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PROCEEDINGS

Recent Results on Rare b Decays

David E. Jaffe
University of California San Diego

ABSTRACT: Recent experimental results on charmless rare b decays are reviewed.

1. Introduction

Recent experimental results on rare b decays are
dominated by the CLEO experiment with no-
table contributions from ALEPH, CDF and DO.
I will discuss only results on charmless hadronic
B meson decays (B — PP, PV where P =7, K,
n, ' and V = p, K*, w), radiative b decays and
purely leptonic B meson decays . I will omit any
discussion of such rare b decays as Bt — DK™,
Bt — D*fD*~, BT — (v, and b — svi.

The search for rare b decays lead to the first
observation of penguin decays in exclusive radia-
tive B meson decays @] and revealed the un-
expectedly large role of penguin contributions
in charmless hadronic B decays. The interfer-
ence between the tree and penguin contributions
means that B decay rates to charmless hadronic
final states are sensitive to -y, the phase of V F_Z}
Several authors have proposed methods to bound
~ using ratios of B — K decay rates [8, 4]
with relatively little model dependence. Both
methods use B — K branching fractions to
set bounds on 7. Using the preliminary results
contained in this paper, neither the Fleischer-
Mannel [3] bound

I'(B® - K 77)/T(BT — K ") > sin®y

1.11 £0.35 = sin®~y

nor the Neubert-Rosner [4] bound
2R, = B(B" — K% )/B(BT — K*n%)

(1 —-+/R.)/€/s < |0Ew — cos7|
0.55 £0.74 < |(0.64 £ 0.15) — cos |

can set a meaningful limit on  [B]. Another
method seeks to provide information on vy by sac-

rificing model-independence for comprehensive use
of existing measured branching fractions ['ﬁ]

In addition to probing arg(V},), the mea-
surement of the proper time dependence of rare
B decays to 77 [ii] and 777 [§] can yield a mea-
surement of a [:_2] Finally, the search for direct
CP violation in charmless hadronic and radiative
B decays could provide evidence of non-Standard
Model (SM) physics.

Table :_]: lists the number of b hadrons accu-
mulated by different experiments. The major-
ity of results on charmless hadronic and radia-
tive b decays come from the CLEO experiment
that operates just above the BB threshold at the
T (4S) resonance. At /s = 10.6 GeV, the main

source of background is continuum e*

e — qq
(¢ = wesd) with a cross-section of ~ 3 nb or
about three times o(BB). A number of features
allow the suppression or successful treatment of
the continuum by CLEO. Near threshold, the de-
cay products of the BB pair are isotropically dis-
tributed in contrast to the back-to-back or “jet-
ty” nature of continuum events. CLEO exploits
the fact that the B meson energy Ep is the beam
energy Epeam to form the beam-constrained mass
Mg = y/Epeam” — Pi? which is essentially a mea-
sure of the momentum balance of the B candi-
date and has a resolution o(Mg) ~ 2.5 MeV
dominated by the beam energy spread. CLEO
also takes approximately one third of its data
about 60 MeV below the T(4S) resonance, effec-
tively turning off the production of B mesons and
permitting direct evaluation of continuum back-
ground processes.

The entire CLEO data sample consists of
9.7 x 10° BB pairs with 3.3 x 10° BB pairs ac-
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NG Production Data
Experiment (GeV) rate sample
CLEO ~106 o(BB)~1nb 9.7 x 10°BB
LEP ~91 o(bb) ~7nb 0.9 x 1056b/Expt
CDF/D0 1800  o(bb) ~ 100 ub  trigger dependent

Table 1: Numbers of b hadrons accumlated at different experiments.

cumulated with the CLEO II detector configura-
tion @ The remaining 6.4 x 10 BB pairs were
accumulated with the CLEO II.V detector con-
figuration [[(]. The innermost tracking cham-
ber was replaced by a three-layer, double-sided
silicon vertex detector and the argon-ethane gas
mixture in the large drift chamber was replaced
by helium-propane to convert CLEO II to CLEO
I1.V. The latter of these detector modifications
improves the charged kaon and pion separation
both in terms of specific ionization dE/dx mea-
sured in the drift chamber and the momentum
resolution.

