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Abstract

We report measurements of the charm–anticharm production asymmetries forΛ+
c , Σ++

c , Σ0
c , Σ++∗

c ,Σ0∗
c , andΛ+

c (2625)
baryons from the Fermilab photoproduction experiment FOCUS (E831). These asymmetries are integrated over t
where the spectrometer has good acceptance. In addition, we have obtained results for the photoproduction asymme
Λc baryons as functions ofpL, p2

T
, andxF . The integrated asymmetry forΛ+

c production,(σ
Λ+
c

− σ
Λ−
c
)/(σ

Λ+
c

+ σ
Λ−
c
), is

0.111± 0.018± 0.012, significantly different from zero. The asymmetries of the excited states are consistent withΛc
asymmetry.
 2004 Published by Elsevier B.V.Open access under CC BY license.
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The FOCUS experiment uses a photon beam
a beryllium oxide target to produce charm particl
In high energy photon–hadron interactions, pairs
charm–anticharm quarks are produced predomina
through photon–gluon fusion [1]. At leading ord
in quantum chromodynamics (QCD), the produc
charm and anticharm particles are identically distr
uted in the kinematic variables. At next-to-leading
der, small asymmetries are expected between ch
and anticharm production [2–4]. However, these p
dicted asymmetries would be too small to be m
sured at the current level of experimental statist
Interactions between the produced charm quarks
those in the struck nucleon during hadronization
also induce production asymmetries. One comm
model is that of string fragmentation as implemen
in PYTHIA [5]. In this model, the charm and an
ticharm quarks are connected through color string
the quarks in the struck nucleon. The energy in th
strings is converted to particles by “popping”qq̄ pairs
out of the vacuum. The simplest asymmetry exam
occurs when a charm quark is connected to the diqu
in the nucleon by a low energy string with insufficie
energy to produce any additional particles. In this ca
the charm quark can combine with valenceu and d

1 Seehttp://www-focus.fnal.gov/authors.htmlfor additional au-
thor information.
quarks to form aΛc while a c̄ quark can only form
mesons when it combines with the valence quarks

In this Letter we present a high-statistics measu
ment of the production asymmetry ofΛc baryons from
photon–nucleon interactions, providing the first co
vincing evidence for a non-zero asymmetry. This L
ter also contains the first measurements of this as
metry as functions ofpL, p2

T , andxF . In addition, the
production asymmetries of the excited charm bary
Σ++
c , Σ0

c , Σ++∗
c , Σ0∗

c , andΛ+
c (2625)are presented

for the first time. All of these states decay to aΛc plus
one or two charged pions.

The FOCUS (Fermilab E831) experiment was
signed to study charm particle physics. Charm
hadrons are produced by the interaction of high ene
photons (〈E〉 ≈ 175 GeV for events in which a char
decay was reconstructed) with a segmented be
lium oxide (BeO) target. The photons are produc
by bremsstrahlung in a lead target with a 300 G
e+/e− beam. Vertex reconstruction is performed
ing four silicon strip planes interleaved with segme
of the target followed by a 12 plane silicon strip ve
tex detector. Downstream of the vertex detector, tra
ing and momentum measurements are made using
stations of multiwire proportional chambers and t
large aperture magnets with opposite polarity. Th
multicell Čerenkov counters operating in thresho
mode are used to identify electrons, pions, kaons,
protons over a wide range of momenta. The spectr

http://www-focus.fnal.gov/authors.html
http://creativecommons.org/licenses/by/3.0/
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eter also contains a hadron calorimeter, two elec
magnetic calorimeters, and two muon detectors. D
were collected during the 1996–1997 fixed-target r

