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RESULTS ON CHARMED BARYONS AND MESONS
FROM THE SLAC-LBL MARK II1 DETECTOR AT SPEAR
Gerson Goldhaber

Department of Physics and Lawrence Berkeley Laboratory
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In my talk I will present results f:om the SLAC-LBL Mark II detector at
SPEAR, Our detector has besen described elsewherel and I will not discuss it
here. I will concentrate here on a few of the very recent results, namely:
- (1) The observation of charmed baryons; we have now clearly established a

signal Ac - pK-n+ and the charge conjugate of that channel, Kc -
§K+n_. We also have some evidence for other channels, Ksp, An+, etc,
+ (2) The study of charmed mesons, Here I will merntion some new hadronic
decay modes, and the Cabibbo-suppressed decay modes,
(3, The p"-p° lifetime ratio; we find evidence that the D' has a longer
lifetime than the p° by about a factor of three, although the statis-

tical error is fairly large on this number,

(1) Observation of the Charmed Baryon in e e  Annihilation

Our present understanding of the charmonium states and of charmed mesons
leads us tc expect the existence of weakly decaying charmed baryons.2 Evi~

dence for the production of such charmed baryons has been reported in neutrino

5

interactions,3 photon interactions,u and p- p interactions, The signal we
have observed for charmed baryon production is given in Fig, la, Here we see
a peak of about 39+ 8 events over a background level of 20 events, The peak
occurs in the pK—n+ and in the charge conjugate system, Furthermore in this
figure we have made a recoil cut, demanding that the recoil mass be greater
than 2.2 GeV., 1In Fig, lb we show what happens when you look at the same mass
distribution with a recoil mass cut less than 2,2 GeV, We thus see that the
signal we have observed is associated with the production of an equal or
larger mass, In Fig, lc we show the mass distributions for combinations
which either have the wrong strangeness, namely pK+n-, a positively charged
baryon, but with positive strangeness and PK n which is a negatively charged

baryon with negative strangeness (and their charge conjugate states). Neither
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of these are expected to occur as the final states from charmed baryon decay,
and indeed we see no signal, The curve through Fig, lc (suitably normalized)
is used as the background for Fig., la., Finally in Fig, 14 we give the beam-
energy-constrained mass Mc. This was obtained by making a cut on the total
energy of the pKn system, by demanding that it be within 30 MeV of the beam
2 )1/2 and we find that

PKn
there is an equal mass signal., The signal is small, but it is clear cut and

2
energy. We then calculate M, from M = (Eb - p

consists of 10+ Y4 events., This corresponds to Acxc production and we estimate
(26 +11)% of the total A, production for this process, Figure 2 shows the

pKn mass distribution now separated into pK x| and K n”. The figure is

given in 20-MeV bins and again we see that the signal clearly occurs in both
systems, The background due to beam gas scattering is larger for proton
events than for antiproton events, 1In Fig, 1 we have made cuts to reduce

the amount of beam gas background. This was done by cutting out events where
the total positive charge was greater than one, This selection was not made
in Fig. 2. The sample we have studied corresponds to §,150 nb-l in the energy
region E_ = 4,5~ 6 Gev. Of this data, nearly half was taken at the single

enerqgy of Ec.“ = 5,2 GeV. The data-taking at 5,2 GeV was carried out in the
last three weeks of the running at SPEAR, The Mark II detector has now been
moved to FEF and is located in Interaction Region 12, Thus it was these last
three weeks of running at SPEAR which gave us most of the clear signal that
we see here!

« The Mass Measurement, The protons and K's were identified by time-of-flight

measurements, The rms width of the TOF measurements, g, is 0,3 ns, This
gives us a 10 separation between K's and p's up to 2 GeV, and a corresponding
separation for K's and n's up to 1.35 GeV., We found a mass value of 2,285 %
0.006 GeV with an rms energy resciution of 10 MeV. The Ac mass measurement
is based on two results, One is the direct invariant mass distribution.

