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Thomas Jefferson National Accelerator Facility
Studies of the mechanism of confinement, partonic structure of nucleon, quark and gluon 
dynamics in the nuclear medium, nucleon spin decomposition, role of gluonic excitations in mesons, 
etc.
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123-MeV

Injector

1.1-GeV Linac

1.1-GeV Linac

12-GeV Era: 2016 - present

5-pass beam

11 GeV

5.5-pass 
beam


12 GeV

12-GeV Era

• Polarized Beam: Pe ~ 86% 

• Beam energies: E0 = 0.4 — 12 GeV

• Beam current up to 80 µA 

• Simultaneous beam delivery to four 

experimental halls

• Hall A: high luminosity, high resolution, and 

dedicated detectors

• Hall B: CLAS12, electroproduction, quasi-real 

photoproduction

• Hall C: high luminosity, high momentum 

spectrometers, and dedicated detectors

• Hall D: polarized, tagged real-photon beam


• Planning for e+ beam operations and 22-GeV 
upgrade

6-GeV Era: 1995 - 2012

• Polarized Beam: Pe ~ 86% 

• Beam energies: E0 = 0.4 — 6 GeV 

• Beam Current up to 200 µA 

• Simultaneous beam delivery to hree 

experimental halls: A, B, C

2023 Community Statistics

• By 2024 ~800 PhDs completed (~22 U.S. PhDs/year, ~30% 

of the NP PhDs)

• 1904 users in 2023, 30% from foreign institutions
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Studies of Non-Perturbative QCD with Hyperons

Low-energy YN interaction


- YN and YNN scattering experiments: Hall B


- Hypernuclear Spectroscopy: Halls A and C


Hyperon Spectroscopy

- Photoproduction of Hyperons: Hall D


- Quasireal photoproduction and electroproduction: Hall B (see talk by P. Achenbach)


- Future KL Beamline: Hall D
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Studies of the YN Interaction



- The appearance of hyperons in the 
core of neutron stars, softens the 
Equation of State (EoS) and leads to a 
reduction of the predicted mass. The 
observation of neutron stars with 
masses ≳2M⊙ is incompatible with such 
a soft EoS


- Repulsive ΛNN interaction could stiffen 
the EOS (W. Weise, EPJ Web of Conferences 271, 06003 

(2022)) - relative strength of ΛNN to ΛN 
forces needs to be quantified
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The Hyperon Puzzle of Neutron Stars

I. Vidana, Proc. R. Soc. A 474, 20180145 (2018)

http://dx.doi.org/10.1098/rspa.2018.0145 
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rspa.royalsocietypublishing.org
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Figure 8. Illustration of the e'ect of the presence of hyperons on the EoS (a) and mass of a neutron star (b). A generic model
with (solid line) and without (dashed line) hyperons has been considered. The horizontal lines show the observational mass of
the Hulse–Taylor [185] pulsar and the recently observed PSR J1614 − 2230 [186] and PSR J0348 + 0432 [187]. (Online version
in colour.)

of the EoS and a larger (smaller) reduction of the maximum mass. However, it is well known
(e.g. [127,128]) that, due to several compensation mechanisms, hyperons equalize the effect of
different nucleonic interactions: a stiffer nucleonic EoS will lead to an earlier onset of hyperons
thus enhancing the softening due to their presence. Conversely, a later onset of a certain hyperon
species will favour the appearance of other species leading also to a softer EoS. The resulting
maximum mass is surprisingly quite insensitive to the pure nucleonic EoS, and even to the details
of the YN and YY interactions (e.g. [127], fig. 2 and [128], fig. 3).

Other neutron star properties, such as their thermal and structural evolution, can also be very
sensitive to the composition, and therefore to the hyperonic content of neutron star interiors.
In particular, the cooling of neutron stars may be affected by the presence of hyperons, as they
can modify neutrino emissivities and can allow for fast-cooling mechanisms. Furthermore, the
emission of gravitational waves in hot and rapidly rotating neutron stars due to the so-called
r-mode instability can also be affected by the presence of hyperons in neutron stars, because the
bulk viscosity of neutron star matter is dominated by the contribution of hyperons as soon as they
appear in the neutron star interior.

In the following, we briefly review the hyperon puzzle and present some of the ideas proposed
to solve it. Then we re-examine the role of hyperons on the properties of newly born neutron stars,
neutron star cooling and the r-mode instability.

