) state was extremely important
as its claim to be the 7,(2S) was in disagreement with theory predictions and the
Belle result.
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5.2 Hadronic Decays of x,s(1P) Triplets

In our previous analysis, we observed large signal yields of 300, 950, and 580 events
for J = 0, 1, and 2, respectively for the y,;(1P) from the sum of 26 hadronic
decay modes. This motivated us further to study the product branching fractions
of B[Y(2S) — yx»s(1P)] x Blxss(1P) — h;], as the decay of x,,(1P) into states
of light-quark hadrons tells us how initial quarks and gluons turn into observable
hadrons [27]. For this analysis, we have reconstructed in total of 74 hadronic modes
comprising charged pions and kaons, protons, K and neutral pions. Signal yields
for the x4s(1P) (1200, 4750, and 3050 events for J=0, 1, and 2, respectively) found
in this analysis is almost 5 times than our earlier analysis. The analysis procedure
is discussed in Chapter 4. In total, 41 modes are identified that have at least 50
significance in any of the y,;(1P)(J = 0, 1, 2) signals. Our measurement not only
improved the previous measurements by the CLEO Collaboration [25] but also led

to first observations in many (in total 85) new modes.

5.3 Future Scope and Other Works

Various theoretical calculations for the y,0(1P) and y2(1P) widths are sum-
marised in Table 1.3. These calculations predicts that the width of the xp(1P)
width can be as large as 2 MeV. With the large statistics of the x,s(1P) sig-
nals in our sample we can attempt to measure the width of xuo(1P), cross-checks

performed regarding this is discussed in Appendix B.6.

Though this thesis is largely focused on the physics analysis of Belle data, as a
collaborator of the Belle II experiment I have also participated in the assembly
of the layer-4 of its silicon vertex detector, where my task was to perform and
optimize gluing operations between the pitch adapters and silicon sensors. A brief

description of this work is given in Appendix A.






APPENDIX A

Silicon Vertex Detector for Belle 11

Based on a successful operation of the KEKB collider and Belle detector, an up-
gradation of the accelerator complex (SuperKEKB) leading to an ultimate lumi-
nosity of 8 x 10%cm~2s~! is currently ongoing, in order to measure mainly rare
decays in B and D meson system with higher statistics. To cope up with this
40-fold increase in luminosity, a detector upgrade (Belle II) is also taking place.
The Belle II detector is a general purpose magnetic spectrometer comprising the

following sub-detector components [79]:

e Two layers of pixelated silicon sensors (PXD) and four layers of double-sided
silicon microstrip sensors (SVD) aimed to measure the decay vertex position

of short lived particles in particular B mesons.

e A central drift chamber (CDC) for measuring charged particle trajectories,

their momenta and specific ionization (dE/dx).

e A barrel-shaped array of time-of-propagation (TOP) counters that recon-
structs, in spatial and time coordinates, the ring-image of Cerenkov light
emitted from charged particles passing through quartz radiator bars, and
another ring-imaging Cerenkov counters with aerogel radiator (ARICH) in
the forward endcap, as particle identification devices, especially to distin-

guish between charged pion and kaons.
e An electromagnetic calorimeter (ECL) composed of CsI(T1) crystals.

e All the above subdetectors are located inside a superconducting solenoid coil

that provides a 1.5 T magnetic field.
91
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FIGURE A.1: Schematic of the Belle I detector [79].

e An iron flux-return located outside of the magnet coil which is instrumented
with RPCs (plastic scintillators) in the barrel (end-caps) region to detect K?

mesons and muons (KLM).

A three-dimensional schematic view of the upcoming Belle IT detector with various

sub-detectors is shown in Figure A.1.

As a Belle-II collaborator, I have been fortunate to participate in the assembly of
the layer-4 (L4) of its SVD. My major task was to perform and optimize gluing
operations between the pitch adapter and silicon sensors. Apart from that, I was
also involved in aligning sensors during module assembly with a precision three-
dimensional coordinate measuring machine. The Belle II SVD is discussed in

Section A.1 while my work is summarised in Section A.2.

