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ABSTRACT: Recent results on the spectroscopy of excited b and c states are presented. In particular,
these include the first observation of the D7 (light quark spin j = 1/2) resonance, searches for radially
excited D* and observations of orbitally excited B states. The current experimental status on excited

charmed baryons is also briefly reviewed.

The spectroscopy of hadrons containing a b
or a ¢ quark is greatly simplified by the fact
that heavy-quark masses are much greater than
the energy scale Aqcp of strong interactions. In
the limit of infinite heavy-quark mass, heavy-
light hadron physics can be described by an ef-
fective theory (HQET), which is invariant un-
der changes of the flavour and spin of the heavy-
quark [.}', g, :_3'] The consequences of this heavy-
quark symmetry (HQS) for spectroscopy have
been worked out in [ﬁl.'] The spin of the heavy
quark and the total angular momentum j of the
light degrees of freedom are separately conserved.
Therefore hadronic states can be classified by the
quantum numbers of the light quarks.
of the spin symmetry, for fixed j # 0, there is

Because

a doublet of degenerate states with total spin
J=j+1
transmon to an other doublet ;' are the same.
In addition the partial widths of the four possible
transitions are also predicted by the symmetry.

5, and their total widths for a strong

Finally, because of the flavour symmetry, all of
the mass splittings and partial decay widths of
these states are independent of the heavy-quark
flavour.

Since the quark masses are not infinite, HQS
is an approximate symmetry and corrections of
order Aqcp/mq turn out to be important. HQET
provides a framework for treating these correc-
tions, which break the degeneracy of the levels.
Therefore spectroscopic data are of invaluable
importance to test the predictions of heavy-quark
effective theory.

1. D mesons spectroscopy

The expected spectroscopy for D mesons is sum-
marized in figure :14'
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Figure 1: Spectroscopy of D mesons.

The D and D* mesons, in which the light
quark has orbital angular momentum L = 0, are
well established and their properties and decays
have been extensively studied [f].

Excited ¢ mesons with orbital angular mo-
mentum L = 1, collectively called DY, are classi-
fied into two spin doublets with light-quark an-
gular momentum j = % and j = % Accord-
ing to HQS, the latter can only decay to L = 0
states through a D-wave and they are therefore
= % are instead
expected to be wide resonances since they can

decay via a S-wave. The observed D;(2420) and

expected to be narrow. The j
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D3(2460) are interpreted as the spin doublet j =
3, with JP = 1* and JP = 2% respectively [a].
The first observation of the wide D}° has been
recently reported by CLEO II. It must be noted
that a recent calculation [B, i], which takes into
account relativistic effects for the light quark,
predict the mass difference between D3 and Dj
to be negative (spin-orbit inversion). Therefore
the observation of the j = % doublet is important
not only to confirm general HQS predictions, but
also to give insight into this kind of effect.

A still controversial issue is the observation
of the radial excitation D* claimed by DELPHI,
for similar analyses from OPAL and CLEO found
no evidence.

In the strange sector of charmed mesons, in
addition to the L = 0 states, Df and DT,
two narrow resonances, the D (2536) and the
DZ%,(2573), compatible with the L = 1(j = 2)
doublet have been found [h], but no new data
are available.

1.1 Observation of D’ by the CLEO ex-
periment

The first observation of the Di%(j = ) meson
has been recently reported by CLEO II [8, g}
Using 3.1 fb~! taken at the Y (4S), they searched
for the D* in the decay B~ — D7~ followed
by D% — D**n~ and D** — D%, By mea-
suring the momenta of the three pions and us-
ing four-momentum conservation, the momenta
of all particles can be constrained without any at-
tempt to reconstruct the D° decay. This greatly
enhances the statistical resolution, although it
also increases the overall level of background.
As shown in figure -'_L', three of the DY can
decay to D*m. The Dj and the D; through D-
wave, and the D7 through S-wave. Since both
the B and the 7 are pseudoscalar, the DY is to-
tally polarised and the relative contributions can
be determined from a partial wave analysis of
its decay. A four-dimension fit is performed to
the helicities and the relative azimuth in D*° —
D*tn~ and D*t — D%t decays, and the D*x
invariant mass (shown in figure d). In the fit,
the two J¥ = 171 states are allowed to mix, hav-
ing angular contributions for both S-wave and
D-wave decay, with a strong interaction phase
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Figure 2: Mass spectrum of D% candidates. The

fitted resonances (two narrow and one wide) are
shown.

difference in this interference term. The fit yields

mp=o = (246173, +10 + 32) MeV
Tpro = (290775 + 26 + 36) MeV .

where the first and second errors are respectively
statistical and systematic, while the third one is
due to the different chosen parametrisation of the
strong phases. The fit favours J© = 17 by 20
with respect to the closest alternative (07).