(a) The hyperon puzzle
The presence of hyperons in neutron stars was considered for the first time in the pioneering
work of Ambartsumyan & Saakyan in 1960 [178]. Since then, their effects on the properties of
these objects have been studied by many authors using either phenomenological [87–96,179–184]
or microscopic [121–133] approaches for the neutron star matter EoS with hyperons. All these
approaches agree that hyperons may appear in the inner core of neutron stars at densities of
approximately 2–3ρ0 as it has been said. At such densities, the nucleon chemical potential is
large enough to make the conversion of nucleons into hyperons energetically favourable. This
conversion relieves the Fermi pressure exerted by the baryons and makes the EoS softer, as it is
illustrated in figure 8a for a generic model with (black solid line) and without (red dashed line)
hyperons. As a consequence (see figure 8b) the mass of the star, particularly its maximum value, is

Effect of Hyperons on Equation of State

nucleons and leptons

nucleons, hyperons, 

and leptons

PSR (2019)

R.A. Hulse and J.H. Taylor, Astrophysical Journal, 195, L51 (1975); P. Demorest et al., Nature, 467, 1081 (2010); J. Antoniadis et al., Science 340, 1233232 (2013); 

H.T. Cromartie et al., Nat. Astron. (2019) doi:10.1038/s41550-019-0880-2.

only interact via the two-body ΛN potential. As a matter of
fact, within the AFDMC framework hypernuclei turn out to
be strongly overbound when only the ΛN interaction is
employed [34,35]. The inclusion of the repulsive three-
body force [model (I)], stiffens the EOS and pushes the
threshold density to 0.34ð1Þ fm−3. In the inset of Fig. 1 the
neutron and lambda fractions are shown for the two
HNM EOSs.
Remarkably, we find that using the model (II) for ΛNN

the appearance of Λ particles in neutron matter is ener-
getically unfavored at least up to ρ ¼ 0.56 fm−3, the largest
density for which Monte Carlo calculations have been
performed. In this case the additional repulsion provided by
the model (II) pushes ρthΛ towards a density region where
the contribution coming from the hyperon-nucleon poten-
tial cannot be compensated by the gain in kinetic energy. It
has to be stressed that (I) and (II) give qualitatively similar
results for hypernuclei. This clearly shows that an EOS
constrained on the available binding energies of light
hypernuclei is not sufficient to draw any definite conclusion
about the composition of the neutron star core.
The mass-radius relations for PNM and HNM obtained

by solving the Tolman-Oppenheimer-Volkoff equations
[62] with the EOSs of Fig. 1 are shown in Fig. 2. The

onset of Λ particles in neutron matter sizably reduces the
predicted maximum mass with respect to the PNM case.
The attractive feature of the two-body ΛN interaction leads
to the very low maximum mass of 0.66ð2ÞM⊙, while the
repulsive ΛNN potential increases the predicted maximum
mass to 1.36ð5ÞM⊙. The latter result is compatible with
Hartree-Fock and Brueckner-Hartree-Fock calculations
(see for instance Refs. [2–5]).
The repulsion introduced by the three-body force plays a

crucial role, substantially increasing the value of the Λ
threshold density. In particular, when model (II) for the
ΛNN force is used, the energy balance never favors the
onset of hyperons within the density domain that has been
studied in the present work (ρ ≤ 0.56 fm−3). It is interest-
ing to observe that the mass-radius relation for PNM up to
ρ ¼ 3.5ρ0 already predicts a NS mass of 2.09ð1ÞM⊙ (black
dot-dashed curve in Fig. 2). Even if Λ particles appear at
higher baryon densities, the predicted maximum mass will
be consistent with present astrophysical observations.
In this Letter we have reported on the first quantum

MonteCarlo calculations for hyperneutronmatter, including
neutrons andΛ particles. As already verified in hypernuclei,
we found that the three-body hyperon-nucleon interaction
dramatically affects the onset of hyperons in neutron matter.
When using a three-body ΛNN force that overbinds hyper-
nuclei, hyperons appear at around twice the saturation
density and the predicted maximum mass is 1.36ð5ÞM⊙.
By employing a hyperon-nucleon-nucleon interaction
that better reproduces the experimental separation energies
of medium-light hypernuclei, the presence of hyperons is
disfavored in the neutron bulk at least up to ρ ¼ 0.56 fm−3

and the lower limit for the predicted maximum mass is
2.09ð1ÞM⊙. Therefore, within the ΛN model that we have
considered, the presence of hyperons in the core of the
neutron stars cannot be satisfactorily established and thus
there is no clear incompatibility with astrophysical obser-
vations when lambdas are included. We conclude that in
order to discuss the role of hyperons—at least lambdas—in
neutron stars, the ΛNN interaction cannot be completely
determined by fitting the available experimental energies in
Λ hypernuclei. In other words, the Λ-neutron-neutron
component of the ΛNN force will need both additional
theoretical investigation, possibly within different frame-
works such as chiral perturbation theory [63,64], and a
substantial additional amount of experimental data, in
particular for highly asymmetric hypernuclei and excited
states of the hyperon.

