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SLAC
(Stanford Linear Accelerator Center)

• 3.2 km long

• 50 GeV

• 10 m below ground
http://www.slac.stanford.edu/

http://www.slac.stanford.edu
http://www.slac.stanford.edu


SPEAR
(Stanford Positron Electron Asymmetric Ring)

• Luminosity:

• 3.1-7.4 GeV

• 234 m circumference

L = 1031cm!2s!1

data & pictures from:
SLAC-PUB-1345 (A) 1973

and  http://www.slac.stanford.edu/

http://www.slac.stanford.edu
http://www.slac.stanford.edu
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150 BLOOM & PECK

that were detected in both spark chambers, both direction and origin along

the beam line could be determined. Those that failed to be detected in both

spark chambers were only "tagged," i.e. identified as being charged.

The heart of the detector, of course, was the spherical shell, 16 radiation

lengths thick, made of sodium iodide. This thickness is sufficient to contain

essentially the entire longitudinal development of electromagnetic showers

in our energy range. As shown in Figure 2, the shell is actually a dense

packing of truncated triangular pyramids of NaI(T1). These are optically

SODIUM

CRYSTALS

TUBES

1-83
4444A2

Figure 2 The two principal elements of the Crystal Ball detector, the charged-particle

tracking chambers in the 25-cm diameter cavity of the shell, and the NaI(TI) shell itself. The

middle chamber is a continuously sensitive wire proportional chamber and the other two are

magnetostrictive spark chambers. The shell itself is segmented into optically separated

triangular pyramids in a solidly packed geometry based on an icosahedron. Each pyramid is

viewed from the outside by a single photomultiplier. [From Quarkonium, by E. D. Bloom and

G. J. Feldman. Copyright © 1982 by Scientific American, Inc. All rights reserved.]
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Crystal Ball (structure like Plastic Ball, now at KVI)

hollow sphere from ca. 900 NaI crystals around interaction point

Crystal Ball
@SPEAR
(1978)
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Quantum Numbers
n

L

S

radial

orbital

spin

n2S+1LJ

JPC

J/!

1!!

23S1

NotationJ = L + S (1)

P = (!)L+1 (2)

C = (!)L+S (3)

(parity)
(charge conjugation)

Graphics from [Lange]



Decays

Kay Konigsmann, Radiative decays in the 4, family 263

Barbieri et a!. [53]obtainF(ii~) 7.3 MeV. This lattervalue is in agreement with the experimental width,
although one may wonder about the magnitude of the second-order QCD correction.

The measurement of the 2 photon decay width of the ‘q,~is another test of QCD. The Crystal Ball [81]
upper limit of F(~~—~2-y) < 15 keV is well above theoretical predictions ranging from 4keV (sum-rules

[68])to 7.5 keV (potential model with QCD corrections [53]).The R704 experiment has presented [61]
preliminary evidence for the observation of this decay; the deduced width is about —4 keV, consistent
with theory. Recently, PLUTO [82]has determined the two-photon width of the ~ in photon—photon

scattering processes. They obtain 1(q~—*
2’y) x BR(

11~—* K,K±1T*)= (0.5±0.2) keV, where statistical

and systematic error have been averaged. Dividing out the hadronic branching ratio (table 8) yields2-y) = (27 ±13) keV, compatible with theory given the large experimental errors.
Using QCD sum-rules, the mass of the 11~had been predicted [80]by the ITEP group to be 2977 MeV.

It was argued [80]at the time of the wrong ‘q~that “the recipe of Applequist and Politzer and the whole

non-relativistic approach to radiative decays in charmonium must be wrong”, if the X(2800) were to
survive. Fortunately, the real ‘q,

2 was found at a mass of 2980 MeV, incredibly close to the prediction.

Potential models like to put this spin-singlet state in the mass range from 2975 MeV to 3000 MeV.
Including first-order radiative corrections [53]lead to a mass value of about 3040 MeV, but again, the
corrections are rather large (45%) and higher ordersmight change the first-order correction substantially.

Summarizing it seems that, except for a slight problem with the radiative width JI4’—~-y-q,, all
experimental measurements are well reproduced within such different approaches as potential models

and sum-rules.