In table :}' the measured D;° mass is com-
pared with the theory. The result is in agree-
ment with HQS theory, but does not yet allow
discrimination between different models (even if
7] seems to be disfavoured).

1.2 Searches for the radial excitation D*

Two charm radial excitations, a pseudoscalar and
a vector state, respectively called D’ and D*,
are expected to exist with masses mp ~ 2.58
GeV/c? and mpw =~ 2.63 GeV/c?. The D* is
expected to decay in D*mm, while the D’ decays
in D7, with estimated decay widths of the order
of a few MeV/c%.

Evidence of the decay D** — D*tntrn~
has been reported by DELPHI [[1]. The D** is
reconstructed in the decay mode D*+ — DOrt,
with either D° - K—7t or D° - K- ntatr—.
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mpxo(MeV) mpo(MeV) Am(MeV)
measured 2461 +53 24222+ 1.8[]  +39732
[io] 2460 2470 -10
6] 2501 2414 +87
2] 2585 2415 +170

Table 1: Comparison of CLEO preliminary result on D;° mass with theoretical predictions.

A narrow peak is observed in the D**rt 7~ in-
variant mass distribution, as shown in figure ::J",
whose width is compatible with the detector res-
olution. A signal of 66 + 14 events, correspond-
ing to 4.70 significance, is obtained with an ob-
served mass of 2637 4+ 2 + 6 MeV/c? and upper
limit of 15 MeV /c? at 95% C.L. on the full decay
width. The corresponding production rate, rela-
tive to the orbitally excited DY and D3° decaying
to D*tr—, is

_ (DYt — D* 't
~ n(DY,Di° — D*tx—)

R =049£0.21.

The production rate is about the same in c¢ and
bb events.
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Figure 3: The D* signal found by DEL-
PHI (points). The hatched histogram shows the
D*Tn~w~ combinations.

Searches for the decay D** — D*Tntn~
have been performed by OPAL [i2] and CLEO [d]
too. OPAL use only D° — K—7t but claims a
sensitivity similar to DELPHI. No evidence for a
narrow resonance is found, yielding a limit R <
0.21 (95% C.L.). Figure 4 shows the D*tatn—

2.6 2.7 2.8 2.9 3
*

invariant mass distribution in data and in Monte
Carlo, with the expected signal assuming DEL-
PHI result. No signal was found by CLEO either,
who used D° — K~ 7t 70 in addition to the de-
cay modes used by DELPHI. The D**rtr~ in-
variant mass is shown in figure @' Again no evi-
dence for a signal is found and the limit set on the
production relative to orbitally excited mesons is
R < 0.10 (95% C.L.).
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Figure 4: OPAL invariant mass distribution of
D**7~ 71" combinations in the data (top) and in the
simulation (bottom). The D*' production rate in the
simulated sample is fixed to the value measured by

DELPHI.

2. B mesons spectroscopy

The spectroscopy of B mesons is expected to be
very similar to that of D mesons, but up to now
much less information is available compared with
the charm sector.
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Figure 5: Mass of CLEO D*'" candidates.

The first experimental results on b excited
states came from LEP, where the B mesons are
produced in the decays Z — bb. Flavour-charge
correlations and a resonant structure have been
observed between the B mesons and nearby pions
around an invariant mass of 5697+9 MeV |J§], be-
ing consistent with orbitally excited B} mesons
decaying to B™) 7. Recently the CDF experi-
ment at the Tevatron pp collider also reported a
preliminary result on flavour-charge correlations
consistent with the same hypothesis.

