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Abstract

We observe a signal for the doubly charmed baryonΞ+
cc in the decay modeΞ+

cc → pD+K− to complement the previou
reported decayΞ+

cc → Λ+
c K−π+ in data from SELEX, the charm hadroproduction experiment at Fermilab. In this new

mode we observe an excess of 5.62 events over a combinatoric background estimated by event mixing to be 1.38± 0.13 events.
The mixed background has Gaussian statistics, giving a signal significance of 4.8σ . The Poisson probability that a backgrou
fluctuation can produce the apparent signal is less than 6.4 × 10−4. The observed mass of this state is 3518± 3 MeV/c2,
consistent with the published result. Averaging the two results gives a mass of 3518.7 ± 1.7 MeV/c2. The observation of this
new weak decay mode confirms the previous SELEX suggestion that this state is a double charm baryon. The relative
ratio for these two modes is 0.36± 0.21.
 2005 Elsevier B.V. All rights reserved.

E-mail address: jurgen@ifisica.uaslp.mx(J. Engelfried).
1 Present address: Sheba Medical Center, Tel-Hashomer, Israel.
2 Present address: Advanced Mask Technology Center, Dresden, Germany.
3 Present address: University of California at Irvine, Irvine, CA 92697, USA.
4 Present address: Instituto de Física da Universidade Estadual de Campinas, UNICAMP, SP, Brazil.
5 Present address: Kafkas University, Kars, Turkey.
6 Present address: Physik-Department, Technische Universität München, 85748 Garching, Germany.
7 Present address: The Boston Consulting Group, München, Germany.
8 Present address: Lucent Technologies, Naperville, IL, USA.
9 Present address: Baxter Healthcare, Round Lake IL, USA.

10 Present address: University of Alabama at Birmingham, Birmingham, AL 35294, USA.
11 Present address: Süleyman Demirel Universitesi, Isparta, Turkey.
12 Present address: Legal Department, Oracle Corporation, Redwood Shores, CA, USA.
13 Present address: DOE, Germantown, MD, USA.
14 Present address: Solidum, Ottawa, ON, Canada.
15 Present address: Siemens Medizintechnik, Erlangen, Germany.
16 Present address: Allianz Insurance Group IT, München, Germany.
� Deceased.

mailto:jurgen@ifisica.uaslp.mx


20 SELEX Collaboration / Physics Letters B 628 (2005) 18–24
PACS: 14.20.Lq; 14.40.Lb; 13.30.Eg

Keywords: Doubly charmed baryon
he
ed

n,
-

(
ay
r-
it is
way
les,
per-
on-
ith

ams

was

avy

tate
ne
, is
k

h

b-

ed
cles
g-

nsi-

icle
tage

hly
age
ys,
c-

tum

ents
in-
th
in-
le
vent
n-

sil-
ck

ree-
ent
nt

e

er-
rded
e
eg-

nts
ly
sed.

ses
er
ver-
nt
ri-

tent
ere
1. Introduction

In 2002, the SELEX Collaboration reported t
first observation of a candidate for a double charm
baryon, decaying asΞ+

cc → Λ+
c K−π+[1]. The state

had a mass of 3519± 2 MeV/c2, and its observed
width was consistent with experimental resolutio
less than 5 MeV/c2. The final state contained a charm
ed hadron, a baryon, and negative strangenessΛ+

c

andK−), consistent with the Cabibbo-allowed dec
of a Ξ+

cc configuration. In order to confirm the inte
pretation of this state as a double charm baryon,
essential to observe the same state in some other
Other experiments with large charm baryon samp
e.g., the FOCUS and E-791 fixed target charm ex
iments at Fermilab or the B-factories, have not c
firmed the double charm signal. This is consistent w
the SELEX results. The report in Ref.[1] emphasized
that this new state was produced by the baryon be
(Σ−, proton) in SELEX, but not by theπ− beam. It
also noted that the apparent lifetime of the state
significantly shorter than that of theΛ+

c , which was
not expected in a model calculation based on he
quark effective theory[2].