4. Radiative decays to pseudoscalar particles

The main energetically allowed decay modes of the J / 4’ require the c and ~quarks to annihilate, shown
in figure 6. The decay mode with the largest rate is described in lowest order QCD by a three gluon
intermediate state (fig. 6a). The partial width is calculated to (see section 3.1.3)

40 IR~1 (0)12
1(J/4’—s.ggg)=~j-—(1r

2—9)a~~j2 (4.1)

where a~(q
2)is the strong coupling constant to be evaluated at the scale q = O.44MJ/

4 [83],Mi,, is the

3g (b)

Ji’k~~ ~

(c)~.r, Cd) ~rcS’

h?c

2g

Fig. 6. Feynmandiagrams for JI 4, decay: (a) three-gluon decay; (b) electromagnetic decay to leptons and quarks; (c) radiative decay to two gluons and

(d) radiative decay to si,.

Phys. Rep. 139 (1986) 243-291



154 BLOOM & PECK
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Figure 3 Inclusive 7 spectrum at the ~’. ]Note that the spectrum is AN/A(Iog E) ~- E dN/dE.
The upper inserts show the background-subtracted signals for the t/¢ and t/~ candidate states.

The numbers over the spectrum key the observed spectral features with the expected radiative

transitions in the cbarmonium spectrum inset.

3.2 The Photon Cascade, 4,’ -, 7z, -’ 77JN,

A study of the radiative transitions from the ~’ to the Z] states and the

cascade radiative decays from the Zs states by means of the sequence,
q/-~ 7Zs, Zs ~ 7J/~O, J/~0 -~ (+(-, where ~,+~e- is e+e- or p+#-, provides a
method for identifying the Zs states (17) that is almost free of background.

Indeed, it was in this reaction sequence that the Z~.2 were first observed (4,

25). Additionally, an analysis of the angular correlations in the cascade final

state of Crystal Ball data (17) has permitted a direct measurement of the

spin of the ZLz states and of the multipole coefficients describing the

two individual radiative transitions for each of these states. The decays,
~k’ ~ q(n°)J/~k -~ 77~+~- exhibit the same topology as the cascade reactions;
these processes have also been studied by the Crystal Ball collaboration (17)
in order to separate them from Zs events as well as for their own sake (cf

Section 4.1). Note that the decay, ~k’ ~ rc°J/~, which is forbidden by isospin
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Positronium Structure

• energy levels:

• (hyper-)fine structure: !E ! !4mc2

n3

cp. [Perkins]

En = !!µc2

2n2



Positronium Structure II

Hydrogen Positronium

eV eV

from [Povh]



Charmonium Structure

from [Povh]Positronium

eV

G
eV

Charmonium



... and also Bottonium

Charmonium Bottonium

G
eV

G
eV

from [Povh]
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CESR
(Cornell Electron-positron Storage Ring)

• 768 meters 
circumference

• 12 meters below 
ground

• 9-12 GeV centre of 
mass energy

• Luminosity:
L = 1033cm!2s!1



CLEO@CESR
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Early Operating Experience with the CLEO Detector 

S. Stone 
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Abstract 2. Apparatus 

The CLEO detector operating at the Comell Electron Storage Ring CLEO consists of an Inner Detector, and Outer Detector and a 
(CESR) consists of many elements: Inner Proportional Chamber, Inner Muon Detector. The Inner Detector lies within a 1 m radius 
Drift Chamber, Endcap Shower Chambers, Outer Drift Chambers, about the beam line. I t  consists mainly of tracking chambers. 

The Outer Detector is divided into octants which detect photons 
Cerenkov Counters, dh'/dr Proportional Wire Chambers, Time-of-Flight 

Counters, Octant Shower Chambers, and Muon Chambers. We describe 
the initial perfomance of  CL^^. be and identify charged particles. The Muon Detector surrounds 
presented. everything. (Schematic drawings of CLEO are shown in Figs. 1 

physics results 

1. Introduction 

We have constructed and started to operate a large magnetic 
detector to investigate e'e- collisions at the Cornel1 Electron 

Storage Ring (CESR). We have named the detector CLEO. An 

ideal detector would measure the direction and momenta of 

charged and neutral particles over the entire solid angle, and, 

inaddition, would be capable of establishing their identity. 

A real detector in the nature of things is a compromise between 

these ideal attributes. In what follows I will describe the 

components of CLEO [l], the triggering system and show data 
from the first half of 1980. 

and 2.) Several devices in both the Inner and Outer detectors 

track charged particles: (a) inner drift chamber, (b) inner 

proportional wire chamber, (c) endcap chamber and (d) outer 

z-drift chamber. The inner drift chamber is placed inside a ,  

1 m radius solenoid magnet coil capable of producting 0.5 T. 

