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The experimental status of the spectroscopy of heavy flavoured hadrons is presented. Lifetime and
particle-antiparticle mixing measurements are reviewed. The most recent results are emphasized
and world averages are given. Implications for the CKM matrix elements are discussed.

1 Introduction

The primary goal in heavy flavour physics is to study and understand the weak interac-
tion. This will eventually be achieved through precise measurements of all elements of the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix which relates the flavour and mass
eigenstates of the quarks. Together with future observations of CP violation in the heavy
flavour sector, such accurate measurements will provide non-trivial consistency checks of the
CKM picture and fundamental tests of the Standard Model. One of the most interesting
questions in this context is the origin of CP violation, which is allowed in the Standard
Model by the structure of the CKM matrix with three generations of quarks, but which
could perhaps also be due to new physics, as explained by Y. Nir.!

Quarks are confined inside hadrons by the colour force. As a result, quantum chromo-
dynamics (QCD) is also involved in the weak decay of hadrons, and non-perturbative strong
effects often make the extraction of the weak physics difficult or uncertain. A subsidiary
goal in heavy flavour studies is therefore to understand these long-distance QCD effects.

The theoretical framework for the description of the properties of hadrons containing a
heavy quark of mass mg is based on the “heavy-quark symmetry”: in the limit mq — oo,
the light degrees of freedom become insensitive to the flavour and the spin of the heavy
quark. In practice this symmetry of the effective strong interactions is only approximate
and valid for mq > Aqcop, where Aqop ~ 0.2 GeV is the strong interaction scale. This
condition defines a “heavy quark” and is satisfied by the charm (c) and bottom (b) quarks
with masses m. ~ 1.5 and my, ~ 4.5 GeV/c? respectively (the top quark, which is even
heavier, is not considered because it decays before it can hadronize). The long-distance
physics due to confinement is addressed using tools such as QCD sum rules, lattice QCD,
Heavy Quark Effective Theory (HQET) and Heavy Quark Expansions (HQE). Their latest
developments are summarized by C. Sachrajda.?

On the experimental side, the bottom sector has been much more active in the recent
years than the charm sector. This review therefore emphasizes bottom physics. Hidden
heavy flavour is not considered here except for a discussion on prompt quarkonium pro-
duction where new data is available. Recent progress in open heavy flavour spectroscopy is
then reported. Lifetime and mixing measurements are finally reviewed and relevant world
averages are presented. Experimental results on heavy flavour decays and CP violation are
covered by P. Drell® and A.J.S. Smith.*



2 Production of heavy flavoured hadrons

2.1 Ezxperimental environments, data samples and rates

Over the past few years, large samples of bottom hadrons have been produced in three
different ways:

a) ete” — Y(4S) — BB: ete” annihilations at the Y(4S) resonance produce roughly
equal rates of B'B? and B¥B~ pairs. These B mesons are almost at rest and can therefore
not be used for bottom spectroscopy, lifetime or oscillation studies (except for BY and B+
mass measurements). But the large numbers of charm hadrons produced either in B decays
or in the ete™ — c¢C continuum can be exploited for charm spectroscopy. The CLEO
experiment at the CESR collider has already collected ~ 5 pb™! of data at or just below
the T(4S) resonance, i.e. about 10 times the statistics recorded by ARGUS at the DORIS
ring.

b) ete” — Z — bb: ete™ annihilations at the Z resonance provide a much broader
spectrum of b hadrons, as a result of the fragmentation of the bb pairs produced in 21.7% ® of
the hadronic Z decays; after the strong decay of resonances, the fractions of weakly decaying
b hadrons are roughly 40% B°, 40% B*, 10% B and 10% b baryons (mostly A}). These
hadrons have an average energy of 32 GeV and a mean decay length of 3 mm. In addition, b
and b hemispheres are well separated. The environment is therefore well suited for bottom
spectroscopy, lifetime and oscillation measurements. Until 1995 the four experiments at
the LEP collider (ALEPH, DELPHI, L3 and OPAL) each collected approximately 4 million
hadronic Z decays; up to now, the SLD experiment at the SLC collider has recorded 0.2
million of such decays with polarized beams.

c) pp — bb: very large numbers of b hadrons are produced in hadronic collisions, mainly
through two-gluon initial state processes, but in conjunction with an enormous background:
at the Tevatron collider (y/s = 1.8 TeV), the bb production cross section is ~ 4000 times
larger than at LEP or SLC, but only represents ~ 0.1% of the inelastic cross section.
Triggering is therefore a critical issue. The fractions of weakly decaying b hadrons are
expected to be similar to those from Z decays but their spectrum is softer resulting in a
mean decay length of 1-2 mm. Since 1992 the CDF and D0 experiments have each collected
close to 130 pb~! of data at the Tevatron, triggering on lepton pairs or single leptons.

Heavy flavour production at hadron machines, which is of considerable interest for future
CP violation measurements, is less well understood than at e™e™ machines, despite intense
theoretical and experimental studies. Perturbative next-to-leading order (NLO) QCD has
been used to describe bb production in pp interactions,® leading to predictions for the
shape of differential cross sections in good agreement with data. However, the predicted
absolute rate, which depends on inputs with large uncertainties (Aqcp, mp, and the QCD
renormalization and factorization scale p), is consistently lower than the measurements
performed by CDF 7 and DO ® at /s = 1800 GeV and earlier by UA1? at the SppS collider
at /s = 630 GeV.