All these analyses are based on inclusive or
partial reconstruction of B mesons, therefore the
B7 mass resolution is only of order of 40 MeV.
This does not allow identification of the B; and
B1 narrow resonances separately, since they are
expected to differ only by about 10 MeV. In ad-
dition, for decays to B*m where the photon in the
subsequent decay B* — B~ is not detected, the
reconstructed B’ mass is shifted by —46 MeV /c2.
However several experiments attempted to in-
vestigate the structure and decays of these res-
onances by using different analysis approaches
and trying to fit the mass spectrum under several
model assumptions.

As far as bottom-strange mesons are con-

cerned, no new results are available on the B ;(5850)

resonance [[:):], which is interpreted as coming from
orbitally excited Bs; mesons.

2.1 Observation of orbitally excited B at
CDF

To search for B%, CDF [13] uses B mesons par-
tially reconstructed in semileptonic decays B —
twD™),
ton provides an easy trigger for the event. The
D™ meson is fully reconstructed in several decay
modes. Both the production and decay vertices

This is a natural choice since the lep-

of the B are reconstructed and used to estimate
its flight direction, while its momentum is taken
from the decay products, after rescaling by 15%
for the neutrino. This partial reconstruction also
allows the identification of the charge and flavour
of the B meson.

Once a B is found, it is combined with all
pions from the primary vertex to form B candi-
dates. No selection is applied to the pions in
order not to bias the invariant mass distribu-
tion. The analysis is performed in the variable
Q = m(Bw) — m(B) — m(n), where the uncer-
tainty on the B mass partially cancels out, and a
50 MeV resolution is achieved.

After the selection an excess in 7 charge —
B flavour right-sign correlations is observed. In
order to extract the signal several background
sources have to be considered. These can be di-
vided into correlated and uncorrelated backgrounds,
depending on whether they are produced in asso-
ciation with the b quark (and therefore carry in-
formation on its charge and momentum) or whether
they are independent of the presence of a heavy
quark in the event. The latter are due to fake B
candidates, “pile-up” events and particles from
the “underlying” event and are subtracted from
the sidebands in the selection cuts. The @ dis-
tribution after the subtraction of uncorrelated
backgrounds is shown in figure f_j‘. The remain-
ing correlated background requires a more in-
volved treatment, in particular that coming from
hadronization tracks around the B meson. Pions
produced in association with the b most probably
give right-sign combinations. This is taken into
account using a Monte Carlo inspired parametriza-
tion, which is fitted to the data together with the
signal. Other correlated backgrounds are due to
a few processes involving B mesons, which can be
misidentified as B} decays. The fit to the signal
yields B(b — B%) = 0.28 £ 0.06 £ 0.03, and as-
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Figure 6: The sideband subtracted Br® Q dis-

tributions of the data (points) compared to the fit
results. The dashed curves are the fitted hadroniza-
tion component, the dotted histograms include all
backgrounds, and the solid histograms are the totals
including the B signal.

suming the mass splittings between the four B
as in [i] the mass of the By (J =17, j=2)is

mp, =5.714+0.02GeV/c? .

2.2 ALEPH exclusive reconstruction of B
states

A different, exclusive approach has been used by
ALEPH in [3-45], where charged and neutral B
mesons are fully reconstructed and used to study
the B7 resonant structure. This exclusive ap-
proach clearly has the disadvantage of being sta-
tistically limited, but the B7 mass resolution is
improved by one order of magnitude compared
with inclusive analyses, and therefore it may al-
low the observation of a narrower structure. Fur-
thermore, the identity and decay proper time of
the B mesons are accurately known and there is
a clear separation between tracks from the B de-
cays and tracks from fragmentation. Therefore,
using this method, one can study the possibility
of tagging the flavour of the B neutral system
at production by the charge of the nearby pion,
which has important implications for the study
of CP violation and mixing [:_1-5] This tagging
capability is clearly enhanced by the existence of
resonant structure in the B®*)m system.

The B mesons are reconstructed in the de-
cay modes B — D®X, where X is a 7%, a
p* or an af, and B — J/4(¢/)X, where X is
a K* or a K*0. The selection yields 238 B+
and 166 B, 80% of the sample being in B —
D™ X decay mode and the remaining 20% be-
ing in B — J/¢(¥')X. Once a B meson is re-
constructed, nearby pions are classified as “right-
sign” or ¢
The right-sign track which has the highest mo-
mentum along the B direction and, in addition,
gives an invariant mass with the B of less than

7.3 GeV/c? is selected to form a B candidate.

‘wrong-sign” according to their charge.