It consists of 17 concentric rings of wires. Nine rings are 
parallel to the beam, four rings are at + 3" stereo angle and four 

additional rings are at - 3". Spatial resolution of 250pm in a 

plane perpendicular to the wires has been achieved. Our present 

fractional momentum resolution is 0.05 x (momentum in 

GeV/c). This will be substantially improved when a 1.5 T super- 

conducting coil is installed at the end of the year. The spatial 

resolution along the beam direction is f 5 mm. In order to 

0 I 2 3 4 
I I 

SCALE IN  METERS 

Fig. 1 .  The CLEO detector as viewed along the beam axis. 

Physica Scripta 23 
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606 S. Stone 

SCALE IN METERS 

Fig, 2. A view of the CLEO detector perpendicular to the beam axis. 

improve this to the level of 250pm we rely on the inner of three planes of drift wires. One plane is perpendicular to the 

proportional chamber [2] and the outer z-drift chamber. beam axis and the other two are at f 10" stereo. This device also 

The outer z-drift chamber was designed to measure charged helps identify neutral interactions in the solenoid magnet coil. 

tracks to an accuracy of 250pm along the beam axis. It consists Three separate devices detect photons. Each in a lead pro- 

Table I. Shower detector parameters 

Anode wires Octant Octant end Endcap 

Dia., material 

Number layers, 

Alignment 

groups, total 

Ganging 

Tube size 

Thickness 
Lead sheet 
Total 

Dimensions: 

Solid angle coverage 

Emins Emax 

Gas 

50 p gold plated tungsten 

44,774,3824 

Azimuthal and Z 

12 planes: 2 deep X 1 wide 

12 planes: 3 deep X 2 wide 
20 planes: 5 deep X 4 wide 

1.25" X 0.50" 

0.049" wall 

0.050" 
12 1.1. 

Active length 149.5" 

Max. active width 87.9" 

Distance to interaction 
pt. 93" to 117" 

55", 125" 

0.4Ic 

90% argon, 10% methane 

25 p gold plated tungsten 

16, 168,968" 
16,196, 880b 

Azimuthal 

to radial 
t 22t" 
- 22k0 

4 planes: 1 deep X 2 wide 
4 planes: 2 deep X 4 wide 

8 planes: 2 deep X 8 wide 

0.75" X 0.375" 

0.063" wall 

0.078" 
11 r.1. 
(at 45" incidence) 

Max. active width 

Active height 
57.5"a 3314 

24"a 33"b 

Thickness 9.3" 

53"" 5210b 
Min. distance to beam line 

41", 48'" 
40°, 51°b  

0.110 

90% argon, 10% methane 

25 p gold plated tungsten 

21,711,2352 

t 120" 
0" to vertical 

- 120" 

6 planes: 1 deep X 1 wide 

6 planes: 2 deep X 2 wide 
9 planes: 3 deep X 4 wide 

0.75" X 0.375" 

0.063" wall 

0.078" 
10 1.1. 

Inside active radius 11" 

Outside active radius 32" 

Distance to interaction pt. 
47" to 59" 

13", 29" 

0.10 

90% argon, 10% methane 

In octants of high pressure Cerenkov detector. 
In octants of atmospheric Cerenkov or dE/dx detectors. 
For 2 octants of type (a) and 6 of type (b). 

Physica Scripta 23 

CLEO@CESR
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 (1981) 605-609
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FIGURE 1. Spectra of the states of Charmonium.

As shown in Fig. 2, the S-wave radial excitations, " ! and $ !
c sample the confinement

potential almost exclusively. As a result, they provide our only insight into how the

hyperfine interaction varies in going from 1S states ($c and J/"), with an almost 50–50
exposure to Coulombic and confinement potentials, to 2S states ($ !

c and "
!), which lie

in the confinement potential territory.

The mass of " ! is extremely well known,M(" !) = 3686.093±0.034MeV, butM($ !
c)

was unknown. None of the earlier attempts to identify $ !
c, which included Crystal Ball

[2], Fermilab E760/E835 [3], DELPHI [4], L3 [5], and CLEO [6] were successful. The

breakthrough came from an unexpected source, Belle [7]. Since then several experiments

have confirmed the identification of $ !
c, and their results are summarized in Table 1. Fig.