Both CDF ¥ and DO '! have now preliminary results from data collected during a special
Tevatron run at 630 GeV in December 1995. These confirm the UA1 measurements and the
discrepancy with NLO QCD calculations, as can be seen in Fig. 1la from which a combined
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Figure 1: (a) b quark production cross section at /s = 630 GeV as a function of the minimum transverse
momentum pr of the b quark, measured by UA1,° CDF!° and D0 ! in the central pseudo-rapidity region
ly®| < 1.5. (b) Ratio of these cross sections at /s = 630 and 1800 GeV. The solid curves are predictions based
on NLO QCD calculations.® The dashed curves show theoretical uncertainties due to my, = 4.75+0.25 GeV/c?

and p = (L.0E59)/m?2 + (p5)2.

data/theory ratio of 2.1 & 0.2 is derived.'! However, the predicted ratio between the cross
sections at 630 and 1800 GeV is in good agreement with data (Fig. 1b). This should provide
confidence in extrapolations to higher energies based on the energy dependence predicted
by theory.

Although charm physics can be addressed in the clean environment of eTe™ collisions,
dedicated charm experiments boost their statistics by taking advantage of huge yields ob-
tained with high intensity beams on fixed targets. For example, E687 (photo-production,
200 GeV photon beam) and E791 (hadro-production, 500 GeV 7~ beam), which took data
during the 1990-1991 Tevatron fixed-target run, contributed significantly to charm spec-
troscopy, lifetime and mixing studies. Charm is also produced at the HERA ep collider and
detected by the H1 and ZEUS experiments.

Most measurements in heavy flavour physics rely on the ability to detect the secondary
vertices from bottom or charm decays and resolve them from the primary interaction ver-
tex. This is of course essential for lifetime and oscillation measurements, but also ex-
tremely useful for background rejection, especially in the harsh environments of hadro- and
photo-production. The technology of silicon detectors, which provide an adequate spa-
tial resolution, has therefore played (and continues to play) a major role in heavy flavour
experimentation.
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Figure 2: Apparent decay length significance for Ji) candidates reconstructed in the ALEPH data (open
circles and error bars). The estimated contributions from combinatorial background (fake J4)) and real J/p
from b hadron decays are shown as histograms. The small excess of 46 £ 12 events visible at zero decay
length is attributed to prompt JA) production.'®

2.2  Prompt quarkonia production

With their first silicon vertex detector installed for the 1992-1993 Tevatron run, CDF
unambiguously observed yields of prompt Ji) and 1(2S) mesons (i.e. not from b decays)
much larger than expected. Since then, the production of quarkonia (c¢ or bb bound states)
became a field of intense experimental and theoretical study; new results are still coming in,
and the understanding of quarkonium production, although completely revised since 1993,
still seems incomplete.

According to leading order calculations based on the colour-singlet (CS) model,'? direct
J/p and 1(2S) production should be suppressed. This implies that prompt J/) mesons should
predominantly be due to radiative decays of x. mesons produced at the primary vertex, and
that the prompt 1(2S) signal should be very weak as long as no heavy charmonia decaying
to 1(2S) exist. However, predicted rates ' for both direct Jp and direct 1(2S) fall a factor
~ 50 below the CDF measurements.'* Similarly, CS predictions for T production at the
Tevatron disagree with CDF data.'® In order to resolve these discrepancies, higher orders
in oy and colour-octet (CO) mechanisms were considered. In these new models,'® where
quarkonia are first produced as colour-octet states before evolving into colour-singlet states
via soft gluon emission, certain non-perturbative matrix elements were tuned to reproduce
the CDF data.'” It is therefore desirable to test the CO models on different processes.

Prompt J/) mesons in Z decays were first observed by OPAL,'® and ALEPH now also
measures a signal (see Fig. 2) with reduced systematics and model-dependence.'® The two
results are consistent and can be combined to give B(Z — prompt Jip) = (2.5 £ 0.55tar =
0.3syst = 0-3moder) X 10~%. According to theoretical calculations,?® the CS and CO contribu-
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Figure 3: Inelastic J/) photo-production at HERA. The data®>?® agree with the NLO CS predictions.?” It
has been argued®® that the CS+CO predictions could be lower than the origin estimate,?* hence the band
to reflect theoretical uncertainties.

tions to this branching ratio are dominated by ¢ quark and gluon fragmentation respectively
and are predicted to be 0.8 x 10~* (CS) and 1.9 x 10~* (CO), with a factor ~ 2 uncertainty
on the latter. The data disfavour CS as the sole production mechanism at the 2.5 0 level
but are compatible with CS+CO production. In the bb meson sector, a new limit from L3,
B(Z — Y(1S,2S,35)) < 7.6 x 107> at 95% CL,?! is very similar to the one reported last
year by ALEPH,?? and not inconsistent with the original OPAL measurement ?* which also
favours CO production.

The HERA experiments have looked for evidence of the CO production mechanism
in inelastic JA) photo-production via direct photon-gluon fusion. At leading order, this
mechanism implies a dramatic increase* of the yp — JA)X cross section for large values
of z, defined as the fraction of the photon energy carried by the JA) in the proton rest
frame. But the most recent H12% and ZEUS?% data show no excess over (and are perfectly
consistent with) the NLO calculations ?” in the frame of the CS model (see Fig. 3).

3 Spectroscopy of open heavy flavour

3.1 Weakly decaying bottom hadrons

Only four weakly decaying bottom hadrons have been solidly established: B°(bd), B*(bu),
BY(bs), and Ay, (bdu). The B® and B* masses were measured many years ago by ARGUS
and CLEO and are now known to better than 2 MeV/c2.2? BY and A}, mass measurements
were performed originally at LEP based on a handful of fully reconstructed candidates, but
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Table 1: L = 0 and L = 1 states for the BY and B° mesons. The four L = 1 (orbitally excited) states
are often called “B**”. A similar spectrum exists for the BY meson, except that B;* — B*K due to isospin
conservation.

