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Celebrating Quarkonium: 
The First Forty Years
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TABLE II. Sensitivity of resonance parameters to

continuum slope. Continuum subtraction of Eq. (1) but
with b varied by + 2(T. Errors are statistical only.

O
c 0.2

~ o.o t bI blab

9 l0
mass (GeV}

Y M( (GeV)
Bdo/dy(„-& (pb}
~, (Gev)
Bdo/dy I -g (pb)
~3 (GeV)
Bdo/dy / ~ -o (pb)
per degree of
freedom

9.40 + 0.013
0.18+0.01
10.00 ~ 0.04
0.068 + 0.007
10.43 +0.12
0.014+0.006
14.1/16

9.40 + 0.014
0.17+ 0.01
10.01~ 0.04
0.061+0.007
10.38+0.16
0.008 + 0.007
15.4/16

b = 0.977 GeV 5 = 0.929 GeV

FIG. 2. Excess of the data over the continuum fit of
Eq. (1). Errors shown are statistical only. The solid
curve is the three-peak fit; the dashed curve is the
two-peak fit.

TABLE I. Resonance fit parameters. Continuum
subtraction is given by Eq. (1). Errors are statistical
only.

2 peak 3 peak

Y m, (GeV)
Bda/dye o (pb)

Y m, (GeV)
Bdo./dye~ 0 (pb)
M3 (GeV)
Bdo/dyj, , (pb)

y2 per degree of
freedom

9.41+ 0.013
0.18+0.01
10.06 + 0.03
0.069 + 0.006

19.9/18

9.40 + 0.013
0.18+ 0.01
10.01+0.04
0.065+ 0.007
10.40 + 0.12
0.011+0.007
14.2/16

cise form of the continuum. The first test is to
vary the slope parameter, b, in Eq. (1). Varia-
tion each way by 20 yields the results given in
Table II. A detailed study has been made of the
error matrix representing correlated uncertain-
ties in the multiparameter fit. The correlations
increase the uncertainties of Tables I and II by
&15%.
Further uncertainties in the results presented

above arise from the fact that the continnum fit
is dominated by the data below 9 GeV. Nature
could provide reasonable departures from Eq. (1)
above this mass. These issues must wait for a
large increase in the number of events, especial-
ly above -11GeV. However, the primary conclu-
sions are independent of these uncertainties and
may be summarized as follows: (i) The structure
contains at least two narrow peaks: Y(9.4) and
Y'(10.0). (ii) The cross section for Y(9.4), (Bda/
dy) i, „is' 0.18+ 0.07 pb/nucleon. (The error in-
cludes our + 25/o absolute normalization uncertain-

ty and. also the estimated uncertainty due to mod-
el dependence of the acceptance calculation. )
(iii) There is evidence for a third peak Y "(10.4)
although this is by no means established.
Examination of the Pr and decay-angle distribu-

tions of these peaks fails to show any gross dif-
ference from adjoining continuum mass bins.
An interesting quantity is the ratio of (Bda/

dy)l, , for Y(9.4) to the continuum cross section
(d'o/dmdy)I, , at M = 9.40 GeV: This is 1.11
~ 0.06 GeV.
Table III presents mass splittings and cross

sections (including systematic errors) under the
two- and three-peak hypotheses and compares
them with theoretical predictions to be discussed
below.
There is a growing literature which relates the

Y to the bound state of a new quark (q) and its an
antiquark (q).' " Eichten and Gottfried' have cal-
culated the energy spacing to be expected from
the potential model used in their accounting for
the energy levels in charmonium. Their potential

V(r) = —~4m, (m, )/r +r/a' (2)
predicts line spacings and leptonic widths. The
level spacings t Table III(a)] suggest that the shape
of the potential may be oversimplified; we note
that M(Y') -M(Y) is remarkably close to M (g')
-M(4)"
Table III(b) summarizes estimates of Bda/dyl, -,

for qq states and ratios of then=2, 3 states to
the ground state. Cascade models (Y produced
as the radiative decay of a heavier P state formed
by gluon amalgamation) and direct production
processes seem to prefer Q = —

& to Q =-', . We
note finally that the ratios in Table III may re-
quire modification due to the discrepancy between
the observed spacing and the universally used
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Where were you?
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“Looks like charm is found …”

Ben Lee
3



11 November 1974
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I should have been at SLAC that morning, 
for my first meeting as a PAC member.
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I should have been at SLAC that morning, 
for my first meeting as a PAC member.
SLAC Director Panofsky advised me: 

The meeting will be purely ceremonial; 
there is no business to decide; 

out with the old (members), in with the new. 
“If I were you, I would stay home.”
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I should have been at SLAC that morning, 
for my first meeting as a PAC member.
SLAC Director Panofsky advised me: 

The meeting will be purely ceremonial; 
there is no business to decide; 

out with the old (members), in with the new. 
“If I were you, I would stay home.”

Two life lessons: 
You can’t always trust a lab director. 
Never miss a committee meeting.
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;

80- I242 Events~

70 S PECTROME TER

- H At normal current

Q- I0%current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

http://dx.doi.org/10.1103/PhysRevLett.33.1404
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;
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'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

Lack of continuum inconsistent 
with parton model?

http://dx.doi.org/10.1103/PhysRevLett.33.1404
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section

5000

2000 10
I l
I I

l
I
I

I ~
I

I
I

I

I
I

Ql

20

1000

500

200
b

100

50

IO

500

200

b
100

50

20

IO

200
100

50

b
20

5.10 5.12
E, ~ (GeV)

is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

multihadrons

8
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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.
It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
We wish to thank Dr. R. R. Rau and the alternat-
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N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
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We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,
F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was

1406
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section

5000

2000 10
I l
I I

l
I
I

I ~
I

I
I

I

I
I

Ql

20

1000

500

200
b

100

50

IO

500

200

b
100

50

20

IO

200
100

50

b
20

5.10 5.12
E, ~ (GeV)

is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

multihadrons
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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.
It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
We wish to thank Dr. R. R. Rau and the alternat-

ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
B.M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schule, Ms. H. Feind,
N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and S. Glashow for many interesting
conversations.
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Discovery of a Narrow Resonance in e+ e Annihilation*
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H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum,

and F. Vannuccif.
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
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Lau'rence Berheley Laboratory and Department of physics, Uninersity of California, gerheley, California g4 ping
(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,
F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was
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Fig. 2. Spectrum of total shower pulse height for ac- 
cepted events. The minimum pulse height requited 
was 1400 MeV. 
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Fig. 3. The observed e+e - scattering cross section for 40 ° < e < 140 ° 
plotted against the total energy. The dashed lines show the best f i t  
Gaussian plus nonresonant background. 

through a lead-scintillator shower counter'8 radiation 
lengths thick. Both detectors were calibrated for inci- 
dent energies between 50 MeV and 3 GeV using a well 
defined monochromatic electron and photon beam at 
the DESY synchrotron. The angular resolution of each 
detector is about -+ 1 dpgree. 

In this experiment the trigger in each detector re- 
quired a coincidence between the shower counter and 
one of the two preceding scintillation counters. The 
energy loss required was well below the measured energy 
loss of a 1.5 GeV electron traversing the detector. The 
event trigger was defined by demanding a coincidence 
between the two detectors. 

Data were collected at closely spaced total energies 
between 3081 and 3099 MeV. The total luminosity 
integrated over the duration of the experiment was 
5 × 1034cm -2. To separate the Bhabha events from 
the background due to cosmic rays and beam-gas inter- 
actions the following criteria were used in the analysis: 

1) The energy deposited in each detector should be 
at least 100 MeV, and the total should be more than 
1400 MeV for both detectors. 

2) At least 35 proportional tubes should be set (at 
3 GeV 90 + 18 tubes are set on the average). 

3) The time difference between pulses from the 
two detectors should be less than 3.5 nsec. 

4) The final particles should be collinear within 6 °. 
Relaxing these conditions did not significantly 

change the results. The limits on the scattering angles 
0 and ~b, defined in the upper detector, were chosen 
to be 40 ° to 140 ° and -+ 12 °, respectively. The corre- 
sponding member of the pair was then well within 
the detection aperture of the lower detector. We find 
that 1037 events satisfy all the selection criteria. 
Fig. 2 shows the distribution in the sum of pulse heights 
from the two shower counters for these events. 

Fig. 3 shows the dependence on total energy E of 
the yield of e+e - scatters between 40 ° and 140 °. 
The shape of the peak is well fit by a Gaussian with 
a root-mean-square width of 1.3 MeV. Since the energy 
of the rings was not exactly reproduceable, this width 
is larger than the 0.9 MeV expected from the spread 
in energy of the beams. The value of the peak energy, 
3090 MeV, observed here is in reasonable agreement 
with values reported for other storage rings [1]. 

The angular distributions (summed for 0 and Tr-0, 
since we do not distinguish e + and e -  in the final state) 
are plotted separately in fig. 4a and b for energies out- 
side the peak and inside the peak. The absolute cross 
sections in figs. 3 and 4 have been determined by 
fitting the distribution outside the peak to the nonre. 
sonant Bhabha scattering differential cross section, 
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Elastic e+e- scattering has been measured at total energies covering the newly found resonance at 3100 MeV. The 
angular distribution is consistent with spin-parity 1 -, and the cross section integrated over energy yields r2ee/I~to t = 
0.23 +- 0.05 keV for the resonance. 

The new 3100 MeV resonances [1] has been stu- 
died in the reaction e+e - ~ e+e - at the DESY collid- 
ing beam facility DORIS using a non-magnetic spec- 
trometer. The rings were normally filled every 6 hours, 
and the luminosity averaged over one fill was about 
2 X 1029cm -2. The luminosity was monitored by ob- 
serving the rate of small angle Bhabha scattering using 
a set of four counter telescopes located in the horizon- 
tal plane symmetrically with respect to the interaction 
point. Each telescope consists of three scintillation 
counters and one shower counter. The scintillation 
counters define the direction of the scattered electron 
or positron, a the shower counter measures its energy. 
A Bhabha event is defined as a coincidence between 
two such telescopes located on opposite sides of the 
beam pipe at a mean scattering angle of 8 °. With the 

* On leave from Cornell University, Ithaca, N.Y. 
** Now at CERN, Geneva. 
*** On leave from the University of Illinois, Urbana, Illinois. 

threshold of the shower counter set at 500 MeV the 
accidental rate is negligible. For this experiment the 
luminosity monitor was used as a relative monitor 
only. 

The apparatus shown in fig. 1 is a part of the 
Double Arm Spectrometer (DASP) and consists of 
two identical detectors mounted above and below 
the beams. Events were accepted for 0 between 40 ° 
and 140 ° in a total solid angle of 1.2 sterad. The basic 
unit of this detector is made of a scintillation counter 
hodoscope, a sheet of lead 5 mm thick, and a propor- 
tional tube chamber [2]. Each chamber (see insert of 
fig. 1) has three layers of brass tubes, 10 mm in diam- 
eter and with 0.25 mm wall thickness, oriented at 0 ° 
and -+ 30 ° with respect to the beam axis. The efficiency 
for detecting one charged particle is 95% per plane, 
a value consistent with the geometric efficiency. Each 
of the scattered particles passes through a layer of scin- 
tillation counters surrounding the beam pipe, then 
through four of the units just described, and finally 
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fications system is not functioning and we there-
fore cannot separate muons from strongly inter-
acting particles. However, outside the peak the
data are consistent with our previously measured
p. -pair cross section. Since a large wg or EE
branching ratio would be unexpected for a reso-
nance this massive, the two-body enhancement
observed is probably but not conclusively in the
p, -pair channel.
The e'e - hadron cross section is presumed

to go through the one-photon intermediate state
with angular momentum, parity, and charge con-
jugation quantum numbers J~c = 1 . . It is dif-
ficult to understand how, without involving new
quantum numbers or. selection rules, a resonance
in this state which decays to hadrons could be so
nal row.
We wish to thank the SPEAR operations staff

for providing the stable conditions of machine
performance necessary for this experiment.
Special monitoring and control techniques were
developed on very short notice and performed ex-

cellently.
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Orsay, France.
5Permanent address: Centre d'Etudes Nucleaires de

Saclay, Saclay, France.
'The apparatus is described by J.-E. Augustin el' ai,

to be published.
The detection-efficiency determination will be de-

scribed in a future publication.
3While preparing this manuscript we were informed

that the Massachusetts Institute of Technology group
studying the reaction pp e+e +.x at Brookhaven Na-
tional Laboratory has observed an enhancement in the
e+e mass distribution at about 3100 MeV. J. J.Aubert
et al. , preceding Letter [Phys. Rev. Lett. 33, 1402
(1974)],
G. Bonneau and F. Martin, Nucl. Phys. B27, 381

(1971).

Preliminary Result of Frascati (ADONE) on the Nature of a New 3.1-GeV Particle
Produced in e'e Annihilation*
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We report on the results at ADONE to study the properties of the newly found 3.1-BeV
particle.

Soon after the news that a particle of 3.4 GeV
with a width consistent with zero had been ob-
served at Brookhaven National Laboratory by the
Massachusetts Institute of Technology group, ' it
was immediately decided to push ADONE beyond
its nominal limit of energy (2 &1.5 GeV) to look

for this particle. On the following day the in-
formation had reached us that this particle had
also been observed at SPEAR at the energy of
exactly 3.10 GeV with a narrow width, &1.3 MeV. '
Three experiments' [the Gamma-Gamma Group,

the Magnet Experimental Group for ADONE
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EVENTS/0. 3 nb" I UMINOSITY
TABLE I. Bate of events as a function of the total en-

ergy (MEA Group).

Total
energy
(MeV)

Total No. of
events/0. 6-nb '
luminosity

Hadronic events
(noncollinear
events)

50—-

40—-

30—-

20—-

3090
3092
3094.5
3096.5
3098.5
3100.5
3102.5
3104.5
3106.5
3108.5
3110.5
3112

2+2
4+3
4+2
4+2
4+2
26 +5
23 +4
10+3
. 4+2
5+2
4+2
4+3

0
2+2
0
3+2
3+2
20+5
15+3
6+2
0
1+1
2+1
0

10—-

I

I3090 I3095 I
3100 3105l

iENERGY
E(Mev)

3110 3112

FIG. 1. Result from the Gamma-Gamma Group, to-
tal of 446 events. The number of events per 0.3 nb ~

luminosity is plotted versus the total c.m. energy of the
machine.

(MEA), and the Baryon-Antibaryon Group],
ready prepared to analyze systematically the 1.5-
to 3.0-GeV c.m. energy region, started to analyze
the energy interval between 3.08 and 3.12 GeV in
0.5-MeV steps, A striking increase in the total
counting rate was observed soon afterwards in
all three experiments, and the film analysis was
immediately started. We report in the following
the preliminary results that have been obtained.
Results of the Gamma-Gamma Group The ap. —-

paratus, which covers a solid angle of approx-
imately 0.75&4m, consists of optical spark cham-
bers and wire chambers and is particularly suit-
ed to analyze the neutral and electromagnetic
components (y rays and electrons). The number
of events in this reaction, e'e —&3 bodies (tracks
or showers), is plotted in Fig. 1 in the region
3.090 to 3.112 GeV. The analysis of the events
indicates an average charged multiplicity of 3.4
+0.5, with a maximum of 8. The presence of K
and a rather abundant photon component (average
number of observed photons per event is 1.6*0.1
with a maximum of 7) have been established.
The experimental cross section a.t the top of the

peak is found to be approximately 800 nb. The
energy resolution of ADQNE is approximately
+1.5 MeV; this has so far prevented a direct
measurement of the cross section at the peak.
Results of the MBA GrouP.—This group has

concentrated on studying the reaction e'+ e
—e'e, p 'p. , and hadrons. The experimental
setup includes a large magnet with the field per-
pendicular to the beam direction and optical wide-
gap spark chambers and narrow-gap shower
spark chambers. The effective detection solid
angle is 0.35&&4g. The trigger requires at least
two tracks of particles .of 120 and 180 MeV/c,
respectively. The observed rate of multihadron
events and the total production rate are given in
Table I as a function of the total energy. The in-
tegrated luminosity has been measured by the
ADQNE accelerator group with a monitor based
on small-angle Bhabha scattering and is 0.6 nb '
for each point. The multihadron events exhibit
large multiplicity of both charged and neutral
particles. Evidence for E production is also ob-
tained.
Results of the Baryon Antibaryon Gro-uP This.—

group has also seen a clear signal in the trigger
of events with two relativistic collinear tracks;
a sixfold coincidence between two opposite col-
linear telescopes viewing the intersection was
used in the trigger. The cosmic-ray background
was rejected on line.
The observed cross section in this running con-

dition can be related, under the assumption that
the resonance has spin 1 and that the decay width
for ee pairs is equal to the decay width for p p,
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FIG. 2. (a) Observed events as a function of the effective mass of the muon pair. (b) Cross section as a function
of the effective mass of the muon pair (these data include the wide-angle counters). (c) Cross section as a func-
tion of the laboratory momentum of the muon pair,

eidenee between the left and right halves of the
first hodoscope. About 10' muons (from pion and
kaon decay) passed through this hodoscope per
AGS cycle, resulting in -2000 accidental eoin-
cldences pel pulse. To facllltate removal of
this large background, the following system was
devised: Two precisely adjusted coincidence
circuits (resolving times -2.7 nsec) triggered
the electronics, one sensitive to in-time or si-
multaneous pairs, the other to muons arriving
5 nsec apart in time. Between AGS pulses, co-
axial relays interchanged the roles of these two
circuits thereby canceling the error arising from
slight differences in their resolving times. A
third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.
For each muon pair detected, the status of all

counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,
Subtraction of the delayed events from those

in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.
Since the signal-to noise ratio is very small,

exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals
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FIG. 2. (a) Observed events as a function of the effective mass of the muon pair. (b) Cross section as a function
of the effective mass of the muon pair (these data include the wide-angle counters). (c) Cross section as a func-
tion of the laboratory momentum of the muon pair,

eidenee between the left and right halves of the
first hodoscope. About 10' muons (from pion and
kaon decay) passed through this hodoscope per
AGS cycle, resulting in -2000 accidental eoin-
cldences pel pulse. To facllltate removal of
this large background, the following system was
devised: Two precisely adjusted coincidence
circuits (resolving times -2.7 nsec) triggered
the electronics, one sensitive to in-time or si-
multaneous pairs, the other to muons arriving
5 nsec apart in time. Between AGS pulses, co-
axial relays interchanged the roles of these two
circuits thereby canceling the error arising from
slight differences in their resolving times. A
third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.
For each muon pair detected, the status of all

counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,
Subtraction of the delayed events from those

in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.
Since the signal-to noise ratio is very small,

exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals

13
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circuits thereby canceling the error arising from
slight differences in their resolving times. A
third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.
For each muon pair detected, the status of all

counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,
Subtraction of the delayed events from those

in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.
Since the signal-to noise ratio is very small,

exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals

Muons penetrated 10 feet of steel 
 

“[I]n the mass region near 3.5 GeV, 
the observed spectrum may be  

reproduced by a composite  
of a resonance and a steeper continuum.”