Choosing instead the wrong-sign combination serves

as a check on the estimate of the background and
the reliability of the simulation. The B mass is
constrained to its nominal value, yielding a B
invariant mass resolution from 2 to 5 MeV/c? in
the mass range from 5.5 to 5.8 GeV/c2.  The

§ 40

2 301 ﬂ @

% 201 ++ + # + ALEPH

s 10 ST gl t

N # | i fm“*ﬂq“a*'a‘**q&o“w-’
53 57 61 65 69 7.3

:\g 40

2 30 ®)

S +

% 104 ++++ Hﬂ ¢

— ,‘j ' ++++*+'#+¢¢ 'ﬁ“.'%&oﬁw.t*ﬁa*
53 5.7 6.1 6.5 6.9 73

Mg, (GeVIc)

Figure 7: The Bm mass distribution in the ALEPH
data with the expected background shapes for (a)
right-sign and (b) wrong-sign candidates.

invariant mass distribution of the selected sam-
ple is shown in figure -r_ﬂ for both right-sign and
wrong-sign combinations. A fit to the signal with
a single Gaussian yields a mass mp: = 5695717
MeV/c?, a width o = 53775 MeV/c? and a to-
tal of 43717 events. After correcting for the effi-
ciency to reconstruct the pion and including the
unobserved B*) 70 decays, the production rate is
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found to be

B(b— Bj) 12

= (30712 +£3)% .
B(b N Bu,d) ( —10 )%
These results on mass, width and production rate
are in agreement with the results from inclusive
analyses.

In the HQS framework, the B signal is the
sum of the four different L = 1 states. The lim-
ited statistics do not permit detailed measure-
ments of all parameters. Nevertheless assum-
ing mass splittings and decay branching ratios
as provided by the theory, the mass of the nar-
row doublet (here parametrized by the Bj mass)
and the overall production rate of the four states
can be fitted to the data. Table 'Q: shows the
parameters used in the fit. The B3, B; mass dif-
ference and widths, and the equality of the Bj
branching ratios to B*m and B, are as calcu-
lated in [[6]. The masses and widths of the two
wide states correspond to rough theoretical ex-
pectations [:_l-z:] The relative production rates are
set according to spin counting. Finally the Bw
mass spectra for the B} — B*7 decays are dis-
placed downward by 46 MeV/c? to take into ac-
count the missing soft photon from the B* — B~y

decay. Figure;S shows a comparison of the mass
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Figure 8: ALEPH right-sign Bm mass distribution
from data with the results of the fit.

spectrum obtained from the fit and the data. The

final values are

mpy = 5739f§1(stat)fi(syst) MeV/c?
B(b— B%)

B Bog) Ol 9(stat) "5 (syst))% -

The systematic error on the B3 mass is domi-
nated by the uncertainty on the relative produc-
tion rate, which is estimated by changing from
spin to state counting, while the effect of varying
the mass difference between B; and Bj from 50
to 150 MeV /c? is only +1 MeV/c%.
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Figure 9: The right-sign/wrong-sign asymmetry

A in the data as a function of the B proper decay
time for (a) neutral and (b) charged B mesons. The
dashed curves display the results of the fit.

The same B7 sample has been used to study
the B flavour tagging based on the pion charge.
Figure§ shows the asymmetry A = (Nys—Nys)/
(Nrs + Nys) as a function of the B decay proper
time, for both neutral and charged B mesons.
The physical quantity of interest is the mistag
rate wt]};g for neutral B’s. This is extracted from
AN taking into account the effect of B® — BY
mixing. As a check the mistag rate has also
been measured for charged B’s, where A® = (1—
ngg), apart for a small dependence on proper
time due to the different lifetime of the fake B’s.
The fit yields wfy, = (34.4 £ 5.5 + 1.0)% and
wia, = (26.0£3.6 £ 0.7)%. On a high statistics
sample of simulated events the mistag rate for
neutral and charged B’s are found to be, respec-
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Mass r relative
State | (MeV/c?) | (MeV/c?) | prod. rate | B(Bw) | B(B*r)
B3 mp; 25 5/12 0.5 0.5
B: mpy — 12 21 3/12 - 1.0
Bf | mp; —100| 150 3/12 - 1.0
B; mp: — 12 150 1/12 1.0 -