‘ L ‘ Jq ‘ JP | state | main decay mode

0l L 0" | B weak
211 | B | By
0"t | B§ Br
1 % 1+ BO B S-wave, broad
1
1™ | B B*m
3 1 -
I o+ | B B 1 D-wave, narrow

CDF eventually had enough statistics in the B — Jip¢p and Ay, — JipA channels to perform
the most accurate determinations, which now dominate the world averages of 5369.742.4
and 5624 + 5 MeV/c? respectively.

The BZ (be) meson is the last weakly decaying bottom meson to be measured. Its mass is
predicted from potential models to be in the range 6.24-6.31 GeV/c?.3! Tts production rate
in Z decays or at the Tevatron is expected to be 2-3 orders of magnitude smaller than that
of the BT, so a few reconstructed candidates could be observed at LEP or CDF with present
statistics in channels with branching ratios of order 1%. Searches performed so far 3?73 in
the Japr™, Jppntn~n™ and Jip¢Tv channels have only led to upper limits on 0B, some
of them being a function of the unknown B lifetime (expected in the range 0.4-1.4 ps).
Since last year, ALEPH has a very clean Bf — JipuTv, candidate, with an estimated
background of 0.002 event and a measured mass of 5.96";8:%3 GeV/c?.3* A new preliminary
OPAL analysis ® finds two Bf — JimT candidates with an expected background of 0.32 +
0.11 events; the masses of these candidates are 6.29 + 0.17 and 6.33 £ 0.06 GeV/c?.

Indirect evidence for =y, (bsu,bsd) baryons has existed for some time in the form of
branching ratio products and lifetime measurements using same sign Z~¢~ pairs at LEP,36
but no mass measurement has been performed yet.

3.2  Heavy meson spectroscopy

Heavy quark symmetry implies that, in a Qq bound state the spm of the heavy quark S’Q,
and the total angular momentum of the light antiquark, jq = S + L where L is the orbital
angular momentum, are conserved separately; the Qq meson has a total angular momentum
J = SQ + jq, so there is an almost degenerate “hyperfine doublet” for each possible pair
of values for L and j,, with a mass splitting proportional to 1/mgq. Table 1 shows the list
of the 1S and 1P bottom meson states with their main decay modes, predicted by HQET.
There is a similar picture for the corresponding charm mesons, except that the strong decay
D* — D is possible due to the larger mass splitting.

In the charm sector, all six I = 0 mesons are well established and all six I = 1 narrow
states have been observed.?? However, no broad L = 1 resonance has been reported yet. In
a new preliminary search for excited D mesons,>” DELPHI see a peak of 62 & 14 events in

6



50

DELPHI
94 data

60 [
3 45

N/5 MeV

40 [

il |

20 [

50

Entries / 10 MeV/é

0L

30f

e
NUSNNRNANY

Nk

ANNNNAN]
NSRS

NNNRNRRR Y

AN

N
. |
T

ANNNNSEE=T

NN

NN

|

N
©
o
©
w

o

02.3 2.4 25 2.6 2.7
M(D ) (GeV/é)

> > > >
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

AM = M(Be'e) - M(B) [GeV/d]

Figure 4: New preliminary D* — D**x* 71~ signal Figure 5: New preliminary B* — Bete™ signal from
from DELPHI. No excess is seen in the wrong sign DELPHI. The hatched area represents the back-
D**x 7~ combinations (hatched histogram). ground.

the D*Tn 7~ channel, at a mass of 2637 + 2 4+ 6 MeV/c?, which is interpreted as the first
evidence for a radially excited (2S) charm meson (see Fig. 4). Note that DELPHI claimed
last year the first preliminary evidence for radially excited bottom mesons.?®

The mass difference between the pseudoscalar B mesons and their hyperfine partners,
the vector B* mesons, is less than 50 MeV/c?, and therefore B* mesons decay to B via
emission of a low energy photon. At LEP, the observation of B* has been possible using
inclusively reconstructed bottom hadron candidates combined with a photon measured in
a high resolution crystal calorimeter (L3) or identified by its ete™ conversion pair in the
material of the beam pipe or detector (ALEPH, DELPHI, OPAL).3%4 Large signals are
observed, which are mixtures of B*?, B** and B}’, and the following quantities are extracted
(LEP averages): the mass splitting mp- —mp = 45.7 = 0.5 MeV/c?, the fraction of vector
meson production op-/(op+ + o) = 0.75 £ 0.04, and the relative contribution to the B*
rate of the longitudinal polarization states or/(or, + or) = 0.33 & 0.04. The last two
results are in agreement with simple spin counting predictions, whereas the first one is
consistent with (mp-—mp)/(mp+—mp) ~ m./my, as predicted by HQET. New preliminary
results on B* Dalitz decay by DELPHI (see Fig. 5) yield I'(B* — Be'e )/T'(B* — By) =
(4.8 £0.940.9) x 1073, consistent with QED expectations.*!

