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Abstract

Experimental observables for hyperon-deuteron (Yd) scattering are important in

the study of the YN interaction and, especially, the YNN three-body interaction. YN

scattering experiments are difficult and lacking due to the short lifetime of hyperons.

Currently, there is a very limited database for YN elastic scattering cross-sections, and

there is no data on Yd elastic scattering cross-sections. The high-luminosity Jefferson

Lab experiment E06-103 (g13), in which a real-photon beam was incident on a 40-cm-

long liquid deuteron target, offers a unique opportunity to look for hyperon-deuteron

elastic scattering signal, Λd being the most promising. In such a dataset, the Λ is

photoproduced off a deuteron in the target and scatters off another deuteron in the

same target cell. The objective of this work is to search for a Λd elastic scattering

signal in a g13 data subset. By detecting the final state deuteron, and the proton

and pion from Λ decay, reconstruction of the scattered and beam Λ invariant masses

has been possible via four-momentum conservation in the elastic scattering process.

A preliminary estimate of the number of events shows that about 4000 Λd elastic

scattering events should be in the g13 data set. Thus, it is feasible to extract the

total and differential cross sections as well as the Λ induced polarization for several

kinematic bins.
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Chapter 1

Introduction

Hyperon-nucleon (YN) and hyperon-nucleon-nucleon (YNN) interactions play a crit-

ical role in some of the current models of few-solar-mass neutron stars [1]. The

conversion of neutrons into hyperons in neutron stars would soften the equation of

state of the stars due to the repulsive YN force, but it is not enough to explain

the observation of neutron stars with two solar masses [2]. More repulsive forces are

required; the YNN three-body interaction is one candidate. While hypernuclear spec-

troscopy provides important constraints for modern YN potentials, the interpretation

of hypernuclear data requires modeling of nuclear medium effects, which adds another

level of complexity and uncertainties [3]. Hyperon-nucleon scattering is the cleanest

method to constrain the constants of YN potentials, but the existing data base is

severely limited. For this reason, YN scattering has been investigated at J-PARC

and the Thomas Jefferson National Accelerator Facility (JLab). Some of the simplest

reactions to investigate YN scattering are Σ±p and Λp elastic scattering. YN scatter-

ing studies currently involve using an experiment’s target as both a hyperon "beam

factory" and a secondary target. On a single-event basis, a hyperon is produced off

a particle in the target and scatters off another particle in the same target cell. Due

to the short hyperon lifetimes, some of the detected particles in each YN scattering

event come from hyperon decay (e.g., pπ− from Λ decay) and allow for reconstruction

of the scattered hyperon four-momentum. By measuring all final-state particles, the

four-momentum of the hyperon beam can be reconstructed. Thus, studying YN scat-

tering can be feasible without needing experimental conditions specifically designed
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for this purpose as long as the luminosity of the primary experiment is sufficiently

high.

This method has been used in the study of Λp elastic scattering at JLab in the

g12 experiment [4], where Λ hyperons were photoproduced off protons in the liquid

hydrogen (LH2) target used in the experiment. Since Λ decays primarily into either

pπ− (63.9% probability) or nπ0 (35.8% probability), events for which these hyperons

scattered elastically off another proton in the target had two protons and a pion or

a proton, neutron, and two photons (from the decay of the very-shortly living π0) in

the final state. Due to the large acceptance of the CLAS for multiple-charged-particle

final states, only the ppπ− measured final state was considered. Enhancements at the

Λ mass (mΛ = 1.116 GeV/c2) were observed in the reconstructed beam and scattered

pπ− invariant masses.

To study Σ±p scattering, the J-PARC e40 experiment has also been utilizing this

method [5]. The Σ were produced in the interaction of a pion beam with a proton

target (LH2) via the reaction π±p → K+Σ±. The Σ− decays into nπ− (with 99.85%

probability), and the Σ+ decays into either pπ0 (51.57%) or nπ+ (48.31%). The

Σp scattering events can be identified kinematically by requiring four-momentum

conservation (in the Σp elastic scattering process) using measurements of the π±

beam, the recoil proton, the K+, and the charged decay products of the Σ. So far,

official results of J-PARC e40 state a signature for Σ−p elastic scattering is observed,

but data is still being collected for Σ−p and data is yet to be collected for Σ+p.

Whereas YN scattering data are extremely sparse, no YNN scattering data exist.

This work serves as a stepping stone for the first cross-section measurement of a YNN

elastic scattering, specifically Λd elastic scattering using data from the CLAS g13a

experiment which uses a circularly-polarized photon beam incident on an unpolarized

liquid deuterium target. The method used to measure Λd elastic scattering in CLAS

g13a is the same as the method used to study Λp elastic scattering in CLAS g12:
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photoproduction of Λ particles off deuterons in the target (versus off protons, as

in g12), which then scatter elastically off other deuterons in the same target cell.

