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ABSTRACT: The current experimental status of hadronic decays of b hadrons is reviewed. The topics
discussed are: tests of the factorization hypothesis, measurements of B meson decays to one of the
charmonia states and a “K” meson, measurements of the number of D mesons arising from W vertices
and the observation of a new charm meson DY (j = %) in exclusive decays of the B.

1. Tests of Factorization Hypothesis
and Final-State Interactions

It is common to assume factorization when the
rate for a hadronic decay of a B meson is cal-
culated. However, it is desirable to test it ex-
perimentally.
the helicity amplitudes of proper hadronic and
semileptonic decays.

This can be done by comparing

Even if factorization is valid, if there are sig-
nificant contributions from final-state interactions
(FSI) in B decays, they may manifest as non-
trivial relative phases among different helicity am-
plitudes.

Recently, the CLEO experiment measured
the helicity amplitudes of the decay B — D*p~
where both the B and D* can be either charged
or neutral. They tested the factorization hy-
pothesis and looked for effects of FSI using the
method described above.

If factorization is valid, the amplitudes of
B — D*p~ should be proportional to the am-
plitudes for the semileptonic decay B — D*{v at
the momentum transfer value, ¢> = m%
ever, since no experiments have measured indi-
vidual helicity amplitudes for the semileptonic
decay at this particular ¢? value, they made a

. How-

comparison of the longitudinal polarization, I'y, /T' =

|Ho|?/ 3" |H;i|?, of the D* for the two decays [d].

Figure 'i_l:shows the mass distributions of CLEO’s

B — D*p~ candidates in the two charge modes.
Clear peaks for the signal are seen over a small
background. Since the decays are fully recon-

structed, they can measure all three decay angles,
namely the D* and p~ decay angles measured in
their rest frames relative to the direction of the
B as well as the angle between the two decay
planes, as illustrated in figure :_2
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Figure 1: Distributions of B candidate masses for
B° and B*.

They analysed the three dimensional distri-
bution of these angles using a maximum likeli-
hood method and obtained the helicity ampli-
tudes. Figure 3 shows the projections of the fit
results on the distributions of the three angles of
B® — D*tp~ candidates. The resulting helicity
amplitudes for each of the two charge modes are
listed in table :11'

From these results, the longitudinal polar-
ization was calculated to be I',/I' = 0.878 +
0.034 £ 0.040. This agrees well with the po-
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BY — D*tp~ Magnitude Phase (rad)

Hy 0.936 0 by definition

H_ 0.317+0.0524+0.013 0.19+0.23+0.14

H, 0.152 £0.058 £ 0.037 1.47+0.37+£0.32

B~ — D*%p* Magnitude Phase (rad)

Hy 0.932 0 by definition

H_ 0.283 +0.068 +0.039 1.13+0.27 £0.17

H, 0.228 +0.069 +0.036 0.95+0.31 £0.19

Table 1: Helicity amplitudes measured for B® — D**p~ and B~ — D*%p~
o COF Preliminery B, ke

Figure 2: Definition of the decay angles of B —
D*p~ decay.

o
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Figure 3: Decay angle distributions of B° —
D**p~ decay.

larization measured for the semileptonic decay,
0.914 4+ 0.152 +0.089 [2], and also the theoretical
expectation, 0.85 —0.88 [3] The agreement indi-
cates that factorization is a reasonable assump-

—_ .

(trigger req'd) 1
Mass: 5.276& 0.0014 GeV/ 1
Width: 0.0141+ 0.0013 GeV/t ]

Yield: 194+ 17
50 |-

Candidates per 0.005 GeV/fc

P B B PR e R
5.25 5.30 5.35 5.40
GeV/d

ppKTTMass

q5.15H ‘ ‘5i2‘0‘ ‘

Figure 4: Mass distribution of B — (J/¢)K" can-
didates.

tion in B hadronic decays.

The relative phases of the helicity amplitudes,
on the other hand, are somewhat different from
zero. This implies that FSI may play a role
even in B decays against prejudice. However,
we should wait before drawing more definitive
conclusions from these results until the full data
set is analysed, in particular with regard to the
effects of the background.

A similar analysis was carried out by the
CDF collaboration for the decays B — (J/¢)K*
and Bg — (J/¢)¢ [4]. The distributions of the
masses of the candidates in figures :ﬁl: andz_ﬂ show
clear signals.