History: J. Rak & M. Tannenbaum, 
High-pT Physics in the Heavy-Ion Era, c. 7 & 8
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calculation. It may be remarked that, in gener-
al, quintets are much more likely to contain
mixing-induced higher-order terms than are
quartets, because cancelations due to approxi-
mate mirror symmetry do not occur. In quartets,
mixing with T= 2 states contributes chiefly to
the T, ' term, but in a quintet, mixing with T=O
or 1 states immediately causes a T, ' dependence.
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Are the New Particles Baryon-Antibaryon Nuclei?
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Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-
lier.

The recent discoveries of exceedingly sharp
particles decaying to e'e, probably p.'p, and
multihadron final states' draw attention to ear-
lier reports of narrow states in the nucleon-anti-
nucleon (NN) channel. ' ' Could these phenomena
be connected~ If so, a possible common explana-
tion would be that all of these are primarily ba, ry-
on-antibaryon (BB) bound states or resonances.
There are three main predictions which follow

from such a model. (1) Branching ratios for de-
cay to channels including a baryon pair should be
high. (2) Such states should be found in the vicin-
ity of every BB threshold. (3) There should be
many new states which do not couple to e'e .
Some of the new states might be produced in

the reaction E', 7t'+ "y"-I, where the virtual y
comes from the Coulomb field of a high-~ target.
Using 400-GeV meson beams, resonance states
with masses up to 3 GeV would be open to study.
Shapiro and co-workers' have proposed just

such bound states to explain relatively broad
bumps in meson spectra, and later' have argued
that the widths in some cases could be as small
a,s a, few MeV. Their width estimates seem hard
to reduce further, in view of the observed large
cross section for PP annihilation at low energies. "
Therefore, if these narrow states are BB bound
states, there is something about their dynamics
which is not revealed in the free cross sections.
Somehow the internal coordinates of the baryons
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calculation. It may be remarked that, in gener-
al, quintets are much more likely to contain
mixing-induced higher-order terms than are
quartets, because cancelations due to approxi-
mate mirror symmetry do not occur. In quartets,
mixing with T= 2 states contributes chiefly to
the T, ' term, but in a quintet, mixing with T=O
or 1 states immediately causes a T, ' dependence.

*Research supported by the National Science Founda-
tion and the U. S. Atomic Energy Commission.
f Present address: Lawrence Livermore Laboratory,
Livermore, Calif. 94550.
'R. G. H. Robertson, S. Martin, W. R. Falk, D. Ing-

ham, and A. Djaloeis, Phys. Rev. Lett. 32, 1207 (1974).
E. Kashy, W. Benenson, and J.A. Nolen, Jr. , Phys.

Rev. C 9, 2102 (1974); W. Benenson and E. Kashy,
Phys. Rev. C 10, 2688 (1974).
G. Bertsch and S. Kahana, Phys. Lett. BSB, 198

(19VO).
J. Cerny, Lawrence Berkeley Laboratory Report

No. LBL-2988 (unpublished) .

R. Kouzes, private communication.
F. D. Becchetti, L. Chua, J. W. Janecke, and

A. VanderMolen, to be published.
E. Kashy, W. Benenson, I. D. Proctor, P. Hauge,

and G. Bertsch, Phys. Rev. C 7, 2251 (1978).
The uncertainty in the last digit(s) of a number is

placed in parentheses; i.e., 10.619(9) MeV means
10.619 +0.009 MeV.
The measured quantity is the ratio of the Q value

for this reaction to that for C( He, He)~C, which is
0.8v2 11(24).
J. L. Black, W. J. Caelli, D. L. Livesey, and R. B.

Watson, Phys. Lett. BOB, 100 (1969).
D. R. Goosman, Nucl. Instrum. Methods 116, 445

(1974) .
J. Cerny and R. H. Pehl, Phys. Rev. Lett. 12, 619

(1964).
~~D. G. Fleming, J. Cerny, C. C. Maples, and N. K.
Glendenning, Phys. Rev. 166, 1012 (1968).
~ G. F. Trentelman, B. M. Preedom, and E. Kashy,
Phys. Rev. C 8, 2205 {1971).
5A. H. Wapstra and N. B.Gove, Nucl. Data Tables

9, 26V (19V1).
F,. C. Barker and N. Kumar, Phys. Lett. BOB, 108

(1969).

Are the New Particles Baryon-Antibaryon Nuclei?

Alfred S. Goldhaber
institute fox Theoretical Physics, State University of Net York, Stony Brook, ¹wYoxk 11794

Maurice Goldhaber
Physics Department, Bxookhaven Nationa/ Iaboxato~y, f Upton, Xezv Yoga 1l973

(Received 25 November 1974)

Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-
lier.

The recent discoveries of exceedingly sharp
particles decaying to e'e, probably p.'p, and
multihadron final states' draw attention to ear-
lier reports of narrow states in the nucleon-anti-
nucleon (NN) channel. ' ' Could these phenomena
be connected~ If so, a possible common explana-
tion would be that all of these are primarily ba, ry-
on-antibaryon (BB) bound states or resonances.
There are three main predictions which follow

from such a model. (1) Branching ratios for de-
cay to channels including a baryon pair should be
high. (2) Such states should be found in the vicin-
ity of every BB threshold. (3) There should be
many new states which do not couple to e'e .
Some of the new states might be produced in

the reaction E', 7t'+ "y"-I, where the virtual y
comes from the Coulomb field of a high-~ target.
Using 400-GeV meson beams, resonance states
with masses up to 3 GeV would be open to study.
Shapiro and co-workers' have proposed just

such bound states to explain relatively broad
bumps in meson spectra, and later' have argued
that the widths in some cases could be as small
a,s a, few MeV. Their width estimates seem hard
to reduce further, in view of the observed large
cross section for PP annihilation at low energies. "
Therefore, if these narrow states are BB bound
states, there is something about their dynamics
which is not revealed in the free cross sections.
Somehow the internal coordinates of the baryons
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must be rearranged during close approach, in a
way different from that in a usual BB collision.
For the present viewpoint to be useful, the rear-
rangement should keep the baryon degrees of
freedom recognizable. A possible example would
be strong coupling of the baryons to a massive
scalar field, as in the model of Lee and Wick, "
so that decay is inhibited by the need to destroy
the scalar mesons along with the baryons.
If one supposes that the BIT system relevant to

the new particles is ~', the lower state would
be bound and the upper would be a resonance.
The triple strangeness of the constituents might
then account for the long lifetimes observed.
This conservative explanation for the new par-

ticles suggests potentially fruitful directions for
experiment. "
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Interpretation of a Narrow Resonance in e'e Annihilation*
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University of California at Los Angeles, Los Angeles, California 90024

(Received 25 November 1974)

A previously published unified theory of electromagnetic and weak interactions proposed
a mixing between two types of unit-spin mesons, one of which would have precisely the
characteristics of the newly discovered neutral resonance at 3.1 GeV. With this interpre-
tation, a substantial fraction of the small hadronic decay rate can be accounted for. It is
also remarked that other long-lived particles should exist in order to complete the analogy
with p', ~, and y.

Recently, a joint Stanford Linear Accelerator
Center-Brookhaven National Laboratory public
announcement disclosed the discovery of a new
spin-I neutral particle that decays, with a very
long lifetime, into hadrons and e'e and p, 'p.
pairs. The mass of the particle is'

m'= 3.105+0.003 GeV,
the hadron-e+e branching ratio is -10, and the
maximum value of the hadronic cross section,
observed with an effective homogeneous mass
spread of

AM=1. 4 MeV,

The latter is roughly evaluated, on the justified
assumption that the total width I'« ~, as

where 1",' is the e'e partial decay width, and the
resonance shape has been approximately repre-
sented as

Hence,

I",' = l.3 keV,
ls

o'DIay= 2.3 x 10 nb.

which is of the same general order as the partial
decay widths of the 1 mesons p', &u, and y (I', &0
=6.3 keV, I, =0.74 keV, 1,~=1.3 keV); the new
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We discuss some possible interaction schemes for the newly discovered particle J and
their experimental implications, as well as the possible existence of two J 's like the Its-
~I, case. Of particular interest is the case where the J particle has strong interactions
with the hadrons. In this case J can be produced by associated production in hadron-had-
ron collisions and also singly in relative abundance in ep and pp collisions.

A new particle Jwith a mass of 3.1 GeV was
recently discovered. ' ' We shall analyze in this
note the properties of J. In view of its small
width we shall assume that J is not coupled sing-
ly to hadrons. That is, we assume that there are
no strong couplings of the form J(hadrons). How-
ever, strong couplings of the form JJ(hadrons)
may be present, causing J to interact strongly
with hadrons. We discuss the cases where J
does not and does have such strong interactions.
Our analysis is mostly phenomenological, with a
minimum of theoretical prejudices about specific
schemes of hadron structure.
I.etM~, I"„, I'», . . . , 1 be the mass, the par-

tial widths, and the total width of J. We shall
assume that it is coupled to the ee, ILL, p. , and oth-
er fields through the effective Hamiltonians

&= ig«k'Y z(~ +Y3)e ~ ~z

+ig&&[V'Yy(i+0'3)P ~~X++o~her~

or

p, .=(4&) 'g, .', p„„=(«) 'a„„'.
The integrated resonance cross section (ee —all)
1S

)o~J'(ee - a,ll)dE =br'MJ 'I „. (5)
Notice that the cross section atMJ for (channel

(2)

J~ is chosen Hermitian and all g's are real. We
assumed the spin of J to be 1. However, we do
not speculate in this paper about the origin of
these effective Hamiltonians. In particular, we
do not assume that (2) is necessarily electromag-
netic in origin. The decay widths are

eg 3MJPge) +
pQ 3MJPppp for (l);

I ee 3MJpeep I pp MJp3ppp for (2)9
where
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calculation. It may be remarked that, in gener-
al, quintets are much more likely to contain
mixing-induced higher-order terms than are
quartets, because cancelations due to approxi-
mate mirror symmetry do not occur. In quartets,
mixing with T= 2 states contributes chiefly to
the T, ' term, but in a quintet, mixing with T=O
or 1 states immediately causes a T, ' dependence.
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Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-
lier.

The recent discoveries of exceedingly sharp
particles decaying to e'e, probably p.'p, and
multihadron final states' draw attention to ear-
lier reports of narrow states in the nucleon-anti-
nucleon (NN) channel. ' ' Could these phenomena
be connected~ If so, a possible common explana-
tion would be that all of these are primarily ba, ry-
on-antibaryon (BB) bound states or resonances.
There are three main predictions which follow

from such a model. (1) Branching ratios for de-
cay to channels including a baryon pair should be
high. (2) Such states should be found in the vicin-
ity of every BB threshold. (3) There should be
many new states which do not couple to e'e .
Some of the new states might be produced in

the reaction E', 7t'+ "y"-I, where the virtual y
comes from the Coulomb field of a high-~ target.
Using 400-GeV meson beams, resonance states
with masses up to 3 GeV would be open to study.
Shapiro and co-workers' have proposed just

such bound states to explain relatively broad
bumps in meson spectra, and later' have argued
that the widths in some cases could be as small
a,s a, few MeV. Their width estimates seem hard
to reduce further, in view of the observed large
cross section for PP annihilation at low energies. "
Therefore, if these narrow states are BB bound
states, there is something about their dynamics
which is not revealed in the free cross sections.
Somehow the internal coordinates of the baryons
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must be rearranged during close approach, in a
way different from that in a usual BB collision.
For the present viewpoint to be useful, the rear-
rangement should keep the baryon degrees of
freedom recognizable. A possible example would
be strong coupling of the baryons to a massive
scalar field, as in the model of Lee and Wick, "
so that decay is inhibited by the need to destroy
the scalar mesons along with the baryons.
If one supposes that the BIT system relevant to

the new particles is ~', the lower state would
be bound and the upper would be a resonance.
The triple strangeness of the constituents might
then account for the long lifetimes observed.
This conservative explanation for the new par-

ticles suggests potentially fruitful directions for
experiment. "
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Interpretation of a Narrow Resonance in e'e Annihilation*

Julian Schw1nger
University of California at Los Angeles, Los Angeles, California 90024

(Received 25 November 1974)

A previously published unified theory of electromagnetic and weak interactions proposed
a mixing between two types of unit-spin mesons, one of which would have precisely the
characteristics of the newly discovered neutral resonance at 3.1 GeV. With this interpre-
tation, a substantial fraction of the small hadronic decay rate can be accounted for. It is
also remarked that other long-lived particles should exist in order to complete the analogy
with p', ~, and y.

Recently, a joint Stanford Linear Accelerator
Center-Brookhaven National Laboratory public
announcement disclosed the discovery of a new
spin-I neutral particle that decays, with a very
long lifetime, into hadrons and e'e and p, 'p.
pairs. The mass of the particle is'

m'= 3.105+0.003 GeV,
the hadron-e+e branching ratio is -10, and the
maximum value of the hadronic cross section,
observed with an effective homogeneous mass
spread of

AM=1. 4 MeV,

The latter is roughly evaluated, on the justified
assumption that the total width I'« ~, as

where 1",' is the e'e partial decay width, and the
resonance shape has been approximately repre-
sented as

Hence,

I",' = l.3 keV,
ls

o'DIay= 2.3 x 10 nb.

which is of the same general order as the partial
decay widths of the 1 mesons p', &u, and y (I', &0
=6.3 keV, I, =0.74 keV, 1,~=1.3 keV); the new
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Possible Interactions of the J Particle*
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We discuss some possible interaction schemes for the newly discovered particle J and
their experimental implications, as well as the possible existence of two J 's like the Its-
~I, case. Of particular interest is the case where the J particle has strong interactions
with the hadrons. In this case J can be produced by associated production in hadron-had-
ron collisions and also singly in relative abundance in ep and pp collisions.

A new particle Jwith a mass of 3.1 GeV was
recently discovered. ' ' We shall analyze in this
note the properties of J. In view of its small
width we shall assume that J is not coupled sing-
ly to hadrons. That is, we assume that there are
no strong couplings of the form J(hadrons). How-
ever, strong couplings of the form JJ(hadrons)
may be present, causing J to interact strongly
with hadrons. We discuss the cases where J
does not and does have such strong interactions.
Our analysis is mostly phenomenological, with a
minimum of theoretical prejudices about specific
schemes of hadron structure.
I.etM~, I"„, I'», . . . , 1 be the mass, the par-

tial widths, and the total width of J. We shall
assume that it is coupled to the ee, ILL, p. , and oth-
er fields through the effective Hamiltonians

&= ig«k'Y z(~ +Y3)e ~ ~z

+ig&&[V'Yy(i+0'3)P ~~X++o~her~

or

p, .=(4&) 'g, .', p„„=(«) 'a„„'.
The integrated resonance cross section (ee —all)
1S

)o~J'(ee - a,ll)dE =br'MJ 'I „. (5)
Notice that the cross section atMJ for (channel

(2)

J~ is chosen Hermitian and all g's are real. We
assumed the spin of J to be 1. However, we do
not speculate in this paper about the origin of
these effective Hamiltonians. In particular, we
do not assume that (2) is necessarily electromag-
netic in origin. The decay widths are

eg 3MJPge) +
pQ 3MJPppp for (l);

I ee 3MJpeep I pp MJp3ppp for (2)9
where
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calculation. It may be remarked that, in gener-
al, quintets are much more likely to contain
mixing-induced higher-order terms than are
quartets, because cancelations due to approxi-
mate mirror symmetry do not occur. In quartets,
mixing with T= 2 states contributes chiefly to
the T, ' term, but in a quintet, mixing with T=O
or 1 states immediately causes a T, ' dependence.
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Are the New Particles Baryon-Antibaryon Nuclei?
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Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-
lier.

