11
The Fifth Quark

Discovery of the Y and the B meson, 1977-1987

The discovery of the J/¢ and charmed quark seemed to complete a family of
fermions, (c, s, vy, ), entirely analogous to (u,d,ve,e). If this pattern were in-
dicative, then the 7 and its neutrino presaged a new pair of quarks. Both eTe™
annihilation and hadronic production of lepton pairs, the techniques that had un-
covered 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 u™ ™ 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 p*p~ 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 u™pu~ 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 Y and Y’. It soon became evident that this was a repetition of
the J/1 and ¢’ story.

With the help of an energy upgrade, in May 1978 two groups at the DORIS
ete” storage ring at DESY were able to observe the T in the PLUTO and DASP
IT detectors. The results of the experiments are reproduced here (ref 11.2, 11.3)
and in Figure 11.47. The determination of the mass of the resonance was greatly
improved with the result My = 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/v, it was possible
to infer the partial width for T — eTe™ from the area under the resonance curve,
with the result T',+,—(Y) = 1.3 £ 0.4 keV. Using nonrelativistic potential models
derived from the v 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
[+ (T) for the cases of charge —1/3 and +2/3. The comparison indicated that
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Figure 11.47: Measurements of the eTe™ cross section at the lower Y states. Measurements
from the DASP II experiment at DORIS show (a) the T and (b) the YT’ (Ref. 11.3).
Measurements by the CLEO group at CESR show (c) the T, (d) the Y’, and (e) the Y".
Discrepancies between the mass measurements by the two groups were later resolved (Ref.
11.5).



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
(¢, s) with the charge —1/3 beneath the charge 2/3 quark. Thus the prospective
sixth quark is referred to as ¢t or “top”.

After additional cavities were added to increase the energy of the DORIS ring,
the DESY-Heidelberg sodium iodide and lead glass detector and DASP II were
able to observe the T’ (Refs. 11.3, 11.4). The Y’ — T splitting was found to be
very nearly the same as that for ¢’ — 1.

By 1980, the Cornell Electron Storage Ring (CESR) with its two detectors,
CLEO and CUSB, became operational. They both observed the T and Y’, and
additional resonances, Y and Y (Refs. 11.5, 11.6, 11.7, 11.8). The first three
states, with masses 9.460, 10.023, and 10.355 GeV, are narrow, with observed
widths consistent with the beam spread of the machine. They are analogous
to the 1 and ¢, and correspond to 135;,23S;, and 335, states of a bb system.
Figure 11.47 shows the Y and Y’ as observed by DASP II and the T, Y’, and
Y as observed by CLEO. The Y at 10.577 GeV is a broader state, like the
¥(3772) = 9", and is interpreted as the 43S; state, lying above the threshold for
BB production, where B represents a meson containing a b quark and a u or d
quark. Thus Bt = bu, B’ = bd, B— = b, B° = 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, T/ — x37y, where Yy, represents a C' = +1, P = +1 p-wave state. Evidence
was obtained from the inclusive photon spectrum, T/ — ~+ anything, and from the
cascade Y/ — vxp, xop — YY, T — [T1~, where [ represents e or . Measurements
were carried out by CUSB and CLEO at CESR and by the Crystal Ball at DORIS
IT after the detector was shipped from Stanford to Hamburg. In Figure 11.48 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~ 7. Positron emission is the result of
u — detv. The strangeness-changing semileptonic weak decays (e.g. A — peD)
are described by s — ue~ 7 whose inverse is u — seTv. The Cabibbo hypothesis is
that the weak current is really u — (cos 8.d + sinf.s). As discussed in Chapter 9,
the introduction of a fourth quark makes the Cabibbo angle into a rotation, with
the current described by

( Tz ) cosf. siné, d

—sinf,. cos6, s
The V-A structure 7,(1 — 75) has been suppressed for clarity. The 2 x 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



Figure 11.48: The photon spectrum from Y’ decays obtained by the Crystal Ball Collabo-
ration at DORIS II. A triplet of lines corresponding to T/ — x5 (3P2,1,0) is seen between
100 and 200 MeV. The decays x, — Y produce the unresolved signal between 400 and
500 MeV [R. Nernst et al., Phys. Rev. Lett. 54, 2195 (1985)].

would have to be expanded to a 3 x 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 (¢, s), the 3 x 3 mixing matrix would allow for CP violation.