A.1 The Belle 11 SVD

The vertex detector of the Belle described in Section 2.2.3 cannot cope with the
40-fold increase in luminosity and thus an upgrade is absolutely necessary. The

new vertex detector for Belle II consists of two layers of the silicon pixel detectors
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(PXD) surrounding the beam pipe (described in Ref. [80]) followed by four layers
of double-sided silicon microstrip detectors (SVD) [81]. Each layer is composed
of several ladders that are an assembly of a number of silicon sensors; Table A.1
lists the specification of the four SVD layers and a schematic of the SVD is shown
in Figure A.2. The readout electronics should be faster than before to cope with
the luminosity increase and to maintain manageable levels of occupancy and pile-
up. Hence, a chip-on-sensor (‘origami’) scheme [82] is developed to minimize the
distance between strips and readout amplifier (thereby reducing the electronic

noise) as well as the overall material budget.

TABLE A.1: Layer configuration of the Belle II SVD [81].

Layer Radius (mm) Ladders Sensors per ladder

L3 38 7 2
L4 80 10 3
L5 104 12 4
L6 135 16 5

FIGURE A.2: Schematic of the SVD with transparent cones indicating the
borders of its angular coverage. In each layer, a single ladder is shown for
representation [81].

A.2 L4 Gluing Related Work

For gluing various components of the SVD, Araldite 2011/2012 glue is used, which
is a two component epoxy paste adhesive. The two components are mixed by
attaching a glue mixer to the cartridge and squeezed till the mixture comes out of
the mixer orifice. Required amount of mixed glue is carefully put inside a syringe

with stopper. Then the syringe with glue is placed in a centrifuge defoaming
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machine in proper position inside a syringe holder. The glue is centrifuged for 400s,
which removes any air bubbles formed during the glue mixing or while transferring
the glue inside the syringe. The stopper from the syringe is replaced with a needle
of appropriate diameter (0.25 mm - 1.06 mm) specified for the gluing different
components. An air-pump line is attached to the syringe, which brings glue out
for the desired application through the needle by applying pressure (2-4 bar). For
a specific glue pattern, a glue robot (Cast PRO II SONY) is used. For this the
syringe is clamped at the designated position on the glue robot and later calibrated
by looking at attached microscopes. A photograph of this procedure can be seen

in Figure A.3.

F1GURE A.3: Initial position of the needle of the syringe being calibrated before
start of the operation of gluing pattern programs.

The component on which glue to be applied should be properly cleaned and care-
fully fixed to the platform (vacuum chuck) of the glue robot beforehand. The
values of needle diameter, gas pressure, and several other parameters are opti-

mized for different purposes (and it can be found in an internal webpage [83]).



APPENDIX B

Supplementary Informations

B.1 MC generation

For simulating the radiative decay Y(2S) — ~(bb), the HELAMP [67, 68] model of
the EvtGen [63] package is used by specifying helicity amplitudes of final state

particles in the input decay table, as follows:

1. For the decay Y(2S) — vxpo(1P) :
Decay Upsilon(2S)
1.0000 gamma chi_b0O HELAMP 1.0 0.0 1.0 0.0;
Enddecay

2. For the decay YT(25) — yxpn (1P) :
Decay Upsilon(2S)
1.0000 gamma chi_bl HELAMP 1.0 0.0 1.0 0.0 -1.0 0.0 -1.0
0.;
Enddecay

3. For the decay T(25) — yxpe(1P) :
Decay Upsilon(2S)
1.0000 gamma chi_b2 HELAMP 2.4494897 0. 1.7320508 0. 1. O.
1. 0. 1.7320508 0. 2.4494897 O.;
Enddecay

4. For the decay Y(2S5) — yn(15) :
Decay Upsilon(2S)
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1.0000 gamma eta_b
Enddecay

5. For the decay Y(2S5) — vX,;(9975) :
Decay Upsilon(2S)
1.0000 gamma eta_b(2S)
Enddecay

HELAMP 1.0 0.0 1.0 0.0;

HELAMP 1.0 0.0 1.0 0.0;

Properties of the signals generated are described in Table B.1

TABLE B.1: Properties of signals generated in MC samples.

Signal ID  Mass (GeV/c?)

Width(MeV) Spin

T(25) 100553 10.02326
X,5(9975)[1,(25)]* 100551 9.974
Xo2(1P) 555 9.9126
Xe1(1P) 20553 0.8927
Xeo(1P) 10551 9.8599
m(1S) 551 0.403

0.044
0
0
0
0
10P

1

O~ NN O

0

* X5(9975) signal properties generated as 7,(2S5), except its mass as

measured by Belle [32].

b signal with zero width is also generated for measuring detector resolu-

tion.

