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摘 要

摘 要

自从J/ψ和ψ(2S )发现以来，粲偶素就在实验上以及理论上成为重要的研究对

象。对于粲偶素的研究有助于我们理解粲偶素衰变动力学以及微扰量子色动力

学。尽管之前已经有很多关于这方面的工作，但主要集中在总自旋为1，轨道角

动量为0的基态，即13S 1态。对于其它粲偶素态的理解比较有限，特别是ηc,虽然

有许多文章已经对其进行预言，但直到1980年， ηc才在晶体球实验被发现。根据

粒子数据组在2012年的统计，ηc还有将近70%的衰变尚未发现，而已经公布的数

据的精度也比较低。另外，对于粲偶素夸克态之间的跃迁一直以来都是粒子物理

学家研究的重点，这些过程的实验研究和理论对比是非常有意义的，这些将有助

于我们理解Υ的衰变机制。

升级改造后的BEPCII/BESIII的性能有了很大的提高，比如说，主漂移室的动

量分辨从BESII的 2.4%@1 GeV提高到了BESIII的0.5%@1 GeV，量能器的能量分

辨从BESII的20%@1 GeV提高到了BESIII的2.5%@1 GeV。这些提高对于探测光子

和带电径迹起到非常重要的作用。另外，BESIII拥有世界上最大的J/ψ和ψ(2S )统

计样本。在2009年，BESIII上一共采集了 225×106的J/ψ数据和106×106的ψ(2S )数

据。到了2012年， BESIII又采集了3亿的ψ(2S )和8亿的J/ψ样本。所有的这些给了

我们重新测量这些衰变道的机会。

通过在BESIII上收集到的J/ψ样本，本文对ηc → ϕϕ和ηc → ωϕ的分支比重新

进行了测量，得到的结果和之前的结果是一致的。前者测量精度相对于BESII的

实验的结果提高了1.8倍，并且进一步缩小了后者的可观察范围。

• ηc → ϕϕ分支比： Br(ϕϕ) = (2.09+0.10
−0.12(stat.)±0.58(syst.))×10−3

• ηc → ωϕ分支比： Br(ωϕ) < 3.14 × 10−4@90%

另外，通过在BESIII上收集到的ψ(2S )样本，本文给出ψ(2S ) → π0(η)J/ψ这两

个衰变道的精确测量结果，该测量值和之前测量的平均值是一致的，相比于平均

值，R值的测量精度提高了5倍。

• ψ(2S )→ π0J/ψ的分支比： Br1 = (1.26 ± 0.02(stat.)±0.03(syst.))×10−3

• ψ(2S )→ ηJ/ψ的分支比： Br2 = (33.75 ± 0.17(stat.)±0.86(syst.))×10−3

• 这两个衰变道的比值： R = Br1
Br2
=(3.74±0.06(stat.)±0.04(syst.))×10−2

关键词：粲偶素； ηc；强衰变；精确测量
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Abstract

Abstract

The study of charmonium states has been an important subject for both experimental

and theoretical work since the J/ψ and ψ(2S ) were discovered. Such study would be

useful for people to understand the charmonium decay dynamics and test the perturbative

QCD. Great effort had been made to the study of these states, but most of the work

focused on the ground states with the total spin equaling to 1 and total orbital angular

momentum equaling to 0, denoting with 13S 1. The knowledge of other charmonium

states was limit at that time, especially for ηc. Many theories have expected the state, it

was not until 1980 that ηc was observed at Crystal Ball. According to the Particle Data

Group (PDG) published in 2012, almost 70% of the total branching fraction are yet to

be discovered while the values listed on the PDG are in very low precision. Moreover,

transitions between different charmonium states have always been the major subjects for

particle physicists. The comparison of experimental works with theory is meaningful,

and it will be helpful for us to understand the mechanisms of Υ system.

The performance of the upgraded BEPCII/BESIII is highly improved, such as the

momentum resolution of main drift chamber has risen from 2.4%@1 GeV at BESII to

0.5%@1 GeV at BESIII, the energy resolution of the electromagnetic calorimeter has

increased from 20%@1 GeV at BESII to 2.5%@1 GeV at BESIII. It is helpful to measure

the deposited energy and momentum of photons and other charged particles. In addition,

BESIII has accumulated 225 million of J/ψ data sample and 106 million of ψ(2S ) sample

in 2009. Both of the two samples are the largest ones in the world. In 2012, another 8

million of J/ψ sample and 3 million of ψ(2S ) sample have been accumulated at BESIII.

These would provide us with a good opportunity to study these channels again.

Using 225×106 of J/ψ events number accumulated at BESIII detector, measure-

ments on the branching fractions of ηc → ϕϕ and ηc → ωϕ are performed, the results

of our work are consistent with the previous ones, and the precision of the former chan-

nel is improved with a factor of about 1.8. And our work set a tight upper limit for the

branching fraction of ηc → ωϕ.

• The branching fraction of ηc → ϕϕ

Br(ηc → ϕϕ) = (2.09+0.10
−0.12(stat.) ± 0.58(syst.)) × 10−3
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Abstract

• The branching fraction of ηc → ωϕ

Br(ηc → ωϕ) < 3.14 × 10−4@90%

In addition, precise measurements of ψ(2S )→ π0(η)J/ψ decay modes with 106×106

ψ(2S ) data sample are performed. The measured branching fractions of these decay chan-

nels are consistent with the previous world average ones, and a precision improvement of

about a factor of 5 for R-ratio has obtained in our work.

• The branching fraction of ψ(2S )→ π0J/ψ

Br1 = (1.26 ± 0.02(stat.) ± 0.03(syst.)) × 10−3

• The branching fraction of ψ(2S )→ ηJ/ψ

Br2 = (33.75 ± 0.17(stat.) ± 0.86(syst.)) × 10−3

• The ratio of these two channels

R = Br1
Br2
= (3.74 ± 0.06(stat.) ± 0.04(syst.)) × 10−2

Key words: charmonium; ηc; hadronic decay; precise measurement
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Chapter 1 Introduction

Chapter 1 Introduction

‘What is the matter made of ?’. This is an old basic question that has puzzled scientists of

all times. To answer the question, the concept of atom was first introduced by Leucippus,

a famous philosopher of ancient Greece. He proposed that all matters are composed of

different kinds of atoms, which do not have any substructure. In other words, atoms are

the building blocks of the universe. They can not be separated into smaller particles. The

modern concept of atom was proposed by John Dalton in 1803. J. J. Thomson, a British

physicist, discovered electron and measured the ratio of the charge to the mass of electron,

and proposed ‘plum-pudding’ picture of atom. In 1909, Rutherford and his colleagues

observed the deflection of the outgoing α particles from their incident directions, some

particles were drastically deflected, even occasionally going back to the source. Based on

these foundings, Rutherford formulated his model of the atom in 1911. Rutherford model

indicates that all positive particles of atom, concentrating with nearly all of the atom’s

mass, are orbited by electrons. Upon the discovery of the first anti-matter, positron, and

neutron, the concept of elementary particle became widely acknowledged.

1.1 Particle Physics

Particle physics is a branch of physics that is grounded on experiment. It is a subject to

identify basic elements of matter and the forces acting among them. These basic elements

are known as elementary particles, which means that they are the basic particles that

do not have substructures. Particle physics had made great achievements in terms of

exploring the basic elements of matters and the law of their interactions since the 20th

century.

1.1.1 Mesons and Hadrons

To describe the components of nucleus, Dmitri Ivanenko proposed a proton-neutron mod-

el in 1932. H. Yukawa, a Japanese physicist, constructed a theory to explain the force be-

tween nucleons in 1935. It stated that the nuclear force is mediated by a massive particle,

named by pion, denoted by π.
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In 1937 Anderson observed a new particle with a mass of about 200 times of elec-

tron from cosmic rays. It was thought to be Yukawa’s pion at first. But latter the idea

was found to be mistaken and the particle was finally confirmed to be a lepton like elec-

tron, named muon, denoted by µ. The real Yukawa’ pion was found by C. Powell and

his colleagues from Bristol University in 1947. Soon after the discovery of pion, British

physicists G. D. Rochester and C. C. Butler published the observation of a pair of unstable

particles in 1947. They are proved through experiments that these particles were always

produced in pairs by strong force, but decayed slowly with lifetime typical of weak in-

teraction processes. For the following years, more particles with the similar property had

been found in cosmic ray experiment and are classified into two kinds, K mesons and

hyperons. To explain the strange behaviour, Gell-Mann and Nishijima proposed a new

conservation of strangeness (S ) which was applied only to the strong interactions. Like

other quantum numbers, the strangeness is assigned to each particle. The characteristics

of these particles are summarized in table 1.1.

Table 1.1 The quantum number of hyperons and K mesons.

Particle Λ Σ+ Σ0 Σ− Ξ0 Ξ− K+ K0 K− K̄0

Q 0 +1 0 -1 0 -1 +1 0 -1 0
S -1 -1 -1 -1 -2 -2 +1 +1 -1 -1

Both K mesons and hyperons aforementioned have enough lifetime to leave observ-

able tracks in detectors for analysis. The lifetime of some particles, named hadron, are

so short that there are not any observable tracks. These unstable hadrons can be observed

as ‘resonance’. By early 1960s, resonances have been observed in experiment, such as ω

(Maglic et al.1961), ρ (Erwin et al. 1961), ϕ (Connoly et al.1963), K∗ and K̄∗ (Alston et

al.1961). All these particles are assigned well-defined values of various quantum num-

bers such as spin, isospin, strangeness and baryon number. The most important task for

physicists was to classify these particles according to the nature of the constituents that

could be derived at that time.

2
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1.1.2 Quark Model

G. Zweig [1] and M. Gell-Mann [2–4] independently proposed that the hadrons are made up

of constituents, called quarks by Gell-Mann in 1964. As they stated the baryons are made

of three quarks, and the mesons of a quark and an antiquark [5]. This combination is based

on the SU(3) group which can be described mathematically:

q ⊗ q̄ ≡ 3 ⊗ 3̄ = 1 ⊕ 8 (1-1)

q ⊗ q ⊗ q ≡ 3 ⊗ 3 ⊗ 3 = 1 ⊕ 8 ⊕ 8 ⊕ 10 (1-2)

The constituent quarks of mesons and baryons are shown in figure 1.1 and figure

1.2, respectively.

(a) Pseudoscalar mesons nonet (b) Vector mesons

Figure 1.1 SU(3) multiples of mesons made of u, d, s quarks. Iz is the third component
of the isospin of the meson, while Y is the hypecharge of the meson. The approximate
values of the masses are in MeV.

In 1974, a new particle, J/ψ was discovered independently by two research groups,

one at the Brookhaven National Laboratory [6], headed by Samuel Ting from MIT, and

the other one at the Stanford Linear Accelerator Center [7], headed by Burton Richter.

The discovery of J/ψ has confirmed the expectation that there must be a fourth quark to

explain the suppression of the the ‘neutral current’, which is proposed by S. Glashow, I.

Iliopoulos and L. Maiani in 1970 [5]. And it was soon confirmed J/ψ to be a bound state

of cc̄, known as a charmonium. More and more charmonium and charmed mesons have
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(a) Baryon octet (b) Baryon decimet

Figure 1.2 SU(3) multiples of baryon made of u, d, s quarks. Iz is the third component
of the isospin of the baryon, while Y is the hypecharge of the baryon. In parentheses
the masses are in MeV.

been observed since the discovery of J/ψ. These particles are expected to have explicit

charm number and higher spins for their excited states. It is required that the SU(3)

flavour symmetry to describe hadrons should be extended to group SU(4) to combine

charmed mesons with previous baryons together. Figure 1.3 shows the SU(4) baryons

multiplets, the bottom level shows SU(3) decuplet.

Figure 1.3 SU(4) multiplets of baryons made of u, d, s, and c quarks.

Soon after physicists had digested the nature of J/ψ, another particle was discovered
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in 1977 by the Fermilab E288 experiment team led by Leon M. Lederman [8], named with

bottom quark or b quark, also known as beauty quark. It took eighteen years since the

discovery of b quark to find its partner, the t quark, discovered at the Tevatron proton-

antiproton collider at Fermilab, in 1995 [9]. So far six members of quark family have

been established in experiment, which are taken into the fundation of QCD theory. The

quantum number and mass of these quarks are listed in table 1.2.

Table 1.2 The quantum numbers and masses of quarks

Q I Iz S C B T B Y Mass [10]

d -1/3 1/2 -1/2 0 0 0 0 1/3 1/3 4.8+0.7
−0.3 MeV/c2

u +2/3 1/2 +1/2 0 0 0 0 1/3 1/3 2.3+0.7
−0.5 MeV/c2

s -1/3 0 0 -1 0 0 0 1/3 -2/3 95±5 MeV/c2

c +2/3 0 0 0 +1 0 0 1/3 4/3 1.275±0.025 GeV/c2

b -1/3 0 0 0 0 -1 0 1/3 -2/3 4.18±0.03 GeV/c2

t +2/3 0 0 0 0 0 +1 1/3 4/3 160+5
−4 GeV/c2

Besides the quarks, there are six leptons named as electron (e), moun (µ), tau (τ) and

three neutrinos (νe, νµ, ντ) consisting of the elementary particles of the Standard Model

(SM) which formulated throughout the mid to late 20th century. It has been subjected

to intense experimental scrutiny and generally accepted as the fundamental theory of

elementary particle physics.

In SM, there are three kinds of gauge bosons. The first kind is photon, which me-

diates the electromagnetic interaction. The second ones, including W and Z bosons,

mediate the weak interaction. The last one is gluon, which mediates the strong interac-

tion. Higgs is a scalar particle to break the electroweak symmetry and to give masses

to all of the elementary particles. A new boson has been reported by ATLAS and CMS

experiments at CERN’s Large Hadron Collider on 4 July 2012. The mass of the boson

is around 126 GeV/c2, consistent with the Higgs boson expected in SM. More works are

desired to check whether it is indeed the Higgs particle. These particles are summarized

in figure 1.4. There are four fundamental interactions among matters in SM, including

strong interaction, weak interaction, electromagnetism and gravitation. Table 1.3 is the

summary of the fundamental interactions.
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Figure 1.4 The quark generation

Table 1.3 Summary of four fundamental interactions.

Strong Electromagnetism Weak Gravitation

Source quark charge weak hypercharge mass

Coupling αs =
g2

s
4π~c

GF (Mpc2)2

(~c)3 α = e2

4πε0~c
GN M2

p

4π~c

Constant � 1 × 10−5 � 1/137 � 1 ∼ 10 � 5 × 10−40

Mediators gluons photons bosons(W±, Z0) —
Interaction time(s) 10−23 10−16 10−10 —

Range 1 fm ∞ 1/400 fm ∞
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1.2 Charmonium Physics

The concept of ‘Charm’ was proposed by Bjorken and Glashow [11] according to the idea

of the ’Eightfold way’ by Gell-Mann [12]. And the expectation was confirmed by the

discovery of J/ψ. Soon another bound state of a charmed quark and antiquark, ψ(2S )

was found at Stanford Linear Accelerator Center in 1974 [13] and then many new charmed

states have been discovered and identified in charmonium family [14–19] shown in figure

1.5.

Figure 1.5 The charmonium family.

One of the reasons why the charmonium physics appealing to physicists is that the

mass of charmed quark is much larger than ΛQCD, the typical energy scale of the strong

interaction. Charmonium states are an ideal laboratory to probe the feature of Quantum

chromodynamics (QCD), the theory of strong interaction. It is helpful for people to search

for exotica, and to probe the forces between quarks.

The reason why the decay width of charmonium states are extremely small is usually

explained with the Okubo-Iizuka-Zweig (OZI) rule [20]. It states that the process, in which

the initial quark pairs cannot appear as part of the final state particles, is suppressed. The

assumption is helpful for people to figure out why the branching fraction of ϕ → K+K−

(ss̄ → (sū)(s̄u)) is dominate while the decay of ϕ → 3π (ss̄ → (nn̄′)(n′n̄), where n(n′) =
u, d) is a rare decay. The OZI rule can be described with quark diagrams as shown in

figure 1.6. The decays of J/ψ into open-charmed models are forbidden because the mass
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of J/ψ is too light to decay into any charmed mesons. This has made it possible to

precisely measure the masses of states that in the quark model which are identified with

N,L multiplets [21].

s

s̄

s

ū

u

s̄

(a) ϕ→ K+K− (b) ϕ→ π+π−π) (c) J/ψ→ hadrons

s

s̄

π
+

π
0

π
−

c

c̄
hadrons

Figure 1.6 Diagrams of ϕ(1020) and J/ψ decays. (a) OZI allowed, (b) and (c) OZI
suppressed.

The mass of charmed quark is so large that the motion of a charmed quark is less

important inside a charmonium state. So a charmonium state can be described as a non-

relativistic bound state. The nonrelativistic QCD (NRQCD) [22–24] is regarded to be an

effective theory to deal with charmonium relevant processes such as spectroscopies, an-

nihilation decays, and inclusive productions. There are three energy scales, including

Mc, Mcv, Mcv2, where Mc and v are the mass of c quark and the velocity of the charmed

quarks, respectively. These energy scales satisfy a hierarchy relation for the charmonium

and bottomonium:

M2
q ≫ (Mqv)2 ≫ (Mqv2)2, (1-3)

Where Mq is the mass of quark (q).

After taking into account the contribution of these energy scales, the NRQCD effec-

tive lagrangian can be expressed as follow [22–24]:

LNRQCD = L0 +Ll + δL, (1-4)

L0 = ψ
†(iD0 +

D2

2mc
)ψ + χ†(iD0 +

D2

2mc
)χ, (1-5)

δL = c1

8m3
c
ψ†(D2)2ψ +

c2

8m2
c
ψ†g(D · E + E · D)ψ +

c3

2mc
ψ†gσ · Bψ

8
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+ i
c4

8m2
c
ψ†gσ · (D × E − E × D)ψ + c.c., (1-6)

where L0 is the leading order of NRQCD effective lagrangian, while Ll is the usual

lagrangian that describes gluons and light quarks. δL is the correction to L0. ψ and

χ denote the Pauli spinor fields of quark and antiquark, respectively. mc is the mass

of charmed quark. Gauge invariance implies that gluon field appears in the lagrangian

always only through the gauge-covariant derivatives iD0, iD and the QCD field strength

E, B.

Comparing with other theories, such as color-singlet model, color-evaporation and

QCD Sum Rules, NRQCD is more effective to describe charmonium system.

The charmonium physics has been an active field both for theoretical and experi-

mental researchers. Especially, it receive more attentions since many charmonium-like

new particles are discovered recently in experiment. The advantage to study charmonium

physics is motivated by:

1. Charmonium is an ideal system to study the non-relativistic features of charmed

quark.

2. It is helpful for people to understand the production mechanism of color octet.

Although there were many researches about the charmonium state [25–27], it is stil-

l not clear about the contribution of color octet in the production of charmonium

states [28] up to now. The experimental results of electron-proton collision at HER-

A [29] and CDF at Fermilab [30] are conflict with the theoretical expectation.

3. The possibility of finding new bound states of gluons (glueballs, gluonia) in the

radiative decays of J/ψ [31].