B** — B(® 7 signals have been observed by ALEPH,*® DELPHI*? and OPAL*? as a
wide resonant structure in the distribution of the mass difference AM = M (Bn) — M(B)
where “B” is an inclusively reconstructed bottom hadron candidate and “zx” a charged
track consistent with a pion from the interaction vertex. However, their decomposition into
individual contributions from the narrow and broad orbital excitations is not conclusive.
Hints of narrow structures have been seen by ALEPH using fully reconstructed B and B*
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mesons.** The observed ratio B**/B ~ 30% is interesting in regard of the possibility of
tagging the particle or antiparticule state of B® mesons with the charge of the pion from a
charged B** decay. B* — B®K signals have been reported by OPAL*?* and DELPHI.*?

3.8 Heavy baryon spectroscopy

The charm baryon spectroscopy is progressing well, thanks to many recent CLEO results.
New preliminary evidence for 2 — Zy and £’ — =} signals % complete the observation
of all members of the L = 0, J¥ = 1/2% singly-charmed baryon sextuplet of the quark model.
For the associated 3/27 sextuplet, only the X+ and Q0 states still remain unseen, after the
observation of the decays =30 — Zrr— 2t — B0t 2+ 5 Afat and B0 — Af7 by
CLEO.*® Two orbitally excited AJ baryons decaying to Al 777~ A(2593) " and A.(2625)7,
consistent with the J” = 1/2~ and 3/2~ states of a L = 1 doublet (where L is the orbital
angular momentum of the light ud diquark with respect to the heavy c quark), have been
established in the last few years by ARGUS,*” E687 4% and CLEO.** CLEO also has a new
preliminary evidence for a “Z*” state, reconstructed as ZX*t — ZX0xt - Efg—at (see
Fig. 6) and consistent with L = 1 and J¥ = 3/27.%0

No progress on bottom baryon spectroscopy was reported in the last two years since the
preliminary DELPHI results on Xy, 3 — Apm.®! If one accepts the DELPHI and CLEO
interpretations of their mass peaks, then (ng —my,)/(mg: —ms,) ~ 0.85 # m¢/my, ~ 0.33,
in violation of the 1/mq scaling predicted for hyperfine mass splittings. This can cast doubt
on the quantum number assignment of some of the heavy baryons, and a new interpretation
has been suggested.®?

4 Lifetimes

In the spectator model, where the heavy quark decays weakly without interacting with the
other light quark(s) in the hadron, all the hadrons containing the same heavy quark are
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predicted to have equal lifetimes. This model fails dramatically for charm lifetimes, which
have been measured to range between 0.064 4= 0.029 ps for the QY and 1.057 + 0.015 ps
for the DT.2° These lifetime differences can be accounted for, at least qualitatively, by
considering effects like final state interference, W exchange or annihilation diagrams, and
helicity suppression. In particular, these phenomenological descriptions could explain the
measured ratio T+ /mpo = 2.55+0.04.2° However, a more systematic QCD-based theoretical
treatment has been developed,®® where the decay rates of a heavy hadrons are expressed
as expansions in powers of 1/mq. In this approach, lifetime differences only arise at order
1/mq? between hadrons and mesons, whereas differences between mesons emerge at order
1 /mQ3. The success of the application of this heavy quark expansion (HQE) to charm
lifetimes is reasonable, but also remarkable given the size of the expansion parameter.’*
Lifetime differences in bottom lifetimes are smaller due to the larger b quark mass, and
HQE predictions should be more reliable.

Whereas theorists agree that 7go and 7o should be equal at the percent level and that
Th-baryon /7o lie between 0.9 and 1.0, there seem to be less consensus on the ratio g+ /7go:
Bigi®* predicts 15+ /70 = 1 + 0.05(F/200 MeV)? where Fp is the B decay constant,
but Neubert ®® argues that, without strong model-dependent assumptions, the whole range
0.8 — 1.2 is allowed for this ratio. As in the K® system, the neutral B mesons have two
mass eigenstates with decay widths I'r, and T's. Here 7o and 7gp represent averages over
these states: 1/7 ="' = (I's +I'r)/2. The relative width differences (I's — I',) /" are due to
channels common to both particle and antiparticle, like B, B — D*D~ (CKM suppressed)
and BY, B! — DID; (not CKM suppressed); these ratios are expected to be less than 1% for

the B® and potentially much larger for the BY, for which a recent prediction®® is 0.161‘8:5},.

4.1 Individual bottom hadron lifetimes®

The lifetime of a specific bottom hadron is usually measured from a fit to a proper time
distribution, where the proper time of each candidate is computed from estimates of its decay
length and momentum. The decay length resolution depends primarily on the vertexing
capabilities of the experiment, but also to some extent on the energy spectrum and size of
the luminous region provided by the collider. In this respect the best conditions are realized
at SLD/SLC, where a 3-D CCD pixel detector is installed at a minimum radius of 2.5 cm
from an interaction region with transverse and longitudinal dimensions of 2um x 1pm and
0.7 mm.

The cleanest way to measure the lifetimes of the individual bottom hadrons is to fully
reconstruct specific hadronic decays. In this case, the decay vertex and momentum are well
determined. A mass peak is observed, and the background, which is only combinatorial, can
be handled easily. However, the current statistics limit the precision of these measurements.
The best examples of such results are provided by CDF, which, with 824 + 36 and 436 +
27 exclusively reconstructed BT and B? mesons in various channels such as J4K* and
JpK*(892)°, measure 75+ /0 = 1.06 £ 0.075541 & 0.015y5:.%7

“Tncluded in this review are updated®” %! and new ®? lifetime results that became available during or just
after this conference, and were published or submitted to the EPS-HEP conference in Jerusalem.