The Generic decay of YT (295) is simulated as follows:

Decay Upsilon(2S)

O O O O # O #* O H#H* O O O o o

.0192 e+ e- PHOTOS VLL;

.0192 mu+ mu- PHOTOS VLL;

.0200  taut+ tau- PHOTOS VLL;

.1880  Upsilon  pi+  pi- PHOTOS PHSP;
.0900 Upsilon pi0 piO PHSP;

V-> gamma S Partial wave (L,S)=(0,1)

.0380 gamma chi_bO HELAMP 1.0 0.0 1.0

V-> gamma V Partial wave (L,S)=(0,1)

V-> gamma T Partial wave (L,S)=(0,1)

.0715 gamma  chi_b2  HELAMP 2.4494897 O.

1.7320508 0. 2.4494897 O.;

.0050 d anti-d PHOTOS PYTHIA 32;
.0200 u anti-u PHOTOS PYTHIA 32;

0.0;

1.7320508 0.

1.

.0690 gamma chi bl HELAMP 1.0 0.0 1.0 0.0 -1.0 0.0 -1.0 0.;

0.
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0.0050 S anti-s PHOTOS PYTHIA 32;
0.0200 l anti-c¢ PHOTOS PYTHIA 32;
0.4191 g g g PHOTOS PYTHIA 4;

0.0160 gamma g g  PHOTOS PYTHIA 4;

Enddecay;

The x4,y (1P) decay is simulated in generic MC as follows (as given in Belle evt . pdl):
Decay chi_ b0

# S-> gamma V Partial wave (L,S)=(0,0)

0.0500 gamma Upsilon HELAMP 1. 0. 1. O0.;

0.9500 rndmflav anti-rndmflav PHOTOS PYTHIA 12;

Enddecay;

#

Decay chi bl

# V-> gamma V Partial wave (L,S)=(0,1)

0.3500 gamma Upsilon HELAMP 1. 0. 1. 0. -1. 0. -1. O0.;
0.6500 g g PHOTOS PYTHIA 32;

Enddecay;

#

Decay chi_b2

# T-> gamma V Partial wave (L,S)=(0,2) Use PHSP.

0.2200 gamma Upsilon PHSP;

#0.2200 gamma Upsilon HELAMP 1. 0. 1.7320508 0. 2.4494897 0.
# 2.4494897 0. 1.7320508 0. 1. O.;

0.7800 g g PHOTOS PYTHIA 32;

Enddecay;
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B.2 HELAMP Model Verification

HELAMP model allows generation of two-body decays according to the helicity am-
plitude formalism. The parameters of this model used for generating the signal
MC sample are summarised in Appendix B.1. To verify this model, we fit the
AM distribution of the T(25) on-resonance data in bins of the photon helicity
angle and obtain the signal yield for each bin. The signal yield is normalised by
dividing its value in each bin by the total yield for each signal x,;(1P)(J =0, 1,2)
case. Using signal MC events, the efficiency is obtained for each bin of the photon
helicity angle and normalised by dividing it by the total efficiency. In Figure B.1,
a comparison between the data and signal MC expectation is shown. As an ex-
ample, the signal MC sample used here is T(2S) — yxps(1P)(J = 0,1,2) with
Xbs(1P)(J = 0,1,2) — 37737, The data and generated MC samples are found

to be in good agreement.
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FIGURE B.1: Normalised signal yield in bins of the photon helicity angle. Black
dots with error bars are the data and the blue squares with error bars are the
signal MC expectations.
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B.3 Kinematic Fit

In an event, measured energy and momentum (four-momentum) of final state par-
ticles are supposed to satisfy kinematic constraints to the initial four-momentum of
the decaying particle [Y(2S) in our case]. However, due to uncertainties associated
with the four-momenta measurements, these kinematic constraints are not exactly
matched. The measured values can be slightly varied within their uncertainties
while applying the kinematic constraint. In an exclusive measurement, where all
final state particles are measured, the kinematic fit can thus be used to improve
the mass resolution. The fit is also known as ‘4C-fit’ as it has four constraints

corresponding to energy-momentum conservation.

