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The Fifth Quark

Discovery of the ϒ and the B meson, 1977–1987.

The discovery of the J/ψ and charmed quark seemed to complete a family of fermions,
(c, s, νµ, µ), entirely analogous to (u, d, νe, e). If this pattern were indicative, then the
τ and its neutrino presaged a new pair of quarks. Both e+e− annihilation and hadronic
production of lepton pairs, the techniques that had uncovered the charmed quark, were
extended in the search for the next quark.

Leon Lederman and his co-workers (Ref. 11.1) pressed the search for peaks in the µ+µ−

spectrum to high energies by studying the collisions of 400 GeV protons on nuclear targets
at Fermilab. Their apparatus was a double-arm spectrometer set to measure µ+µ− pairs
with invariant masses above 5 GeV with a resolution of 2%. Hadrons were eliminated
by using long beryllium filters in each arm. In mid 1977, a clear, statistically significant
µ+µ− peak was observed in the 9.5 GeV region with an observed width of about 1.2 GeV.
A more detailed analysis showed better agreement with two peaks at 9.44 and 10.17 GeV,
respectively, which were given the names ϒ and ϒ ′. It soon became evident that this was
a repetition of the J/ψ and ψ ′ story.

With the help of an energy upgrade, in May 1978 two groups at the DORIS e+e− storage
ring at DESY were able to observe the ϒ in the PLUTO and DASP II detectors. The
results of the experiments are reproduced here (Refs. 11.2, 11.3) and in Figure 11.1. The
determination of the mass of the resonance was greatly improved with the result Mϒ =
9.46 ± 0.01 GeV. Moreover, the observed width was limited only by the energy spread of
the beams, so that it was less than 1/100 as much as that observed in hadronic production.
Just as for the J/ψ , it was possible to infer the partial width for ϒ → e+e− from the area
under the resonance curve, with the result �e+e−(ϒ) = 1.3±0.4 keV. Using nonrelativistic
potential models derived from the ψ system and the assumption that the potential was
independent of the quark type, it was possible to predict the wave function at the origin
and thus �e+e−(ϒ) for the cases of charge −1/3 and +2/3. The comparison indicated that
the new quark had charge −1/3 rather than +2/3. The new quark was dubbed the b for
“bottom,” reflecting the practice of writing the quark pairs (u, d) and (c, s) with the charge
−1/3 beneath the charge 2/3 quark. Thus the sixth quark is referred to as t or “top.”
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324 11. The Fifth Quark

Figure 11.1. Measurements of the e+e− cross section at the lower ϒ states. Measurements from
the DASP II experiment at DORIS show (a) the ϒ and (b) the ϒ ′ (Ref. 11.3). Measurements by the
CLEO group at CESR show (c) the ϒ , (d) the ϒ ′, and (e) the ϒ ′′. Discrepancies between the mass
measurements by the two groups were later resolved (Ref. 11.5).

After additional cavities were added to increase the energy of the DORIS ring, DASP II
and the DESY–Heidelberg sodium-iodide and lead-glass detector were able to observe the
ϒ ′ (Refs. 11.3, 11.4). The ϒ ′ − ϒ splitting was found to be very nearly the same as that
for ψ ′ − ψ .

By 1980, the Cornell Electron Storage Ring (CESR) with its two detectors, CLEO and
CUSB, became operational. They both observed the ϒ and ϒ ′, and additional resonances,
ϒ ′′ and ϒ ′′′ (Refs. 11.5, 11.6, 11.7, 11.8). The first three states, with masses 9.460, 10.023,
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11. The Fifth Quark 325

and 10.355 GeV, are narrow, with observed widths consistent with the beam spread of the
machine. They are analogous to the ψ and ψ ′, and correspond to 13S1, 23S1, and 33S1

states of a bb system. Figure 11.1 shows the ϒ and ϒ ′ as observed by DASP II and the
ϒ , ϒ ′, and ϒ ′′ as observed by CLEO. The ϒ ′′′ at 10.577 GeV is a broader state, like the
ψ(3772) = ψ ′′, and is interpreted as the 43S1 state, lying above the threshold for B B
production, where B represents a meson containing a b quark and a u or d quark. Thus

B+ = bu, B0 = bd, B− = bu, B
0 = bd.

The existence of a series of s-wave bound states required that there be p-wave states
as well. These were observed through radiative transitions from the s-wave states, ϒ ′ →
χbγ , where χb represents a C = +1, P = +1 p-wave state. Evidence was obtained from
the inclusive photon spectrum, ϒ ′ → γ + anything, and from the cascade ϒ ′ → γχb,
χb → γϒ , ϒ → l+l−, where l represents e or µ. Measurements were carried out by
CUSB and CLEO at CESR and by the Crystal Ball at DORIS II after the detector was
shipped from Stanford to Hamburg. In Figure 11.2 some results from the Crystal Ball
are shown.

What is the role of the b quark in weak interactions? Beta decay is described at the
quark level by the transition d → ue−ν. Positron emission is the result of u → de+ν.
The strangeness-changing semileptonic weak decays (e.g. � → peν) are described by
s → ue−ν whose inverse is u → se+ν. The Cabibbo hypothesis is that the weak current
is really u → (cos θcd + sin θcs). As discussed in Chapter 9, the introduction of a fourth

Figure 11.2. The photon spectrum from ϒ ′ decays obtained by the Crystal Ball Collaboration at
DORIS II. A triplet of lines corresponding to ϒ ′ → γ χb(3 P2,1,0) is seen between 100 and 200
MeV. The decays χb → γ ϒ produce the unresolved signal between 400 and 500 MeV [R. Nernst et
al., Phys. Rev. Lett. 54, 2195 (1985)].
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326 11. The Fifth Quark

quark makes the Cabibbo angle into a rotation, with the current described by

(
u c

) (
cos θc sin θc

− sin θc cos θc

) (
d
s

)
. (11.1)

The V-A structure γµ(1 − γ5) has been suppressed for clarity. The 2 × 2 matrix can be
viewed either as a rotation of the charge −1/3 quarks or of the charge +2/3 quarks, though
by convention it is usually the charge −1/3 quarks that are subjected to rotation.

With the discovery of the b quark it was apparent that the Cabibbo matrix would have to
be expanded to a 3×3 matrix. Indeed this possibility had been anticipated by M. Kobayashi
and T. Maskawa before the discovery of even the charmed quark. They observed that if
there were a third generation, that is a third pair like (u, d) and (c, s), the 3 × 3 mixing
matrix would allow for CP violation.

In order to provide for CP violation, we need a complex term in the interaction J †
µ Jµ

where Jµ = UγµV (1 − γ5)D is the weak current. If there are n families, U represents the
column of n charge +2/3 quarks and D the column of n charge −1/3 quarks. The matrix
V is unitary and has n2 complex or 2n2 real parameters. Unitarity imposes the conditions
Vij V ∗

kj = δik , which give n(n − 1)/2 complex constraints for i �= k and n real constraints

for i = k. Altogether there are n2 remaining free parameters in V .
It is possible to eliminate some of the complex phases in V by redefining the phases

of the 2n quark fields. Changing all of the fields by the same phase changes nothing so
2n − 1 phases from V can be eliminated in this way. Thus the number of real parameters
characterizing V is n2 − 2n + 1 = (n − 1)2. For two families this gives just one parameter,
which is the Cabibbo angle. For three families there are four parameters. Now if V were
purely real it would be a 3×3 rotation matrix, which is determined by three real parameters.
Thus the fourth parameter of V must necessarily introduce a complex component into V ,
one that cannot be absorbed into a redefinition of the quark fields.

We can represent the Cabibbo–Kobayashi–Maskawa (CKM) matrix by

[
u c t

]
 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





 d

s
b


 . (11.2)

In principle, the squares of the various matrix elements can be measured by observing a
variety of weak decays. The comparison of nuclear beta decay and muon decay indicates
|Vud | ≈ 0.97, while the strangeness-changing decays give |Vus | ≈ 0.22. These two are just
cos θc and sin θc in the Cabibbo scheme. The production of charmed particles in neutrino
(or antineutrino) nucleus scattering is proportional to |Vcd |2. Data from the CDHS Col-
laboration led to a value |Vcd | = 0.21 ± 0.03. The decay of mesons containing b quarks
is controlled by Vub and Vcb. The relative size of these elements determines the ratio of
the semileptonic decays �(b → ulν)/�(b → clν). Because of the greater phase space
available, the b → ulν decay produces leptons with higher momentum than does b → clν.
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11. The Fifth Quark 327

Figure 11.3. Lepton spectra for semileptonic B meson decays. Left, CUSB data from CESR together
with the curves expected for (A) b → ceν, (B) b → ueν, and (C) b → cX , c → seν [C. Klopfenstein
et al., Phys. Lett. 130B, 444 (1983)]. Right, data from CLEO, also taken at CESR. The upper figure
is for electrons and the lower for muons. The solid curves are predictions without any b → ulν
while the dotted curves are predictions for purely b → ulν [A. Chen et al., Phys. Rev. Lett. 52, 1084,
(1984)]. All the figures indicate that �(b → clν) >> �(b → ulν). This Cabibbo–Kobayashi–
Maskawa suppression is analogous to the Cabibbo suppression observed in the decays of charmed
particles to states without strangeness.

In Figure 11.3 we show data from CUSB and CLEO for the lepton spectra. The evidence
overwhelmingly supports b → clν as the dominant mode. Data indicated that

�(b → ulν)

�(b → clν)
< 0.08. (11.3)

Correcting for the difference in phase space available for the two modes gives

|Vub/Vcb| < 0.22. (11.4)

Actual identification of B meson decays promised to be a formidable task, even though
some lessons had been learned from the study of charm. By focusing on the 43S1 ϒ ′′′ it was
possible to obtain a good sample of ϒ(4S) → B B events (Ref. 11.9). The technique used
was to identify candidates for D0 s and D∗+ s, using only entirely charged decay modes,
and combine these with either one or two charged pions. In analogy with the fundamen-
tal decay c → s leading to D+ → K −π+π+, the transition b → c produces B− →
D+π−π−, D∗+π−π−. The combinations B → Dπ and B → Dππ were required to
produce B s with energy equal to the beam energy since the decay is ϒ(4S) → B B. An
accumulation of events for mass near 5.275 GeV suggested the observation of exclusive B
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328 11. The Fifth Quark

decays. Ultimately the branching fractions for these modes were determined to be an order
of magnitude or more smaller than in this first report.

The CUSB Collaboration observed photons of energy about 50 MeV associated with B B
production at energies above the ϒ(4S), which they ascribed to the production of B∗B and
the subsequent decay B∗ → Bγ . The splitting between the spin-1 B∗ and the pseudoscalar
B was determined to be 52±2±4 MeV. Some of the CUSB data are shown in Figure 11.4.
Precision measurements later by CUSB and CLEO and by the LEP experiments, to be
discussed in Chapter 12, refined the mass difference to 45.78 ± 0.35 MeV.

Semileptonic decays were exploited in several experiments to obtain B-enriched sam-
ples of events for B lifetime measurements. The Mark II Collaboration at PEP built a
vertex detector using a precision drift chamber located close to the interaction point, which
allowed measurements of the distance of closest approach of the lepton tracks to the
beam–beam collision region. The experiment found a B lifetime of 1.2+0.45

−0.36 ± 0.30 ps.