2. Charmless hadronic B decays

Charmless hadronic B decay candidates are se-
lected by requiring | Eg — Fpeam| = |AE| < 200 or
300 MeV (The AE resolution varies from 15 to 25
MeV depending on the final state), 5200 < Mp <
5300 MeV (0(Mg) ~ 2.5 MeV) and | cos(fsphericity) |
< 0.8 or 0.9 [:_1-]_:] The |AE| and | cos(Osphericity )|
differ slightly for the different decay modes. The
latter requirement exploits the difference in the
shape of BB and continuum events. In addition
loose resonance mass M,es and particle identifi-
cation cuts are used where applicable. Yields are
extracted from the sample of resulting B can-
didates from an unbinned maximum likelihood
(ML) fit [12] to the largely independent variables
Mg, AE, F, dE/dz, M,cs and cos Ohelicity, where
F is a Fisher discriminant combining 11 event
shape variables [:_l-%'], M,es is the p,K* 1,1’ or
w candidate mass and cos6helicity is the helic-
ity angle appropriate for pseudoscalar — pseu-
doscalar,vector decays. In order to graphically
present the results, cuts are applied to all vari-
ables in the fit except for the variable being plot-
ted. These cuts generally reduce the signal effi-
ciency by ~ 50% and the background by an order
of magnitude.
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Figure 1: The likelihood contours in intervals of
standard deviations (statistical uncertainty only) for
the B —» nt7~ vs. B® = K*n7 yields.
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Figure 2: The difference in the B — hTh™ candi-
date energy and Fpeam in GeV when both B daugh-
ter candidates are assigned the charged pion mass.
The solid line represents the full fit, the dashed line
represents the K™ 7~ component, the dotted line rep-

resents the smaller 7+

7~ component, the dot-dash
line represents the background and the histogram

represents the data.

The preliminary results from the ML fit to
BY — ht7~ candidates in 9.7 x 106 BB pairs are
shown in figures il and d. The measured yields
for K*7~ and ntn~ are 80.2%115 and 20.0778
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events, respectively. This represents the first ob-
servation of the decay B® — wt7n~. Figure :11'
shows the likelihood contours in increments of
standard deviations (statistical uncertainty only);
the BY — 7wt7~ is significant at over four stan-
dard deviations. Figure:g demonstrates one com-
ponent of CLEQ’s ability to separate charged
kaons and pions; when a kaon is assigned the pion
mass, the shift in AE is —42 MeV (0(AE) =
25[20] MeV for CLEO II [CLEO IL.V]). The K/x
separation in dE/dx at |py| ~ 2.5 GeV is 1.7]2.0]c
in CLEO II [CLEO IL.V]. The preliminary results
for the branching fractions of B — h*h~ decays
are (1.88 T02840.13) x 105, (0.47 7018 +0.06) x
1072 and < 0.2 x 107% at 90% CL for hTh™ =
K*tn~, 7t7~, and KtK~, respectively [13] *.
The preliminary results for the related de-
cays BT — K°A" and BY — ht70 are B(BT —
Ko7+) = (1.827045 £ 0.16) x 107°, B(Bt —

K°K*) < 0.51x107% at 90% CL, B(B* — K*x0) =

(1.2119:39404)) x 107° and B(B* — ntn0) <
1.2 x 1075 at 90% CL [13]. Significant signals
are seen in decays to K71 and K*7% but not
in 7t70 or K%r*. The relatively low values of
B(B? — atn~) and B(BT — waY) with re-
spect to B = Kt7~ and Bt — K*7¥ indicate
that there will be substantial experimental diffi-
culties in addition to the theoretical uncertainties
in measuring the angle a of the unitarity triangle
(UT) [i.

Figuresij and 2_11' shows the beam-constrained
mass and cos Opelicity distributions for BT — pOh T
candidates in 5.8 x 10° BB. Both distributions
show evidence of a BT signal. The yields from
the ML fit are 26.175 and 14.8733 for p°7t and
p°K™*, respectively, corresponding to B(B* —
pPrt) = (1.5 4+ 0.5+ 0.4) x 107° and B(BT —
pPK+) < 2.2 x 1075 at 90% CL (preliminary).

For the related decay, B — p=h¥, only pos-
itive values of cos Onelicity are considered (Fig. 5)
This serves to suppress backgrounds since it se-
lects both a high momentum neutral pion that
has less combinatorial background and a low mo-
mentum charged pion that is well-separated from
K* by dE/dz thus reducing potential backgrounds
from B? — K**7~. The preliminary results are

LAll CLEO results presented here assume B(Y(4S) —
BOBY) — B(T(4S) — B+B~) = 0.5

B*—>h"0’ where o° > n'n”
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Figure 3: The beam-constrained mass Mg distri-
bution for B¥ — p°z" candidates. The solid line
represents the full fit, the dashed line represents the
background and the histogram represents the data.
B*—>h*p’ where p° > n'n”
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Figure 4: The cosbhelicity distribution for Bt —
p°mT candidates.