4. The hadronic transitions are important decay modes in heavy quarkonia (bound s-

tates of heavy quark q and antiquark q̄), which can give information on the structure

of QCD confinement as well as on the gluon content of light hadrons and provide

an experimental testing ground for the theoretical calculations of nonperturbative

QCD [32].

1.3 Motivation

1.3.1 ηc decay

Charmonium mesonic decays have been studied on theoretical ground for more than t-

wo decades [33–37]. The ηc, the lowest-lying pseudoscalar charmonium state, has been
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known for many years. The mass was predicted in potential models [38–41] and dispersion

relation models [42,43]; the ηc lies below J/ψ about 20∼100MeV/c2. A candidate for ηc,

X(2830) [44], was reported by DASP in 1977. But the state was not confirmed by Crystal

Ball collaboration with even more data sample [45]. The ηc was not observed until 1980

via radiative decay from J/ψ and ψ(2S ) near 2980 MeV/c2 by Crystal Ball [46] and was

confirmed by MARKII groups [47]. The spin and parity of ηc are identified with 0−+ by a

set of experiments [48–51].

The ηc decays into two- or three-bodies have been extensively studied in litera-

ture [52]. According to perturbation theory, ηc decays through annihilation into two gluons

and the gluons materializing into light mesons. The study of ηc mesonic decays is helpful

for us to understand the gluon dynamics. For example, the relative ratio of contributions

from the three different mechanisms for the decays of ηc →VV (V denotes Vector me-

son) as shown in figure 1.7, can be extracted if all branching ratios for VV final states are

measured [48].

c

c̄

V

V

g

(a) (b) (c)

c

c̄

V

V

g
c

c̄

V

V

g

Figure 1.7 Various mechanisms for ηc →VV. In (b) the produced mesons are color-
octet states, but final-state interactions (i.e., exchange of soft gluons) are assumed to
turn them into color singlets.

The branching fractions have been calculated with three different Bethe-Salpeter

wave functions [53], but their results are lower than the experimental values quoted from

particle data group (PDG) [10] by two or three orders of magnitude as shown in table 1.4.

More precise results from higher statistics are expected to clarify the situation.

For charmonium ψ(λ) decays into light hadrons h1(λ1) and h2(λ2), the asymptot-

ic behavior of the branching fraction from a Perturbative QCD (pQCD) calculation to

leading twist accuracy gives [34]:

Br[ψ(λ)→ h1(λ1)h2(λ2)] ∼
Λ2

QCD

m2
c

|λ1+λ2|+2

(1-7)
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Table 1.4 Comparison of branching fraction for ηc → VV between theoretical predictions [53]

and PDG [10] results. Gauss, Exponent, and Power refer to three different Bethe-Salpeter wave
functions

Decay channel Gauss Exponent Power PDG

ηc → ρρ 2.3×10−5 8.7×10−5 2.8×10−4 (1.8±0.5)%
ηc → K∗K̄∗ 2.8×10−5 8.6×10−5 2.8×10−4 (6.8±1.3)×10−3

ηc → ϕϕ 4.2×10−6 1.6×10−5 5.0×10−5 (1.94±0.30)×10−3

where λ, λ1 and λ2 denote the helicities of the corresponding hadrons. Here mc is the

charmed quark mass and ΛQCD is the QCD energy scale factor. If the light quark masses

are neglected, the vector-gluon coupling conserves quark helicity and this leads to the

helicity selection rule (HSR) [33]: λ1 + λ2 = 0. If the helicity configurations do not satisfy

this relation, the branching fraction should be suppressed.

For ηc decays into vector meson pairs (VV), ηc(Q)→ ϕ(p1, λ1)ϕ(p2, λ2), the conser-

vation of parity requires that the decay amplitude is of asymmetric over the polarization

vector of two vector mesons, namely, M ∼ ϵαβµνQα(p1−p2)βεµ(λ1)εν(λ2), where Q, p1, p2

are the four-vector momentum for ηc and ϕ mesons, respectively. λ1 and λ2 are the he-

licity values of two vector mesons. Hence the nonvanishing amplitude require that the

two vector mesons must have the different polarization state, which leads to the relation

|λ1 + λ2|=1. Hence the branching fraction is suppressed.

Many theoretical calculations based on pQCD scheme [53,54] confirmed the expecta-

tion of a suppressed branching fraction by the HSR. These results indicate that contribu-

tions from non-pQCD effects may dominate the decay of ηc →VV, such as the charmed

meson re-scattering mechanisms [55], and the ss̄-quark pair production in the 3P0 mod-

el [56].

The ηc decays into ϕϕ was once suggested to be a reliable channel to measure the

spin and parity of ηc
[57,58], and it was firstly observed by the DM2 collaboration [59], and

the improvement measurement of branching fraction was performed at BESII [60,61]. The

precision of the current world average value for this channel is very low [10]. Recently,

the double OZI suppressed decay of χc0,1 → ωϕ has been observed by BESIII Collabo-

ration [62]. But the similar decay of ηc → ωϕ has not been observed so far.

With the largest J/ψ data sample of 225 million decays accumulated at the BESIII
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detector in 2009, it will provide an opportunity for us to improve the precision of the

branching fraction for ηc → ϕϕ and to search for the decay of ηc → ωϕ. In this work,

we performed an improved measurement for the branching fraction of ηc → ϕϕ, and

ηc → ωϕ.

1.3.2 ψ(2S ) decay into π0(η)J/ψ

The study of the hadronic transitions between charmonium states has been an active field

both for experimental and theoretical research. These transitions are caused by the inter-

action of heavy quarks with gluons and the gluons materializing as light mesons, i.e. π

and η. The decays ψ(2S )→ ηJ/ψ and π0J/ψ are important probes of ψ(2S ) decay mech-

anisms that are characterized by the emission of a soft hadron, which were first observed

thirty years ago, and improved measurements of the corresponding branching fraction-

s were performed by the BESII [63] and CLEO [64] collaborations. The QCD multipole

expansion technique was developed for applications to these heavy quarkonium system

processes. For this, the measured branching fraction of ψ(2S ) → ηJ/ψ can be used to

predict the η transition rate between Υ states [65].

The branching fraction ratio, R = B(ψ(2S )→π0 J/ψ)
B(ψ(2S )→ηJ/ψ) , with B denoting the individual

branching fraction, was suggested as a reliable way to measure the light-quark mass ra-

tio mu/md
[66]. Based on axial anomaly and QCD multipole expansion, the ratio is cal-

culated to be R = 0.016 with the conventionally accepted values of the quark masses

ms = 150 MeV/c2, md = 7.5 MeV/c2 and mu = 4.2 MeV/c2 [67]. Previously published

measurements of this ratio give a significantly larger value of R = 0.040 ± 0.004 [10].

Recently, using chiral-perturbation theory, the Jülich group investigated the source of

charmed-meson loops in these decays as a possible explanation for this discrepan-

cy [68]. Under the assumption that the charmed-meson loop mechanism saturates the

ψ(2S ) → π0(η)J/ψ decay widths, they obtained a value R = 0.11 ± 0.06, which indi-

cates that the charmed-meson loop mechanism can play an important role in explain-

ing the data. With parameters introduced into the charmed-meson loop fixed using

B(ψ(2S ) → ηJ/ψ) as input, the hadron-loop contribution to the isospin violation de-

cay ψ(2S ) → π0J/ψ can be evaluated [69,70]. Measurements of these branching fractions

can provide experimental evidence for hadron-loop contributions in charmonim decays,

and impose more stringent constraints on charmed-meson loop contributions. It will al-

so help clarify the influence of long-distance effects in other charmonium decays, e.g.
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ψ(3770)→ π0(η)J/ψ [70,71], ψ(2S )→ γηc, and J/ψ→ γηc
[72].

The measurement results of this thesis are based on the 106 million of ψ(2S ) data

sample accumulated in 2009 at BESIII. The large data sets provide us a opportunity to

make a precision measurement on the branching fractions.

1.4 Structure of the paper

There are five chapters in the paper.

• The first chapter is the introduction to particle physics and the motivation of my

work.

• The second chapter is about the BEPCII/BESIII.

• The third chapter is the study of ηc → VV via J/ψ radiative decay.

• The forth chapter is the precision measurement on ψ(2S )→ π0(η)J/ψ.

• The last chapter is the summary and outlook.
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Chapter 2 The accelerator and detector

The progress in our understanding of the fundamental laws of Nature is directly linked

to our ability to develop instruments to detect particles and measure their characteristics,

with increasing precision and sensitivity [73].

The Beijing Electron-Positron Collider (BEPC) was designed to operate in the τ-

charm energy region. Its detectors, Beijing Spectrometer (BES) and the upgraded BESII,

were operated from 1989 to 2004 at the Institute of High Energy Physics of the Chinese

Academy of Sciences in Beijing. An overview of BEPC is shown in figure 2.1. The BES

has many interesting and important physics, including light hadron spectroscopy, charm

meson decay properties, charmonium spectrum, Quantum ChromoDynamics (QCD), tau

physics, rare decays, and search of glueball etc.

Figure 2.1 An overview of BEPC

There are usually two ways to explore new physics, including by increasing the

energy of the particle accelerator to higher level and by improving the precision of mea-

surement at lower energy. A high luminosity accelerator was proposed for the τ-charm

energy region in 1980s and only BES still works at this energy region. QCD, an impor-

tant component of standard model, has been successfully tested by lots of high precision

experiments for its validity at the high momentum transfer. But it is difficult to be tested

at low energy, especially for the property of glueballs and hybrids, which have not been

predicted quantitatively in theory. Although we can obtain reliable predictions of any
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strong process from Lattice QCD (LQCD), the calculation of LQCD should be checked

and calibrated by high precision measurements.

The upgrade from BEPC/BESII to BEPCII/BESIII is urgent, which will provide an

opportunity for us to improve the precision measurement, and will enable us to advance

particle physics study substantially. The BEPCII is a multi-bunch collider, high luminos-

ity, which requires a comparable high quality detector with modern detector technology.

The existing BESII detector is aging with the time, meanwhile the data acquisition system

and electronics of the detector do not support the multi-bunch mode; moreover, a corre-

sponding reduction of systematic errors is proposed with the accumulation of statistics.

Therefore, more rigid requirements have been suggested to the modern detector, BESIII:

• Good photon energy resolution and good angle resolution for photon measurement.

Crystal calorimeter, such as CsI, is one of the best choices.

• Precise momentum measurement. It is important to minimize the multiple Coulom-

b scattering.

• Good hadron identification capability. Both Cherenkov detector and Time-of-Flight

system can meet our requirements.

• A modern data acquisition system and the front-end electronics system based on

the pipeline technique, which can accommodate multi-bunch mode.

• Maximum solid angle coverage(∼90%4πSr.)

2.1 BEPCII

The BEPCII is a double-ring multi-bunch collider with a design luminosity of 1×1033

cm−2s−1 at a center-of-mass energy of 2 × 1.89 GeV, which installed in the same tunnel

as BEPC. The engineering run of BEPCII in collision mode was successfully completed

in July of 2008, and physics data taking was started in March of 2009.

Full details of the BEPCII can be found elsewhere [74,75].The design goals and the

design parameters of BEPCII are summarized in table 2.1 and table 2.2 [75], respectively.

2.2 BESIII

The BESIII, covering 93% of the 4π solid angle, is configured around a 1 Tesla(T) super-

conducting solenoid (SSM). It consists of Multilayer Drift Chamber (MDC), Time-Of-

Flight (TOF) system, ElectroMagnetic Calorimeter (EMC) and Muon identifier (MUON).
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Table 2.1 Design goals of the BEPCII

Parameter Value

Beam energy 1∼2.1 GeV
Optimum energy 1.89 GeV

Current of each beam in collision 0.93A
Design Luminosity 1×1033 cm−2s−1@1.89 GeV

Beam lifetime 2.7hrs.
Dedicated synchrotron radiation 250mA@2.5GeV

Injection of linac
positron injection rate: >50 mA/min

total energy injection: 1.55∼1.89 GeV

Table 2.2 BEPCII design parameters compared with those of BEPC

Parameters BEPCII BEPC

Center of mass Energy(GeV) 2 - 4.6 2 - 5
Circumference(m) 237.5 240.4
Number of rings 2 1

RF frequency fr f (MHz) 499.8 199.5
peak luminosity at

∼1033 ∼1031

2 × 1.89 GeV(cm−2s−1)
Number of bunches 2 × 93 2 × 1

Beam current(A) 2 ×0.91 2 × 0.035
Bunch spacing(m/ns) 2.4/8 -
Bunch length(σz)cm 1.5 ∼5
Bunch width(σx)µm ∼380 ∼840
Bunch width(σx)µm ∼5.7 ∼37

Relative energy spread 5 × 10−4 5 × 10−4

Crossing angle(mrad) ±11 0
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Figure 2.2 shows the configuration of BESIII. The expected performance and main pa-

rameters of BESIII are listed in table 2.3 [75].

Figure 2.2 Schematic overview of BESIII

2.2.1 Main Drift Chamber

As one of the most important sub-detectors, MDC is the innermost sub-detector of the

BESIII detector, which transverse momentum resolution for 1 GeV/c charged particles is

0.5%. The study of Monte Carlo simulation shows that the energy loss (-dE/dx) resolution

is better than 6% corresponding to 3σ π/K separation up to momentum of ∼770 MeV/c.

The main functions of MDC are listed below:

• Precision momentum measurement. The effects of multiple Coulomb scattering

should be minimized in the design.

• Adequate good resolution of dE/dx for particle identification.

• Maximum solid angle coverage(∼90%4π Sr.).

• High reconstruction efficiency for short tracks from interaction point.

• Realization of charged particle trigger at level one.

The charged particle’s momentum is measured by their trajectory in a magnetic field.

The momenta of most charged particles are smaller than 1 GeV/c at BEPCII, hence,

multiple Coulomb scattering will dominate the tracking performance. Therefore, Helium

gas mixture and aluminum wires are adopted as working gas and field wires, respectively.

The MDC comprises of an outer chamber and an inner chamber. To maximize the polar
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Table 2.3 Detector parameters and performance comparison between BESIII and BESII

Sub-detector Sub-system BESIII BESII

MDC
Single wire σrϕ(µm) 130 250
σp/p(1 GeV/c) 0.5% 2.4%
σ(dE/dx) 6% 8.5%

EMC
σE/E(1 GeV) 2.5% 20%

Position resolution(1 GeV) 0.6 cm 3 cm

TOF
Barrel(σT /ps) 100 180

End cap(σT /ps) 110 350

Muon
No. of layers (barrel/end cap) 9/8 3
Cut-off momentum (MeV/c) 0.4 0.5

Solenoid magnet Field (T) 1.0 0.4

∆Ω/4π 93% 80%

angle coverage and to reduce the deformation caused by wire tension in large radius, the

end-plate of the outer chamber is designed to be multi-stepped and tilted shape, while

that of the inner chamber has a tilt shape. Figures 2.3 shows the schematic of the MDC

structure.

Figure 2.3 The MDC mechanical structure
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2.2.2 The Time of Flight

The TOF is installed between MDC and EMC (see figure 2.2), which is a powerful sub-

detector for particles identification. This sub-detector includes a double layer barrel and

two single layer end caps. The polar angle of the barrel is |cosθ |<0.83, and that of the

endcaps is 0.85<|cosθ |<0.95. The time resolution for 3σ π/K separation to reach 900

MeV with incident angle of 90◦ is expected to be ∼100 ps. The cross section of the TOF

is shown in figure 2.4. The expected performances of TOF at BESIII are listed in table

2.4, which comes from Monte Carlo studies.

Figure 2.4 Cross-sectional view of one quadrant of the barrel TOF system and the positions of
the TOF counters at BESIII

Table 2.4 Comparison of parameters of TOF between BESIII and BESII

Parameters BESIII BESII

Polar angle coverage
|cosθ |<0.83 (0.85 <|cosθ |<0.95) |cosθ |<0.64 (none)

Barrel (Endcap)

Time resolution for 1 GeV muon
∼90 (∼120) 180 (350)

Barrel (Endcap)/ps

Inner radius (m) 0.81 1.15

3 σ π/K separation (GeV/c) <0.9 <0.8
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A simulated K/π separation capability of barrel TOF at BESIII is shown in figure

2.5. The π/K separation capability depends on the polar angles of tracks. The 3σ π/K

separation limit is 0.7 GeV/c at the incident angle of 90◦.

Figure 2.5 K/π separation capability as functions of cos θ. The thick solid line and thick dashed
lines represent the 3σ K/π separation capability corresponding to time resolutions of 125 ps and
of 105 ps, respectively.

A likelihood analysis is applied to the calculation of particle identification capability.

As figure 2.6 shown, a π/K approximate separation efficiency of 95% and a misidentifi-

cation of about 5% can be obtained up to 0.9 GeV/c.

2.2.3 Electro-Magnetic Calorimeter

The main functions of EMC (shown in figure 2.7) are high energy resolution and position

resolution for photons and electrons. It is important to separate electrons from pions be-

cause of the misidentification of pions to electrons due to the interaction between charged

pions and CsI crystals. As the radiative decay of J/ψ is considered to be one of the best

places for glueball production, moreover these similar decay of charmonium are the main

subject of BESIII, it is essential to precisely measure and separate the radiative photons

from decays of π0, η, ρ etc..

The physics goal of BESIII require that the design of the EMC should be based on

CsI(Tl) crystals, the expected performances are listed as below:

• The energy detection range of photon or electron is from 20 MeV to 2 GeV with

a approximate energy resolution of 2.5%/
√

E(GeV) as figure 2.8 (a) shown. It is
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Figure 2.6 π/K separation efficiency and misidentification rate.

Figure 2.7 Cross-sectional view of one quarter of EMC at BESIII
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crucial to obtain good energy resolution especially in the energy region below 0.5

GeV.

• Position resolution of EMC shower is σxy ≤6mm@/
√

E(GeV) as shown in figure

2.8 (b).

• A good e/π separation in the energy region above 200 MeV.

• Crystals have a fine granularity and signal readout so that the overlapping showers

can be reconstructed, especially for high energy π0’s.

• Providing a neutral(γ) energy trigger.

• The electronics noise for each crystal should be less than 220 KeV.

(a) (b)
Figure 2.8 Results of Monte Carlo simulation: (a) energy and (b) position resolutions
as a function of energy.

2.2.4 Muon Identifier

The muon identifier at BESIII, the outmost subsystem of the BESIII detector, is a gaseous

detector based on Resistive Plate Chambers (RPCs) as shown in figure 2.9. The RPC is

widely used in many experiment, such as the CMS and ATLAS experiments at LHC,

the BELLE experiment at KEK-B, the BaBar experiment at SLAC and so on. RPC is

composed of two parallel high resistive plate electrodes with a gap between them for

the working gas to pass through as shown in figure 2.10. A signal would be produced

when a particle passes through the gas chamber. The function of this sub-detector is to

measure the positions and trajectories of muons produced in e+e− annihilation. The muon

detector consists of endcap (east and west) and barrel. Its coverage of the solid angle is
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about Ω/4π =0.89, and the position resolution of a single layer is about 1.2 cm. The

comparison of performance parameters between BESIII and BESII can be found in table

2.5.