3 shows the results of CLEO [8] and BaBar [9] for the reaction %% " KSK& . While it is
clear that $ !

c has been successfully identified, its mass still has substantial uncertainty,
and its width remains unmeasured. Using the world averageM($ !

c) = 3628.3±2.1MeV,
we get 'Mhf (2S) = 47.8±2.1, which means 'M(2S)/'M(1S)= 0.41±0.02. Although
a potential model calculation can always be found with just about any result, it is a fact

that most predictions were that 'M(2S)/'M(1S) # 0.65. So, here we have a result for

he
p-
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Potential

V (r) = !4
3

!s

r
+ kr

V (r) = !4
3

!s

r-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

1.25

1.5

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

r (fm)

V
0
(r

) 
(G

eV
)

cc(1S)

cc(2S)

!
c
, J/"

!
c
/, "

/

h
c

Coulomb

Linear
V=-1.02/r + 0.927r

FIGURE 2. Schematic of the QCD qq̄ potential (solid line), and its Coulombic and confinement parts

(dotted lines) seperately. The approximate locations of the 1S, 2S and 1P1 states are shown.

M(K
S
 K #) (GeV/c

2
)

ev
en

ts
/1

0
 M

eV
/c

2

0

20

40

60

3.2 3.4 3.6 3.8 4

FIGURE 3. Observation of ! !
c in the reaction $$ " KSK# by CLEO (left) and Babar (right).

theory to digest. On the experimental side we have still much work to do, the first being

to find the width of ! !
c. Together with %Mhf (2S), it will shed light on whether we are

observing effects related to the confinement interaction or configuration mixing.

2.2 The Singlet P-wave State of Charmonium, hc(11P1)
The singlet P–wave hc(11P1) relates to a different aspect of the hyperfine interaction

than !c(21S0) does. Here the question is whether or not there is a long range !s1 ·!s2

interaction in the qq̄ system. In absence of such an interaction, the lowest order pQCD

prediction is that the hyperfine, singlet–triplet splitting is finite only for S–wave states,

and is identically zero for all higher L, i.e. %Mhf (L #= 0) = 0. In particular, %Mhf (1P) =
!

M(3PJ)
"

$M(1P1) = 0. The centroid of the 3PJ(J = 0,1,2) states has been measured

very accurately by the Fermilab E835 experiment,
!

M(3PJ)
"

= 3525.36± 0.06 [10].

obtained by use of the same smearing algorithm and anal-
ysis procedure. We note that while at small r the ground
state overlaps of the un-quenched simulations are supe-
rior to the quenched reference data, at large r the projec-
tion onto the physical ground state becomes increasingly
worse, in particular at the lighter quark mass.

The dependence of the quenched overlaps on r is lin-
ear to first approximation, however, this is not so for
the sea quark data (which explains why tmin had to be
increased as a function of r in the latter case). We con-
clude that at large r the flux tube distribution appears
to change when including sea quarks. This e!ect, which
becomes more pronounced when the quark mass is de-
creased, can be interpreted as a first indication of string
breaking: the physical ground state will be a mixture
between a would-be static-static state and a pair of two
static-light mesons. While our creation operator is tuned
to optimally project onto the former it has almost zero
overlap with a wave function of the latter type. As a
consequence, we lose local mass plateaus altogether in
the regime, r > 2.5 r0. A similar reduction of ground
state overlaps at large distances has been reported by
the CP-PACS Collaboration [44].

IV. RESULTS

A. The static potentials

The potentials obtained from the six dynamical
fermion and two quenched simulations have been rescaled
in units of r0. Subsequently, the constant r0V (r0) has
been subtracted in all cases to cancel the (di!erent) static
self energy contributions and to achieve the common nor-
malisation, V (r0) = 0. Up to violations of rotational
symmetry at small distances, the un-quenched potentials
are found to agree with each other within statistical er-
rors. In particular, we do not see finite size e!ects among
the two ! = 0.1575 data sets.