Table 2: Properties, relative production rates and branching ratios as used by ALEPH in the fit to the Br

invariant mass spectrum.

tively, 36% and 32%, in good agreement with
the above results. Further studies have shown
that the difference in the mistag rates between
neutral and charged B mesons is due to strange
quark production in fragmentation. This spoils

the isospin symmetry between the u and d quarks [:_l-g],

since a KT is produced in association with a BE,
carrying flavour information, while a K°(K?) re-
sults in the fragmentation to a B°(B°). Unless
there is perfect pion-kaon separation the mistag
rate is therefore different, and charged B’s can-
not be used to infer results for the neutral B’s.

2.3 L3 results on B’ spectroscopy

Preliminary results on the spectroscopy of ex-
cited B mesons have also recently been presented
by L3 [19]. The mass and width of B have been
measured using 1.25 million hadronic Z decays,
where B meson candidates are inclusively recon-
structed and combined with charged pions pro-
duced at the primary vertex.

The B direction is measured using combined
information from the secondary vertex and track
rapidity and the B energy is estimated from a
kinematic constrained fit to the centre-of-mass
energy. The obtained resolution on the Bm mass
varies from 20 MeV/c? to 60 MeV/c?, for ener-
gies between 5.6 GeV/c? and 5.8 GeV/c2.

An excess of events above the expected back-
ground, estimated from the simulation, is found
in the region 5.6 — 5.8 GeV/c? (see figure 40).
The signal has been fitted assuming a hyperfine
splitting mps —mp, = mpr—mp: =12 MeV/c?,
but allowing both the mass of the B and of the
Bf to vary freely. The widths I’ B and T B; are
also fitted, with the constraint I's, = I'p; and
I'g: = I'p;, while the relative production rates
are fixed to spin counting. The results of the fit

are
mp: = (5682 + 23) MeV/c?
Tp: = (73 +44) MeV/c?
mp; = (5771 +7)%
Tp; = (41 £43)MeV/c?

with a x? of 81 for 73 degrees of freedom. The fit
is not a good description of the data in the region
5.9 —6.0 GeV/c? where an excess of data events
over the simulated background is present. To
take into account this excess, a high mass state,
which can be interpreted as a radially excited B’,
has been included in the fit. The final results are

mp: = (5670 + 10 + 13) MeV/c?
Tp: = (70 £ 21 +25) MeV/c?
mp; = (5768 + 5+ 6)%

[p; = (24£19+24)MeV/c?

with a total of 2784 + 274 events, corresponding
to the branching ratio B(b — B% — B®r) =
0.32 +0.03. In addition 297 &+ 100 events occupy
the high-mass Gaussian, with mp, = 5936 + 22
MeV/c? and op: = 50 & 23 MeV/c2. Figure {10
shows the results of the fit, for which the x? is 63
for 67 degrees of freedom. The differences with
respect to the results of the previous fit have been
included in the systematic errors.

The above results place the average mass of
the j = 3/2 states 98 + 11 MeV /c? higher than
that of the j = 1/2 states. This supports an
earlier theoretical prediction [:_1-?‘] and disfavours
the latest calculations [6, f_?:], which predicts spin-
orbit inversion. To test the ability to discrimi-
nate between the two possible cases, additional
fits have been performed, where the mass of the
j = 1/2 states is constrained to be equal to or
100 MeV/c? higher than the mass of the j = 3/2
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Figure 10: (a) Fit to the data Bm mass distribu-

tion. (b) The resulting background-subtracted dis-
tribution.

states. In both cases the fit likelihoods are lower
than before, the highest one being 8.3% com-
pared to 61.2% of the present fit.

2.4 OPAL study of the B’ decays

A preliminary result on B(B% — B*7) has been
recently presented by OPAL [2-@ Using infor-
mation of the photon in the decay B* — B,
OPAL separates the B} — B*m decays from the
B’ — B ones and measures the B(B% — B*m).
This method gives insight into the decomposition
of the BY into the states allowed to decay to B
(Bg and B3) from the other states that can only
decay to B*m.