Figure 11.4. The photon energy spectrum obtained by the CUSB Collaboration for events with high
energy leptons and thrust less than 0.88 (indicative of events more spherical than the ordinary two-jet
events produced in e+e− annihilation). These criteria signal the presence of B mesons. The e+e−
c.m. energy for the solid histogram in (a) is 10.62 – 25 GeV, above the B∗B threshold. The dotted
histogram in (a) was taken at the ϒ(4S), below the B∗B threshold. In (b) the spectrum with the
background subtracted shows a line near 50 MeV, ascribed to B∗ → Bγ [K. Han et al., Phys. Rev.
Lett. 55, 36 (1985)].
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11. The Fifth Quark 329

A contemporaneous measurement by the MAC experiment at PEP found a similar result:
1.8±0.6±0.4 ps. The surprisingly large value was confirmed subsequently by the DELCO
experiment at PEP and TASSO and JADE experiments at PEP and PETRA. This unexpect-
edly long lifetime indicated that the Vcb matrix element is quite small, between 0.030 and
0.062. From the unitarity of the KM matrix, we conclude that |Vcd |2 +|Vcs |2 +|Vcb|2 = 1,
so |Vcs | ≈ 0.97, assuming there are just three generations.

The pattern of decreasing CKM matrix elements – diagonal, first generation to second
generation, second generation to third generation, first generation to third generation – led
Lincoln Wolfenstein to propose a particularly convenient representation for the the matrix:

V =

 1 − λ2/2 λ λ3 A(ρ − iη)

−λ 1 − λ2/2 λ2 A
λ3 A(1 − ρ − iη) −λ2 A 1


 (11.5)

where λ, ρ, η, and A are real parameters. This satisfies unitarity up to corrections of order
λ4 in the imaginary part and of order λ5 in the real part.

The CKM picture predicts that the dominant B meson decays are due to b → cud and
b → ccs. The CLEO Collaboration at CESR and ARGUS Collaboration at the DORIS
storage ring at DESY identified decay modes modes of both categories. Each of the numer-
ous final states of the form Dπ , D∗π , D∗ππ , etc. accounts for less than 2% of the total,
but together they constitute the vast majority of decays. The final state like cdcs can appear
as D+ D−

s or alternatively as J/ψK 0, and similar states with additional pions. The decay
to J/ψK 0

S with a branching fraction of about 0.45 × 10−3 has a spectacular signal when
the J/ψ decays to e+e− or µ+µ− and was destined to play a central role in future studies.

An upgraded detector, CLEO II, featured greatly improved tracking and particle iden-
tification. As the number of accumulated events increased, it became possible to search
for rarer decays. Of particular importance was the observation in 1993 of B0 → K ∗0γ

and B+ → K ∗+γ (Ref. 11.10). The decay B → Kγ is forbidden since the final state
necessarily has a component of angular momentum along the γ direction of ±1. The sig-
nal was isolated by requiring the photon to have a laboratory energy between 2.1 GeV
and 2.9 GeV and demanding that there be a Kπ with an invariant mass consistent with
that of the K ∗. The dominant background, from non B − B events, was suppressed by
excluding events with a two-jet appearance, characteristic of the production of lower mass
quarks. The final signals were 6.6 ± 2.8 events in the B0 → K ∗0γ channel and 4.1 ± 2.3
in the B+ → K ∗+γ channel, resulting in branching fractions (4.0 ± 1.7 ± 0.8) × 10−5

and (5.7 ± 3.1 ± 1.1) × 10−5. The significance of these decays is that they establish the
existence of the whimsically named “penguin” process, shown in Fig. 11.5.

The discovery of the b quark provided an excellent opportunity to test the models pro-
posed to explain the phenomena associated with the charmed quark. These tests have been
quite successful in a qualitative and semiquantitative way. The general spacing of bound-
state levels in the two systems can be understood from a single potential. The systematics
of the fine structure (the splitting of the p-wave states) is in accord with expectations. The
rates for radiative decays are in general agreement with the nonrelativistic model. The b
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330 11. The Fifth Quark

Figure 11.5. A penguin process, in which the decaying quark emits a W boson, then reabsorbs it,
is responsible for the class of decays b → sγ , and in particular for B → K ∗γ . Analogous decays
occur with the γ replaced by a gluon. Since the gluon carries no isospin, the penguin process s → dg
is purely �I = 1/2 and explains, in part, the �I = 1/2 rule. All charge 2/3 quarks contribute to the
loop, but the t quark makes the dominant contribution because of its large mass.

quark provided, as well, a possible explanation for CP violation through the complex phase
in the Cabibbo–Kobayashi–Maskawa matrix.

Exercises

11.1 Suppose the quark–antiquark potential obeys the power law V (r) = arν . Show that
the binding energies vary with the quark mass as E ∝ m−ν/(ν+2) and that the density
at the origin |φ(0)|2 for an s-wave state varies as m3/(ν+2). Given that the splitting
ϒ ′ − ϒ is nearly identical to that for ψ ′ − ψ , predict �(ϒ → e+e−) from �(ψ →
e+e−) if the charge of the new quark is −1/3 or is +2/3.

11.2 Show that |φ(0)|2, the s-wave wave function at the origin squared, is related to the
average force by

|φ(0)|2 = m

2π
< F > .

Hint: write the Schrödinger wave equation for the radial wave function, u and multi-
ply by u′. Integrate the result from r = 0 to r = ∞.

11.3 Use the results of Exercise 6.5 to determine the e− spectrum in the decays b → ce−ν,
b → ue−ν. Take mb = 5 GeV, mc= 1.5 GeV, mu= 0.3 GeV.

11.4 * Suppose that the bb or cc interaction can be represented approximately by a non-
relativistic Schrödinger equation:

[
− 1

2mred
∇2 + V (r)

]
ψ = Eψ

where mred = m/2 is the reduced mass. Then the energy levels are spin-independent
so 3S1 and 1S0 are degenerate, as are 3 P2,1,0 and 1 P1, etc. Now consider as perturba-
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11. The Fifth Quark 331

tions the spin dependent forces

L · S Vso(r)

σ1 · σ2 Vspin−spin(r)

3 σ1 · r σ2 · r − σ1 · σ2r2

r2 Vtensor(r) ≡ S12Vtensor(r).

Here S = 1
2 (σ1 + σ2) is the total spin, and σ1 and σ2 are the quark and antiquark

spin operators.

a. Which degenerate states are split by each of the interactions? Which nondegener-
ate state are mixed by the interactions?

b. Use the relations (try to prove them, too)

< J, L = J + 1, S = 1, M|S12|J, L = J + 1, S = 1, M >= −2
L + 1

2L − 1
< J, L = J, S = 1, M|S12|J, L = J, S = 1, M >= +2

< J, L = J − 1, S = 1, M|S12|J, L = J − 1, S = 1, M >= −2
L

2L + 3

to analyze the observed splittings of the 3 P states in the ϒ and ψ systems. Here
|J, L, S, M > is a state with total angular momentum J , orbital angular momen-
tum L, total spin angular momentum S, and JZ = M . [See J. D. Jackson, “Lec-
tures on the New Particles” in Proc. of Summer Institute on Particle Physics,
Stanford, CA, Aug. 2-13, 1976, M. Zipf, ed.]

11.5 * The relation between the standard relativistic Lorentz invariant amplitude, M, (the
usual Feynman rules generate −iM) and the conventional scattering amplitude of
potential theory is

f = − 1

8π
√

s
M

where s is the square of the center-of-mass energy. The center-of-mass differential
cross section is dσ/d� = | f |2. In potential theory, the Born value for f is

f = − m

2π

∫
d3re−ip′ ·rV (r)eip·r

where p and p′ are the initial and final momenta. Two body scattering can be treated
analogously with the modification m → mreduced . If the particles have spin 1/2,
we generalize the wave function to ψ(r)χ1χ2, where χ1 and χ2 are two-component
spinors. Thus

f = −mred

2π

∫
d3rχ ′†

2 χ ′†
1 e−ip′·rV (r)eip·rχ1χ2.
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332 11. The Fifth Quark

Suppose M has the form of vector exchange but with some more general dependence
on momentum transfer:

M = u(p4)γµu(p2) u(p3)γ
µu(p1) Ṽ (p1 − p3).

Show that the spin dependent potential is, to leading order

V (r) = V0(r) + 3

2m2

1

r

dV0

dr
L · S + 1

12m2
S12

(
1

r

dV0

dr
− d2V0

dr2

)
+ σ1 · σ2

6m2
∇2V0

where S = 1
2 (σ1 + σ2) is the total spin and

∫
d3r V0(r)eiq·r = Ṽ (q).

Further Reading

For a discussion of the Cabibbo–Kobayashi–Maskawa matrix see the article in the current
edition of the Review of Particle Physics.
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Dimuon production is studied in 400-GeV proton-nucleus co1l!sions. A strong enhance-
ment is observed at 9.5 GeV mass in a sample of 9000 dimuon events with a mass m~+~-
>5 GeV. 

We have observed a strong enhancement at 9.5 
GeV in the mass spectrum of dimuons produced 
in 400-GeV proton-nucleus collisions. Our con­
clusions are based upon an analysis of 9000 di­
muon events with a reconstructed mass m p+p-

greater than 5 GeV corresponding to 1.6x 1016 

protons incident on Cu and Pt targets: 
p + (Cu, Pt)-Il+ + Il- + anything. 

TARGET 

1.5 
1.0 

0 ,5 
~ pwe 

The produced muons are analyzed in a double­
arm magnetic-spectrometer system with a mass 
resolution 11m! m (rms) '" 2%. 

The experimental configuration (Fig. 1) is a 
modification of an earlier dilepton experiment in 
the Fermilab 'Proton Center Laboratory.1-3 Nar­
row targets (- 0.7 mm) with lengths correspond­
ing to 30% of an interaction length are employed. 

o 5 10 15 20 25 30 
METERS 

FIG. 1. Plan view of the apparatus. Each spectrometer arm includes eleven PWC's PI-Pll, seven scintillation 
counter hodoscopes H1-H7, a drift chamber D1 and a gas-filled threshold Cerenkov counter C. Each arm is up! 
down symmetric and hence accepts both positive and negative muons. 
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TABLE I. Yield of muon pairs for various running conditions. 

Analyzing-
magnet No. of 
current First 30 cm incident No. of events 

(A) Target absorber 

1500 Cu Cu 
1500 Pt Cu 
1250 Cu CU 
1250 pt Be 

Beryllium (18 interaction lengths) is used as a 
hadron filter, covering the 50-95-mrad (70_110° 
c.m.) horizontal and ± 10-mrad vertical aperture 
in each arm. The Be is closely packed against 
steel and tungstenwhich minimize particle leak­
age from outside the aperture, especially from 
the tungsten beam dump located 2.2 m downstream 
of the target. Polyethylene (1.5 m) and a 2.2-m 
steel collimator complete the shielding. The 
first 30 cm of beryllium (starting 13 cm down­
stream of the target center) can be remotely ex­
changed for 30 cm of copper. 