Suppose the final state consists of n number of particles with four momentum P,
of the n'" particle is [pe, Puys Pz, /P2 + m2] and the initial four momentum T
is [ty, ty,t., tp|. The four constraints, f,, fy, f., fr, on the energy and momentum

can be expressed as,

fo 2 ) Pna—te =0,
Ty :ipny_ty =0,
[ :zn:pm —t, =0,
fE Ii(pi—kmi) —tp =0.

n

Then, least square fitting is performed with the application of the Lagrange mul-

tiplier method. The y? is defined as,

2= Z (Pn — Pg)Tvgl(Pn - P?l)?

n

where P2 and P,, are the measured and predicted value for four momentum of
the n'" particle,respectively, that minimises the x2. A more detailed description
of the fitting method is discussed in Ref. [84].
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Apart from improving the mass resolution, the x?/NDF (NDF = 4) of the 4C fit
can be useful in selecting the best candidate among the multiple candidates, if

found in an event. It can also be utilized as a criterion for the signal selection.

In our search for the X,;(9975) signal (Chapter 3), as expected we observed that
x? of the 4C-fit has a strong correlation with other kinematic variables like AE

and P§ Y (25)"
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FIGURE B.2: The scatter plots in top are x?/NDF vs. P s (left) and vs. AE

(right) from the signal MC sample of 7,(1S) — 3(7 7~ ), and the scatter plots
in bottom are x?/NDF ws. PA}(QS) (left) and vs. AFE (right) from the signal MC

sample of X,;(9975) — 3(n 7).

We optimize the condition on y?/NDF in the same way as earlier done for other
variables and compare the FOM obtained with that of previously optimized set of
kinematic cuts. The FOM obtained from two approaches are found to be fairly
close. In our latter analysis to study the hadronic decays of x,;(1P) triplet, a
criterion on x?/NDF is thus applied.
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B.4 Results of Maximum Likelihood Fit

TABLE B.2: Results of the fit to the AM distribution from the sum of 26
reconstructed modes in the [0.03, 0.30] GeV/c? region for the Y (2S) data sample
(shown in Figure 3.29). The values with uncertainties are floated in the fit.

Component Function Parameter Value
Background Exponential coefficient —116.8 £9.2
Chebyshev slope —0.25 £0.07
fraction 0.406 + 0.022
Yield (# Background) 1999 + 56
X,3(9975)  Double Gaussian mean 0.04901
(Asym-Gauss sigmal 0.00557
+ sigma?2 0.004898
Gauss) sigma 0.00183
fraction 0.5275
Yield (# X,7(9975)) —29.6 £ 18.7
Xeo(1P) Double Gaussian mean 0.16363 4= 0.00049
(Asym-Gauss sigmal 0.01083
+ sigma?2 0.007419
Gauss) sigma 0.003965
fraction 0.3621
Yield Fxeo(1P)) 200 + 22
Xp1(1P) Double Gaussian mean 0.13043 £ 0.00023
(Asym-Gauss sigmal 0.01103
+ sigma2 0.007624
Gauss) sigma 0.003678
fraction 0.328
Yield Fxon (1P)) 046 £ 36
Xp2(1P) Double Gaussian mean 0.11127 4 0.00034
(Asym-Gauss sigmal 0.01139
+ sigma?2 0.00794
Gauss) sigma 0.003521
fraction 0.3117
Yield #x2(1P)) 582 & 31
Fudge factor 1.232 + 0.046
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TABLE B.3: Results of the fit to the AM distribution from the sum of 26

reconstructed modes in the [0.45, 0.75] GeV/c? region for the Y (2S) data sample

(shown in Figure 3.31). The values with uncertainties are the variables which
are floated in the fit.