In order to provide for C'P violation, we need a complex term in the interaction J E JH

where J, = U7,V (1 —v5)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 n? complex or 2n? real parameters. Unitarity imposes the conditions
ViiVi; = dik, which give n(n — 1)/2 complex constraints for i # k and n real constraints

for i = k. Altogether there are n? 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 n? —2n+1 = (n — 1)2. For two families this gives just one parameter,
which is the Cabibbo angle. For three families there are 4 parameters. Now if V' were purely
real it would be a 3 x 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 Kobayashi-Maskawa (KM) matrix by

Vud Vus Vub d
(7T T | Vi Ves Vo || s
Vie Vis Vu b

In principle, the squares of the various matrix elements can be measured by ob-
serving a variety of weak decays. The comparison of nuclear beta decay and
muon decay indicates |V,q| ~ 0.97, while the strangeness-changing decays give
|Vus| = 0.22. These two are just cosf. and sinf. in the Cabibbo scheme. The
production of charmed particles in neutrino (or antineutrino) nucleus scatter-
ing is proportional to |V,4|?. Data from the CDHS Collaboration led to a value
|Veq| = 0.21 +0.03. The decay of mesons containing b quarks is controlled by Vi
and V.. The relative size of these elements determines the ratio of the semilep-
tonic decays I'(b — ulv)/T'(b — clv). Because of the greater phase space available,
the b — ulv decay produces leptons with higher momentum than does b — clv. In
Figure 11.49 we show data for the lepton spectra. The evidence overwhelmingly
supports b — clv as the dominant mode. Recent data indicate that

I'(b — ulv)

TG o aw) <008

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

[Vap/Vep| < 0.22

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
438; Y™ it was possible to obtain a good sample of Y”/— BB events (Ref. 11.9).
The technique used was to identify candidates for D%s and D**s, using only
entirely charged decay modes, and combine these with either one or two charged
pions. In analogy with the fundamental decay ¢ — s leading to D™ — K- ntnT,
the transition b — ¢ produces B~ — DTn~n~, D**gm~n~. The combinations
B — Dmw and B — Dnm were required to produce B's with energy equal to the
beam energy since the decay is Y"”/— BB. An accumulation of events for mass
near 5.275 GeV demonstrated the observation of exclusive B decays.

The CLEO Collaboration at CESR and the ARGUS Collaboration at DESY
have identified additional decay modes. Particularly noteworthy are BT — K™
and BT — /KT,

The CUSB Collaboration has observed photons of energy about 50 MeV as-
sociated with BB production at energies above the Y". This is ascribed to the
production of B*B and the subsequent decay B* — B~y. The splitting between
the spin-one B* and the pseudoscalar B was determined to be 52 + 2 £+ 4 MeV.
Some of the CUSB data are shown in Figure 11.50.



Figure 11.49: Lepton spectra for semileptonic B meson decays. On the left, CUSB data
from CESR together with the curves expected for (A) b — cev, (B) b — uev, and (C)b —
c¢X, ¢ — sev [C. Klopfenstein et al., Phys. Lett. 130B, 444 (1983)]. On the 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 — wlv while the dotted curves are
predictions for purely b — ulv [A. Chen et al., Phys. Rev. Lett. 52,1084, (1984)]. All the
figures indicate that I'(b — clv) >> I'(b — wulv). This Kobayashi-Maskawa suppression
is analogous to the Cabibbo suppression observed in the decays of charmed particles to
states without strangeness.



Figure 11.50: 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 eTe™ annihilation). These criteria signal the
presence of B mesons. The eTe™ c.m. energy for the solid histogram in (a) is 10.62 —
11.25 GeV, above the B*B threshold. The dotted histogram in (a) was taken at the 1",
below the B*B threshold. In (b) the spectrum with the background subtracted shows a
line near 50 MeV, ascribed to B* — By (K. Han et al., Phys. Rev. Lett. 55, 36 (1985)).



