
Chapter 4

Λ+
c photo-production

4.1 Introduction

The results of experiments, in which longitudinally polarized electrons were scattered

off quarks in longitudinally polarized nucleons (DIS) have shown that the nucleon spin

is only partly carried by quarks. It has been suggested that orbital angular momentum

and spin polarization of gluons are possibly also accounting for part of the nucleon spin.

The (polarized) deep-inelastic lepton scattering experiments that led to this conclusion

are reviewed at various places. [44, 45, 46]

In order to measure the orbital angular momentum of quarks and gluons in the

nucleon in principle use can be made of the Deeply-Virtual Compton Scattering pro-

cess [47, 48], a subject not further discussed in this thesis.

For the measurement of the gluon polarization, a process has to be identified in

which the probe (effectively) couples to a single gluon. Such a process is photon-gluon

fusion (PGF), of which the corresponding diagram is shown in fig. 4.1. The photon γ

interacts with a gluon g from the target by exchange of a (virtual) quark, resulting

in a quark-antiquark pair. These particles have opposite momentum in the center of

momentum system of the photon and the gluon. The cross section asymmetry of PGF-

events with respect to the target-spin orientation is related to the gluon polarization [21,

22] by (see Eq. 2.31)

APGF
1 =

∫

dσ̂ âPGF∆G
∫

dσ̂ G
' âPGF

∆G

G
, (4.1)

where âPGF is the partonic level asymmetry, σ̂ the parton level cross section for this pro-

cess, and (∆)G the (polarized) gluon distribution. The integral runs over all kinematic

variables covered by the acceptance of the experiment. If the variation of âPGF, ∆G and

G within the acceptance is small the second equality holds (see equation 2.31). For light
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Figure 4.1: Leading order qq̄-

production via the photon gluon

fusion process in electron scatter-

ing off a proton.

quarks the partonic level asymmetry is negative, while it becomes positive for charm

and heavier quarks [22]. Consequently, the polarized gluon distribution is measurable

if PGF events can be isolated from the quasireal photoproduction background. This is

not easy as the background at the low Q2 values probed in photoproduction is roughly

two orders of magnitude larger than the PGF yield [49], if no further requirements are

imposed. Therefore, an analysis method or experimental technique is needed that en-

ables us to distinguish between PGF and quasireal photoproduction events. Two such

methods are known; in one the relatively high transverse momentum of the final state

hadrons in the PGF process is used [13], while in the other the occurrence of charmed

hadrons in the final state is used as a tag of PGF events. Here it is assumed that the

intrinsic charm quark content in the nucleon can be neglected. In this thesis an analysis

is presented of data collected at HERMES in which both ideas are combined in an effort

to extract information on ∆G/G from quasireal photoproduction of Λ+
c baryons (which

have a udc quark structure).

After selection of PGF events an asymmetry A can be measured. APGF
1 is related to

the measured asymmetry through

APGF

1 =
A

PTargetPBeamD
, (4.2)

where D is the depolarization of the virtual photon with respect to the polarization of

the incident lepton, while PTarget and PBeam are the measured target and beam pola-

rizations, respectively.

In an analysis of data collected on a longitudinally polarized 1H target in which two

oppositely charged final state hadrons were required to have high transverse momenta

a spin-target asymmetry A|| of −0.28 ± 0.12 (stat) was measured at HERMES [13]. The
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only known process to which a large negative asymmetry can be attributed is the pro-

duction of light qq̄-pairs via PGF. Correction for background processes (such as QCD

Compton scattering and processes involving vector mesons) using the PYTHIA Monte

Carlo program [50] made it possible to derive a (model dependent) value for ∆G/G of

0.41 ± 0.18 (stat) ± 0.03 (syst) from these data. It should be noted, though, that

the size of the model dependence is difficult to estimate as it relies on the Monte Carlo

simulations of the background processes which cannot be easily checked by an inde-

pendent analysis. The quoted systematic uncertainty of 0.03, therefore only represents

the systematic error related to the experiment.

Another signature that can be used to isolate PGF events from the photo-production

background is the presence of charm in the final state hadrons. As it is commonly as-

sumed that the nucleon contains no charm quarks, the observation of a charmed hadron

is direct evidence of the occurrence of a PGF event, provided that no other production

processes occur. However, complications arise from the relatively low value of the center

of mass energy at HERMES of
√

s = 7.24 GeV, which is close to the threshold for charm

production at 4.15 GeV1. However, charm production through different processes such

as quark interchange (QI) [27] and exclusive production (i.e. γ + p → Λ+
c + D

0
) [28]

might become important close to threshold (see sect. 2.3).

At HERMES it has been tried to identify PGF events by searching for quasireal photo-

production of charmed mesons such as the D?± [51] and the D0 [52] meson. In the first

analysis the statistics extracted from the data collected in ’96 and ’97 on a hydrogen

target was insufficient for the determination of an asymmetry. In the second analysis

a larger amount of charm events could be extracted by imposing various cuts in the

analysis. Similar to this analysis, partial reconstruction of the signal was exploited. He-

re the decay channel D?0 → D0π0 with D0 → K±X has been used. A spin-asymmetry

of 0.71 ± 0.14 (stat) was evaluated for these events, and from this asymmetry a value

of ∆G/G= 0.85 ± 0.17 (stat) ± 0.16 (syst) was determined. It should be noted, how-

ever, that this analysis has not yet been cross checked and is subject to uncertainties

due to use of Monte Carlo programs to determine the relative signal and background

contributions.

In the analysis presented in this chapter it is explored whether photoproduction of

Λ+
c baryons can be used to access PGF. It will be shown that it is possible to reconstruct

the Λ+
c baryon using the decay channel Λ+

c → Λ0π+, which has a branching ratio of only

0.9%. The statistics of the Λ+
c peak, however, is low as a combined result of the small

charm production cross section, the small branching ratio, and the low HERMES ac-

1The center of mass energy gives an upper limit on the energy avialable for a reaction.
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ceptance for this event type. Therefore, no viable asymmetry can be extracted from

the data contained in the Λ+
c peak. The small number of identified Λ+

c baryons enables

us, however, to estimate the number of Λ+
c particles that may be observed in different

decay channels.

To increase the statistics needed for a Λ+
c asymmetry measurement it has been

investigated whether partially reconstructed Λ+
c particles [53], i.e. Λ+

c events of which

one or more of the decay products escape the HERMES acceptance, can be used to de-

termine the asymmetry for Λ+
c production. As an example, Λ0 hyperons coming from

the Λ+
c via an intermediate Σ0 are part of the sample, as the γ originating from the

Σ0-decay is not contained in the analysis. The advantage of using partial reconstruction

to identify PGF is that the estimated branching ratio for the semi-exclusive channel

Λ+
c → Λ0π+X is almost a factor 15 larger as compared to the exclusive Λ+

c → Λ0π+

channel.

While studying the semi-inclusive Λπ invariant mass spectra it turned out to be

possible to reconstruct Ξ and Σ? hyperons as well using the same data set. This can be

understood since the reconstruction of the Ξ and Σ? hyperons is similar to that of the

Λ+
c as these particles predominantly decay into a (Λ,π)-pair. As a result it is possible to

determine the relative yields and double spin asymmetries for photoproduction of these

hyperons. Furthermore, it gives a handle on the kinematic requirements introduced to

suppress the background in the partially reconstructed Λ+
c particles.

The yields and target-spin asymmetries for the photo-produced Ξ and Σ? hyperons

are also of some intrinsic interest as they provide information on the relative import-

ance of heavier hyperons when studying Λ production. Moreover, the anti-hyperons,

which are all-sea particles (see footnote on page 20), may provide information on the

sea-quark polarization.

The organization of this chapter is as follows. First the selection criteria applied to

the data are discussed, and the kinematics for the reconstruction of photo-produced

hyperons is introduced. Next these criteria are applied to the data to arrive at signals

for the Ξ and Σ?(1385) hyperons. After imposing additional requirements a low stati-

stics Λ+
c baryon mass spectrum is obtained. Based on this spectrum the Λ+

c cross section

is determined (section 4.3.3). In the next section (4.4) the yield and double spin asym-

metries for photoproduction of the Ξ and Σ?(1385) hyperons are evaluated. In order to

be able to determine similar asymmetries for the Λ+
c production the method of partial

reconstruction of the Λ+
c is introduced, resulting in asymmetries for (Λ0,π+)-pairs in

different kinematical intervals. These asymmetries are discussed in the context of va-

rious Monte Carlo estimates of the signal and the background. As the normalizations of
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the Monte Carlo programs for quasireal hyperon production at modest
√

s are largely

untested and therefore questionable, the normalizations are based on the strength of

the Λ+
c and Σ?+ peaks observed in the same data set. In this way a kinematic domain

(at high PT ) where PGF dominates is identified, thus making it possible to associate the

observed asymmetry with the gluon polarization. Unfortunately, the resulting ∆G/G is

dependent on the (model) assumptions, similar to the model uncertainties hampering

the high-pT pair analysis [13] mentioned above. Despite these limitations the derived

value for the raw asymmetry is used to extract a value for ∆G/G. This estimate is

compared to the value derived from the high-pT pair analysis, and other data available

on ∆G/G. Finally, the most important results are summarized in the last section.

4.2 Data selection

Four years of data taking have been used for the analysis presented in this chapter. In

1997 a polarized hydrogen target (~H) was used. In 1998, 1999 and 2000 data were taken

on a polarized deuterium target. Apart from 1998 the DIS lepton was a positron. During

data taking two major improvements in the experimental setup took place. In between

the 1997 and 1998 runs a Ring Imaging Čerenkov Counter (RICH) replaced a Threshold

Čerenkov detector, thereby improving the hadron identification capabilities. Further-

more, the target density was increased in the year 2000 by reducing the diameter of

the target cell and operating the cell at a lower temperature. Together with improved

HERA positron intensities, the overall luminosity was increased by about a factor three.

The data quality requirements on the beam burst level are given in table 4.1. The

requirements were taken from [51, 54] and are generally used for measurements of

double spin asymmetries at HERMES. The last requirement listed in the table, i.e. that

at least one event per burst should have tracks of opposite sign implicitly removes

bursts where the tracking detectors were not operational.

In order to obtain the relative statistical size of the datasets collected in each year

the luminosity defined as

L = ΦBeamNtarg (4.3)

where ΦBeam is the flux of beam particles and Ntarg is the number of target atoms with-

in the beam cross section needs to be computed. The luminosity can be determined

from the detection of coincident e−e−, e+e− or γγ-pairs resulting from the interaction

of the beam lepton with atomic electrons of the target atoms. Three different processes

can be distinguished depending on the beam lepton. For an electron beam Møller scat-

tering of the beam electrons off the atomic electrons in the target results in e−e−-pairs.
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Table 4.1: Data Quality Requirements.

Criterion Imposed requirements

Target type Polarized proton or deuterium target

First Burst in fill Reject

Burst Length 0 s ≤ ∆Burst ≤ 11 s

Luminosity trigger rate 7.5 Hz ≤ L̇ ≤ 1250 Hz

Dead time correction factor 0.6 ≤ ηDead ≤ 1.0

Beam polarization 0.3 ≤ |PBeam| ≤ 0.8

Target polarization 0.8 ≤ |PTarget| ≤ 0.99

Tracking performance At least one event with two or

more tracks with opposite sign

For a positron beam Bhabha scattering of the beam positrons off the atomic electrons

in the target results in e+e−-pairs, and pair annihilation of the beam positrons with

the atomic electrons gives rise to the γγ-pair final state. At HERMES a dedicated calo-

rimeter (i.e. the luminosity monitor) is available, which is used to measure and identify

these lepton pairs (see section 3.3.2).

Table 4.2: Uncorrected and dead time corrected integrated luminosities in pb−1 for

each of the data taking periods considered in this thesis.