Another way to confirm theΞ+
cc is to observe it in

a different decay mode that also involves a final s
with baryon number and charm (not anti-charm). O
such mode, involving only stable charged particles
the channelΞ+

cc → pD+K−. Observing a mass pea
near theΞ+

cc → Λ+
c K−π+ peak at 3519 MeV/c2 re-

ported in Ref.[1] in a channel combining a proton wit
aD+K− pair but not aD−K+ pair would confirm the
existence of theΞ+

cc state. Here we report the first o
servation ofΞ+

cc → pD+K−.

2. Experimental apparatus

The SELEX experiment used the Fermilab charg
hyperon beam at 600 GeV to produce charm parti
in a set of thin foil targets of Cu or diamond. The ne
ative beam composition was about 50%Σ−, 50%π−.
The positive beam was 90% protons. A beam Tra
.

tion Radiation Detector identified each beam part
as meson or baryon with zero overlap. The three-s
magnetic spectrometer is shown elsewhere[3,4]. The
most important features are the high-precision, hig
redundant, vertex detector that provided an aver
proper time resolution of 20 fs for the charm deca
a 10 m long Ring-Imaging Cerenkov (RICH) dete
tor that separatedπ from K up to 165 GeV/c [5], and
a high-resolution tracking system that had momen
resolution ofσp/p < 1% for a 150 GeV/c proton.

The experiment selected charm candidate ev
using an online secondary vertex algorithm. A sc
tillator trigger demanded an inelastic collision wi
at least four charged tracks in the interaction sc
tillators and at least two hits in the positive partic
hodoscope after the second analyzing magnet. E
selection in the online filter required full track reco
struction for measured fast tracks (p � 15 GeV/c).
These tracks were extrapolated back into the vertex
icon planes and linked to silicon hits. The beam tra
was measured in upstream silicon detectors. A th
dimensional vertex fit was then performed. An ev
was written to tape if all the fast tracks in the eve
were inconsistent with having come from a singl
primary vertex. This filter passed 1/8 of all interac-
tion triggers and had about 50% efficiency for oth
wise accepted charm decays. The experiment reco
data from 15.2 × 109 inelastic interactions and wrot
1 × 109 events to tape using both positive and n
ative beams. The sample was 65%Σ−-induced, with
the balance split roughly equally betweenπ− and pro-
tons.

The offline analysis selected single charm eve
with a topological identification procedure. On
charged tracks with reconstructed momenta were u
Tracks which traversed the RICH (p � 22 GeV/c)
were identified as protons or kaons if those hypothe
were more likely than the pion hypothesis. All oth
tracks were assumed to be pions. The primary
tex was refit offline using all found tracks. An eve
was rejected if all tracks were consistent with one p
mary vertex. For those events which were inconsis
with a single primary vertex, secondary vertices w
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formed geometrically and then tested against a
of charge, RICH identification, and mass conditio
to identify candidates for the different single cha
states. Candidate events were written to a charm
summary file. Subsequent analysis began by selec
particular single-charm species from that set of eve

3. Search strategy

In this study we began with the SELEXD± sam-
ple that has been used in lifetime and hadroproduc
studies[7]. The sample-defining cuts are described
that reference. No new cuts on theD mesons were
introduced in this analysis. TheD meson momen
tum vector had to point back to the primary vert
with χ2 < 12 (the double charm lifetime is know
to be much shorter than theD meson lifetime, so
the D meson pointback is not affected by havi
come from a secondary decay). TheD meson decay
point must have a vertex separation significance
at least 10σ from the primary. Everywhere in thes
analyses the vertex error used is the quadrature
of the errors on the primary and secondary vertic
The K was positively identified by the RICH dete
tor. The pions were required to be RICH-identified
they went into its acceptance. TheD+ → K−π+π+
andD− → K+π−π− mass distributions are shown
Fig. 1. There are 1450D+ → K−π+π+ decays and
2450D− → K+π−π− decays in these samples. T
D+ → K−π+π+ events contribute to the signal cha
nel. TheD− → K+π−π− events cannot come from
the decay of a double charm baryon and will be u
as a topological background control sample. The y
asymmetry stems from the d-quark contribution of
Σ− beam component that gives a sizable produc
asymmetry favoring leadingD− production overD+
production, as we have reported for other charm s
tems[6].