9



Another approach, aiming for larger statistics, is to select semileptonic b decays in a
semi-inclusive manner, associating a fully reconstructed charm hadron with a lepton of
appropriate charge. The vertex resolution is still good due to the presence of the lepton,
but the missing decay products (at least the neutrino) prevent the mass reconstruction
and degrade the momentum resolution. Also physics backgrounds can become an issue,
like the BT and B® cross-contamination in the D%/* and D* ¢t samples due to B —
D** semileptonic decays. This leads to measurements which have systematic uncertainties
related to the modelling of the b hadron decays. However, this technique is currently the
best for B? and Ay, lifetime measurements,?”59:63:64 because it provides reasonable efficiency
while maintaining a good purity thanks to the selection of the appropriate charm hadron,
a Dy or Al respectively. A few variants of this approach have been used, for example
measuring the BY lifetime with ¢¢~ pairs or a D;” sample (without requiring a lepton),5%:6°
or using pf~, Al—, A¢t¢~ and E~¢~ correlations for the b baryon lifetimes.?6:63-6¢ For
B lifetime measurements, the decay B — D*~¢*uvX can also be partially reconstructed
by combining the lepton with the slow 7 from the decay D*~ — D%z~ without fully
reconstructing the D?.60:62

A third approach is based on pure topological vertexing: b decay vertices are recon-
structed inclusively and the b hadron charge is determined from the total charge of the
tracks associated with its vertex. This method is very efficient, but relies heavily on the
Monte Carlo simulation for the estimate of the sample composition and resolution. The
SLD collaboration has been very successful with this technique, obtaining very competitive
measurements of the BT and B? lifetimes, 75+ /70 = 1.07 4 0.05g4a¢ & 0.045yst,61’66 despite
their relatively small data sample.

The many measurements of the individual bottom hadron lifetimes are summarized in
the tables of Fig. 7, together with the world averages computed by the LEP B lifetime
working group.5” The current world average ratios Tz+/Tgo = 1.07 £ 0.04 and TRo/TRO =
0.95+0.05 indicate no significant lifetime differences between the three B mesons and are in
good agreement with HQE predictions. There is no evidence for lifetime differences among
b baryons either, within the still poor experimental sensitivity. The ratio 7y paryon /TR0 =
0.78£0.04 is significantly different from unity and also significantly smaller than usual HQE
predictions. Although it has been shown that there still is a small region of parameter space
where theory could accommodate the data,? this discrepancy, which could be a potential
problem for heavy quark theory, is being actively investigated.? At present, there is no
experimental evidence for long and short lifetime components in the BY system,*” nor in
the B? system.

4.2 Awverage bottom hadron lifetime

Some measurements of the average lifetime (7,) over all bottom hadron species are based on
the impact parameters of tracks from b decays, generally leptons. Such impact parameters
are proportional to the lifetime and have the advantage to be only very mildly dependent
on the b hadron boost. A second method uses topological vertexing to measure directly a
decay length; in this case, a good estimate of the (average) boost is critical to determine
the lifetime. The precise measurements of (7,) are dominated by systematic uncertainties,
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Figure 7: Individual b hadron lifetime measurements and averages.’” On these tables and those of Figs. 9
and 11, the outer error bars represent the total uncertainties and the inner error bars, when shown, the
statistical uncertainties; when two uncertainties are quoted for a result, the first is statistical and the second
systematic. Results that are new or have been updated since the 1996 summer conferences are listed in the

references;?" 56

the full list of references is available elsewhere.
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Figure 8: New preliminary measurement of (7,) Figure 9: Average bottom hadron lifetime measure-
from L3 using inclusive hadronic Z decays.” ments ®"° and averages.5”

including our limited knowledge on the b fragmentation.

Since the last summer conferences, fresh measurements are available from OPAL,%®
ALEPH % and L3.7° In a new preliminary analysis, L3 apply both an impact parameter and
a decay length technique to the same data sample. The two resulting lifetime measurements
are performed as a function of the assumed value of (xg)y, the ratio of the mean b hadron
energy to the beam energy, and then combined to yield (r,) = 1556 % 10g1at £ 175y and
(zg)pb = 0.709 £ 0.0040t (see Fig. 8). These results are the most precise from a single
analysis. If taken at face value, they would imply that L3 has a measurement of (zp)p
twice as precise as the average value recommended by the LEP electroweak working group,
0.702 £ 0.008.™

All recent measurements of (7,) are shown in Fig. 9 together with the averages from the
LEP lifetime working group.%” It should be noted that different analyses do not necessarily
select the same mixture of b hadrons and therefore do not measure exactly the same quan-
tity; for example, assuming that the semileptonic branching ratios scale with the lifetimes
and using the b hadron fractions given in Sect. 5.3, one expects the results based on leptons
to be ~ 0.7% larger than the unbiased (truly inclusive) results. It is intriguing to note that
an opposite trend is observed in the data.

5 Particle-antiparticle mixing

The D? (cu), BY (db), and B? (sb) mesons are allowed to undergo particle-antiparticle mix-
ing, due to second order weak interactions (see Fig. 10), which can be described with the
same formalism as for the K° (ds). If CP violation is neglected, the CP eigenstates of the
BYBY system, Bgj, = (BY+BY)/v/2 are also mass eigenstates, with masses mg,, = mFAmM/2
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Figure 10: Dominant box diagrams for the B? — B° and B? — B? transitions. The corresponding diagrams
for D® — D involve d or s quark exchange.

and total decay width I's1, = I" £ AI'/2. The expression

- (AL/2?