The spectrometer dipoles deflect vertically, 
decoupling the production angle of each muon 

IK 

NUMBER OF EVENTS WITH 
5<M< 14GeV 

" ACCIDENTAL" 
PAIRS 

a.) 

300 

100 

50 

1.0",(, 

0.5% 

0.2% 

protons m~+~-~ 5 GeV 

8.1 x 1015 4093 
4.1x 1015 2076 
2.5X 10 15 1~91 

1.6Xl015 911 

from its momentum determination. At full ex­
citation (1500 A), the magnets provide a trans­
verse momentum kick p. '" 1.2 GeV. In order to 
maximize the usable luminosity, no detectors 
are placed upstream of the magnet. Convention­
al proportional wire chambers (PWC's) and scin­
tillation hodoscopes serve to define the muon 
trajectory downstream of the air dipole. Follow­
ing the PWC's is a solid iron magnet (1.8 m long, 
energized to 20 kG) used to refocus partially the 
muons vertically and to redetermine the muon 
momentum to ± 15%. A threshold Cerenkov count­
er on each arm also helps prevent possible low­
momentum muon triggers. The apparatus is ar-

NUMBER OF 
EVENTS WITH 
2.5 <M< 5GeV 

1250A 

ACCEPTANCE 

FQR -O.3<y< +O.3 

b.) 

4 6 8 10 12 14 16 4 6 8 10 12 14 

mass (GeV)-

FIG. 2. (a) Dimuon yield at 1500 and 1250 A; the data with Cu and pt targets have been combined. Also shown is 
the mass spectrum generated by combining two muons from different events. (b) Excess of opposite-sign over 
equal-sign muon pairs in the lji. lji' region. (c) Dimuon mass acceptance for the two excitations of the air dipole . 
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ranged symmetrically with respect to the hori­
zontal median plane in order to detect both /J.+ 
and /J.- in each arm. 

The data sets presented here are listed in Ta­
ble 1. Low-current runs produced -15000 JI1/! 
and 1000 1jJ' particles which provide a test of res­
olution, normalization, and uniformity of re­
sponse over various parts of the detector. Fig­
ure 2(b) shows the 1250-AJI1/! and 1jJ' data. The 
yields are in reasonable agreement with our ear­
lier measurements! 

High-mass data (1250 and 1500 A) were collect­
ed at a rate of 20 events/h for mp+p- > 5 GeV us­
ing (1.5-3)x lO" incident protons per accelerator 
cycle. The proton intensity is limited by the re­
quirement that the singles rate at any detector 
plane not exceed 107 counts/sec. The copper 
section of the hadron filter has the effect of low­
ering the singles rates by a factor of 2, permit­
ting a corresponding increase in protons on tar­
get. The penalty is an - 15% worsening of the res­
olution at 10 GeV mass. Figure 2(a) shows the 
yield of muon pairs obtained in this work. 

At the present stage of the analysis, the follow­
ing conclusions may be drawn from the data [Fig. 
3(a)] : 

(1) A statistically significant enhancement is ob­
served at 9.5-GeV /J.+/J.- mass. 

(2) By exclusion of the 8.8-10.6-GeV region, 
the continuum of /J.+/J.- pairs falls smoothly with 
mass. A simple functional form, 

with A = (1.89± 0.23)X 10- 33 cm2/GeV /nucleon and 
b=0.98±0.02 GeV- 1, gives a good fit to the data 
for 6 GeV <m~+p_ < 12 GeV (X' = 21 for 19 degrees 
of freedom).4,5 

(3) In the excluded mass region, the continuum 
fit predicts 350 events. The data contain 770 
events. 

(4) The observed width of the enhancement is 
greater than our apparatus resolution of a full 
width at half-maximum (FWHM) of 0.5±0.1 GeV. 
Fitting the data minus the continuum fit [Fig. 
3(b)] with a simple Gaussian of variable width 
yields the following parameters (B, is the branch­
ing ratio to two muons): 

Mass=9.54±0.04 GeV, 

[Bdu/dy 1,=0= (3.4± 0.3)X 10- 37 cm2/nucleon, 

with FWHM=1.16±0.09 GeVand X2 =52 for 27 
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FIG. 3. (a) Measured dimuon production cross sec­
tions as a function of the invariant mass of the muon 
pair. The solid line is the continuum fit outlined in the 
text. The equal-sign-dimuon cross section is also 
shown. (b) The same cross sections as in (a) with the 
smooth exponential continuum fit subtracted in order to 
reveal the 9-10-GeV region in more detail. 

degrees of freedom (Ref. 5). An alternative fit 

with two Gaussians whose widths are fixed at the 
resolution of the apparatus yields 

Mass=9.44±0.03 and 1O.17±0.05 GeV, 

[Bdu/dy].=o= (2.3± 0.2) and (0.9± 0.1) 

x 10- 37 cm2/nucleon, 

with i = 41 for 26 degrees of freedom (Ref. 5). 
The Monte Carlo program used to calculate the 

acceptance [see Fig. 2(c)] and resolution of the 
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apparatus assumed a mass, PI' rapidity and de­
cay angular distribution of the 11+ 11- pair consis­
tent with these data and previously published di­
lepton searches. It also included all multiple­
scattering effects in the hadron absorber and de­
tector resolutions. The conclusions stated above 
are insensitive to these assumptions. In particu­
lar we note that the acceptance is relatively flat 
in the 9-10-GeV region. 

The following checks have been made to verify 
the validity of the conclusions reached above: 

(1) The spectrum of 11+11+ and 11-11- events in 
Fig. 3(a) constitute an upper limit on the com­
bined effects of accidental coincidences and had­
ronic decays. Misidentified 1J; - 11+ + 11- decays 
are prevented from produCing background at high 
mass by the remeasurement of the muon momen­
ta both downstream by the second magnet and al­
so by the PWC at the center of the first magnet. 
This is confirmed by the clean separation of the 
1J; and 1J;' peaks in Fig. 2(a). Their widths agree 
with the calculated apparatus resolution. 

(2) Various subsets of the data were studied in 
order to search for possible apparatus bias. In 
addition to the subsets shown in Table I, data 
were studied as a function of magnet polarity and 
magnetic bend direction. All fits showed en­
hancements consistent with the values quoted 
above. 

(3) To check our analysis software (and as a 
further check of the apparatus), we mixed muons 
from different events, yielding the smooth mass 
spectrum shown in Fig. 2(a). The geometrical 
distribution of events in the 9-10-GeV region at 
the various detector planes in the apparatus is 
consistent with that of events in neighboring mass 
bins. 

(4) The longitudinal distribution of muon-pair 
vertices at the target (FWHM = 16 cm) is cleanly 
separated from events generated in the beam 
dump, 220 cm downstream. A separate target­
out run with 6x 1014 incident protons produced no 
acceptable 11+ 11- candidates above 6 GeV (an equiv­
alent run with a Cu or pt target would have yield-

ed about 200 events with 25 of these in the 9-10-
GeV region). 

In conclusion, the measured spectrum of 11+11-
pairs produced in proton-nucleus collisions shows 
Significant structure" in the 9-10-GeV region on 
an exponentially falling continuum. The struc­
ture is wider than the apparatus resolution. The 
9.5-GeV enhancement and the continuum are in 
agreement with our previous measurements. 7 

We owe much to Ken Gray, Karen Kephart, 
Frank Pearsall, and S. Jack Upton for technical 
aSSistance, and to F. William Sippach for our 
electronic systems design. We also thank Brad 
Cox, William Thomas, and the staffs of the Fer­
milab Proton Department and Accelerator Divi­
sion for their efforts. The work at Columbia Uni­
versity and at the State University of New York 
at Stony Brook was supported by the National Sci­
ence Foundation, and that at the Fermi National 
Accelerator Laboratory by the U. S. Energy Re­
search and Development Administration. 

(a)Permanent address : Foundation for Fundamental 
Research on Matter, The Netherlands. 

tn. C. Hom et al., Phys. Rev. Lett. 36, 1236 (1976). 
:H. D. Snyder et al., Phys. Rev. Lett."36, 1415 (1976). 
4 D. C. Hom et al., Phys. Rev. Lett. 37, 1374 (1976). 
Cu and pt yields were reduced to cross sections per 

nucleon by assuming an atomic-number dependence of 
A t •a• 

'The errors quoted on the magnitude of the continuum 
and resonance cross sections and the resonance masses 
are statistical only. Systematic normalization effects 
are probably less than 25% and do not affect the conclu­
sions drawn here. Systematic errors on the mass cali­
bration are probably less than 1%. 

6Following Ref. 1, a reasonable designation for this 
enhancement is 'I(9.5). 

'We note that the 9-10-GeV mass bin in the e+e- and 
I-' +1-' - spectra previously published by this group (Ref. 3) 
shows an excess of events. consistent with the statisti­
cally more significant results here. If we add our pre­
liminary unpublished e+e- data to our published e+e­
yield (Ref. 1), the spectrum contains a cluster of 6 
e + e - events near 9.5 Ge V where - 5 events would be ex­
pected on the assumption of I-'-e universality. 
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OBSERVATION OF A NARROW RESONANCE FORMED IN e+e- ANNIHILATION AT 9.46 GeV 

PLUTO Collaboration 

Ch. BERGER, W. LACKAS , F. RAUPACH, W. WAGNER 
I. Physikalisches Institut der RWTH Aachen, FRG 

G. ALEXANDER 1 , L. CRIEGEE, H.C. DEHNE, K. DERIKUM, R. DEVENISH, G. FLUGGE, G. FRANKE 
Ch. GERKE, E. HACKMACK, P. HARMS, G. HORLITZ, Th. KAHL 2, G. KNIES, E. LEHMANN, 
B. NEUMANN, R.L. THOMPSON 3, U. TIMM, P. WALOSCHEK, G.G. WINTER, 
S. WOLFF, W. ZIMMERMANN 
Deutsches Elektronen-Synchrotron DESY, Hamburg, FRG 

O. ACHTERBERG, V. BLOBEL, L. BOESTEN, H. DAUMANN, A.F. GARFINKEL 4, H. KAPITZA, 
B. KOPPITZ, W. LUHRSEN, R. MASCHUW, H. SPITZER, R. van STAA, G. WETJEN 
II. Institut [lir Experimentalphysik der Universititr Hamburg, FRG 

A. BAcKER, J. BURGER, C. GRUPEN, H.J. MEYER, G. ZECH 
Gesamthochschule Siegen, FRG 

H.J. DAUM, H. MEYER, O. MEYER, M. ROSSLER, K. WACKER 
Gesamthochschule Wuppertal, FRG 

Received 9 May 1978 

An experiment using the PLUTO detector has observed the formation of a narrow, high mass, resonance in e+e- annihi­
lations at the DORIS storage ring. The mass is determined to be 9.46 ± 0.01 GeV which is consistent with that of the 
Upsilon. The gaussian width a is observed as 8 ± 1 MeV and is equal to the DORIS energy resolution. This suggests that the 
resonance is a bound state of a new heavy quark-antiquark pair. An electronic width ree = 1.3 ± 0.4 keV was obtained. In 
standard theoretical models, this favors a quark charge assignment of -1/3. 