1997 1998 1999 2000 total

Ltot 36.86 33.53 37.26 163.27 270.92

Leff 35.97 32.06 35.31 154.55 257.89

The (effective) luminosities for the four different data-taking periods are listed in

Table 4.2. The large increase in yield for the 2000 data is a result of the new target cell

design and optimal HERA beam performance as was mentioned before. For comparison,

the total luminosity corresponds roughly to 10.3 million DIS events. After subdividing

the luminosities in bins with the four different relative orientations of the target and

beam spins, a double spin asymmetry for the luminosity detector data has been eva-

luated. As no such asymmetry is expected, the evaluation of the luminosity asymmetry

serves to search for sources of possible false asymmetries. The obtained double spin

asymmetry, which is based on the effective luminosity, is well below one percent (with
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Figure 4.2: Momenta of the Λ+
c de-

cay products discussed in this

chapter. These are the π+ meson

which is a direct decay product of

the Λ+
c , and the p and π− which co-

me from the Λ0 which is itself a de-

cay product of the Λ+
c baryon. The

events were generated with the

AROMA Monte Carlo and tracked

through a model of HERMES. On-

ly particles that were detected are

taken into account such that the

momentum distributions represent

those of the data.

a statistical uncertainty of less than 0.02% and a systematic uncertainty of about one

to two percent from the relative luminosity measurement [41]) in each year apart from

1998. In 1998 a double spin asymmetry of −2.969 ± 0.013 ± 1.400% was found. No

correction was applied for the non-zero asymmetry in the 1998 data set since only a

small double spin asymmetry of −0.23% is found in the combined dataset of 1997,

1998, 1999 and 2000.

For only a small fraction of the events the DIS lepton was observed. Most of the un-

detected DIS leptons pass the HERMES spectrometer outside the acceptance at small

polar angles (θ < 40 mrad). Since no specific trigger requirement has been applied,

almost all events are due to a photoproduction trigger which requires at least one track

in both the lower and upper half of the detector.

For the application of the PID requirements the data sets are split in the period

in which the threshold Čerenkov counter was used (1997), and the period in which

the RICH was used (after 1997). The Čerenkov threshold momentum values for π, K

and p detection are roughly 3.9 GeV, 13.9 GeV and 26.4 GeV. With the inclusion of

the RICH the PID scheme in the data analysis has been simplified. To each particle a

probability is attributed that it is of a specific type, the most probable particle type,

and a ratio of the most likely probability with respect to the second best probability.

For the 1997 data, pion identification for momenta under 3.8 GeV requires the use

of time-of-flight technique which was beyond the scope of this analysis. For this reason



38 4.2. Data selection

Q2 [ GeV2 ]

10 2

10 3

10
-4

10
-3

10
-2

10
-1

1
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of the events generated with

the AROMA Monte Carlo and

tracked through a model of the

HERMES spectrometer. It is

required that the particles are

subsequently detected.

these data are not used for the Ξ and Σ? hyperon photoproduction described in sec-

tion 4.3.1 as most of the direct Ξ or Σ? decay pions fall below this threshold. The 1997

dataset is also excluded for the complete Λ+
c reconstruction discussed in section 4.3.2

since the K+ contamination of the p sample is unknown in the absence of a RICH de-

tector. On the other hand, for the partially reconstructed Λ+
c particles, which is the

subject of section 4.5, the 1997 dataset is included as it is possible to correct for the

K+ contamination via the background subtraction. The RICH data has been used to

check the validity of this approach.

In order to get a feeling for the momenta of the decay products of the Λ+
c baryon (i.e.

the Λ0 hyperon and the π+ meson from the Λ+
c baryon) expected, the corresponding

momentum distributions are shown in figure 4.2. The AROMA Monte Carlo was used

to generate a sample of events which were subsequently tracked through a model of

the HERMES spectrometer. It is observed that the momenta of the decay pions are

almost all below 2 GeV, while the corresponding proton momenta can be as large as

10 GeV. The distribution of the direct π+ mesons peaks at 2 GeV. In figure 4.3 the

Q2 values for the events that led to a detectable Λ0 hyperon and π+ meson, both

coming from a Λ+
c baryon, are given. From the figure an average 〈Q2〉 = 0.31 GeV2

has been determined. The smallness of the average Q2 is reflected in the absence of the

DIS lepton which goes undetected.
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4.3 Event reconstruction

The Λ+
c baryon (2284.9±0.6 MeV [55]) is the lightest baryon containing a charm quark.

As a result it has many different decay channels with small branching ratios. The decay

particles originating from the Λ+
c baryon which are most conveniently detected are the

charged decay products coming directly from the Λ+
c , and those coming from inter-

mediate neutral decay products. The multiplicity of direct Λ+
c decay products ranges

from two particles to six particles. If subsequent decays are also considered and only

the 2γ decay branch is used for the π0 meson, the multiplicity of the complete final

state ranges from three to nine particles.

For the complete reconstruction of the Λ+
c baryon only those decay channels are of

interest that result in three observable particles since the acceptance of the HERMES spec-

trometer drops roughly a factor of ten for every additional particle observed in the final

state. Furthermore, the combinatorial background from quasireal photoproduction in-

creases with multiplicity. For these reasons decay channels with only two decay particles

are the best candidates when searching for a mass peak. Table 4.3 provides some in-

formation on Λ+
c decay channels involving only two particles.

Table 4.3: Decay channels of the Λ+
c baryon with only two decay products. The branch-

ing ratios (in %) are given for each decay. In the last column the maximum momentum

of the decay particles in the Λ+
c rest frame is listed. [55]

Channel Λ+
c Decay mode total B.R. Pmax

CM

[%] [MeV]

I Λ+
c

0.9±0.3−→ Λ0π+ 63.9±0.5−→ (pπ−)π+ 0.58 ± 0.18 863

II Λ+
c

2.3±0.6−→ K
0
p

50−→ K0
Sp

68.6±0.3−→ (π+π−)p 0.8 ± 0.2 872

Channel I is the most favorable channel to search for the Λ+
c baryon despite the hig-

her total branching ratio for channel II. This is a consequence of the higher background

for the K
0
p channel as compared to the Λ0π+ channel. This is illustrated in figure 4.4

where the raw measured and reconstructed mass distributions for both decay channels

are shown. At the expected location of the Λ+
c peak, the spectrum corresponding to

the K
0
p channel (top panel in figure 4.4) is a factor three higher than the spectrum

corresponding to the Λ0π+ channel (bottom panel in figure 4.4). As the raw M(π+π−p)

spectra do not provide any evidence for the observation of a Λ+
c peak, the spectra

mostly represent the combinatorial background which is thus observed to be higher in
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c decay;
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the K
0
p case.

In order to investigate whether the data contain any Λ+
c events further requirements

must be imposed on the data. These additional requirements will be developed using

the Ξ and Σ?(1385) hyperon spectra extracted from the same data set.

4.3.1 Ξ and Σ?(1385) reconstruction

Only a small fraction of the Λ+
c baryons decays into a (Λ0π+)-pair. Particles decay-

ing into a Λ hyperon and a π meson with appreciably higher branching ratios are

the Ξ hyperon and the charged excited Σ?(1385) hyperon. In the rest of this section

the Σ?(1385) will be denoted as Σ?. For future reference the relevant information on

the Λ, Ξ and Σ? hyperons is given in table 4.4. The higher branching ratios favor

the detection of these particles in HERMES. Moreover, their lower mass results in lower

transverse momenta of the decay products, thereby also favoring detection in HERMES.

The kinematics for particles decaying into a (Λ0π)-pair is introduced using the

Ξ− hyperon decay. The same reasoning also applies to the decay of the Ξ+, Σ?−,

Σ?+ and Λ+
c baryons.

In figure 4.5 a schematic drawing of the decay Ξ− → Λ0π− with Λ0 → pπ− is shown.

The reconstruction of the Ξ− mass spectrum is based on the following argument. The
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Table 4.4: Information on the Ξ and Σ? hyperons that decay predominantly into a

Λ0 hyperon and a π− or π+ meson. For the Λ0 hyperon, which is also included in the

table, the decay channel Λ → pπ is understood. The symbols are explained in the

caption of table 4.3. The data are taken from [55].

mass Full width Γ B.R. Pmax
CM cτ

particle
[MeV] [MeV] % [MeV] [cm]

Λ0 1115.683 ± 0.006 63.9 ± 0.5 101 7.89

Ξ± 1321.31 ± 0.13 99.887 ± 0.035 139 4.91

Σ?+ 1382.8 ± 0.4 35.8 ± 0.8 88 ± 2 208

Σ?− 1387.2 ± 0.5 39.4 ± 2.1 88 ± 2 208

tracks of the p and π− determine the decay or secondary vertex of the Λ0. This point is

fixed at the middle of the line connecting the π− and p tracks where they are closest.

From the four momenta of the p and π− the Λ0 four momentum is evaluated, thereby

defining the Λ0 track. Crossing this Λ0 track with the π− track from the Ξ− hyperon

enables the determination of the production or primary Λ0 vertex, which at the same

time is the Ξ− decay vertex. Similar to the Λ0 case the Ξ− track is crossed with the

beam-axis to give the primary Ξ− vertex. In doing so it is assumed that the beam-axis

coincides with the HERMES z-axis.

The following variables are used in the reconstruction of the various particles. Each

of them can be used as a means to impose additional requirements on the selected

events.

D(p, π−): the distance of closest approach between the p and π− tracks that both

originate from the Λ0 hyperon.

D(Λ0, π−): the distance of closest approach between the Λ0 and π− tracks that both

originate from the Ξ− hyperon.

D(Ξ−, beam): the distance of closest approach between the Ξ− and the beam axis. See

insert in figure 4.5.

∆ZΛ0 : the vertex separation between the Λ0 production and decay vertices in the

z-direction, i.e. the projected distance between the Λ0 vertices on the z-axis.

∆ZΞ− : the vertex separation between the Ξ− production and decay vertices in the

z-direction.
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Figure 4.5: Schematic drawing of the tracks appearing in the reconstruction of a

Ξ− hyperon. The symbols are explained in the text.

CL: the collinearity of the Λ0 hyperon is the cosine of the angle between two different

determinations of the Λ0 propagation direction; one direction is determined from

the tracks of the Λ0 decay particles, and the other follows from the position

difference of the production and decay vertices.

PT,Λ0 : the transverse momentum of the Λ0 with respect to the Ξ− direction.

As an example of how some of these variables are obtained from the data, we

consider the evaluation of the vertex position of a particle. The middle of the line

segment that connects the two tracks at the distance of closest approach is often used

as vertex position. Instead, this distance is approximated by the minimal length of

a line segment perpendicular to the Z-axis that connects the two tracks. Due to the

small polar angles of the HERMES tracks this approach can be used. As a starting

point it should be realized that for each track we obtain from the raw data the X i, Y i

coordinates and the slopes δX i and δY i at Zi
0. The value of Zi

0 is fixed in the middle

of the magnet, i.e. 275 cm downstream the target. With

~ti =







X i

Y i

Zi






,~ti0 =







X i
0

Y i
0

Z0






, ~δti =







δX i

δY i

1






, and ∆Z = Zi − Z0 , (4.4)

where (X i
0, Y

i
0 , Z0)

T is a point on the track at Z0 and δX i and δY i are the X and Y

slopes, a track ~ti at z-position Zi is defined as

~ti = ~ti0 + ~δti ∆Z . (4.5)
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The approximate Z-coordinate of the vertex from which two tracks originate is thus

determined from the following expression

∆Z =
(~t10 − ~t20) · ( ~δt1 − ~δt2)

( ~δt1 − ~δt2) · ( ~δt1 − ~δt2)
. (4.6)

Substitution of Zvert (from ∆Z) into formula 4.5 for i = 1, 2 gives the points on the

tracks corresponding to the approximate distance of closest approach. From these two

points the approximate distance between the tracks (defined as D(p1, p2) above) and

the remaining Xvert and Yvert coordinates follow.

A sample of Ξ−events has been generated with the PYTHIA event generator in order

to study the expected spectra for various kinematic variables. These events are tracked

through a GEANT model of the HERMES detector to include all the effects introduced

in the data due to decay, multiple scattering, losses and track reconstruction. The re-

sults are shown in figure 4.6 for some of the variables introduced before. The important

characteristic of the mass distributions are the mean value and the width, which are

listed in the figures where relevant.