The results are expressed in terms of transver-
sity amplitudes, instead of the helicity ampli-
tudes, and are listed in table g It is done this
way because two of the amplitudes represent states
of one parity (and CP parity) and the third rep-
resents the opposite parity state. These need to
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Figure 5: Mass distribution of B — (J/v)¢ candi-
dates.
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Figure 6: Transversity amplitudes of the B —
(J/Y)K™ decay.

be distinguished if these decays are to be used
to study CP violation phenomena. These results
are also expressed graphically in figures :'6: and -’_7.

Though there are no proper semileptonic de-
cays to test factorization for these decays, the
relative phase measurements are still useful to ex-
plore effects of FSI. The non-zero phases of these
measurements for B — (J/1)K* imply that FSI
plays a role in this decay mode. Previous re-
sults from CLEO for the B decay [5], however,
are consistent with no phase differences among
the three amplitudes. The two sets of results are
in fact statistically consistent though they give
a qualitatively different impression. We there-
fore need to wait for more precise results from

Fit result: Matrix Elements

Figure 7: Transversity amplitudes of the B —

(J/v)¢ decay.

future experiments such as CLEO (which have
tripled their data since their previous measure-
ments were made) and other B-factory experi-
ments. A measure of the CP-odd component,
|AL > = L, can be calculated from these re-
sults and is 0.12615 321 4 0.028, which is consis-
tent with CLEO. The longitudinal polarization,
|A)|? = LL, can also be obtained and is consis-
tent with the previous results from CLEO and
CDF’s RUN IA data.

The first result on |A,|? = % for Bs —
(J/v)¢ is 0.229 £ 0.188 £ 0.038 and is consistent
with zero. Their new value for F?L of 0.606 +
0.139 4+ 0.018 is consistent with their previous
result.

2. B to Charmonium Exclusive De-
cays

It is very useful to explore pure CP decays of B
mesons involving charmonia beside the famous
B — (J/¥)KY decay. The decays CDF observed
and described above are examples (when K*° —
K?27%). In addition, the CLEO group has ob-
served B — (28)K*, B — (J/¢)K? using its
Csl calorimeter, B — (J/¢)n° and B — x1 K3
decays. Figures 8 and :_E] illustrate how well these
decays are reconstructed.

Meanwhile, they have improved the efficien-
cies for detecting J/¢¥ — pp and ee decays by
about 20%. They did so by (1) identifying some
of the muons in the calorimeter, and (2) looking
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B — (J/Y)K* Magnitude Phase (rad)
Ao 0.770 4+ 0.039 £ 0.012 0 by definition
A 0.530 4 0.106 £ 0.034 2.16+0.46 £0.10
3.00+0.37 £0.04 (CLEO)
Al 0.355 4 0.156 £+ 0.039 —0.56 £0.53 +0.12
—0.11 + 0.46 + 0.03 (CLEO)
I /T =|AL] 0.12670 ga5 = 0.028
0.16 +0.08 £ 0.04 (CLEO)
I'p/T =4 0.59370:007 + 0.018
0.52+0.07 £ 0.04 (CLEO)
0.65+0.10 £ 0.04 (RUN IA)
Bs — (J/v)¢ Magnitude Phase (rad)
Ao 0.778 + 0.090 £ 0.012 0 by definition
A 0.407 £0.232 £ 0.034 1.12+1.294+0.11
Ay 0.478 £ 0.202 £ 0.040 no sensitivity
L, /T =|AL] 0.2294+0.188 £ 0.038
/T = |42 0.606 +0.139 £+ 0.018
0.56 +0.211503 (RUN 1A)

Table 2: Transversity amplitudes measured for B — (J/¢)K™* and Bs — (J/v¢)¢. There is no sensitivity
to the phase of A for Bs — (J/v)¢ due to cancellation of its contribution in Bs and Bs, which cannot be

distinguished in this decay mode.
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Figure 8: Mass distribution of candidate B —
xe1 K9 decays.

for J/1 — ete ™, where the v arises from either
QED radiation process or when one of the daugh-
ter electrons radiates while passing through the
detector material.

The distributions of the ¢y — uu and ee can-
didates in figures E-Q‘ and ii- show the improve-
ments in their detection. Table @ summarizes
the increase in the number of decays one can ex-
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Figure 9: Mass distribution of candidate B —
(J/4)K? decays.

pect from these decays compared to the golden
decay, B — (J/¢)K2.