We would like to thank J. Carlson, S. C. Pieper, S.
Reddy, A.W. Steiner, W. Weise, and R. B. Wiringa for
stimulating discussions. The work of D. L. and S. G. was
supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under the NUCLEI
SciDAC grant and A. L. by the Department of Energy,
Office of Science, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357. The work of S. G.
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FIG. 2 (color online). Mass-radius relations. The key is the
same as of Fig. 1. Full dots represent the predicted maximum
masses. Horizontal bands at ∼2M⊙ are the observed masses of
the heavy pulsars PSR J1614-2230 [18] and PSR J0348þ 0432
[19]. The grey shaded region is the excluded part of the plot due
to causality.

TABLE II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

Hyperon-nucleon potential c1½MeV& c2½MeV&
ΛN −71.0ð5Þ 3.7(3)
ΛN þ ΛNN (I) −77ð2Þ 31.3(8)
ΛN þ ΛNN (II) −70ð2Þ 45.3(8)

PRL 114, 092301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 MARCH 2015

092301-4

D. Lonardoni et al., Phys. Rev. Lett 114, 092301 (2015)

Effect of Three-Body ΛNN Force on EoS

Impact on resolving the “hyperon puzzle” for neutron stars

http://dx.doi.org/10.1098/rspa.2018.0145
https://ui.adsabs.harvard.edu/#search/q=author:%22Hulse%2C+R.+A.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Taylor%2C+J.+H.%22&sort=date%20desc,%20bibcode%20desc
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Low-Energy Hyperon Physics: Scattering
YN interaction as not as well known as the NN


- not all free parameters of the YN potential can be 
obtained from the NN potential via flavor SU(3) 
symmetry


- example: large uncertainties of ΛN scattering 
lengths:


a(1S0) = −0.7 – −2.6 fm,

a(3S1) = −1.4 – 2.55 fm


- YN elastic scattering database poor


Pre-2022: 36 data points, total cross sections only, 
all from the 1960s; 10 new data points, from KEK-PS 
E251 collaboration (2000)


for comparison: 4000 NN data for Elab < 350 MeV


- No YY, YNN, YYN, or YYY scattering data 


Eur. Phys. J. A (2023) 59 :63 Page 17 of 26 63

Fig. 10 Uncertainty estimate for the Y N interaction in the Λp channel, employing the method suggested in Ref. [45]. As basis the LO (700), and
the NLO (550) and N2LO (550) results are used. The grey (light) band corresponds to ∆XNLO, the red (dark) band to ∆XN2LO

Fig. 11 Uncertainty estimate for the Y N interaction in the Σ+ p channel, employing the method suggested in Ref. [45]. Same description of the
curves as in Fig. 10

the breakdown scale of the chiral EFT expansion. For the
latter, we take over the value established in Ref. [45], i.e.
Λb ∼ 600 MeV. Analogous definitions are used for calculat-
ing the uncertainty up to NLO. Note that the quantity X (k)
represents not only a “true” observable such as a cross section
or an analyzing power, but also a phase shift.

In Figs. 10 and 11, we show our uncertainty estimates
for the cross sections and the S-wave phase shifts for Λp
and Σ+ p following the procedure proposed in Ref. [45].
Certainly, for addressing the question of convergence thor-
oughly, orders beyond N2LO are needed. Higher orders are
also required to avoid that accidentally close-by results lead
to an underestimation of the uncertainty. For the Y N interac-

tion, any uncertainty estimate is difficult since the data are not
sufficient to unambiguously determine all LECs. For exam-
ple, recall that the strength of the ΛN interaction in the 1S0
partial wave was fixed “by hand” and not based on actual Λp
scattering data. For this reason, there is definitely some bias
in the quantification of the uncertainty of phase shifts in indi-
vidual partial waves. Nonetheless, we want to emphasize that
the estimated uncertainty appears sensible and also plausi-
ble. In particular, it encases the variations due to the regulator
dependence and, thus, is consistent with the expectation that
cutoff variations provide a lower bound for the theoretical
uncertainty [45]. For details of the method and a thorough
discussion of the underlying concept, we refer the reader to