The recent discoveries of exceedingly sharp
particles decaying to e'e, probably p.'p, and
multihadron final states' draw attention to ear-
lier reports of narrow states in the nucleon-anti-
nucleon (NN) channel. ' ' Could these phenomena
be connected~ If so, a possible common explana-
tion would be that all of these are primarily ba, ry-
on-antibaryon (BB) bound states or resonances.
There are three main predictions which follow

from such a model. (1) Branching ratios for de-
cay to channels including a baryon pair should be
high. (2) Such states should be found in the vicin-
ity of every BB threshold. (3) There should be
many new states which do not couple to e'e .
Some of the new states might be produced in

the reaction E', 7t'+ "y"-I, where the virtual y
comes from the Coulomb field of a high-~ target.
Using 400-GeV meson beams, resonance states
with masses up to 3 GeV would be open to study.
Shapiro and co-workers' have proposed just

such bound states to explain relatively broad
bumps in meson spectra, and later' have argued
that the widths in some cases could be as small
a,s a, few MeV. Their width estimates seem hard
to reduce further, in view of the observed large
cross section for PP annihilation at low energies. "
Therefore, if these narrow states are BB bound
states, there is something about their dynamics
which is not revealed in the free cross sections.
Somehow the internal coordinates of the baryons
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particle
has norm

al electroma
gnetic couplings,

but is very
weakly coupled

to hadron
s (r'/r~

- IO ').
A family of unit-sp

in particles
with just these

characteri
stics had been

anticipated
in a new

- unified theory of electro
magnetic

and weak inte
r-

actions,
' one that was

designed
to accoun

t for the

empirical
absence of DY= I

neutral currents by

abandonin
g the Cabib

bo rotation
that create

s the

theoretica
l problem.

It was rep
laced by a mix

ing

between
two types

of unit-sp
in mesozs that is

produced
by the SU

(3) symm
etry-break

ing inter-

action, combined
with the hypoth

esis that the
sec-

ond, prim
ed, set is only

weakly coupled
to the

familiar
low-lying

hadrons.
That hypo

thesis has

now received
impressive

support
from the new

experimen
tal discovery.

This inte
rpretation

of the new particle also

enables one to go
further and to ass

ign a substan
-

tial fractio
n of the ob

served hadronic
decay rate

,

I „', to the
effect of

electroma
gnetic mixing

with

the "normal" s
pin-1 mesons.

A short calc
ula-

tion, bas
ed on the co

uplings
introduced

in Ref. 2,

which could be
characteri

zed as a gener
alized

vector-dom
inance model,

leads to
the result

that

the branc
hing ratio between

hadronic
and e'e

de-

cay ls

r„/r, ~, =z(m'),

where A(m') is t
he nonres

onant branching
ratio

between
hadronic

and p'p production
in e'e

™col-

lisions at
the cente

r-of-mass
energy

m'= 3.1

GeV. The exper
imental

values that have
been

found for
the latter

are in the inte
rval 3-4,

which

is less than
, but not o

f a differe
nt order

of mag-

nitude than the decay
branching

ratio. Since

neither the experi
ments nor the th

eoretical
model

have a de
finitive status, this rough coincidenc

e

raises, but does
not settle,

the interes
ting ques-

tion of w
hether all of the

hadronic
decay can be

attributed
to electrom

agnetic mixing.
'

Another
consequen

ce of this int
erpretation

is

the anticip
ated existence

of other s
uch long-lived

particles,
constitutin

g all the co
unterparts

of p',

~, and y.
Perhaps

these have alrea
dy been seen

in the Br
ookhaven

National
Laborator

y experi-

ments.
Note add

ed.—The public announcem
ent by the

Stanford
I inear Ac

celerator group of a secon
d

very sharp resonance
at 3.7 GeV

lends additional

support
to this int

erpretation
, and dimin

ishes the

appeal o
f any alte

rnative interpretat
ion that does

not provid
e a natural

setting for more
than one

such parti
cle.

*Work sup
ported in part by

the National
Science F

oun-

dation.
All the n

umbers cited are
inferred

from J.-E. Au
gus-

tin et al. , P
hys. Rev.

Lett. 88,
1406 (1974

).

J. Schwinger,
Phys. He

v. D 8, 96
0 (1978).

Nothing
in the orig

inal conception
excludes

a resid-

ual hadro
nic coupling.

But, even
then, the

re is the

possibility
that such

coupling
could be

an indirec
t con-

sequence
of electrom

agnetic
interaction

.

Possible
Explanatio

n of the New
Resonance

in e+ e Annihilati
on'R

S. Borchar
dt, V. S. Math

ur, and S. Oku
bo

University
of Roches

ter, Rochester
, Nero York 1462

3

(Received
18 Novem

ber 1974)

We propos
e that the re

cently discovered
resonance

in e+e annihilatio
n is a memb

er of

the 1561 d
imensiona

l representa
tion of the SU(

4) group,
This hypo

thesis is consisten
t

with the variou
s experimen

tal features reported
for the res

onance.
In addition

, we make

a predictio
n for the ma

sses of the cha
rmed vector me

sons belonging
to the sam

e repre-

sentation.

Very recently
a new type of resonan

ce which

couples
to the had

rons and the lepton
s has been

discovered
' both at S

tanford Linear A
ccelerator

Center (SLAC)
and at Brookh

aven National
Lab-

oratory.
Denoting

this struc
ture as g(3105)

,

SLAC has quote
d the mass

and width of this res
o-

nance as

M~
= 3.105+0.0

03 GeV,

I'] &l.3 Me
V,

In this note, we discus
s the theore

tical inter-
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must be rearranged during close approach, in a
way different from that in a usual BB collision.
For the present viewpoint to be useful, the rear-
rangement should keep the baryon degrees of
freedom recognizable. A possible example would
be strong coupling of the baryons to a massive
scalar field, as in the model of Lee and Wick, "
so that decay is inhibited by the need to destroy
the scalar mesons along with the baryons.
If one supposes that the BIT system relevant to

the new particles is ~', the lower state would
be bound and the upper would be a resonance.
The triple strangeness of the constituents might
then account for the long lifetimes observed.
This conservative explanation for the new par-

ticles suggests potentially fruitful directions for
experiment. "

*Work supported in part by the National Science Foun-
dation under Grant No. P4P265-00.
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Interpretation of a Narrow Resonance in e'e Annihilation*

Julian Schw1nger
University of California at Los Angeles, Los Angeles, California 90024

(Received 25 November 1974)

A previously published unified theory of electromagnetic and weak interactions proposed
a mixing between two types of unit-spin mesons, one of which would have precisely the
characteristics of the newly discovered neutral resonance at 3.1 GeV. With this interpre-
tation, a substantial fraction of the small hadronic decay rate can be accounted for. It is
also remarked that other long-lived particles should exist in order to complete the analogy
with p', ~, and y.

Recently, a joint Stanford Linear Accelerator
Center-Brookhaven National Laboratory public
announcement disclosed the discovery of a new
spin-I neutral particle that decays, with a very
long lifetime, into hadrons and e'e and p, 'p.
pairs. The mass of the particle is'

m'= 3.105+0.003 GeV,
the hadron-e+e branching ratio is -10, and the
maximum value of the hadronic cross section,
observed with an effective homogeneous mass
spread of

AM=1. 4 MeV,

The latter is roughly evaluated, on the justified
assumption that the total width I'« ~, as

where 1",' is the e'e partial decay width, and the
resonance shape has been approximately repre-
sented as

Hence,

I",' = l.3 keV,
ls

o'DIay= 2.3 x 10 nb.

which is of the same general order as the partial
decay widths of the 1 mesons p', &u, and y (I', &0
=6.3 keV, I, =0.74 keV, 1,~=1.3 keV); the new

http://dx.doi.org/10.1103/PhysRevLett.34.49
http://dx.doi.org/10.1103/PhysRevLett.34.36
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18



19

February 1975: It’s a hadron!
VOLUME 34, NUMBER 16 PHYSICAL REVIEW LETTERS 21 APRrL 1975

80

dN
dM

EVENTS
O. I GeV

70

50-

(a)

1000 ~
1

5oo~

200—

Ioo-6N
50—

EVENTS/(GeV/c )

20—

Io-

dN

dP„
Events
20 GeV/c

(c)

2.6(Mp+p & 3.4

20-

10-

1.2 2.0 3.0
mass (GeVj++

4.0

I I I I I !I

0 .I .2 . 3 4 .5 .6 .7
—t (GeV/c)

100
PI I (GeV/c)

200

F/Q. 3. (a) Dimuon invariant mass distribution observed above 1.2 QeV. (b) Observed t distribution for events
in 3.1-GeV peak of {1). (c) Observed laboratory momentum spectrum of the events in (b), shown with the photon
energy spectrum superimposed.

3(a). The two principal features of these data,
which can be seen readily, are a preponderance
of events at low mass, characteristic of muon-
pair production by the Bethe-Heitler mechanism,
and a peak at 3.1 GeV/c'. It should be pointed
out that this sample was not restricted to two-
track events. The peak at 3.1 GeV/c' contains
sixty events'; the width is consistent with our ex-
perimental resolution. We associate the 3.1-
GeV/c' peak with the narrow resonance which
was seen in e'e annihilations and nucleon-nucle-
on collisions. Hereafter, only the events in the
mass interval 2.8 ( M» ( 3.4 GeV/c' will be dis-
cussed.
Since the beam is not a pure photon bea,m, it is

important to determine what fraction of these
events are produced by hadrons. In a companion
experiment, ' we have eliminated the photons in
the beam with a lead absorber and searched for
the production of the 3.1-GeV/c resonance in-
duced by neutrons. In that experiment, we not
only observed the production of the 3.1-GeV/c
resonance by neutrons but also measured the
production cross section using the same appara-
tus. Our measured cross section in the neutron
experiment and the known ratio of photons to neu-
trons in the beam allow us to determine the num-
ber of events in this experiment induced by neu-
trons. We expect that fewer than three events in
this experiment originated from neutrons in the
beam.
The t distribution of the resonance events is

shown in Fig. 3(b). Five events with extra tracks
which come from the same interaction are in this
sample of 48 events. There are twelve events
with -t&0.7. The average value of -t for these
events is 1.6 (GeV/c)', while the largest value of-t is 5.9 (GeV/c)'. The t distribution for a sam-
ple of 1000 events in the m+m final state with a
mass of the p meson has also been studied. The
p data can be fitted very well with the sum of two
exponentials, one with a slope of -40 (GeV/c) ',
which is characteristic of the coherent scattering
from the Be nucleus, and the other with a slope
of -10 (GeV/c) ', which is characteristic of scat-
tering from single nucleons in Be. One can also
see these same features in the t distribution of
the 3.1-GeV/c' resonance. The curve shown in
Fig. 3(b) is the'calculated t distribution, cor-
rected for acceptance and resolution, assuming
gd(y+B »e3.1)/dt is proportional to A 8 +Ae
where A is the atomic number of the Be nucleus.
We have made no attempt to fit for b, but we find
that the value of 4 (GeV/c) ' is quite consistent
with our data. We conclude, therefore, that the
3.1-GeV/c' resonance is photoproduced diffrac-
tively on the Be nucleus. The simplest explana-
tion for this behavior is that the 3.1-GeV/c' res-
onance couples directly to the photon in the same
way as do the p, &u, and y. In Fig. 3(c), we show
the total momentum distribution of the dimuon.
We have not attempted at this time to exclude

the events which do not come from either coher-
ent scattering from Be or quasielastic scattering
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Search for chare~i
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A systematic discussion of the phenomenology of charmed particles is presented
with an eye to experimental searches for these states. We begin with an attempt
to clarify the theoretical framework for charm. We then discuss the S U(4)
spectroscopy of the lowest lying baryon and meson states, their masses, decay
modes, lifetimes, and various production mechanisms. We also present a brief
discussion of searches for short-lived tracks. Our discussion is largely based on
intuition gained from the familiar —but not necessarily understood—
phenomenology of known hadrons, and. predictions must be interpreted only as
guidelines for experimenters.
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et al. , 1974;Barish et ul. , 1974a, b; Lee et al , 1974) .of neutral
277 currents point in the direction of a unified, renormalizable
279 theory of weak interactions. How'ever, other ingredients are

necessary for the successful realization of such a theory; one
possibility involves a fourth "charmed" quark, (Amati et al. ,
1964a; Bjorken and Glashow, 1964; Maki and Ohnuki,
1964; Hara, 1964; Glashow et cl., 1970; steinberg, 1971;

282 Bouchiat et al , 1972). implying the existence of a new
spectrum of hadron states.

283 Let us review' the current status of the theoretical back-
ground on charmed particles. In order to present convicting

2g4 views (which exist even among ourselves), we shall utilize
284 a 6ctitious dialogue between two researchers —an enthusiast

and a devil's advocate.
285

A: So if one adopts the view that the Weinberg —Salam
model (Weinberg, 1967; Salam, 1968) is essentially correct,
a viewpoint consonant with the observations of neutral

2g6 current effects at various laboratories (Hasert et al , 1973;.
287 Benvenuti et al. , 1974; Aubert et aI, 1974; Barish et aI.,

1974a, b; Lee ei al, 1974), then one seems to be driven to
288 the conclusion that some new degrees of freedom —new

6elds—must be present in the theory, in order to accom-
29p modate the absence of strangeness-changing neutral current.

I understand that a four-quark scheme will do. Please
explain this to me.

29P
B: Forget about the strong interactions for the moment,
and consider weak and electromagnetic interactions as

296 manif estations of a single "weak" force. Then all fields are
characterized by weak isospin and weak hypercharge. The
world consists of the left-handed isodoublets
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I. PROLOGUE
Both theoretical developments' in the study of sponta-

neously broken gauge theories and the experimental observa-
tion (Hasert ef al. , 1973; Benvenuti et cl , 1974; Au.bert

*On leave of absence from Laboratoire de Physique Th&orique et
Particules E16mentaires, Orsay (Laboratoire assoc' au CNRS) .

~ For reviews see Lee, 1972; and steinberg, 1974a.

P~ Pe I C

7

k& )~ (e i~
and the right-handed 6elds are isosinglets. Leptons and
hadrons are distinguished by their weak hypercharge. When
Higgs couplings are turned off, all these Q.elds are massless
and couple to massless vector bosons: a triplet which couples
to weak isospin and a singlet which couples to weak hyper-
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Heavy Quarks and e+ e Annihilation*
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The effects of new, heavy quarks are examined in a colored quark-gluon model. The
e+e total cross section scales for energies far above any quark mass. However, it is
much greater than the scaling prediction in a domain about the nominal two-heavy-quark
threshold, despite 0 + - being a weak-coupling problem above 2 GeV. We expect spikes
at the low end of this domain and a broad enhancement at the upper end.

We report some theoretical work on e'e a.nni-
hilation in asymptotically free, colored quark-
gluon models of hadronic matter. Our fundamen-
tal assumption is that in addition to the light
quarks that make up ordinary hadrons, there is
a heavy quark, such as the charmed 6". This has
been suggested in several other contexts' and is
consistent with the observed scaling and success-
ful sum rules of inelastic lepton-hadron scatter-
ing. We argue that at energies well above the
6"(P' threshold ("threshold" and "mass" having
technical definitions which in no way imply the
existence of physical quarks), the total hadronic
cross section scales as in the free-quark model
because of the smallness of the asymptotic effec-
tive coupling. Scaling also holds in a region well
above the A,A. threshold and well below the 6"6"
threshold, with the magnitude set by the light-
quark charges. However, there are large en-
hancements in a finite region above and below the
6"6" threshold. We examine the behavior in this
region and the approach to the asymptotic region
a,bove it.
Consider the Lagrangian —4E""E„,+4(ip -m)%',

where FI ~ is the non-Abelian gauge-covariant
curl; 4 is several quark color multiplets: e.g. ,+ =6'„n„A.„6',', where i runs over colors; D„ is

' the gauge-covariant derivative; and m is the
quark mass ma.trix. We take the color gauge
symmetry to be exact, giving rise to strong forc-
es at large distances. Hence the gauge fields are
massless, and each quark color multiplet has a
given mass. We imagine m~, m~, and mz to be
small (& 1 GeV) while mq. & 1 GeV.
In renormalizing the theory, we define g in

terms of the two- and three-point functions at
some Euclidean momentum configuration of scale
M. If asymptotic freedom is to explain Bjorken
scaling, then forM=2 GeV, a, =g'/4s must be
small. m is related to the bare mass matrix m,
by m =Zm„where Z is adjusted so that the 6"
propagator has a pole at P'=mq. to any finite or-
der of perturbation theory.
The renormalization-group apparatus implies

that in the one-photon approximation o(e 'e —had-
rons) is of the form o(s, g, m, M) =o(s, g(s), m(s),s'"), where s is the square of the center-of-mass
energy, g=g[1+g bin(s/M )] '~', and m=m[1+g'5
x in(s/M )]" for small g, with 5 and d positive
group-theoretic constants. In particular, the to-
tal cross section, a function of a single energy,
is governed by g(s). Such is not the case for any
partial rate. If we are interested in a range of
s such that ln(s/M') = 0(1), perturbation theory in
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Orthocharmonium