Figure 2.9 The 3D models of the muon identifier at BESIII

Figure 2.10 The sketch map of RPC structure at BESIII

As figure 2.11 shows, the minimum momentum of moun that can be detected is

about 0.4 GeV/c. When the momentum of moun is larger than 0.5 GeV/c, the detection

efficiency is determined to be over 90%, while the contamination from pions is about

10%.
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Table 2.5 Comparison of parameters of Muon between BESIII and BESII

Parameters BESIII BESII

Ω/4π 89% 65%
Number of layers (Barrel/Endcaps) 9/8 3

Technology RPC Proportional tubes
Cut-off momentum (GeV/c) 0.4 0.5

Figure 2.11 The simulated muon identification efficiency and pion contamination rate of Moun
at BESIII.
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2.3 Trigger

The Level-1 hardware trigger and the Level-2 software trigger (event filter) compose BE-

SIII trigger system. Figure 2.12 shows the data flow diagram at the BESIII. The function

of L1 trigger is to reduce the beam related backgrounds and cosmic ray and to select

good physics events with high efficiency. The simulated trigger efficiencies for various

physics channels and background rejections are given in table 2.6. L2 trigger is used to

further suppress background events, and data are eventually written to the permanent s-

torage device. The physics event rate is expected to be 2 kHz (600 Hz) at the J/ψ (ψ(2S ))

resonance at the peak luminosity of 1033cm−2s−1 [75].

Figure 2.12 Data flow diagram of the L1 trigger at BESIII.

2.4 Data Acquisition

The architecture of DAQ system at BESIII is shown in figure 2.13 [76]. The system in-

cludes high performance computers and can be divided into two sub-systems: the fron-

tend system and the online computer farm. High speed optical links, ethernet ports and

switches are used to communicate these two systems. The software of DAQ was devel-

oped based on the framework of the ATLAS TDAQ software [77].

The comparison of data rates at different stages between BESIII and several major

HEP collider experiments are listed in table 2.7. The data rate of BESIII experiment is

between the rates of D0 and CMS. The BESIII data acquisition system is designed with

a bandwidth of 80 MB/s for reading out data from the VME crates [75].
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Table 2.6 Simulated trigger efficiencies for some representative physics channels and back-
ground rejection

Processes Passing fraction (%)

J/ψ→ anything 97.66%
ψ(2S )→ anything 99.50%

J/ψ→ DD̄→ anything 99.90%
J/ψ→ ωη→ 5γ 97.85%
J/ψ→ γη→ 3γ 97.75%

J/ψ→ pp̄π0 97.94%
e+e− → e+e− 100%

e+e− → γe+e− 100%
Beam related backgrounds 4.6×10−3

Cosmic ray backgrounds 9.4

Figure 2.13 DAQ architecture at BESIII.

Table 2.7 Comparison between BESIII and other modern HEP experiments

BESIII Belle D0 CMS ATLAS

L1 trigger output rate (kHz) 4 0.3 1 100 100
L2 trigger output rate (kHz) 3 0.25 0.05 0.10 0.2

Ratio of L1/L2 1.33 1.2 200 1000 500
Average event size (kB) 14 40 250 1000 1000
Data rate to tape (MB/s) 42 15 12.5 100 200
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2.5 Monte Carlo Generators

2.5.1 Introduction

High quality and precise Monte Carlo (MC) generators is not only a challenge for BESIII,

but also for the precision measurements at BESIII. It is essential to minimize experimen-

tal systematic uncertainties and could be used to determine detection efficiencies and to

perform background check. Recently, high-precision generators (e.g. KKMC, Bhlumi

etc.) based on Yennie-Frautchi-Suura exponentiation have been developed for the QED

processes e+e− → f f ( f : f ermion) [78]. The official ‘precision tags’ of these genera-

tors are at the order of 1% or less. Generators that incorporate dynamic information into

hadron decays have also been developed, notably EvtGen, which was produced by the

BaBar and CLEO collaborations to model B meson decays. These developments provide

us with the luxury of being able to choose among the existing generators, which is most

suitable for simulating physics processes in the tau-charm threshold region.

2.5.2 Generator framework

KKMC + BesEvtGen is the default generator framework at BESIII, which is used to

generate charmonium decays. As shown in figure 2.14, charmonium is produced though

e+e− annihilation. Before they annihilate into a virtual photon, the incident positrons

and electrons could radiate real photons via initial state radiation (ISR). It is crucial to

correct these radiative processes in e+e− experiments. In order to achieve accurate results,

generators for e+e− collision must carefully take ISR into account. The KKMC generator

is used to simulate cc̄ production via e+e− annihilation with the inclusion of ISR effects

with high precision; it also includes the effects of the beam energy spread. The subsequent

charmonium meson decays are generated with BesEvtGen.

2.5.3 BESIII Generators

The generators used at BESIII, includes KKMC, BesEvtGen, QED generators and inclu-

sive generators.

1. KKMC

KKMC [79,80] is an event generator for the precise implementation of the Elec-

troweak Standard Model formulae for the processes e+e− → f f̄ + nγ( f =

µ, τ, d, u, s, c, b) at centre-of-mass energies from the τ+τ− threshold up to 1 TeV.
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Figure 2.14 Illustration of BESIII generator framework

KKMC was originally designed for LEP, SLC, and is also suitable for future Lin-

ear Colliders, b, c, τ-factories etc.. In the BESIII generator framework, KKMC is

used to generate charmonium states with the inclusion of ISR effects and the beam

energy spread.

2. BesEvtGen

BesEvtGen [81], developed from EvtGen, is used to simulate tau-charm physics at

BESIII. User could create a decay model easily by EvtGen with a interface. The

EvtGen interface uses dynamical information to generate a sequential decay chain

through an accept-reject algorithm, which is based on the amplitude probability

combined with forward and/or backward spin-density matrix information. These

spin-density matrices can be calculated automatically with the EvtGen interface.

3. QED generators

There are three QED generators, including Bhlumi, Bhwide, Babayaga.

Bhabha scattering process is simulated by Bhlumi [82] and Bhwide [83]. Bhlumi gen-

erator and Bhwide generator are suitable for generating low angle (θ < 6◦) and

wide angle (θ > 6◦) Bhabha events, respectively. The ‘suitable’ means that these

two generators will achieve the tagged precision level within their suitable region,

but the precision will be poorer outside of that region. The precisions of Bhlumi are

quoted as 0.11% and 0.25% at the LEP1 energy scale and LEP2 experiments [82],

respectively. The precision of the Bhwide is quoted as 0.3% at the Z boson peak

and 1.5% at LEP2 energies.

Babayaga [84] is applied to generate events for e+e− → e+e−, µ+µ−, γγ and π+π−

processes with energy below 12 GeV. It is intended to be a generator for precise lu-

minosity determinations of R measurements in the the hadronic resonance region.
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The accuracy of Babayaga is quoted as 0.1% [78]. The current version of BABAYA-

GA used at BESIII is V3.5 [78].

4. Inclusive generators

In high-energy paticle collisions, such as e+e−, pp, ep, it is commonly using

PYTHIA program to generate inclusive event. The version currently available is

PYTHIA 6.4.

A modified Lundcharm model has been accepted by BESIII to simulate J/ψ and

ψ(2S ) inclusive decays in the BesEvtGen framework. This model has been tak-

en into account C- and G-parity constraints and the comparison with experimental

results were performed [85]. A great advantage of the model is that branching frac-

tions and models for known decays can be specified in the EvtGen decay dictionary,

while unknown decays could be generated with the Lundcharm model. User is al-

so allowed to access to the PYTHIA model with the model ‘PYCONT’ though

EvtGen.
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Chapter 3 The study of J/ψ→ γηc, ηc → ϕϕ(ωϕ)

In this section, The branching fraction measurement for J/ψ → γηc, ηc → ϕϕ(ωϕ) is

presented. The analysis is based on the J/ψ data accumulated by BESIII at BEPCII from

June 12th to July 23th 2009, the total number of events is determined to be 225.2±2.8

million(M) [86]. In addition, 42.6 pb−1 data collected at the energy 3.65 GeV from May

26th to June 3rd 2009 is used to estimate the background from QED processes. The

BESIII Offline Software System (BOSS) version used to reconstruct data is BOSS 6.5.5.

A 225 M inclusive J/ψ MC sample is used to study the background. It is generated with

KKMC plus BesEvtGen, and the known branching ratios are fixed to PDG values [87],

while the unknown remainder ratios are generated according to the Lundcharm model [85].

3.1 J/ψ→ γηc, ηc → ϕϕ, ϕ→ K+K−

3.1.1 Event selection

It is important to set reasonable selection criteria to obtain reliable result. In order to

improve the efficiency of selection and to suppress the backgrounds, pre-selections for

good photons and charged tracks are applied before the final analysis. A brief introduction

to the selections will be presented, and then background will be studied. At last we will

analyze the mass spectrum of ϕϕ and the systematic errors.

3.1.1.1 General selection criteria

• Photon

Photon candidates are selected based on information of the EMC detector covering

barrel and endcap;

– Angle cut

the angle between the photon and the closest charged track: Dang > 10◦.

– TDC: [0, 14](in unit of 50 ns)

– Energy

Eγ > 0.025 GeV for the barrel of EMC (| cos θ| < 0.8) and Eγ > 0.050 GeV

for the endcap of the EMC (0.86 < | cos θ| < 0.92)
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• Charged tracks

Charged track candidates are selected based on the MDC information, i.e., the polar

angle and vertex coordinate, where the vertex is defined as the one reconstructed

minus the interaction point.

– polar angle

| cos θ| < 0.93

– Vertex cuts

|Vz| < 10 cm, Vr < 1 cm, where Vz and Vr are the closest distance of the

charged track to the interaction point (IP) in the z direction and in the x − y

plane, respectively.

After photons and charged tracks are selected, it is required that the number of good

photons must be larger than 1. Figure 3.1 shows a comparison of the number of good

photons between MC and data. The distributions of MC and data are in good agreement

with each other. For the charged tracks, the number of good tracks reconstructed in MDC

must be equal to four with zero net charge.

To improve the resolution and to suppress backgrounds, a 4C-kinematical fit has

been imposed on the J/ψ→ γK+K−K+K− hypothesis by looping over all selected photon

candidates. After testing all the combinations, the combination of γK+K−K+K− with the

minimum χ2 value will be taken, and the χ2 of 4C-kinematical fit must be smaller than

100. The distribution of χ2 of MC is consistent with data within statistic error as figure

3.1 shows.

3.1.1.2 Final Selection

There are four good charged tracks taken as kaon, and all these tracks will be

looped to reconstruct the best combination, which has the minimum value of√
|M1

K+K− − Mϕ|2 + |M2
K+K− − Mϕ|2 where Mi

K+K−(i = 1, 2) stand for the mass of the d-

ifferent combination of these kaons, and Mϕ = 1.020 GeV/c2. Figure 3.3 shows the

scatter plot of M1
K+K− versus M2

K+K− in data sample, and there are two bands correspond-

ing to the two ϕ’s signals. The ϕ is selected with the requirement |MK+K− − Mϕ| < 0.02

GeV/c2 according to the optimization of Nsignal√
Nsignal+Nbackground

, the backgrounds are estimated

from inclusive MC sample. The optimization is shown in figures 3.3. In order to test
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Figure 3.1 The distribution of Nγ and χ2 for J/ψ → γηc, ηc → ϕ(K+K−)ϕ(K+K−). Red dots
denote data sample, while black histogram denotes exclusive MC sample. Left: The distribution
of number of good photon(Nγ). Right: The distribution of χ2.

if the above selection criteria will cause ‘fake’ ϕ signal, the decay channel, J/ψ → γηc,

ηc → K+K−K+K−, is generated according to phase space decay model. Figure 3.2 shows

the MK+K− distribution of the MC sample using the same selections as for data. No peak

is seen around the ϕ signal region.

Final event selection criteria are:

• χ2 of the 4C-kinematic fitting

The χ2 < 100

• mass window of K+K−

|MK+K− − 1.020| < 0.020 GeV/c2

3.1.2 Angular distributions

The helicity frame for J/ψ → γηc → γϕϕ → γK+K−K+K− is defined as illustrated in

figure 3.4.

• For the first decay J/ψ→ γηc

The solid angle Ω0(θ0, ϕ0) is defined as the opening angle between the momentum

direction of ηc and the positron beam in the laboratory system, while the z0-axis is

taken along as the momentum direction of positron, y0-axis is taken along arbitrary

direction perpendicular to z0-axis, x0-axis is taken as the product of y0-axis cross
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Figure 3.2 The MK+K− distribution of MC sample, J/ψ → γηc, ηc → K+K−K+K−. Left: The
scatter plot between MK+K− and MK+K− . Right: The distribution of MK+K− .
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Figure 3.3 The scatter plot between MK+K− and MK+K− and the optimization of the mass window
of MK+K− . Left: The scatter plot between MK+K− and MK+K− . Right: The optimization of MK+K− .
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z0-axis.

• For the second decay ηc → ϕϕ

The z1-axis is taken along the outgoing direction of ηc in the J/ψ rest frame, the

y1-axis is taken as the product of z0-axis cross z1-axis, while x1-axis is taken as the

product of y1-axis cross z1-axis, the solid angles Ωi(θi, ϕi)(i = 1, 2) are the angles

of the daughter particles(ϕϕ) referring to the ηc rest frame.

• For the third decay ϕ→ K+K−

The z2-axis is defined as one of the two ϕ’s outgoing direction in ηc rest frame,

the y2-axis is taken as the product of z1-axis cross z2-axis, while the x2-axis meets

the right-hand assumption. The frame of the other ϕ has similar definition, and the

solid angles Ωi(θi, ϕi)(i = 3, 4) are the outgoing direction of kaons in their mother’s

rest frame.

e+ e−
Ω0(θ0φ0)

ηc

Ω1(θ1φ1)Ω2(θ2φ2) Ω3(θ3φ3)Ω4(θ4φ4)

K+

K−

K+

K−

γ

φ φ

Figure 3.4 The definition of the helicity frame for J/ψ→ γηc, ηc → ϕ(K+K−)ϕ(K+K−).

The joint angular distribution reads:

dσ
dΩ
∝

∑
λ1,λ2,λ5(λ′5),λ6(λ′6)

|F J1
λ1,λ2

DJ1∗
M1,λ1−λ2

(Ω0)[
∑
λ3,λ4

BJ2
λ3,λ4

DJ2∗
M2,λ3−λ4

(Ω1)

× EJ3
λ5,λ6

DJ3∗
M3,λ5−λ6

(Ω3)HJ
′
3

λ
′
5,λ
′
6
DJ

′
3∗

M′3,λ
′
5−λ

′
6
(Ω4)]|2 (3-1)

where Ji denote the spin of J/ψ, ηc, ϕ(ϕ) meson pair for i = 1, 2, 3(3
′
), respectively.

λ1(λ2) and λ3(λ4) are the helicity values for γ(ηc) and ϕ(ϕ) meson. λ5 and λ6 are the

helicity values of K+ and K− from ϕ meson, while λ
′

5 and λ
′

6 have the similar meaning
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but their mother is the other ϕ meson. F, B, E and H are the helicity amplitudes of

J/ψ→ γηc, ηc → ϕϕ, ϕ→ K+K− and the other ϕ decay into K+K−.

The angular distributions of different particles in their mother’s frames are obtained:

dσ
d cos θ0

∝ 1 + cos2 θ0 (3-2)

dσ
d cos θi

∝ 1 − cos2 θi (i = 3, 4) (3-3)

dσ
dϕ3dϕ4

∝ 1 − cos2(ϕ3 + ϕ4) (3-4)

Equations (3-2) and (3-3) indicate angular distributions of ηc and K± in the J/ψ and ϕ

helicity frame. Equation (3-4) indicates the spin-correlation between two ϕs in the ηc

helicity frame, which could be used to identify the spin parity of ηc (JP = 0−) [58,88].

The helicity amplitude information is modeled in the event generator model

HELAMP. Figure 3.5 shows the comparison of various angular distributions between data

and MC. One can see that the angular distributions of selected data are in good agreement

with MC distributions.

3.1.3 Background study

The background is studied with the inclusive MC sample. Table 3.1 shows the main

backgrounds in the fitting range, from 2.70 GeV/c2 to 3.10 GeV/c2. According to the

analysis, the surviving background contributions after applying the previously discussed

selection criteria are mainly from J/ψ → γϕϕ and J/ψ → γη(2225) → γϕϕ. Both of

these decay channels have the same final states as the signal channel, fortunately, both of

them are flat in the mass range of interest.

The potential peaking background comes from J/ψ → γηc(ϕK+K−). The non-ϕ

backgrounds are estimated using the sideband boxes as indicated in figure 3.6, where the

boxes A, B, C and D are defined as:

• ϕϕ signal range(Zone A)

|MK+K− − 1.02| < 0.02GeV/c2

• ϕ(K+K−)K+K− range(Zone B)

|Mx
K+K− − 1.080| < 0.020 GeV/c2, |My

K+K− − 1.020| < 0.020 GeV/c2

• ϕ(K+K−)K+K− range(Zone C)

|Mx
K+K− − 1.020| < 0.020 GeV/c2, |My

K+K− − 1.080| < 0.020 GeV/c2
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Figure 3.5 The helicity angular distribution of each particle in its mother rest frame.
The red dots are data, and the black histogram is MC. (a) The helicity angular distribu-
tion of γ in J/ψ rest frame. (b) The helicity angular distribution of ϕ meson in ηc rest
frame. (c) The helicity angular distribution of Kaon in ϕ rest frame. (d) The azimuthal
angle of K+ plus that of the other K+ in their mother’s rest frame.

Table 3.1 Summary of the main backgrounds in the mass range of interest

Type of decay channel Decay chain Nevent

J/ψ→ γK+K−K+K−

J/ψ→ γϕ(K+K−)ϕ(K+K−) 1910
J/ψ→ γη2225(ϕϕ) 114

J/ψ→ γηc(ϕK+K−) 19
J/ψ→ γϕ(K+K−)K+K− 12

J/ψ→ π0K+K−K+K−

J/ψ→ f1420(π0K+K−)ϕ(K+K−) 38
J/ψ→ ϕ(K+K−)K∗+(K+π0)K− 8
J/ψ→ f1285(π0K+K−)ϕ(K+K−) 7
J/ψ→ ϕ(K+K−)K∗−(K−π0)K− 5

J/ψ→ π0K+K−K+K−(including other resonances) 4
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• K+K−K+K− range(Zone D)

|Mx
K+K− − 1.080| < 0.020 GeV/c2, |My

K+K− − 1.080| < 0.020 GeV/c2

• the index x and y denote the x-axis and y-axis, respectively.
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Figure 3.6 Two dimensional invariant-mass plot within the mass range of ϕϕ(from 2.70 GeV/c2

to 3.10 GeV/c2). Both of the two axis denote the invariant mass of K+K−.

The panels in figure 3.7 show the distributions of the invariant-mass of 4 kaons cor-

responding to the selected regions shown in box A, B, C and D as labled in figure 3.6,

from which one can see that the distribution of M2(K+K−) is not flat. This implies that the

normalization of sideband can not be simply scaled with the box area. So we will use

MC information to scale the number of events in the sideband to the signal region. In

order to obtain the scale factor, two main backgrounds, J/ψ → γηc → γϕ(K+K−)K+K−

and J/ψ → γηc(K+K−K+K−), will be produced according to their branching fractions.