BB® — ptrT) = (3.5 T1§ £0.5) x 107 and
BB — pTKF) < 2.5 x 107° at 90% CL in
7.0 x 10% BB. In principle, the angle a could be
measured to a precision of ~ 6° with a likelihood
fit to the proper time-dependence of the 7+7 7
Dalitz distribution with ~ 1000 background-free
B? — 77 70 events [§]. Given CLEO’s result,
such a measurement would require over 100 fb~!
at an asymmetric, ete~ B-factory and would be
complicated by the backgrounds as shown in fig-
ure '6 In addition, the region of the Dalitz distri-
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Figure 5: The cosOpelicity distribution for B —
ptnT candidates.
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Figure 6: The Dalitz distribution (M?(z*7°) vs.
M?*(nF79)) for B® — 777~ 7° candidates. To im-
prove the visibility of the p resonance, the plot is
“folded”: the larger (smaller) of M?(nx®) is plotted
on the horizontal (vertical) axis.

bution most sensitive to a due to the interference
between B® — ptn~ and B® — p~nt occurs
when M?(rt70%) ~ M?(n=7%) ~ M?(p) where
the backgrounds to neutral pions are largest.
The likelihood contours for BT — wh™ are
shown in Figure -‘_?: for 9.7 x 106 BB. The yield
of Bt — wrt (wK™) is determined to be 28.5752
(7.9759) corresponding to B(Bt — wrt) = (1.1+
0.3£0.1)x 10 and B(B*+ — wK*) < 0.8x 107
at 90% CL [14]. The B* — wrt branching frac-

Figure 7: The likelihood contours for the BT —
wrt vs. BT — wK™* yields.

tion is consistent with that of B* — p07nt as
expected from isospin. The limit on the BT —
wK* branching fraction is somewhat at odds with
CLEO’s earlier reported value of (1.57 % 40.2) x
10~° in the 3.3 x 10° BB of the CLEO II data
sample [:_I-Eﬂ Two factors are responsible for this
change. The CLEO II data sample was re-analyzed
with improved calibration and track-fitting al-
lowing an extension of the geometric acceptance
and track quality requirements resulting in an in-
crease in reconstruction efficiency of 10 to 20%.
The re-analysis reduced the wK™* yield and in-
creased the wrnt yield. In addition, there were
very few wK?T candidates found in the CLEO
I1.V data sample (6.4 x 105 BB).

The beam-constrained mass distributions for
BT — n’Kt and B° — #’K° are shown in fig-
ures 'é_g and '9' The corresponding, preliminary
branching fractions from 9.7x 10 BB are B(B* —
nK+) = (8.0755+0.8) x 107° B(B® — n/K°) =
(8.8718 £ 0.9) x 107 and BBt — n'zt) <
1.1 x 107° at 90% CL [6]. These surprisingly
large branching fractions are compared to pre-
dictions in table -'_2 Disparate explanations of
the large B — 7'K branching fractions have been
offered such as a large gluonic [ié] or intrinsic
charm [f9] content of the 7. Lipkin extended
isospin and flavor symmetry treatment of B de-
cays to include final state interactions and pro-
posed the sum rule [20]

BB* = nK") + BBt = nK") =
B(BT - K% + B(BT — KxT)

which can be evaluated with CLEO measurements
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Figure 8: The beam-constrained mass for Bt —
n'K" candidates. The shaded (white) region repre-
sents 1’ candidates reconstructed in they’ — 777
(py) decay modes.
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Figure 9: The beam-constrained mass for B® —
n'K? candidates. The shaded (white) region repre-
sents 7' candidates reconstructed in the y’ — nt7n ™7
(py) decay modes.

and limits at 90% CL listed in tables :'2: and 'Lj:
(units are 10~°)

?

(8.01194+0.8) 4+ (<0.71)
(12119304931) 4 (1.827048 4 0.16)
The equality is violated by more than three stan-

dard deviations. Recent work [21] suggests that
the large 'K and nK* rates with respect to n'K*

and nK are due to constructive interference of
two comparable penguin amplitudes rather than
mechanisms specific to the 7’.

The summary of CLEO’s charmless hadronic
B decay measurements is shown in table g There
is now clear evidence of hadronic b — u transis-
tions (B® — nt7n~, B — p/wn). The pattern of
B(B — Kr) ~ B(B — p/wr) > B(B — 77r) is an
indication of the constructive [destructive] inter-
ference between tree and penguin contributions
for B = K*7~ and B — p/wn [B® — nt7n~].