AT
h{—t) + A
ST {cos ( 5 t> cos ( mt)] de

gives the probability for an initially pure B® or B state to decay after a proper time ¢ as the
same (“+” sign) or charge conjugate (“—” sign) flavour state. The time-integrated mixing
probability is

_ 1 Am® + (AT/2)?
XZ 97T Am? +r2 -

5.1 DD mizing

In the Standard Model, the D® mixing rate is very small, Ry = x/(1 — x) < 1077,
and dominated by long-distance effects rather than the box diagram contributions.” With
current experimental sensitivities in the range 1072 — 1073, observation of D mixing would
indicate physics beyond the Standard Model, for example a new heavy particle exchanged
in the box diagrams.

The D° particle-antiparticle state can easily be tagged with the sign of the pion from a
D*t — DYt decay. If the D° candidate is reconstructed in the K- 7+ or K-7*7 7+ chan-
nel, the sign of the kaon determines the decaying state. However, the doubly-Cabibbo sup-
pressed (DCS) decays DY — K*7~ and D’ — KT7n 7 7" have the same signature as the
mixing signal and yield a fake rate Rpcg. Furthermore, the mixing and DCS amplitudes can
interfere to produce an overall rate R = Rpix+ Rpcs +cos o/ 2RmixRpcs, where ¢ is an un-
known phase.”® CLEO measured R = B(D? — KT77)/B(D? — K=nt) = (0.77 £ 0.35)% ™
but could not separate the two contributions. If proper time information is available, this
can be done by fitting the expression "3

D [Rpcs + 008 VRpos R Tt + R (19)/2]

to the data with mixing signature. Assuming cosp = 0, E791 now find Ry < 0.33%
at 90% CL,™ which is similar to the old E691 result, Ryix < 0.37% at 90% CL,”® and
slightly more stringent than Rpyix < 0.76%, a preliminary 95% CL limit reported last year
by ALEPH using the K*7~ channel only.”” Allowing for the interference term (and even
possible CP violation in it), the E791 result becomes Ry < 0.85% at 90% CL.™

E791 also find no mixing signal in the D® — K/~ channel (which is not contaminated
by DCS decays), and derive Ry < 0.33% at 90% CL.™
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5.2  Methods for B® and B? oscillation analyses

Mixing in the B sector is large in the Standard Model, dominated by top quark exchange in
the box diagrams. Time-integrated measurements were performed already a decade ago by
UA1 and ARGUS,?° and since then by many different experiments. These were typically
based on counting same-sign and opposite-sign lepton pairs, like a very recent L3 result.”
At high energy colliders, such analyses cannot separate the B® and BY contributions and
are less sensitive than the time-dependent analyses aiming for the direct measurement of
the oscillation frequencies Amg and Amg (of the B® and B? systems respectively) from the
proper time distributions of events suitably tagged as mixed or unmixed. This is particularly
true for the BY system where the large value of Ams implies maximal mixing, i.e. s ~ 1/2.

The statistical significance S of an oscillation signal can approximately be written as3°

S~ \/N/2 fsg (1 —27) e~ (Bmat)?/2

where N and fg, are the number of candidates and the fraction of signal in the selected
sample, n is the mistag probability, and o; is the proper time resolution. The quantity
S decreases very quickly as Am increases; this dependence is controlled by o;, which is
therefore a critical parameter for Amg analyses. The proper time resolution o, ~ orm/(p)®
t(op/p) includes a constant contribution due to the decay length resolution oy, (typically
0.1-0.3 ps) and a term due to the relative momentum resolution o, /p (typically 10-20%)
that increases with proper time.

In order to tag a B candidate as mixed or unmixed, it is necessary to determine its
particle-antiparticle state both at production (initial state) and at decay (final state). The
initial and final state mistag probabilities, 7; and 7y, degrade S by a total factor (1 —2n) =
(1 —2n;)(1 — 2nf). In inclusive lepton analyses, the final state is tagged by the charge of
the lepton from b — £~ decays; the biggest contribution to 7y is then due to b—t—
decays. Alternatively, the charge of a reconstructed charm meson (D*~ from B? or D; from
BY) or that of a kaon thought to come from a b — ¢ — s decay 8! can be used. For fully
inclusive analyses based on topological vertexing, final state tagging techniques include jet
charge % and charge dipole methods.’!

The initial state tags are somewhat less dependent on the procedure used to select B
candidates. They can be divided in two groups: the ones that tag the initial charge of the b
quark contained in the B candidate itself (same side tag), and the ones that tag the initial
charge of the other b quark produced in the event (opposite side tag). On the same side,
the charge of a track from the primary vertex is correlated with the production state of the
B if that track is a decay product of a B** state or the first particle in the fragmentation
chain.??83 Jet charge techniques work on both sides. Finally the charge of a lepton from
b — ¢~ or of a kaon from b — ¢ — s can be used as opposite side tags, keeping in mind that
their performance depends on integrated mixing. At SLC, the beam polarization produces
a sizeable forward-backward asymmetry in the Z — bb decays and provides another very
interesting and effective initial state tag based on the polar angle of the B candidate.®!
Initial state tags have also been combined to reach 7; = 26% at LEP,%3%* or even 16% at
SLD,8! with full efficiency.
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Since no measurement of AI' exist and AI' < Am is predicted, oscillation analyses
typically neglect AT and describe the data with the physics functions Te ™' (14cos Amt)/2.
Whereas measurements of Amg are usually extracted from the data using a maximum
likelihood fit, no significant BY oscillations have been seen so far, and all BY analyses set
lower limits on Amg. The original technique used to set such limits was to study the
likelihood as a function of Amg. However, these limits turned out to be difficult to combine.
A new method was therefore developed,® in which a B? oscillation amplitude A is measured
at each fixed value of Ams, using a maximum likelihood fit based on the functions Te (14
A cos Amgt) /2. To a very good approximation, the statistical uncertainty on A is Gaussian
and equal to 1/8.8° Measurements of A performed at a given value of Amg can be averaged
easily. If Ams = Aml™® one expects A = 1 within the total uncertainty o4; however, if
Amg is far from its true value, a measurement consistent with A = 0 is expected. A value
of Amyg can be excluded at 95% CL if A+ 1.6450 4 < 1. The lower limit on Amyg is defined
as the highest value below which all values of Ams are excluded. If Amt™® is very large,
one expects A = 0, and all values of Amg such that 1.6450 4(Ams) < 1 are expected to be
excluded at 95% CL. Because of the proper time resolution, the quantity o 4(Amyg) is an
increasing function of Amg and one therefore expects to be able to exclude individual Amyg
values up to Am" where Am3®®, called here the sensitivity of the analysis, is defined by
1.645 0 4(AmS®") = 1. This “amplitude method” was first used by ALEPH87 before being
adopted more widely;?*#3786 it is now recommended by the LEP B oscillations working
group as the framework in which Amg limits are combined.