The track-based search code is identical to that u
on theΛ+

c sample in the original investigation[1]. The
premise is that a ccd state will make a secondary de
vertex between the primary production vertex in o
of the thin foil targets and the observedD meson de-
cay vertex, which must lie outside material. We look
for intermediate vertices using all charge zero pa
of tracks from the set of reconstructed tracks not
signed to theD-meson candidate. The additional po
tive track in this final state must be RICH-identified
a proton if it traverses the RICH. The negative tra
in the new vertex is assigned the kaon mass. (T
track typically missed the RICH acceptance by be
too soft or too wide-angle, as confirmed by simu
tion.) We made background studies by (i) assign
the negative track a pion mass, (ii) looking for prot
plus positive track combinations with aD meson, and
(iii) looking at protonD−K− combinations (wrong
sign charm). We require a good 3-prong vertex fit w
Fig. 1.D+ → K−π+π+ (left) andD− → K+π−π− (right) mass distributions with cuts used in this analysis.
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a separation significance of at least 1.0σ from the pri-
mary vertex, the same requirement used in Ref.[1].
The primary position was recalculated from the be
track and secondary tracks assigned to neither thD

nor thepK− vertices. Results presented in this Let
come from this analysis.

4. Search results and significance

The signal search was based on a 10 MeV/c2

window centered on theΞ+
cc mass 3519 MeV/c2

from Ref. [1]. The expected mass resolution for t
decay Ξ+

cc → pD+K− is 4 MeV/c2. Our simula-
tion correctly reproduces the observed widths of
our reported single charm mesons and baryons.
10 MeV/c2 window should collect 80% of the even
in aΞ+

cc signal. The results are insensitive to chang
bin boundaries by up to half a bin. The backgrou
assumed to be flat, is evaluated outside a 20 MeV/c2

window, to avoid putting the remaining 20% of a
signal into the background.

The right-sign mass combinations inFig. 2(a) show
an excess of 5.4 events over a background of
events. The wrong-sign mass combinations (c̄ quark
in the decay) for thepD−π+ final state are also plot
ted in Fig. 2 (b), scaled by 0.6 for theD+/D− ratio.
The wrong-sign background shows no evidence fo
significant narrow structure near 3519 MeV/c2. The
average wrong-sign occupancy is 0.4 events/bin, ex-
actly the background seen in the right-sign chan
This confirms the combinatoric character of the ba
ground population in the right-sign signal. We ha
investigated all possible permutations of particle
signments. The only significant structure observe
in the channelΞ+

cc → pD+K−, the place where a
double charm baryon decay can occur.

In order to assign a significance level to this pe
we have combined statistical methods used in the o
inal double charm paper[1] and the event-mixing
method used in Ref.[8]. We set out to test the hypoth
esis that the background events inFig. 2 are random
combinatoric tracks associated with realD+ mesons.
To mix events we took aD+ meson in the peak regio
(Fig. 1) and combined it with proton andK− tracks
extracted from other events. EachD+ was reused 25
times. To compare to the combinatoric background
Fig. 2. (a)Ξ+
cc → pD+K− mass distribution for right-sign mas

combinations. Vertical dashed lines indicate the region of sm
est fluctuation probability as described in the text. (b) Wrong-s
events with apD−K+, scaled by 0.6 as described in the text. T
horizontal line shows a maximum likelihood fit to the occupancy

Fig. 2, we scale the mixed-event background down
the multipleD+ usage.

The resulting background distribution predicts t
observed distribution very well. The mean number
background events below, in, and above the 4-bin
nal peak is 5.74±0.26, 1.38±0.13, and 10.60±0.36.
This agrees well with the 8, 1.6, and 10 events that
observe in the corresponding regions. A mass plot w
the combinatoric background level is shown inFig. 3.
The background that we observe is completely con
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Fig. 3. Ξ+
cc → pD+K− mass distribution fromFig. 2(a) with

high-statistics measurement of random combinatoric backgro
computed from event-mixing.

tent in shape and normalization with random com
natoric tracks associated with realD+ mesons.