3. Radiative and leptonic b decays

Both ALEPH [23] and CLEO [24] employ similar
techniques to measure the b — sy branching frac-

tion. Photons from 7°

s and 7s are vetoed in the
selection of the high energy photon candidate.
ALEPH suppresses the light quark (ucsd) back-
ground by imposing a lifetime-based b-tag in the
hemisphere opposite the photon candidate. At
CLEOQ, the suppression of the ucsd background
is achieved by a neural network that utilizes event
shape information. Both experiments then form
an X; candidate from a combination of tracks,
K? and 7° candidates that, when combined with
the high energy photon, produces the “best” b
hadron candidate. The photon energy spectra
from the remaining candiates are shown in fig-
ures :_I-C_i and :f]_] The subtraction of the remain-
ing background is accomplished quite differently
by the two experiments. CLEO takes advantage
of the data accumulated below the BB thresh-
old to subtract the dominant ucsd background.
ALEPH adjusts their simulation of the background
processes based on b — sy-poor regions of dis-
tributions that discriminate between signal and
background. This procedure reduces ALEPH’s
sensitivity to their simulation but increases the
systematic uncertainty. The measured b — sv
branching fractions of (3.15+0.35+0.32+0.26) x
10~* and (3.11£0.8040.72) x 10~* from CLEO
and ALEPH, respectively, are in good agreement
with the SM calculation at next-to-leading order
of (3.28 +0.33) x 1074 [25]. The CLEO result is
preliminary and based on 3.3 x 10 BB.

Even though the b — sy rate agrees with
the SM calculation, many non-SM effects could
give rise to a sizeable (~ 40%) rate asymme-
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Reaction Bor UL (x107°) Prediction N(BB)(x10%) Reference
BT - K+ 8.0753+08 2.1-4.1 9.7 [i6]
B? — /KO 8.87184+0.9 2.1-4.1 9.7 [i6]
Bt — n/K** <87 0.03-0.04 6.7 [i7]
BO — /K*0 <20 0.01-0.04 6.7 (7]
Bt — nK* <0.71 0.2-0.4 9.7 6]
B? — nK° <0.95 0.2-0.4 9.7 [i6]
Bt = gK*t 2737035 +0.50 0.2-0.3 9.7 [i6]
B® — pK* 138794017  0.2-0.3 9.7 [16]

Table 2: Preliminary CLEO results for B — n(')K* compared to predictions from Ref. [22:]

Decay Bor UL (x10~°) | Decay B or UL (x1079)
B - Ktr~  1.88 7028 4+0.13 | B » K**n*F 2.2 198 02
B? — ptKT <25
BT — K*r0 1.2170301020 | BT — pOK+ <22
Bt — wK* <0.8
Bt — Ko7t  1.827045 +0.16
B —» rtr— 047 70184+0.06 | B — ptat 3.5 115405
Bt — nt70 <12 Bt — pOnt 1.5+0.54 0.4
Bt — wrt 1.1+0.340.1
B » KtK~ <02 B? - K**K¥ < 0.6
Bt — KK+ < 0.51

Table 3: Summary of charmless hadronic branching fractions (B) or upper limits (UL) at 90% CL.
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Figure 10: The photon energy spectrum for b — sy

candidates from the CLEO experiment. The upper

(lower) figure shows the distribution before (after)

background subtraction.

try [26]. CLEO extends their X, reconstruction
method to “tag” the b-flavor of the final state of
the b — sy decay to produce a measurement of
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Figure 11: The photon energy spectrum for b — sy

candidates from the ALEPH experiment. The upper

(lower) figure shows the distr
background subtraction.

the asymmetry

L'(b— sy)—T(b— 3y)

ibution before (after)

A° =

L'(b— sy)+T(b— 57)

(3.1)
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Monte Carlo is used to determine the rate of the
three possible outcomes of tagging: 1) b flavor de-
terminable and correctly assigned, 2) b flavor de-
terminable and incorrectly assigned or 3) b flavor
not determinable. The preliminary CLEO result,
based on 3.3 x 10° BB, for the measured asym-
metry, after both additive and multiplicative cor-
rections, is A? ~ AM = (0.16 4 0.14gpa +
0.055yst) % (1.000£0.041)gyst or —0.09 < A™* <
0.42 at 90% CL.