170 C. Quigg, LL. Rosner, Quantum mechanics with applications to quarkonium

suggests that the binding force is formidable, but the success of the quark parton model [8] in describing
hard scattering processes argues that quarks nevertheless behave within hadrons as if quasi-free.
Although it has not been proved to yield quark confinement, quantum chromodynamics (QCD)t4, the
non-Abelian gauge theory of quarks interacting via massless vector quanta called gluons, promises to
explain this paradoxical circumstance through the property of asymptotic freedomt5. Asymptotic
freedom refers to the fact that in QCD, the strong interaction becomes feeble at large momentum
transfers (short distances) so that quarks are weakly bound at small separations, but feel an increasingly
strong restoring force at large separations.
On the basis of asymptotic freedom arguments, it was anticipated [13] that bound states of then

conjectural heavy quarks might be described by a nonrelativistic analog of the bound e~e system,
positroniumt6. The spectrum of positronium (Ps) is shown schematically in fig. 1. The ground state, a
favorite textbook example [16],is split by the hyperfine interaction into the J~= 1~orthopositronium
and J~= 0 parapositronium components with lifetimes that differ by a factor of 1120. We refer to
the hadronic counterpart of positronium generically as quarkonium.
At the end of 1974, the t/i/J (3095 MeV/c

2) was discovered [17, 18] in experiments at SLAC and
Brookhaven. It was immediately recognized as exceptional because of its tiny decay width (67 keV),
which may be understood [13] by analogy with the metastability of orthopositronium. The ~fi is
composed of a charmed quark and antiquark (cë). In addition to the second-order electromagnetic
decays illustrated in fig. 2(a), two sorts of strong decays may be contemplated. The first of these,

PS

T

(a) 4’ hadrOflSor
GHz C

2’Ii I
~ 3.2ns(Ly-a) 4’

21 S 23P
0 0 ns (2Y) (b) charmed mesons

— . Energetically forbidden

2430A

t40ns (3Y)

1~s1

Q.l3ns(2Y) (c) ‘P hadrons

Fig. 1. A schematic representation of the spectrum of positronium. Fig. 2. (a) Second-order electromagnetic decay of 4’. (b) Energetically
Principal decay modes are indicated. Here and elsewherewe shall use forbidden dissociation of 4’ into charmed mesons. (c) Inhibited strong
the spectroscopic notation N

2-~L
1,where N = n + 1 is the principal decay of 4’ into ordinary hadrons.

quantum number, n is the radial quantum number, S is the spin (0 or
I), L(=S, P. D, F.. . .) deonotesthe orbital angularmomentum 1(=0. I.
2, 3, . . .), and J is the total angular momentum.

t4For a review, see ref. [9].
I~Asymptotic freedom has been reviewed in ref. [10].For further applications see refs. [111and [12].
t6 For a general review of positronium. see ref. [14].A review of hyperfine structure is given in ref. [15].
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Spectroscopy of the New Mesons*

Thomas Appelquist, j A. De Rujula, and H. David Politzerf.
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02188

and

S. I . Glashow0
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received ll. December 1974)

The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states, Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance. We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-
troscopy.

Two earlier papers" present our case that the
recently discovered" and confirmed' resonance
at 3.105 GeV is the ground state of a charmed
quark bound to its antiquark, by colored gauge
gluons: orthocharmonium I. More recently, a
second state at 3.695 GeV has been reported'
with an estimated width of 0.5-2.7 MeV and a
partial decay rate -2 keV into e e . We inter-
pret this state as an 8-wave radial excitation,
orthocha. rmonium II, with J =1 and I =0
Here are three indications of the correctness of
our interpretation: (1) Much of the time, ortho-
charmonium II decays into orthocharmonium I
and two pions. This behavior suggests that ortho-
charmonium II is an excited state of orthochar-
monium I.' (2) The leptonic width of orthochar-
monium II is about half that of orthocharmonium
I, not unexpected for an excited state whose wave
function at the origin is smaller. (3) Qrthochar-
monium II is not seen in the Brookhaven National
I.aboratory-Massachusetts Institute of Technol-
ogy experiment. ' In a thermodynamic model, '
the production cross section of a hadron of 3.7
GeV is suppressed by -10 ' relative to that of a
hadron of 3.1 GeV. Moreover, the leptonic branch-
ing ratio of orthocharmonium D is smaller than
that of orthocharmonium I by a factor of 10.
We predict the existence of other states of

charmonium with masses less than 3.7 GeV, a

Mass (GeV)
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FIG. 1. Masses and radiative transitions of charmo-
nlum.
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27t de-excitation of paracharmonium II.
4The value of e = 0.26 at 3.1 GeV was obtained in

Ref. 1 from the leptonic branching ratio of orthochar-
monium I. Asymptotic freedom reduces this value to
0.22 at 3.7 GeV.

' E. Eichten et al. , Phys. Hev. Lett. 34, 369 (&975)
(this issue). As pointed out by these authors in the
transition orthocharmonium II paracharmonium I
+y, the orthogonality of the wave functions may make
our upper limit a gross overestimate.

Spectrum of Charmed Quark-Antiquark Bound States*

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M. Yang
Laboratory of Nuclear Studies, Cornell University, 1tkaca, Nero Y'ork 14858

(Received 17 December 1974)

The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them

Recently two astonishingly narrow resonances
have been discovered" at 3.105 and 3.695 GeV.
In our view the most plausible explanation of this
phenomenon is that of Appelquist and Politzer,
to wit, that they are cc-bound states of charmed
quarks c which lie below the threshold I, for
the production of a pair of charmed hadrons. " Be-
cause of its similarity to positronium this sys-
tem has been called charmonium. 3 This note is
devoted to the spectrum of charmonium. ' Many
of the phenomena that we shall discuss are ac-
cessible to existing experimental techniques.
If the strong interactions are described by an

asymptotically free theory, one may hope' that
the short-distance structure of charmonium (in
particular, its decay into leptons, and probably
also hadrons) is adequately described by pertur-
bation theory in terms of a small "running" cou-
pling constant. In this regime the cV interaction
would be Coulombic, with a small strong "fine-
structure" constant n, . At larger cV separation,
on the other hand, there are rather compelling
arguments that gauge theories provide for quark
confinement. '
If a, is small and the observed levels do not

lie far below the threshold M, , nonrelativistic
quantum mechanics should provide a sound zeroth-
order guide. Given' the sizable electronic widths
I", of P(3695) and $(3105), it is naturals to assign
them to the states 2'S, and 1'S„respectively.
This being said, it is at once clear that there
should be other levels below M, , for any confin-
ing potential will raise" the 2S Coulomb level
above its previously degenerate partner 2P. One

p(1 sSr=0) ~ 3 1 2 I' (3105)
q(2'S; r = 0) S.V I', (S695) (2)

in contrast to Ref. 8 for a Coulomb field. " In
analogy with electrodynamics there must also be
spin-spin, spin-orbit, and tensor forces, but
hopefully they play a secondary role. Near M, a
treatment that accounts for coupling to decay
channels is necessary.
We have determined 0, , a, and the charmed-

quark mass m, by solving the wave equation nu-
merically, "and by imposing the constraints
(a) M(2'S) -M(1'S) =0.59 GeV; (b) I', (1'S)=5.5
keV; (c) 1.5 GeVsm, s 2.0 GeV; and (d) 0.1 s o.,
~ 0.4. Constraint (c) is the requirement that the
system be nonrelativistic, and that $(3695) lie
below M, ; naive quark phenomenology would set

must therefore expect a multiplet of narrow I'
states below g(3695), fed from the latter by El
p transitions, and decaying in turn into g(3105).
If 3.7 GeV is not too close to M, , bound D states
could also exist.
It goes without saying that many qualitative fea-

tures of the spectrum can be surmized without
resorting to a detailed model. Nevertheless, we
have found it informative to simulate the intri-
cate cV' interaction by a simple potential that in-
corporates both the Coulomb and confinement
forces:

V(r) = —(o./r)ll —( / r)'a]
That the interaction is far from Coulombic fol-
lows from the large 2S-1S mass difference, and
the fact that'

http://dx.doi.org/10.1103/PhysRevLett.34.365
http://dx.doi.org/10.1103/PhysRevLett.34.369


25

VOLUME 34, +UMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1/75

lated subjects, see, for example, E. S. Abers and B.W.
Lee, Phys. Rep. BC, 1 (1973).
S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam, in Elementary Particle Physics, edited by
N. Svartholm (Almquist and Wiksell, Stockholm, Swe-
den, 1968).
BM. K. Gaillard and B.W. Lee, Phys. Rev. D 10,

897 (1974).
' C. W. Kim and A. Sato, to be published.
"H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32,
438 (1974); H. Georgi, H. R. Quinn, and S. Weinberg,
Phys. Rev. Lett. 33, 451 (1974); J. C. Pati and A. Sa-
lam, Phys. Bev. D 8, 1240 (1973)."B.L. Beron et al. , Phys. Bev. Lett. 33, 663 (1974).

Spectroscopy of the New Mesons*

Thomas Appelquist, j A. De Rujula, and H. David Politzerf.
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02188

and

S. I . Glashow0
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received ll. December 1974)

The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states, Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance. We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-
troscopy.

Two earlier papers" present our case that the
recently discovered" and confirmed' resonance
at 3.105 GeV is the ground state of a charmed
quark bound to its antiquark, by colored gauge
gluons: orthocharmonium I. More recently, a
second state at 3.695 GeV has been reported'
with an estimated width of 0.5-2.7 MeV and a
partial decay rate -2 keV into e e . We inter-
pret this state as an 8-wave radial excitation,
orthocha. rmonium II, with J =1 and I =0
Here are three indications of the correctness of
our interpretation: (1) Much of the time, ortho-
charmonium II decays into orthocharmonium I
and two pions. This behavior suggests that ortho-
charmonium II is an excited state of orthochar-
monium I.' (2) The leptonic width of orthochar-
monium II is about half that of orthocharmonium
I, not unexpected for an excited state whose wave
function at the origin is smaller. (3) Qrthochar-
monium II is not seen in the Brookhaven National
I.aboratory-Massachusetts Institute of Technol-
ogy experiment. ' In a thermodynamic model, '
the production cross section of a hadron of 3.7
GeV is suppressed by -10 ' relative to that of a
hadron of 3.1 GeV. Moreover, the leptonic branch-
ing ratio of orthocharmonium D is smaller than
that of orthocharmonium I by a factor of 10.
We predict the existence of other states of

charmonium with masses less than 3.7 GeV, a

Mass (GeV)

37— ORTHO jT.

RA E
i
I
)

3.5—

3.4—

3.0— )( PARA I

p ++ )++p++7 7

JPC

FIG. 1. Masses and radiative transitions of charmo-
nlum.

VOLUME 34, NUMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1975

27t de-excitation of paracharmonium II.
4The value of e = 0.26 at 3.1 GeV was obtained in

Ref. 1 from the leptonic branching ratio of orthochar-
monium I. Asymptotic freedom reduces this value to
0.22 at 3.7 GeV.

' E. Eichten et al. , Phys. Hev. Lett. 34, 369 (&975)
(this issue). As pointed out by these authors in the
transition orthocharmonium II paracharmonium I
+y, the orthogonality of the wave functions may make
our upper limit a gross overestimate.

Spectrum of Charmed Quark-Antiquark Bound States*

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M. Yang
Laboratory of Nuclear Studies, Cornell University, 1tkaca, Nero Y'ork 14858

(Received 17 December 1974)

The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them

Recently two astonishingly narrow resonances
have been discovered" at 3.105 and 3.695 GeV.
In our view the most plausible explanation of this
phenomenon is that of Appelquist and Politzer,
to wit, that they are cc-bound states of charmed
quarks c which lie below the threshold I, for
the production of a pair of charmed hadrons. " Be-
cause of its similarity to positronium this sys-
tem has been called charmonium. 3 This note is
devoted to the spectrum of charmonium. ' Many
of the phenomena that we shall discuss are ac-
cessible to existing experimental techniques.
If the strong interactions are described by an

asymptotically free theory, one may hope' that
the short-distance structure of charmonium (in
particular, its decay into leptons, and probably
also hadrons) is adequately described by pertur-
bation theory in terms of a small "running" cou-
pling constant. In this regime the cV interaction
would be Coulombic, with a small strong "fine-
structure" constant n, . At larger cV separation,
on the other hand, there are rather compelling
arguments that gauge theories provide for quark
confinement. '
If a, is small and the observed levels do not

lie far below the threshold M, , nonrelativistic
quantum mechanics should provide a sound zeroth-
order guide. Given' the sizable electronic widths
I", of P(3695) and $(3105), it is naturals to assign
them to the states 2'S, and 1'S„respectively.
This being said, it is at once clear that there
should be other levels below M, , for any confin-
ing potential will raise" the 2S Coulomb level
above its previously degenerate partner 2P. One

p(1 sSr=0) ~ 3 1 2 I' (3105)
q(2'S; r = 0) S.V I', (S695) (2)

in contrast to Ref. 8 for a Coulomb field. " In
analogy with electrodynamics there must also be
spin-spin, spin-orbit, and tensor forces, but
hopefully they play a secondary role. Near M, a
treatment that accounts for coupling to decay
channels is necessary.
We have determined 0, , a, and the charmed-

quark mass m, by solving the wave equation nu-
merically, "and by imposing the constraints
(a) M(2'S) -M(1'S) =0.59 GeV; (b) I', (1'S)=5.5
keV; (c) 1.5 GeVsm, s 2.0 GeV; and (d) 0.1 s o.,
~ 0.4. Constraint (c) is the requirement that the
system be nonrelativistic, and that $(3695) lie
below M, ; naive quark phenomenology would set

must therefore expect a multiplet of narrow I'
states below g(3695), fed from the latter by El
p transitions, and decaying in turn into g(3105).
If 3.7 GeV is not too close to M, , bound D states
could also exist.
It goes without saying that many qualitative fea-

tures of the spectrum can be surmized without
resorting to a detailed model. Nevertheless, we
have found it informative to simulate the intri-
cate cV' interaction by a simple potential that in-
corporates both the Coulomb and confinement
forces:

V(r) = —(o./r)ll —( / r)'a]
That the interaction is far from Coulombic fol-
lows from the large 2S-1S mass difference, and
the fact that'

Charmonium Spectroscopy

http://dx.doi.org/10.1103/PhysRevLett.34.365
http://dx.doi.org/10.1103/PhysRevLett.34.369


25

VOLUME 34, +UMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1/75

lated subjects, see, for example, E. S. Abers and B.W.
Lee, Phys. Rep. BC, 1 (1973).
S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam, in Elementary Particle Physics, edited by
N. Svartholm (Almquist and Wiksell, Stockholm, Swe-
den, 1968).
BM. K. Gaillard and B.W. Lee, Phys. Rev. D 10,

897 (1974).
' C. W. Kim and A. Sato, to be published.
"H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32,
438 (1974); H. Georgi, H. R. Quinn, and S. Weinberg,
Phys. Rev. Lett. 33, 451 (1974); J. C. Pati and A. Sa-
lam, Phys. Bev. D 8, 1240 (1973)."B.L. Beron et al. , Phys. Bev. Lett. 33, 663 (1974).

Spectroscopy of the New Mesons*
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The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states, Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance. We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-
troscopy.

Two earlier papers" present our case that the
recently discovered" and confirmed' resonance
at 3.105 GeV is the ground state of a charmed
quark bound to its antiquark, by colored gauge
gluons: orthocharmonium I. More recently, a
second state at 3.695 GeV has been reported'
with an estimated width of 0.5-2.7 MeV and a
partial decay rate -2 keV into e e . We inter-
pret this state as an 8-wave radial excitation,
orthocha. rmonium II, with J =1 and I =0
Here are three indications of the correctness of
our interpretation: (1) Much of the time, ortho-
charmonium II decays into orthocharmonium I
and two pions. This behavior suggests that ortho-
charmonium II is an excited state of orthochar-
monium I.' (2) The leptonic width of orthochar-
monium II is about half that of orthocharmonium
I, not unexpected for an excited state whose wave
function at the origin is smaller. (3) Qrthochar-
monium II is not seen in the Brookhaven National
I.aboratory-Massachusetts Institute of Technol-
ogy experiment. ' In a thermodynamic model, '
the production cross section of a hadron of 3.7
GeV is suppressed by -10 ' relative to that of a
hadron of 3.1 GeV. Moreover, the leptonic branch-
ing ratio of orthocharmonium D is smaller than
that of orthocharmonium I by a factor of 10.
We predict the existence of other states of

charmonium with masses less than 3.7 GeV, a
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FIG. 1. Masses and radiative transitions of charmo-
nlum.
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27t de-excitation of paracharmonium II.
4The value of e = 0.26 at 3.1 GeV was obtained in

Ref. 1 from the leptonic branching ratio of orthochar-
monium I. Asymptotic freedom reduces this value to
0.22 at 3.7 GeV.

' E. Eichten et al. , Phys. Hev. Lett. 34, 369 (&975)
(this issue). As pointed out by these authors in the
transition orthocharmonium II paracharmonium I
+y, the orthogonality of the wave functions may make
our upper limit a gross overestimate.