Component  Function Parameter Value
Background Chebyshev slope —0.0608 £ 0.073
Yield # Background 552 £ 25
m(1S) Voigtian mean 0.62043
width 0.01
sigma 0.007158
Yield #1b(15) —55+9.6

TABLE B.4: Result of the fit to the AM distribution from the sum of 74
reconstructed modes in the [0.04, 0.24] GeV/c? region for the Y(295) data sample
(shown in Figure 4.11). The values with uncertainties are the variables floated

in the fit.
Component Function Parameter Value
Background Exponential exponent —99.44+2.6
Chebyshev slope —0.37 +£0.03
fraction 0.449 £ 0.011
(# Background) 18101 + 185
Xeo(1P) Double Gaussian mean 0.16428 4 0.00033
(Asym-Gauss sigmal 0.01604
+ sigma?2 0.01107
Gauss) sigma 0.004562
fraction 0.2826
Yield Fxw(1P)) 1197 £ 58
Xo1(1P) Double Gaussian mean 0.13021 £ 0.00012
(Asym-Gauss sigmal 0.017
+ sigma?2 0.011
Gauss) sigma 0.004195
fraction 0.2588
Yield #xo1(1P)) 4747 £ 94
Xp2(1P) Double Gaussian mean 0.11145 4 0.00016
(Asym-Gauss sigmal 0.01966
+ sigma?2 0.01245
Gauss) sigma 0.004069
fraction 0.2371
Yield (Fx(1P)) 3064 + 87
Common-Fudge 1.134 + 0.019
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B.5 Significance of Modes for x;;(1P) Study

TABLE B.5: Signal yield and significance of x3s(1P), reconstructed from the
26 modes of charged hadrons. ,/ mark is for the modes that have at least 5o
significance in any of the x;7(1P)(J = 0, 1,2) signals and modes with x mark

are those which do not follow the mentioned criteria.

Xb0 Xb1 Xb2

Modes N ‘ o N ‘ o N ‘ o
2rtom— 25,6 £9.7 | 3.0 | 725 £13.0 | 6.8 | 32.6 £ 11.8 | 3.1 | /
3rt3n~ 90.2 + 11.4 | 11.0 | 286.3 + 19.2 | 23.6 | 143.0 £ 15.7 | 12.6 | /
Amtam— 63.0 £ 10.2 | 8.5 | 266.7 + 18.8 | 22.5 | 163.7 + 16.6 | 14.6 | /
5mt5m 256 +6.8 | 49 | 84.8 £11.3 | 10.8 | 90.8 +12.2 | 10.9 | /
Tt KTK™ 259 £54 | 8.1 33.9 £ 6.6 8.6 27.1 + 6.5 6.3 |/
2r T 2n KT K~ 59.9 £ 9.6 | 87 | 157.6 £ 14.8 | 16.3 | 96.6 + 12.9 | 11.5 | /
3rt3r  KTK~ 427+ 9.2 | 5.8 | 132.5 £ 14.1 | 13.7 | 89.8 + 13.1 9.8 | v/
Artar~ KTK~ 45.5 + 8.1 79 | 71.1 £10.2 | 10.5 | 669+ 105 | 9.6 | /
2K 2K~ 3.1 4+1.0 3.3 3.1+ 1.1 2.9 49 £+ 1.3 3.0 | x
atr 2K 2K~ 16.6 4.6 | 54 38.8 £ 7.1 8.6 33.7T + 6.8 74 1
22 2K T2K~ | 145+ 4.7 | 44 38.6 £ 7.5 7.8 347+ 74 72 |/
3rt3n 2KT2K~ | 10.2 £ 3.8 | 3.8 154 +£ 5.0 4.5 23.8 £ 6.0 6.2 | v/
Tt pp 0.0 £ 5.8 1.5 244+1.9 2.7 3.8 £2.1 3.6 | X
272w pp 1.7+ 2.1 0.9 45.0 £ 74 10.2 13.5 &+ 4.8 35 | v/
3rt3m pp 102 +4.3 | 3.1 36.5 £ 7.2 7.8 15.3 £ 5.5 3.6 |
Ar AT~ pp 9.6 + 3.7 3.8 6.4 + 3.5 2.4 14.3 £ 4.9 4.4 | X
7t KTK pp 10.2 £ 3.5 | 4.2 17.6 + 4.8 5.7 13.3 £ 4.7 3.7 |V
2n T2 KTK pp | 16.4 +£4.5 | 4.9 27.4 £ 6.2 6.3 114 £ 4.5 33 |V
3nT3n KK pp | 9.1 +36 3.7 4.5+ 3.0 1.9 16.6 £ 5.0 4.7 | X
ﬁinFKg 0.0 £0.5 0.0 4.0 £ 2.1 3.3 09 £1.2 1.1 | x
7r+7r_7riK3FK2 0.0+ 3.2 0.0 749 £9.7 | 129 | 27.0£ 7.2 50 | /
27r+27r*7riK¢Kg 106 £ 5.6 | 2.2 | 116.2 £ 12.8 | 13.9 | 64.3 £ 11.1 85 | v/
37r+37r’7rinFKg 103 £ 5.6 | 2.1 55.9 £ 9.1 8.9 24.8 £ 7.2 43 |/
7r+7r’2K2 0.0 £ 0.5 0.0 1.0+ 1.1 1.5 1.0 £ 1.0 1.3 | x
27r+27r_2Kg 8.1+ 3.2 4.2 134 + 4.1 5.4 13.6 £ 4.0 52 |/
37r+37r_2K(S) 5.1 + 3.1 2.2 144 + 4.5 5.0 114 + 4.2 3.8 |V
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TABLE B.6: Signal yield and significance of x3s(1P), reconstructed from the
22 modes of charged hadrons and a 7°. y/ mark is for the modes that have at
least 5o significance in any of the x;7(1P)(J = 0,1, 2) signals and modes with