Here we have the full statistics and get a mass of 2286 MeV with an error of
7 MeV, 1In this case the statistical error is small and a 6~MeV systematic
error is the main contributor. We also get an independent measurement from
the beam-constrained mass, Here we find a mass of 2284, This time, however,
the statistical error is much larger, giving a total error of 8 Mev, It is
interesting to note that an error in momentum affects these two results in
opposite directions; we thus have a confirmation that our momentum measurement
is self-consistent,

This result is somewhat surprising since the earlier indications for
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charmed baryons appeared to be 25~ 30 MeV lower in mass, This raises
the question: how well can we measure effective masses in ovr device? The
answer is that we find excellent agreement with established mass values in
the measurement of well-known states., To convince you of our ability to
measure masses in the Mark II detector, I will now show you a few examples
of well-established masses which we have measured. In Fig, 3a we show 20,000
k°'s obtained at the J/w. We find a mass of 498.0 MeV to be compared with
the "world average" value of 497,7 MeV, 1In Fig, 3b we have the y itself
going into p pairs; we find a mass of 2,0967 GeV, to be compared with 3,095
GeV which is the energy scale calibration we established at SPEAR during
running with the SLAC-IBL Mark I detector, The difference is of course that
in Fig., 3b is the measured invariant mass which depends purely on measure-
ments in the Mark II detector and is independent of the beam energy. 1In
Fig. 4a I show a measurement of the At mass corresponding to the reaction:
¥ — = + anything, We find the = mass as 1320 MeV, which is within 1 MeV of
the "world average'" value of 1321.3 MeV. This reaction at the ¥ giving cas-
cade hyperons corresponds largely to V¥ — =T and Fig. U4b shows the beam
constrained mass, which as I stated above depends on the measured momenta in
the opposite way from the invariant mass, Here too we find a mass value
within 1 MeV of the other case, Figure Lc shows the recoil mass spectrum
against the = and we see that the reaction is primarily ¢ - =T with a
small contribution of ¢ — = =% 1530).

+Two-Body Structure in the pKsm System. An analysis of the Ac Dalitz plot

yields estimates of resonant contributions to the observed A_ signal of 123 7%
174 7% for the x*°(8%0) — K n' and Af+(1230), respectively, Figure S gives
the corresponding mass projections. The pr’ projection, not given here, shows
no evidence for any ¥v* structure,

-Cross-Section Determination (gB). To determine a cross section, the detec-

tion efficiency has been calculated to be 0,131 0,025 for the observed AC
momentum distribution, The 26+ 7 pKn signal events observed in the BMSO—nb_l

integrated luminosity within 0.05 GeV of 5.2-GeV c.m, energy correspond to
- -+
o(A, + AC)B(AC — pK ) = 0.037+0,012 nb ,

where c(AC + Xc) is defined as the inclusive cross section [c(Ac) + O(Xc)].
The data are consistent with equal cross sections for both charge states,

-Inclusive p and A Production Rates, To obtain an estimate of the total pro-

duction of charmed baryons we have measured the inclusive cross sections for
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p and A from 3,52 to T.h4O GeV. Because of substantial beamgas contamination
in proton events, only antiprotons are used for these measurements, Two or
more observed tracks are required and valid identification of antiprotons is
ensured by a stricter TOF weight cut of 0.7 for momenta greater than 1,2 Gev/c,
The observed p sample includes contributions from weakly decaying hyperons,
For A and A production, only multihadron events with three or more detected
tracks are used, The A and A are identified from the invariant-mass distribu-
tion of all neutral pm pairs identified by TOF., In addition, the decay
products of the A and A are required to originate from a secondary vertex,
To reduce beam-gas contamination to less than 4%, A (but not A) events are
required to have total observed charge < + 1., With these cuts, our A and A
background subtractions are both g 15% at all energies,

The =fficiency for detection of antiprotouns is calculated from a Monte
Carle model which generates p tracks with a momentum distribution corresponding

to an invariant cross section

E d30/dp3 « e_bE ’

and which then chooses the other micleon and a number of pions according to
the remaining phase space, After adjustment of the slope parameter b and

the mean particle multiplicity at each energy, this form gives a good descrip-
tion of the data, The overall detection efficiency for antiprotons is approxi-
mately 58% over the entire range 3,7- 7.4 GeV, The efficiency for A and A
detection is determined by the same Monte Carlo model with the parameters
obtained from the antiprotons. The efficiency ranges from 10% at 3,67 GeV

to 13% at 7.4 Gev, including the branching ratic for A — prx . In this

case also, the Monte Carlo calculation reproduces the observed A momentum

and multiplicity distributions., As an additional check on cur A efficiency
calculations, we have verified that the ratio of single A's and AA pairs
detected in well-identified V¢ - AA  events at Ec.m. = 3,095 GeV is cor-
rectly reproduced by the Monte Carlo simulation program,