Spectrum of Charmed Quark-Antiquark Bound States*

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M. Yang
Laboratory of Nuclear Studies, Cornell University, 1tkaca, Nero Y'ork 14858

(Received 17 December 1974)

The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them

Recently two astonishingly narrow resonances
have been discovered" at 3.105 and 3.695 GeV.
In our view the most plausible explanation of this
phenomenon is that of Appelquist and Politzer,
to wit, that they are cc-bound states of charmed
quarks c which lie below the threshold I, for
the production of a pair of charmed hadrons. " Be-
cause of its similarity to positronium this sys-
tem has been called charmonium. 3 This note is
devoted to the spectrum of charmonium. ' Many
of the phenomena that we shall discuss are ac-
cessible to existing experimental techniques.
If the strong interactions are described by an

asymptotically free theory, one may hope' that
the short-distance structure of charmonium (in
particular, its decay into leptons, and probably
also hadrons) is adequately described by pertur-
bation theory in terms of a small "running" cou-
pling constant. In this regime the cV interaction
would be Coulombic, with a small strong "fine-
structure" constant n, . At larger cV separation,
on the other hand, there are rather compelling
arguments that gauge theories provide for quark
confinement. '
If a, is small and the observed levels do not

lie far below the threshold M, , nonrelativistic
quantum mechanics should provide a sound zeroth-
order guide. Given' the sizable electronic widths
I", of P(3695) and $(3105), it is naturals to assign
them to the states 2'S, and 1'S„respectively.
This being said, it is at once clear that there
should be other levels below M, , for any confin-
ing potential will raise" the 2S Coulomb level
above its previously degenerate partner 2P. One

p(1 sSr=0) ~ 3 1 2 I' (3105)
q(2'S; r = 0) S.V I', (S695) (2)

in contrast to Ref. 8 for a Coulomb field. " In
analogy with electrodynamics there must also be
spin-spin, spin-orbit, and tensor forces, but
hopefully they play a secondary role. Near M, a
treatment that accounts for coupling to decay
channels is necessary.
We have determined 0, , a, and the charmed-

quark mass m, by solving the wave equation nu-
merically, "and by imposing the constraints
(a) M(2'S) -M(1'S) =0.59 GeV; (b) I', (1'S)=5.5
keV; (c) 1.5 GeVsm, s 2.0 GeV; and (d) 0.1 s o.,
~ 0.4. Constraint (c) is the requirement that the
system be nonrelativistic, and that $(3695) lie
below M, ; naive quark phenomenology would set

must therefore expect a multiplet of narrow I'
states below g(3695), fed from the latter by El
p transitions, and decaying in turn into g(3105).
If 3.7 GeV is not too close to M, , bound D states
could also exist.
It goes without saying that many qualitative fea-

tures of the spectrum can be surmized without
resorting to a detailed model. Nevertheless, we
have found it informative to simulate the intri-
cate cV' interaction by a simple potential that in-
corporates both the Coulomb and confinement
forces:

V(r) = —(o./r)ll —( / r)'a]
That the interaction is far from Coulombic fol-
lows from the large 2S-1S mass difference, and
the fact that'

Charmonium Spectroscopy
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The two photon cascade decay of the 3.7 GeV resonance into the 3.1 GeV resonance has been observed in two 
nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in 
the channel 3.7 --. (3.1 ~ t~+/J - )  + ~'r indicates the existence of at least one intermediate state with even charge con- 
jugation at a mass around 3.52 GeV or 3.26 GeV. 

In studying the cascade transition of  the 3.7 GeV 
resonance into the 3.1 GeV resonance we have ob- 
served the decay channel 

3.7 ~ 3.1 + 77 (1) 

in two nearly independent experiments. The energies 
of  the two photons cluster around 160 and 420 MeV 
suggesting the cascade decay to proceed via at least 
one new resonance with even charge conjugation. 

The measurement has been performed at the DESY 
electron-positron storage rings DORIS using the double 
arm spectrometer DASP. The DASP detector is shown 
in fig. 1. It consists of  two identical magnetic spectro- 

* On leave from Cornell University, Ithaca, N.Y. 
** Now at Hoehtemperatur Reaktorbau, Mannheim. 

* * *  On leave from the University of Illinois, Urbana, Illinois. 

meters arranged symmetrically with respect to the 
colliding beams. The details of  this part of  the spectro- 
meter can be found elsewhere [1]. A large-aperture 
non magnetic detector is mounted between the two 
spectrometer arms. It  consists of  six sectors covering 
about 75% of  4ft. To the top and bot tom sectors, de- 
scribed already in previous publications [2], four 
similar sectors have been added during the course o f  
the experiment. Each sector consists of  a scintillation 
counter hodoscope, a 5 mm thick lead sheet and two 
or three layers of  proportional tubes, all repeated four 
times and followed by a lead-scintillator shower de- 
tector of  7 radiation lengths. In addition the beam 
pipe is surrounded by a layer of  22 scintillation coun- 
ters. 

The two experiments were carried out as follows: 

407 

Volume 57B, number 4 PHYSICS LETTERS 21 July 1975 

O B S E R V A T I O N  O F  T H E  T W O  P H O T O N  C A S C A D E  3 .7  ~ 3.1 + 7 7  
V I A  A N  I N T E R M E D I A T E  S T A T E  Pc 

DASP-Collaboration 

W. BRAUNSCHWEIG, H.-U. MARTYN, H.G. SANDER, D. SCHMITZ, W. STURM and 
W. WALLRAFF 

L Physikalisches lnstitut der R WTH Aachen, Germany 

K. BERKELMAN*, D. CORDS, R. FELST, E. GADERMANN, G. GRINDHAMMER, H. HULTSCHIG, 
P. JOOS, W. KOCH, U. KOTZ, H. KREHBIEL, D. KREINICK, J. LUDWIG, K.-H. MESS, 

K.C. MOFFEIT, A. PETERSEN, G. POELZ, J. RINGEL, K. SAUERBERG, P. SCHMUSER, 
G. VOGEL**, B.H. WlIK and G. WOLF 

Deutsches Elektronen-Synchrotron DESY and 11. lnstitut ffir Experimentalphys~k 
der Universitiit Hamburg, Hamburg, Germany 

G. BUSCHHORN, R. KOTTHAUS, U.E. KRUSE***, H. LIERL, H. OBERLACK, K. PRETZL, 
and M. SCHLIWA 

Max-Planck-lnstitut far Physik und Astrophysik, Mfinchen, Germany 

S. ORITO, T. SUDA, Y. TOTSUKA and S. YAMADA 
High Energy Physics Laboratory and Dept. o f  Physics, University o f  Tokyo, Tokyo, Japan 

Received 22 July 1975 

The two photon cascade decay of the 3.7 GeV resonance into the 3.1 GeV resonance has been observed in two 
nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in 
the channel 3.7 --. (3.1 ~ t~+/J - )  + ~'r indicates the existence of at least one intermediate state with even charge con- 
jugation at a mass around 3.52 GeV or 3.26 GeV. 

In studying the cascade transition of  the 3.7 GeV 
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served the decay channel 
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in two nearly independent experiments. The energies 
of  the two photons cluster around 160 and 420 MeV 
suggesting the cascade decay to proceed via at least 
one new resonance with even charge conjugation. 

The measurement has been performed at the DESY 
electron-positron storage rings DORIS using the double 
arm spectrometer DASP. The DASP detector is shown 
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or three layers of  proportional tubes, all repeated four 
times and followed by a lead-scintillator shower de- 
tector of  7 radiation lengths. In addition the beam 
pipe is surrounded by a layer of  22 scintillation coun- 
ters. 

The two experiments were carried out as follows: 

407 

VOLUME $5 29 SEPTEMBER 197$ NUMBER 1)

P(3684) Radiative Decays to High-Mass States*
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We present experimental evidence for the existence of the decay $(3684) pp, z 47I',
6&, &+& E+K, &+&, and K+Ij' . There is clear evidence for at least two y states,
one at 3.41 + 0.01 GeV/c and the other at 3.53+ 0.02 GeV/c . The y(3410) decays into ~zz
and &K and thus must have even spin and parity.

We present evidence for the existence of new
high-mass even-C states. These states are ob-
served in the decay sequence ((3684)-yx, )(-4zz',
6m', m'm K'K, m+m, and K'K . There is clear
evidence for at least two X states. One of these
states may be the one reported by Braunschweig
et al." The existence of several even-C states
in the mass region between the ((3095) and the
((3684) has been suggested theoretically by many
authors. '
y- 4m'.—The data are obtained from approxi-

mately 100000 $(3684) decays measured in the
Stanford Linear Accelerator Center-t, awrence
Berkeley Laboratory magnetic detector at SPEAR.'
To search for y-4m', we select events detected
with four charged particles of total charge zero.
Events of the form $(3684)- zz'zz ((3095), g(3095)-e+e, p,'p, , or m+m m'' are eliminated by re-
quiring that the mass recoiling against the low-
momentum zz'zz pair be less than 2.95 GeV/c'.
We estimate that the residual contamination from
such events is less than 10%%uo, such events should

not preferentially populate any particular mass
region.
Assuming that all the charged particles are

pions, we can calculate the distribution of the
square of the missing mass, ~i„', corresponding
to $(3684)-4zz'+x. Figure l(a) is a scatter plot
of this distribution versus the missing momen-
tum, P„. Figure l(b) shows the same quantities
for the reaction ((3095)-4zz'+x. In g(3095) de-
cays, the band of events near m„'= 0 extends over
the entire range of p„, whereas in $(3684) decays
these events cluster primarily in the region 0.1
& p„&0.3 GeV/c. In Figs. 2(a) and 2(b) the events
from Figs. 1(a) and 1(b) in the range 0.1&p„&0.3
GeV/c have been projected on the m„' axis. The
comparisons between Figs. 2(a) and 2(b), and be-
tween the data in these figures and the resolution
functions predicted by Monte Carlo simulations,
lead us to the conclusion that the missing parti-
cle in this p„region is predominately a. zr in
$(3095) decays while it is predominately a y in
$(3684) decays.
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Fig. 12. Quark-mass-dependence of the wavefunction at the origin for Fig. 13. The quantity (E25 — E2~)/(E25— E15) for power-law potentials
the n = 1 and n = 2 quarkonium levels. The data are from table 9 for V(r) = An”, —1 <p <2. The datum is the value in the charmonium
the ç143.O

95)•, çfi’(3.684)U, Y(9.46)O, and Y’(10.02)LJ. The mass system [6].
dependence characteristic of several simple potentials is indicated by
the slopes of the straight lines.

Table 10
Effective power-law potentials deduced

from 4, and Y leptonic widths

\mO/m~
n 3 4

1 —0.53±0.14 —0.14±0.17
2 +0.15±0.47 +0.72±0.59

for a power-law potential, where y(~)= y
0(~)is given by (4.63). Thus the quantity (E3— E2)/(E2—

which has been determined for the i/n and Y systems, can be used to determine the shape of the
potential. For the i/n family we find

v(i/i)” 0.20 ±0.06 (5.10)

while for the Y family we conclude that

~(Y) 0.33 ±0.23. (5.11)

The two determinations of the effective power are compatible, as is to be expected from the similarity
of (E3 — E2)/(E2 — E1) for the two families. It is interesting that present data on level densities do not by
themselves support the idea that the Y system is more Coulombic than the i/s system. Such a trend might
be expected if the short-range interquark force were a Coulomb force.
The ratio (E2~— E2~)/(E2~— E1~)= 0.28 for the charmonium family is compared with exact cal-

Curvature of potential 
gives order of levels

http://dx.doi.org/10.1103/PhysRevLett.35.821
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The two photon cascade decay of the 3.7 GeV resonance into the 3.1 GeV resonance has been observed in two 
nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in 
the channel 3.7 --. (3.1 ~ t~+/J - )  + ~'r indicates the existence of at least one intermediate state with even charge con- 
jugation at a mass around 3.52 GeV or 3.26 GeV. 

In studying the cascade transition of  the 3.7 GeV 
resonance into the 3.1 GeV resonance we have ob- 
served the decay channel 

3.7 ~ 3.1 + 77 (1) 

in two nearly independent experiments. The energies 
of  the two photons cluster around 160 and 420 MeV 
suggesting the cascade decay to proceed via at least 
one new resonance with even charge conjugation. 

The measurement has been performed at the DESY 
electron-positron storage rings DORIS using the double 
arm spectrometer DASP. The DASP detector is shown 
in fig. 1. It consists of  two identical magnetic spectro- 
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meters arranged symmetrically with respect to the 
colliding beams. The details of  this part of  the spectro- 
meter can be found elsewhere [1]. A large-aperture 
non magnetic detector is mounted between the two 
spectrometer arms. It  consists of  six sectors covering 
about 75% of  4ft. To the top and bot tom sectors, de- 
scribed already in previous publications [2], four 
similar sectors have been added during the course o f  
the experiment. Each sector consists of  a scintillation 
counter hodoscope, a 5 mm thick lead sheet and two 
or three layers of  proportional tubes, all repeated four 
times and followed by a lead-scintillator shower de- 
tector of  7 radiation lengths. In addition the beam 
pipe is surrounded by a layer of  22 scintillation coun- 
ters. 

The two experiments were carried out as follows: 
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nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in 
the channel 3.7 --. (3.1 ~ t~+/J - )  + ~'r indicates the existence of at least one intermediate state with even charge con- 
jugation at a mass around 3.52 GeV or 3.26 GeV. 

In studying the cascade transition of  the 3.7 GeV 
resonance into the 3.1 GeV resonance we have ob- 
served the decay channel 

3.7 ~ 3.1 + 77 (1) 

in two nearly independent experiments. The energies 
of  the two photons cluster around 160 and 420 MeV 
suggesting the cascade decay to proceed via at least 
one new resonance with even charge conjugation. 

The measurement has been performed at the DESY 
electron-positron storage rings DORIS using the double 
arm spectrometer DASP. The DASP detector is shown 
in fig. 1. It consists of  two identical magnetic spectro- 

* On leave from Cornell University, Ithaca, N.Y. 
** Now at Hoehtemperatur Reaktorbau, Mannheim. 

* * *  On leave from the University of Illinois, Urbana, Illinois. 

meters arranged symmetrically with respect to the 
colliding beams. The details of  this part of  the spectro- 
meter can be found elsewhere [1]. A large-aperture 
non magnetic detector is mounted between the two 
spectrometer arms. It  consists of  six sectors covering 
about 75% of  4ft. To the top and bot tom sectors, de- 
scribed already in previous publications [2], four 
similar sectors have been added during the course o f  
the experiment. Each sector consists of  a scintillation 
counter hodoscope, a 5 mm thick lead sheet and two 
or three layers of  proportional tubes, all repeated four 
times and followed by a lead-scintillator shower de- 
tector of  7 radiation lengths. In addition the beam 
pipe is surrounded by a layer of  22 scintillation coun- 
ters. 

The two experiments were carried out as follows: 
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P(3684) Radiative Decays to High-Mass States*

G. J. Feldman, B. Jean-Marie, B. Sadoulet, F. Vannucci, j' G. S. Abrams, A. M. goyarskj,
M. Breidenbach, F. Bulos, W. Chinowsky, C. E. Friedberg, G. Goldhaber, G. Hanson,
D. L. Hartill, f. A. D. Johnson, J. A. Kadyk, B. B. Larsen, A. M. Litke, D. Luke, &
B. A. Lulu, V. Luth, H. L. Lynch, C. C. Morehouse, J. M. Paterson, M. L. Perl,

F. M. Pierre, ll T. P. Pun, P. Rapidis, B. Richter, R. F. Schwitters,
W. Tanenbaurn, G. H. Trilling, J. S. Whitaker,

F. C. Winkelmann, and J. E. Wiss
Lazvrence Berkeley Laboratory and DePartment of Physics, University of Calzfornla, Berkeley, California 94780,

and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1975)

We present experimental evidence for the existence of the decay $(3684) pp, z 47I',
6&, &+& E+K, &+&, and K+Ij' . There is clear evidence for at least two y states,
one at 3.41 + 0.01 GeV/c and the other at 3.53+ 0.02 GeV/c . The y(3410) decays into ~zz
and &K and thus must have even spin and parity.

We present evidence for the existence of new
high-mass even-C states. These states are ob-
served in the decay sequence ((3684)-yx, )(-4zz',
6m', m'm K'K, m+m, and K'K . There is clear
evidence for at least two X states. One of these
states may be the one reported by Braunschweig
et al." The existence of several even-C states
in the mass region between the ((3095) and the
((3684) has been suggested theoretically by many
authors. '
y- 4m'.—The data are obtained from approxi-

mately 100000 $(3684) decays measured in the
Stanford Linear Accelerator Center-t, awrence
Berkeley Laboratory magnetic detector at SPEAR.'
To search for y-4m', we select events detected
with four charged particles of total charge zero.
Events of the form $(3684)- zz'zz ((3095), g(3095)-e+e, p,'p, , or m+m m'' are eliminated by re-
quiring that the mass recoiling against the low-
momentum zz'zz pair be less than 2.95 GeV/c'.
We estimate that the residual contamination from
such events is less than 10%%uo, such events should

not preferentially populate any particular mass
region.
Assuming that all the charged particles are

pions, we can calculate the distribution of the
square of the missing mass, ~i„', corresponding
to $(3684)-4zz'+x. Figure l(a) is a scatter plot
of this distribution versus the missing momen-
tum, P„. Figure l(b) shows the same quantities
for the reaction ((3095)-4zz'+x. In g(3095) de-
cays, the band of events near m„'= 0 extends over
the entire range of p„, whereas in $(3684) decays
these events cluster primarily in the region 0.1
& p„&0.3 GeV/c. In Figs. 2(a) and 2(b) the events
from Figs. 1(a) and 1(b) in the range 0.1&p„&0.3
GeV/c have been projected on the m„' axis. The
comparisons between Figs. 2(a) and 2(b), and be-
tween the data in these figures and the resolution
functions predicted by Monte Carlo simulations,
lead us to the conclusion that the missing parti-
cle in this p„region is predominately a. zr in
$(3095) decays while it is predominately a y in
$(3684) decays.
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Fig. 12. Quark-mass-dependence of the wavefunction at the origin for Fig. 13. The quantity (E25 — E2~)/(E25— E15) for power-law potentials
the n = 1 and n = 2 quarkonium levels. The data are from table 9 for V(r) = An”, —1 <p <2. The datum is the value in the charmonium
the ç143.O

95)•, çfi’(3.684)U, Y(9.46)O, and Y’(10.02)LJ. The mass system [6].
dependence characteristic of several simple potentials is indicated by
the slopes of the straight lines.