TheΛ+
c particles are reconstructed using thepK−

π+ decay mode.2 The decay vertex is formed from
three charged tracks in the event. The vector sum
their momenta is projected back toward the target
used as aseed to intersect with at least one other tra
in the event to form a production vertex. We requ
the production and decay vertices to be separ
by at least 5.5σ�, whereσ� is the uncertainty in the
measured vertex separation. We also place goodn
of-fit criteria on the primary and secondary vertic
requiring that the confidence level for each vertex
greater than 1%. Identification of the decay tracks
particle type is performed using theČerenkov detecto
system [6]. Aχ2-like variable is formed using th
on/off status of all cells within a particle’šCerenkov
cone (β = 1). For each of the four possibilitie
electron, pion, kaon, and proton, we calculateWi =
−2Σcells

j logPj , wherei is the particle type andj the
cell number.Pj is the probability that thej th cell
will yield the observed response given particle typei.
Identification is then based on differences in theWi .
The proton candidate is required to have the pro
hypothesis favored over the kaon and pion hypothe
by 1 and 4 units of log likelihood, respectively. Th
kaon hypothesis for the kaon candidate is requ
to be favored over the pion hypothesis by 3 su
units. For the pion candidate, the pion hypothe
cannot be disfavored by more than 6 units of
likelihood relative to the most likely hypothesis. Th
very loose requirement is also applied to the pio
from the excited charm decays, described below.
remove longer lived charm backgrounds, the lifeti
of the Λc in its rest frame must be shorter than
times the world average lifetime [7].Λc candidates are
identified as all those events which satisfy the ab
criteria and which fall into the mass range betwe
2.10 and 2.45 GeV/c2. Finally, we restrict our sampl
to be in the (large) phase space region given by 4<
pL < 200 GeV/c andp2

T < 6.0 (GeV/c)2.
The Σ++

c , Σ0
c , Σ++∗

c , and Σ0∗
c candidates are

reconstructed by combining theΛ+
c candidates within

2σ of the meanΛ+
c mass with a single charged pio

2 Charge conjugate states are implied, unless stated otherw
-

track. All possible combinations in the event are tri
The confidence level of theΣc decay vertex is require
to be greater than 1%. To reduce systematic er
coming from the reconstruction of theΛ+

c and obtain
better signal-to-noise, we study theΣc states using
the difference in the invariant mass of eachΣc state
and the invariant mass of theΛ+

c , ∆M. Because the
pion is typically of low momentum, it suffers from
a considerable amount of multiple scattering, and
uncertainty on its momentum dominates the error
the Σc invariant mass. To improve the momentu
measurement, the primary vertex is refit without t
soft pion track (if possible), and the pion directio
is recomputed, forcing it to come from the re
primary.
Λ+
c (2625)candidates are reconstructed by comb

ing theΛ+
c candidates within 2σ of the meanΛ+

c mass
with all combinations of two pions of opposite char
in the event. As for theΣc states, we use the mass d
ference plots and force the two pions to come from
primary.

FOCUS data were taken with three different be
energies and with two different radiators. Since
asymmetries can depend on the energy spectrum
the incident beam photons, we include only tho
events in our sample that come from data taken w
a 300 GeVe−/e+ beam on a lead radiator of 20%
a radiation length. This selection results in a cha
baryon yield which is about 75% of the yield foun
using all of the data. For reconstructed charm eve
passing the trigger, the beam energy is reasonably
described by a Gaussian with mean of 175 GeV
width of 45 GeV.

From studies of high statistics meson decays
find no evidence that there is any asymmetry int
duced by charge bias in the spectrometer. Even
since the acceptance depends on the longitudinal
transverse momenta of the produced baryon stat
these spectra are different for particle and antipart
over the range for which the asymmetry is measu
there will be an acceptance difference for the two sa
ples which can be corrected. This corrected asym
try gives the asymmetry for an experiment with fl
acceptance inpL andp2

T over the range 40< pL <
200 GeV/c andp2

T < 6.0 (GeV/c)2.
To compensate for this acceptance difference

function ofp2
T andpL, the production asymmetryA

is determined by:
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entum on
Fig. 1.pK−π+ weighted invariant mass distribution split by charge. The weights are used to account for efficiency loss versus mom
an event-by-event basis. The average weight for the whole histogram is given in the figure asw̄. The unweighted yields are also shown.
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(1)A= N/ε − N̄/ε̄
N/ε + N̄/ε̄ ,

whereN and N̄ are the numbers of reconstruct
baryons and antibaryons, respectively, andε (ε̄) is the
baryon (antibaryon) reconstruction efficiency. The
ficienciesε and ε̄ are calculated using the FOCU
Monte Carlo simulation program. The detector si
ulation uses a detailed description of the FOC
detector. The physics processes are generated u
PYTHIA (version 6.127), with many PYTHIA parame-
ters tuned to match the observed FOCUS physics
tributions. The remaining discrepancy between d
and Monte Carlo is removed by weighting Mon
Carlo events to exactly match the observed datapL
andp2