The width of the mass difference, ∆M = M(Ξ−) - M(Λ0), is smaller than that of

the M(Ξ−) spectrum expressing the correlation between the Ξ− and Λ0 spectra when

they are reconstructed. For this reason the mass difference will be used in the rest of

this chapter. For ease of interpretation the Λ0 mass taken from [55] has been added

to ∆M in each case (i.e. ∆M+1.11568 GeV). The distance distributions D(Λ0, π−),

D(p, π−) and D(Ξ−, beam) have similar shapes but the average widths differ. This is

primarily due to the opening angle of the tracks involved. The collinearity distribution

is seen to be sharply peaked at 1, thus providing a good means to remove background.

Unfortunately, in the data a strict requirement on the collinearity appears to reduce the

similarity between the background and an estimate of this background. Therefore no

strict requirement was made on the collinearity. The separation between the secondary

and primary Ξ− vertices, i.e. ∆ZΞ− , is peaked at zero with a decay distribution towards

positive values of ∆ZΞ− . It is noted that ∆ZΞ− can be negative due to the finite

resolution of the reconstructed vertices (As the decay length of the Σ? hyperons is

negligible the value for ∆ZΣ? is taken equal to ∆ZΞ− .).

The kinematic requirements imposed in the analysis of the Ξ and Σ? hyperons are

given in table 4.5. The values of these requirements are relatively generous (see the

vertical lines representing the requirements in figure 4.6) to avoid a strong dependence

on their value and to increase statistics. It is noted that very stringent requirements

improve the S/B ratio, but at the same time the difference between the background un-

der the Ξ and Σ? peaks increases, making the background estimate more difficult (the
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Figure 4.6: Monte Carlo results for reconstructed Λ0 and Ξ− hyperons that decayed

into a Λ0 hyperon and a π− meson. The Ξ− hyperons were generated using PYTHIA and

the decay products were tracked through a GEANT model of the HERMES detector.
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Table 4.5: Kinematical requirements used for the selection of Ξ and Σ? hyperons in the

1998, 1999 and 2000 data.

Requirement value

D(p, π−) < 1.5 cm

D(Λ0, π−) < 2.5 cm

D(Ξ−, beam), D(Σ?, beam) < 1.0 cm

∆ZΛ0 > 0.0 cm

∆ZΞ− , ∆ZΣ? > -15 cm

CL > 0.995

background is estimated from reconstructed ((pπ) π) combinations with the (pπ) mass

outside the Λ mass region). Since the kinematic requirements should not influence the

yield ratio between the Ξ and the Σ? hyperons it was decided to use relatively wide

cuts on the spectra, and no effort was undertaken to further improve them.

As a first step in the analysis the invariant mass spectrum for the Λ0 and Λ
0
hyperons

were extracted from the data with and without an additional π± track in the event. In

figure 4.7 un-tagged Λ0 and Λ
0

mass spectra as well as the π-tagged mass spectra are

shown. As no extra particle is used for the un-tagged reconstruction of a Λ hyperon a

vertex with the beam is made. In the selection of Λ candidates the (p,π)-pair with its

mass closest to the PDG value is taken, if more (p,π)-combinations can be made in one

event.

For the determination of the total number of (tagged) Λ hyperons in the six different

spectra the background is represented by a linear shape. The signals in the Λ0 and the

un-tagged Λ
0

spectra are represented by a double Gaussian shape, while a single Gaus-

sian shape is used for the π-tagged Λ
0

mass spectra. The fits are performed in between

1.095 GeV and 1.15 GeV. After background subtraction the counts are obtained from

the three σ region around the Λ mass where for the double Gaussian shape the largest

σ value is taken. From the figure it is clear that the S/B ratio for the Λ
0

hyperon is

considerably smaller than the S/B ratio for the Λ0 hyperon. This is at least partly due

to a contamination of K− mesons in the p sample.

In table 4.6 the number of counts for the six different spectra of figure 4.7 are given.

These results correspond to all polarized data obtained by HERMES in the years 1998,

1999 and 2000, and thus correspond to the equivalent of 8.2 million DIS events which
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Figure 4.7: Λ0 (left) and Λ
0
(right) mass spectra for three different situations. The upper

panel shows the Λ spectra without requiring additional particles in the spectrometer.

In the middle panel the Λ is tagged with a π− meson satisfying the requirements of

table 4.5, and in the lower panel the tagging particle was a π+ meson. The fits shown

are a sum of two Gaussians except for the tagged Λ
0
, where a single Gaussian is used.
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Table 4.6: Number of un-tagged and π-tagged Λ0 and Λ
0

counts extracted from the

polarized data collected in the years 1998, 1999 and 2000.

tag Λ0 counts (×103) Λ
0

counts (×103)

none 84.0 ± 0.4 19.0 ± 0.2

π− 33.2 ± 0.2 3.24 ± 0.08

π+ 21.35 ± 0.19 4.68 ± 0.10

Table 4.7: Yields expressed in µb for the π-tagged Λ hyperons obtained from the data

and the PYTHIA Monte Carlo. The effect of using a Deuterium target was simulated

by combining PYTHIA results for both a proton and neutron target. In the last column

the average of the PYTHIA yields on the proton and neutron were used to get the ratio

between the PYTHIA yield and the data yield corrected for the photoproduction trigger

efficiency.

PYTHIA Monte Carlo
hadron pair data

neutron proton
NPYTHIA

NDATA

NPYTHIA

NDATA ccorr

[µb]

Λ0 ,π− 1.50 · 10−4 6.92 · 10−4 7.05 · 10−4 4.66 3.40

Λ0 ,π+ 9.6 · 10−5 5.58 · 10−4 5.59 · 10−4 5.82 4.25

Λ
0
,π− 1.46 · 10−5 5.08 · 10−5 5.12 · 10−5 3.49 2.55

Λ
0
,π+ 2.11 · 10−5 4.70 · 10−5 4.66 · 10−5 2.22 1.62

were recorded in that period. The given errors are statistical only. The table shows

that Λ0 hyperons are more abundant than Λ
0

hyperons as expected. The requirement

of a π-tag reduces the yield by a factor 3-4 for Λ0 hyperons, while this factor increases

to 4-6 for Λ
0

hyperons.

The number of counts in table 4.6 are meant to put the Ξ and Σ? results in perspec-

tive. They can, however, also be used to investigate the quality of the normalization

of the PYTHIA Monte Carlo, which is important for future reference. For a compar-

ison with the PYTHIA Monte Carlo the number of tagged Λ hyperons found in the

data is expressed in µb using the total effective luminosity of 221.92 pb−1 collected

in the years 1998, 1999 and 2000 from table 4.2. The yields, obtained from the data
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and from the PYTHIA Monte Carlo2 (using both a proton and a neutron target) for

the Λ0 and Λ
0

tagged with a π− or with a π+ meson are given in table 4.7. No large

differences in the yield for scattering on a proton or neutron target are observed in the

PYTHIA results. Therefore, the average of the π-tagged Λ yield from PYTHIA on the

proton and the neutron was used when evaluating the ratio between the data and the

Monte Carlo. From these ratios it is concluded that the PYTHIA Monte Carlo large-

ly overestimates the π-tagged Λ yield in the HERMES kinematic domain. Part of the

overestimation can be accounted for by the trigger efficiency which was less than one.

The mean value of the photoproduction trigger efficiency was determined in [56] to be

about εphoto
trig. = 73 ± 0.4%. Using this value of the trigger efficiency, the last column of

table 4.7 was evaluated. It is concluded that PYTHIA overestimates the Λ0-channels by

a factor 3 to 4 and the Λ
0
-channels by a factor 2 to 3.

Now the reconstruction of the Ξ and Σ? hyperons is taken up again. In figure 4.8 the

mass spectra for combinations of a (anti) Λ with a π− or π+ are shown as a function

of M=∆M+MΛ. If more than one Λ0 candidate was found in one event, the candi-

date having its mass closest to the PDG value is taken. A three σ region around the

Λ0 mass was used to arrive at the spectra shown in figure 4.8. Given the width of the

Λ peak, σ = 2.5 MeV, the mass window on M(pπ−) (corresponding to the mentioned

3σ interval) ranges from 1.108 GeV to 1.123 GeV. Two intervals outside the Λ0 mass

region, one from 1.08 GeV to 1.103 GeV and one from 1.13 GeV to 1.17 GeV are used

to construct a background Λπ spectrum. The background has been smoothed, and is

represented by a darker color in figure 4.8. The p̄ sample used for construction of the

background of the Λ
0

spectrum has a large K− contamination due to the less than opti-

mal p̄-K− separation provided by the RICH. For this reason the ((p, π−), π) background

is used to represent the ((p̄, π+), π) background as well. The background spectra are

normalized in the mass interval from 1.45 GeV to 2.0 GeV, except for the M(Λ
0
,π−)

spectrum which is normalized in the interval from 1.45 GeV to 1.55 GeV in an effort

to account for the shape difference between the generated and observed background

spectra. For convenience the matching regions mentioned above are shown in figure 4.8

as dark bands.

The background estimate based on the Λ0 mass side bands gives a good repre-

sentation of the (Λ0,π)-pair mass spectrum (figure 4.8, upper panels) which thus can

be used for a background subtraction. In the upper right panel of figure 4.8 a slight

underestimate of the background left from the signal peak is observed. This might

be caused by Λ0 hyperons coming from one of the intermediate Σ?− decay products,

i.e. Σ?− → Σ0π+ (B.R. 12%), which will be present in this region as well. While the

2For reference the program settings are given in the appendix.
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Figure 4.8: Mass difference spectra for various 3-particle combinations of an (anti)-

proton and two pions. The Λ0 mass has been added to the mass difference. The filled

histogram is obtained from the Λ0 side-bands after normalization and smoothing. The

dark bands give the interval used for the normalization of the background.
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background of the M(Λ
0
,π+) spectrum is fairly well reproduced using the method de-

scribed above, for the M(Λ
0
,π−) mass spectrum the background shape derived from

the (Λ0,π+)-side band shows a clear deviation from the data. Because of this the yield

estimate for the Σ
?−

hyperon will cary a large systematic uncertainty.

The Ξ and Σ? hyperon spectra after background subtraction are shown in figu-

re 4.9 for each (Λ, π) combination. In order to extract the number of observed Ξ or

Σ? hyperons from the background subtracted spectra, the data were fitted using a

Breit-Wigner shape with fixed full width (from the PDG [55]) for the Σ? and a Gaussi-

an shape with a free width for the Ξ. To account for residual background contributions

a constant was added to the fit in the M(Λ
0
,π−) spectrum and a first order polynomial

has been added in the other fits. In order to limit the sensitivity of the fit to possible

fluctuations in the background at high mass difference the fit has been limited to the

region from 1.275 GeV to 2.0 GeV, where again an exception for the (Λ
0
,π−) spectrum

is needed. In this case, the fit is limited to the mass difference region from 1.275 GeV to

1.5 GeV.

It has been verified that a fit with a free Breit-Wigner width results in values which

are in agreement with the PDG values for the Σ? hyperons. For the two lower panels

of figure 4.9 an unconstrained fit yields a width which is larger than expected. This is

most probably due to a combination of poor statistics and a background shape which

resembles the signal shape in the region of interest. For this reason it was chosen to fix

the width to those of the PDG [55].

In the upper left plot of figure 4.9 the background above 1.5 GeV shows a weak

oscillation, which may be due to the presence of another resonance in the data. A

candidate for such an additional resonance would be the Σ?−(1670) with a full width

of about 60 MeV. This has not been further pursued in view of the weakness of the

signal.

The yields, masses and widths (where relevant) obtained from the fits together with

Monte Carlo estimates of the yield are given in table 4.8. In order to estimate the sys-

tematic error on the yields the normalizations of the background were also performed

using the M(Λ, π) spectrum in between 1.45 and 1.65 GeV, 1.65 and 1.85 GeV and

1.85 and 2.05 GeV, respectively. The uncertainty on the mean values and widths of the

hyperon peaks were taken from the fit.