Table 10
Effective power-law potentials deduced

from 4, and Y leptonic widths

\mO/m~
n 3 4

1 —0.53±0.14 —0.14±0.17
2 +0.15±0.47 +0.72±0.59

for a power-law potential, where y(~)= y
0(~)is given by (4.63). Thus the quantity (E3— E2)/(E2—

which has been determined for the i/n and Y systems, can be used to determine the shape of the
potential. For the i/n family we find

v(i/i)” 0.20 ±0.06 (5.10)

while for the Y family we conclude that

~(Y) 0.33 ±0.23. (5.11)

The two determinations of the effective power are compatible, as is to be expected from the similarity
of (E3 — E2)/(E2 — E1) for the two families. It is interesting that present data on level densities do not by
themselves support the idea that the Y system is more Coulombic than the i/s system. Such a trend might
be expected if the short-range interquark force were a Coulomb force.
The ratio (E2~— E2~)/(E2~— E1~)= 0.28 for the charmonium family is compared with exact cal-

Curvature of potential 
gives order of levels

http://dx.doi.org/10.1103/PhysRevLett.35.821
http://inspirehep.net/search?ln=en&ln=en&p=find+a+martin%2Ca+and+t+levels+order&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Charmonium: hadronic transitions

Soft-pion theorems 
Gottfried’s color multipole expansion 

!

Good understanding of 2S-1S; 
other Υ transitions, not so simple

http://dx.doi.org/10.1103/PhysRevLett.35.1
http://dx.doi.org/10.1103/PhysRevLett.40.598
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Charmonium: the classic states

J. L. Rosner, “The Arrival of Charm,” hep-ph/9811359

M. L. Perl, “Reflections on the Discovery of the Tau Lepton”

Nearly coincident thresholds for τ and charm

B. W. Lee & CQ, “An Experimental Fable” — µ, π discovery in e+e–

http://arxiv.org/pdf/hep-ph/9811359.pdf
http://www.nobelprize.org/nobel_prizes/physics/laureates/1995/perl-lecture.pdf
http://lss.fnal.gov/archive/1976/pub/Pub-76-017-T.pdf
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Charmonium Issues	

!

What is it? Open charm 
Spectrum 

Transitions: EM, hadronic 
Decays: γ*, gg, ggg; new forces or products? 

Production: direct, cascade, B-decays, … 
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Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

Non-qq Candidates
OMITTED FROM SUMMARY TABLE

For a review on gluonium and other non-qq candidates see PDG 06,
Journal of Physics (generic for all A,B,E,G) G33G33G33G33 1 (2006). See also
the “Note on scalar mesons” in the f0(500) Particle Listings, our note
“New charmonium-like states” in PDG 08, Physics Letters B667B667B667B667 1
(2008), and the extensive chapter on Spectroscopy in N. Brambilla
et al. (Quarkonium Working Group), The European Physical Journal
C71C71C71C71 1534 (2011).

BRAMBILLA 11 EPJ C71 1534 N. Brambilla et al. (Quarkonium Working Group)
PDG 08 PL B667 1 C. Amsler et al. (PDG Collab.)
PDG 06 JP G33 1 W.-M. Yao et al. (PDG Collab.)

HTTP://PDG.LBL.GOV Page 1 Created: 8/21/2014 12:56

E. Bloom, 1982: “… the experimental search for such states has  
proven to be a difficult and confusing one, with a number of 
guiding principles losing credibility as the field has matured.”
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http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=SLAC-PUB-2976
http://dx.doi.org/10.1088/0954-3899/40/4/043001


32

Initial Charmonium Lessons	

!

Quarks are real mechanical objects 
Constituents are spin-1/2 
Charm exists; ψ(3770) 

Asymptotic freedom gains support 
Nonrelativistic quantum mechanics applies 

Confining potential implicated
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Fermilab E288 Proposal, February 1974

Lederman et al.
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EPS Budapest 1977
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04-
TABLE II. Sensitivity of resonance parameters to

continuum slope. Continuum subtraction of Eq. (1) but
with b varied by + 2(T. Errors are statistical only.

O
c 0.2

~ o.o t bI blab

9 l0
mass (GeV}

Y M( (GeV)
Bdo/dy(„-& (pb}
~, (Gev)
Bdo/dy I -g (pb)
~3 (GeV)
Bdo/dy / ~ -o (pb)
per degree of
freedom

9.40 + 0.013
0.18+0.01
10.00 ~ 0.04
0.068 + 0.007
10.43 +0.12
0.014+0.006
14.1/16

9.40 + 0.014
0.17+ 0.01
10.01~ 0.04
0.061+0.007
10.38+0.16
0.008 + 0.007
15.4/16

b = 0.977 GeV 5 = 0.929 GeV

FIG. 2. Excess of the data over the continuum fit of
Eq. (1). Errors shown are statistical only. The solid
curve is the three-peak fit; the dashed curve is the
two-peak fit.

TABLE I. Resonance fit parameters. Continuum
subtraction is given by Eq. (1). Errors are statistical
only.

2 peak 3 peak

Y m, (GeV)
Bda/dye o (pb)

Y m, (GeV)
Bdo./dye~ 0 (pb)
M3 (GeV)
Bdo/dyj, , (pb)

y2 per degree of
freedom

9.41+ 0.013
0.18+0.01
10.06 + 0.03
0.069 + 0.006

19.9/18

9.40 + 0.013
0.18+ 0.01
10.01+0.04
0.065+ 0.007
10.40 + 0.12
0.011+0.007
14.2/16

cise form of the continuum. The first test is to
vary the slope parameter, b, in Eq. (1). Varia-
tion each way by 20 yields the results given in
Table II. A detailed study has been made of the
error matrix representing correlated uncertain-
ties in the multiparameter fit. The correlations
increase the uncertainties of Tables I and II by
&15%.
Further uncertainties in the results presented

above arise from the fact that the continnum fit
is dominated by the data below 9 GeV. Nature
could provide reasonable departures from Eq. (1)
above this mass. These issues must wait for a
large increase in the number of events, especial-
ly above -11GeV. However, the primary conclu-
sions are independent of these uncertainties and
may be summarized as follows: (i) The structure
contains at least two narrow peaks: Y(9.4) and
Y'(10.0). (ii) The cross section for Y(9.4), (Bda/
dy) i, „is' 0.18+ 0.07 pb/nucleon. (The error in-
cludes our + 25/o absolute normalization uncertain-

ty and. also the estimated uncertainty due to mod-
el dependence of the acceptance calculation. )
(iii) There is evidence for a third peak Y "(10.4)
although this is by no means established.
Examination of the Pr and decay-angle distribu-

tions of these peaks fails to show any gross dif-
ference from adjoining continuum mass bins.
An interesting quantity is the ratio of (Bda/

dy)l, , for Y(9.4) to the continuum cross section
(d'o/dmdy)I, , at M = 9.40 GeV: This is 1.11
~ 0.06 GeV.
Table III presents mass splittings and cross

sections (including systematic errors) under the
two- and three-peak hypotheses and compares
them with theoretical predictions to be discussed
below.
There is a growing literature which relates the

Y to the bound state of a new quark (q) and its an
antiquark (q).' " Eichten and Gottfried' have cal-
culated the energy spacing to be expected from
the potential model used in their accounting for
the energy levels in charmonium. Their potential

V(r) = —~4m, (m, )/r +r/a' (2)
predicts line spacings and leptonic widths. The
level spacings t Table III(a)] suggest that the shape
of the potential may be oversimplified; we note
that M(Y') -M(Y) is remarkably close to M (g')
-M(4)"
Table III(b) summarizes estimates of Bda/dyl, -,

for qq states and ratios of then=2, 3 states to
the ground state. Cascade models (Y produced
as the radiative decay of a heavier P state formed
by gluon amalgamation) and direct production
processes seem to prefer Q = —

& to Q =-', . We
note finally that the ratios in Table III may re-
quire modification due to the discrepancy between
the observed spacing and the universally used

1241

Υ′ − Υ spacing same as ψ′ − ψ

E288 M(Υ′) − M(Υ) M(Υ′′) − M(Υ)
Two-level fit 650 ± 30 MeV
Three-level fit 610 ± 40 MeV 1000 ± 120 MeV
M(ψ′) − M(ψ) ≈ 590 MeV

V (r) = C log r ❀ ∆E independent of µ

Chris Quigg (FNAL) Jon the Quantum Mechanic JLR Symposium · 1.4.2011 3 / 19

http://dx.doi.org/10.1103/PhysRevLett.39.1240
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H E A V Y  Q U A R K S  IN e÷ e  - ANNIHILATION* 

E. EICHTEN and K. GOTTFRIED 
Laboratory o f  Nuclear Studies, Cornell University, Ithaca, New York, 14853, USA 

Received 16 November 1976 

There are many speculations that there exist quarks Q considerably heavier than the charmed quark. Their QQ 
states will display a far richer spectrum of monochromatic photon and hadron transitions than charmonium. The 
most important features of this spectrum - in particular, its dependence on the mass of Q - are outlined. 

The literature bristles [ 1 ] with conjectured quarks 
considerably heavier than the charmed quark. We do 
not want to pass judgement on the plausibility of these 
speculations here. Our principal purpose is to point out 
a quite obvious fact: if  such super-heavy quarks Q ac- 
tually exist and have masses mQ below 15 GeV, the 
new generation of  e+e - storage rings will find a spec- 
trum of  Q(~ bound states and resonances that is far 
richer than the cc spectrum in the 3 - 5  GeV region. 
This is so because for mQ ~> 3.5 GeV we expect three 
351 bound states below the threshold for the Zweig- 
allowed decays of  QQ. As a consequence, the QQ 
spectrum will display a very intricate and complex 
array of  photon and hadron transitions. In addition, 
the region above the Zweig-decay threshold will con- 
tain a rich assortment of  rather narrow resonances. 
Planning for experiments at CESR, PEP and PETRA 
might bear this enticing possibility in mind. 

That an increase of  quark mass leads to stronger 
binding of  Q(~ states is obvious without any theory. 
Thus sg just fails to have a bound 1 - state, whereas 
cg has two. Hence we expect further QQ 1 -  states 
can be bound by a sufficiently large increase of  mQ, 
and it only remains to quantify "sufficiently".  The 
success of  the charmonium model [ 2 - 4 ]  allows one 
to compute the mQ-dependence of  the QQ spectrum 
with a considerable degree of  confidence, and thereby 
to estimate the value o f m Q  where a third 3S state is 
bound. 

As in charmonium, we [4] use a static QQ interac- 
tion 

v(r) = ! + r S r  a 2 .  (1) 

* Supported in part by the National Science Foundation. 
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Fig. 1. QQ excitation energies as a function of quark mass. 
The energies shown are found from the Schr6dinger equation 
with (1) as potential. All relativistic corrections to the excita- 
tion spectrum are ignored. The onset of the Q~+ Qq conti- 
nuum is also shown. Its position relative to the QQ spectrum 
does depend on various corrections; see the discussion related 
to eqs. (2) and (3). 

The length a is assumed to be a universal constant cha- 
racterizing the quark confinement interaction. The 
Coulombic interaction has a strength % ( m ~ )  whose 
mQ dependence is given by the well-known renormali- 
zation group formula from color gauge theory.  From 
our analysis [51 of  the c~ system, we have a = 2.22 
GeV -1 and as(m 2) = 0.19. 

The QQ excitation spectrum predicted by V(r) is 
shown in fig. 1 as a function of  mQ. (Fine structure 
effects - not yet  understood in charmonium - are 

Eichten & Gottfried: CESR Proposal (November 1976)

E(2S)–E(1S) = 420 MeV
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Fig. 1. QQ excitation energies as a function of quark mass. 
The energies shown are found from the Schr6dinger equation 
with (1) as potential. All relativistic corrections to the excita- 
tion spectrum are ignored. The onset of the Q~+ Qq conti- 
nuum is also shown. Its position relative to the QQ spectrum 
does depend on various corrections; see the discussion related 
to eqs. (2) and (3). 

The length a is assumed to be a universal constant cha- 
racterizing the quark confinement interaction. The 
Coulombic interaction has a strength % ( m ~ )  whose 
mQ dependence is given by the well-known renormali- 
zation group formula from color gauge theory.  From 
our analysis [51 of  the c~ system, we have a = 2.22 
GeV -1 and as(m 2) = 0.19. 

The QQ excitation spectrum predicted by V(r) is 
shown in fig. 1 as a function of  mQ. (Fine structure 
effects - not yet  understood in charmonium - are 

Eichten & Gottfried: CESR Proposal (November 1976)

General: # of narrow 3S1 levels: MQ
1/2

E(2S)–E(1S) = 420 MeV
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Why choose 5 GeV?

Excess events at high inelasticity in 

HPWF “high-y anomaly” explained by

http://dx.doi.org/10.1103/PhysRevLett.36.1478
http://dx.doi.org/10.1103/PhysRevD.14.70
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Also at Budapest …

Why choose 5 GeV?

Excess events at high inelasticity in 

HPWF “high-y anomaly” explained by

CDHS Experiment ruled out high-y anomaly

http://cds.cern.ch/record/1730228/files/vol17-issue7-8-p225-e.pdf?version=1
http://dx.doi.org/10.1103/PhysRevLett.36.1478
http://dx.doi.org/10.1103/PhysRevD.14.70
http://dx.doi.org/10.1103/PhysRevLett.39.433


|Q|=2/3

1978: DORIS leptonic widths imply Qb = -1/3
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all signals were digitized and recorded on tape.
This trigger gave an event rate of 0.3 Hz for a
luminosity of 1 pb ' s '. A typical fill of CESR
lasts 3 to 5 hours yielding an integrated lumi-
nosity of up to -15 nb '. The integrated luminos-
ity for each run was measured by detecting and
counting small-angle (40 to 80 mrad) collinear
Bhabha scatter s w ith lead-scintillator sandwich
shower detectors. The long-term stability of the
luminosity monitor is confirmed by the yield of
large-angle Bhabha scattering events in the NaI
array.
Because of the limited solid angle of the NaI

array as used, a major fraction of the hadronic
e e annihilations gave very few particles in the
detector. Rather than trying to identify all had-
ronic events, which would result in an unaccept-
able amount of background, our aim in the analy-
sis was to obtain a clean sample through the use
of strict event- selection criteria. Fundamental
in all criteria used was the identification of mini-
mum-ionizing hadrons. At normal incidence,
minimum-ionizing particles deposit 15 MeV in
the first four Nal layers and - 68 MeV in the last
layer of a single sector. In all scans one unam-
biguous and isolated minimum-ionizing track
plus at least two other tracks or showers were
required. All data were scanned by physicists
and with computer programs. The acceptance
criteria for data presented were determined by
maximizing detection eff iciency while maintain-
ing the background level well below l0'%%uo of the
continuum cross section. The overall efficien-

cies for detecting continuum and Y events are,
respectively, 28% and 37/o. These values are ob-
tained by use of the cross sections measured at
DORIS'' (g„„,=3.8 nb at 9.4 GeV, o ~»&=18.5
nb after correcting for the difference in beam en-
ergy spread at CESR and DORIS). Absolute nor-
malization was obtained by use of large-angle
Bhabha-scattering data. The difference in effi-
ciencies is due to the fact that & decays have
higher multiplicity and sphericity than continuum
events. ' The actual number of &, Y', and&"
events detected above continuum were, respec-
tively, 214, 53, and 133. From the continuum
around the three ~'s we collected 272 events.
The major sources of background were (i) far

single beam-wall and beam-gas interactions,
(ii) close beam-wall interactions, (iii) close
beam-gas interactions, and (iv) cosmic rays.
Case (i) was trivially removed by the require-
ment of an isolated track. Cases (ii) and (iii) oc-
cur with very small probability of producing pene-
trating hadrons at 8 =90'~ 30' with 5-GeV elec-
trons. Case (ii), which is more frequent, is also
recognizable by tracks crossing azimuthal sector
boundaries. Case (iv) was rejected by the re-
quirement of three tracks. We point out that the
minimal residual background does not affect the
results presented here.
The hadronic yield is presented in Fig. 2, plot-

ted in arbitrary units proportional to the ratio of
detected events to small-angle Bhabha yield. In
this way, the energy dependence (- I/E') of the
single-photon processes is removed. The hori-
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FIG. 2. The number of hadronic events, normalized to the small-~~pie Bhabha yield. The solid line indicates a
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FIG. 3. Measured cross sections, including cor-
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for radiative effects. Errors shown are statistical
only. There is an additional systematic normalization
error of + 20/o arising from uncertainties in efficiencies
and in the luminosity calibration. The energy scale
has a calibration accuracy of 30 MeV. The curves
show the best fit described in the text.

orbit. Although CESR energy settings were found
by repeated resonance scans to be reproducible
to better than 0.01/o accuracy, there is at present
an uncertainty in the overall calibration scale
factor amounting to about 0.3%.
The resonances near 9.4 and 10.0 GeV match

the & and Y' observed first by Herb et a~.~ and
confirmed at the DORl8 e+e ring. ' 4 Because

of the superior energy resolution of the CESR
machine, our resonance peaks appear about two
times higher and narrower than those observed
at DORIS. The resonance near 10.3 GeV is the
first confirmation of the &" claimed by Ueno
et al.'
We fit the data by three very narrow resonan-
ces, each with a radiative tail convoluted with a
Gaussian energy spread, added to a continuum. '
A single fit to the three peaks with a common
energy spread proportional to ~' and a common
continuum proportional to ~ ' has a X equal to
0.94 per degree of freedom. The rms energy
spread is 4.1~0.3 MeV at ~=10 GeV, as ex-
pected from synchrotron radiation and beam-
orbit dynamics in CESR. Individual fits to the
three peaks with independent continuum levels
and peak widths give results for the rms energy
spread and for 1"„which remain within the er-
rors quoted. From the radiatively corrected
area under each peak we extract the leptonic
width &„, using the relation fo'd~= 6m'1;, /M'.
The results are given in Table I. We list our
results in terms of relative masses and leptonic
widths, since systematic errors in these quanti-
ties tend to cancel. Our measurements agree
with those reported by Bohringer et al. ' On the
Y and &' our results agree with those from
DORIS ' for the mass difference but not for the
I;, ratio. Because of rather large uncertainties
in the contribution of background processes such
as & production and two-photon collisions, we do
not regard our present measurement of the con-
tinuum cross section as definitive.
Mass differences have been predicted by as-

suming that the Y, Y', and &" are the triplet
IS, 2S, and 3S states of a bb quark pair bound in
a phenomenological potential, essentially the
same as that responsible for the psion spectrum.
When the potential is adjusted to fit masses in the
psion region and earlier measurements of the
&'-Y difference, the predictions for the Y"-T
mass difference' "range from 881 to 898 MeV,

TABLE I. Measured masses and leptonic widths for the second and
third & states, relative to values for the first state, &(9.4). The first
error is statistical, the second systematic.