3. Wrong-Flavour D from B

It is important to measure the average number
of charm particles in B decays for two reasons.
We want to know if b — ¢ is really 100% (except
small b — wu contributions). If not, it suggests
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Mode Events | CP Branching Ratio
observed

BY — J/¢yK°

Kg—7ntn™ 75 —1 | (0.924+0.11+£0.11)-1073

Kg — n0x0 15 —1 | (1.214+0.31£0.25)- 1073

..K in calorimeter 35 +1

B — J/¢n® 7 +1 (3471T+04)-107°

BY — J/yn 0 +1 | <5.8:107° 90% C.L.

B® — x.1 K9 6 —1 (45738 4+0.9)-10~*

BY — (28)KY 15 -1 | (5.24£14+05)-1074

Table 3: Number of events reconstructed in various B decay modes involving charmonia.

ond, we would like to know how often charm par-
ticles arise from W decays W — ¢és. Theories
predict that the rate is about 15 to 30%, but
the calculation is not as reliable as for W — ad.

Data

N
N
o
s}

i
N
Q
o

Events/0.5

1000

The uncertainty in this rate dominates the uncer-
800 tainty in the rate of W — hadrons, and therefore
critical in the calculation of Bsy, = I's/(T'sr +
Chaa). Considering the long standing problem

600

includes calorimeter muons

400 f with the lower-than expected semileptonic branch-
200 P, Z g ;j ing fraction, it is imperative that we measure
e Lt’lﬁhw _ .
MUy et the rate for W — ¢s. Experiments have accom-
no calorimeter muons

%% 25 20 15 10 5 0 5 10 15 2 plished this by either (1) making flavour specific

(M measurements of charm production rates (B —
D or B — D arising from W — &s as opposed
to B — D or B — D arising from b — cW) the
double-charm decays of the B; or (2) measur-

ing the rate for double-charm production B —
Data DDX.

31O

Figure 10: Mass distribution of ¥ — pu decay can-
didates using muons identified with the calorimeter.

The inclusive charm production rate in B de-
cays (sum of charm and anti-charm) has been
measured to be somewhat lower than what we
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expected. More recent measurements of charm
multiplicities are higher, and the ALEPH exper-
iment, for example, measures it to be 1.23+0.08.

1000

800

600

400 Py The CLEO experiment measured flavour spe-
200 e A L cific charm multiplicities [ to look for those
em ] charm particles arising from the virtual W (W —

0

-06 -05 -04 03 -02 -01 0 01 02 03 04 = .

. . ¢s) and those which come from b — ¢W sepa-
Invariant mass - nominal mass (GeV/d

rately. The upper limits for non-charm produc-
tions in hadronic B decays (such as B — gluon +
strange particle) was determined from the num-
ber of charm particles observed in hadronic B de-
cays with the proper flavour for b — ¢W. In this
that there are, for example, significant hadronic measurement, since you are interested in showing
penguin contributions in hadronic B decays. Sec- how close to 100% the charm production in B de-

Figure 11: Mass distribution of ¢ — ee decay can-
didates, including those with additional photons.
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cays is, it was important to know the detection ef-
ficiencies and the decay branching fractions of the
charm particles very well. This was accomplished
using the number of charm particles in semilep-
tonic B decays, where we know that the charm
particles production is close to 100% to a high
accuracy. This is because semileptonic B decays
are either b — cfv producing one charm parti-
cle or b — ufv producing no charm particle, and
we know the ratio between their rates. CLEO
observed a little fewer charm particles than ex-
pected for semileptonic B decays, but it was still
consistent within the error. This confirmed that
their estimates of charm detection efficiencies and

current measured values of the charm decay branch- Figure 12:

ing fractions were reasonable within their quoted
€rrors.

They found that the D meson are produced
from the W 7.9 4+ 2.2% of the time, more copi-
ously than naively thought previously. In addi-
tion, they found B — Dg 10.04+2.7 % of the time,
B — charmonia 3.0£0.5% of the time and charm
baryons 1.0 +£0.6% of the time. They amount to
a total of 22 &+ 4% of charm particles from the
W. This is consistent with our expectation. The
possible charm deficit observed in the inclusive
charm production rate was then attributed to
the systematic uncertainties in counting charm
particles from b — ¢W. Currently, it is consis-
tent with unity within the systematic error as
described above.