The existence of the Upsilon particle recently dis­
covered in proton interactions by Herb et aL [11 is of 
considerable interest. Not only is it exceptionally mas­
sive (9.4 GeV), but its observed decay to muon pairs 
implies that it is probably quite narrOw. The observed 
width of about 500 MeV is consistent with their ex-

1 On leave from Tel-Aviv University, Israel. 
2 Now at Max-Planck-Institut fUr Physik und Astrophysik, 

Munchen, Germany. 
3 On leave from Humboldt University, Arcata, CA., USA_ 
4 On leave from Purdue University, W. Lafayette In., USA. 

perimental resolution. The situation is analogous to 
that of the J/VI and suggests that the Upsilon is a 
bound state of a new heavy quark-anti quark pair [21-
We report on an experiment, which has observed the 
formation of the Upsilon, using the PLUTO detector 
at the electron positron storage ring DORIS. It sets a 
substantially lower upper limit on the total width_ 
From our measurement of the Upsilon production 
cross section we obtain ree - its electronic partial 
width. r ee in turn may be used to determine the 
charge of the constituent quark-antiquark pair. 

The energy of the storage ring DORIS has recently 
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(a) (b) 

Fig. 1. Schematic views of the PLUTO detector. Sections (aj perpendicular to and (bj containing the beam axis. 

been upgraded to make possible measurements for cen­
ter of mass energies up to 10 GeV. In order to achieve 
this goal the machine was modified to operate in a sin­
gle ring, single bunch mode. The detector PLUTO [31, 
see fig. I, has also been improved by installing a cylin­
drical array (barrel) of shower counters (8.6 radiation 
lengths) and proportional tubes and by covering the 
ends of the cylindrical detector by a second set of 
shower counters (10.5 radiation lengths) and propor­
tional wire chambers. These improvements bring the 
total gamma and electron coverage to approximately 
94% of 411. Cylindrical proportional wire chambers 
covering 92% of 411 and operating in a field of 1.69 T 
are used for track recognition and momentum measure­
ment. The detector was triggered either by the pres­
ence of tracks in the wire chambers, by sufficient de­
tected energy in the shower counters, or by a combina­
tion of the two. The luminosity was monitored by a 
set of shower counter telescopes which record Bhabha 
scatters at an angle to the beam of about 7°. We find 
good agreement between this monitor and the rate of 
large angle Bhabhas observed in the barrel shower coun­
ters. Reference points were taken at center of mass ener­
gies of 9.20 GeV and 9.30 GeV. The resonance search 
was made from 9.35 GeV upwards in steps of either 5 
or 10 MeV. The average integrated luminosity per 10 
MeV was -20 nb- I . 

244 

In order to obtain substantial background reduction 
and fast feedback during the energy scan we analysed 
in the first off-line pass only those events with energy 
equivalent in the shower counters greater than 2 GeV. 
The bulk of the data reported here are subject to this 
restriction. Cosmic ray background was further reduced 
by making use of the bunch crossing time. 

To obtain the total cross section for hadron produc­
tion, we selected events with at least two charged 
tracks having a vertex within the prescribed interaction 
region. QED events were removed by the combined 
usage of a coplanarity cut and a shower recognition 
algorithm. To remove beam gas interactions cuts were 
imposed on the total visible energy and the missing 
mass in the final state. Remaining beam gas events 
were removed if they showed a substantial excess of 
positive charge . The effect of the energy cut was stud­
ied by analysing a subsample completely. We estimate 
that 51 % of the hadronic events are being detected and 
analysed in the first off-line step. 

Fig. 2 shows the total cross section for hadron pro· 
duction as a function of the center of mass energy . In 
addition to the statistical errors, shown in the figure, 
there is an overall estimated systematic uncertainty of 
20%. Radiative corrections have not been applied. A 
resonance is seen in the region of9.5 GeV. Fitting a 
gaussian to the peak on a I /s background we obtain a 
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Fig. 2. Total crosS section for hadron production in e+e--anni­
hilation as a function of center of mass energy . There is an ad­
ditional systematic error (not shown) of 20%. Contributions 
from the heavy lepton are included. 

mass of 9.46 ± 0.01 GeV. The error in mass comes 
from the 0.1 % uncertainty in the absolute calibration 
of DORIS energy. Our mass value is in agreement with 
the value of 9.40 Ge V measured by Innes et aJ. [I), 
when their quoted systematic uncertainty of less than 
I % is considered [4). The gaussian width u is 7.8 
± 0.9 MeV which is consistent with the theoretically 
estimated energy spread [5) of 8 MeV in the storage 
ring. The actual resonance width is therefore less than 
18 MeV (FWHM). This adds weight to the supposition 
that the Upsilon is a bound state of a new quark-anti­
quark pair. 

The relation between the integral over the cross sec­
tion for resonant hadronic production uh' the reso­
nance massMR , the electronic width r ee , the hadron­
ic width r h , and the total width r tot is given by 

JUh dM= 611 2 reerh. 
M2 r tot 

R 

On the standard assumption that the hadronic width 
dominates the total width, (rh '" r tot) one obtains 
ree directly from the measured integral and the mass. 
Our result is r ee = 0.8 ± 0.2 keV. An estimate of the 
radiative corrections raises this to 1.3 ± 0.4 keY. Mod­
els for quark binding in nonrelativistic potentials re­
late ree to the charge of the constituent quarks. In the 
standard model [6) our measurement implies a charge 
of ~ I /3 for the new heavy quark. 

In summary we have observed the formation of a 
high mass, narrow resonance in e+e - annihilation at 
DORIS. We determine the mass to be (9.46 ± 0.01) 
GeV and therefore associate it with the Upsilon reso­
nance seen by Herb et al. [I). We observe a gaussian 
width of 7.8 MeV which is consistent with the energy 
resolution of the storage ring and supports the inter­
pretation that the Upsilon is a bound state of a new 
heavy quark-antiquark pair. Our determination of ree 

as 1.3 ± 0.4 keY favors an assignment of ~1/3 for the 
charge of the new quark. 

We are grateful to D. Degele and his colleagues at 
DORIS, H. Gerke, K. Holm, R.D. Kohaupt, 
G. Miihlhaupt, H. Ncsemann, S. Piitzold, A. Piwinski, 
R. Rossmanith, K. Wille and A. Wrulich, whose out­
standing efforts made these measurements possible. We 
also wish to thank C. Brown, W. Innes and L. Lederman 
for additional information about systematics of their 
Upsilon mass determination. We are indebted to all the 
service groups which supported the experiment, namely 
the computer center, the synchrotron staff, the gas 
supply group and the vacuum group. Our special 
thanks go to our technicians, those from DESY, 
Hamburg UniverSity and Siegen who have constructed 
most of the detector parts and took care of it during 
running times, and those from the cryogenic group 
who have maintained the superconducting operation 
during all the years. The non-DESY members of the 
PLUTO group want to thank the directorium for sup­
port and hospitality extended to them. 
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OBSERVATION OF A NARROW RESONANCE AT 10.02 GeV IN e+e- ANNIHILATIONS 
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The '1" state has been observed as a narrow resonance atM(T') ; 10.02 ± 0.02 GeV in e+e- annihilations, using aNal 
and lead-glass detector in the DORIS storage ring at DESY. The ratio reerhad/rtot of electronic, hadronic, and total 
widths has been measured to be 0.32 ± 0.13 keV. The parameters of the T particle have also been determined to be M(T) 
; 9.46 ± 0.01 and ree~ad/ rtot ; 1.04 ± 0.28 keV. The mass difference is M(T') - M(T) ; 0.56 ± 0.01 GeV. 

The two massive particles "('(9.4) and "{"(I 0.0) dis­
covered by Herb et al. [1] were produced in 400 GeV 
proton nucleus collisions and were observed in their 
(J.+(J.- decay with a mass resolution of about 200 MeV 
(rms). It was thought that they could be bound states 
of a quark- antiquark pair in analogy to the J/'¥(3.1) 
and ,¥'~3.7) states, but composed of a new type of 
quark. In this context it is essential to establish a nar­
row width, and to measure the mass difference accu­
rately. In the framework of such quarkonium models 
[2], the charge of the new quark is related to the elec· 
tronic partial widths fee which are, therefore, of con­
siderable interest. These quantities can most conven­
iently be determined if the l' resonances are formed in 

I On leave from: Physikalisches Institut der UniversWit, 
WUrzburg, Germany. 

2 On leave from: Institute of Nuclear Physics, Cracow, Poland. 
3 On leave from: Physikalisches Institut der UniversiHit, 

Erl.ngen, Germany. 
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e+e- annihilations, a process expected to occur since 
they decayed into (J.+(J. - . 

This had prompted the efforts of the DORIS ma­
chine group to extend the energy range of the storage 
ring beyond its original limits. DORIS was modified to 
operate as a single-ring single-bunch machine, and in 
April 1978 it had reached energies up to 9.6 GeV. Us­
ing this modified machine the existence of the "{' reso­
nance was confirmed by the PLUTO [3] and DASP II 
[4] groups. The mass of the resonance was found to 
be 9.46 ± 0.01 GeV, and feefhad/ftot was measured 
to be 1.3 ± 0.4 keY. In July 1978 additional cavities 
were installed in the DORIS ring, which allowed a 
search for the 1" resonance expected above 10 GeV. 

Here we present the results of measurements per· 
formed with the DESY - Heidelberg NaI and lead·glass 
detector in June and August 1978. During the first 
period the l' resonance was measured, whereas during 
the second period the 10 GeV region was scanned and 
the "{" resonance observed. 
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TOF-CliUNTERS 
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DRIFT CHAMBER 

Lead glass 

(b) 

Active converter INa II 
Dri ft chamber 

Fig. 1. Layout of the NaI lead-glass detector: (a) croSS section perpendicular to the e+e- beam directions; (b) "exploded view" of 
the arrangemen t of energy detectors. 

The layout of the apparatus is shown in fig . 1. This 
non-magnetic detector was described in detail in ref. 
[5]. For the measurements presented here , use has ' 
been made of the following parts: an inner detector 
measures the directions of charged particles; it has 
three cylindrical double-drift chambers and two scin­
tillation hodoscopes. An outer box of energy counters 
(N a1 and lead glass) determines the energy and direc­
tion of photons and electrons originating from the in­
teraction point. The side walls have a total thickness 
of 15.2 Xo (radiation lengths). The lead glass at top 
and bottom has 12.7 Xo' The lead converter between 
the second and third drift chamber of the inner detec­
tor has a thickness of 1 X O. Minimum ionizing particles 
deposit abou t 200 Me V energy . The inner detector, as 
well as the energy counters, cOver a solid angle of 86% 
of4rr. 

The trigger consisted of several combinations of 
charged track multiplicities and a minimum total de­
posited energy as described in ref. [5]. An on-line fil­
ter eliminated beam- gas interactions that were easily 
recognized by their oblique incidence in the chambers. 
In the data reduction the following cuts were applied 
in order to isolate events of the type e+e - -> hadrons: 
more than 1.8 Ge V seen in the energy detector; at 
least three charged tracks recognized; at least 10% of 

the energy seen in the' energy detector correlated with 
charged tracks . In a hand-scan, all events were elimi­
nated which had drift chamber timing information in­
consistent with the geometry of beam-beam interac­
tions. Table 1 shows the breakdown of the events as 
they pass through the filtering procedure. 