M-M(9. 4) (MeV)

Y'(10.0), DORIS (Ref. 3)
Y'(10.0), DORIS (Ref. 4)
&'(10.0), this experiment
&"(10.3), this experiment

555+ 11
560+ 10

560.7+ 0.8+ 3.0
891.1+ 0.7 + 5.0

0.23 + 0.08
0.31+0.09
0.44+ 0.06+ 0.04
0.35 + 0.04 + 0.03
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Quarkonium decay into new particles?

Mode Mass range ( GeV) BF upper limit (90% CL)
Υ(2S , 3S ) → γA0, A0 → µ+µ− 0.21 < mA < 9.3 (0.3 − 8.3) × 10−6

Υ(3S ) → γA0, A0 → τ+τ− 4.0 < mA < 10.1 (1.5 − 16) × 10−5

Υ(2S , 3S ) → γA0, A0 → hadrons 0.3 < mA < 7.0 (0.1 − 8) × 10−5

Υ(1S ) → γA0, A0 → χχ̄ mχ < 4.5 GeV (0.5 − 24) × 10−5

Υ(1S ) → γA0, A0 → invisible mA < 9.2 GeV (1.9 − 37) × 10−6

Υ(3S ) → γA0, A0 → invisible mA < 9.2 GeV (0.7 − 31) × 10−6

Υ(1S ) → γA0, A0 → gg mA < 9.0 GeV 10−6 − 10−2

Υ(1S ) → γA0, A0 → ss mA < 9.0 GeV 10−5 − 10−3

Table 3. Results of light Higgs boson searches performed by the BABAR Collaboration.

from e+e− → γγ, radiative Bhabha, and two-photon fusion events. The A0 yield is extracted by a
series of unbinned likelihood fits to the photon energy distribution for 0 < mA0 < 7.8 GeV. No excess
is seen, and limits on the branching fraction at the level of (0.7 − 31) × 10−6 are derived with 90%
confidence level [13].

3.5 Search for Υ(1S ) → γA0, A0 → gg or ss

.
A recent search was performed by BABAR for Υ(2S ) → π+π− − Υ(1S )),Υ(1S ) → γA0, A0 →

gg(orss). Selected events with final states consisting of three or more light adrons, in addition to the
two pions from the Υ(2S ) decay, and the radiative photon. A total of 26 final states composed of
light hadrons were studied, including some containing at least a kaon pair, which were assigned to
the A0 → ss decay. The main background is due to Υ(1S ) decay to ggg, where one of the π0 of the
hadronization decays to photons, one of which is mistaken for the radiative one. The A0 mass range
explored is 0.5 to 9 GeV. We observe no signals [14]in the hadronic invariant mass spectra, and set
upper limits at 90% CL limits on the product branching for Υ(1S ) → γA0, A0 → gg from 10−6 to 10−2

; for the branghing ratio Υ(1S ) → γA0, A0 → ss the corresponding limits are from 10−5 to 10−3 We
do not observe a NMSSM A0 or any narrow hadronic resonance.

4 Search for light dark matter

We have now overwhelming astrophysical evidence for dark matter with several possibly related
anomalies observed. There is more than one explanation, of course, and most models introduce a
new dark force mediated by a new gauge boson with a mass around a GeV. Dark matter particles are
expected at the TeV scale, but the lightest particles in which they would annihilate could be pairs of
light dark bosons, which subsequently could only decay into lepton pairs, or scatter. This light hidden
sector is poorly constrained, and it is worth exploring the possibility that these particles are produced
at accelerators. B-factories offer a low background environment , so signatures of dark particles at the
MeV/GeV scale, should not escape detection, and a discovery would allow to probe their structure.
The 2 sectors could interact via kinematical mixing, and the value of the mixing parameter would be
the key to a possible detection. The dark photon, the equivalent of the e.m. photon, could have a mass
of the order from MeV to GeV, and would couple to the SM fermions with a charge ϵ. The preferred
value for ϵ is from 10−5 to 10−3 and several experiments have already put limits. The hidden boson
masses are usually generated via the Higgs mechanism, adding hidden Higgs bosons (h′) to the theory.
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Figure 6. Constraints on the mixing parameters, ϵ, as a function of the hidden photon mass derived from searches
in Υ(2S , 3S ) decays at BABAR (orange shading) and from other experiments [18–20] (gray shading). The red
line shows the value of the coupling required to explain the discrepancy between the calculated and measured
anomalous magnetic moment of the muon [? ].

10−10 − 10−8 are excluded for a large range of hidden photon and hidden Higgs masses, assuming
prompt decays. Assuming αD = α ≃ 1/137, limits on the mixing strength in the range 10−4 − 10−3

are derived, an order of magnitude smaller than the current experimental bounds extracted from direct
photon production in this mass range.

5 Summary

More than 5 years after completion of the data taking, the BABAR collaboration is still very active.
The great amount of data collected is stimulating new ideas. The T violation measurement is a first
and constitues a beautiful proof of the CPT theorem. Searches for exotic particles have not given
positive results, but have contributed to considerably narrow the parameters space. One of the hot
topics in Particles Physics is now dark matter: recent evidence has suggested that dark matter might
contain a MeV- GeV scale component. Thanks to their large luminosities, B factories provide an ideal
environment to probe for such a possibility, complementing direct detection and satellite experiments.
No sign of light dark matter has been observed so far, but several new analyses are going on and we
still hope for surprises. A big step forward is expected with the atart of the Super flavor factory at
KEK: BELLE-II is expected to increase the sensitivity of these searches by a factor 10 − 100.
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FIG. 1. pT distributions for selected (a) K0
SK

±π∓ and
(b) K+K−π+π−π0 candidates (data points). The solid his-
togram represent the result of a fit to the sum of the simulated
signal (dashed) and background (dotted) contributions.

ground PDF is a fourth-order polynomial. The free pa-
rameters of the fit are the yields of the resonances and the
background, the peak masses and widths of the ηc(1S)
and ηc(2S) signals, the width of the Gaussian describing
the J/ψ ISR background, and the background shape pa-
rameters. The mass and width of the χc0,2(1P ) states
(and the mass of the J/ψ in the K0

SK
±π∓ channel), are

fixed to their nominal values [5]. For the K+K−π+π−π0

channel, the ηc(2S) width is fixed to the value found in
the K0

S
K±π∓ channel.

We define a MC event as “MC-Truth” (MCT) if the re-
constructed decay chain matches the generated one. We
use MCT signal and MCT ISR-background events to de-
termine the detector mass resolution function. This func-
tion is described by the sum of a Gaussian plus power-
law tails [18]. The width of the resolution function at
half maximum for the ηc(1S) is 8.1 (11.8) MeV/c2 in
the K0

SK
±π∓ (K+K−π+π−π0) decay mode. For the

ηc(2S) decay it is 10.6 (13.1) MeV/c2 in the K0
S
K±π∓

(K+K−π+π−π0) decay mode. The parameter values for
the resolution functions, are fixed to their MC values in
the fit.

Fit results are reported in Table I and shown in Fig. 2.
We correct the fitted ηc(1S) yields by subtracting the
number of peaking-background events originating from
the J/ψ→γηc(1S) decay, estimated below. The statisti-
cal significances of the signal yields are computed from
the ratio of the number of observed events to the sum in

quadrature of the statistical and systematic uncertain-
ties. The χ2/ndf of the fit is 1.07 (1.03), where ndf is
the number of degrees of freedom, which is 361 (360) for
the fit to K0

SK
±π∓ (K+K−π+π−π0).

To search for the Z(3930), we add to the fit described
above a signal component with the mass and width fixed
to the values reported in [13]. No significant changes are
observed in the fit results. Several processes, includ-

)2) (GeV/c+−π±K
S
0m(K

2.6 2.8 3 3.2 3.4 3.6 3.8 4
 )2

Ev
en

ts
 / 

( 0
.0

04
 G

eV
/c

0

200

400

600

800

1000
(a)

3.3 3.4 3.5 3.6 3.7
-50

0

50 (b)

)2) (GeV/c0π-π+π
-K+m(K

2.6 2.8 3 3.2 3.4 3.6 3.8 4

 )2
Ev

en
ts

 / 
( 0

.0
04

 G
eV

/c

0

200

400

600

800

1000

1200

1400

1600 (c)

3.3 3.4 3.5 3.6 3.7
-50

0
50

100
150 (d)

FIG. 2. Fit to the K0
SK

±π∓ (a) and K+K−π+π−π0 (c) mass
spectra. The solid curves represent the total fit functions
and the dashed curves show the combinatorial background
contributions. The background-subtracted distributions are
shown in (b) and (d), where the solid curves indicate the
signal components.

ing ISR, continuum e+e− annihilation and two-photon
events with a final state different from the one stud-
ied, may produce irreducible peaking-background events,
containing real ηc(1S), ηc(2S), χc0(1P ) or χc2(1P ).
Well-reconstructed signal and J/ψ ISR background are
expected to peak at pT ∼ 0 GeV/c. Final states with
similar masses are expected to have similar pT distribu-
tions. Non-ISR background processes are expected to
have a nearly flat pT distribution. To estimate the num-
ber of such events, we fit the invariant mass distribution
in intervals of pT , thus obtaining the signal yield for each
resonance as a function of pT . The signal yield distribu-
tion is then fitted using the signal pT shape from MCT
events plus a flat background. The yield of peaking-
background events, originating from ψ radiative decays
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Table II represent the sum in quadrature of all the contri-
butions listed in Table III. The signal for the !ð1DÞ is
marginal, and therefore systematic uncertainties on its
related measurements are not listed in the table. The sig-
nificances of the hbð1PÞ and hbð2PÞ signals, with system-
atic uncertainties accounted for, are 5:5! and 11:2!,
respectively.

The measured masses of hbð1PÞ and hbð2PÞ
are M ¼ ð9898:2þ1:1þ1:0

%1:0%1:1Þ MeV=c2 and M ¼ ð10259:8&
0:6þ1:4

%1:0Þ MeV=c2, respectively. Using the world average
masses of the "bJðnPÞ states, we determine the
hyperfine splittings to be "MHF ¼ ðþ1:7& 1:5Þ and
ðþ0:5þ1:6

%1:2Þ MeV=c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for eþe% !
!ð5SÞ ! hbðnPÞ#þ#% to that for eþe% ! !ð5SÞ !
!ð2SÞ#þ#%. To determine the reconstruction efficiency,
we use the results of resonant structure studies reported in
Ref. [12] that revealed the existence of two charged

bottomoniumlike states, Zbð10610Þ and Zbð10650Þ,
through which the #þ#% transitions we are studying pri-
marily proceed. These studies indicate that the Zb most
likely have JP ¼ 1þ, and therefore in our simulations the
#þ#% transitions are generated accordingly. To estimate
the systematic uncertainty in our reconstruction efficien-
cies, we use Monte Carlo samples generated with all
allowed quantum numbers with J ' 2.
We find that the reconstruction efficiency for the !ð2SÞ

is about 57% and that those for the hbð1PÞ and hbð2PÞ
relative to that for the !ð2SÞ are 0:913þ0:136

%0:010 and
0:824þ0:130

%0:013, respectively. The efficiency of the R2 < 0:3
requirement is estimated from data by measuring signal
yields with R2 > 0:3. For !ð2SÞ, hbð1PÞ, and hbð2PÞ
we find 0:863& 0:032, 0:723& 0:068, and 0:796&
0:043, respectively. From the yields and efficiencies

FIG. 3 (color online). The inclusive Mmiss spectrum with the combinatoric background and K0
S contribution subtracted (points with

errors) and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

TABLE II. The yield, mass, and statistical significance from
the fits to the Mmiss distributions. The statistical significance is
calculated from the difference in "2 between the best fit and the
fit with the signal yield fixed to zero.

Yield, 103 Mass, MeV=c2 Significance

!ð1SÞ 104:9& 5:8& 3:0 9459:4& 0:5& 1:0 18:1!
hbð1PÞ 50:0& 7:8þ4:5

%9:1 9898:2þ1:1þ1:0
%1:0%1:1 6:1!

3S ! 1S 55& 19 9973.01 2:9!
!ð2SÞ 143:7& 8:7& 6:8 10 022:2& 0:4& 1:0 17:1!
!ð1DÞ 22:4& 7:8 10 166:1& 2:6 2:4!
hbð2PÞ 83:9& 6:8þ23:

%10: 10 259:8& 0:6þ1:4
%1:0 12:3!

2S ! 1S 151:3& 9:7þ9:0
%20: 10 304:6& 0:6& 1:0 15:7!

!ð3SÞ 45:5& 5:2& 5:1 10 356:7& 0:9& 1:1 8:5!

TABLE III. Absolute systematic uncertainties in the yields and
masses from various sources.

Polynomial
order

Fit
range

Signal
shape

Selection
requirements

N½!ð1SÞ), 103 &1:4 &1:7 &2:0 * * *
N½hbð1PÞ), 103 &2:4 &3:6 þ1:2

%8:0 * * *
N½!ð2SÞ), 103 &3:4 &3:2 &5:0 * * *
N½hbð2PÞ), 103 &2:2 &2:6 þ23:

%9:0 * * *
N½2 ! 1), 103 &3:0 &8:0 þ0

%18 * * *
N½!ð3SÞ), 103 &1:0 &3:0 &4:0 * * *
M½!ð1SÞ), MeV=c2 &0:04 &0:06 &0:03 &0:18
M½hbð1PÞ), MeV=c2 &0:04 &0:10 þ0:04

%0:20
þ0:20
%0:30

M½!ð2SÞ), MeV=c2 &0:02 &0:08 &0:06 &0:03
M½hbð2PÞ), MeV=c2 &0:10 &0:20 þ1:0

%0:0 &0:08
M½2 ! 1), MeV=c2 &0:20 &0:10 &0:06 &0:10
M½!ð3SÞ), MeV=c2 &0:15 &0:24 &0:10 &0:20

PRL 108, 032001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

20 JANUARY 2012

032001-5

BELLE hb(1P) and hb(2P): at Υ(5S)

http://dx.doi.org/10.1103/PhysRevLett.108.032001
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Initial Upsilon Lessons	

!

Requires one new quark species 
Interquark interaction is flavor-independent 

Potential shape measured 
Υ(4S) is a fountain of B mesons 

Υ decays allow new-particle searches 
Υ(5S) a source of Bs mesons 

…
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Anticipating Bc (1994)
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Bc’ (6842 ± 7)
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Lattice QCD now:

!1þ"1"
Bc

¼ 410ð13Þð1Þ MeV; (25)

where the first error is from the fit and the second is from
NRQCD systematics.

VI. DISCUSSION

The results obtained here agree well with existing ex-
periment and set improved levels of accuracy from a lattice
QCD calculation.

It is important to compare to other lattice QCD calcu-
lations as well as to experiment because different lattice
QCDmethods have different systematic errors, particularly

if they use a different formalism for the quarks. Agreement
then gives improved confidence in the error analysis. In
Figs. 15 and 16 we compare the existing results for the
masses of theBs andBc mesons from lattice QCD, in which
the quark masses are fixed from bottomonium, the !c, and
the !s. The comparison includes results from two very
different formalisms for the b quark: the NRQCD formal-
ism used here and in [9] and the HISQ formalism
in which an extrapolation up to the b quark mass is
made from lighter masses on lattices with a range of lattice
spacings [10,11]. The agreement between the different
methods is good, within their total errors of around 10MeV.