Semileptonic decays have also been exploited in several experiments to obtain
B-enriched samples of events for B lifetime measurements. The Mark IT Collabo-
ration 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 about 1 ps. Similar measurements were made by the MAC,
TASSO, DELCO, and JADE experiment at PEP and PETRA. This unexpectedly
long lifetime indicated that the V., matrix element is quite small, a current esti-
mate being between 0.030 and 0.062. From the unitarity of the KM matrix, we
conclude that |Vig|? + |Ves|? + |Ves|? = 1, so |Ves| ~ 0.97, assuming there are just
three generations.

Just as for K% and FO, there can be mixing between the neutral BY and B.
In fact, this is possible for two distinct systems, the non-strange B?l = bd and the
strange BY = bs. The mixing does not require CP violation, but depends only on
the existence of common states to which both B® and B’ can decay. The B favors
decays to states like D7, while the B’ prefers Dmr. Both however, can decay to DD,
albeit as a Cabibbo suppressed decay. Similarly, they both can decay virtually to
states like TT, where T represents the as yet undiscovered pseudoscalar meson
made from @ or td. Of course, multiparticle states are possible as well.

Unlike the K°, the BY has many decay channels open to it with CP = —1 and
with CP = +1. As a result, the two C'P eigenstates made from B" and B must
have very similar lifetimes. The mixing parameter, r, introduced in Chapter 7
thus becomes

_ (AmyTp?
24 (Am/T)2

An analogous equation holds for D°® — D’ mixing. Theoretical predictions for
mixing are based on processes shown in Figure 15.57. Mixing depends on both the
quark masses and the Kobayashi-Maskawa matrix. If the d, s, and b quarks were
degenerate in mass, we could redefine them so that the u quark decayed entirely
to d, c entirely to s, and t entirely to b. Then the Kobayashi-Maskawa matrix
would be the unit matrix and there would be no intermediate quark states possible
in Figure 15.57. The effect, then, depends critically on quark mass differences,
emphasizing the importance of the heavy quarks.

If a BB pair is created and both decay semileptonically, the B would be ex-
pected to give a positive lepton (b — @ *v) and the B a negative lepton. If there
is B—DB mixing, it is possible that both leptons will have the same sign. An un-
fortunate background arises from the chain b — ¢ — Xlv since the semileptonic
decay of the ¢ would give a lepton of the sign opposite that expected from a b
decay. While some evidence for B — B mixing was found by UA-1 at the SppS in
the same-sign dilepton signal, clear convincing evidence was first obtained in an
ete™ experiment.
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Searches by CLEO at the Y’ and by Mark II at 29 GeV produced upper limits
for B — B mixing expressed in terms of

rq =T(By — e"X)/T(B} — e"X)

re =T(BY - e X)/T(B? — et X)

The CLEO result 74 < 0.24 (at 90% confidence level) was restricted to B, since
the data were taken below the By threshold (Ref. 11.10), while the Mark II limit
was for a combination of r4 and 75 (Ref. 11.11). The UA-1 experiment measured a
value of r = 0.4240.07 with an expected background of 0.26+0.03. The difference
they interpreted as being due to B, — B, mixing, which was expected to be much
larger than By — By mixing (Ref. 11.12).

The ARGUS Collaboration finally provided convincing evidence for By — By
mixing with studies at the T”/(Ref. 11.13). One event was found where T"'—
Bng as demonstrated by specific semileptonic decay modes, each with a positive
muon. Additional evidence for mixing was obtained by measuring the like-sign
dilepton signal. A third independent measurement came from identifying complete
BY decays and observing semileptonic decays of the accompanying B’ Finding a
positive lepton opposite an identified B? is evidence for mixing. Combining the



results of these measurements gave rqy = 0.21 £ 0.08. In view of this result, the
UA-1 same-sign dileptons are probably due to both Bd0 and BY mixing.