In Fig. 9, we compare the potential obtained on the
largest lattice volume at our disposal, L!a = 24 a !
4.07 r0 ! 2.03 fm at ! = 0.1575, with the quenched po-
tential at " = 6.2. Besides the ground state potentials,
which correspond to the "+

g representation of the rele-
vant continuum symmetry group D!h, the #u hybrid
potentials [40,5] are depicted as well as the approximate
masses of pairs of static-light scalar and pseudoscalar
bound states into which the static-static string states
are expected to decay at large r. Note that for sep-
arations, r > 1.9 r0, we have used some extra o!-axis
directions, in addition to those mentioned in Sect. II.
Around r ! 2.3 r0 we expect both, "+

g and #u potentials
to exhibit colour screening. However, the Wilson loop
data are not yet precise enough to resolve this e!ect. In
a forthcoming paper [45] we therefore intend to present
a more systematic analysis geared to improve the statis-
tical quality of potential data in the interesting regime,

r > 2 r0, along with a study of the corresponding tran-
sition matrix elements that might shed more light onto
this question [46,47].
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[V
(r
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V

(r
0
)]

r 0

r/r0

!g
+
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2 mps

mps + ms

quenched
# = 0.1575

FIG. 9. Comparison between quenched (! = 6.2) and
un-quenched ground state and !u potentials.

2

2.5

3

3.5

4

0.5 1 1.5 2
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V
!

g
+
(r

0
)]
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$ = 6.0
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# = 0.1560
# = 0.1575

FIG. 10. First hybrid excitation: quenched vs. un-quenched.

In Fig. 10, we compare our two most precise un-
quenched data sets (! = 0.156 and ! = 0.1575) on the
hybrid potential with quenched results. We find no sta-
tistically significant di!erences, other than finite a e!ects
between the quenched potentials obtained at two di!er-
ent " values (full symbols).

The ground state potentials are fitted to the parametri-
sation,

V (r) = V0 + # r "
e

r
+ g

!

1

r
"

"

1

r

#$

, (5)

7
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Si vtx.det.
3 lyr. DSSD

 14/15 lyr. RPC+Fe
!/kL detection

Tracking + dE/dx
small cell + He/C2H5

Aerogel Cherenkov cnt.
n=1.015~1.030

SC solenoid
1.5T

Csl(TI)16X0

TOF counter

3.5GeV !"

8GeV !!#

Belle Detector

In 2001, Belle discovered CP 
violation in the B meson 
system, in 2002, it announced a 
precise measurement of the 
CP violating parameter,
  sin2"1=0.719±0.074±0.035.
This result is in agreement with 
the other experiments, and 
provides a confirmation of the 
Kobayashi-Maskawa model for 
CP violation.   
An updated result will be 
announced at this conference.
(Tom Browder's talk at Session 5)

CP violation studied using 
the high luminosity

0

0.1

0.2

-8 -6 -4 -2 0 2 4 6 8
#t (ps)#t (ps)#t (ps)#t (ps)

1/
N

•d
N

/d
(#

t)

 q$f ="1

 q$f =!1

http://belle.kek.jp/

3.5 GeV !"

8 GeV !!#

KEKB consists of a linear injector and two  3km-circumference storage rings.

Key components of KEKB

Superconducting RF cavity EPICS based control

RF cavity with a large energy storage 
cavity

IR with a finite crossing angle

Horizontal Emittance 18 24

LER (e+) HER (e-)

1061

0.859

1410
1284

1.14
2.4
1

8.0
-0.0249

13.0
-0.0207

45.506/43.545 44.513/41.586
59/0.58 58/0.7

2.30 2.30
0.097/0.066 0.067/0.050

247@1061

nm
Beam Energy 3.5 8 GeV

mA

mA
m

MV

cm
!m

min.@mA

1033/cm2/sec

/pb

105@1410

10.308

514/3096/11433

Beam current
Number of bunches

Bunch current
Bunch spacing

Bunch trains
Total RF volatage Vc
Synchrotron tune %"
Betatron tune %#$%$%&
Beta's at IP &"# / &"&

Estimated vertical beam size at IP  '"&
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SCALE IN METERS 

Fig, 2. A view of the CLEO detector perpendicular to the beam axis. 

improve this to the level of 250pm we rely on the inner of three planes of drift wires. One plane is perpendicular to the 

proportional chamber [2] and the outer z-drift chamber. beam axis and the other two are at f 10" stereo. This device also 

The outer z-drift chamber was designed to measure charged helps identify neutral interactions in the solenoid magnet coil. 