The "visible cross section" avis was obtained by di- . 
viding the number of observed hadronic events by the 
time-integrated luminosity measured with the large­
angle (Q > 36°) Bhabha events in the same apparatus 
for each energy point. The luminosity was also mea­
sured in a set of four counter telescopes for Bhabha 
scattering under 7°. Both measurements agreed within 
±10%. 

Fig. 2 shows how avis depends on the centre-<Jf­
mass energy Vi The 'T is seen near 9.46 GeVabove a 

Table 1 
Number of events iIi the filtering procedure and luminosity. 

Triggers 
Left after on-line filter 
Left after off-line filter 
Left after hand-scan 
Integrated luminosity (nb -lj 

T region 

3.4 X 106 

4.6 X 105 

2500 
1200 

173 

T'region 

5.1 x 10~ 
9.1 X lOs 
770 
420 
120 
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<J'(nb) O"vis (nb) 
15 

12 

10 

10 
8 <J'(nb) 

10 

9.42 9.46 9.50 10.00 10.04 10.08 
rs(GeV) 

Fig. 2. Observed cross section aYis(e+e- -+ hadrons) in the '1' and '1" regions (centre scale common to both measurements). The two 
outer scales represent the data after normalization to the expected level of continuum based on R = 4.7 (see text). The two outer 
scales are different by "'10%, reflecting the systematic errors between the independent normalizations of the two measurements. 

nearly constant continuum of 3.7 nb, and the T' reso­
nance is seen for the first time to be formed in e+e­
annihilations, above a continuum of 2.7 nb. We note 
that the T' signal is also very clearly visible in the 
event sample defined by the off-line filter. 

The energy dependence of avis was fitted around 
each resonance by a radiatively corrected gaussian 
resolution function (according to ref. [6]) over a 
background proportional to l/s. At the present time 
we are not able to calculate the exact amount of 
losses ofhadronic events due to our filtering procedure. 
They are probably between 10%and 30% and are 
roughly independent of s. The visible cross section 
was normalized to 4.16 nb at 9.4 GeV and to 3.68 nb 
at 10.0 GeV to correspond to a value of R '" ahad/a}J.}J. 
of 4.2 derived from R(Vs '" 5 GeV) '" 4.7 [7] minus 
0.5 units for undetected heavy-lepton decays due to 
our event selection. R was assumed to be energy inde­
pendent between 5 and 10 GeV. 

We foudn the resonances at masses of M(T) '" 9.46 
± 0.01 GeV,M(T') '" 10.02 ± 0.02 GeV; b.M '" 0.56 
± 0.01 GeV where the errors are from the machine [8]. 
The mass difference is only 29 ± 10 MeV less than the 
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one between J /'IJ! and 'IJ!', contrary to expectations 
based on universal potentials, "Coulomb + linear" [2] , 
for the charmed and the new quarks. 

The observed widths were found to be aCT) '" (7.1 
± 0.8) MeV and aCT') '" (12 ± 4) MeV. These are con­
sistent with the energy resolution of the storage ring 
calculated to be 0(9.5) '" (7.8 ± 0.8) MeV at the T and 
a(lO.O) '" (8.7 ± 0.9) MeV at the T'. The machine val­
ue was used in the following determination of the area 
under the T'. 

The areas under the normalized resonance curves 
were A(T) '" 208 ± 25 MeV nb and A(T') '" 59 ± 15 
MeV nb, which turned into AO(T) '" 267 ± 32 MeV 
nb and A o (T') = 74 ± 19 MeV nb after radiative cor· 
rections. We assume the T and T' are JP '" 1- objects, 
for which the ratio of electronic, hadronic, and total 
widths is 

reerhad/rtot = (Er2es/61T2)Ao "" ree' 

We obtained: 

reerhad/rtot = (1.04 ± 0.28) keV for the T, 

(0.32 ± 0.13) keV for the T', 
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thus confirming the earlier measurement of the T 
[3,4], whereas the T'·value is new. The errors contain 
a statistical contribution of ±0.13 keY (T) and ±0.08 
keY (T'), and a common systematic contribution of 
±15%. The ratio 0.32/1.04 is, therefore, known with a 
precision of ±28%. In the quarkonium picture [2] 
such values of r ee favour the assignment of charge 
1/3 to the new quark. Our small reiT') seems to ex­
clude a charge of 2/3 [9]. 

This work would not have been possible without 
the successful operation of the DORIS storage ring, 
which the machine group was able to run far beyond 
its original specifications. We are very grateful to the 
old DESY -Heidelberg group, who built the experi­
ment and let uS\lse their software. We are indebted to 
all the service groups who supported the experiment, 
i.e. the computer centre, the synchrotron staff, and 
the vacuum group as well as our technicians. The non-

DESY members of our collaboration want to thank 
the DESY directorate for their hospitality. 
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Observation of the Y'" at the Cornell Electron Storage Ring 
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During an energy scan at the Cornell Electron Storage Ring, with use of the Columbia 
University-Stony Brook NaI detector. an enhancement in o-(e+ e - -hadrons) is observed 
at center-of-mass energy ~10.55 GeV. The mass and leptonic width of this state ('1'''') 
suggest that it Is the 4 3S 1 bound state of the b quark and its antiquark. After applying to 
the data a cut in a (pseudo) thrust variable, the natural width is measured to be r= 12.6 
± 6.0 MeV. indicating that the '1"" Is above the threshold for BE production. 

PACS numbers: 13.65.+1, 14.40.Pe 

In the quarkonium model,' vector mesons are 
considered to be triplet S states of a quark-anti­
quark system in a "Coulombic-plus-confining" 
potential, with the number of quasistable radial 
excited states increasing with the mass of the 
quark. In particular, for the b quark W- 5 GeV) 
the 13S" 23S" and 33S, states ('1', '1", and '1''') 
have been observed as narrow enhancements in 
CJ(e + e - - hadrons);- 4 as well as in proton-nucleon 
scattering.' A 43S, state should also exist, with 
an excitation energy of -1.15 GeV. The 43S, 
state is expected to be close to the threshold for 
BB production," where B is a pseudoscalar bound 
system of band u or Ii quarks. If the 43S , state 
lies below the BB threshold, its natural width 
would be well below 1 whereas if it lies above the 
BB threshold, the opening up of decay channels 
would result in a natural width which increases 
rapidly with M(43S,) - 2M (B).7 

We report here on the production of a new state 
in the '1' family, the '1"", which we identify, from 
a measurement of its leptonic width r • ., with the 
43S, bb state. In addition, we observe a total 
width r 01>5(43S, )-19 MeV; unfolding the contribu­
tion (r -10.8 MeV) due to the Cornell Electron 
Storage Ring (CESR) beam-energy spread gives 
a natural width r-12.6 MeV. This suggests that 
this state is above the BB threshold. We also ob­
tain the (pseudo) thrust distribution for this new 
state and compare it with the corresponding dis­
tribution obtained for the continuum and for the 

T(13S,). 
These results were obtained in a twenty-day 

run covering the energy range 10.46 to 10.60 
GeV, with an integrated luminosity of 1100 nb- '. 
We had seen preliminary evidence for the new 
state during a run covering 10.55 to 10.80 GeV 
with a total integrated luminosity of 400 nb- '. 
During the present run, we also collected data 
at the 13S,(T) with 300 nb-' and at the 33S,(T") 
with 150 nb- '. 

The principle of the Columbia University-Stony 
Brook layered NaI detector has been described 
in our previous Letter," in which we reported the 
first measurements of the '1', '1", and '1''' at 
CESR. For the present run, the complete NaI 
array was available, and for half of the run, in 
three of the four quadrants, drift chambers be­
tween the beam pipe and the NaI array were in 
operation. The NaI array consists of five radial 
layers, each subdivided into two polar halves 
and 32 azimuthal sectors (see Fig. 1). In con­
trast to its earlier configuration, our detector 
now covers the polar angle range 45 0 <8<135 0 

and a solid angle of approximately two-thirds of 
41T, with each of the 64 sectors covering -1% of 
41T. In the following, we consider the detector as 
being composed of eight octants, four with 900 

< 8 < 1350 (West) and four with 45 0 < e < 90 0 (East), 
each spanning A<{J intervals of 900 • 

The operation of the detector was also described 
in Ref. 4. All NaI signals are integrated every 

222 © 1980 The American Physical Society 
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FIG. 1. A front view and a cut-away side view of the 
NaI array. An error bar shows the length of the inter­
action region. 

machine cycle (2.56 Jj s) but are digitized only if 
a trigger is present. Only a single total-energy 
trigger is used, requiring '" 700 MeV to be de­
posited in the outer three layers of the NaI array. 
Hadronic and large-angle Bhabha-scattering 
yields in the detector are monitored on line by 
counting on scalers events satisfying appropriate 
criteria. The hadronic criterion requires that 
the total energy deposited in the outer three NaI 
layers, ENol, be in the range 1.2 GeV<E NaI <3.6 
GeV, that two or more octants in each half have 
'" 100 MeV deposited in the outer four layers, 
and that two such octants be collinear with the in­
teraction point. The hadron monitor sensitivity 
is such that the T and Til signals are clearly visi­
ble in a few hours' rUn (-15 nb- l

); this monitor 
also provided an on-line indication of the T'II. 
The Bhabha-scattering criterion requires that 
E Nai > 5.4 GeV, and that two collinear octants 
each have '" 100 MeV in the outer four layers. 
These on-line "Bhabhas" comprise approximate­
ly 80% of those found later in off-line analysis 
and serve as an on-line consistency check of the 
beam luminosity measurement obtained from the 
luminosity counters (which detect small-angle 
Bhabha scatterings). Additional electronic cri­
teria were used to monitor and veto poor beam 
conditions. Typically we write 150 events on 
tape per inverse nanobarn of integrated luminosi­
ty, of which, at the T, about 15% are hadronic 
events and 10% are large-angle Bhabha scatter­
ing events. The live time of our detection sys­
tem is 99.0%. 

"e + e - - hadrons" events are recognized clearly 
in our detector. Photons from lTD and 11 decay 
are detected as electromagnetic showers. 
Charged particles which do not shower electro­
magnetically nevertheless leave a clear signature 

since the five layers of NaI give five independent 
measurements of dE / dx. Recognition of "tracks" 
left in the NaI by minimum-ionizing particles is 
central to our hadronic-event-selection algorithms. 
Events containing at least one "track" pointing 
towards the beam and some additional energy dep­
ositiOn are hadronic candidates. Additional cri­
teria imposed at succeeding levels of analysis in­
clude requirements that additional "tracks" or 
showers be present, and that energy be deposited 
in both the East and West halves of the detector. 