Figures 3.8 show the K+K−K+K− invariant mass distribution of MC sample in differ-

ent mass region. The number of events in each box is listed in table 3.2. Using the

scaled factors determined from MC sample, the number of backgrounds is estimated to

be 1
2 (102 × 1476

1144 + 107 × 1476
1152) = 134.
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Figure 3.7 Invariant mass of K+K−K+K− in different mass region of experimental
data. The event number of boxA, boxB, boxC and boxD is 1276, 102, 107 and 245,
respectively.

Table 3.2 Number of events corresponding to four regions(A, B, C, D) in figure 3.8

Zone A B C D Normalized

Number of event 1476 1144 1152 177 134
Scale factor 1476

1144
1476
1152
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Figure 3.8 Invariant mass of K+K−K+K− in different mass region of MC sample. The
event number of boxA, boxB, boxC and boxD is 1476, 1144, 1152 and 177, respectively.
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3.1.4 Fitting of the mass spectrum

3.1.4.1 Input-output check on the branching fraction

We performed an input-output check using the inclusive MC sample of 225 M J/ψ. The

event selection criteria are the same as applied to the data sample. As the interference a-

mong different decay channels has not been considered, the signal is described by a Breit-

Wigner function, while the background is described by a 2nd-order Chebychev function.

With this fitting method, the number of observed events is found to be 519±41. The detec-

tion efficiency is determined to be 25.94%, the input branching fraction is Br(ηc → ϕϕ)=

2.7×10−3. With the input branching fractions of Br(J/ψ→ γηc)= 1.3%, Br(ϕ→ K+K−)=

49.2%, the output value of the branching fraction is Br(ηc → ϕϕ)=(2.82±0.22)×10−3,

which is consistent with the input value within the statistical error. Figure 3.9 is the

fitting result.
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Figure 3.9 Fitting result of Mϕϕ for inclusive sample.

3.1.4.2 Fitting data

To extract the ηc signal events, a spin-parity analysis is applied to fit data event by event,

which is similar to that commonly used in the partial wave analysis (PWA). The details

are given in Appendix B.1. The probability distribution function is constructed using

the helicity amplitude for the signal mode J/ψ → γηc → γϕϕ and direct 3-body mode

J/ψ → γϕϕ, together with the non-ϕ backgrounds. Because we intend to extract the

40



Chapter 3 The study of J/ψ→ γηc, ηc → ϕϕ(ωϕ)

signal decay using the events within the range of 2.70 GeV/c2 < Mϕϕ < 3.10 GeV/c2, the

direct decay is here defined as the mixture mode including J/ψ → γ JP → γϕϕ, where

JP denotes the non-ηc resonances. The possible non-ηc resonances may include the state

with JP = 0−, 0+ and 2+. For example, the candidates of non-ηc resonances include

η(2225), f0(1710) and f2(2340), and so on. Because under the ηc signal region, the line-

shape of non-ηc resonance is smooth, we exclude the Breit-Wigner function for these non-

ηc resonances, and their amplitudes are constructed only requiring the ϕϕ-system having

the quantum number JP = 0+, 0− and 2+. The potential interference among the signal and

the non-ηc resonances are included in the amplitude to account for the ηc anormal line

shape observed by the CLEOc and BESIII collaboration [89], recently. The background

events are estimated with the ϕ-sideband as described in the previous section. Then the

backgrounds are subtracted in the likelyhood of the data. Here the non-ϕ background

events do not interfere with the mode J/ψ → γϕϕ. The mass and width of ηc have been

fixed to the values (Mηc = 2.984 GeV/c2, σηc = 0.032 GeV/c2) measured by BESIII [90].

Figure3.10 shows the fitted results.
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Figure 3.10 Fit results of mass spectrum Mϕϕ of the data. The black dots with error bars denote
the data, the black histogram denotes the total fitting result, the red histogram is the ηc signal
mode, the histogram with dark red shadow is the contribution from background events estimated
with ϕ−sideband around the signal region, the light blue histogram, the pink histogram and the
green histogram denote contributions from the non-ηc resonance decay with the quantum number
of JP = 2+, 0+, 0− for the ϕϕ-system, respectively.

The number of signal event yielded from the fit is 494+23
−28. The statistical errors are

derived from the S = − lnL (see Appendix B.1) distribution versus the number of fitted
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events; one standard deviation corresponds to the interval that produce a change of log-

likelihood of 0.5. The S−distribution for the number of ηc events is given in figure 3.11.
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Figure 3.11 The S− distributions of the data, where S = − lnL.

3.1.4.3 Fit goodness

The goodness of the global fit is determined by calculating a χ2
all defined by

χ2
all =

5∑
j=1

χ2
j , with χ2

j =

N∑
i=1

(NDT
ji − NFit

ji )2

NFit
ji

, (3-5)

where NDT
ji and NFit

ji are the number of events in the i-th bin for the distribution of the j-th

kinematic variable. If the measured values NDT
ji are sufficiently large, then the χ2

all statistic

follows the χ2 distribution function with the number of degrees of freedom (ndf) equal

to the total number of bins in histograms 1⃝ minus the number of fitted parameters; and

the individual χ2
j gives a qualitative measure of the goodness of the fit for each kinematic

variable.

For the 3-body decay J/ψ → γϕϕ, there are 5-independent variables, which are

selected as the mass of the ϕϕ system (Mϕϕ), the mass of the γϕ system (Mγϕ), the polar

angle for the γ (θγ), the polar angle for the ϕ (θϕ), and the azimuthal angle for the ϕ

(ϕϕ), where the angles are defined in the J/ψ rest frame. Figure 3.12 compares the Mγϕ

1⃝ In a histogram, bins with event entries less than 10 are combined as one bin.
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distribution and angular distributions between the best fit solution and the data, and a

good agreement can be observed. A sum of all these χ2
j values gives χ2

all = 207.22, and

the total number of degrees of freedom (nd f = 189) is taken as the sum of the total

number of bins having non-zero events minus the total number of parameters in the PWA

fit. The global fit goodness (χ2
all/nd f ) is 1.10.
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Figure 3.12 Fit results of the data, (a) the mass distributions of Mγϕ, (b) the photon he-
licity angle distribution (cos θγ), (c) the helicity angle (cos θϕ) distribution for ϕ mesons,
and (d) the helicity angle sin ϕ(ϕ) for ϕ mesons. In plots, the dots with error bars are the
data, and the line histograms are the total fit results, and the shaded histograms are the
backgrounds estimated with the ϕ sidebands.

3.1.5 Source of systematic error

The sources of systematic errors include the items listed below:

• Total number of J/ψ,

• Photon reconstruction,
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• Tracking Efficiency for K,

• 4C Kinematic Fitting,

• Branching fraction of J/ψ→ γηc,

• Branching fraction ϕ→ K+K−,

• Mass(K+K−),

• Fitting method.

3.1.5.1 Total number of J/ψ

The error of the total number of J/ψ is 1.24% [86].

3.1.5.2 photon reconstruction

One of the systematic errors is due to the difference of photon efficiency between MC and

data. 1% [91] will be used as the uncertainty.

3.1.5.3 Tracking Efficiency for kaon

The uncertainty of kaon tracking have been extensively studied at BOSS655 [92]. 1% [92]

will be used as the value of the systematic error of each kaon tracking.

3.1.5.4 4C Kinematic Fitting

We use a method of track parameter correction to estimate the uncertainty from kinematic

fitting. A conventional method to estimate the error is dependent on the selection of

control samples. However, it is difficult to find an appropriate reference mode with the

similar final states and momentum distribution. In addition, it is difficult to obtain a

high purity control sample not using kinematic constraints or selection criteria correlated

with kinematic constraints, such as total energy, total momentum and so on. In order

to estimate the uncertainty from the kinematic fitting, we try to correct the track helix

parameters to narrow the gap between MC and data. In other words, it is independent on

the decay channel, but relays on the track information. We choose J/ψ→ ϕK+K− as our

control sample to exact the correction factors of kaons from their pull distributions. The

detailed information on this method is described in Appendix A.1.1.

Table A.1 shows the correction factors. The MC sample after correction are used

to estimate the efficiency and fit the invariant mass spectrum. Figures 3.13 show the dis-

tribution of χ2 between MC and data. As the plots shows, the difference between MC
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and data reduced obviously but still exist because of the imperfect correction. Half of

the difference of efficiency between before (ε1 =25.94±0.06) and after (ε2 =25.89±0.06)

correction is taken as the systematic error of efficiency for 4C kinematic fitting as a con-

servative estimation, which is determined to be 0.10% ( |ε1−ε2|
2ε2

).
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Figure 3.13 A comparison of χ2 distribution between MC and data. The red dots are data, the
black histogram represent MC. Left: Before correction. Right: After correction.

3.1.5.5 Branching fraction of J/ψ→ γηc

According to PDG2012, the uncertainty in the branching fraction of J/ψ → γηc is

23.53% [10].

3.1.5.6 Branching fraction of ϕ→ K+K−

According to PDG2012, the uncertainty in the branching fraction of ϕ → K+K− is

1.02% [10].

3.1.5.7 Mass window cut on the invariant mass of the two kaons

The previously discussed invariant-mass cut on K+K− is applied to select the two ϕs.

Uncertainties due to this requirement arise if the observed ϕ line shape in data is not

consistent with that in MC. The consistency of the observed ϕ line shape is studied with

the control data sample ψ(2S )→ γχcJ, χcJ → ϕϕ (J=0,1,2).
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The general selection for the good charged tracks and good photons are the same as

used in data selection. In order to obtain this signal sample as pure as possible, a 4C-

kinematic fitting is imposed on the ψ(2S ) → γK+K−K+K− hypothesis by looping all the

selected photons candidates. The combination of γK+K−K+K− with a minimum χ2 is

finally taken. The selection criteria are listed below:

• Number of good photons

The number of good photons must be larger than 1, but must be smaller than 10.

• χ2

The χ2 of the 4C-kinematic fitting must be smaller than 100;

• Mass of K+K−

restraining one of the two combination with |MK+K− − 1.020| < 0.020 GeV/c2, and

the other one is floated.

• Mass of ϕϕ

Mϕϕ, [3.40, 3.60] GeV/c2
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Figure 3.14 The comparison between data and MC. Left: The χ2 of 4C kinematic fitting. Right:
The mass spectrum of MK+K− .

As figure 3.14 and figure 3.15 show, a high purity of the channel can be obtained

applied these selections. According to inclusive MC sample, the purity is up to 99%.

Figures 3.16 show the comparison of ϕϕ mass distributions between MC and data. And

the uncertainty due to the mass window selection is found to be 0.71%.
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Figure 3.15 The mass spectrum of ϕϕ. The red error bars are data results, the black histograms
are the MC results.
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Figure 3.16 The comparison of MK+K− between data and MC. Left: Before applying the mass
window selection. Right: After applying the mass window selection.
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3.1.5.8 Fitting method

An uncertainty of fitting method is due to the uncertainty of non-ηc line shape, which is

described with the non-ηc resonances with quantum number JP = 0−, 0+, 2+. As done

in the partial wave analysis, the contribution from a state with a minimum statistical

significance is counted as the systematic error. We check the statistical significance for

each JP state, and find that the state with JP = 0+ has the minimum value of statistical

significance. So the uncertainty of fitting method is taken as the difference in the ηc signal

yield obtained with and without the non-ηc state with JP = 0+. Figure 3.17 shows the

fitting result obtained without the non-ηc state with JP = 0+. Figure 3.18 shows the

scanning result of the number of signal ηc event, which gives the ηc yield of 426+23
−27. So

the uncertainty is determined to be 13.76%.
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Figure 3.17 Fit results of mass spectrum Mϕϕ for the data. The black dots with error bars denote
the data; the black histogram denotes the total fit result; the red histogram is the signal ηc mode;
the histogram with dark red shadow denotes non-ϕ backgrounds estimated with ϕ sideband around
the signal region; the blue histogram and the green histogram are the contributions from non-ηc

resonance with JP = 2+, 0−, respectively.

3.1.5.9 Summary of systematic errors

According to above analysis, table 3.3 summarizes these systematic errors.
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Figure 3.18 The S− distributions of the data, where S = − lnL.

Table 3.3 Summary of systematic errors(%)

Source Error(%) Comment

NJ/ψ 1.24 Chin.Phys.C36, 915-925(2012)
Tracking 1.00×4 Chen Y. et al., DAQ meeting
Photon 1.00 Phys. Rev. D83, 112005(2011)

Br(J/ψ→ γηc) 23.53 PDG2012 [10]

Br(ϕ→ K+K−) 1.02 PDG2012 [10]

4-C Fit 0.10 Correcting MC to data
M(K+K−) 0.71 ψ, → γχcJ(ϕϕ)(J=0,1,2)

fitting method 13.76 Miss resonance (0+)

Total 27.62
√∑

σ2
i
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3.1.6 Numerical result and Summary

For ηc → ϕϕ, the branching fraction is calculated by

Br(ηc → ϕϕ) =
Nsigal

NJ/ψϵBr(J/ψ→ γηc)Br2(ϕ→ K+K−)
= (2.09+0.10

−0.12±0.58)×10−3, (3-6)

where Nsignal = 494+23
−28 and ϵ = (25.89±0.06)% are the number of event and the detection

efficiency, respectively. NJ/ψ = 225 × 106 is the total decays of J/ψ. Br(J/ψ → γηc) =

(1.70 ± 0.40)%, Br(ϕ → K+K−) = (48.90 ± 0.50)% are the branching fraction of each

channel cited from PDG2012 [10]. Here the first and second errors are statistical and sys-

tematic ones, respectively. The systematic error is dominated by the branching fraction

Br(J/ψ→ ϕϕ).

The production of branching fraction of Br(J/ψ→ γηc, ηc → ϕϕ) is calculated by:

Br(J/ψ→ γηc, ηc → ϕϕ) =
Nsigal

NJ/ψϵBr2(ϕ→ K+K−)
= (3.55+0.16

−0.20 ± 0.51) × 10−5, (3-7)

where the first and second errors are statistical and systematic ones, respectively.

3.2 J/ψ→ γηc, ηc → ω(π0π+π−)ϕ(K+K−)

3.2.1 Event selection

3.2.1.1 General selection criteria

The final states of this decay channel are three photons and four charged tracks

(K+K−π+π−). In order to obtain high quality data sample, the same pre-selections as

before will set to select good photons and charged tracks. Events with three or more

photons and four charged tracks with zero net charge are retained for further study.

In order to improve the resolution and to suppress background, the 4C-kinematical fit

has been imposed on the J/ψ → γγγK+K−π+π− hypothesis by looping over all selected

photon candidates. After test all the combinations, the combination of γγγK+K−π+π−

with a minimum χ2 value will be survival. The decay channel, J/ψ → γηc, ηc →
ω(π0π+π−)ϕ(K+K−) has been put into inclusive MC sample according to the value from

PDG2012. Figures 3.21 show the comparison between inclusive MC sample and ex-

clusive MC sample. The left one is the comparison between inclusive MC sample and

exclusive MC sample, while the right one is the optimization with Nsignal√
Nsignal+Nbackground

, the

backgrounds are estimated from inclusive MC sample.
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Figure 3.19 The comparison between inclusive MC sample and exclusive MC sample. The red
dots are inclusive MC sample, while the black histogram is exclusive MC sample. Left: the
distribution of χ2 Right: the optimization of χ2.

3.2.1.2 Final Selection and the main background

Figure 3.20 shows the scatter plot of the invariant mass Mπ0π+π− versus MK+K− after all

the general selection criteria applied. There are clear bands corresponding to η, ω and ϕ.

In order to suppress the background and obtain higher purity of signal sample, inclusive

MC sample has been used to optimize the mass window of ω and ϕ. Figure 3.21 shows

the optimization of mass window of γγ, K+K− and π0π+π−.

Final event selection criteria are:

• χ2 of the 4C-kinematic fitting

χ2 < 40;

• Mass window of π0π+π−

|Mπ+π−π0 − 0.783| < 0.030 GeV/c2;

• Mass window of K+K−

|MK+K− − 1.020| < 0.008 GeV/c2.

The analysis with inclusive MC sample shows that the main background is from

J/ψ→ η′(γω)ϕ(K+K−). Table 3.4 is the summary of the main backgrounds.

51



Chapter 3 The study of J/ψ→ γηc, ηc → ϕϕ(ωϕ)

2  GeV/c-π+π0πM
0.6 0.8 1.0

-
K

+
K

M

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

Figure 3.20 the scatter plot between Mπ0π+π− and MK+K− . horizontal coordinate: the mass of
π0π+π−. longitudinal coordinate: the mass of K+K−.

Table 3.4 Summary of the main decay channel within the mass range interested

The main decay chain Nevent

J/ψ→ η′(γω)ϕ(K+K−) 61
J/ψ→ f0(980)ω(π0π+π−), f0(980)→ K+K− 4

J/ψ→ f1(1420)ω(π0π+π−), f1(1420)→ π0K+K− 3
J/ψ→ f1(1285)ω(π0π+π−), f1(1285)→ π0K+K− 2
J/ψ→ π0π+π−K+K−(including other resonance) 5
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Figure 3.21 The comparison between inclusive MC sample and exclusive MC sample,
the red error bars are inclusive MC sample, the black histograms are exclusive MC
sample.
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3.2.2 The uplimit calculation of the decay channel

The number of events of J/ψ→ γηc → γωϕ is obtained by fitting to the mass distribution

of Mωϕ, where the signal shape is obtained from MC simulation, and the background is

described by a 2nd-order Chebychev function, whose parameters are floated. Figure 3.22

shows the fit result of the mass distribution of Mωϕ. Bayiesian method is used to estimate

the upper limit of number of the signal event because of no signal observed. Figure 3.23

shows the estimation of upper limit of J/ψ → γηc(ωϕ), ω → π0π+π−, ϕ → K+K−, at a

90% confidence level, the upper limit of the number of the signal is 24. The detection

efficiency is (6.03±0.06)%.
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Figure 3.22 The fitting result of Mωϕ. The black dots are the distribution of data sample, the
red line is the fitting result, the light blue line is the fitting result of background, the hatched
histogram is estimated background(J/ψ→ η′ω)

3.2.3 Source of systematic error

The sources of systematic errors are including the several items:

• Total number of J/ψ,

• Photon reconstruction,

• Tracking Efficiency,

• 4C Kinematic Fitting,

• Branching fraction of J/ψ→ γηc,
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Figure 3.23 Estimation of the number of signal events with maximum likelihood method. hori-
zontal coordinate: the event number of the signal. longitudinal coordinate: the likelihood value.

• Branching fraction ϕ→ K+K−,

• Branching fraction π0 → γγ,

• Branching fraction ω→ π0π+π−,

• Mass(K+K−),

• Mass(π0π+π−),

• Number of photon,

• Fitting Function for Background.

3.2.3.1 Total number of J/ψ

The error of the total number of J/ψ is 1.24% [86].

3.2.3.2 photon reconstruction

One of the systematic errors is due to the difference of photon efficiency between MC and

data. Here we cite 1% [91] as the uncertainty.