Our results for inclusive production of p and A are presented in Fig, 6
as the ratio of the inclusive production cross section to the p-pair cross
section. Figure fa shows R(p + B) = 20(5)/0up and Fig., 6b shows R{A + A) =
[o(A) + O(K)]/Upp' The estimated overall systematic errors in R are * 17%
and + 279 for the p and A, respectively, and are not shown in Fig, 6. These
systematic errors are dominated by the model dependence of the Monte Carlo

calculations, and are expected to vary slowly over our energy region,
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We note that the rise previously reported6 in R(p + B) and R(A + R) is
confirmed here with more precision. We observe for the first time clear
steps in both R{p + p) and R(A + A) in the range of 4,5 to 5.2 GeV c,m,
energy, although the R values probably continue to rise more slowly at
higher energies. Within the quoted errors, our measurements of R{p + B)
are consistent with previous expe:r.iment,s’7 Our values of R(A + K) are
considerably higher than the previous meusurements6 but have been obtained
with larger solid angie, improved vertex reconstruction; and a more sophis-
ticated efficiency calculation,

.Branching Ratio Determination, The ccincidence of the location of this step

with the threshold for production of an object near the mass of the observed
PKn signal is consistent with its interpretation as the lowest-lying charmed
baryon, The observed step sizes of AR(p + p) = 0.2110,05 and AR{A + A)

= 0.10*0.03 would indicate a A/p ratio fo. charmed-baryon decays of (L4l +15)9
after explicitly removing protons which arise ‘rom A decay, but not from othar
weakly decaying strange baryons.

We can use our measurement of R(p + D) and the measured ¢B for the PKn
signal at 5,2 GeV to estimate the absolute branching ratio for the pKx decay
mode, We make the following assumptions: (i) The observed step in R(p + D)
is due entirely to the onset of charmed-baryon pair production; (ii) all
charmed baryons cascade down to the Ac state; and (iii) the probability for
a charmed baryon to give a protorn (as opposed to a neutron) as a final product

is O.G:tO.l.8 Using the relationship

- AR(p + P)
+ = =L
c(Ac AC) 5, O
we find an inclusive cross section
14 n _ +
alh, + Ac) = 1.7+0.% nb

at £,z Gev, Thus the cross section for producing pairs of charmed baryons is

.

0.85 nb, With these assum tions, the branching ratio is then estimated to be

B(A, - PK ') = (2.2+1,0)% .

-5earch for Other Decay Modes, We have looked at the channels pxg, An+, and

+ - + s
An . 1 for additional decay modes of the Ac.
Figure Tb shows the pxg mass distribution compared to the pK-n+ distri-
bution as in Fig, la. Figure 8 shows the beamenergy-constrained mass distri-

bution for the pKn, ng, An and A3n modes, Some evidence for the AcKc channel
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may be noted, Figure 9 shows the sum of these beam-energy-constrained distri-

butions, Our preliminary result on these additicnal channels is:

Ef?’ 12,5t 4.5 events signal which gives B(Ac - pﬁo)/B(AC - pKwn+);
0.5%0,25, while we get upper limits from the beam-encrgy-
constrained data

Aﬂ:‘ B(AC - An)/B(AC 5 pK ") s 0.t (90% confidence level),

+

Af3n!+: B(Ac - Aﬂ+n+ﬂ_)/B(Ac > pK ) S 1.4 (907 confidence level).

.Conclusion on A , In conclusion, our observation of a narrow state with the
proper quantum rumber., associated with equal and higher recoil masses, and
at a mass compatible with the cbserved threshold in p and A production, argues

for the interpretation of this state as the charmed baryon AC.

(2) charmed Meson Studies

. o +
The first observ =ion of the charmed mesons9 D  and D in the SLAC-LBL
Mark I detector was mx in the E_ = 3.9 to 4,6 GeV region., In this
energy region, and par.. ' arly at the cross-section peak at 4,028 Gev, the
principal D production processes are

+ - - -

ee H D*D or poD*

+_ -
and e e - DD,
It was only at a later stage that the ¢(3770) or y" resonance was discovered

. . 10,11
in the LGW and DEICC experiments, ©,

The mass value of the ¢" lies below
the threshold for the above processes. Thus only the production of DD occurs,
Namely: e+e- - y" o p°5° and D+D_. Thus the ¥y which lies ~ LO MeVv abcve
p°5° and ~ 30 MeV above D'D  threshold is ideally suited for the study of I
meson properties, If we compare the width of the y(3684) or y', I = 0.228
MeV, with that of the y", I" = 25 MeV, we note the width has increased by a
factor of ~ 100 and thus that the effect of the 0OZI suppression at the y!

is no longer present at the Y'". This is ascribed to the fact that the D
production threshold opens up at 3726 Mev (3736 MeV for D+D_), and hence

channels with ¢ and ¢ quarks in the final state can occur at the Vy".