We take the combinatoric background to give
proper measure of the expected background un
the 7-event signal region. The single-bin significan
of the signal, using the above background numb
is: S = (7 − 1.38)/

√
1.38+ 0.132 = 4.8σ . The Pois-

son probability of observing at least this much e
cess, including the Gaussian uncertainty in the ba
ground, is 6.4× 10−4. Both of these statistical signif
icance calculations use methods identical to thos
Ref.[1]. This indicates a robust signal atop a combi
toric background whose shape and normalization
very well understood. One can ignore the informat
from the combinatorial background study and estim
the signal significance from the non-signal regions
Fig. 2(a) alone. Using the same procedure as ab
that significance estimate is 4.16σ with a Poisson ex
cess probability of 0.0021.

5. Signal properties

In order to estimate the mass of theΞ+
cc → pD+K−

state in light of the sparse statistics inFig. 2, we fixed
the width of the Gaussian to 4 MeV/c2 and fitted
Fig. 4. Gaussian fits forΞ+
cc → Λ+

c K−π+ andΞ+
cc → pD+K−

(shaded data) on same plot.

the data distribution around the signal peak. The
mass is 3518± 3 MeV/c2. This agrees beautifull
with the measurement of 3519± 2 MeV/c2 from
the original double charm baryon report. We pres
these data as confirmation of the double charm sta
3520 MeV/c2 in a new decay modeΞ+

cc → pD+K−.
The weighted average mass is 3518.7 ± 1.7 MeV/c2.
The mass distributions for the two channels are sh
in Fig. 4.

We have used the simulation to study the re
tive acceptance for the two decay channelsΞ+

cc →
pD+K− and Ξ+

cc → Λ+
c K−π+ in order to quote a

relative branching ratio. The overall acceptance,
cluding the single charm selection and the proton
requirements in theΞ+

cc → pD+K− mode, is very
similar. SELEX measures the relative branching ra
Γ (Ξ+

cc → pD+K−)/Γ (Ξ+
cc → Λ+

c K−π+) = 0.36±
0.21. The systematic error due to acceptances is
understood from single charm studies and is neglig
compared to the statistical error.

In Ref. [1] we noted that all observed ccd even
were produced by the baryon beams. None came f
pions. In this sample, 1 event out of the 7 in the pe
region seen inFig. 2 is a pion beam event, and 1
the 19 sideband events comes from the pion be
sample. This sample is consistent with the view t
double charm baryons are produced dominantly by
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baryon beams in SELEX. In another comparison,
had noted that theΞ+

cc → Λ+
c K−π+ decays had an

exceptionally short reduced proper time distributio
indicating aΞ+

cc decay lifetime 5–10 times shorte
than theΛ+

c lifetime. That feature is confirmed by th
Ξ+

cc → pD+K− channel. As we noted in Ref.[1], our
lifetime resolution is excellent but we cannot exclu
0 lifetime (strong decay) for these events. The width
this peak is completely consistent with simulation o
zero-width state, unlikely for a strong decay of a m
sive state. Also, we do not see an increase in the si
when we reduce the vertex significance cutL/σ be-
low 1. If this were a strong decay, one would exp
as many events withL/σ of −1 as+1, so the signa
should grow significantly. It does not.

In Ref. [1] we noted that theΞ+
cc → Λ+

c K−π+
yield and acceptance implied that a large fraction
the Λ+

c decays seen in SELEX came from doub
charm decays. That was a surprise. For theΞ+

cc →
pD+K− case that is not true. Only a few perce
of the SELEXD+ events are associated with doub
charm.

6. Summary

In summary, SELEX reports an independent c
firmation of the double charm baryonΞ+

cc previously
seen in theΞ+

cc → Λ+
c K−π+ decay mode via the ob

servation of its decay into theΞ+
cc → pD+K− final

state. Using only very loose cuts gives the statistica
significant signal shown inFig. 2. A combinatoric
background from event mixing describes the n
signal distribution well. The Gaussian significance
ing this background estimate is 4.8σ . This decay mode
confirms that theΞ+

cc lifetime is very short and that i
is produced dominantly by baryon beams, as we
ported in Ref.[1].
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