The Monte Carlo results listed in table 4.8 were generated from neutron and proton

samples in equal proportions, as the data were collected on a deuterium target. As no
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Figure 4.9: Fits of the pππ spectra after background subtraction. The results of the

fits corresponding to the particles as named in the figures are given in table 4.8.
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Table 4.8: Values for the count rates, masses and widths as obtained from the fits ap-

plied to the (pππ) mass spectra from the polarized 1998, 1999 and 2000 data. The fit

procedure is explained in the text. For the evaluation of the yields a photoproduction ef-

ficiency of 73±0.4% [56] is assumed. The last column contains the counts obtained from

tracked PYTHIA events reconstructed under the same conditions, normalized by mul-

tiplying the PYTHIA counts with the measured luminosity divided by the luminosity

as given by PYTHIA.

Particle yield mass σ MC decay

[GeV] [MeV] counts particles

Ξ− 916 ± 84 ± 16 1321.5 ± 0.3 3.1 ± 0.3 846 pπ−π−

Σ?− 3094 ± 182 ± 191 1381.1 ± 1.5 4944 pπ−π−

Σ?+ 1944 ± 129 ± 307 1377.6 ± 1.7 14208 pπ−π+

Ξ+ 258 ± 29 ± 37 1320.6 ± 0.6 3.2 ± 0.5 225 pπ+π+

Σ
?+

547 ± 47 ± 247 1383 ± 2 703 pπ+π+

Σ
?−

96 ± 41 ± 299 1374 ± 2 655 pπ+π−

clear difference between the two calculations was observed the average taken over both

target nuclei is used to arrive at the value for the MC counts as given in the table.

The position of the Ξ− and Ξ+ peaks are in excellent agreement with the known

mass of these hyperons (see table 4.4), thus confirming the validity of our energy cal-

ibration and analysis procedure. The Σ? masses are all below the PDG values suggesting

a remaining background decreasing with reconstructed mass. Yield comparisons can

be done as the phase space of the particles are very similar, as well as the branch-

ing ratios of the Ξ and Σ? hyperons (see table 4.4). It is concluded that the yield of

the strangeness-2 Ξ− hyperon is a factor 2 to 3 below that of the strangeness-1 Σ?±

hyperons. The yield of the anti-hyperons is a factor 4 to 30 below that of the normal

hyperons.

The yields of the Ξ− hyperon and its antiparticle Ξ+ observed in the data is in good

agreement with the Monte Carlo yields. At most ten percent yield loss in the data can

be assigned to protons not used in the analysis because they were identified as kaons.

On the other hand the Monte Carlo generators and spectrometer reconstruction also

carry uncertainties of at least 10%. Given these uncertainties, the PYTHIA Monte Carlo

gives a surprisingly good estimate for the Ξ hyperon yield.
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For the Σ? hyperons PYTHIA overestimates the data by a factor 1.2 to 7. The lar-

gest difference is observed for the Σ?+ hyperon and its anti-particle Σ
?−

. Compared

to the Σ?− and Σ
?+

hyperons the Σ?+ yield in PYTHIA is certainly grossly overesti-

mated, while the conclusion on the Σ
?−

is less definite in view of the large uncertainties

involved. Since the Σ?− hyperon decay channel is equal to the the Λ+
c decay channel

this large mismatch between PYTHIA and the data has a large influence on the Monte

Carlo estimate of the background for partially reconstructed Λ+
c baryons (discussed in

section 4.5).

4.3.2 Λ+
c Reconstruction

As explained in the beginning of this section, the study of the Ξ and Σ? hyperons

was triggered by the similarity of their decay products to the most favorable Λ+
c decay

channel. It was shown that the requirements imposed while reconstructing the Ξ and

Σ? hyperon led to clean signals for almost all investigated peaks. There was no need to

optimize the chosen requirements as the background could be estimated from the side

bands in the Λ hyperon mass spectrum and clear signal peaks were obtained. For the

reconstruction of the Λ+
c baryon one might argue that an optimization of the require-

ments with respect to the signal over background ratio based on the Ξ and Σ? hyperon

should be used. There is, however, no guarantee that this leads to the best conditi-

ons for Λ+
c reconstruction as its invariant mass (2.2849 GeV) is considerably higher.

Therefore, the optimization of the kinematic requirements for the Λ+
c reconstruction

has been developed independently.

Ideally, one would like to generate Monte Carlo events for the expected Λ+
c signal

and for the background using the same Monte Carlo program. However, while the

PYTHIA program can be used for the background generation it was not used for the

Λ+
c signal even though it has the option to generate PGF events. The reason for this is

the inability of the PYTHIA program to generate exclusively events coming from PGF.

Hence, a huge amount of statistics is needed in order to carry out the simulations.

Therefore, the Λ+
c signal has been generated with the AROMA Monte Carlo. This has

the additional advantage of easier comparisons with other studies as the AROMA Monte

Carlo program is almost always used for charmed particle production via the PGF pro-

cess.

After generating the events with the Monte Carlo programs mentioned above the

final state particles are tracked through a model of the HERMES spectrometer. Care

should be taken when comparing the results of both programs on the cross section or

yield level. This has been illustrated above when comparing the number of counts for
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Figure 4.10: Transverse momen-

tum PT,Λ0 of the Λ0 hyperon in the

direction of the Λ+
c baryon based

on a AROMA Monte Carlo simula-

tion. Only the decay channel Λ+
c →

Λ0π+ is considered. The dashed

curve in the figure is the theoreti-

cal distribution for PT,Λ0 assuming

an isotropical distribution of the

Λ0 hyperon in the Λ+
c rest frame. It

is normalized to the total number

of events in the figure.

the Σ? hyperons expected from PYTHIA with those obtained from the data. Since the

relative normalization of the AROMA Monte Carlo with respect to the PYTHIA Monte

Carlo also carries uncertainties3, the optimization of the S/B ratio of the Λ+
c peak

based on these programs can only be performed in a relative fashion comparing one

set of cuts to another.

Nevertheless, a sample of Λ+
c particles generated with the AROMA Monte Carlo can

be used to study some aspects of the imposed requirements using the basic kinematic

distributions of such events. For instance, if the requirement on the collinearity for the

reconstruction of the ((pπ−)π+) mass spectrum is set to 0.99998, the AROMA Monte

Carlo events can be used to show that this leads to 33% loss in signal compared to the

minimal value for the collinearity of 0.995 used for the reconstruction of the Ξ and Σ?

hyperons.

The transverse momentum of the Λ0 with respect to the (Λ0,π+)-pair direction,

PT,Λ0 , has not been used in the Ξ and Σ? reconstruction as it would affect the number

of reconstructed Ξ and Σ? particles differently. In figure 4.10 the PT,Λ0 distribution for

Λ+
c production obtained from the AROMA Monte Carlo is shown. The distribution is

sharply peaked towards the theoretical maximum value of 863 MeV given in table 4.3.

The dashed curve in the figure shows the theoretical PT,Λ0-distribution not corrected

3It has to be realized that AROMA and PYTHIA have been largely developed having higher-energy

processes in mind. Also their use for hyperon production processes at modest energy was never pursued

before.
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Figure 4.11: (Λ0,π+)-pair mass distributions generated by two different Monte Carlo

simulations. In the left panel the events are generated with AROMA yielding a clearly

visible Λ+
c peak . After imposing the requirement 0.6 GeV < PT,Λ0 < 0.88 GeV (light

histogram) the minimum reconstructable mass shifts up showing the correlation of this

requirement with the reconstructed mass range. In the right panel the background

simulated with PYTHIA is shown. No peak around the Λ+
c mass of 2.285 GeV is visible,

even after imposing the PT,Λ0 requirement.

for acceptance effects. As the distribution of transverse momenta of single particles

produced in deep-inelastic scattering in general decreases monotonically an additional

requirement on PT,Λ0 will be most useful when extracting Λ+
c events.

The ((p,π−),π+)-triple mass spectrum obtained from the AROMA Monte Carlo

is shown in figure 4.11 (left panel). The difference between the light and dark grey

histograms is due to an additional requirement on PT,Λ0 , which is confined to the range

from 0.6 GeV to 0.88 GeV for the light histogram. The entries in the AROMA mass

spectrum outside the Λ+
c peak correspond to partially reconstructed Λ+

c events, and

thus can be used as a tag on the PGF processes. The background below the Λ+
c peak

comes from Λ+
c particles that result in a Λ0 via an intermediate Σ0 and from Λ+

c particles

where there are other decay products besides the Λ0 and π+. Notice that the extra

requirement on PT,Λ0 shifts the minimal mass of the system that can be reconstructed

upwards. The minimum reconstructable mass depends on the lower limit for PT,Λ0 and

can be calculated from

Mmin(Λ0, π+) =
√

P 2
T,Λ0 + M2

Λ0 +
√

P 2
T,Λ0 + M2

π+ . (4.7)

A minimal mass of 1.88 GeV, corresponding to the value in the figure, is found after
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Figure 4.12: Four mass spectra for a Λ0 hyperon combined with a π+ or π− meson

using bin widths equal to 0.5, 1.0, 1.5 and 2.0 times the nominal Λ+
c width (σ) from

the Monte Carlo. The light grey (Λ0,π−) spectrum is plotted on top of the dark grey

(Λ0,π+) spectrum. The transverse momentum PT,Λ0 was required to lie in the interval

from 0.6 GeV to 0.88 GeV. The four vertical lines denote the 2σ and 3σ regions around

the Λ+
c PDG mass with σ = 11.1 MeV. The spectra are obtained from the 1998, 1999

and 2000 data.

substituting PT,Λ0 = 0.6 GeV. Not shown in figure 4.11 but deduced from the left panel

of the figure is the width of the Λ+
c peak, which amounts to σ = 11.1 ± 0.6 MeV.
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While the clear Λ+
c peak seen in the AROMA spectrum is hardly affected by the

imposed requirements on PT,Λ0 , a yield reduction near the Λ+
c mass is visible in the

PYTHIA spectrum. Furthermore, no structure near the Λ+
c mass, that could lead to a

false Λ+
c peak, is obtained with the PYTHIA Monte Carlo if the additional PT,Λ0 requi-

rement is imposed. This comparison demonstrates that the PT,Λ0 requirements can be

used when searching for Λ+
c events in the data. It also shows that the PT,Λ0 constraints

are very effective for partially reconstructed Λ+
c events leading to a modest reduction

of the signal (left panel). This is further explored in section 4.5.

The experimental M(Λ0,π+) mass spectrum after imposing the additional require-

ment on PT,Λ0 (0.6 GeV < PT,Λ0 < 0.88 GeV) and the stricter requirement on the

collinearity (CL> 0.99998) is shown in figure 4.12 for four different bin widths. (The

other requirements on the data are similar to those described in section 4.3.1 for Ξ

and Σ? production.) The binning is set up such that the PDG mass lies in between two

bins. In the figures an enhanced signal in the region of the Λ+
c mass is visible for each

one of the chosen bin widths. The spectra containing the wrong charge combination,

(Λ0π−), are also shown in figure 4.12. No evidence for a peak is seen in the wrong charge

combination spectra, which shows that the values used for the PT,Λ0 requirements do

not explicitly lead to a peak structure. This confirms the aforementioned conclusion

from the Monte Carlo study. It is noted that the (Λ0,π+) mass spectrum also contains

Λ+
c strength outside the peak, which can be understood qualitatively in view of the

Monte Carlo mass spectra displayed in figure 4.11.

Table 4.9: Counts obtained in different regions of the (Λ0,π+) and (Λ0,π−) mass spectra

near the Λ+
c peak at 2.285 GeV.