3.2.3.3 Tracking efficiency and Particle Identification(PID)

The uncertainty associated with the tracking is taken to be 1% [92]. Only K+ and K− are

identified in the analysis, and the systematic error of identification is assigned as 2% for

each kaon, then 4% is taken as the systematic error.
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3.2.3.4 4C Kinematic Fitting

The method to estimate the uncertainty of 4C-kinematic fitting is same as the analysis

of J/ψ → γηc(ϕϕ). The parameters of pion are obtained by the control sample, J/ψ →
ω(π0π+π−)η(π0π+π−). The detailed information on how to obtain the parameters from this

control sample is described in Appendix A.1.2. Table A.2 shows the correction factors.

In this section, two control samples will be selected to estimate the uncertainty of

4C-kinematic fitting, one is J/ψ → ω(π0π+π−)K+K− with the final state π0π+π−K+K−,

the other one is J/ψ→ ω(π0π+π−)π0K+K− with the final state π0π+π−π0K+K−. After the

general selection criteria applied to charged tracks and photons, PID information is used

to identify kaon and pion, and there are two pions and two kaons must be identified for

each control samples. A 4C kinematic fit is applied to each of these two control samples

to select the photons with a minimum χ2. The number of good photon must be larger

than 2 and larger than 4 for J/ψ → ω(π0π+π−)K+K− and J/ψ → ω(π0π+π−)π0K+K−,

respectively. Figures 3.24 and figures 3.25 show the comparison between MC and the

two control samples.

The final selection criteria are same for these two decays. Two π0s in the

J/ψ → π0π+π−π0K+K− are reconstruct by minimizing the combination with the val-

ue
√

(M1
γγ − 0.135)2 + (M2

γγ − 0.135)2. After all selection criteria applied, the purity of

J/ψ → π0π+π−K+K− sample is nearly to 99.59% and that of J/ψ → π0π+π−π0K+K− is

nearly to 99.00% obtained from inclusive MC sample.

• χ2 of the 4C-kinematic fitting

χ2 < 110;

• Mass window of γγ

|Mγγ − 0.135| < 0.015 GeV/c2

• Identification of kaon and pion

Two pions and two kaons are required with particle identification based on the TOF

and dE/dx information. The probability of pion candidate must be larger than that

of any other particles hypothesis; similarly, the probability of kaon must be larger

than that of any kinds of other particle hypothesis.

• Mass window of π0π+π− |Mπ0π+π− − 0.783| < 0.050 GeV/c2.

With the parameters obtained from J/ψ → ω(π0π+π−)η(π0π+π−) and J/ψ →
ϕ(K+K−)K+K−, the MC samples of J/ψ → ωK+K− and J/ψ → ωπ0K+K− will be cor-

rected to match data samples. Figures 3.26 and figures 3.27 are the comparison of χ2 for
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Figure 3.24 The comparison of J/ψ → ω(π0π+π−)K+K− between MC and data, the
red error bars are data, the black histograms are MC.
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Figure 3.25 The comparison of J/ψ→ ω(π0π+π−)π0K+K− between MC and data, the
red error bars are data, the black histograms are MC.
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these two samples. The uncertainty are 0.44% and 0.68% for J/ψ → ω(π0π+π−)K+K−

and J/ψ→ ω(π0π+π−)π0K+K−, respectively. And the larger one, 0.68%, will be selected

as the uncertainty of this analysis.
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Figure 3.26 The comparison of χ2 between data and MC for J/ψ → ω(π0π+π−)K+K−. The red
dots are data sample, while the black histogram is MC sample. Left: before correction Right:
After correction.

3.2.3.5 Branching fraction of J/ψ→ γηc

According to the PDG2012, the uncertainty of J/ψ→ γηc is 23.53% [10].

3.2.3.6 Branching fraction of ϕ→ K+K−

According to the PDG2012, the uncertainty of ϕ→ K+K− is 1.02% [10].

3.2.3.7 Branching fraction of π0 → γγ

According to the PDG2012, the uncertainty of π0 → γγ is 0.03% [10].

3.2.3.8 Branching fraction of ω→ π0π+π−

According to the PDG2012, the uncertainty of ω→ π0π+π− is 0.78% [10].
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Figure 3.27 The comparison of χ2 between data and MC for J/ψ → ω(π0π+π−)π0K+K−. The
red dots are data sample, while the black histogram is MC sample. Left: before correction Right:
After correction.

3.2.3.9 Mass window of K+K−

The control sample, ψ(2S ) → γχcJ, χcJ → ϕϕ (J=0,1,2), is used to estimate the uncer-

tainty of the mass window of K+K−, all the selections are the same as before, except

for the mass window cut. The uncertainty of K+K− is 1.13%. Figure 3.28 shows the

comparison of the mass distribution of K+K− between data and MC sample.

3.2.3.10 Mass window of π0π+π−

The uncertainty due to this requirement is estimated with the control sample J/ψ →
ω(π0π+π−)η(π0π+π−). All the selection criteria are the same as mentioned before. Two

π0 candidates are selected with the requirement of |Mγγ − Mπ0 | < 0.015 GeV/c2, then the

η reconstructed by π0π+π− is restrained within the mass window from 0.52 GeV/c2 to

0.57 GeV/c2. The ω resonance is shown in figure 3.29 (left). The difference in the ω cut

efficiency between the MC and the data is taken as the uncertainty due to this cut, which

is determined to be 1.45%.

3.2.3.11 Background shape

The uncertainty due to the background shape is estimated with another fit method, and

the difference in the signal yield is taken as the systematic error. The signal is described
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Figure 3.28 The comparison of MK+K− between data and MC. The red dots are data sample,
while the black histogram is MC sample. Left: before put the mass window cut Right: After put
the mass window cut.
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Figure 3.29 The comparison between data and MC. Left: before applied the selection on
Mπ0π+π− Right: after applied the selection on Mπ0π+π− .
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with MC shape, and the background is described with a 3rd-order Chebychev function,

whose parameters are floated. The sample procedure as before is applied to obtain the

upper limit in the data analysis. The upper limit is determined to be 22 at a 90% C.L.

Figure 3.30 shows the result. According to this number, 8.33% is taken as the uncertainty

from the background shape.
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Figure 3.30 Estimation of the number of signal event with maximum likelihood for systematic.
horizontal coordinate: the event number of the signal. longitudinal coordinate: the likelihood
value

3.2.3.12 summary of the systematic errors

Table 3.5 summarizes the systematic errors in the analysis.

3.2.4 Numerical result

The upper limit of the branching fraction is calculated with

Br(ηc → ωϕ) <
Nuplimit

NJ/ψϵBr(J/ψ)Br(ϕ)Br(ω)Br(π0)(1.00 − σsys.)
= 3.26 × 10−4, (3-8)

where Nuplimit = 24 and ϵ = (6.03 ± 0.06)% are the upper limit of signal yields and the

detection efficiency, respectively. σsys. = 25.90% is the systematic error. NJ/ψ = 225×106

is the total number of J/ψ. Br(J/ψ) = Br(J/ψ → γηc) = (1.70 ± 0.40)%, Br(ϕ) =

Br(ϕ → K+K−) = (48.90 ± 0.50)%, Br(ω) = Br(ω → π0π+π−) = (89.20 ± 0.70)% and
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Table 3.5 Summary of systematic errors(%)

Source Error(%) Comment

NJ/ψ 1.24 Chin.Phys.C36, 915-925(2012)
Tracking 1.00×4 Chen Y. et al., DAQ meeting
Photon 1.00×3 Phys. Rev. D83, 112005(2011)

PID 2.00×2 Only identify K+K−

Br(J/ψ→ γηc) 23.53 PDG2012 [10]

Br(ϕ→ K+K−) 1.02 PDG2012 [10]

Br(π0 → γγ) 0.03 PDG2012 [10]

Br(ω→ π0π+π−) 0.78 PDG2012 [10]

4-C Fit 0.68 Correct MC to data
M(K+K−) 1.13 ψ(2S )→ γχcJ(ϕϕ)

M(π0π+π−) 1.45 J/ψ→ ω(π0π+π−)η(π0π+π−)
Nγ – Ignored

backgrounds shape 8.33 change to higher order Chebychev function

Total 25.90
√∑

i σ
2
i

Br(π0) = Br(π0 → γγ) = (98.82 ± 0.03)% are the branching fractions of each channel

cited from PDG2012 [10].

3.2.5 Cross check

A new MC sample has been re-generated according to the result obtained from the last

section. We use the new MC sample to optimize the selection. Figure 3.31 shows the

optimization result. According to these optimization, new selections are applied to data

sample. The final detection efficiency is (5.26±0.06)%.

Final event selection criteria are:

• χ2 of the 4C-kinematic fitting

χ2 < 40

• Mass window of π0π+π−

|Mπ+π−π0 − 0.783| < 0.020 GeV/c2

• Mass window of K+K−

|MK+K− − 1.020| < 0.006 GeV/c2
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Figure 3.31 The comparison between inclusive MC sample and exclusive MC sample,
the red error bars are inclusive MC sample, the black histograms are exclusive MC
sample.
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3.2.5.1 Numerical result

The same method is applied to estimate the event number of this decay channel. Figure

3.32 shows the fitting result. The upper limit of the number of the signal is 20 at 90%

confidence level.
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Figure 3.32 The fitting result of Mωϕ. Left: Mass spectrum fitting result. The black dots are the
distribution of data sample, the red line is the fitting result, the light blue line is the fitting result
of background, the hatched histogram is estimated background(J/ψ→ η′ω) Right: Estimation of
upper limit.

The systematic errors is shown in table 3.6.

The upper limit of the branching fraction is calculated with

Br(ηc → ωϕ) <
Nuplimit

NJ/ψϵBr(J/ψ)Br(ϕ)Br(ω)Br(π0)(1.00 − σsys.)
= 3.14 × 10−4, (3-9)

where Nuplimit = 20 and ϵ = (5.26 ± 0.06)% are the upper limit of signal yields and the

detection efficiency, respectively. σsys. = 26.51% is the systematic error.
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Table 3.6 Summary of systematic errors(%)

Source Error(%) Comment

NJ/ψ 1.24 Chin.Phys.C36, 915-925(2012)
Tracking 1.00×4 Chen Y. et al., DAQ meeting
Photon 1.00×3 Phys. Rev. D83, 112005(2011)

PID 2.00×2 Only identify K+K−

Br(J/ψ→ γηc) 23.53 PDG2012 [10]

Br(ϕ→ K+K−) 1.02 PDG2012 [10]

Br(π0 → γγ) 0.03 PDG2012 [10]

Br(ω→ π0π+π−) 0.78 PDG2012 [10]

4-C Fit 0.68 Correct MC to data
M(K+K−) 0.51 ψ(2S )→ γχcJ(ϕϕ)

M(π0π+π−) 2.06 J/ψ→ ω(π0π+π−)η(π0π+π−)
Nγ – Ignored

backgrounds shape 10.00 Change to higher order Chebychev function

Total 26.51
√∑

i σ
2
i
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Chapter 4 Precision measurement on the branching
fractions of ψ(2S) hadronic transitions to J/ψ

This section will present measurements on the branching ratios of ψ(2S ) → π0(η)J/ψ

using the ψ(2S ) data sample accumulated at BESIII from March 7th to April 4th 2009,

the total number of events is 106 M and the integrated luminosity is 162.80±0.01 pb−1.

In addition, 42.6 pb−1 data collected at the energy 3.65 GeV from May 26th to June 3rd

2009 is used to estimate the background from the QED processes. The BESIII Offline

Software System (BOSS) version used to reconstruct data is BOSS 6.5.5. A 106 M

inclusive ψ(2S ) MC sample is used to study the background. It is generated with KKMC

plus BesEvtGen, and the known branching ratios are taken from PDG value [87], while the

unknown remainder ratios are generated according to the Lundcharm model [85].

4.1 ψ(2S )→ π0(γγ)J/ψ(l+l−)

4.1.1 Event selection and background study

4.1.1.1 General selection criteria

The final states include two photons and two leptons(µ+µ− or e+e−). The pre-selected

procedures for photons and charged tracks are the same as the last chapter. After tracks

and photons are selected, it is required that the number of good photons must be larger

than two. Figure 4.1 shows a comparison of the number of good photons between MC

and data. The distributions of MC and data are in good agreement with each other. For

the charged tracks, the number of good tracks reconstructed in MDC must be equal to

two with zero net charge.

In order to improve the resolution and to suppress background, the 4C-kinematical

fit has been imposed on the ψ(2S ) → γγl+l− hypothesis by looping over all selected

photon candidates, where l = e or µ. After test all the combinations, the combination

of γγl+l− with a minimum χ2 value will be survival. Figures 4.2 and 4.3 show the χ2

distributions for ψ(2S ) → γγe+e− and ψ(2S ) → γγµ+µ−, respectively. The left figure

is the χ2 distribution for each mode, and the right one is the optimization of the χ2 with
Nsignal√

Nsignal+Nbackground
. The χ2 distribution of data is consistent with that of the MC.
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Figure 4.1 The number of good photon distribution for ψ(2S )→ π0J/ψ. Left: J/ψ→
e+e−. Right: J/ψ→ µ+µ−
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Figure 4.2 The χ2 distribution for ψ(2S ) → π0J/ψ. Left: The χ2 distribution of J/ψ → e+e−.
Right: The optimization of χ2.
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Figure 4.3 The χ2 distribution for ψ(2S ) → π0J/ψ. Left: The χ2 distribution of J/ψ → µ+µ−.
Right: The optimization of χ2.

4.1.1.2 Final Selection and background study

The lepton can be selected according the ratio of deposited energy measured in the EMC

to the momentum measured in the MDC (E/p). Figure 4.4 shows the comparison of the

E/p ratio between MC and data sample. There the red dots are the distribution of data,

while the black histogram is that of exclusive MC sample. One can see that they are in a

good agreement with each other. If the E/p ratio of the charged particles is larger than 0.8,

tracks are selected as electrons, and the tracks are identified as muons if their E/p ratio

is larger than 0.08 and less than 0.22. Figure 4.5 shows the distribution of the invariant

mass of two leptons (electron or muon). In order to constrain the two leptons to the J/ψ

signal range, it is required that the invariant mass of these two leptons is larger than 3.05

GeV/c2 and less than 3.15 GeV/c2.

To obtain the high purity of the signal, the χ2 of kinematical fitting is required less

than 100 and 60 for γγe+e− and γγµ+µ−, respectively, according to the χ2 optimization as

shown in figure 4.2 and 4.3. The photon coming from π0/ηwith higher energy is tagged as

γ1 while the other one with lower energy tagged as γ2. The potential background channels

are studied with an inclusive MC sample. After applying the same selection criteria to

data, we find that the dominant backgrounds come from ψ(2S ) → γχcJ, χcJ → γJ/ψ as

shown in figure 4.6. From the scatter plot of Mγ1γ2 versus Mγ1 J/ψ(e+e−), one can clearly see

that there are several bands corresponding to the χc1,2, π0 and η resonances. Due to the η
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Figure 4.4 The distribution of E/p for data vs MC, the black histogram is the result of MC
sample, while points with red error bars denote data sample. Left: For ψ(2S )→ π0(γγ)J/ψ(e+e−).
Right: For ψ(2S )→ π0(γγ)J/ψ(µ+µ−);

2 GeV/c-e+eM
3.00 3.05 3.10 3.15 3.20
0

100

200

300

400

500

E
ve

nt
s

Figure 4.5 The invariant-mass distribution of leptons for data vs MC for ψ(2S ) →
π0(γγ)J/ψ(l+l−). The red error bars are data results, the black histograms are the MC results.
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situated far away from the π0, the contamination of η to π0 mode is negligible. In order to

suppress this type of background from χcJ decays, it is required that the mass of Mγ1 J/ψ

must be less than 3.50 GeV/c2 or larger than 3.57 GeV/c2. Except for this background,

the inclusive MC sample shows that the decay ψ(2S ) → γγJ/ψ(l+l−) can contribute a

few background events to our signal range, but the contamination level is much lower

than the one from χcJ modes. In addition, the non-resonant background ψ(2S )→ γγe+e−

are estimated by the sideband of J/ψ with the real data. Figure 4.7 shows the two photon

invariant mass distribution mγγ for data and background as mentioned above. One can

see that the mγγ distribution of this background is flat.
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Figure 4.6 The scatter plot of Mγ1γ2 vs Mγ1 J/ψ(l+l−) for data. The x-axis is the invariant mass
of high energy photon and leptons(constrained to the J/ψ mass window), the y−axis is the two
photons invariant mass.

According to the above analysis, the final selection criteria are set as follows:

• 2 ≤ Nγ ≤ 4;

• E/p > 0.8 (for electron);

• E/p > 0.08 and E/p < 0.22 (for muon);

• χ2
4c < 100 for γγe+e−, χ2

4c < 60 for γγµ+µ−;

• 3.05 GeV< Ml+l− <3.15 GeV;

• Mγ1,l+l− <3.50 GeV or 3.57 GeV< Mγh,l+l− .

Background sources are estimated with exclusive MC samples as listed in table 4.1

and table 4.2, where Ngen is total number of exclusive MC sample, Nsca. is the expected

number of events in 106 M ψ(2S ) real data sample, which is determined by a normaliza-

tion of background events observed with a ratio of the expected number in the total ψ(2S )
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decays to that of generated events, and ε is the detection efficiency. Figure 4.7 shows the

distribution of the mass of the two photons, where the red error points indicate the dis-

tribution of data, while the color histograms correspond to background sources estimated

with the exclusive MC samples, continuum data sample and the sideband of J/ψ.

Table 4.1 Summary of the background decays for ψ(2S )→ π0(γγ)J/ψ(e+e−)

Channel Ngen ε(%) Nsca.

ψ(2S )→ γχc0 → γγJ/ψ(e+e−) 2.0 × 105 2.46 173
ψ(2S )→ γχc1 → γγJ/ψ(e+e−) 4.0 × 105 0.15 304
ψ(2S )→ γχc2 → γγJ/ψ(e+e−) 4.0 × 105 0.53 571
ψ(2S )→ γγJ/ψ→ γγe+e− 1.4 × 106 0.78 16

Total number 1064

Table 4.2 Summary of the background decays for ψ(2S )→ π0(γγ)J/ψ(µ+µ−)

Channel Ngen ε(%) Nsca.

ψ(2S )→ γχc0 → γγJ/ψ(µ+µ−) 2.0 × 105 3.08 233
ψ(2S )→ γχc1 → γγJ/ψ(µ+µ−) 6.0 × 105 0.16 328
ψ(2S )→ γχc2 → γγJ/ψ(µ+µ−) 6.0 × 105 0.58 608
ψ(2S )→ γγJ/ψ→ γγµ+µ− 4.0 × 105 3.49 70

Total number 1239

4.1.2 Fit to mass spectrum of π0 in data

The signal yields are obtained by performing a fit to the distribution of two photon in-

variant mass (mγγ). Figure 4.9 shows the comparison of the distribution of mγγ between

MC and data for the ψ(2S ) → π0J/ψ(e+e−) and ψ(2S ) → π0J/ψ(µ+µ−). Except for

the signal decay channel, the MC sample also include the main backgrounds mentioned

before, the event number of MC sample has scaled to that of data. The π0 MC line

shape is consistent with data, but the resolution of MC better than that of data. In fit-

ting to the data, we use the π0 line shape obtained from MC simulation. To account for

differences between the data and MC, the line shape is modified by convoluting with a
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Figure 4.7 The distribution of two photon mass for the data. The red error points are
for data, the blue histogram is for the continuum sample, the light blue histogram is
the contribution of the sideband around J/ψ in the data sample, the green histogram
and the black histogram are the Exclusive signal MC sample and Exclusive background
MC sample, respectively; And the pink is the total background. left: for ψ(2S ) →
π0(γγ)J/ψ(e+e−); right: for ψ(2S )→ π0(γγ)J/ψ(µ+µ−).