x mark are those which do not follow the mentioned criteria.

Xb0 Xbl X2

Modes N ‘ o N ‘ o N ‘ o
rtr KTK—7° 33+51 [07] 8.0+11.7 [10.7| 39.0+95 | 52 |/
22" KTK 70 [ 457+ 11.6 | 4.5 [ 261.4 £ 20.0 | 18.3 | 170.4 £ 185 | 11.8 | /
3rt3n KTK 7 | 5254+ 11.9 | 52 | 198.6 £ 18.4 | 14.5 | 1243 £17.1 | 9.0 | /
Artdn~KTK -7 | 93473 |14 69.2+11.7 | 7.8 | 40.0 £ 10.7 | 44 |/
2K 2K 0 00+£05 [00] 574+27 [32 | 06+13 | 05 | x
rta 2KT2K— 70 | 122 +48 [32| 462+84 | 79 | 220+72 | 39 |/
2nt2r 2K 2K 70 | 157 +6.0 [3.2] 3004+77 | 50 | 187+6.6 | 3.5 [/
3nt3n2KT2K a0 | 7.7+44 [21] 154456 | 3.6 | 190+60 | 42 | x
ntr~ ppr? 00+35 00| 174+49 | 54 | 99+42 | 33 |/
2r 27 ppr 28 +£46 | 06| 28.0+74 [ 49 | 229+76 | 3.6 | x
3+ 37 ppn? 3.7+43 09| 208+6.7 | 3.8 | 126 +6.3 | 2.3 | x
47t dn~ ppr¥ 05+56 [01] 133+£52 [ 35| 744+45 [ 2.0 | x
" KTK ppr® | 68437 [28| 209+62 | 55 | 143+£57 | 33 |/
2nt2n " KTK ppn® | 1.8 +£26 [08] 1568452 | 42 | 200+56 | 4.8 | x
3t 3n KTK ppn® | 27431 [1.0] 33+£32 | 1.2 | 1004+46 | 2.7 | x
rt KTKI7rY 65+30 [30| 86+£37 | 32| 54+£33 | 21 |x
T KTKOY | 82+58 [1.5|1108 £ 132 | 11.9 | 558 £ 114 | 6.1 |/
2n 2t KTKO70 | 30.9+£9.6 | 3.8 | 137.0 £ 154 | 12.1 | 67.1 £13.3 | 6.1 |/
3rt3r atKTKOr0 | 20.6 £8.7 [ 41| 647+£11.0 | 7.6 | 392 £10.1 | 4.7 |/
mta 2K )n0 1.2+1.7 |17 45+30 | 20 | 1.5+31 | 0.7 | x
2nt2r~2K 7Y 78442 [ 23] 178456 | 43 | 88+50 | 2.1 | x
3rt3r 2K 7Y 41436 |[1.3| 95+48 | 24 | 134455 | 3.0 | x
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TABLE B.7: Signal yield and significance of x;s(1P), reconstructed from the

26 modes of charged hadrons and two 7%’s. \/ mark for the modes that have at

least 5o significance in any of the x;7(1P)(J = 0,1, 2) signals and modes with

x mark are those which do not follow the mentioned criteria.
Xb0 Xb1 Xb2
Modes N ‘ o N ‘ o N ‘ o