tracks to an accuracy of 250pm along the beam axis. It consists Three separate devices detect photons. Each in a lead pro- 

Table I. Shower detector parameters 

Anode wires Octant Octant end Endcap 

Dia., material 

Number layers, 

Alignment 

groups, total 

Ganging 

Tube size 

Thickness 
Lead sheet 
Total 

Dimensions: 

Solid angle coverage 

Emins Emax 

Gas 

50 p gold plated tungsten 

44,774,3824 

Azimuthal and Z 

12 planes: 2 deep X 1 wide 

12 planes: 3 deep X 2 wide 
20 planes: 5 deep X 4 wide 

1.25" X 0.50" 

0.049" wall 

0.050" 
12 1.1. 

Active length 149.5" 

Max. active width 87.9" 

Distance to interaction 
pt. 93" to 117" 

55", 125" 

0.4Ic 

90% argon, 10% methane 

25 p gold plated tungsten 

16, 168,968" 
16,196, 880b 

Azimuthal 

to radial 
t 22t" 
- 22k0 

4 planes: 1 deep X 2 wide 
4 planes: 2 deep X 4 wide 

8 planes: 2 deep X 8 wide 

0.75" X 0.375" 

0.063" wall 

0.078" 
11 r.1. 
(at 45" incidence) 

Max. active width 

Active height 
57.5"a 3314 

24"a 33"b 

Thickness 9.3" 

53"" 5210b 
Min. distance to beam line 

41", 48'" 
40°, 51°b  

0.110 

90% argon, 10% methane 

25 p gold plated tungsten 

21,711,2352 

t 120" 
0" to vertical 

- 120" 

6 planes: 1 deep X 1 wide 

6 planes: 2 deep X 2 wide 
9 planes: 3 deep X 4 wide 

0.75" X 0.375" 

0.063" wall 

0.078" 
10 1.1. 

Inside active radius 11" 

Outside active radius 32" 

Distance to interaction pt. 
47" to 59" 

13", 29" 

0.10 

90% argon, 10% methane 

In octants of high pressure Cerenkov detector. 
In octants of atmospheric Cerenkov or dE/dx detectors. 
For 2 octants of type (a) and 6 of type (b). 
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CLEO

construction, testing, and commissioning stages of
the Belle detector.

2. Interaction region

2.1. Beam crossing angle

The layout of the interaction region is shown in
Fig. 2 [4]. The beam crossing angle of 711 mr
allows us to fill all RF buckets with the beam and
still avoid parasitic collisions, thus permitting
higher luminosity. Another important merit of
the large crossing-angle scheme is that it eliminates
the need for the separation-bend magnets, sig-
nificantly reducing beam-related backgrounds in
the detector. The risk associated with this choice of
a non-zero crossing angle is the possibility of
luminosity loss caused by the excitation of
synchro-beta resonances [5].

The low-energy beam line (e!) is aligned with
the axis of the detector solenoid since the lower-
momentum beam particles would suffer more
bending in the solenoid field if they were off-axis.

This results in a 22 mr angle between the high-
energy beam line (e") and the solenoid axis.

2.2. Beam-line magnets near the interaction point

The final-focus quadrupole magnets (QCS) are
located inside the field volume of the detector
solenoid and are common to both beams. In order
to facilitate the high gradient and tunability, these
magnets are superconducting at the expense of a
larger size. In order to minimize backgrounds from
QCS-generated synchrotron radiation, their axes
are aligned with the incoming e! and e" beams.
This requires the radius of the backward-angle
region cryostat to be larger than that of the one in
the forward-angle region. The inner aperture is
determined by the requirements of injection and
the need to avoid direct synchrotron radiation
incident on the beam pipe inside the cryostats. The
z-positions are determined by the detector accep-
tance (171pyp1501).

To minimize solenoid-field-induced coupling
between the x and y beam motions, superconduct-
ing compensation solenoid magnets are located

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124 BELLE

Physica Scripta 23 (1981) 605-609 Nucl. Inst. and Meth.  A 479 (2002) 117-232



mtheo = 3630MeV
mexp = 3637.7± 4.4 MeV

ranging from 2840 through 3800 MeV=c2. The mass bins
of Figs. 1(d) and 1(e) straddle M!c

and clear peaks corre-
sponding to B ! K!c, !c ! KSK!"" decays are appa-
rent. Figures 1(u) and 1(v), which cover a region near the
expected mass of the !c#2S$, also show distinct B meson
signals.