Gaussian function, i.e. the PDF is taken as PDF=PDF(π0)
⊗

Gaussian(mγγ − δm, σ)+bg,

where δm and σ correct the π0 mass and resolution, respectively, in simulation, and

bg denotes backgrounds, which includes the known background contributions obtained

from MC simulation and unknown background contributions modeled as the first order

of polynomial. The fitting results are shown in figure 4.10. The fit yields 1823±49

events for the ψ(2S ) → π0(γγ)J/ψ(e+e−) with χ2/nd f = 0.85, and 2268±55 events for

ψ(2S )→ π0(γγ)J/ψ(µ+µ−) with χ2/nd f = 0.86.

The detection efficiencies are determined with the MC simulation on the ψ(2S ) →
π0J/ψ and J/ψ→ e+e−/µ+µ− decays, the amplitude information is used in event genera-

tion. Figure 4.8 shows the angular distribution of J/ψ and the helicity angle distribution

of e or µ with the requirement that the mass of the two photons must be within the mass

window of π0, from 0.125GeV/c2 to 0.145GeV/c2. Here the helicity angle is defined

as the angle between the lepton momentum in J/ψ CM system and the J/ψ momentum

in ψ(2S ) CM system. The angular distributions agree with each other between the data

and MC. To reduce the uncertainty from the kinematic fit, the detector efficiencies are

determined with the charged track parameter correction (see section 4.3.3), which are

determined to be (23.05±0.05)% and (29.11±0.06)% for J/ψ → e+e− and J/ψ → µ+µ−,
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respectively.
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Figure 4.8 Comparison of angular distributions between exclusive MC sample and
Data sample. (a) and (b) are for ψ(2S )→ π0(γγ)J/ψ(e+e−); (c) and (d) are for ψ(2S )→
π0(γγ)J/ψ(µ+µ−). Here the angle cos θ(J/ψ) is the angular distribution of J/ψ in ψ(2S )
CM system, and the helicity angle cos θ(l−, J/ψ) is defined as the angle between the
lepton (l−) momentum in J/ψ CM system and the J/ψ momentum in ψ(2S ) CM system.

The branching fraction is calculated with

Br[ψ(2S )→ π0J/ψ] =
Nobs

Nψ(2S )ϵBr(π0 → γγ)Br(J/ψ→ l+l−)
(4-1)

where Nobs and ϵ are the signal yields and the detection efficiency, respectively. Nψ(2S ) is

the total decays of ψ(2S ), and Nψ(2S ) = 106× 106. The branching fractions are calculated

to be (1.267±0.034)×10−3 and (1.250±0.030)×10−3 for J/ψ→ e+e−, and J/ψ→ µ+µ−,
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for J/ψ→ e+e−, and J/ψ→ µ+µ−, respectively. Here the errors are statistical only.
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Figure 4.9 The comparison of the mass of the two photons between MC sample and
Data sample. The red error bars are data results, while the black histogram is MC
sample. Left: for ψ(2S )→ π0(γγ)J/ψ(e+e−). Right:for ψ(2S )→ π0(γγ)J/ψ(µ+µ−).
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Figure 4.10 The fitting result for data. The signal is described by exclusive signal
MC-shape convoluted with a Gaussian function, while the background is described
by background MC-shape plus a 1-order polynomial function. Left: for ψ(2S ) →
π0(γγ)J/ψ(e+e−). Right:for ψ(2S )→ π0(γγ)J/ψ(µ+µ−).

4.2 ψ(2S )→ η(γγ)J/ψ(l+l−)

4.2.1 Event selection and background study

4.2.1.1 General selection criteria

The final states of this decay are the same as that of ψ(2S )→ π0J/ψ(l+l−), including two

photons and two leptons, so the charged tracks and photons are selected with the same

selection criteria as in the previous analysis. The η candidates are reconstructed with

the two selected photons. After the good charged tracks and photons are selected, it is

required that the number of the good photons must be greater than two and the number

of good charged tracks reconstructed in MDC must be equal to two with net charge zero.

Figure 4.11 shows the comparison of the number of good photons between MC and data.

One can see that the Nγ distribution of MC and data are in a good agreement.

In order to improve the resolution and to suppress the background, the 4C-

kinematical fit has been imposed on the ψ(2S ) → γγl+l− hypothesis by looping over

all selected photon candidates, where l = e or µ. After test all the combinations, the

combination of γγl+l− with a minimum χ2 value will be survival. Figures 4.12 and 4.13

shows the χ2 distributions for ψ(2S ) → γγe+e− and ψ(2S ) → γγµ+µ−, respectively. The

χ2 distribution of data is consistent with that of MC.
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Figure 4.11 The number of good photon distribution for ψ(2S ) → ηJ/ψ. Left:J/ψ →
e+e−. Right:J/ψ→ µ+µ−
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Right: The optimization of the χ2.
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Figure 4.13 The χ2 distribution for ψ(2S ) → ηJ/ψ(µ+µ−). Left:The χ2 distribution.
Right: The optimization of the χ2.

4.2.1.2 Final Selection and background study

As in the previous analysis, electron and muon candidates are identified using the E/p

ratio. Figure 4.14 shows the distribution of the invariant mass of the selected lepton

pairs(electron or muon). In order to constrain the two leptons produced from J/ψ decays,

it is required the invariant mass of these two leptons is larger than 3.05 GeV/c2 and

less than 3.15 GeV/c2. To suppress the backgrounds from the J/ψ hadronic decays, e.g.

J/ψ → π0n(π+π−)(n = 1, 2, 3), it is required that χ2 < 70 for ψ(2S ) → γγe+e− and χ2 <

50 for ψ(2S )→ γγµ+µ−. The χ2 cuts are determined by optimizing the χ2 distribution as

shown in figure 4.12 and figure 4.13.

As shown in figure 4.6, the dominant backgrounds come from decays of ψ(2S ) →
γχc1,2. Due to the large mass difference between π0 and η, the contamination from

ψ(2S ) → π0J/ψ is negligible. Potential background is studied using the 106 M ψ(2S )

generic MC sample. Events are selected with the same selection criteria as applied to the

data. It is found that the decay ψ(2S ) → π0π0J/ψ and ψ(2S ) → γγJ/ψ can also con-

tribute background events. These decays are exclusively simulated, and then normalized

to the ψ(2S ) data with the branching fractions available from PDG [10]. The non-resonant

background is estimated with the J/ψ sideband cut. The contribution of each background

component to the mγγ spectrum is plotted in figure 4.15, where the red points with error

bars are data, and the color histograms are the exclusive MC, and the QED backgrounds

estimated with the continuum data taken at 3.65 GeV, and the sideband contribution are
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Figure 4.14 The invariant-mass distribution of leptons for data vs MC for ψ(2S ) →
η(γγ)J/ψ(l+l−). The red error bars are the data results,the black histograms are the MC results.

also shown in the plot. The number of background events and the decay modes are listed

in table 4.3 and table 4.4, where Ngen is total number of exclusive MC sample, Nsca. is

the expected number of background events in the ψ(2S ) data sample, and ε is the detec-

tion efficiency. The total number of observed background events are 4305 and 4231 for

ψ(2S )→ η(γγ)J/ψ(e+e−) and ψ(2S )→ η(γγ)J/ψ(µ+µ−), respectively.
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Figure 4.15 The distribution of two γ mass for data and background. The red error
points are for data, the blue histogram is for the continuum sample, the light blue his-
togram is the contribution of the sideband around J/ψ in the data sample, the green
histogram and the black histogram are the Exclusive signal MC samples and Exclusive
background MC sample, respectively; And the pink is the total background. Left: for
ψ(2S )→ η(γγ)J/ψ(e+e−); Right: for ψ(2S )→ η(γγ)J/ψ(µ+µ−);
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According to the above analysis, the final selection criteria are set as follows:

• 2 ≤ Nγ ≤ 4;

• E/p > 0.8 (for electron),E/p >0.08 and E/p < 0.22 (for muon);

• χ2
4c < 70 for γγe+e−, and χ2

4c < 50 for γγµ+µ−;

• 3.05 GeV/c2 < Ml+l− <3.15 GeV/c2;

• Mγ1,J/ψ < 3.50 GeV/c2.

Table 4.3 Summary of the background decays for ψ(2S )→ η(γγ)J/ψ(e+e−)

Channel Ngen ε(%) Nsca.

ψ(2S )→ γχc0 → γγJ/ψ(e+e−) 2.0 × 105 11.28 793
ψ(2S )→ γχc1 → γγJ/ψ(e+e−) 4.0 × 105 0.37 740

ψ(2S )→ π0π0J/ψ→ γγJ/ψ(e+e−) 4.0 × 106 0.25 2728
ψ(2S )→ γγJ/ψ→ γγe+e− 1.4 × 106 2.17 44

Total number 4305

Table 4.4 Summary of the background decays for ψ(2S )→ η(γγ)J/ψ(µ+µ−)

Channel Ngen ε(%) Nsca.

ψ(2S )→ γχc0 → γγJ/ψ(µ+µ−) 2.0 × 105 14.75 1115
ψ(2S )→ γχc1 → γγJ/ψ(µ+µ−) 6.0 × 105 0.30 590

ψ(2S )→ π0π0J/ψ→ γγJ/ψ(µ+µ−) 1.2 × 106 0.23 2345
ψ(2S )→ γγJ/ψ→ γγµ+µ− 4.0 × 105 9.02 181

Total number 4231

4.2.2 Fit to mass spectrum of η in Data

The signal yields are obtained by performing a fit to the distribution of two photon in-

variant mass (mγγ). Figure 4.17 shows the comparison of the distribution of mγγ between

MC and data for the ψ(2S ) → ηJ/ψ(e+e−) and ψ(2S ) → ηJ/ψ(µ+µ−). Except for the

signal decay channel, the MC sample also include the main backgrounds mentioned be-

fore, the event number of MC sample has scaled to that of data. One can see that the
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resolution of MC is better than data. In fitting to the data, we use the η line shape ob-

tained from MC simulation. To account for the difference between the data and MC, the

η line shape is modified by convoluting with a Gaussian function, i.e. the PDF is taken

as PDF=PDF(η)
⊗

Gaussian(mγγ − δm, σ)+bg, where δm and σ correct the η mass and

resolution, respectively, in simulation, and bg denotes background, which includes the

known background obtained from MC simulation and unknown background modeled as

the second order of polynomial function. The fitting results are shown in Figure 4.18.

The fit yields 29598±202 events for the ψ(2S ) → η(γγ)J/ψ(e+e−) with χ2/nd f = 1.33,

and 38572±280 events for ψ(2S )→ η(γγ)J/ψ(µ+µ−) with χ2/nd f = 0.96.

The detection efficiencies are determined with the MC simulation on the ψ(2S ) →
ηJ/ψ and J/ψ→ e+e−/µ+µ− decays, in which the helicity amplitude information is used.

Figure 4.16 shows the angular distribution of J/ψ and the helicity angle distribution of

e or µ with the requirement that the mass of the two photons must be within the mass

window of η, from 0.52GeV/c2 to 0.60GeV/c2. Here the helicity angle is defined as the

angle between the lepton momentum in J/ψ CM system and the J/ψmomentum in ψ(2S )

CM system. The angular distributions are in good agreement with each other between the

data and MC. To reduce the uncertainty from the kinematic fit, the detector efficiencies

are determined with the charged track parameter correction (see section 4.3.3), which

are determined to be (35.41±0.06)% and (46.28±0.06)% for J/ψ → e+e− and µ+µ−,

respectively.

The branching fraction is calculated with

Br[ψ(2S )→ ηJ/ψ] =
Nobs

Nψ(2S )ϵBr(η→ γγ)Br(J/ψ→ l+l−)
(4-2)

where Nobs and ϵ are the signal yields and the detection efficiency, respectively. Nψ(2S ) is

the total decays of ψ(2S ), and Nψ(2S ) = 106× 106. The branching fractions are calculated

to be (33.77 ± 0.23) × 10−3 and (33.73 ± 0.24) × 10−3 for J/ψ→ e+e−,and J/ψ→ µ+µ−,

respectively. Here the errors are statistical only.

4.3 Source of systematic error

The Sources of systematic errors are including the several items as listed below:

• Total number of ψ(2S ),

• Trigger Efficiency,
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Figure 4.16 The comparison of angular distributions between exclusive MC sample
and Data sample. (a) and (b) are for ψ(2S ) → η(γγ)J/ψ(e+e−); (c) and (d) are for
ψ(2S ) → η(γγ)J/ψ(µ+µ−). Here the angle cos θ(J/ψ) is the angular distribution of
J/ψ in ψ(2S ) CM system, and the helicity angle cos θ(l−, J/ψ) is defined as the angle
between the lepton (l−) momentum in J/ψ CM system and the J/ψ momentum in ψ(2S )
CM system.
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Figure 4.17 The comparison of the mass of the two photons between MC sample and
Data sample. The red error bars are data results, while the black histogram is MC
sample. Left: for ψ(2S )→ η(γγ)J/ψ(e+e−). Right: for ψ(2S )→ η(γγ)J/ψ(µ+µ−).
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sample and Data sample. Left: for ψ(2S ) → η(γγ)J/ψ(e+e−). Right:for ψ(2S ) →
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• Tracking Efficiency for e/µ,

• Photon reconstruction efficiency for π0/η,

• 4C Kinematic Fitting,

• Branching ratio of Jψ→ e+e−/µ+µ−,

• Branching ratio π0/η→ γγ,

• E/p,

• Mass(2 leptons),

• Mass(γ 2 leptons),

• Fitting range,

• Fitting Function for Background.

4.3.1 Total number of ψ(2S )

The error of the total number of ψ(2S ) is 0.71% , which comes from Wangzhiyong’s

work [93].

4.3.2 Tracking Efficiency

In the following section differences in the tracking efficiencies between data and MC

simulation are studied for the estimation of systematic errors. The tracking efficiency of

leptons is studied using the decay channel ψ(2S ) → π+π−J/ψ, J/ψ→ l+l−(l = e, µ). The

tracking efficiency of data is studied using the full 106M ψ(2S ) data set, for exclusive MC

separate samples of 500K events for l = e, µ were generated, for inclusive MC a sample

of 100M events of ψ(2S )→ anything was used.

The tracking efficiency ϵ is calculated with

ϵ = N f ull/Nall

where N f ull indicates the number of events of π+π−l+l− with all final tracks re-

constructed successfully; Nall indicates the number of events with one or both charged

lepton tracks successfully reconstructed in addition to the pion-pair. In the case if one

charged track is lost identification of the decay channel is still possible and the infor-

mation on the missing track is available from the missing momenta method: pl,missing =

pψ(2S ) − pπ+ − pπ− − pl,detected, where p is a 4-momentum of the particle.

The following event selection criteria are applied:

• No photons have to be present.
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• At least three charged tracks.

• Two of the charged tracks have to be identified as pion.

• Invariant mass of a pion pair Mπ+π− has to be in the range of [0.35, 0.65] GeV/c2.

• Recoil mass of the pion pair Mπ+π−recoil has to be in the range of [3.07, 3.115]

GeV/c2.

• Lepton identification is based on ratio of deposited energy measured in EMC to

the momentum measured in MDC (E/p): track is labeled as electron if its E/p > 0.8 and

as muon if 0.08 < E/p < 0.22.

In the case of muon identification requirement 0.08 < E/p < 0.22 can introduce

additional systematic error, since E/p for kaons and protons is in the same range. In

order to cut away possible background from misidentified charged tracks from other two-

body decays of J/ψ, such as J/ψ→ KK
∗
(892) (see Fig. 4.19) additional requirement for

muons was introduced: momentum of detected muon in the rest frame of reconstructed

J/ψ should be bigger than 1.45 GeV/c.

This selection leaves a relatively pure sample, which is then divided into angular or

transverse momentum (pt) bins. The number of events in each bin is estimated using a

fitting procedure: event histograms of recoil mass of the pion pair, Mπ+π−recoil are fitted

with double Gaussian for the signal plus zero-order polynomial for the background (the

polynomial fit is shown on figure 4.20) and then the integral of the polynomial is sub-

tracted from the total number of events. This is done separately for e and µ candidates.

A comparison of efficiencies reconstructed from the recoil and from the identified

tracks is shown in figure 4.21 and figure 4.22. The resulting efficiency curves show a

slightly lower efficiency for data than for simulation, an effect which is more pronounced

at low transverse momenta.

In order to investigate the size of the discrepancies over the whole phase space, MC

events have been divided into pt and | cos θ| bins. The maps of ϵData/ϵMC for electrons and

muons and maps of statistical errors are shown on figure 4.23 and figure 4.24, respective-

ly. Bins have non-uniform width: regions with the same values of ϵData/ϵMC share the

same bin in order to minimize the statistical error per bin. Note from the figures that

there are a few bins for which we could not determine the efficiency, since the channel

ψ(2S )→ π+π−J/ψ(J/ψ→ l+l−) does not cover that part of the phase space. The coverage

in phase space is comparable for the channel of interest as shown on figure 4.25. We,
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Figure 4.19 Momentum of identified muon in the rest frame of reconstructed J/ψ. Left: in the
case if all charged tracks are detected, right: 1 charged track is missing. Red dots represent beam
data, black histogram is exclusive MC.

Figure 4.20 The recoil mass spectrum of a pion pair (dots). Estimated background is fitted with
polynomial function (blue).

therefore, can safely ignore the bins with a missing efficiency.

Systematic error of the tracking was estimated using the formula

∆ =

∑
i j fi jNi j

N

where indexes i j stand for pt and | cos θ| bins, fi j = 1 − (ϵData/ϵMC)i j, Ni j is a number of

events in a histogram bin, N =
∑

i j Ni j/ϵData,i j is a total number of events in a histogram.

Table 4.5 shows the summary of corrected efficiencies and their systematic errors.

The influence of the choice of the choice of background function was studied. In the case
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Figure 4.21 Tracking efficiency vs pt for (a) electrons and (b) muons. Red points are
data, black squares are exclusive MC and green triangles are inclusive MC. Errors in
efficiency are statistical errors.

Figure 4.22 Tracking efficiency vs cos θ for (a) electrons and (b) muons. Red points
are data, black squares are exclusive MC and green triangles are inclusive MC. Errors
in efficiency are statistical errors.
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if no background subtraction was performed the difference between corrected efficiencies

was smaller than the systematic error.

Figure 4.23 Map of ϵData/ϵMC for exclusive MC for electrons (left) and its error (right).

Figure 4.24 Map of ϵData/ϵMC for exclusive MC for muons (left) and its error (right).