21+t 27r 270 42.0 £ 12.2 | 3.9 | 2825 +£22.2 | 16.9 | 213.5 £ 21.3 | 12.5 | {/
3rt3r—2rY 101.1 +17.3 | 6.7 | 556.3 £ 30.9 | 24.0 | 308.5 + 27.2 | 13.6 | \/
Antdn—270 66.9 + 14.6 | 5.3 | 365.7 = 25.1 | 19.6 | 251.7 £ 23.5 | 13.3 | /
57+ 57r 270 19.5 £ 8.5 26 | 87.8 +13.3 | 8.4 | 82.7 £14.2 71 |V
rtr KT K270 244+ 86 | 3.3 | 57.8+ 10.5 7.0 | 47.6 £ 10.6 54 |/
2 tor~ KT K270 39.4 £ 11.5 | 3.9 | 129.5 + 16.3 | 10.0 | 89.5 + 15.7 | 6.8 | v/
3nt3r KT K270 35.6 £11.1 | 3.6 | 114.3 £15.3 | 9.4 | 77.5 + 14.6 6.3 | v/
Antdr— KT K270 9.6 + 6.6 1.6 35.8 £ 8.9 4.9 20.7 + 8.6 2.7 | X
2K+T2K 270 0.1 £26 0.1 3.2+23 2.4 1.2 £ 1.8 0.8 | x
Tt 2KT2K 270 0.8 £ 3.0 0.3 | 192 +£56 4.6 8.1+44 2.1 | x
2t 2K T2K 27 10.1 £49 | 2.5 9.1 £4.6 2.4 20.6 £ 6.6 3.9 | x
3rt3r 2K t2K 27 3.5+ 3.1 1.3 6.0 £+ 4.1 1.7 9.0 £ 44 4.1 | x
7t pp2m0 00+14 |00 102+44 | 31 | 15649 | 42 | x
2t 2~ pp2n? 13.3+£59 |27 216 £7.1 5.0 253+ 7.1 44 |/
3n 37 pp2r? 00+10 |[00| 91+£54 | 19| 91£56 | 19 | x
Antdnpp2rY 44 4+ 3.5 1.5 5.6 &+ 3.5 1.9 6.5 + 3.8 2.0 | x
atn~ KT K~ pp2n° 2.6 +£ 2.1 1.6 7.1+ 3.2 3.2 5.4 £ 3.2 2.3 | x
2o~ KT K~ pp2n? 5.4 + 3.3 2.0 5.2 + 3.0 2.0 4.9 + 3.0 2.0 | x
3rt3n~ KT K pp2n’ 3.6 = 2.3 2.0 0.0 £ 0.5 0.0 294+ 20 2.0 | x
T KTK927Y 00+248 |[0.0| 148 +47 | 45 | 3.0+3.1 11| x
i atKTK2x0 | 373 +£9.1 [51] 782+ 11.8 | 86 | 35.7+9.7 | 42 [/
27T+27T_7TiK:FK227T0 27.0+ 89 |35 ] 90.8 +£13.1 9.1 53.1 £ 12.3 51 | /
3rt3n rTKTK270 | 124 +72 [1.9] 351497 | 42 | 181+90 | 2.2 | x
ntr 2K927Y 6.1 +28 [31| 46+25 | 25 | 43+27 | 22 | x
2nt2r 2K 9270 1.1+23 05| 91+£38 |32 ] 64+40 | 20 | x
3rt3r 2K2270 6.6+40 [20| 133£5.0 | 33 | 147+53 | 3.6 | x
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B.6 xpo(1P) Width Measurement

As mentioned in Chapter 1, the width of y,(1P) can be as large as 2 MeV, but
till now no experimental measurement has been done for it. Large signal yield
obtained in our branching fraction studies of the x;;(1P) triplet (Chapter 4) mo-
tivated us to measure the width of xuo(1P). Cross-checks done so far towards this

purpose are described in following sub-sections.