The analysis is based on an inclusive recon-
struction of B, similar to the L3 one previously
described. The mass spectrum of the Bm sample
obtained is shown in figure i 1. After a candidate
B% is found, photons and converted photons in
the event are used to assess the probability of
a B* — B~y decay. The full sample is then di-
vided into two subsamples, one enriched and the
other depleted in B*, and the B(BY} — B*r) is
extracted from the number of candidates in the
two subsamples. The result is

B(B% — B*r) = (85128 £ 12)%.

OPAL preliminary
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Figure 11: (a) The Bw mass distribution for data.
(b) The Monte Carlo background-subtracted signal.
(c) The efficiency-corrected B signal.

in agreement with theoretical predictions (see ta-
ble ).

The composition of the B sample is further
investigated by extracting from the two subsam-
ples the Bw mass distributions for the two de-
cay modes, which are shown in figure :_1-2: A
significant excess of entries is seen in the pure
B3} — B*rm distribution at masses around 5.7
GeV/c?, with tails down to 5.5 GeV/c? and up to
6.0 GeV/c?. The narrow peak is most likely due
to By and Bj decays, while the tails may be due
to the wide B state. To obtain the true mass,
the entries have to be shifted to higher mass by
46 MeV/c%. In the pure B% — Bm mass distri-
bution, a 2.20 excess is observed at 5.8 GeV/c?,
as expected from B3 and Bj decays.

2.5 Summary on B} states

A summary of present results on the spectroscopy
of b excited states is shown in table 8, together
with the predictions of several theoretical calcu-
lations. ALEPH and CDF results on B; mass are
in agreement between each other and with calcu-
lations in ['gi:] It must be noticed that they are
both rather insensitive to the assumed mass split-
ting between the j = 3/2 and j = 1/2 doublets:
changing the mass splitting from —160 MeV/c?
to 100 MeV /c? results in an increase of the fitted
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mp; (MeV/c?)  mp:(MeV/c®)  Am(MeV/c?)
CDF[13]* 5725(5745) + 20 - —160(100)%
measured ALEPH[14] 5739 + 13 - 1008
L3[4} 5768 + 8 5670 + 16 98 + 24
0] 5800 5780 20
predicted  [@)] 5733 5757 —24
7] 5715 5875 —160

Table 3: Comparison of experimental results and theoretical predictions on B masses. The results marked

with a I are still preliminary. The Am, when marked with §, is fixed in the fit to the shown value.
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Figure 12: The Bat mass distribution of (a)

B*% — B*n* and (b) B} — Bx™ transitions.

mass by 20 MeV/c? in CDF analysis, while the
effect of a similar shift in the ALEPH result is
only few MeV/c?. The L3 result on the B} mass
is not in good agreement with ones discussed
above, being higher by more than 2¢. This is
the only analysis where the B} mass is also mea-
sured and the result, if confirmed, would strongly
disfavour models which predict large spin-orbit
inversion [i].

, As far as the charmed baryons are concerned, the.
- most recent results -concern-evidence -for the =,
and E.1, seen by CLEO [2-]_:, :_2-2]

The =, are csq baryons (where g can be ei-

quarks S; =1and J¥ =1 . Both charged and

neutral =/ are observed to decay into Z.7.

Two new baryons decaying into =} *7~ and
E:97~ have been also observed by CLEO. These
new states have been interpreted as the orbitally
excited JE = %_ Z.1 baryons, since the JF = %_
Ec1, would decay into /7

A summary of the present experimental sit-
uation on charmed baryons is shown in figure :13
In the near future new results on charm baryon
spectroscopy are also expected from the fixed tar-
get experiments FOCUS and SELEX.

4. Conclusions

We reviewed recent results on the spectroscopy
of excited b and c states. All these results are
in agreement with the expectations from Heavy
Quark Symmetry. For the first time a wide j = %
state, namely the D;°, has been observed. How-
ever, the observation of the radially excited D*
is still controversial. New studies of B reso-
nances also support the existence of several states
as predicted by HQS. In particular, if confirmed,
both the measured D;° mass and the fits to B%
masses, would disfavour models which predict

large spin-orbit inversion.
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