Table 4.5 Systematic error due to the tracking efficiency for the branching ratios of the channels
of interest

Model ψ(2S )→ ηJ/ψ ψ(2S )→ π0J/ψ

Final states γγe+e− γγµ+µ− γγe+e− γγµ+µ−

Systematic error (%) 0.16 0.19 0.14 0.20
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Figure 4.25 Original distribution of events with respect to pt and |cosθ| for the channel ψ(2S )→
ηJ/ψ(J/ψ→ e+e−).

4.3.3 4C Kinematic Fitting

The method to estimate the uncertainty of 4C kinematic fitting is same as used for the

chapter 2. In this section, ψ(2S ) → π+π−J/ψ(e+e−/µ+µ−) are selected as the control

sample to exact the correction factors of µ± and e± from their pull distributions. The

detailed information on this method is described in appendix A.1.3. Table 4.6 shows the

correction factors. The MC sample after correction are used to estimate the efficiency and

fit the invariant mass spectrum.

Table 4.6 Correction factors extracted from the pull distribution

ϕ0 κ tan λ

mdata − mMC σdata/σMC mdata − mMC σdata/σMC mdata − mMC σdata/σMC

µ+ 0.003 1.273 0.092 1.218 0.579 1.255
µ− 0.037 1.275 -0.030 1.220 0.578 1.264
e+ -0.001 1.207 0.137 1.117 0.578 1.186
e− 0.037 1.202 -0.065 1.101 0.579 1.179

Figure 4.26 shows the distributions between MC and data for ψ(2S ) →
π0J/ψ(e+e−/µ+µ−). The left figure is the distribution for ψ(2S ) → π0J/ψ(e+e−), while

the right one is for ψ(2S ) → π0J/ψ(µ+µ−). The correction parameters are obtained from

the control sample, whose details are described in Appendix A.1.3.

Similarly, figure 4.27 shows the χ2 distributions of MC and data for ψ(2S ) →
ηJ/ψ(e+e−/µ+µ−). The detection efficiencies for the χ2 cut value for different decay
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Figure 4.26 A comparison of χ2 between MC and data for ψ(2S ) → π0J/ψ. The red
error dots are data, the black histogram is MC. Left: J/ψ→ e+e−; Right: J/ψ→ µ+µ−

modes are listed in table 4.7, where ε1 is the efficiency before the correction, while ε2

is the efficiency after the correction, and ∆ε/ε2 is the difference between the corrected

and not corrected events, a half of the ∆ε/ε2 is taken as the uncertainty of the kinematic

fitting.
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Figure 4.27 A comparison of χ2 between MC and data for ψ(2S ) → ηJ/ψ. The red
error dots are data, the black histogram is MC. Left: J/ψ→ e+e−; Right: J/ψ→ µ+µ−
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Table 4.7 The detector efficiency of different decay channels

Decay channels ε1(%) ε2(%) 1
2∆ε/ε2(%)

ψ(2S )→ π0J/ψ(e+e−) 23.12 23.05 0.15
ψ(2S )→ π0J/ψ(µ+µ−) 29.22 29.11 0.19
ψ(2S )→ ηJ/ψ(e+e−) 35.55 35.41 0.20
ψ(2S )→ ηJ/ψ(µ+µ−) 46.54 46.28 0.28

4.3.4 E/p ratios

In the analysis, we use the E/p ratio to identify charged tracks as leptons. If there exists a

difference of E/p between MC and data, the E/p cut may be a source of the systematic

error.

The uncertainty from the E/p ratio cut is determined with the control sample of ψ(2S )→
π+π−J/ψ(l+l−). All the selection criteria are the same as described in Appendix A.1.3

except for the requirement of the E/p ratio.
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Figure 4.28 Comparison between data and MC simulation events of the distribution
E/p ratio in the wider mass range. The red dot with error bar is the data and the black
histogram is MC.Left:Jψ→ e+e−. Right:J/ψ→ µ+µ−

After the selection, two samples with a high purity are obtained. The systematic

error caused by E/p cut are 0.06 and 0.05, for J/ψ→ e+e− and J/ψ→ µ+µ−, respectively.

The details are summarized in the table 4.8.
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Table 4.8 Summary of the systematical error of E/p ratio

Decay channels event(data/MC) with E/p cut ∆ε(%)

ψ(2S )→ π+π−J/ψ(e+e−) 437123/404967 435750/403953 0.06
ψ(2S )→ π+π−J/ψ(µ+µ−) 569896/529532 559577/520194 0.05

4.3.5 Mass window cut on the invariant mass of the two leptons

The systematic error caused by the J/ψ mass window cut has been studied with the same

control sample as selected for studies of the E/p ratio. The control sample is selected

by applying all selection criteria except for the J/ψ mass window. After the event selec-

tion, the background levels for this two decay channels are very low, both of them less

than 0.05% and 0.20%, respectively. When the mass cut is applied to this sample, the

difference between MC and the data is 0.06%, and 0.06%, respectively. The details are

summarized in the table 4.9.

Table 4.9 Summary of the systematical error of mass cut

Decay channels event(data/MC) with E/p cut ∆ε(%)

ψ(2S )→ π+π−J/ψ(e+e−) 436273/404262 435818/404096 0.06
ψ(2S )→ π+π−J/ψ(µ+µ−) 562708/522439 561885/521995 0.06

4.3.6 Mass window cut on the invariant mass of Mγl+l−

The uncertainty due to the mass window set on the invariant mass Mγl+l− is estimated

by increasing the widths of the χc1/c2 to match the data. The control sample ψ(2S ) →
γχc1,2(γJ/ψ) is used to determine the value of the width of χc1,2. As the final states of the

control sample is same as ψ(2S ) → π0(η)J/ψ, the same selection criteria are applied to

the data sample. In order to obtain the residual values of χc1,2 widths in data, we use a

Gaussian function to convolute with the χc1/c2 line shape obtained from MC simulation.

The intrinsic widths of the χc1/c2 in the MC simulation are set to the PDG values. The

background shape is described by a 2nd-order polynomial function. The left and the right

plots in Fig. 4.29 shows the fit results for ψ(2S ) → γχc1,2(γJ/ψ). For the e+e− channel,

the difference in resolution between MC and data are 2.53 MeV and 1.89 MeV for χc1
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and χc2, respectively. For the µ+µ− channel, the difference in resolution between MC and

data are 2.61 MeV and 1.27 MeV for χc1 and χc2, respectively.
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Figure 4.29 The fit results of the mass of γJ/ψ in ψ(2S )→ γχc1,2(γJ/ψ). Left: J/ψ→
e+e−; Right: J/ψ→ µ+µ−

And then, these values will be used to increase the widthes of χc1 and χc2. Note that,

to transform the Gaussian resolution to the Breit-Wigner width, one needs to multiply it

by a factor of 1.17 because of the width of Breit-Wigner defined as a half height width of

the line shape. We use the new cuts as listed the following:

•Mγe+e− < 3.50-0.00253×1.17 or Mγe+e− > 3.57+0.00189×1.17.

•Mγµ+µ− < 3.50-0.00261×1.17 or Mγµ+µ− > 3.57+0.00127×1.17.

Then we perform the same procedure as described before to fit the mass of γγ dis-

tribution to obtain the number of π0 and η. The fit results are listed in table 4.10. The

differences in the π0 and η signal yields are less than 1%; they are taken as systematic

errors.

4.3.7 The background shape

In our analysis, an unbinned fitting is applied to the mass spectrum of the two photons.

The uncertainty due to the signal line shape is negligible, because the modified MC-

shape is used to remove the difference of line shape between the MC and data. The

uncertainty due to the shape of unknown background is estimated by replacing it with
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Table 4.10 Summary of the fitting result for changing the mass window of γJ/ψ

Decay channel N f it ε(%) Br(10−3) |1 − Br
Brmean
|(%)

π0J/ψ(e+e−) 1767±47 22.46 1.264 0.551
π0J/ψ(µ+µ−) 2213±52 28.45 1.252 0.159
ηJ/ψ(e+e−) 29466±199 35.29 33.734 0.109
ηJ/ψ(µ+µ−) 38678±236 46.03 34.006 0.818

a higher order polynomial. We change the unknown background function to a 2nd-

order polynomial function for ψ(2S ) → π0J/ψ(e+e−orµ+µ−), and to a 3rd-order poly-

nomial function for ψ(2S ) → ηJ/ψ(e+e−orµ+µ−). The systematical errors are deter-

mined to be 0.16%(0.22%) and 1.10%(0.10%) for ψ(2S ) → π0J/ψ(e+e−orµ+µ−) and

ψ(2S ) → ηJ/ψ(e+e−orµ+µ−), respectively. For the ψ(2S ) → ηJ/ψ(e+e−), the goodness

of fit becomes worse (χ2/nd f = 1.66). Figures 4.30 and 4.31 show the fitting results after

changing the fitting function for ψ(2S )→ π0J/ψ and ψ(2S )→ ηJ/ψ, respectively.

In addition, in order to estimate the uncertainty from the fitting range, we change

the fitting range from (0.08, 0.18) to (0.10, 0.16) and from (0.45, 0.60) to (0.48, 0.60) for

ψ(2S )→ π0J/ψ and ψ(2S )→ ηJ/ψ, respectively.

The fitting values are listed in the table 4.11.
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Figure 4.30 The fitting result of the mass of the two photons. Left: J/ψ → e+e−.
Right: J/ψ→ µ+µ−
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Figure 4.31 The fitting result of the mass of the two photons. Left: J/ψ → e+e−.
Right: J/ψ→ µ+µ−

Table 4.11 Summary of the fitting results for changing background shape and fitting range

Model Source ε(%) N Br(10−03) |1 − Br
Brmean
|(%)

ψ(2S )→ π0J/ψ(e+e−)
Background shape 23.05 1828±52 1.274±0.036 0.236

Fit range 22.92 1802±45 1.263±0.031 0.629

ψ(2S )→ π0J/ψ(µ+µ−)
Background shape 29.11 2273±55 1.257±0.030 0.239

Fit range 29.01 2278±55 1.264±0.030 0.797

ψ(2S )→ ηJ/ψ(e+e−)
Background shape 35.41 29936±206 34.156±0.235 1.14

Fit range 35.40 29751±213 33.955±0.243 0.545

ψ(2S )→ ηJ/ψ(µ+µ−)
Background shape 46.28 38612±217 33.765±0.189 0.104

Fit range 46.24 38760±294 33.924±0.257 0.575
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4.3.8 Summary of systematic errors

According to the above analysis, table 4.12 summarizes the systematic errors in the anal-

ysis.

Table 4.12 Summary of systematic errors(%)

Sources π0(γγ)J/ψ(e+e−) π0(γγ)J/ψ(µ+µ−) η(γγ)J/ψ(e+e−) η(γγ)J/ψ(µ+µ−)

Nψ(2S ) 0.81 0.81 0.81 0.81
Trigger 0.15 0.15 0.15 0.15

Tracking 0.14 0.20 0.16 0.19
Photon 2.00 2.00 2.00 2.00
4-C Fit 0.15 0.19 0.20 0.28

Br(J/ψ→ l+l−) 1.01 1.01 1.01 1.01
Br(π0/η→ γγ) 0.03 0.03 0.51 0.51

M(l+l−) cut 0.06 0.06 0.06 0.06
M(γl+l−) 0.55 0.16 0.11 0.82

E/p 0.06 0.05 0.06 0.05
Backgrounds shape 0.24 0.24 1.14 0.10

Fitting range 0.63 0.80 0.55 0.58

Total 2.55 2.55 2.77 2.66

4.4 Summary and discussion

The decays of ψ(2S )→ π0J/ψ and ηJ/ψ are measured using the 106 M ψ(2S ) decays col-

lected at BEPCII/BESIII in 2009. The measured branching fractions are summarized in

table 4.13. The precision of branching fractions of this measurement is highly improved

comparing to PDG values.

For the branching fractions of ψ(2S )→ π0/ηJ/ψ, we combine the measurements in

the decays J/ψ → e+e− and J/ψ → µ+µ− with the method of weighted average as used

in the PDG table. If the branching fraction is expressed by:

Bri = Xi + δi
sta + δ

i
sys−com + δ

i
sys−unc, (4-3)

= Xi + δi
uncor + δ

i
sys−com, (4-4)

where i = 1, 2 correspond to the channel J/ψ → e+e− and J/ψ → µ+µ−, respectively.

δi
sta, δi

sys−comand δi
sys−unc are the statistical error, the common systematic error and the
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uncommon systematic error, respectively. The total uncorrelated error δi
uncor is given by

δi
uncor =

√
(δi

sta)2 + (δi
sys−unc)2,

Then the average value and errors are evaluated with

X̄ =

∑
wixi∑
wi

,with wi = 1/(δi
uncor)

2 (4-5)

δ̄sta =
[∑

1/(δi
sta)2

]−1/2
, (4-6)

δ̄sys−un =
[∑

1/(δi
sys−un)2

]−1/2
. (4-7)

(4-8)

Where the sum runs over i = 1, 2.

Combined the common and uncommon systematic errors, one has:

δ̄sys = X̄

( δ̄sys−un

X̄

)2

+

δi
sys−com

Xi

2
1/2

.

Where δi
sys−com/X

i is the common part, which is accounted once. It’s value is the same

for i = 1 or 2.

The averaged branching fraction is given by

B̄r = X̄ + δ̄sta + δ̄sys.

The common systematic uncertainties include two photon reconstruction, ψ(2S )

number and the branching fractions for π0/η → γγ and M(l+l−) cuts. The averaged

branching fraction for ψ(2S )→ π0/ηJ/ψ are given in the table 4.13.
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Table 4.13 Summary of measurement results

Mode ψ(2S )→ π0J/ψ ψ(2S )→ ηJ/ψ

Final states γγe+e− γγµ+µ− γγe+e− γγµ+µ−

Ntot(×106) 106 106 106 106

Nsig 1823±49 2268±55 29598±202 38572±280

ε(%) 23.05±0.05 29.11±0.06 35.41±0.06 46.28±0.06

Br(×10−3)

This work 1.27±0.03±0.03 1.25±0.03±0.03 33.77±0.23±0.93 33.73±0.24±0.90
BESII 1.39±0.20±0.12 1.47±0.19±0.13 29.10±1.20±2.10 30.60±1.40±2.50

CLEOc 1.33±0.08±0.03 34.30± 0.40±0.89
PDG2010 1.30±0.10 32.80± 0.70
This work 1.26±0.02±0.03 33.75± 0.17±0.86
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Chapter 5 Conclusions

Based on the data sample accumulated at BEPCII/BESIII in 2009, including 225 million

of J/ψ data sample and 106 million of ψ(2S ) data sample, J/ψ→ γηc, ηc → ϕϕ(ωϕ) and

ψ(2S )→ π0(η)J/ψ have been studied in this thesis and the improve measurements on the

branching fractions of the channels have been presented.

5.1 Summary

5.1.1 J/ψ→ γηc, ηc → ϕϕ(ωϕ)

Table 5.1 shows the comparison of our results with different experiments. The branching

fraction of ηc → ϕϕ of our measurement is consistent with previous measurements per-

formed by BESI, BESII and DM2 collaborations, and the precision is improved with a

factor of about 1.7, and the dominated error is from the uncertainty of branching fraction

for J/ψ → γηc. For the J/ψ → γηc, ηc → ϕϕ, the precision of branching fraction is

improved with a factor of 1.6.

Table 5.1 Comparison of Br(ηc → ϕϕ) to other measurements

Br(J/ψ→ γηc, ηc → ϕϕ)(10−5) Br(ηc → ϕϕ) (10−3) Comment

3.55+0.16
−0.20 ± 0.51 2.09+0.10

−0.12 ± 0.58 this measurement
3.25 ± 0.65 ± 0.65 2.53 ± 0.51 ± 0.91 BESII [60]

3.3 ± 0.6 ± 0.6 2.6 ± 0.9 BESII [61]

3.9 ± 0.9 ± 0.9 3.1 ± 0.7 ± 0.4 DM2 [59]

— 1.94 ± 0.30 PDG2012 [10]

The OZI double suppressed decay ηc → ωϕ is not observed, and the upper limit is

set as Br(ηc → ωϕ) < 3.14×10−4 at 90% confidence level. This upper limit is lower than

the PDG2012 value 1.7 × 10−3 [10] by one order of magnitude.

According to hadronic helicity conservation [33], there are many decays of char-

monium are forbidden [34], but some of these decays have been observed [10], such as

J/ψ → K∗K̄∗, J/ψ → ρπ, ηc → ϕϕ, ηc → ρρ and so on. Our result will make the

theorist to re-build a reliable model to describe this phenomenon.
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5.1.2 Hadronic transitions from ψ(2S ) to J/ψ

Using the measured branching fractions,

• B(ψ(2S )→ π0J/ψ) = (1.26 ± 0.02 ± 0.03) × 10−3

• B(ψ(2S )→ ηJ/ψ) = (33.75 ± 0.17 ± 0.86) × 10−3,

the ratio R = B(ψ(2S ) → π0Jψ)/B(ψ(2S ) → ηJψ) is determined to be R = (3.74 ±
0.06±0.04)×10−2. As the result shown if table 5.2, our result on the R-ratio is consistent

with previous world average values with a precision improvement of about a factor of 5.

These precise measurements of the ψ(2S )→ π0J/ψ and ηJ/ψ branching fractions permit

the study of isospin violation mechanisms in the ψ(2S )→ π0J/ψ transition.

Table 5.2 Summary for the ratio R =
Brψ(2S )→π0 Jψ

Brψ(2S )→ηJψ

Ratio(%)

Final state γγe+e− γγµ+µ−

Theory 3.1±1.6
This work 3.76±0.09±0.06 3.71±0.09±0.05
Combined 3.74±0.06±0.04
PDG2010 3.96±0.42
CLEO-c 3.88±0.23±0.05

These precise measurements of the ψ(2S ) → π0J/ψ and ηJ/ψ branching fraction-

s permit the study of isospin violation mechanisms in the ψ(2S ) → π0J/ψ transition.

As shown in literature [68], the axial anomaly does not adequately explain the observed

isospin violation, while contributions from charmed meson loops would be a possible

mechanism for additional isospin violation sources. Confirmation of sizeable contribu-

tions from charmed-meson loops would be an indication that non-perturbative effects play

an important role in the charmonium energy region.

5.2 Outlook

With the good performance of BEPCII/BESIII and more and more high quality data sam-

ple, a higher precision measurement on these channels could be obtained for theory study.

In order to make a comprehensive understanding of QCD theory, more decay channels of

these kinds should be studied. In order to understand HSR, the study of ηc →VV should

100



Chapter 5 Conclusions

include other channels, such as ηc → ωω, ηc → ρρ, ηc → K∗K̄∗, etc.. If one analyzes

ηc → ωω, the combinatorial backgrounds should be studied as there are many combina-

tion with different πs. As the large width of ρ (149 MeV/c2) [10] and K∗ (46 MeV/c2) [10],

the backgrounds of these two decay channels are abundant, and the interferences between

background and signal are more complicated than ηc → ϕϕ.
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Appendix A

A.1 Estimation of the uncertainty of 4C-kinematic fitting

A.1.1 J/ψ→ γηc(ϕϕ)

A.1.1.1 Event selection for J/ψ→ ϕK+K−

General event selections for charged tracks and photons are the same as before and

the good charged tracks must be equalling to 4 with net charge equalling to 0. To select

a control samples with a high purity, the PID information has been applied, and require

the probability of all the charged tracks identified as kaon must be larger than any other

particles. Other selection criteria are listed below:

• δ(P) =
√∑3

i=0(CMS i − Ptoti) < 0.03. CMS is four momentum of the center

of mass energy, CMS=CMS(0.034,0,0,3.097). Ptot is four momentum of all the

charged tracks. The index i(0,1,2) means the momentum of different direction(x, y,

z).