Several independent hadronic-event-selection 
computer algorithms were developed. To guide 
us in this process, one or more phYSicists have 
examined over 95% of the hadronic-event candi­
dates in the T'II energy scan. The various al­
gorithms have efficiencies for continuum events 
of from 60 to 75% and background contaminations 
between 1 and 5%. The inefficiencies include loss 
of events due to detector solid angle. The back­
ground estimates are obtained from single-beam 
runs, and from reconstructed vertex position for 
those events having drift-chamber information. 
While the numbers of events found by the various 
algorithms and the on-line hadron mOnitor differ, 
the determinations of masses, Widths, and rela­
tive cross sections of the resonances are in good 
agreement. 

The present rUn yielded 5000 hadronic events 
at the T, 450 at the Til, and 3000 in the region 
around the T"', for a total 1550 nb- I of integrat­
ed luminosity. The data are shown in Fig. 2(a). 
They have been normalized with use of the meas­
ured small-angle and large-angle Bhabha yields. 
Comparison of our observed cross sections with 
those measured at DORIS2 and by CLEO' indicates 
that the product of acceptance by efficiency for 
our detector is approximately 73% for the contin­
uum and 82% for the T. 

A peak in the cross section is visible at a mass 
of 10.55 GeV. As has been shOWn in the DORIS 
experiments,8 the spatial distributions of the con­
tinuum and T decay events are different. We 
choose here to test this difference using a simpli­
fied thrust variable, T', defined as the maximum 
of L; I ENaI 0 nl / L;E NaI over all possible n per­
pendicular to the beam axis. The distributions 
of T' for T and continuum events are given in 
Fig. 3. The difference between the two cases is 
quite evident and agrees with the conjecture that 
continuum events have a two- jet-like structure 
while resonance decays have a more spherical 
distribution. A cut at T' < 0.85 has been made for 
all the data and the result is shown in Fig. 2(b). 

223 

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9780511609923.013
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 18:05:29, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9780511609923.013
https://www.cambridge.org/core


346 Ref. 11.8: Observation of the ϒ ′′′

VOLUME 45. NUMBER 4 PHYSICAL REVIEW LETTERS 28 JULY 1980 

20 

10 

(a) 

II j x 4 ,f\IH j: 
~. rfT: 

I l O~30 I 1 0~34 I t 10.46 

M (G, V) 
10.SO 10.54 10.58 

F1G. 2. (al The observed cross section for e+ e " 
-hadrons multiplied byk= (M/ MT) 2. Mis the e+e " 
Invariant mass. (b) The same crOss section after re­
moving events with T ~ 0.85. The lines are fitted to 
the data Including machine energy spread and radiative 
corrections. See text for explanation. 

The cut removes 52% of the continuum events but 
only 26% of resonance events. 

We determine the parameters of the T'" by fit­
ting the data sample with T'<0.B5; the uncut data 
give similar resultS but with less statistical sig­
nificance. A fit to a constant continuum plus a 
Gaussian with radiative corrections gives an ap­
parent machine energy spread of r=19±4 MeV. 
We have also fitted the parameters of the Tusing 
our data from this running period, cut on T' 
< 0.B5. This gives a full width at half maximum 
(FWHM) machine energy spread at the T of B.7 
± 0.7 MeV. Scaling this by the expected (E b ea m)2 

dependence yields a FWHM at the T'" of r = 10.B 
± 0.9 MeV. This is inconsistent with the observed 
result by 2 standard deviations. We therefore as­
sume a Breit-Wigner, rather than Gaussian, res­
onance shape for the enhancement, fold in the 
machine energy spread and radiative corrections, 
and fit the T'" data with the resulting curve. The 
mass values are calculated from the CESR ener­
gy calibration, which gives a mass for the T 0.3% 
below the DORIS values."- 4 The mass difference 
is M(T''') -M(T) = 1114± 2 MeV with systematic 
uncertainty of 5 MeV. The ratio of leptonic widths 
calculated from the fitted areas is r ee(T"')/ 
ree(T) =0.25± 0.07. Both the mass difference and 
the ratio of leptonic widths are in excellent agree-
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FIG. 3. Solid line, pseudothrust (see text) distribu­
tion for events in the T region; dashed line, distribu­
tion for continuum events . Data points are for events 
from the T' " region, showing contributions from both 
distributions . 

ment with many phenomenological calculations 
for the 43S 1 state of bb.1

,6,9 Therefore, we con­
clude that the enhancement observed at M=10.547 
GeV is most likely that state. 

The natural width of the enhancement is also 
of great interest. Our fit gives a natural width 
r =12.6± 6.0 MeV. If we constrain the natural 
width to be much smaller than the machine ener­
gy spread, X2 increased by 8.3, from 40.3 for 
thirty degrees of freedom to 4B.6 for 29 degrees 
of freedom. Thus, our value for the natural 
width is inconsistent with the expected width of 
less than 1 MeV for a resonance below BB thresh­
old. A similar result has been obtained by the 
CLEO collaboration at CESR.1o This implies that 
T'" is above threshold and that the mass of the 
B is less than 5.275 GeV. It also implies a pro­
duction rate for B mesons which is greatly en­
hanced above the level in the neighboring contin­
uum. If this is confirmed, the study of the T'" 
events should contribute enormously toward our 
understanding of the B meson. 
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CESR operating staff and again thank the people 
who assisted in the design, construction, and in­
stallation of our detector. One of us (S.W.H.) 
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Observation of Exclusive Decay Modes of b-Flavored Mesons 
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and 

H. Kagan 
Ohio State University, Columbus, Ohio 43210 

(Received 24 January 1983) 

B-meson decays to final states consisting of a DO or D'= and one or two charged pions 
have been observed. The charged-B mass is 5270.8±2.3±2.0 MeV and the neutral-B mass 
is 5274.2± 1.9± 2.0 MeV. 

PACS numbers: 14.40.Jz, 13.25.+m, 13.65.+i 

The upsilon states' are interpreted as q-q res­
onances of a new quark, the b quark. The first 
three resonances are narrow;,3 implying bound 
b flavor and a suppressed strong decay. The 
large width of the l' (45) resonance discovered 

Storage Ring) and the observation that the decay 
products from the T (45) include high-momentum 
leptons5 imply that the T (45) decays strongly 

at the e+e- storage ring CESR4 (Cornell Electron 

into J3lj meson pairs, which then decay weakly. 
Until now, however, the b-flavored mesons them­
selves had not been found. Here we report that 

© 1983 The American Physical Society 881 
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discovery. 
The b quark has been shown to decay predomi­

nantly to the e quark." Thus the principal decay 
mode of the B meson will be to a charmed meson 
plus pions. Since the high multiplicity in T (4S) 
decay7 leads to large combinatorial background, 
we have restricted our search to low-multiplicity 
decay modes, DO or D*' plus one or two charged 
pions. 

The data sample used is 40.7 pb -, of T (45) data 
and 19.6 pb -, of continuum data taken with the 
CLEO detector at CESR. The T (45) cross section 
is a 1.0-nb enhancement above a 2.5-nb continuum 
contribution. The detector has been described in 
detail elsewhere. 8 In this work we have used the 
cylindrical drift chamber inside a 1.0-T solenoid 
magnet to determine momenta of charged parti­
cles. In addition we have used the dE Idx-meas­
uring wire proportional chambers and the time­
of-flight scintillation counters located outside the 
solenoid magnet to identify charged kaons over a 
momentum range from 0.45 to 1.0 GeVl e. 

The two-body decay modes, DO-K-rr+ and its 
charge conjugate, were used to find DO mesons. 
Identified kaons were paired with each oppositely 
charged particle in the event (assumed to be a 
pion). The combination was kept only if its mo­
mentum was below 2.6 GeV Ie , since DO's from B 
decay cannot exceed this momentum. The result­
ing K'rr' mass distribution is shown in Fig. l(a). 
Mass combinations within ± 40 MeV of the DO 
mass were kept as DO candidates. 

We looked for charged D* mesons through the 
cascade D*+ - DOrr+, DO - K -rr + and its charge 
conjugate. We did not require that the charged 
kaon be identified as such. Rather we first 
formed mass combinations of all pairs of oppo­
sitely charged particles in an event, assuming 
that each particle in turn is a kaon. We then 
added an additional particle (assumed to be a 
pion) of charge opposite to that of the assumed 
kaon. We kept as D* candidates the combina­
tions for which the [Krrrr ,Krr] mass difference 
was within ± 3.0 MeV of the [D* ' ,DO] mass dif­
ference of 145.4 MeV,9 and Krr masses within 
± 80 MeV of the DO mass. We further required 
that the D* candidate have momentum below 2.6 
GeV Ie, eliminating the high-momentum D* con­
tribution from the continuum. With these re­
quirements the D" signal is hidden under con­
siderable background. By demanding a more re­
strictive set of conditions [see Fig. 1 (b)], we 
demonstrate that the T(45) decays contain a D*' 
signal. Because these latter restrictions lower 
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( 0 ) P < 2.6 GeV/c ( b) 1.5 < P< 2.6 GeV/c 
- T( 45 ) -T ( 4 5) 
---- CONTIN UUM 
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~ j : .. 

1.8 2.0 2.2 0 .1 4 0.16 0.18 

10 

K1T MASS (GeV ) K1T 7T- K7T MASS DIFFERENCE (Gev) 

FIG. 1. (aJ Mass distribution of K' "" for K" mo­
menta be low 2.6 GeV/ c, using identified kaons. The 
solid line shows data from 40.7 pb-! of T(4S) rwming; 
the dashed line is from 19.6 pb-! of continuum running 
at energies just below the T(4S). A DO signal at 1.86 
GeV is evident in the 4S data. (b) (K',,',,')-(K' ,,') 
mass-differ ence distribution, for K"" momenta be­
tween 1.5 and 2.6 GeV/ c and K" masses within 20 MeV 
of the DO mass . Kaons were not directly identified. 
Curves are as in (a). The signal at the D*' _D o mass 
difference (145.4 MeV) is evidence of D*' production 
in T(4S) decay. 

the D" detection efficiency they were not used 
in the search for B mesons. 

Each event containing a DO or D*' candidate 
was fitted to the following hypotheses'o (or their 
charge conjugates): 

B--Dorr-, (1) 

if ° - DOrr+rr - , (2) 

E O - D*+1T", (3) 

B-- D*+1T-rr-. (4) 

We considered only these charge combinations, 
since they preserve the quark decay scheme 
b - e - s. In making the fit, we constrained the 
B-meson energy to the beam energy and con­
strained the DO or D*' decay products to the 
known DO, D*' masses, respectively. This fit­
ting procedure measures the B mass relative to 
the CESR beam energy, which is scaled to agree 
wi th the VEPP4 measurement of the T (15) mass." 
Since the threshold for Bif production is known 
to lie between the T (35) and T (45) resonances, 
we considered B-meson mass combinations be­
tween half the T (35) and T (45) resonance masses 
(Le., 5180 and 5290 MeV). Candidate fits were 
required to have a X 2 value less than 14. If an 
event had two acceptable fits in this mass inter-
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val we took the hypothesis with the lower X2. 
Each successful fit was examined visually to 
rej ect B candidates involving incorrectly fitted 
drift-chamber tracks (a 15% rejection). 