Hadron collider experiments are currently only
sensitive to rare b decays containing charged lep-
CDF
exploits this sensitivity to search for the decays
B — K®utp~ [27]. The candidates for these
decays must form a common vertex (x?(vertex) <
20) with a measured decay length greater than

ton pairs due to their triggering ability.

400 microns transverse to the pp collision axis.
In addition the B — K™yt~ candidates must
satisfy an isolation requirement that takes advan-
tage of the hard fragmentation of b quarks. Fig-

uresilZand I3 show the M (ut ) vs. M(K® ptp)

distributions for the BT — K™ u™p~ and BY —
K*Ou*pu~ candidates. The candidates due to
B — ’g[)(')K(*) decays dominate the distributions
which are otherwise relatively background free.
The limits obtained by CDF [27] in table 4 are
within an order of magnitude of the SM predic-
tion and indicate that this decay should be ob-
served with the increase in luminosity (~ 2 fb™')
expected for the upcoming run. The measure-
ment of the dilepton mass spectrum and the lepton-
pair forward-backward asymmetry are important
for the separation of the long- and short-distance
contributions to the decay [:_2-28:} and are sensitive
to contributions from non-SM processes [29], but
will require another order of magnitude increase
in luminosity.

Table 2_1: also lists results of searches for the in-
clusive decay b — s£+¢~ by DO [30] and CLEO [31].
CLEO adapts their inclusive X reconstruction
from the b — sy measurement while DO simply
searches for high-mass lepton pairs below the B
mass and above the charmonium resonances. All
measurements are at least an order of magnitude
higher than SM expectations.

Both CDF and CLEO have searched for the
purely leptonic b decays B® — ¢t/ as listed in
table I:)' The current upper limits are at least
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Figure 12: The M(utp™) vs. M(KTutp™) dis-
tribution for BY — KTu* ™ candidates from CDF.
The vertical lines delineate the signal region, the di-
agonal hatching shows the excluded v and 1’ regions
and the shaded region is kinematically forbidden.
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Figure 13: The M(utp™) vs. MK utp™) dis-
tribution for B® — K*°u " 1~ candidates from CDF.

several orders of magnitude above the SM ex-
pectations. The SM B? — uTu~ decay rate
should observable with the full expected luminos-
ity from CDF’s upcoming run if backgrounds can
be reduced and the overall detection efficiency
enhanced by at least a factor of two.
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Expt BBt — Kt¢tem) BB =Kt em) Bb—sttir)
CDF (¢ = ) <5.2x107° <4.0x 107

DO(¢ = u) <3.2x107*
CLEO({ = ) <9.7x10°¢ <9.5x10°¢ <5.7x107°
CLEO({ =) <11x1076 <13 x 1076 <58x107°
CLEO(u & e) <4.2x107°
Std Model (0.3—10.7) x 1076 (1—4)x1076 ~6x 1070
CLEO pte™ <22x107°

Table 4: Summary of B — K®*¢*¢~ and b — s¢ searches. All upper limits are at 90% CL.

CDF CLEO SM
Decay Upper limit at 95% CL  Upper limit at 90% CL  expectation
BY — utp~ <86x1077 <5.9%x1076 2 x 10710
BY — ete” <5.9%x 1076 3x 10715
B — ptu~ <2.6x1076 4 %1079
BY — efpT <82x10°° <59x%x10°6 0
BY — etpuT <4.5x107¢ 0

Table 5: Summary

4. Conclusions

As the era of the b factories begins, the current
1 knewledge -of -charmless hadronie b-deecays Hrdi-
- cates that mdependent tmeasuremerntt-of-the-dame-
~&les- a-and-y of the- unitarty-triangle will be dif-

~fioult:~<Flre- relatively dow-rate of By pip= e

- with respect to B* =5 Kr— 5~
to measure the time-dependent C'P asymmetry
of B® — 7t7~. The apparently large penguin
contributions to B — 7w will also complicate
the extraction of a from the measured asymme-

-

W1

try. An alternative proposal to measure o with
B — 7w decays will require years of running at
the asymmetric, ete™ B-factories and may only
be feasible at pp colliders. The complications to
the measurement of o due to large penguin-tree
interference may make it possible to measure or
bound the angle v; however, current measure-
ments and methods are unable to provide mean-

ingful bounds or are model dependent. While

sin20 will almost surely be measured with sig-_
't pificant. precision and reparted at the 9 Inter-
national Symposium on Heavy Flavor Physics,

- -

sion from rare b decays may well have to wait for

future conferences.

of B® — ¢+¢~ searches.
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