T distributions. For the excited charm states,
particle/antiparticle efficiencies are used to correct
asymmetry. For the higher statisticsΛc decays a fur-
ther step is taken. Since very littlep2

T dependence o
efficiency is observed, the Monte Carlo events are u
to obtain the efficiency variation versuspL. This effi-
ciency is fit to a function which is then used to weig
each event.
g

The globalΛc asymmetry is obtained by fittin
each of the two weighted invariant mass data dis
butions shown in Fig. 1 with a Gaussian signal a
quadratic background. The Gaussian mean and w
are allowed to float separately forΛ+

c andΛ−
c . The

unweighted yields forΛ+
c andΛ−

c are 5427±120 and
4242± 108, respectively.

To account for natural widths and changing reso
tions, the excited charm baryon states are fit sligh
differently. The Monte Carlo is used to generate
signal shape which is fit to a spline function. Th
spline function, properly normalized, is used as
signal shape for the data, with the mass allowed
float. The advantage in the case of theΣc, andΣ∗

c

is that the spline function is able to account for the
tector resolution and natural width of the state. For
Λ∗
c state, the spline function is a better model of

detector resolution than a Gaussian due to the s
phase space. The background shapes forΣc , Σ∗

c and
Λc(2625) are a threshold functionN(1 + α(∆M −
mπ)∆M

β), quadratic polynomial, and linear polyn
mial, respectively. The fits to each data sample
shown on the corresponding data plots in Figs. 2
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Fig. 2.Λ+
c π

+ invariant mass distribution split by charge.
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The global asymmetries are calculated from the
turned yields.

TheΛc data samples are divided into bins of ea
of the kinematic variablespL, p2

T , andxF , integrating
over the full range of the other variables. The m
plots for each bin are fit using a Gaussian signal
quadratic background, as for the full data set.
these fits, theΛ+

c (Λ−
c ) mass is fixed to the mas

obtained by fitting the fullΛ+
c (Λ−

c ) sample. The
widths are fixed to follow the Monte Carlo widths fo
each bin. The yields from these fits are used to ob
the production asymmetry versuspL, p2

T , andxF . The
efficiency corrected asymmetry distributions forΛc vs
pL, p2

T , andxF are shown in Figs. 7, 8, and 9. Th
xF measurement requires knowledge of the incom
beam energy which is only available in about 30%
the data sample and is therefore of lower statistics

In our first systematic error check, backgrou
studies were performed to assure that feedthro
from other charm states does not contribute to
asymmetry. The systematic errors are obtained
making the same measurements under different an
sis conditions. We performed these studies for
global asymmetry and the asymmetry versus the k
matic variables reported.
For theΛc and the three excited states (Σc, Σ∗
c ,

andΛ∗
c ), fits with different bin widths and with bin

shifted by 1/2 bin were performed. A variation whic
fixed the mass for baryons and antibaryons to
value from the total sample was also studied. We a
investigated differences due to the fit functions us
For theΣc states a Gaussian function with a quadra
background was utilized to fit the signals. For theΣ∗

c

mass distributions we used a linear and cubic fit
the background instead of the quadratic backgrou
For Σc andΣ∗

c , fits with spline functions from two
additional Monte Carlo samples where the natu
widths were varied by±1σ were used to estimate th
uncertainty in the knowledge of the natural widths. F
theΛ∗

c we used two different fit functions to provide
systematic check: a Gaussian for the signal shape
a linear background and theΛ∗

c spline function with a
quadratic background. Additionally, for all the stat
we used the respective raw asymmetries to check
systematic problems with the efficiency correctio
For theΛc we also calculated the asymmetry using
efficiencies directly from the Monte Carlo instead
using the Monte Carlo to obtain an efficiency functio

The r.m.s. of all of these variations is used as
estimate of the systematic error.
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Fig. 3.Λ+
c π

− invariant mass distribution split by charge.