The B masses for all successful fits are shown 
in Fig. 2. The 18 events in the peak near 5275 
MeV are divided 2, 5, 5, and 6 for reactions 
(1)-(4), respectively. The width of the mass 
peak is consistent with the resolution expected 
from Monte Carlo studies. We have estimated 
the background under the mas:!; peak in several 
ways. (1) We changed our selection criteria to 
accept K'1T± mass combinations that differed 
from the DO mass by ± 200 MeV. The spectrum 
of reconstructed "B-meson" masses for this 
"sideband" search is shown in Fig. 3(a). (2) We 
considered wrong charge combinations, which 
corresponded to doubly charged B 's, or corre­
sponded to decay sequences other than b - c - s. 
The mass spectrum for wrong charge combina­
tions is shown in Fig. 3(b). Both distributions in 
Fig. 3 have been normalized so that the vertical 
scales are directly comparable with Fig. 2. (3) 
We performed Monte Carlo studies of background 
from Bli events and from continuum events, to 
determine how the background in Fig. 2 should be 
extrapolated from lower masses to the peak re­
gion. (4) We searched 19.6 pb- 1 of data accumu­
lated just below the l' (45) for apparent B 's, find­
ing two in the region of the mass peak. These 
studies lead to estimates of the background under 
the peak at 5275 MeV which lie between 4 and 7 
events. 

DB--OOTT-

6 D lJO-- OOTT+TT-
:;;; §i2jjjO-D*+TT-
=" ~ B-- D*+ TT- TT-

U)4 
I-
Z 
w 
> 
w 

5200 5240 
MASS (MeV) 

52BO 

FIG. 2. Mass distribution of B-meson candidates. 
The B-final-state decay labels should be interpreted 
as including the charge-conjugate reaction. 

If a B decay contains a low-energy particle that 
escapes detection, the remaining particles from 
that B may still be consistent with the beam-en­
ergy constraint and give an acceptable fit. We 
frequently cannot distinguish reactions (1) and 
(2) from similar reactions with the DO replaced 
by D*o, where D*o - D01To or DOl'. Similarly, the 
decay BO - D *+ 7T - , D *+ - D07T+ (7T+ not detected), 
can masquerade as B - - D01T -, causing us to as­
sign an incorrect charge to the B. Monte Carlo 
studies show that the reconstructed mass is shift­
ed down a few megaelectronvolts from the true 
B mass, and the mass resolution is worsened 
slightly. The problem of missed low-energy 
particles is not important for reactions (3) and 
(4), and therefore we use only these to determine 
the B mass. 

We find a mass of 5274.2± 1.9± 2.0 MeV for the 
neutral B, and 5270.8± 2.3± 2.0 MeV for the 
charged B, where the first error is statistical 
and the second error systematic. The [BO, B-J 
mass difference is 3.4± 3.0± 2.0 MeV, consistent 

<F> 
f­
Z 
W 
> 
w 

4 

WRONG SIGN COMBINATIONS 
o B- -1507T~ 
[J 8--- D° 1T-rr- OR [507T-1T­
~ B---D*-1T-
~ B- - O*-7T+7T-

(b) 

5280 

FIG. 3. Mass distribution for two estimates of the 
background to the B -meson candidates of Fig. 2. 
(a) D o's chosen from sidebands. The events shown are 
plotted with a weight of ~ event, since there are ap­
proximately twice as many events in the sidebands as 
in the D region. (b) Wrong charge combinations. The 
events shown in this distribution have been scaled to 
account for the difference in the number of combina­
tions leading to a wrong-sign B compared to those 
leading to the correct-sign charged B. 
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with the theoretical prediction12 of 4.4 MeV. The 
average of charged and neutral B masses is 
5272.3± 1.5± 2.0 MeV. This corresponds to a 
mass difference 6.M of 32.4± 3.0± 4.0 MeV be­
tween the mass of the T(4S) and twice the B­
meson mass. If the [B *, B] mass difference is 
- 50 MeV as expected theoretically /2 the T (4S) 
must decay exclusively to Effj, with no contribu­
tion from B*B. Previous experimental informa­
tion on AM comes from the fact that Schamberger 
et al. do not observe monochromatic photons from 
B * - yB decay.13 Their experiment sets an upper 
limit of 50 MeV on 6.M. Theoretical calculations 
of 6.M using the width and the height of the T (4S) 
fall either above12 or below14 our result. Using 
our measured value for AM and the theoretical 
value of 4.4 MeV for the [EO ,B -] mass difference, 
we obtain the branching fractions B(T(4S) - B+B-) 

= 0.60± 0.02 and B(T (4S) - BOEO) = 0.40± 0.02. We 
estimate branching ratios of 4.2± 4.2%, 13± ff'Io, 
2.6± 1.9%, and 4.8± 3.0% for reactions (1)-(4), 
respectively.15,16 

In conclusion, we have explicitly demonstrated 
the existence of the B meson through its decay 
into exclusive final states and have measured its 
mass. 

We gratefully acknowledge the efforts of the 
CESR staff who made this work possible. We 
thank H. Tye for useful discussions. This work 
was supported in part by the National Science 
Foundation and the U. S. Department of Energy. 

(a Permanent address: Laboratoire de Physique 
Corpusculaire, College de France, F-75231 Paris, 
France. 

(b)Present address: University of Oklahoma, Norman, 
Okla. 73019. 

(cPresent address: AIRCO Superconductors, Carter-

884 

et, N.J. 07008. 
(d)Present address: Lawrence Berkeley Laboratory, 

Berkeley, California 94720. 
(e) Permanent address: Massachusetts Institute of 

Technology, Cambridge, Mass. 02139. 
(fpresent address: CERN, EP Division, CH-1211 

Geneva 23, Switzerland. 
(g)Present address: University of Wisconsin, Madi­

son, Wisc. 53706. 
IS. W. Herbetal., Phys. Rev. Lett. 39,252 (1977). 
'C. Berger et al., Phys. Lett. 76B, 243 (1978); c. W. 

Darden et al., Phys. Lett. 76B, 246 (1978), and 78B, 
364 (1978); J. Bienlein et aT.;-Phys. Lett. 78B, 360 
(1978). -

'D. Andrews etal., Phys. Rev. Lett. 44, 1108 (1980); 
T. Bohringer et al., Phys. Rev. Lett. 44, 222 (1980). 

4D. Andrews et al., Phys. Rev. Lett:4'5, 219 (1980); 
G. Finocchiaro et al., Phys. Rev. Lett.45, 222 (1980). 

5C. Bebek etal., Phys. Rev. Lett. 46,84 (1981); 
K. Chadwicketal., Phys . Rev. Lett.46, 88 (1981); 
L. J. Spencer et al., Phys. Rev. Lett:4'7, 771 (1981). 

GA. Brodyetal., Phys. Rev. Lett. 48-;-1070 (1982); 
D. Andrews et al., Cornell UniversitY Report No. CLNS 
82/547, 1982 (to be published), p. 14; Spencer et al., 
Ref. 5. 

7M. S. Alam et aI., Phys. Rev. Lett. 49, 357 (1982). 
8D. Andrews e tal., in Cornell Univernity Report No. 

CLNS 82/538 (to be published). 
'M. Roos et al. (Particle Data Group), Phys. Lett. 

111B, 1 (1982). 
toQ;;r notation for neutral B's follows the convention 
used for neutral kaons, i.e., jjO = (bd), B 0 = (bd). 

l1A. S. Artamonov et al., Institute of Nuclear Physics, 
Academy of Science of the U.S.S.R., Novosibirsk Re­
port No. 82-94 (to be published). 

12E. Eichten, Phys. Rev. D 22, 1819 (1980). 
I'R. D. Schamberger et al., Phys. Rev. D 26, 720 

(1982). -
14M. Gronau et al., Phys. Rev. D 25, 3100 (1982); L I. 

Bigi and S. Ono, Nuc!. Phys. B189;229 (1981). 
15Do branching ratios are from R. H. Schindler et al., 

Phys . Rev. D 24, 78 (1981). 
16 As noted earlier, the branching ratio for reaction 

(1) includes a contamination from B--D*o,,- and 
jjO-D*+,,- , while reaction (2) includes jjO-D*o,,+,,- . 

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9780511609923.013
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 18:05:29, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9780511609923.013
https://www.cambridge.org/core


352 Ref. 11.10: Evidence of Penguin-Diagram Decays

VOLUME 71, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AUGUST 1993 

Evidence for Penguin-Diagram Decays: First Observation of B -> K*(892)1' 
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We have observed the decays B O ~ K'(892)o')' and B- ~ K'(892)-')', which are evidence for 
the quark-level process b ~ 8')'. The average branching fraction is (4.5 ± 1.5 ± 0.9) x 10-5 . This 
value is consistent with standard model predictions from electromagnetic penguin diagrams. 

PACS numbers: 13.40.Hq, 14.40.Jz 

One-loop, flavor-changing neutral current diagrams, 
known as penguins, were originally introduced into the 
theory of weak decays to explain the fl1 = ~ rule in K 

meson decays [lJ. They were later identified as a possible 
source of direct C P violation in kaon decay, and hence as 
a contribution to " /' [2J. Their importance in B meson 
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decays has also been noted [3]. 
One of the clearest signatures for penguin diagrams is 

the radiative process b -> s, (Fig. 1). There are many 
calculations of the rate for this process, which depends 
on the as yet unknown mass of the top quark. After in­
cluding substantial QCD corrections, the branching ratio 
for b -> s, is expected to be in the range (2-4) x 10-4 [4]. 
Other standard model contributions have been consid­
ered, and found to be at least an order of magnitude 
smaller than the penguin contribution [5]. Observation 
of a rate much larger than 4 x 10-4 would be evidence 
for nonstandard-model contributions. In the recent lit­
erature possible contributions to b -> s, from supersym­
metry, a fourth generation, and a charged Higgs boson 
have been discussed in some detail [6]. 

The fraction of b -> s, decays that hadronize to 
any exclusive final state is much less reliably predicted 
than the inclusive rate. Estimates for the fraction of 
B -> K*(892)r range from 5% to 40% [7]. In this Let­
ter, we report observation of the decay B -> K*, [8], 
in both BO -> K*o, and B- -> K*-, modes, at a rate 
that is consistent with the predictions from the penguin 
diagram. 

The data sample used in this study was collected with 
the CLEO-II detector [9] at the Cornell Electron Storage 
Ring (CESR). It consists of 1377 pb- 1 of integrated lu­
minosity on the Y(4S) resonance (1.39 x 106 BB events) 
and 633 pb- 1 at a center-of-mass energy 55 MeV below 
the resonance. Charged particles are tracked using three 
nested cylindrical wire chambers operated in a 1.5 T mag­
netic field. The outer tracking chamber also measures 
specific ionization (dE / dx), which is used for particle 
identification. The tracking chambers are followed by 
time-of-flight (TOF) counters, which provide additional 
particle identification information. Beyond these coun­
ters but still inside the superconducting magnet coil is an 
electromagnetic calorimeter consisting of 7800 CsI crys­
tals. Outside the coil is an iron yoke for field return, with 
chambers interspersed for muon identification. 