VII. CONCLUSIONS

We have presented results for the B meson spectrum
using a perturbatively improved NRQCD action, very high
statistics, and gluon field configurations with an improved
gluon action and including 2þ 1þ 1 flavors of HISQ
sea quarks. We have improved upon and extended the
previous results in Ref. [9] and, combined with our study
of the Upsilon spectrum in Ref. [3], we have shown that our
improved action gives accurate meson masses across a
wide range of heavy mesons. Where we can compare, we
see no significant differences with the results of [9], so that
the inclusion of c quarks in the sea has not produced any
noticeable changes.
The strongest improvement from our reduced systematic

errors can be seen in the hyperfine splittings that were
previously dominated by missing radiative corrections.
Our errors are now 3–6MeV, giving an even more stringent
test against experiment than for the bottomonium hyper-
fine splitting. The high statistics used in our calculation

B
c 

1+
 - 

1-   (
G

eV
)

a2 fm2

Set 3
Set 4
Set 5

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  0.005  0.01  0.015  0.02  0.025

FIG. 14 (color online). Fit and lattice data on the fine and
coarse ensembles for the splitting !1þ"1"
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FIG. 15 (color online). A comparison of results for the Bs

meson mass from different formalisms for the b quark in lattice
QCD. The experimental average value is given at the top with
accompanying vertical lines.
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FIG. 16 (color online). A comparison of results for the Bc

meson mass from different formalisms for the b quark in lattice
QCD. In each case the result from the hh method is given above
the result for the hs method. The experimental average value is
given at the top with accompanying vertical lines.
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Quarkonium production: many scales 
MQ, ΛQCD, factorization, renormalization, … 

and multiple mechanisms 
direct, via P-states, fragmentation, B decay …

Important instrumental development: CDF SVX 
separate prompt component 

begin controlled polarization studies
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Effective field theories: NRQCD, pNRQCD 
!

Caswell & Lepage, “Effective lagrangians for bound state 
problems in QED, QCD, and other field theories” 
!

Applications to Lattice QCD, prefigured SCET 
!
Bodwin, Braaten, Lepage, “Rigorous QCD analysis of inclusive 
annihilation and production of heavy quarkonium” 
!
Brambilla, Pineda, Soto, Vairo, “Potential NRQCD: an effective 
theory for heavy quarkonium”

http://dx.doi.org/10.1016/0370-2693(86)91297-9
http://dx.doi.org/10.1103/PhysRevD.51.1125
http://10.1016/S0550-3213(99)00693-8
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Quarkonium as a tool: 
Determining parameters of QCD Lagrangian 

that we will need to make the most of 
precision Higgs-boson studies

Refs. a b c

http://dx.doi.org/10.1103/PhysRevD.78.054513
http://dx.doi.org/10.1103/PhysRevD.80.074010
http://dx.doi.org/10.1103/PhysRevD.90.074038
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Quarkonium as a tool: 
Determining parameters of QCD Lagrangian 

that we will need to make the most of 
precision Higgs-boson studies

Higgs-boson couplings to fermions: 
only have evidence for 3rd generation, t, b, τ

Refs. a b c

http://dx.doi.org/10.1103/PhysRevD.78.054513
http://dx.doi.org/10.1103/PhysRevD.80.074010
http://dx.doi.org/10.1103/PhysRevD.90.074038
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Quarkonium as a tool: 
Melting quarkonium in hot mediaVolume 178, number 4 PHYSICS LETTERS B 9 October 1986 

J/c/SUPPRESSION BY QUARK-GLUON PLASMA FORMATION ~ 

T. MATSUI 
Center for Theoretical Physics, Laboratory for Nuclear Science, Massachusetts Institute of Technology, 
Cambridge, MA 02139, USA 

and 

H. SATZ 
Fakultiit J~r Physik, Universitdt Bielefeld, D-4800 Bielefeld, Fed. Rep. Germany 
and Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA 

Received 17 July 1986 

If high energy heavy ion collisions lead to the formation of a hot quark-gluon plasma, then colour screening prevents ce binding 
in the deconfined interior of  the interaction region. To study this effect, the temperature dependence of  the screening radius, as 
obtained from lattice QCD, is compared with the J/q/radius calculated in charmonium models. The feasibility to detect this effect 
clearly in the dilepton mass spectrum is examined. It is concluded that J/~, suppression in nuclear collisions should provide an 
unambiguous signature ofquark-gluon plasma formation. 

Statistical QCD predicts that strongly interacting 
matter should at sufficiently high density undergo a 
transition from hadronic matter to quark-gluon 
plasma ~ . It is hoped that energetic nuclear colli- 
sions will allow us to study this transition in the lab- 
oratory :2. The experimental detection of plasma 
formation thus becomes crucial: what observable sig- 
natures does the predicted new form of matter 
provide? 

Signatures proposed so far include ~3 real or virtual 
photons, the Pa- distribution of secondary hadrons, 
and the relative production rate of strange particles. 
Non-thermal processes as well as uncertainties in the 
plasma evolution do, however, lead to considerable 
ambiguity for the signals considered up to now. We 
want to present here another type of signature for 
plasma formation, which directly reflects deconfine- 
ment and appears to provide a rather clear and 
model-independent test. 

* This manuscript has been authored under contract number DE- 
AC02-76CH00016 with the US Department of Energy. 

:~ For a recent survey see ref. [ 1 ]. 
:2 Fora recent survey see ref. [2]. 
:3 For surveys see ref. [ 3 ]. 
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The basic mechanism for deconfinement in dense 
matter is the Debye screening of the quark colour 
charge [4]. When the screening radius rD becomes 
less than the binding radius rH of the quark system, 
i.e., less than the hadron radius, the confining force 
can no longer hold the quarks together and hence 
deconfinement sets in. We shall investigate here the 
effect of such a deconfining medium on the binding 
ofc  and e quarks into J/~u mesons. 
The temperature dependence of the colour screening 
radius was recently studied in SU (2) [ 5 ] and SU (3) 
[6] gauge theory. There, one considers the interac- 
tion of a static quark-antiquark system in a purely 
gluonic thermal environment. The absence of 
dynamical quarks does, of course, change the screen- 
ing phenomenon considerably [ 5 ]: since the quarks 
transform according to the fundamental representa- 
tion of the colour gauge group and the gluons accord- 
ing to the adjoint, the quark colour charge cannot be 
screened directly. Nevertheless, the quark interac- 
tion is mediated by gluons, and at high temperature 
the dominant contribution will come from the 
exchange of one gluon, made massive by gluonic col- 
our screening. Moreover, we expect that the intro- 

0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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granularity of the tracker, the muon pT measurement based
on information from the tracker alone has a resolution
between 1 and 2% for a typical muon in this analysis.

The CMS apparatus also has extensive forward
calorimetry, including two steel–quartz-fiber Čerenkov
hadron forward calorimeters (HF), which cover the range
2:9< j!j< 5:2. These detectors are used for event selec-
tion and centrality determination in PbPb collisions. The
event centrality observable corresponds to the fraction of
the total inelastic cross section, starting at 0% for the most
central collisions and evaluated as percentiles of the dis-
tribution of the energy deposited in the HF [7,8]. The
centrality classes used in this analysis are 50–100%, 40–
50%, 30–40%, 20–30%, 10–20%, 5–10%, and 0–5%,
ordered from the lowest to the highest HF energy deposit.
Using a Glauber-model calculation as described in Ref. [7],
the average number of nucleons participating in the colli-
sions (Npart) and the average nuclear overlap function (TAA)

have been estimated for each centrality class. The TAA factor
is equal to the number of elementary nucleon-nucleon (NN)
binary collisions divided by the elementary NN cross
section and can be interpreted as the NN-equivalent inte-
grated luminosity per heavy-ion collision, at a given event
centrality [9].

The ! states are identified through their dimuon decay.
The events are selected online with a hardware-based
trigger requiring two muon candidates in the muon detec-
tors. More stringent muon quality requirements are
imposed in the PbPb case relative to the pp online selec-
tion. No explicit momentum or rapidity thresholds are
applied at trigger level. For the PbPb data, events are
preselected offline if they contain a reconstructed primary
vertex comprising at least two tracks, and the presence of
energy deposits larger than 3 GeV in at least three towers in
each of the two HF calorimeters. These criteria reduce
contributions from single-beam interactions, ultraperiph-
eral electromagnetic interactions, and cosmic-ray muons.

Muons are reconstructed by matching tracks in the muon
detectors and silicon tracker. The same offline reconstruc-
tion algorithm and selection criteria are applied to the PbPb
and pp data samples. The muon candidates are required to
have a transverse (longitudinal) distance of closest
approach to the event vertex smaller than 3 (15) cm.
Muons are only kept if the part of their trajectory in the
tracker has 11 or more hits and the "2 per degree of
freedom of the combined and tracker-only fits is lower
than 20 and 4, respectively. Pairs of oppositely charged
muons are considered dimuon candidates if the "2 fit
probability of the tracks originating from a common vertex
exceeds 5%. This removes background arising primarily
from the displaced, semileptonic decays of charm and
bottom hadrons. Only muons with pT > 4 GeV=c are con-
sidered, as in Ref. [5]. The dimuon pT distribution of the
selected candidates extends down to zero and has a mean of
about 6 GeV=c, covering a dimuon rapidity range of jyj<

2:4. The resultant dimuon invariant mass spectra are shown
in Fig. 1 for the PbPb and pp data sets. The three !ðnSÞ
peaks are clearly observed in the pp case; the !ð3SÞ state
is not prominent above the dimuon continuum in PbPb
collisions.
Simulated Monte Carlo (MC) events are used to opti-

mize muon selection cuts and to evaluate efficiencies.
Signal !ðnSÞ events are generated using PYTHIA 6.424

[10], with nonrelativistic quantum chromodynamics matrix
elements tuned by comparison with CDF data [11].
Underlying heavy-ion events are produced with the
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FIG. 1 (color online). Dimuon invariant-mass distributions in
PbPb (top) and pp (bottom) data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The
same reconstruction algorithm and analysis selection are applied
to both data sets, including a transverse momentum requirement
on single muons of pT > 4 GeV=c. The solid (signalþ
background) and dashed (background-only) curves show the
results of the simultaneous fit to the two data sets.
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HYDJET 1.6 [12] event generator. The detector response is
simulated with GEANT4 [13]. The signal candidates are
embedded in the underlying PbPb events, at the level of
detector hits and with matching vertices. The resulting
embedded events are then processed through the trigger
emulation and the full event reconstruction chain.

An extended unbinned maximum likelihood fit to the
two invariant mass spectra shown in Fig. 1 is performed to
extract the!ðnSÞ yields, following the method described in
Refs. [5,14]. The measured mass line shape of each !ðnSÞ
state is parametrized by a ‘‘crystal ball’’ (CB) function, i.e.,
a Gaussian resolution function with the low-side tail
replaced by a power law describing final-state radiation.
The mass differences between the states are fixed to their
world average values [15] and the mass resolution is forced
to scale with the resonance mass. In our previous measure-
ment [5], the signal shape parameters were fixed from MC
simulation, including the mass resolution and CB tail
parameters. The current 20-fold larger PbPb data set allows
these constraints to be released, but the shape parameters
are treated as common for both PbPb and pp data sets via a
simultaneous fit.

The background model for the pp data set consists of a
second-order polynomial, as was used in Ref. [5], while the
larger PbPb data set requires a more detailed background
model. The pT > 4 GeV=c muon selection threshold
causes a depletion of dimuon candidates in the lower
part of the 7–14 GeV=c2 mass fitting range. The PbPb
background model consists of an exponential function
multiplied by an error function describing the low-
mass turn-on. The background parameters are determined
from the fit. This nominal model accurately describes
the mass sidebands in the opposite-sign muon signal sam-
ple, shown in Fig. 1 (top), as well as the alternative
estimates of the shape of the combinatorial background
obtained from like-sign muon pairs or via a ‘‘track-
rotation’’ method. In the latter method [16], the azimuthal
angular coordinate of one of the muon tracks is rotated by
180 degrees.

The ratios of the observed yields, not corrected for
differences in acceptance and efficiency, of the !ð2SÞ
and !ð3SÞ states to the !ð1SÞ state, in the PbPb and pp
data, are

!ð2SÞ=!ð1SÞjpp ¼ 0:56$ 0:13ðstatÞ $ 0:02ðsystÞ;
!ð2SÞ=!ð1SÞjPbPb ¼ 0:12$ 0:03ðstatÞ $ 0:02ðsystÞ;
!ð3SÞ=!ð1SÞjpp ¼ 0:41$ 0:11ðstatÞ $ 0:04ðsystÞ;

!ð3SÞ=!ð1SÞjPbPb ¼ 0:02$ 0:02ðstatÞ $ 0:02ðsystÞ
< 0:07ð95% confidence levelÞ; (1)

where the systematic uncertainty arises from the fitting
procedure, as described below. For the !ð3SÞ to !ð1SÞ
ratio in PbPb, a 95% confidence level (CL) limit is set,
based on the Feldman-Cousins statistical method [17].

The measurement of the ratio of the !ðnSÞ=!ð1SÞ ratios
in PbPb and pp collisions benefits from an almost com-
plete cancellation of possible acceptance or efficiency
differences among the reconstructed resonances. The
simultaneous fit to the PbPb and pp mass spectra gives
the double ratios

!ð2SÞ=!ð1SÞjPbPb
!ð2SÞ=!ð1SÞjpp

¼ 0:21$ 0:07ðstatÞ $ 0:02ðsystÞ;

!ð3SÞ=!ð1SÞjPbPb
!ð3SÞ=!ð1SÞjpp

¼ 0:06$ 0:06ðstatÞ $ 0:06ðsystÞ

< 0:17ð95%CLÞ: (2)

The systematic uncertainties from the fitting procedure are
evaluated by varying the fit function as follows: fixing the
CB tail and resolution parameters to MC expectations,
allowing for differences in these parameters between
PbPb and pp, and constraining the background parameters
with the like-sign and track-rotated spectra. An additional
systematic uncertainty (1%), estimated from MC simula-
tion, is included to account for possible imperfect cancel-
lations of acceptance and efficiency.
The double ratios, defined in Eq. (2), are expected

to be compatible with unity in the absence of suppression
of the excited states relative to the !ð1SÞ state. The mea-
sured values are, instead, considerably smaller than unity.
The significance of the observed suppression exceeds 5!.
In order to investigate the dependence of the suppression

on the centrality of the collision, the double ratio
!ð2SÞ=!ð1SÞjPbPb
!ð2SÞ=!ð1SÞjpp is displayed as a function of Npart in Fig. 2

(top) (see the Supplemental Material [18]). The results are
constructed from the single ratio !ð2SÞ=!ð1SÞjPbPb mea-
sured in bins of PbPb centrality, using the pp ratio as
normalization. The dependence on centrality is not pro-
nounced. More data, in particular more pp collisions, are
needed to establish possible dependences on dimuon kine-
matic variables.
Absolute suppressions of the individual ! states and

their dependence on the collision centrality are studied
using the nuclear modification factor, RAA, defined as the
yield per nucleon-nucleon collision in PbPb relative to that
in pp. The RAA observable,

RAA ¼ Lpp

TAANMB

!ðnSÞjPbPb
!ðnSÞjpp

"pp
"PbPb

; (3)

is evaluated from the ratio of total !ðnSÞ yields in PbPb
and pp collisions corrected for the difference in efficien-
cies "pp="PbPb, with the average nuclear overlap function
TAA, number of minimum-bias (MB) events sampled by
the event selection NMB, and integrated luminosity of the
pp data set Lpp accounting for the normalization. The
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Sequential Υ suppression in PbPb @ LHC
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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 theMbc 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
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2900 3100 3300 3500 3700
MKsKπ (MeV/c2)

0

40

80

E
ve

nt
s/

40
 M

eV
/c

2

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.

VOLUME 89, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER 2002

102001-4 102001-4

Υ(4S) as a tool for charmonium spectrum

http://dx.doi.org/10.1103/PhysRevLett.89.162002


56

Υ(4S) as a tool for charmonium spectrum

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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JPC = 1++; not simple charmonium or anything else?
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The%list%keeps%growing%

Now lots 
of charged 
Zc mesons 

and two 
Zb mesons 

Quarkonium-associated (candidate) states

http://indico.ihep.ac.cn/getFile.py/access?contribId=16&sessionId=5&resId=0&materialId=slides&confId=3867
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Mostly narrow, seen in hadronic transitions or decays 
What are they?	


Quarkonium (+ coupled-channels, thresholds) 
Threshold effects 
New body plans:  

quarkonium hybrids (qq̄g) 
two-quark–two-antiquark states, including 

dimeson “molecules” 
tetraquarks 

diquarkonium 
hadroquarkonium 
and superpositions!

Quarkonium-associated states above flavor threshold

http://indico.cern.ch/event/278195/session/0/contribution/10/material/slides/0.pdf
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“Yesterday’s sensation is today’s calibration 
… and tomorrow’s background.”
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“Heavy quarkonium physics”	
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“QCD & Strongly Coupled Gauge Theories: Challenges and Perspectives”
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