We perform simultaneous fits to each of the Mbc distri-
butions of Fig. 1 and the corresponding !E distributions
for events in the Mbc signal region (not shown). The fits use
Gaussian functions with MC-determined widths to repre-
sent the signals; the areas of the Mbc and !E signal
functions are constrained to be equal. The Mbc background
is modeled by a smooth function that behaves like phase
space near the kinematic end point [15]; for the !E back-
ground, we use a second-order polynomial. As an example,
the results of the fit to the Mbc and !E distributions of the
MKSK" % 3640 MeV=c2 bin are shown in Figs. 2(a) and
2(b), respectively.

The signal yields extracted from the simultaneous fits to
the different KSK!"" mass bins are plotted vs MKSK" in
Fig. 3, where, in addition to a prominent !c peak, a clear
peak at higher mass is evident. We identify this as a
candidate for the !c#2S$. Between the peaks is a nonzero,
nonresonant contribution. The curve in Fig. 3 is the result
of a fit with simple Breit-Wigner functions to represent the
!c and candidate !c#2S$, and a second-order polynomial
to represent the nonresonant contribution. These functions
are convolved with a Gaussian resolution function with a
MC-determined width of # % 15 MeV=c2.

The fit values for the event yields, masses, and total
widths of the !c and the !c#2S$ candidate state are listed
with their statistical errors in Table I. The fit value for the
!c mass is in good agreement with the world-average value
of M!c

% 2979:8& 1:8 MeV=c2 [5]; the value for the !c
width is consistent, within its rather large errors, both with
the existing world average of "tot

!c
% 13:2"3:8

!3:2 MeV=c2 [5]
and the recent CLEO result of 26& 6 MeV=c2 [16].

The sum of the observed events in the three mass bins in
the signal region [i.e., centered around M#KSK"$ %
3640 MeV=c2] is 56, while the integral of the second-order

polynomial over the same interval gives a nonresonant
expectation of 21& 2 events. The probability for this to
fluctuate up to 56 events is '10!8, which corresponds to a
signal significance of more than 6#.

The fitted mass of the candidate !c#2S$ is substantially
above the Crystal Ball mass value and consistent, within
errors, with the upper end of potential model expectations.
The systematic error on the mass is evaluated by redoing
the analysis using different likelihood ratio selection re-
quirements, 50 MeV=c2-wide bins, bins with central val-
ues shifted by half a bin width, and with different values of
the experimental resolution. The maximum change in the
fitted mass value is 8 MeV=c2, which is taken as the
systematic error. The limited statistics and the resolution
precludes a precise measurement of the width. However,
we can establish a 90% confidence level upper limit of "<
55 MeV=c2.

Monte Carlo simulations indicate that the acceptance is
very nearly constant over the KSK!"" mass region cov-
ered by this measurement [17]. Thus, the ratio of product
branching fractions for the !c and !c#2S$ is just the ratio of
event yields:

B(B ! K!c#2S$)B(!c#2S$ ! KSK!"")
B#B ! K!c$B#!c ! KSK!""$

% 0:38& 0:12& 0:05; (1)

where the first error is statistical and the second systematic.
The systematic error is determined from changes in the
ratio observed for different binning, values of resolution,
and functions used to model the nonresonant contribution.

In summary, we observe a peak in the KSK!"" mass
from exclusive B" ! K"KSK!"" and B0 !
KSKSK!"" decays with mass and width values

M % 3654& 6& 8 MeV=c2; "< 55 MeV=c2;

these are consistent with expectations for the B !
K!c#2S$, where !c#2S$ ! KSK!"". In addition, the
product branching fraction is comparable in magnitude to
that for the !c, also in agreement with expectations for the
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FIG. 2. The (a) Mbc and (b) !E projections for the MKSK" %
3640 MeV=c2 mass bin. The curves are the results of the
simultaneous fit described in the text.
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FIG. 3. The distribution of signal events from the simultaneous
fits to Mbc and !E for each KSK" mass bin. The curve is the
result of the fit described in the text.
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It’s not the End

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas

!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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lected events in the "E-Mbc signal region for (a) Belle data
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TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas

!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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Future

• further results of BELLE till 2010

• BES-III (Beijing, China) beginning 2008

• PANDA (GSI, Darmstadt) beginning 2014
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