-Properties of the ¥(3770) Resonarce, The y" has been studied extensively

in the LGW and DEICO experiments and recently again in the SLAC-LBL Mark II
experiments as I will report here, Figure 10 shows the R distribution observed
in the Mark II experiment, Here R is the ratio of the hadronic cross section
to the theoretical QED p pair cross section oup. The latter is obtained from

calibration against observed Bhabha pairs, The + 1 cross section has been
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subtracted, Figure 1l0a gives this corrected value. Figure 10Ob gives the R
distribution after the radiative tails from the J/y and ¥' have been sub-
tracted. The errors shown are statistical, The resonance is fit+24 to a
p-wave Breit-Wigner expression12 with an energy-dependent total width
Ftot(Ecum.) which takes account of the vicinity of the D°D° and D'D” thresh-
olds, Each charmed meson pair is assumed to rise from threshold in a manner

characteristic of p~wave production, Here

1l 3n Pee Ptot(Ec.m.)
R(Ec m =0 2 2 2
pp M (Ec.m. - M)° + Ptot(Ec.m. )/
and
" 3 3
p; P
r. (e ) « +
tot® ¢c.m,

1+ ()% 1+ (xp)?

where P, (po) is the momentum of the pair produced p* (Do) and r is the inter-
action length, The quantities M (the resonance mass) and Fee (the partial
width to electrons)} were determined in a fit to the data points, The fit is
not sensitive to r which was taken as 2.5 Fermi,

The new results are consistent with the earlier data from the LGw13 and
DEICO, except for a shift in the central mass value which is now found to be
3764 £ 5 Mev, that is 6- 8 MeV lower than the previous values, A more precise
measurement is AM, the y" - §' mass difference which doec not include the
systematic error of the absolute beam energy calibration, This is found to
be AM = 80#2 MeV, Furthermore the Mark II value for the width of decay
into e+e—, Fee = 2761:50 eV lies in between the earlier two values. The
comparison between the new measurements and the earlier results is given in
Table I. From theoretical argumentslh the y" is believed to be a 3Dl state
of charmonium which is however mixed with the V{', the 235l state, The rela-
tively large Fee value gives an estimate for this mixing angle of 20.3°i 2.8°.

»Charmed Meson Branching Ratios, A measurement of the number of events in a

given D decay channel, together with a Monte Carlo calculation of the corre-
sponding detection efficiency for the given detector and the luminosity cali-
bration gives oB. To obtain B, the branching ratio, the following properties
of the y" are assumed:
- The ¥" is a state of definite isospin (0O or 1); this allows a prediction
of the DO/D+ production ratio, namely o(Do)/o(D+) ~ p3 PE as expected

for p-wave production, This reflects the difference between the p° and
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Table I. Measurements of the §(3770) Resonance Parameters.

. Mass Feot Tee am®
Exper iment Mev/c? Mev ev Mev/c?
pzrcolt 37702 6 2425 180+ 60 86+ 2
o' 3772t 6 28+5 345+ 85 88+ 3
Mark II 3764 £ 5 24+ 5 276 £ 50 8o+2

* MM is the mass difference between the y(368L4) and y(3770).

D' masses (1863.3 MeV and 1868 MeV respectively).
- The y" decays nearly entirely into DD (~ 99%). This is based on the
Ftot(w‘) to Ftot(W") ratio (~ 1/100); i,e., that the OzI-suppressed
portion of the y" decay width is of the same magnitude as the I'(y'),
These assumptions were checked for those events decaying into DD mesons
which were both identified,

Another feature cf the fact that the y" decays into a pair of DD mesons
is that in addition to the invariant mass of a given state one can also use

the beam-energy-constrained mass
"y = VB - P

This assumes that each particle combination which corresponds to a D decay
mode has a total energy equal to the beam energy Eb. In practice particle
combinations with energies within 50 MeV of Eb are accepted, Such a proce-
dure results in marked reductions in background as well as much better mass
resolutions (~ 3 MeV), Figure 11 shows the M distributions obtained for a
number of p° and D+ decay mcdes in the LGW experiment, In the data from the
Mark II detector extensive running was carried out at Ec.m. = 3,77l Gev, an
energy which lies slightly above the peak of the resonance mass, giving a
total of 49,000 hadronic events, From the fit to the Breit-Wigner expression
above, the DD pair cross sections at this energy is 6,85+ 1,2 nb, When this

+
value is apportioned between the p° and D , this gives
0 o(3.771) = 7.841.2 nb and 9p+(3.771) = 5.9+ 1.0 nb

for the two inclusive (single D) cross sections. Figures 12- 15 show the D°
+ . .