Mpπ−π+ range Number of counts

bin width (in σ) in GeV N(Λ0,π+) N(Λ0,π−)
N(Λ0,π+)

N(Λ0,π−)

[−6,−3 ] [ 2.2184, 2.2517 ] 33 28 1.18

[−2, +2 ] [ 2.2628, 2.3072 ] 48 33 1.45

[−3, +3 ] [ 2.2517, 2.3183 ] 74 47 1.57

[ +3, +6 ] [ 2.3183, 2.3516 ] 21 18 1.17

Comparison of the (Λ0,π+) spectrum with the (Λ0,π−) spectrum in figure 4.12 shows

that the (Λ0,π−) spectrum can be used as an estimate of the background. In table 4.9

the counts in four different mass regions are given for the (Λ0,π+) and (Λ0,π−) spec-

tra. The ratio of the number of counts in the four mass ranges for the two cases are
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Figure 4.13: (Λ0,π+)-pair mass dis-

tribution with fitted Gaussian with

fixed position and width together

with exponential background.

also listed in the table. The ratio is observed to be significantly larger in the 2σ and

3σ ranges centered at the Λ+
c mass peak as compared to the sideband ranges. This

provides additional evidence supporting the observation of an enhanced signal in the

Λ+
c mass region. Due to the poor statistics and the small signal over background ratio

for the Λ+
c the total yield depends on the method used to determine the background.

Therefore, the background will be determined using different methods.

After subtraction of the wrong sign background 15±9, respectively 27±11, Λ+
c events

are found within a two, respectively three, σ region surrounding the Λ+
c mass. Only

the statistical error is given. Alternatively, the background can be determined from

the Λ0π+ counts in the lower and upper side band mass regions, given in table 4.9,

assuming a linear shape of the background, yielding 36 ± 4.9 and 54± 7.3 background

counts in the two and three σ mass region around the Λ+
c mass, respectively. With

these alternative background estimates 12 ± 9, and 20 ± 11, Λ+
c particles are found in

the two and three σ mass regions, respectively, centered at the Λ+
c mass. If we take the

average of these 4 determinations of the Λ+
c yield, we find 18 ± 9 counts.

It has also been tried to determine the Λ+
c yield by fitting the (pπ−)π+ spectrum

using a Gaussian shape with a fixed position (2.285 GeV) and width (11.1 MeV). The

background is described using an exponential shape which is fitted through the mass

spectra of figure 4.12 and through the spectra obtained after shifting the bins by half

a bin width. In figure 4.13 the fit is shown for the one σ bin width, and in table 4.10

the number of Λ+
c particles resulting from the various fits is given. The average result
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Table 4.10: Determination of the yield of Λ+
c particles obtained from a fit using a

Gaussian shape, with fixed position and width, together with an exponential shape.

The fit was carried out for 8 spectra, which only differ in their binning. In four cases

the same binnings is used as in figure 4.12 (with M(Λ+
c )PDG as bin border) and four

times the bins where shifted by half a bin size. The uncertainties are taken from the

fit.

bin size Counts

[σ] M(Λ+
c )PDG as bin border M(Λ+

c )PDG as bin center

0.5 15.7 ± 7.2 9.9 ± 6.8

1.0 18.5 ± 7.0 13.3 ± 7.1

1.5 20.2 ± 7.3 16.5 ± 6.7

2.0 14.9 ± 7.4 18.4 ± 6.5

average 15.9 ± 7.0

of NΛ+
c

= 15.9 ± 7.0 is in agreement with the estimates obtained after counting bins

in different regions. It is chosen to use the latter number as a starting point for the

evaluation of the Λ+
c photoproduction cross section discussed in section 4.3.3.

To quantify the uncertainty on the number of Λ+
c particles obtained from the

(Λ0,π+) mass spectrum including the effect of the relatively large background the signi-

ficance of the signal is determined. The significance is defined as Nsig/
√

Nsig + Nbg. It

is a quantity which is inversely proportional to the uncertainty. Keep in mind that the

denominator is a measure for statistical fluctuations. An average background of 49 ± 7

counts from the 8 fitted exponentials within the three σ region around the Λ+
c mass is

obtained. From the above values for the signal and background a significance of 2.0 is

obtained.

4.3.3 Λ+
c photoproduction cross section

In order to evaluate an estimate of the Λ+
c photoproduction cross section, the probabil-

ity PΛ+
c

that a generated Λ+
c particle is being detected has been calculated from events

generated by the AROMA Monte Carlo program after tracking the simulated events

through a model of HERMES. This probability factorizes into a part representing the

branching ratios PB.R.
Λ+

c

, and a part that takes the acceptance of the detector into ac-

count Pacc.
Λ+

c

. The first part which is intrinsic to the decay channel under consideration
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is equal to (0.58 ± 0.18) · 10−2 (see table 4.3).

The second part has been evaluated by S. Brons to be 0.37 · 10−2 [57] under the

assumption that Pacc.
Λ+

c

is equal to the product of the probabilities to detect a Λ0 (3.26%)

and a π+(11.45%). In this evaluation possible correlations between the Λ0 and π+ yields

are ignored. Using the same assumption the quoted value for Pacc.
Λ+

c

has been confirmed

with the presently used Monte Carlo codes. However, the Λ0 and π+ yields are not

uncorrelated, as can be seen from the probability for coincident detection of Λ0 and

π+ particles in HERMES , which amounts to 0.22 · 10−2 a number close to but different

from the uncorrelated probability of 0.37 · 10−2 quoted above. After imposing the same

kinematic requirements as were applied to the data, and using a set of parameters de-

scribing the fragmentation function which are optimized for photoproduction [58] the

probability for coincident (Λ0π+) detection reduces to 0.123 · 10−2. The reduction is

primarily due to the omission - as compared to Ref. [57] - of the magnet tracks for the

π− candidates. For the event generation a charm mass of 1.35 GeV was assumed. Chan-

ging it to 1.2 GeV or 1.5 GeV gives a Λ+
c detection probability which is 12.9% lower or

16.7% higher, respectively. Therefore, a 15 percent uncertainty has been taken for the

Λ+
c detection probability, Pacc.

Λ+
c

. Combining the numbers given above, the probability for

detection of a Λ+
c with the HERMES spectrometer is found to be PΛ+

c
= (7.1±2.4)·10−6.

The Λ+
c electroproduction cross section follows from

σlN→Λ+
c X =

NΛ+
c

PΛ+
c
εphoto
trig. Leff

=
15.9

7.1 · 10−6 0.73 221.92 pb−1 (4.8)

= (14 ± 6stat ± 5syst) nb,

where the effective luminosity over the years 1998, 1999 and 2000 is 221.92 pb−1 (see

table 4.2) and 15.9 ± 7.0 was used as an estimate for the number of observed Λ+
c par-

ticles. For the statistical error the uncertainty in the number of observed Λ+
c particles

is used and for the systematic error the uncertainty in the Λ+
c detection probability.

It is not possible to compare this electroproduction cross section with existing charm

production cross sections as these data were obtained utilizing a real photon beam.

Therefore, the electroproduction cross section is converted into a photoproduction cross

section using the same method as employed by [51] and [56]. For this conversion it is

assumed that the incoming lepton beam is equivalent to a broad spectrum of virtual

photons, and that the associated photon spectrum is calculable in QED. Furthermore,

the photoproduction cross section is assumed to depend linearly on the photon energy.

With these assumptions the photoproduction and electroproduction cross sections are
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related by

σγN(ν0) =
σlN

Φ
, (4.9)

where ν0 is equal to the flux weighted average energy, 〈ν〉, under the assumption that

the cross section depends linearly on the energy, and Φ is the integrated flux or flux

factor. The values obtained in equations 6.26 and 6.27 from Ref. [51] are,

Φ = 0.0260 ± 0.0013, (4.10)

〈ν〉 = 15.5 ± 1.0 GeV. (4.11)

These values are also applicable to the cross section for Λ+
c photoproduction at HERMES4

5. Application to the Λ+
c electroproduction cross section σlN → Λ+

c X given by Eq. 4.8

results in a Λ+
c photoproduction cross section of

σγN → Λ+
c X = (538 ± 231stat ± 188syst) nb (4.12)

at a mean photon energy of 15.5 GeV. The uncertainty in Φ has been quadratically

added to the systematic error.

As no previous Λ+
c photoproduction cross section measurements have been perfor-

med near threshold a direct comparison to other Λ+
c cross sections is not possible. For

this reason the Λ+
c photoproduction cross section is shown in figure 4.14 together with

other cross section measurements on open charm photoproduction. The curves in the

figure are theoretical predictions based on PGF (as implemented in leading order in

AROMA), and on a model using an effective Lagrangian [28] approach. In the figure a

distinction is made between cross section measurements based on the explicit obser-

vation of a Λ+
c baryon (Alvarez et al [59] and present work, full symbols) and total

charm cross sections derived from the observation of one or more D mesons. It is noted

that the total charm cross sections are derived assuming a certain probability for a

(anti)-charm quark to fragment into D-meson. As this probability is poorly known, the

various data should be compared with care. For that reason, the other cross sections

appearing in figure 4.14 are discussed in separate paragraphs below. The key question

is whether the relatively high Λ+
c cross sections obtained in the present work is con-

sistent with the total charm production cross section obtained elsewhere.

4Under the assumption that the photon is transversely polarized, I found Φ = 0.025 and

〈ν〉 = 15.5.
5No model uncertainty has been includded in the error on 〈ν〉. For Λ+

c hyperons simulated with

the AROMA Monte Carlo 〈ν〉 = 20 GeV was found. As no flux factor could be obtained from the

AROMA Monte Carlo it was decided to use the mean photon energy given in equation 4.11.
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Figure 4.14: Cross sections for charm photoproduction as a function of the photon

energy ν. The filled symbols represent cross sections for Λ+
c production [59], while

the open symbols [51, 60, 61, 62, 63, 64] are total charm cross sections derived from

D meson production. The dashed and dash-dotted lines are taken from an effective

Lagrangian model [28] for exclusive Λ+
c production on a p and n target, respectively,

while the dotted line represents an LO PGF prediction with the charm mass set to

1.5 GeV. The solid line shows the same PGF prediction multiplied by a fudge factor

K of 2.3. The threshold for open charm production at 8.71 GeV is represented by a

vertical line.
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Alvarez et al [59] obtained a value for BR × σγN → Λc X of (8 ± 5) nb using the

pKπ decay channel at a mean photon energy of 105 GeV. From this value a Λ+
c photo-

production cross section of (160 ± 100) nb was derived assuming a branching ratio

for this decay channel of 0.05 ± 0.01 [55]. The obtained cross section is below the

Λ+
c cross section determined in this work. Taken on face value this suggests the exist-

ence of a Λ+
c threshold enhancement. In Ref. [65] such an enhancement is suggested

as an explanation for a bump with a height of several µb observed in the total photo-

production cross section on a proton target at a photon energy of about 10 GeV.

However, in Ref. [66] an upper limit for such a charm production enhancement near

threshold of 270 to 450 nb is reported, based on the observation of γp → D−Σ++
c

events (where only the D− meson is explicitly detected), and similar channels using a

10 GeV photon beam. It is stressed though, that this upper limit (which is consistent

with our measurement) is not based on the observation of a Λ+
c baryon. Since no other

Λ+
c photoproduction cross section data on a nucleon are available the other existing

data are all based on D-meson production.

At SLAC [60] the total open charm cross section was derived from the measurement

of D-mesons produced with a real photon beam and observed in a bubble chamber.

From a DD̄ photoproduction cross section of

σγN → D ¯D X = (17+8
−6) nb (4.13)

they obtained a value for the total open charm photoproduction cross section of

σγN → cc̄ X = (62 ± 8+15
−10) nb (4.14)

at a photon energy of 20 GeV. This cross section strongly depends on the assumed

fraction of D-mesons produced (and detectable) in cc̄-production. From the observed

D∗± meson yield at HERMES a photoproduction cross section of

σγp → cc̄ X = (37.1+16.9
−13.3 stat ± 2.6 MC stat ) nb (4.15)

at a mean photon energy of 15.5 GeV can be deduced (Ref. [51]). Using an Ansatz

similar to that of Ref. [60] for cc̄ →D fragmentation a value for the open charm cross

section of

σγp → cc̄ X = (79.9+37.0
−29.2 stat ± 8.4 syst/exp ± 16.0 syst/frag ) nb (4.16)

could be determined. Both experiments rely on a Monte Carlo estimate of the to-

tal charm to D-meson production cross section ratio. There is, however, evidence in

the literature suggesting that the models used for estimating charm fragmentation

are incorrect. For instance in Ref. [67] it is reported that the fragmentation program
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JETSET 7.3 (which is also used in AROMA albeit version 7.4) is not able to reproduce

the relative yield of Λ+
c , Λ̄c

−
, D

0
and D− as observed in two-jet e+e− → cc̄ events at√

s = 10 GeV. The data give a factor 3 more Λ+
c yield as compared to the Monte Carlo.