The discovery of the b quark provided an excellent opportunity to test the
models proposed 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 mixing of the Bg and
Eg was a beautiful reprise of the K 0_F° mixing first observed thirty years before.
The b quark provided, as well, a possible explanation for C'P violation through the
complex phase in the Kobayashi-Maskawa matrix. A test of this mechanism awaits
further experimental and theoretical progress. It awaits, as well, the discovery of
the presumed ¢ quark.

EXERCISES

11.1 The Wolfenstein parameterization of the Kobayashi-Maskawa matrix is

1—)\2/2 A NA(p —in)
V= - 1—\2 A2A
NA(L—p—in) —)\? 1

where A, p,n, and A are real parameters. Show that this matrix is unitary
(VVT = 1) up to corrections of order A*. Take V,,s = 0.22, |V,|=0.045, and
|V /Ver|= 0.20. Find A\, A, and p? + n?. See L. Wolfenstein, Phys. Rev.
Lett. 51, 1945 (1983).

11.2 Show that if a BB’ pair is produced in eTe™ annihilation in association with
other particles far above the BB threshold, if both Bs decay semileptonically,
the like to unlike sign ratio is

NI+ N@I7) 2
NI N

but if the pair is produced by the Y"/(43S7) the ratio is simply 7.

11.3 Suppose the quark—antiquark potential obeys the power law V(r) = ar”.
Show that the binding energies vary with the quark mass as E oc m~/(*12)
and that the density at the origin |¢(0)|? for an s-wave state varies as
m3/+2) Given that the splitting Y/ — Y is nearly identical to that for
Y — ), predict T(Y — ete™) from I'(¢p — eTe™) if the charge of the new
quark is —1/3 or is +2/3.



11.4

11.5

11.6

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

) = 5= < F >

Hint: write the Schrodinger wave equation for the radial wave function, u
and multiply by v’. Integrate the result from r = 0 to r = co.

Use the results of Exercise 6.5 to determine the e~ spectrum in the decays
b— ce U, b— ue v. Take mp = 5 GeV, m.= 1.5 GeV, my,= 0.3 GeV.

* Suppose that the bb or ¢ interaction can be represented approximately by
a nonrelativistic Schrodinger equation:

1
2mred

VE4+V(r)| = Ey

where m,q = m/2 is the reduced mass. Then the energy levels are spin-
independent so 3S; and 'Sy are degenerate, as are 3P2y170 and 'P;, etc. Now
consider as perturbations the spin dependent forces

L S Vio(r)
0102 Vspin—spm(r)

301 -TOy-1r— 010212

7‘2 ‘/tensor (7”) = 512‘/tensor (T)

Here S = %(01 + o2) is the total spin, and o and oy are the quark and
antiquark spin operators.

a. Which degenerate states are split by each of the interactions? Which
nondegenerate state are mixed by the interactions?

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

L+1
< L=J+1, S=1,M|Sw|lJ,L=J+1, S:LM>=—%bt1
<JL=J  S=1MSulJL=J  S=1,M>=+42
L
L=J-1 S=1M L=J—1 S=1M>=-2
<J, J , S , |512|J, J , S , > 5L 13

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



11.7 * The relation between the standard relativistic Lorentz invariant amplitude,
M, (the usual Feynman rules generate —i.M) and the conventional scattering
amplitude of potential theory is

1
—FM
8my/s
where s is the square of the center of mass energy. The center-of-mass dif-

ferential cross section is do/dS2 = |f|2. In potential theory, the Born value
for f is

f:_

f= —22 /dgre_ip/'rV(r)eip'r
T

where p and p’ are the initial and final momenta. Two body scattering can
be treated analogously with the modification m — My eguceq- If the particles
have spin 1/2, we generalize the wave function to ¥(r)x1x2, where x; and
X2 are two-component spinors. Thus

m . .
f== Q:d /df‘irxgx/fe—zp TV (r)e® xaxz

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

M = 1(pa)yuu(p2) @(ps)y u(p1) V(p1 — p3)

Show that the spin dependent potential is, to leading order

V(r) =Vo(r) +

3 l% n 1 1dVy d2V0 +0'1-0'2
om2r dr 12m?

where S = (01 4 02) is the total spin and

[ drvamear = ()
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