The dominant experimental problem in identifying 
B -> K*, is the large background from continuum (non­
BE) processes. We suppressed this background with a 
series of cuts determined from Monte Carlo studies. For 
BO -> K*o" we selected events with at least 3 charged 
tracks and a visible energy of at least 30% of the center­
of-mass energy. Our high energy photon candidates are 
clusters with energy E~ satisfying 2.1 < E., < 2.9 GeV, 
with polar angles 0 (relative to the beam axis) satisfy-

~/y 

b~S 
w 

FIG. 1. Penguin diagram for b ..........jo s"'(. The photon may be 
radiated from any of the four lines. 

ing I cos 01 < 0.7, not matched to charged tracks, and 
with shower shapes consistent with single photons. Pho­
ton candidates are rejected if they form 11'°'S (I]'s) when 
combined with another photon of energy greater than 30 
(200) MeV. 

There are two main sources of high energy photons 
from the continuum: initial state radiation (ISR) and 
fragmentation of non-bb quarks (qq). Most continuum 
processes have a two-jet topology, which is used to dis­
tinguish them from the more spherical BB events with 
B mesons decaying almost at rest. We suppress qq back­
grounds by applying cuts on the shape variables R 2 , the 
normalized second Fox-Wolfram moment [10], and S-,-, a 
measure of the momentum transverse to the photon di­
rection [11]. We require R2 < 0.5 and 0.25 < S-,- < 0.60 
(the upper restriction on S-,- provides rejection of ISR). 
To further suppress the ISR background we use variables 
evaluated in the rest frame of the e+ e- following the ra­
diation of the high energy photon (the primed frame). In 
this frame we require R~ < 0.3, where R~ is evaluated 
excluding the photon, and I cos 0'1 > 0.5, where IF is the 
angle between the photon and the thrust axis of the rest 
of the event. 

We look for K*o candidates in the decay mode K*o -> 

K+,,-. Each charged track must pass standard track 
quality cuts, and must have a value of dE/dx and/or 
TOF which is within 2.5 standard deviations (0') of that 
expected for the mass hypothesis. Particles lacking both 
TOF and dE/dx information are considered to be pions, 
but not kaons. A K+11'- pair must have an invariant 
mass MK~ satisfying 821 < MK~ < 971 MeV, and a de­
cay helicity angle (}K~ satisfying I cos OK~I < 0.8, since 
K*'s from B -> K*, decay with a sin2 OK~ distribution, 
whereas the background is expected to have a flat distri­
bution in COSOK~. 

We combined the high energy photon and K* candi­
dates to form candidates for BO -> K*o,. Having made 
all particle assignments, we imposed two further cuts: 
(1) the angle Oth, between the high energy photon direc­
tion and the thrust axis of the particles not from the B 
candidate, I cos Oth, I < 0.7 (expected to be flat for sig­
nal, peaked at 1.0 for continuum background); (2) the 
production polar angle of the B, I cos OBI < 0.85 (ex­
pected to be sin2 0B for signal, flat for background). Fi­
nally, we required that the B candidates have an energy 
close to the beam energy, IL'>EI < 90 MeV (2.20'), where 
L'>E = Ebeam - EK.~. For candidates passing this cut, we 
scaled the photon energy to obtain L'>E = 0, and com­
puted M K•T The MK.~ resolution of 2.8 MeV rms is 
dominated by the beam energy spread. The mass distri­
bution for the B candidates is shown in Fig. 2. There 
are 8 events in the signal region, the mass interval 5.274-
5.286 GeV. 

The background is still mostly from the continuum, 
even after the continuum suppression cuts have been op­
timized. This background varies smoothly as a function 
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FIG. 2. The K'''! mass distributions for BO --+ K'o"!; B­
-+ K*-"Y , K*- --+ Kg1r-; and B- -+ K*-"I, K* - -+ K-rro 

candidates . 

of t:.E and MK''''' so the amount of background in the 
signal region of the on-resonance data can be reliably esti­
mated by scaling the events observed in sideband regions 
by an appropriate factor. For BO --+ K'°'Y the sideband 
was chosen to be It:.EI < 280 MeV and MK'''' > 5.2 GeV, 
excluding It:.EI < 100 MeV and M K · .., > 5.274 GeV (the 
signal region plus a narrow boundary in It:.EI). The rel­
ative population of the sideband and signal regions de­
pends on the momentum distributions of the photon and 
two charged particles making up the K*'Y candidate, and 
on their transverse momentum distributions relative to a 
common axis . Using Monte Carlo tuned to match t he off­
resonance data we determined the population ratio to be 
25.4:1 with an error of ± 8%. For the actual background 
determination, we counted events in the sideband regions 
of the on- and off-resonance data samples, and the signal 
region of the off-resonance sample, and scaled the total of 
41 events by a factor of 37.6 [12J to obtain a background 
estimate of l.1 ± 0.2. The binomial probability [13J that 
8 + 41 events in signal plus sideband regions would dis­
tribute themselves such that 8 or more were in the signal 
region, given that the intrinsic relative populations are 
1:37.6, is 3.5 x 10-5 . 

For B- --+ K*-'Y, we looked for K*- candidates in 

E 400 

.~ 
! 300 
o 

8200 

j 100 

-10 o 10 20 
InC 

FIG. 3. The InC distributions for 10000 "experiments" of 
8 events each, drawn from BO --+ K*o,,! Monte Carlo (right 
curve) or continuum Monte Carlo (left curve) simulations. 
The value for the 8 BO --+ K'o"! candidate events is indicated 
by an arrow. 

both the K~""- and the K-.".o modes. A K~ --+ .".+.".­

decay is required to have a vertex more than 5 mm from 
the beam axis, a good X2 for the vertex fit, and a .".+.". ­

mass within 10 MeV (20') of the K~ mass. The .".o 's are 
selected from pairs of photons with an invariant mass 
within 15 MeV (2.50') of the .".0 mass. The photons are 
selected from showers in the calorimeter that are not 
matched to charged tracks, have shower shapes consis­
tent with isolated photons, and have energies above 30 
(50) MeV in the barrel (end-cap) regions. Other cuts 
[14J are similar to those described for BO --+ K*o,,!. The 
K*-'Y mass distributions for the two modes are shown in 
Fig. 2, and the numbers of signal events and estimated 
backgrounds are given in Table I. The combined proba­
bility of both K*- results being fluctuations is 7.0 x 10- 4 . 

We obtain additional evidence that the signal events 
are not all continuum background by examining the dis­
tributions inside the cuts of the variables M K • .." t:.E, 
cos Os, COSOKn , M Kn , R2 , and cOSOth,. We do this with 
a likelihood ratio test [15J, which reduces the information 
contained in several variables to a single number. In Fig. 
3 we show the distribution in log likelihood ratio (In C) for 
two groups of 10 000 simulated experiments, one draw­
ing 8 events from a sample of Monte Carlo BO --+ K*°'Y 
events, the other drawing from a sample of Monte Carlo 

TABLE I. Summary of results for B --+ K·"!. 
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Signal events 
Sideband events 
Sideband scale factor 
Sideband background 
Binomial probability 
Residual BB background 
Efficiency 
Branching ratio 

8 
41 

37.6 
1.1±0.2 

3.5x 10- 5 

0.30±0.15 
(1l.9±1.8)% 

(4.0± 1. 7±O.8) x 10-5 

B --+ K' "! 
K*- -+ Kg1r - K*- -+ K-1TO 

2 3 
2 10 

40 12 
0.05±0.03 0.8±0.3 
3.7xlO- 3 7.3x10- 2 

0.0l±0.0l 0.10±0.05 
(2.0±0.3)% (3.1±O.5)% 

(5. 7±3.l± 1.1) x 10-5 
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continuum events. Only 0.11% of the 8-event contin­
uum samples have values of In £. as large as that of the 
8 BO -> K'o,,! candidate events, while about half of the 
signal samples do. Allowing for systematic and statis­
tical errors, the probability of observing a value of In £. 
this large from a sample of 8 continuum events is less 
than 1 %. Similar studies for B- -> K'- "! support the 
interpretation of a K'- -> Kg1r - signal, and are not 
inconsistent with a K'- -> K-1r° signal. 

We have assessed sources of background to B -> K',,! 
from other B decays. First, using a fast Monte Carlo 
that did not include a full detector simulation, we con­
sidered b -> c, b -> U, and b -> S9 decays, with particu­
lar attention to the D'o,,!, P1r°, K'1r°, and K' p - chan­
nels, which we anticipated might be troublesome. These 
sources accounted for < 0.11 , < 0.06, and < 0.02 events 
as background to K-1r+,,!, K-1r°"!, and Kg1r-,,! , respec­
tively. Then using techniques largely based on data, we 
studied possible sources of false 2- 3 Ge V photons such 
as random overlaps of uncorrelated photons, merging of 
photons from 1r°'S, clusters caused by K2 's, and clus­
ters caused by antineutrons. These sources accounted 
for < 0.25 , < 0.06, and < 0.02 events as background 
to K-1r+,,!, K-1r°"!, and Kg1r- ,,!, respectively. A final 
contribution, from feeddown into B -> K', from other 
b -> S,,! modes, is estimated using the theoretical predic­
tion of an inclusive rate of 4 x 10-4 , and a model for the 
hadronization. We find backgrounds of 0.4 and 0.1 events 
in K-1r+ "! and K - 1r°"!, respectively. The feeddown into 
the Kg1r-,,! mode is negligible. Approximately half of 
the BB backgrounds are included in the background es­
timated from the sidebands. The residual backgrounds 
from BB, not included in the sideband subtraction, are 
listed in Table I [16]. 

Table I summarizes our results. The net yield of BO -> 

K'o,,! events is 6.6 ± 2.8. The efficiency for BO -> K'o,,! 
decays, including K' branching ratio, is (1l.9 ± l.8)%. 
The data sample cont~ins l.39 x 106 BB decays, which 
we assume to be half charged, half neutral. From this 
we obtain a branching ratio for BO -> K'o, of (4.0 ± 
l. 7 ± 0.8) x 10- 5 , where the first error is statistical and 
the second is a ± 20% systematic error to account for 
uncertainties in efficiency and background. The net yield 
of B- -> K' - ,,! events is 4.1 ± 2.3. The efficiencies 
for the Kg1r- and K-,'o modes, including K' and KO 
branching ratios, are 2.0% and 3.1 %, respectively, giving 
an overall efficiency for the B- -> K'- "! decay of 5.1 %. 
From this we obtain a branching ratio for B- -> K'-,,! 
of (5.7 ± 3.1 ± 1.1) x1O- 5 . 

In conclusion , we have obtained compelling evidence 
for the existence of the decay BO -> K'o,,!, and support­
ing evidence for the existence of the closely relat"d decay 
B- -> K'-,,!. If one makes the reasonable assumption 
that the branching ratios for these two decays are equal, 
then an average branching ratio of (4.5±l.5±0.9) x 10-5 

is obtained. This is entirely consistent with the theoret­
ical predictions from the penguin diagram which are in 

the range (1-15)x1O- 5 [4,7]. Our result does not require 
any contributions beyond the standard model, but it is 
an order of magnitude larger than would be expected [5] 
if the penguin diagram were not present. This is strong 
evidence for the existence of the penguin diagram. 
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