Furthermore, in [59] it is shown that the observed Λ+
c /D production ratio in different

experiments is a factor 2 to 4 higher than expected from the Monte Carlo. It is of

interest to note that a factor 4 enhancement of the Λ+
c /D fragmentation ratio would

bring the HERMES results for total charm production based on either Λ+
c baryons or

D-mesons ([51]) in agreement with each other.

The total charm photoproduction curve in figure 4.14 represented by the dotted

line is based on LO PGF and produced by the AROMA Monte Carlo code. The curve

is below the data. Multiplication of this curve with a fudge factor of 2.3 to take higher

order contributions to the PGF cross section into account gives the solid line which

describes the data well at high energy. It is noted that the dotted curve in figure 4.14

will also shift up if the charm mass in AROMA is lowered, especially near threshold

energies but this has not been pursued. It is concluded that the LO PGF cross section

is about a factor 28 ± 12 below the photoproduction cross section for the Λ+
c baryon

as determined in this work.

The dashed (for the proton) and dash-dotted (for the neutron) curves in figure 4.14

are calculated by [28] using an effective Lagrangian model (ELM) for the exclusive

photoproduction of charmed particles near threshold. The only parameters entering

this model are a coupling constant gNBcD for the vertex of nucleon-charmed baryon-D

meson interactions, and the anomalous magnetic moment κc of the charmed baryon.

As can be seen in Eq. 2.33 the quantity gNBcD is effectively a normalization factor.

For the curves displayed in figure 4.14 gNBcD = 1 and κc = 0.86 µN was taken. Be-

sides the channels γp → Λ+
c D

0
and γn → Λ+

c D− the exclusive production of Σ++
c and

Σ+
c baryons on a proton target and Σ+

c and Σ0
c production on a neutron target are

also calculated in Ref. [28]. As the Σc baryon decays almost completely into a Λc this

contribution is added to the Λc curve, for each of the two targets. The result roughly

corresponds to the curves given in the figure scaled up by a factor three. Altogether it is

concluded that the effective Lagrangian model is in good agreement with the Λ+
c cross

section found in this work. However, the values for gNBcD and κc used in [28] which

are listed above are not a priori known. Data of the type presented in this thesis can

be used to fix such parameters.

In the effective Lagrangian model the dynamics appearing at the parton level are

untouched as the entire problem is treated at the meson-baryon level. This is in contrast

to PGF (as used in AROMA) where the calculation is performed at the partonic level.

For this reason it is not possible to combine the two models. At best one can argue
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that the ELM result effectively captures the higher order corrections not contained in

the LO PGF calculations.

Another process contributing to exclusive Λ+
c production is quark interchange [27]

QI, introduced as a source of contamination for the measurement of ∆G/G. In princi-

ple this process could also contribute to the obtained Λ+
c cross section. However, the

QI process is believed to result in less transverse momentum for the Λ+
c baryon [68]

than the PGF process. Therefore, the PT -cut applied to the data may effectively have

removed the QI contribution. As no event generator was available for the QI process,

this could not be verified using a Monte Carlo simulation. Alternatively, it has been

tried to look for a Λ+
c peak in different ranges of the transverse momentum of the Λ+

c .

However, the statistics are insufficient to split up the data in more than one PT bin.

Although the Λ+
c photoproduction cross section near threshold has not been deter-

mined with great precision, the value found in this work is surprisingly high. Possible

reasons to explain this are a threshold enhancement in charm photoproduction [65],

Λ+
c baryons produced via other mechanisms than contained in leading order PGF, or

QI . It is also observed that the total charm cross section near threshold usually quoted

in the literature might well be low due to an inadequate description of the fragmen-

tation probabilities of charmed quarks into charmed hadrons. The small significance

of the Λ+
c signal implies that the cross section σlN→Λ+

c X should be handled with care.

For this reason it would be desirable to obtain additional data. A significance of 3.0 for

the Λ+
c peak can be achieved roughly by doubling the statistics used in this analysis.

4.4 Spin asymmetries for Ξ and Σ? hyperon produc-

tion

Using the results obtained in section 4.3 for Ξ and Σ? photoproduction, the double spin

asymmetry for the production of these hyperons is determined. These asymmetries are

of importance since the hyperons involved each have a different quark content and can

thus provide information on the polarization of individual quark flavors in the nucleon.

It should be noted, however, that this method is not expected to be competitive with

the usual methods used to decompose the flavor dependence of the nucleon spin, since

(i) the production mechanism may involve more than 1 process which will typically

wash out the asymmetries; (ii) in photoproduction the x-dependence cannot be meas-

ured; and (iii) the statistics is low.

Nevertheless, it is of interest to evaluate the asymmetries in particular for the

Ξ+ (Ξ+=d̄s̄s̄) and the Σ
?±

hyperons which are all-sea objects. Assuming that these
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hyperons are produced by scattering off an sea anti-quark, the asymmetry gives infor-

mation on the sea quark polarization. This information is otherwise hard to obtain.

From the counts obtained with the beam and target polarization oriented parallel

(↑⇑) or anti-parallel (↓⇑) an asymmetry can be built:

A‖ =
N↓⇑s − N↑⇑s

N↓⇑s + N↑⇑s

, (4.17)

where N↑⇑s and N↓⇑s are the number of counts obtained with the beam and target polari-

zations oriented parallel and anti-parallel. On page 37 it was shown that the asymmetry

obtained with the luminosity detector is zero within errors when all data from ’98 -

’00 are taken together. Therefore, no luminosity weighting has been performed for the

determination of A‖. The subscript s denotes signal and will in this section mean the

count rate of the hyperon under consideration, after background subtraction.

The number of counts needed to calculate the asymmetry is obtained from the

appropriate interval in the (p, π−, π) and (p, π+, π) mass distributions. Events tagged

with a Λ hyperon give the number of signal plus background events. The number of

background events is determined by requiring M(p,π) outside the Λ mass interval. For

the Ξ mass interval the PDG mass value plus or minus 3σ (σ = 3.1 MeV as taken from

table 4.8) is used, and for the Σ? the mean mass plus or minus the full width (both

from [55]) defines the interval. In table 4.11 the actual mass ranges used are given to-

gether with the counts obtained from the mass spectra for the two relative polarization

states. In the column labeled Λ candidates the number of counts is a combination of

signal and background. In the column where the (p,π−)-pair was required not to be a

Λ an estimate of the background is given, while the mass regions in which the counting

is performed are also given in the table. The normalization regions for the background

estimate are the same as the one mentioned in section 4.3.1.

From the number of counts listed in table 4.11 two different asymmetries are eva-

luated which are listed in table 4.12. After subtraction of the number of counts outside

the Λ region from the number of counts inside the Λ region for the same relative spin

orientation the raw asymmetries ANBG
|| for the Ξ and Σ? hyperons are obtained. It is

realized that the background obtained from the number of counts outside the Λ peak

may also have an asymmetry which can influence the extracted asymmetry ANBG
|| due

to the relatively small signal over background ratio. In order to study this effect the

asymmetry has also been calculated using a background which has been averaged over

the two polarization states. The result is listed as Aaver
|| in table 4.12.
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Table 4.11: Number of counts obtained in the mass regions where Ξ and Σ? hyperons

are observed. In the columns marked Λ candidate the mass of the (p,π−) or (p,π+)

pair was required to be between 1.108 GeV and 1.123 GeV. For the column where no

Λ candidate was required the mass intervals ranged from 1.08 GeV to 1.103 GeV and

from 1.13 GeV to 1.17 GeV.

Particle mass interval Λ candidate no Λ candidate

[MeV] anti-parallel parallel anti-parallel parallel

Ξ− [ 1312.0, 1330.6 ] 958 957 580 620

Σ?− [ 1347.8, 1426.6 ] 4003 3961 3210 3091

Σ?+ [ 1347.0, 1418.6 ] 2541 2611 2142 2173

Σ
?−

[ 1347.0, 1418.6 ] 478 464 379 322

Ξ+ [ 1312.0, 1330.6 ] 206 199 90 96

Σ
?+

[ 1347.8, 1426.6 ] 760 695 502 543

For the double spin asymmetries of the Ξ−, Σ?−, Σ?+, Ξ+ and Σ
?+

hyperons con-

sistent results are obtained for the two different background subtraction methods. The

difference between the asymmetries obtained from the two methods shows no system-

atic effect for these five hyperons. Furthermore the asymmetries of the Ξ± and Σ?±

are each consistent with zero while a positive asymmetry is found for the Σ
?+

for both

background subtraction methods. For the Σ
?−

the two background subtractions show a

large influence on the subtraction method used. The average of these is, however, con-

sistent with zero. In this case (Σ
?−

) the inconsistency of ANBG
|| and Aaver

|| also reflects

the large uncertainties in the yield of this hyperon due to the background subtraction

problems for this hyperon discussed in sect 4.3.

In the last column of table 4.12 the actual double-spin asymmetries for 5 of the 6

hyperons are listed using

A1 =
1

〈PTargetPBeam〉〈D〉A
aver
|| . (4.18)

where 〈PTargetPBeam〉 = 0.476 and the average depolarization factors have been cal-

culated for each particle separately using the PYTHIA Monte Carlo. It ranges from

0.57 to 0.76 where the lower limit applies to the hyperons and the upper limit to the

anti-hyperons.

No value for A1 is listed for the Σ
?−

hyperon as no stable result for A|| could be
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Table 4.12: Double-spin asymmetries for the Ξ and Σ0 particles after normal back-

ground subtraction ANBG
|| , and after subtraction of a background averaged over the

relative polarization states Aaver
|| .

Particle quark content ANBG
|| Aaver

|| A1

Ξ− dss 0.06± 0.06 0.00± 0.05 0.00± 0.18

Σ?− dds −0.05± 0.06 0.03± 0.04 0.11± 0.14

Σ?+ uus −0.05± 0.09 −0.08± 0.07 −0.3± 0.3

Σ
?−

ūūs̄ −0.18± 0.11 0.06± 0.09

Ξ+ d̄s̄s̄ 0.05± 0.08 0.03± 0.08 0.1± 0.2

Σ
?+

d̄d̄s̄ 0.26± 0.08 0.16± 0.07 0.44± 0.19

obtained. In most other cases A1 is consistent with zero , while for Σ
?+

production a

positive value is observed. The asymmetries observed for the various hyperons cannot be

compared to existing predictions as these are not available. In general the interpretation

of these asymmetries is complicated because various processes may contribute to the

production of the Ξ and Σ? hyperons:

• direct coupling of the photon to a pre-existing quark in the nucleon.

• photon-gluon fusion, i.e. the photon splits into a quark-antiquark pair, of which

one interacts through gluon exchange with an other quark in the nucleon. (see

fig. 4.1)

• production of a heavier hyperon which decays into one of the observed Ξ or Σ?

hyperons.