B.6.1 Linearity Test

e Several signal MC samples are generated for different assumed y,0(1P) widths.

e A linearity test is performed between the generated signal width wvs. that
obtained from the fit. For this, first a sample is prepared in which background
is taken from the generic MC sample from the sum of 41 significant modes
found in Chapter 4. The x,,(1P) signals generated with zero width are added
to this sample with a yield equal to that obtained in sum of the 41 modes.
A maximum likelihood fit is performed in this sample, the background is
fitted with a sum of an exponential function and a first-order Chebyshev
polynomial, whereas signals are fitted with a sum of a Gaussian and an
asymmetric Gaussian function, same as described in Chapter 4. The fit to

the zero width case is shown in Figure B.3.

e Next, the y,(1P) signal generated for the different width cases are intro-
duced in the sample with the same yield and then the maximum likelihood fit
is performed on the AM distribution. The fit function is similar to the previ-
ous case, except for the y,0(1P) signal, where the sum of Gaussian functions
is convolved with a Breit-Wigner function. The asymmetric Gaussian is con-
volved numerically using FFTW (Fastest Fourier Transform in the West) [85]
package of ROOT while the symmteric Gaussian is convolved analytically
(Voigtian function of RooFit) with the same Breit-Wigner function. Here,
all the parameters are kept fixed to the nominal values obtained by fitting
to the zero width case, except the width of the Breit-Wigner function for
the xp0(1P) case, and all the signal and background yields are varied. The

fitting is performed on one sample for each width case and a comparison of
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FiGUurE B.3: Fit to the AM distribution from the sum of 41 significant modes
in a mixed sample of generic and signal MC events. Here, all the signals are
generated with zero width.

the generated wvs. fitted width from the fit is shown in Figure B.4. The plot

has a linear behaviour even for width cases below 2 MeV.

X2 / ndf 8.342 /10

intercept 9.335e-09 + 0.07833

slope 0.8342 + 0.07696

Width measured (in MeV)

o
T
——

C1 111 I ) I I 11| I ) I I 1111 I ) I I 1111 I 1111 I 11|
0.5 1 15 2 25 3 35 4
Width generated (in MeV)

o

Ficure B.4: Comparison of the generated vs. fitted width from the fit.
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B.6.2 Photon Energy Calibration

e The Calibration is done using 7 reconstructed from two ~’s. The method
is similar to that mentioned in Ref. [32] and also described in the (internal)
Belle Note [86].

e Energy asymmetry between the 4’s of the 7° is required to be small, thus
a criterion |Fy — Fs|/(E1 + Ey) < 0.05 is applied, where E; and Ey are the
energies of the v’s. Also, photons only in the barrel region is used, because

our xps(1P) signal photon is reconstructed only from that part of the ECL.

e Diphoton invariant mass (~ M[r"]) is divided in 10 bins of E,, (with a bin
size of 25 MeV) in the range (100, 350) MeV. Note that the xuo(1P) signal
photon has an energy range 100 — 240 MeV.

e A 24.7fb™" of on-resonance Y(2S5) data and an equivalent amount of generic
MC sample are used. Each bin is fitted invidually with equal number of
events (0.3M events).

e First, the diphoton invariant mass distribution for the MC sample in each
bin is fitted with a Crystal Ball (CB) function plus a first order Chebyshev
polynomial. Then it is fitted for data in each bin with the same function used
for the MC sample, where the signal (CB function) parameters are fixed from
MC events with the introduction of two new variables: mean shift (AM) and
a fudge factor (f) by substituting, M — M + AM and ¢ — of.

e For the 7° — v~ decay mode:

M? = 2E,Ey(1 — cos0)

2MOM = 2(Ey0Ey + E10E>)(1 — cos )
20M _ 0y O
M B B

5E _ o
E M

0B oM
E  M[r°]

where M is the deviation from mean obtained in data and M [7] is nominal

7% mass [13]. The plot for 6E/E (resolution) in data with energy is shown
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in Figure B.5. Resolution for the xuo(1P) signal photon energy is found to
be approximately 1.6 MeV.
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FIGURE B.5: Variation of the energy resolution of photon with its energy.

e Variation of the fudge-factor (to account for the data-MC difference) with
energy is also measured and shown in Figure B.6. Acceptable data-MC

diference observed, and the disagreement is more for the lower energy.
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F1GURE B.6: Variation of the fudge factor with the photon energy.

If the xpo(1P) width is larger than 1.5 MeV then above cross-checks make us

confident that it can be measured in our analysis.
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