• 1.00 GeV/c2 < MK+K− <1.04 GeV/c2;

• χ2 of 4C kinematic fit must be smaller than 60.

With these strategies, a data sample with a purity of 97.34% would be obtained and the

detector efficiency is 29.57%.

A.1.1.2 Comparison between MC and Data

Figures A.1 show the pull distributions obtained after the 4C-kinematic fitting for

each tracks. From these figures, the discrepancy between MC and data is obviously. It

means that in order to match for the data distribution, it is necessary to make a correction

to the parameters of the charged tracks in the MC.

A.1.1.3 Correction factors for MC sample

The pull of the ith track parameter is defined as pulli =
αi−α0i√

|(Vα0)ii−(Vα)ii|
, where α0 is

the unconstrained track parameters obtained from the reconstruction, α is the constrained

track parameters obtained from kinematic fit and V is the corresponding covariance ma-

trix element. Theoretically, the pull distribution is a standard normal distribution, but
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Figure A.1 The comparison of pull distribution between MC and data, the red error
bars are data, the black histograms are MC.
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actually, it obeys a Normal distribution with mean µi and deviation σi. There are two

methods to reduce the difference between data and MC. One is to reduce (Vα0)ii by mul-

tiplying it with a factor σMC
i /σdata

i , the other one is to smear the resolution of α0i by

smearing it with a Gaussian distribution, in which the mean and σ values are defined as

α0i+(µdata
i −µMC

i )×(Vα0)ii and
√

((σdata
i /σMC

i )2 − 1) × (Vα0)ii. Since the data and MC are

consistent with each other in the covariance matrix from MdcKalTrk, it is unnecessary to

change the covariance matrix, we choose the second method to correct the MC to data.

Table A.1lists the corrected parameters for the lepton. Figures A.2 and Figures A.3 show

the pull after the correction and the comparison of χ2 between MC and data. With the

parameters obtained from the pull distribution, the corrected MC is consistent with the

data.

Table A.1 Correction factors extracted from the pull distribution

ϕ0 κ tan λ

mdata − mMC σdata/σMC mdata − mMC σdata/σMC mdata − mMC σdata/σMC

K+ -0.0318 1.1967 0.1280 1.2430 0.1390 1.1165
K− -0.0776 1.1628 -0.1369 1.2431 0.1426 1.1180

A.1.2 J/ψ→ γηc, ηc → ω(π0π+π−)ϕ(K+K−)

In the section, J/ψ → ω(π0π+π−)η(π0π+π−) would be selected to exact the param-

eters for pion. The selections for this sample has been introduced before(estimation of

uncertainties Mγγ and Mπ0π+π−). In this part, the selections would not be described.

A.1.2.1 The pull distribution of the track helix

Figures A.4 show the pull distributions between data and MC sample before cor-

rected. And the correction parameters would be obtained from the discrepancy between

MC and data. Table A.2 is the summary of the correction parameters. With these param-

eters, the pull distributions of MC will be corrected to data. Figures A.5 show the pull

distribution after correction.
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Figure A.2 The comparison of pull distribution between MC and data, the red error
bars are data, the black histograms are MC.
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Figure A.3 The comparison of χ2 between data and MC. The red dots are data, the black his-
togram is MC. Left: before correction Right: after correction.

Table A.2 Correction factors extracted from the pull distribution

ϕ0 κ tan λ

mdata − mMC σdata/σMC mdata − mMC σdata/σMC mdata − mMC σdata/σMC

π+ -0.0251 1.1714 -0.0096 1.0626 0.1947 1.0723

π− 0.0067 0.9079 0.0060 1.0019 0.1272 1.0519

113



Appendix A

)+π(φ
-10 -5 0 5 10
0

100

200

300

400

500

(a) (b)
)+π(κ

-10 -5 0 5 10
0

50

100

150

200

250

300

)+π(λtan
-10 -5 0 5 10
0

50

100

150

200

250

(c) (d)
)+π(φ

-10 -5 0 5 10
0

100

200

300

400

500

)+π(κ
-10 -5 0 5 10
0

50

100

150

200

250

300

(e) (f)
)+π(λtan

-10 -5 0 5 10
0

50

100

150

200

250

Figure A.4 The comparison of pull distribution between MC and data before correc-
tion, the red error bars are data, the black histograms are MC.
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Figure A.5 The comparison of pull distribution between MC and data after correction,
the red error bars are data, the black histograms are MC.
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A.1.2.2 χ2 distribution

Figures A.6 show the comparison of χ2 between data and MC. With the parameters,

the χ2 distribution is improved obviously.

2χ
0 50 100 150

0

100

200

300

400

500

600

700

2χ
0 50 100 150

0

100

200

300

400

500

600

700

Figure A.6 The comparison of χ2 between data and MC. The red dots are data, the black his-
togram is MC. Left: before correction Right: after correction.
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A.1.3 ψ(2S )→ π0J/ψ(l+l−) and ηJ/ψ(l+l−)

A.1.3.1 Event selection for ψ(2S )→ π+π−J/ψ(l+l−)

General event selections are the same as before, and the two tracks which have

the lower momentum are taken as pion candidates, and the other two tracks are taken

as leptons. To select a control samples with a high purity, the PID information has been

applied, and require the probability of pion to be larger than 0.001. Other selection criteria

are listed below:

• the polar angle | cos θ| < 0.8;

• require the event just has four charged tracks and the net charge equal to zero;

• the number of the good photon must smaller than 10;

• the momentum of pion has to be smaller than 450 MeV/c;

• use E/p ratio to identify the lepton.When the E/p of the charged tracks larger than

0.8, they will be identified as electron,while it smaller than 0.22, they will be iden-

tified as muon.

• 3.05 GeV/c2 < Ml+l− <3.15 GeV/c2;

The final efficiencies for ψ(2S ) → π+π−J/ψ(e+e−) and ψ(2S ) → π+π−J/ψ(µ+µ−) are

(25.10±0.10)% and (33.22±0.10)%, respectively. And their purities are 99.99%,and

99.86%, which obtain from 106M inclusive MC sample.

A.1.3.2 Comparison between MC and Data

Figures A.7 and A.8 shows the χ2 distribution and the pull distributions obtained

after the 4C-kinematic fitting for each kind of track. The mean values of tan λ in MC

sample are significantly shifted away from the data, and the resolution of the parameter

ϕ0 and κ distributions in the MC are better than that in the data. It means that in order to

match for the data distribution it is necessary to make a correction to the parameters of

the charged tracks in the MC.

A.1.3.3 Correction factors for MC sample

The pull of the ith track parameter is defined as pulli =
αi−α0i√

|(Vα0)ii−(Vα)ii|
, where α0 is

the unconstrained track parameters obtained from the reconstruction, α is the constrained

track parameters obtained from kinematic fit and V is the corresponding covariance ma-

trix element. Theoretically, the pull distribution is a standard normal distribution, but
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Figure A.7 the distributions of χ2 and pull for electron
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Figure A.8 the distributions of χ2 and pull for pion
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actually, it obeys a Normal distribution with mean µi and deviation σi. There are two

methods to reduce the difference between data and MC. One is to reduce (Vα0)ii by mul-

tiplying it with a factor σMC
i /σdata

i , the other one is to smear the resolution of α0i by

smearing it with a Gaussian distribution, in which the mean and σ values are defined as

α0i+(µdata
i −µMC

i )×(Vα0)ii and
√

((σdata
i /σMC

i )2 − 1) × (Vα0)ii. Since the data and MC are

consistent with each other in the covariance matrix from MdcKalTrk, it is unnecessary to

change the covariance matrix, we choose the second method to correct the MC to data.

Table 4.6lists the corrected parameters for the lepton. Figures A.9 and A.10 shows the

distributions of χ2 and pull after the correction. With the parameters obtained from the

pull distribution, the corrected MC is consistent with the data.

2χ
0 50 100 150 200

E
v
e
n
ts

0

5000

10000

15000

20000

25000

30000

35000

(a) (b)
)-(e

0
φ-10 -5 0 5 10

E
v
e
n
ts

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000
24000

)-(eκ
-10 -5 0 5 10

E
v
e
n
ts

0

5000

10000

15000

20000

25000

(c) (d)
)-(eλtan

-10 -5 0 5 10

E
v
e
n
ts

0

2000

4000

6000

8000
10000

12000

14000

16000

18000
20000

22000

Figure A.9 the distributions of χ2 and pull for electron after correction

With these parameters, we also correct another decay mode to check whether it work

effectively. The decay modes are ψ(2S )→ γχcJ(J = 1, 2), χcJ → γJ/ψ(l+l−). In order to
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Figure A.10 the distributions of χ2 and pull for electron after correction
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select samples as pure as possible, the selection criteria for the good charged tracks and

good photons are applied as the same as the normal criteria listed before, and the other

selection criteria are required as listed below:

• the mass of the two lepton must be within the J/ψ mass window, 3.05 GeV/c2 <

|M(l+l−)| < 3.15 GeV/c2

• the mass of the two photons must not within the mass range of η and π0.

M(γγ) <0.12 GeV/c2, or M(γγ) >0.58 GeV/c2, or 0.15 GeV/c2 < M(γγ) <0.50

GeV/c2

• The mass of the highest energy photon and the two leptons, which have been con-

strained to the J/ψ mass window, must be between 3.43 GeV and 3.60 GeV

Figures A.11 show the mass distribution of γJ/ψ and the distribution of χ2 for the kine-

matic fitting. There are two clear peaks around the mass of χc1 and χc2, and the corrected

MC is consistent with the data very well. Table A.3 lists the main decay modes after these

selection. The number of total event is 124440, and purity of final state with γγe+e− is

93.34%, while that of the final state with γγγγe+e− is 6.58% within the sample. The

distribution of χ2 between MC and data are not consistent with each other. Figures A.12
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Figure A.11 The mass distribution of γJ/ψ and the χ2 distribution before correction.
Left: MγJ/ψ GeV/c2; Right: χ2 distribution before correction

show the pull distributions; the MC and the data are different from each other. With the

parameters from the control sample, we correct the MC sample, as you see figures A.13,

they are consistence with each other very well.

122



Appendix A

Table A.3 summary of the decay channels for ψ(2S )→ γχc1,2

Decay channels number of event proportion(%)

ψ(2S )→ γχc1,2,χc1,2 → γJ/ψ(e+e−) 113803 91.45
ψ(2S )→ π0π0J/ψ(e+e−) 8189 6.58
ψ(2S )→ γγJ/ψ(e+e−) 1473 1.18
ψ(2S )→ ηJ/ψ(e+e−) 500 0.4
total decay channels 124440 1.0

2χ
0 50 100 150 200

E
v
e
n
ts

0

1000

2000

3000

4000

5000

6000

7000

8000

(a) (b)
)+(e

0
φ

-10 -5 0 5 10

E
v
e
n
ts

0

500

1000

1500

2000

2500

3000

3500

4000

)+(eκ
-10 -5 0 5 10

E
v
e
n
ts

0

500

1000

1500

2000

2500

3000

3500

4000

(c) (d)
)+(eλtan

-10 -5 0 5 10

E
v
e
n
ts

0

500

1000

1500

2000

2500

3000

3500

4000

Figure A.12 the distributions of χ2 and pull for electron
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Figure A.13 the distributions of χ2 and pull for electron after correction
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A.1.3.4 Uncertainty of kinematic fitting

According to above analysis, the correction factors depend weakly on decay chan-

nels. So, we will use these parameters to correct the MC sample, and then we take half of

the difference between with and without the correction for MC sample as the systematical

error of 4C-kinematic fitting. Figures A.14 and A.15 show the pull distributions before

and after correction,respectively.
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Figure A.14 the distributions of χ2 and pull for electron
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Figure A.15 the distributions of χ2 and pull for electron after correction
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Appendix B

B.1 Amplitude

B.1.1 Amplitude

Consider a decay a(J, ηJ) → b(s, ηs) + c(σ, ησ), where the quantum number (J, ηJ)

denotes (spin,parity), the decay amplitudes are given by:

AJ
λ1,λ2

(θ, ϕ; M) ∝ DJ∗
M,λ1−λ2

(ϕ, θ, 0)F J
λ1,λ2

(B-1)

where λ1 and λ2 are the helicities of the two daughter particles, and F J
λ1λ2

is the helicity-

coupling amplitude given by F J
λ1,λ2

∝< JMλ1λ2|T |JM >, which is constrained by the

parity conservation and satisfied:

F J
λν = ηJηsησ(−)J−s−σF J

−λ−ν (B-2)

In LS -coupling scheme, the helicity-coupling amplitudes F J
λν can be build out of the

particles’ wave functions and momenta contracted with the modified metric g̃αβ(W) =

−gαβ +
pa pb
W . Here we cite Chung’s formula [94,95] as follows:

F J
λν =

∑
ls

gls

(
2l + 1
2J + 1

)1/2

< l0S δ|Jδ >< sλσ − ν|S δ > Wnrl f s
λ (γs) f σν (γσ)

with: f j
m(γ) =

( j + m)!( j − m)!
(2 j)!

∑
m0

j!(2γ)m0

[( j + m − m0)/2]![( j − m − m0)/2]!m0!
(B-3)

where gls is a coupling constant, and γs/σ =
Ea/b

ma/b
and r = pb− pc, which is always replaced

with the barrier factor in data analysis, and W is the mass of the mother particle, and n = 1

for s + σ + l − J odd and n = 0 otherwise.

For the decays J/ψ(λ0) → γ(λγ)ηc → γϕ(λ1)ϕ(λ2), where the λi(i = γ, 0, 1, 2) indicate

helicities for the photon and mesons, the helicity-coupling amplitudes is given by:

A1(λ0, λ1, λ2, λγ) = Fψ
λγ

(r1)D1∗
λ0,λγ

(θ0, ϕ0)BW j(mϕϕ)Fηc
λ1,λ2

(r2)D0∗
0,λ1−λ2

(θ1, ϕ1) (B-4)

where r1(r2) is the momentum differences between γ and ηc (ϕ and ϕ) in the CM system

of J/ψ (ηc), and θ0 (ϕ0), θ1 (ϕ1) are the polar (azimuthal) angles of the momentum vector

of γ (ϕ) in the CM system of J/ψ (ηc). BW j(m) denotes the Breit-Wigner for the ηc.
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The helicity-coupling amplitudes Fψ
λγ

and Fηc
λ1,λ2

can be constructed in terms of Eq.(B-3),

which are explicitly given by:

Fψ
1 = −Fψ

−1 =
r1mψ√

2
g11 =

√
2|p⃗γ|mψg11

Fηc
1,1 = −Fηc

−1,−1 =
√

2| p⃗ϕ|mηc

Fηc
0,0 = 0 (B-5)

where gls is the coupling constant, mψ is the mass of J/ψ.

Under the ηc signal region, the non-ηc line shape is assumed smooth, but the ϕϕ-

system may have the quantum number JP = 0−, 0+ and 2+. So the line shape for these

states take as the phase space of J/ψ → γϕϕ, and the angular distribution is taken into

consideration with these amplitudes:

A0−
0 (λ0, λ1, λ2, λγ) = G0−

λγ,0D1∗
λ0,λγ

(θ0, ϕ0)H0−
λ1,λ2

D0∗
0,λ1−λ2

(θ1, ϕ1) for JP = 0−

A0+
0 (λ0, λ1, λ2, λγ) = G0+

λγ,0D1∗
λ0,λγ

(θ0, ϕ0)H0+
λ1,λ2

D0∗
0,λ1−λ2

(θ1, ϕ1) for JP = 0+

A2+
0 (λ0, λ1, λ2, λγ) = G2+

λγ,λJ
D1∗
λ0,λγ−λJ

(θ0, ϕ0)H2+
λ1,λ2

D2∗
λJ ,λ1−λ2

(θ1, ϕ1) for JP = 2+

where GJP

λγ,λJ
and HJP

λ1,λ2
are the helicity amplitudes for J/ψ→ γ(λγ)JP(λJ) and JP(λJ)→

ϕ(λ1)ϕ(λ2), respectively. These helicity amplitudes are required to satisfy the requirement

of parity conservation, and we have:

G0−
1,0 = −G0−

−1,0, G0+
1,0 = G0+

−1,0, G2+
1,0 = −G2+

−1,0, G2+
0,0 = 0

H0−
1,1 = −H0−

−1,−1, H0−
0,0 = 0,H0+

1,1 = H0+
−1,−1, H0−

0,0 , 0

H2+
1,1 = H2+

−1,−1, H2+
1,0 = H2+

−1,0 = H2+
0,1 = H2+

0,−1, H2+
−1,1 = H2+

1,−1. H2+
0,0 , 0 (B-6)

where the identical particle symmetry has implemented. These free parameters are deter-

mined to fit data.

The total amplitude is expressed by:

A(λ0, λ1, λ2, λγ) =
∑

JP=0−,0+,2+
AJP

0 (λ0, λ1, λ2, λγ) + A1(λ0, λ1, λ2, λγ) (B-7)

The differential cross-section is given by:

dΓ =
(

3
8π2

) ∑
λ0,λ1,λ2,λγ

A(λ0, λ1, λ2, λγ)A∗(λ0, λ1, λ2, λγ)dϕ3 (B-8)

where λ0, λγ = ±1,and λ1, λ2 = ±1, 0, and dϕ3 is the element of standard 3-body phase

space.
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B.1.2 Breit-Wigner

We use a relativistic Brweit-Wigner in the analysis, ie.

BW(m) =
1

m2 − m2
0 − imΓ

(B-9)

where m0 is the nominal mass for the resonance, eg. ηc, with a width Γ.

B.2 Fit method

The relative magnitudes and phases for coupling constants are determined by an un-

binned maximum likelihood fit. The joint probability density for observing the N events

in the data sample is

L =
N∏

i=1

P(xi) (B-10)

where P(xi) is a probability to produce event i with four-vector momentum xi =

(pK+ , pK− , pπ0)i. The normalized P(xi) is calculated from the differential cross section

P(xi) =
(dσ/dΦ)i

σMC
(B-11)

where the normalization factor σMC is calculated from a MC sample with NMC accepted

events, which are generated with a phase space model and then subject to the detector

simulation, and are passed through the same event selection criteria as applied to the data

analysis. With an MC sample of sufficiently large size, the σMC is evaluated with

σMC =
1

NMC

NMC∑
i=1

(
dσ
dΦ

)
i

(B-12)

For technical reasons, rather than maximizingL, S = − lnL is minimized using the pack-

age MINUIT. To subtract the non-interference backgrounds, the lnL function is replaced

with:

lnL = lnLdata − lnLbg (B-13)
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