As both PGF and heavy meson production are suppressed at our energy scale, it is likely

that the direct coupling is dominant (a careful Monte Carlo study is required to confirm

this Ansatz). The initial coupling will typically involve the quark flavor of which two

are present in the hyperon (s in Ξ−, d̄ in Σ
?+

, etc.). If this is true, the asymmetries

measured imply that the quark polarizations at very low x (∼ 3 ·10−3) are mostly zero,

which is consistent with existing data on ∆u, ∆d and ∆qsea (see [6]). It also implies that

the strange quark polarization is zero at low x, which represents new information. Most

surprisingly, however, is the observation that ∆d̄ could be large and positive at very

low x since we measured that A
Σ

?+ ≈ 0.44±0.19. This is potentially a very interesting

observation since it leads, under the assumption that A
Σ

?− is consistent with zero6, to

6Although no value for A
Σ

?− is given in table 4.12 the assumption that A
Σ

?− ≈ 0 appears reasonable
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the conclusion that the quantity ∆ū−∆d̄ < 0 at very low x. The quantity ∆ū−∆d̄

is also accessible at HERMES in semi inclusive DIS analysis. In Ref. [69] it was found

to be consistent with zero with large error bars, i.e. not inconsistent with the present

result. In Ref. [70], on the other hand, ∆ū − ∆d̄ was predicted to be positive using

an instanton model for the quark structure of the nucleon. Therefore, the obtained

double spin asymmetries for the Σ
?+

and the Σ
?−

hyperons might possibly reject this

model. However, while these arguments show the potential interest in measurements

of this kind, careful Monte Carlo studies involving each of the mentioned mechanisms

are needed before more definite conclusions can be drawn.

4.5 Spin asymmetries for partially reconstructed

Λ+
c baryons

The number of counts obtained in the complete reconstruction of the Λ+
c baryon

through the Λ0π+ decay is insufficient for an asymmetry calculation. Therefore, more

Λ+
c decay channels need to be taken into account. In table 4.13 the Λ+

c decay channels

involving a Λ0, or a Σ0 subsequently decaying into a Λ0 and a γ, and at least one π+ are

given. The Σ0 decays almost exclusively into a Λ0 and γ (B.R. ≈ 100%). Instead of

reconstructing the Λ+
c baryon for each of these decay channels, only a partial recon-

struction of the final state, i.e. the Λ+
c baryon, is presented in this section. In the data

we require a Λ0 and a π+ to reconstruct a (Λ0,π+)-spectrum. To determine the fraction

of events coming from a Λ+
c baryon, Monte Carlo simulations for both Λ+

c production

and the background are performed.

The simulations are used to identify a kinematic domain which is likely dominated

by partially reconstructed Λ+
c events. For these events a double-spin asymmetry is de-

termined.

When searching for partially reconstructed Λ+
c baryons, we consider the Λ0π+-

spectrum in the invariant mass range from 1.45 GeV to 2.32 GeV. The lower limit on

the mass range is needed to exclude the Σ?+ from the sample and the upper mass limit

corresponds to the PDG Λ+
c mass plus 3σ with σ = 11.1 MeV as taken from the Monte

Carlo (see Sect. 4.3.2).

From the analysis which led to the complete reconstruction of the Λ+
c baryon it is

clear that the transverse momentum PT,Λ0 of the Λ0 with respect to the Λ+
c direction

is a good quantity to put restrictions on in order to improve the signal. In the case of

partially reconstructed Λ+
c events this is also true albeit less pronounced. This can be

in view of the values for ANBG

|| and Aaver

|| listed in the same table.
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Table 4.13: Λ+
c decay channels involving a Λ0 or Σ0 hyperon in the final state with their

branching ratios as taken from [55]. As the Σ0 decays predominantly to a Λ0γ (B.R.=

99.51±0.05%), all the listed decays are included when a Λ0π+ final state is considered.

decay channel B.R.

Λ0π+ 0.0090± 0.0028

Λ0π+π0 0.036± 0.013

Λ0π+π+π− 0.033± 0.010

Λ0π+η 0.018± 0.006

Σ0π+ 0.0099± 0.0032

Σ0π+π0 0.018± 0.008

Σ0π+π+π− 0.012± 0.004

total 0.14± 0.02

understood by considering the decay in the Λ+
c rest frame. As more decay products are

present less energy is available per decay product because the energy is shared with

more particles, and because it results in a smaller mass difference between the initial

and final state particles. Thus the average momentum for a decay product becomes

smaller as compared to the 2-body Λ0π+ decay which consequently means a lower av-

erage transverse momentum with respect to the Λ+
c direction.

Another quantity, not used so far, to put requirements on is the transverse momen-

tum PT,Λ+
c

of the Λ+
c baryon with respect to the (virtual) photon or beam direction. The

motivation to place requirements on PT,Λ+
c

is the relatively large transverse momen-

tum of charm quarks produced by the PGF mechanism that hadronize into a Λ+
c baryon.

For nine different intervals in (PT,Λ0 , PT,Λ+
c
)-space the (Λ0,π+) signal, where the

Λ0 originates from a Λ+
c decay, and the (Λ0,π+)-background yields are generated using

Monte Carlo simulations. The signal events originate from a charm PGF event genera-

ted with the AROMA Monte Carlo. The mass of the charm quark was set to 1.35 GeV.

The background is generated with the PYTHIA event generator. The normalization

of the Monte Carlo results is not taken from the generator programs themselves as

AROMA was shown to underestimate the Λ+
c photoproduction cross section by a factor

27.4 (see section 4.3.2), while PYTHIA was seen to overestimate the Σ?+ (→ Λ0π+) cross

section by a factor 7.3 (see sect. 4.3). For this reason we have multiplied the Monte

Carlo results by factors of 27.4 and 1/7.3, respectively. The results are expressed in µb

for both signal and background events, and listed in table 4.14 together with the S/B
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Table 4.14: Signal and background yield together with their ratio from Monte Carlo for

nine intervals in (PT,Λ0 ,PT,Λ+
c
)-space. The normalization of the signal events is deter-

mined from the Λ+
c cross section found in this work (see Eqn. 4.8). The normalization

of the background events is based on the Σ?+ yield from the PYTHIA Monte Carlo

compared to the yield found in the data (see table 4.8).

PT,Λ+
c

[GeV] PT,Λ0 [GeV] S B S/B

[ 0.0, 0.3 ] 1.4 · 10−6 1.2 · 10−5 0.11

[ 0.0, 0.6 ] [ 0.3, 0.6 ] 2.1 · 10−6 1.2 · 10−5 0.17

[ 0.6, 0.9 ] 2.9 · 10−7 6.0 · 10−7 0.49

[ 0.0, 0.3 ] 1.1 · 10−6 5.4 · 10−6 0.20

[ 0.6, 1.2 ] [ 0.3, 0.6 ] 1.3 · 10−6 2.9 · 10−6 0.45

[ 0.6, 0.9 ] 1.8 · 10−7 1.3 · 10−7 1.4

[ 0.0, 0.3 ] 1.2 · 10−7 2.4 · 10−7 0.51

[ 1.2, 1.8 ] [ 0.3, 0.6 ] 1.4 · 10−7 1.2 · 10−7 1.2

[ 0.6, 0.9 ] 4.0 · 10−8 1.3 · 10−8 3.1

ratios evaluated from these values (before they where rounded). From the table it can

be seen that the PGF signal improves (as compared to the background) from 0.11 at

lowest PT values to 3.1 at the highest PT values. It is concluded that transverse mo-

mentum requirements are very effective in isolating PGF events. It should be realized,

however, that the absolute value of the quoted S/B ratios is uncertain. The quoted

renormalization factors of AROMA and PYTHIA are not rigorously determined in the

absence of precise charm production cross sections at threshold and in view of the diffi-

culties (see sect. 4.3.1) in reproducing the Λ0π spectrum. Moreover, the AROMA Monte

Carlo results depend on the value of the charm mass. For example, the PT,Λ+
c

distribu-

tion is shifted to larger values (and hence the S/B ratios increase) if the charm mass

is reduced from 1.35 GeV to 1.2 GeV.

The same intervals for PT,Λ0 and PT,Λ+
c

as used for table 4.14 are used for the de-

termination of the asymmetries shown in figure 4.15. The other requirements used are

the same as for the reconstruction of the Λ+
c peak (see sect. 4.3).

The asymmetry is determined from the number of Λ0 hyperons observed in coin-

cidence with a π+ meson found for the relative polarization states of the target and

beam. The counts are taken within three standard deviations of the center of the
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Figure 4.15: Raw asymmetries for a Λ0 hyperon tagged with a π+ meson. The mass

of the (Λ0,π+)-system ranges from 1.45 GeV to 2.32 GeV. The errors are statistical

only. No data are shown for 1998 and 1999 in the right-lower panel (9) due to lack of

statistics. The rightmost data point in each panel (open symbols) represents the 4-year

average.



Λ+
c photo-production 73

Λ0 mass peak as determined from fits for each year separately. The Λ0 peak widths

(σ values) are given in table 4.15. The subtracted background is determined from the

Table 4.15: Value for the standard deviation obtained after fitting a Gaussian shape

for the signal plus a first order polynomial for the background through the π+-tagged

Λ0 mass spectra for four different data-taking periods. The different values for the

widths are due to changes in the HERMES detector set-up. Notably, in 1998 a RICH de-

tector was installed, which caused a deterioration of the resolution.

year of data-taking σ [MeV]

1997 1.99

1998 2.24

1999 2.65

2000 2.52

counts in the mass region which is 5σ to 9.5σ away from the PDG Λ0 mass. The mass

of the Λ0 π+ system had to be above 1.45 GeV and under 2.32 GeV as explained before.

In each of the nine panels of figure 4.15 the asymmetry derived from each of the

four years for which data were analyzed, is shown separately with 1997 always the first

point on the left. If there is no data point displayed no events are found for one or both

of the relative polarization states. From the figure it can be seen that the asymmetries

obtained in the different years generally agree within their errors. However, the 1998

values are low compared to the all-years average in two panels, and the 1999 values

are high in two other cases. It is noted, however, that several 2σ and 3σ deviations are

to be expected in a collection of 36 independent measurements. For that reason, the

outlying data points are considered to be the result of statistical fluctuations. To arrive

at the asymmetry for the complete data sample, shown as the rightmost data point in

each panel, the counts obtained in the four years are first added for each combination

separately, where-after the asymmetry calculation is performed.

As both electron and positron beams, and both hydrogen and deuterium targets we-

re used over the four years investigated, we need to consider whether these differences

might affect the measured asymmetry. An effect coming from the beam lepton is unli-

kely since the available energy is too low for Z or W exchange which otherwise could

cause differences between electron and positron scattering. The effect of using two dif-

ferent targets was investigated by simulating events with the PYTHIA Monte Carlo for

a proton and a neutron target. No significant difference for the production of (Λ0,π+)-
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pairs was observed (see table 4.7). With the AROMA Monte Carlo lepton scattering

on only a proton can be simulated. However, application of an isospin transformation

(exchange of u and d quarks) on the proton can be used to simulate scattering on a

neutron. At the threshold for production of a Λ+
c baryon in lepton-proton scattering an

associated D
0

meson will be produced. The isospin transformed process corresponds to

the production of a Λ+
c baryon associated with a D− meson on a neutron target. As the

difference in the masses of the D
0
(M(D

0
)=1864.5 MeV) and D− (M(D−)=1869.3 MeV)

mesons is only a few MeV the cross section of the Λ+
c baryon on a neutron target is

expected to be similar to that on a proton target. Therefore, there is no reason for not

adding the results of the four different years of data taking.

In section 4.2 it was found that the double spin asymmetry of the events collected

with the luminosity monitor was consistent with zero, as it should be since no special

requirements were made. In order to arrive at a double spin asymmetry different from

zero a spin dependent scattering process should occur such as scattering of polarized,

i.e. spin-aligned quarks or gluons in the proton. In figure 4.15 the asymmetries for the

combined data set are equal to zero in most panels, as expected for background proces-

ses such as heavy hyperon production (see sect. 4.4). However, we observe 2 exceptions.

In the upper left panel a small negative asymmetry is found, and in the upper middle,

middle right and lower right panel a small positive asymmetry is found. In view of

the results displayed in table 4.14 the small asymmetries in two upper panels cannot

be connected to PGF, but are more likely connected to different mixtures of hyperon

production processes in which the Pmax
CM is much lower (see table. 4.4) and the asym-

metries are close to zero (see table 4.12). Moreover, according to PYTHIA there is no

evidence of specific channels dominating the events of the two upper panels, where an

asymmetry can be observed. Therefore, no further attempts have been made to under-

stand the cause of these small asymmetries. Since the S/B ratio for the PGF process

was shown to increase when going from the upper left panel in figure 4.15 to the lower

right panel (table 4.14) an asymmetry that can be associated with the PGF process

is only expected in panels 6, 8 and 9, each corresponding to high PT values for the

Λ0 and Λ+
c . As indeed a non-zero double spin asymmetry is observed in panel 6 and 9,

while no such asymmetries are seen in the preceding panels it is possible to associate

the asymmetry partially with the PGF process.