Recently, the ALEPH, DELPHI and SLD
experiments measured the fractions of double-
charm B decays to confirm the CLEO observa-
tion on W — ¢és. ALEPH E&} took advantage
of the fact that double-charm B decays tend to
contain more events with two identified vertices
away from the primary interaction point. Fig-
ure :I%‘ shows an example of how multiple ver-
tices are found. Figure :_1-Z_1’ shows the distance be-
tween the two vertices (dpp) normalized to the
resolution. It demonstrates that doubly-charmed
events have a significant separation between the
two vertices. By analysing these distributions,
they found that

B(b— D,DX) =
13.1735 (stat) 15 (sys) 757 (Bp) %,

Reconstructed vertices of a B decay can-
didate from ALEPH.
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Figure 13: Vertex separation distribution of B de-
cay candidates from ALEPH.

and

B(b— DDX) =
7.8% 12 (stat) 1 1 (sys) 05 (Bp)%.

Since their results are for a mixture of b hadrons,
these results cannot be directly compared with
the CLEO results. If one assumes, however, that
there are no DD X decays other than By and B,,,
the latter number will be translated into

B(B — DDX) =
10.375 S (stat) 3.5 (sys) 101 (Bp) %,

which is consistent with the CLEO results of
(7.9 £2.2)%.
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Figure 14: negative log likelihood,

or double-charm b-hadron decays producing multiple

vertices.

numbers of kaons from the b- and c-decay ver-
tices. In single-charm decays, what they identify
as the b-decay vertex should not contain many
kaons and c¢ vertex must contain typically one
kaon. In double-charm decays, what they iden-
tify as the b-decay vertex may contain kaons from
one of the two charm decays. They expect that
the ratio of the numbers of kaons from double-
charm events is 1.270 & 0.026 and that for other
events is 0.517 £ 0.007. In data, they find this
ratio to be 0.688 £+ 0.020. After applying a few
corrections, they obtain a preliminary result for
the double-charm branching fraction [i(]:

Bac = (16.2 + 1.9(stat) & 4.2(sys))%.

This is consistent with the CLEO result of 19%.
The probability that a track is assigned to an
incorrect vertex is the most serious source of sys-
tematic error and it is calibrated using leptons.
They use a flavour-tagged b sample and look for

The DELPHI experiment also looked for double- leptons of “right” charge (expected for b decays)

charm decays of b hadrons by how well b events
are consistent with having only one decay ver-
tex [B]. They calculate the likelihood that all
tracks in a b jet come from the a single vertex.
Events with one or two charm particles tend to
have smaller likelihood. They show a distribu-
tion of negative-log likelihood, —In P, which I re-
produce in figure ié The long tail seen in the
graph is due to single- and double-charm events.
From this analysis, they obtain

Boc = (3.3 +2.1)%,

and
Bac = (13.6 £ 4.2)%.

The latter result include all charm particle (un-
like the ALEPH results described above) and is

consistent with the value obtained by CLEO 19%:&4‘7’?5

but somewhat lower. By subtracting the char-
monia contributions from the “no-charm” yield,
they set an upper limit on the charmless decays
of 3.7%.

The analysis of the SLD experiment has a
little twist to that of DELPHI. They select those
events with two identified decay vertices. This
sample is mainly a mixture of single- and double-

charm b-hadron decays. Then they look for the

“wrong” charge (expected for ¢ decays). They
then check how often they are associated with b
and c vertices.

Given the rather high rate of B — DD de-
cays, CLEO looked for and found a double-charm
decay, B — D**D*~ [i1]. This decay does not
account for a large portion of the double-charm
decays of B mesons. However, it is significant
since it will be useful to study CP symmetry in
the B decays in future B factories.

Figure {[5 shows clear signal of 4 events in
the signal region where they expect the decay
to populate. They expect 0.31 events from var-
ious background processes. The corresponding
branching fraction is (6.2159(stat) + 1.0(sys)) x
10~%. They expect that this branching fraction
should be about (fp-/fpz)* tan®fc B(B® —
~ 0.1%, which agrees well with the
observatlon

4. B decay to a new charm meson
D,

Two of the four p-wave charm mesons D1 (2420)
and D»(2460) with relatively narrow decay widths
(about 20 MeV) have been seen in B decays as
well as in other charm productions. However,
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distribution for B® — D** D*~ candidates satisfying and

|AE| < 20 MeV.

B(B~ — D3(2460)7)B(Dj(2460) — D*Tr™)
, = 3.1+ 0.9(stat) = 0.5(sys)) x 107,

since the other two are expected to have much
wider decay widths, it is quite difficult to ob-
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