5.3 Discussion of Amgq and Amsg results®

A total of 22 different analyses have been performed to measure Amg, of which 4 are
new and 10 have been updated since summer 1996 (see Fig. 11). Although many differ-
ent techniques have been used, the results have remarkably similar precision. The sys-
tematic uncertainties are not negligible; they are often dominated by sample composition,
mistag probability, or b hadron lifetime contributions. Averaging all direct Amg mea-
surements from LEP, SLD and CDF, and accounting for all identified correlations, yields
0.472 £ 0.018 ps~'.92 World averages, including CLEO and ARGUS measurements of g,
are Amfi"orld = 0.463 &+ 0.018 ps~! and Xzi"orld = 0.172 + 0.010. These can be used to im-
prove our knowledge on the fractions of weakly decaying bottom hadron in Z — bb events.
The BY and b baryon fractions, fBg and fy-paryon, can be extracted from branching ratio
measurements. However, if one assumes xs = 1/2 and fgo = fg+ = (1 — fo — fb-baryon)/2,
another estimate of fgo can be extracted from Xfi"orld, the inclusive integrated mixing rate
X measured at LEP, the estimate of fi_paryon from branching ratios and the b hadron life-
times. Combining all the information yields fgo = (10.37{:2)%, fo-baryon = (10.6757)% and
feo = fa+ = (39.5758)%. These results, including AmY°, have been obtained by the
LEP B oscillations working group in a consistent way, taking into account the fact that
many Amyq analyses depend on the b hadron fractions and might have used different values

I59

This review includes new and updated B? oscillation results that became available from DELPHI *® between

this conference and the EPS-HEP conference in Jerusalem.
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Figure 11: Summary of Amg measurements °"09-81:82:86.8891 51§ ayverages.”® The CLEO+ARGUS average is
derived from published x4 and 750 data.?® New (updated) measurements since the 1996 summer conferences
are marked with a double (single) arrow.
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as input.??
The CKM matrix element Vi4 can be extracted from Amgorld using the following relation
obtained from the box diagram calculations,

* 2 G%‘ 2 m% 2
Amd = |‘/£de| 6? mpo mW SO % B FBO BBO )
where |Vip| ~ 1, Sp(7) = 0.784 2% and ng = 0.55+0.01 (short-distance QCD correction).”?
Using a running top quark mass of % m; = 167 £6 GeV/c? and? Fyo\/Bgo = 1951’28 MeV,
where Fgo and Bpo are the B® decay constant and non-perturbative correction factor, one
gets |Via| = (8.8£0.2am, $0.2mt:F%:§F\/§) x 1073, with an uncertainty completely dominated
by theoretical uncertainties. The BY oscillation frequency is related to Vis in a similar way.
However, many uncertainties cancel in the frequency ratio, yielding

2

Amg __mpo 4 Vis

Via

)

Amg  mpo

were £2 = 1.30£0.18 is determined from lattice QCD and QCD sum rules.? This relation can
be used in fits of the CKM matrix, together with many other experimental and theoretical
inputs including unitarity constraints, to derive Amyg predictions within the Standard Model.
Assuming Gaussian theoretical uncertainties, Paganini et al.”* obtain Amg = 101’; ps— ! and
Amg < 21 ps~! at 95% CL, whereas Buras and Fleischer ?3 predict Amg = 15.2 4+ 5.5 ps~!,
or 8.0 < Amg < 25.4 ps—! with weaker assumptions on the theoretical uncertainties.