Let us therefore examine the actual number of counts obtained in the nine areas in

(PT,Λ0 ,PT,Λ+
c
)-space. For this the counts are first expressed in µb such that comparisons

with table 4.14 are easily made. For the determination of the ratio between the yields

from the two Monte Carlo programs and the data the values listed in table 4.14 are

used.
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Table 4.16: Number of π+-tagged Λ0 counts in the two relative beam-target polarization

states for nine intervals in (PT,Λ0 ,PT,Λ+
c
)-space, together with their sum. The total

number of counts is also expressed in µb for comparison with table 4.14. The conversion

factor of 257.89 pb−1 is taken from table 4.2. The ratio of the number of counts from

the data and from the PYTHIA and AROMA Monte Carlos are given in the last two

columns.

PT,Λ+
c

PT,Λ0 Nsum

[GeV] [MeV]
N↓⇑ N↑⇑

[µb]
NPYTHIA

NDATA

NAROMA

NDATA

[ 0.0, 0.3 ] 607.1 711.5 1319 5.11 · 10−6 2.43 0.26

[ 0.0, 0.6 ] [ 0.3, 0.6 ] 2283 2213 4496 1.74 · 10−5 0.74 0.12

[ 0.6, 0.9 ] 300.8 301.7 602.4 2.34 · 10−6 0.26 0.12

[ 0.0, 0.3 ] 650.8 570.3 1221 4.73 · 10−6 1.15 0.23

[ 0.6, 1.2 ] [ 0.3, 0.6 ] 1100 1099 2199 8.53 · 10−6 0.34 0.15

[ 0.6, 0.9 ] 153.0 148.5 302 1.17 · 10−6 0.11 0.15

[ 0.0, 0.3 ] 63.5 62.8 126.2 4.90 · 10−7 0.48 0.25

[ 1.2, 1.8 ] [ 0.3, 0.6 ] 87.6 60.8 148.3 5.75 · 10−7 0.21 0.22

[ 0.6, 0.9 ] 17.0 10.7 27.7 1.08 · 10−7 0.12 0.37

Even though the PYTHIA cross section was normalized to the observed Σ?+ yield

an overestimation of PYTHIA for PT,Λ0 under 0.3 GeV can be seen in the table (i.e. in

total for PT,Λ0 < 0.3 GeV NPYTHIA/NDATA = 1.75). In the region where the relative

contribution of the PGF process increases the PYTHIA estimate falls below the data,

thereby enabling other possible processes not generated in PYTHIA to account for the

remaining strength. This is especially true for PT,Λ0 between 0.6 GeV and 0.9 GeV.

However, the AROMA yield does not completely fill the room left over by PYTHIA.

This could mean that the charm quark mass of 1.35 GeV used for the generation of

PGF events should be lowered as this shifts the average transverse momentum of the

generated Λ+
c baryons to larger values. In view of the S/B ratios listed in table 4.14,

the positive double spin asymmetries in the middle and lower right panel of figure 4.15

could be due to the PGF process. However, the uncertainty associated with the normal-

ization of the Monte Carlo codes prevents us from a precise estimate of the background

contribution at high PT .

Driven by the asymmetries in figure 4.15 for the total dataset, and the S/B ratios

listed in table 4.14, a subdivision into two (PT,Λ0 ,PT,Λ+
c
)-regions is made. Region I
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Figure 4.16: Raw asymmetries for signal region (filled squares) and for the background

region (open circles). For the left plot the events in panel 6, 8 and 9 were combined to

represent the signal and the left-over panels for the background. In the right plot panel

6 and 9 were used for the signal and the other panels for the background.

comprises the panel 6, 8 and 9 in figure 4.15 and Region II the other panels. In the

left panel of figure 4.16 the results are shown. The filled squares correspond to region

I and the open circles to region II. In region I a positive asymmetry of 0.08 ± 0.05 is

found while the observed asymmetry of −0.003 ± 0.010 in region II is consistent with

zero. For the right panel in the figure the minimal value for PT,Λ+
c

has been increased

to 1.2 GeV in order to set an additional hard scale. Comparison of the two panels in

figure 4.16 shows that the requirement of a hard scale leads to a more pronounced raw

asymmetry.

An estimate for the signal and background in the data is made using the S/B ratio

listed in table 4.14. If we assume that the background process is not contributing to

the asymmetry A can be connected to the gluon polarization ∆G/G according to

∆G

G
=

A

fPGF âPGF D PTarget PBeam

. (4.19)

The variables âPGF, D, PTarget and PBeam in the formula have been introduced before

on pages 16 and 32 but were not quantified. The average value for the combined beam

and target polarization is equal to 0.476 and 〈âPGFD〉 = 0.67 ( 〈âPGF〉 = 0.71 and

〈D〉 = 0.95) as determined from the Monte Carlo, where the same restrictions as in

the data were used. The fractional contribution of the PGF process, fPGF follows from

the S/B ratios given in table 4.14 using:

fPGF =
S/B

S/B + 1
. (4.20)
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Table 4.17: Raw asymmetries in the ’97 -’00 data, and the ∆G/G values obtained from

these asymmetries, for the (PT,Λ0 ,PT,Λ+
c
) regions where the S/B ratio (see table 4.14)

is above one. For reference the fPGF which were used are also shown.

panel PT,Λ+
c

PT,Λ0 fPGF A ∆G/G

6 [ 1.2, 1.8 ] [ 0.3, 0.6 ] 0.54 0.18± 0.08 1.05± 0.46± 0.46

8 [ 0.6, 1.2 ] [ 0.6, 0.9 ] 0.58 0.01± 0.06 0.05± 0.32± 0.02

9 [ 1.2, 1.8 ] [ 0.6, 0.9 ] 0.75 0.23± 0.18 0.96± 0.75± 0.42

For each panel in figure 4.15 with an S/B ratio above one (table 4.14) ∆G/G is eva-

luated assuming that the observed asymmetry in the data is due to the PGF process.

In table 4.17 the raw asymmetries obtained from the data (panel 6, 8 and 9) and the

∆G/G values determined from these are listed.

In the statistical uncertainty of ∆G/G only the contribution of the errors in the meas-

ured asymmetry is taken into account. The statistical errors associated with 〈âPGF〉,
〈D〉, PTarget and PBeam are much smaller and are thus not considered. The systematic

uncertainty of ∆G/G is driven by the uncertainty in fPGF wich is unknown and possibly

very large. The quoted systematic uncertainty has been evaluated by assuming that the

uncertainty in the Λ+
c yield, which drives the AROMA normalization is directly driving

the uncertainty in fPGF. From the statistical error for the Λ+
c cross section a relative

systematic uncertainty of 44%7 is obtained. In order to reduce this uncertainty the

analysis needs to be continued with new data. Especially the observation of a Λ+
c peak

with larger significance will be helpful.

The combined data of panel 6, 8 and 9 result in an asymmetry of 0.08 ± 0.05.

Making use of fPGF = 0.58 evaluated from the normalized signal (S) and background

(B) yields (given in table 4.14) a value for ∆G/G of

∆G

G
= 0.43 ± 0.27 stat ± 0.19 syst. (4.21)

at an average 〈Q2〉 = 0.31 GeV2 is obtained. After requirement of an additional hard

scale (i.e. PT,Λ+
c

> 1.2 GeV), the data corresponding to panel 6 and 9 give A =

0.17 ± 0.08. With fPGF = 0.58 the value of ∆G/G becomes

∆G

G
= 0.92 ± 0.38 stat ± 0.40 syst. (4.22)

7A consequence of a percentual error is a systematic uncertainty in ∆G/G that scales with the

value of ∆G/G.
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The obtained positive value for ∆G/G with the inclusion of an additional hard scale is

somewhat high but consistent with the value of ∆G/G=0.63+0.20
−0.19 at Q2 = 1 GeV2 [11]

obtained from a fit to the world data on inclusive spin-dependent scattering using the

Altarelli-Parisi equations. It is also consistent with the result of the HERMES high-

pT analysis [13], i.e. ∆G/G = 0.41 ± 0.18 (stat) ± 0.03 (syst) and the value for

∆G/G of 0.85 ± 0.17 (stat) ± 0.16 (syst) obtained in [52] on the basis of D0 mesons

and the value of 1.08 ± 0.76 (stat) ± 0.81 (syst) obtained in [6] from a ∆qf analysis.

Although the exact value of the model uncertainty on the obtained value of ∆G/G is

hard to estimate, it is gratifying that all results obtained for ∆G/G are consistent

despite large uncertainties for each individual determination. In fact the situation for

the presently obtained value for ∆G/G is quite similar to the value obtained from the

high-pT pair analysis: a clear indication is found for a large positive gluon polarization,

but the systematic uncertainty due to possible background contributions is hard to

quantify.

4.6 Conclusions

In this chapter a search for Λ+
c photoproduction events in the HERMES 1997-2000 data

is presented with the aim of determining the double spin asymmetry for the production

process, which is possibly related to the gluon polarization ∆G/G.

For the Λ+
c decay channel Λ0π+ 16 events were identified with a significance of

2. This number of events results in a Λ+
c electroproduction cross section of (14 ±

6 stat ± 5 syst) nb which can be transformed into a Λ+
c photoproduction cross section

of (538 ± 231stat ± 188syst) nb. A comparison of the measured value of the Λ+
c photo-

production cross section with existing estimates of the total open charm photo-pro-

duction cross sections at the same energy indicates that the present value is high. As

the open charm cross sections are derived from D meson photoproduction cross secti-

ons, they depend on an assumed probability for a charmed quark to fragment into a D

meson. Examples in the literature demonstrate that the existing Monte Carlo model

for this fragmentation process does not always reproduce the data. Therefore, the total

open charm photoproduction cross sections might have been underestimated - at least

at threshold. Furthermore, a threshold enhancement for the production of Λ+
c and Σc

particles might result in a larger cross section than anticipated from the D meson mea-

surements alone.

The Ξ and Σ? hyperons which decay into a Λ and π were identified as well in

the analysis. Comparison of the yield with that expected from the PYTHIA Monte
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Carlo shows that this simulation sometimes grossly overestimates the data. Double

spin asymmetries for the Ξ and Σ? hyperons are mostly zero, except in the case of the

Σ
?+

hyperon where a positive asymmetry of 0.44 ± 0.19 is found. This value with an

zero asymmetry for the Σ
?−

hyperon possibly imply that ∆ū − ∆d̄ < 0 for small x

values under the assumption that the quark on which the scattering took place is the

one most abundant in the observed hyperon.

Non-zero asymmetries for partially reconstructed Λ+
c baryons are found if the trans-

verse momenta PT,Λ0 and PT,Λ+
c

are taken sufficiently high. These results were found

to be stable in different data taking years. The AROMA and PYTHIA Monte Carlo

simulations confirm that the sensitivity to PGF increases in the region of (PT,Λ0 ,PT,Λ+
c
)-

space where an asymmetry is observed. The asymmetry can be associated with PGF if

the AROMA Monte Carlo is normalized to the observed Λ+
c cross section obtained in

this work and the PYTHIA background Monte Carlo is normalized using the observed

Σ?+ yield.

After proper normalization of the AROMA Monte Carlo yield a value for ∆G/G of

0.92 ± 0.38 stat ± 0.40 syst is found. This value is consistent with the value found

in the HERMES high-pT analysis [13] and also comparable to the value of ∆G/G of

0.85 ± 0.17 (stat) ± 0.16 (syst) determined from the asymmetry from D mesons [52].

Despite remaining model uncertainties, which are hard to estimate, in each of these

determinations of ∆G/G, it is striking that all the values are consistent. As the asso-

ciated uncertainties are entirely independent, the obtained results reinforce each other.

In fact the available analyses provide strong support for a positive gluon polarization

at high xg.