The acceptance of CLAS for neutral particles is much lower than the acceptance for

charged particles, so only the Λ → pπ− decay channel is considered. We observe

enhancements at the Λ mass (mΛ = 1.116 GeV/c2) in the reconstructed beam and

scattered pπ− invariant mass distributions. In the beam invariant mass distribution,

an enhancement at the Σ0 mass seems plausible, alluding to the observation of Σ0 +

d → Λ + d reaction events.
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Figure 3.6: Left: Distribution of coincidence times between tagged photons and the
fastest particle track, per event. The red vertical lines depict the ±1ns region used to
determine if a photon is "good". Right: Distribution of the number of good photons
per event as determined by the coincidence time between the photon and fastest
track.
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distribution. The red lines depict the region used to omit events
corresponding to γd → ppπ− reaction misidentification.
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Figure 3.8: Left: event distribution of deuteron momentum vs. e-loss for events re-
moved by the pπ− missing mass cuts. One can see a signature for deuterons, protons,
pions, and an unphysical signature. The deuterons removed by the missing mass
cut do not come from Λd elastic scattering. Right: event distribution of deuteron
momentum vs. e-loss after the pπ− missing mass cut is applied. A proton, pion, and
unphyical signature can still be seen along with a deuteron signature.

seen in Fig 3.8 (left). Figure 3.8 (right) shows the e-loss distribution of all events

in our sample after the veto cut is applied. There are remaining accidental protons,

which must have another origin. The cut also removes some deuterons, as well as

pions, that are in the background under the missing-proton mass peak, but these do

not show to be deuterons from Λd elastic scattering. For the purpose of the feasibility

study, we did not attempt to explore different methods for reduction of these acci-

dental events. We have found out that their contribution to the background under

the Λ beam mass peak is very weak. Further studies will have to be done in a more

elaborate yield-extraction procedure.
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3.3 Reaction Selection

The two-step process in g13 in which Λ could have scattered elastically off a deuteron

goes as:

γd → ΛX, Λd′ → Λd′, Λ → pπ− (3.8)

that is, the process began with Λ photoproduction off the deuteron, then the Λ scat-

tered elastically off a second deuteron in the target (d’), the scattered Λ decayed

into pπ−, and the final state dpπ− was measured. The byproducts, X, of the Λ

photoproduction off the deuteron may or may not have been directly measured, but

were ignored in our calculations. Since energy-momentum conservation must have

applied in the Λd elastic scattering process, and since the 4-momentum of the sec-

ondary deuteron "target" (d’) was known, the 4-momentum of the secondary beam

was reconstructed.

3.3.1 Scattered Λ Reconstruction

The scattered Λ four-momentum was reconstructed using the final state proton and

pion as:

P̃Λ,Scat = P̃p + P̃π−. (3.9)

The magnitude of this quantity is the invariant mass of the proton and pion, IMpπ−,

which was denoted as MΛ,scat:

IMpπ− =

√

(

P̃p + P̃π−

)2

=

√

(

P̃Λ,Scat

)2

= MΛ,scat. (3.10)

Figure 3.9 shows the event distribution over MΛ,scat. True Λ events form a narrow

peak, on top of a continuous background, centered at the Λ nominal mass mΛ = 1.116

GeV/c2. We removed events for which |MΛ,scat − mΛ| > 0.008 GeV/c2 to reduce the

number of background not consistent with the Λd final state.
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Figure 3.9: MΛ,Scat distribution. The red lines depict the region used to select events
for which the detected proton and pion came from a Λ decay.

3.3.2 Λd Elastic Scattering

The 4-momentum of the secondary deuteron target was Pd,targ = (md, 0, 0, 0)T , so the

4-momentum of the Λ beam, P̃Λ,Beam, was reconstructed as:

P̃Λ,Beam = P̃d,Scat + P̃Λ,Scat − P̃d,targ = P̃d + P̃p + P̃π− − (md, 0, 0, 0)T . (3.11)

The beam mass is calculated as Mbeam =
√

(P̃Beam)2. Simultaneous enhancements

in MΛ,scat and Mbeam at the Λ mass, mΛ = 1.1157 GeV/c2, are the signature for Λd

elastic scattering in this experiment.
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Figure 3.10: MBeam event distribution with a red dashed line at the Λ mass, mΛ =
1.1156 GeV/c2, and a blue dashed line at the Σ0 mass, mΣ0 = 1.1926 GeV/c2. One
can see a peak centered at the Λ mass, and a suggestive enhancement around the Σ0

mass.
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Chapter 4

Results and Outlook

Approximately 2000 Λd elastic scattering events are estimated in the CLAS g13a

data set. Since the g13b data set has a similar number of triggers as the g13a data

set, approximately 4000 Λd elastic scattering events are expected in the full g13 data

set, which makes it feasible to extract the Λd elastic scattering total and differential

cross-sections. This chapter presents key distributions that allow us to estimate the

kinematic coverage of Λd elastic scattering in CLAS g13.

One important kinematic parameter in hadron-hadron scattering is the beam mo-

mentum. Figure 4.1 shows we can expect reasonable statistics for cross-section ex-

traction using a few bins of Λ beam momenta above 0.7 GeV/c.
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Figure 4.1: Distribution of secondary beam mass versus momentum. A clear signature
of Λd elastic scattering can be seen at mΛ = 1.116 GeV/c2 in the MBeam distribution.
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Figure 4.2: Distributions of MΛ,beam versus WdΛ (left) and MΛ,beam versus cos(θCM
Λ,scat)

(right).

Two other important kinematic parameters in hadron-hadron scattering are the

center-of-mass energy of the scattered particles, W ≡ √
s, and the cosine of the

center-of-mass scattering angle of one of the scattered particles, cos
(

θCM
)

. Figure

4.2 shows the ranges for cos
(

θCM
Λ,scat

)

and WdΛ ≡ √
sdΛ to be between (−0.6, 0.9) and

(3, 3.8) GeV2, respectively, where sdΛ is defined as:

sΛd = m2
Λ,scat + m2

d,scat + 2EΛmd,scat (4.1)

An interesting observation is the weak enhancement at mΣ0 = 1.193 GeV/c2 in the

beam invariant mass distribution. This suggests that total cross-section extraction

for the Σ0 + d → Λ + d convsersion reaction could be determined, albeit with limited

statistical accuracy.
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