BY oscillation has been the subject of many recent studies: in the last year, OPAL 8¢
have updated their inclusive lepton and dilepton results (from analyses which also yield Amgq
measurements), while both ALEPH and DELPHI have significantly improved their analyses
dedicated to Ams. DELPHI®®* take advantage of their 1994-1995 data reprocessed with
an improved tracking algorithm to boost the sensitivity of their D ¢T analysis; they now
also use ¢¢* and D, hadron™ combinations. ALEPH®? update their results with fully
reconstructed Dy mesons, and optimize their inclusive lepton analysis resulting in enhanced
time resolution and BY purity at an acceptable cost in statistics. Figure 12 shows the Amg
ranges excluded at 95% CL by the various analyses, together with their sensitivities as
determined from the amplitude uncertainty. Most of these analyses are combined to yield
the amplitudes shown in Fig. 13 as function of Amg. The combined 95% CL limit from the
data is Ams > 10.2 ps~1; together with Am¥°"d it implies |V;s/Via| > 3.8 at 95% CL. The
combined sensitivity for 95% CL exclusion of Amg values is found to be 13.0 ps~!, above
the actual limit. This is due to a positive excursion of the combined amplitude in the region
10-18 ps~—', which is more or less where Amy is expected in the Standard Model. However,
the statistical significance of this excursion is low and no signal can be claimed. It should be
noted however, that with the current sensitivity one would expect to see an oscillation signal
with a significance of at least 30 if Amg was less than 9 ps~!. The fact that the combined
sensitivity now reaches the range of Amg values expected in the Standard Model, means
that the results of the B analyses provide a significant constraint on the CKM matrix, as
illustrated in Fig. 14.
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Figure 12: Excluded values of Ams (shaded bars) and sensitivities (triangles) of the various B oscillation
analyses.?83786.95 Sensitivities are only quoted for analyses based on the amplitude method and represent
the frequency at which o4 = 1/1.645. Arrows are as for Fig. 11.
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Figure 13: Combined measurements of the B? oscillation amplitude as a function of Ams.?> The measure-

ments are dominated by statistical uncertainties. Neighbouring points are statistically correlated, the scale
of the correlation length being 1/70. The frequencies up to which measurements are provided differ between

analyses, causing possible discontinuities in the data (for example at 15 ps™!).
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Figure 14: Results of CKM fits °* shown in the (5,7) plane. Gaussian theoretical uncertainties are assumed.
The preferred position of the unitarity triangle apex is indicated with a solid dot. The solid (dotted)
closed curves represent the 68% and 95% CL contours with (without) the constraint from the combined B?
oscillation amplitude results of Fig. 13. The dashed arc of circle centered on (1,0) corresponds to the limit
Amgs > 10.2 ps~! at 95% CL, but only partially represents the constraint from the combined Ams results.

6 Summary and prospects

Our understanding of heavy flavour production is still not complete: b quark production at
hadronic machines is still larger than NLO QCD predictions, and a consistent description
of direct quarkonia production has not yet been fully established, although the colour-octet
models seem promising.

The spectroscopy of charm hadrons is still very active, with many new baryon states
discovered in the last couple of years, contrary to charm lifetimes where no new mea-
surements have been reported recently. Current limits on D°-D° mixing are still very far
from the Standard Model prediction, leaving quite some unexplored room for possible new
physics. Many new charm results are expected in the near future, in particular from CLEO
II, who continuously increase their statistics, and from new photo-production experiment
E831/FOCUS. This is an upgraded version of E687 which already recorded more than 10
times the E687 statistics during the present fixed-target Tevatron run, and which aims for
~ 10% fully reconstructed charm decays, including ~ 20000 charm baryons.

In the longer term, several new experiments will be able to study D’-D° mixing with
improved sensitivity and perform new charm spectroscopy and lifetime measurements, in
particular on the yet unobserved doubly-charmed baryons: CLEO III with an upgraded
detector (1998-), BABAR and BELLE at the B factories (1999-), as well as the COMPASS
spectrometer at CERN which could start operation in 1999 and accumulate the statistics
for its full charm program in 2002.%¢ If approved, a proposed B physics experiment at the
Tevatron, B-TeV,%” could also contribute to charm physics in its first phase with a wire
target (2001 7).
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No spectacular progress in bottom spectroscopy has been made in the last couple years.
Although a few isolated Bl candidates have been observed at LEP, the BI discovery will
most probably be left for the Tevatron. The BT, B® BY and b baryon lifetime measurements
are now quite precise (4% or less) and in good agreement with theoretical predictions,
except for the b baryons where a long standing discrepancy remains. The B%-B° oscillation
frequency is also measured with similar accuracy, but the hadronic uncertainty currently
limits the extracted value of |Vi4q| to an accuracy of ~ 20%. Measurements of the BY-
BY oscillation frequency still don’t exist, but improved limits nevertheless provide a non-
negligible constraint on the CKM matrix.

The potential for new or improved results from LEP on lifetimes and excited b hadrons
now depends on possible new analysis ideas and improvements to existing reconstruction
algorithms, since no more substantial running at the Z pole is foreseen. SLD, however, is
still running, aiming for 0.5 million 7Z — qq events. With these statistics and the excellent
resolution of their new vertex detector, SLD expect an ultimate Amsg sensitivity of 15 ps~!.98
CDF should also be able to participate in the search for B? oscillation with their current
data. However, it seems probable that Amg will remain unmeasured at least until the
next round of data to be collected by HERA-B at DESY (1998-) and CDF+DO0 at Fermilab
(1999-), but it should certainly be measured by the LHC experiments (2005-), in particular
LHC-B. The individual b hadron lifetimes will be measured with an increasing precision
in future hadronic collider runs, starting with Tevatron run II, using large samples of fully
reconstructed decays. This is also true for the width difference in the BY system which
could be extracted from the comparison of BY lifetime measurements performed on specific
channels corresponding to different mixtures of CP-odd and CP-even states, like D /*v and
Jhpp. Tt is worth noting that the prediction ®® AT/ Amg = 197483, although plagued by the
large hadronic uncertainty, does not depend on CKM matrix elements and has therefore an
interesting consequence: the more difficult it might be to observe Amyg, the easier it should
be to observe Al'g, and vice versa.

In conclusion, with all the new planned experiments, the field of heavy quark spec-
troscopy, lifetimes and oscillations still has a very bright future, although one might have
to wait a few years for substantial progress in the bottom sector.
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