Fig. 4.Λ+
c π

+ invariant mass distribution split by charge.
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Fig. 5.Λ+
c π

− invariant mass distribution split by charge.

Fig. 6.Λ+
c π

+π− invariant mass distribution split by charge.
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re
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Fig. 7.pL asymmetry distribution forΛc along with statistical and systematic errors and the PYTHIA prediction—the systematic errors a
superposed on the statistical errors and are smaller than the statistical errors in every bin.

Fig. 8.p2
T asymmetry distribution forΛc along with statistical and systematic errors and the PYTHIA prediction—the systematic errors a

superposed on the statistical errors and are smaller than the statistical errors in every bin.
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The global asymmetries for all of the charm baryo
studied in this analysis are shown in Table 1. T
first errors are statistical and the second are
tematic. Table 1 also shows comparisons to PYTHIA

asymmetries calculated with unreconstructed eve
The PYTHIA predictions come from running versio
6.203 with all parameters left at the default setti
The events are generated with the correct beam
ergy distribution and only candidates within the no
inal phase space, 40< pL < 200 GeV/c andp2

T <

6.0 (GeV/c)2, are used in determining the asymm
try. The E691 and E687 photoproduction experime
have previously reported global asymmetries forΛc of
0.110± 0.089 [8] and 0.035± 0.076 [9], respectively
Our results are similar to those obtained by these
periments although comparisons are not straight
ward since all three experiments have different ph
space and beam energy distributions. Table 1
shows the efficiency ratios of particles to antipartic
for the charm baryons studied.

We have studied the photoproduction asymme
of Λ+

c versusΛ−
c using the decay channelpK−π+.

From∼ 10 000Λc events we present the first results
this asymmetry as functions ofpL, p2

T , andxF . These
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re
Fig. 9. xF asymmetry distribution forΛc along with statistical and systematic errors and the PYTHIA prediction—the systematic errors a
superposed on the statistical errors and are smaller than the statistical errors in every bin.

Table 1
Raw and corrected global production asymmetry for the charm baryons compared to the predictions of default PYTHIA version 6.203. The
efficiency ratio of particles to antiparticles is also shown

Baryon Raw asymmetry Corrected asymmetry PYTHIA Efficiency ratio

Λ+
c 0.123± 0.017 0.111± 0.018± 0.012 0.073 1.023± 0.005

Σ++
c 0.147± 0.073 0.136± 0.073± 0.036 0.126 1.024± 0.010

Σ0
c 0.005± 0.089 0.005± 0.089± 0.024 0.128 1.000± 0.009

Σ
++∗
c 0.188± 0.105 0.181± 0.105± 0.033 0.133 1.016± 0.006

Σ0∗
c 0.299± 0.165 0.298± 0.165± 0.023 0.132 1.002± 0.006

Λ+
c (2625) −0.066± 0.086 −0.075± 0.087± 0.021 N/A 1.019± 0.017
bal

tes

st
itive
r

with

m-
e

s no

of
of

in-
rra-
de
ted
US
di

ni-
er-

,
nto
u-
un-
results show a clear positive asymmetry. The glo
Λ+
c asymmetry is measured to be 0.111± 0.018±

0.012.
The production asymmetry of excited charm sta

which decay toΛ+
c , including theΣ++

c , Σ0
c , Σ++∗

c ,
Σ0∗
c , andΛ+

c (2625)was also measured for the fir
time. The measurements generally indicate a pos
asymmetry similar to theΛc. Because of the smalle
sample size, however, they are also consistent
zero.

We find that the string fragmentation model as i
plemented in PYTHIA version 6.203 does not describ
theΛ+

c asymmetry dependence onpL, p2
T , orxF . Our

measurements indicate that the asymmetry show
significant dependence in these variables.
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