and D' decay modes obtained with the Mark II detector, Table II gives the

hadronic branching ratios obtained in these two experiments,

sCabibbo-Suppressed Decay Modes, An intrinsic feature of the GIM mechanism
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Table II, D-Meson Branching Ratios from the SLAC-LBL Mark II
Detector and a Comparison with the ’5W Experiment,

LG
Mode # Events € BR (%) BR ()

it 271 %17 0.436 2.8 0.9 DUt 1
K°x° 9+3 0.021 2.1 +0.¢
Kot 39+ 7 0. 064 2.7 *0.7 Lo+ 1, >
Kn x°® 379 0.028 6.3 2.2 12,04 6.0
Kt 197+ 16 0.133 6.7 1.k 3,24 1.1
o 91l - A I
KK 2245 0.37 0.31#0.09
7oxt 3747 0.10 2.1 +0.5 1.3 6.6
K x'n 251 %17 0.29 5.2 +1.0 3.9+1.0
Ko n” 9l c.00k 16,4 9.5
Ko 2047 0.025 5.1 £2,0
K_ﬂ+ﬁ+ﬂ+ﬂ- £ 3.5 0,041 < 20"
ox* €3 0.07 0,5 +0,27

¥ 9o ronfidence limit,

for charm is the prediction that aside from the principal (Cabibbo-favored!
D decay modes, whicl. lead to X or X° in the firal states, there also be the
Cabibbo-suppressed modes leading to zero strangeness final states. The
Cabibbe- favored and -suppressed modes for p° two~particle final states are
illustrated by the gquark diagrams in Fig, 16. Here the angle GA is the
familiar Cabibbo angle BC while BB is the new angle which o the four-quark

model is associated with the flavor mixing of charmed qu.. 3, The GIM assump-
tion is that QA = QB' Experimentally the two angles ca: be independently
measured as:
o -+
D C -+
tan2 QA = li“g‘:L—E‘E:l and tan2 g - D > wx)
np” - x= ) Mp® K~n+)

Figure 17 shows the experimental result from the Mark II experiment, hLere
the n-n+, K_ﬂ+ and X K’ irvariant masses are shown for two-part: :le combina-
tions with momenta within 30 MeV/c of the ~xpected D pair momentum of 288
MeV/c for E, o = 3.TTL GeV. Aside from the signals in the three channels

at the D mass one notes kinematic reflections shifted by about + 120 Mev/cd
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from the D mass due to g5 « K misidentifications, A fit to the data yields
15

+ + - + -
235+ 16 K‘n events, 22+5 K K events and 92 3.9 n n events, Accounting

for the relative K and g detection efficiencies give
-+

r({p° 5 KX)

~ +

F(Do—r Kn)

o - +
and IXEL—ii—lLﬂLl

™ ° 5 K-n+)

it

0,113+ 0,03

0.033 % 0.015

0

Here the quoted errors include systematic effects. The results clearly demon-
strate the existence of the Cabibbo-suppressed decay modes of roughly the

expected magnitude: tan2 GC ~ 0,05,

(3) D Meson Lifetime Ratios

Work at the y'" also allows the study of ''tagged" events, This method
has been used in LGW experiment and more recently by the Mark II experiment,
Here I will quote the recent Mark II results for nearly 300 D" ang 500 p°
tagged events, In "tagging" we assume that at the ¥" if a D+ (DO) is observed
the remaining tracks in the event correspond to D (50) decay. Hence for
electron ident:ification we can distinguish "right sign e" and "wrong sign e,"
The results are shown in Table I1I, After background subtraction and allow-

. . . . + +
ance for "wrong sign e" contributions we find a larger B(D - e + ,..)

. . +
Table III, Semileptonic Decays of D and Do,

Decay Mode # Tags # Electrons Background BR (%)
+ +
b-oe 295 + 18 38 15 % ) 15.8%5.3
- e L 3.9%20.5 (
o +
D o e- 180 # 23 36 19 1 | 52233
S oe 19 12 +1 |

+ ) .
than B(D0 - e + ...). On the theoretical assumption that I"(D+ S et s eel)

= I‘(Do 5o ... ) we thus obtain:
r(p° 5 all) B(DO o e +...) (D
r(ot - a11) B(O®° 5 & +...) (%)

Hence from a maximum likelihood fit we obtain
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(") /7(p°) = 3.1

(I . L. .
which is evidence for a larger D+ than D lifetime, A similar independent
. 16 .
conclusion has been reached by the DEICO experiment, After corrections
for phase space effects these measurements give a weighted average value of

B(D » e') = (9.8 3.0)%.
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