123

Λp → Λp

J. Haidenbauer et al., Eur. Phys. J. A 59, 63 (2023)
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Low-Energy Hyperon Physics: Hypernuclei

J. Haidenbauer et al., Few-Body Syst 62, 105 (2021)

Charge-Symmetry Breaking in A=4 hypernuclei:








ΔE(0+) = E0+

Λ (4
ΛHe) − E0+

Λ (4
ΛH) = 233 ± 92 keV

ΔE(1+) = E1+

Λ (4
ΛHe) − E1+

Λ (4
ΛH) = − 83 ± 94 keV

F. Schulz et al., Null. Phys. A 954, 149 (2016); A. Esser et al., Phys. Rev. Lett. 114, 
232501 (2015)
T.O. Yamamoto et al., Phys. Rev. Lett. 115, 222501 (2015)


ΔaCSB(1S0) = aΛp − aΛn = 0.62 ± 0.08 fm

ΔaCSB(3S1) = aΛp − aΛn = − 0.10 ± 0.02 fm

• 41 single-Λ hypernuclei 

• 3 double-Λ hypernuclei 

• few Ξ hypernuclei 

• ambiguous evidence of Σ-hypernuclei

I. Vidana, AIP Conf. Proc. 2130, 040011 (2019)

Double Λ-hypernuclei 

Single Λ-hypernuclei  

Ordinary nuclei

S

N

Z



New experimental techniques


- Final-State YN interaction (FSI) in production experiments

COSY TOF: pp→K+Λp F. Hauenstein et al. (COSY-TOF Collaboration), Phys. Rev. C 95, 034001 (2017)


- Direct YN Scattering Experiments

J-PARC: Σ-p→Σ-p, Σ+p→Σ+p, Σ-p→Λn (J-PARC E40 Σp Scattering Experiment)


CLAS JLab: Λp→Λp 

J. Rowley et. al., Phys. Rev. Lett. 127, 272303 (2021)
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Recent Developments in YN Scattering 

K. Miwa et al., Phys. Rev. C 104, 045204 (2021); K. Miwa et al., Phys. Rev. Lett. 128, 072501 (2022); T. Nanamura et al., Progr. Theoret. Exp. Phys 2022, 
093D01 (2022)

Clear need for more low-energy scattering YN data. 


Clear need of YNN scattering data to constrain the three-body YNN force. 
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Experimental Facility: The CLAS at JLab

E06-103 (g13)


- LD2 target, 40-cm long


- Circularly (g13a) and Linearly Polarized (g13b) 
Photons


- Ee = 2 GeV; 2.65 GeV (g13a)


- triggers: ~50×109 triggers

Photon Tagger

to 

CLAS

Photons

e- Beam

Radiator

E04-005, E04-017, E08-003 (g12)


- LH2 target, 40-cm long


- Ee = 5.715 GeV


- triggers: ~26×109 triggers

CLAS Photon Beam

Torus

Target

Photon Beam

from


Hall-B Tagger

Electromagnetic

Calorimeters

Drift

Chambers

Time of Flight

Scintillators

8∘ < θ < 140∘

0∘ < ϕ < 360∘

σθ ∼ 1 mrad

σϕ ∼ 4 mrad
σp

p
∼ 1 %

Eγ : 0.2Ee, 0.95Ee

σEγ

Eγ
∼ 0.1 %



Beam
Beam

p1

p2

X

Accessing YN scattering in Photoproduction
Technique: Rescattering off different nucleon/nucleus in same target cell

(1)  Λ beam is produced in: 


(2)  Λ beam scatters off elastically: 


(3)  Scattered Λ decays: 

γp1 → ΛX
Λp2 → Λ′￼p′￼

Λ′￼ → pπ−

detected: π-, p, p’

Advantages:

-Exclusive measurement of (2) - clean 

reaction selection

-Both target nucleons in (1) and (2) are at 

rest and on-shell — no Fermi smearing


Challenges:

- Luminosity determination for (2)

- Statistics of (2)

- Λ beam momentum cannot be arbitrarily 
low



Technique applied to proton-target data 

Measurement of  Cross SectionΛp → Λp

detected: π-, p, p’

Event Selection

p̃Λ′￼
= p̃π− + p̃p p̃K+ = p̃γ + p̃p1

+ p̃p2
− p̃Λ′￼

− p̃p′￼

Large Acceptance Spectrometer (CLAS) at the Thomas
Jefferson National Accelerator Facility [11]. The experi-
ment consisted of a tagged photon beam incident on a
liquid-hydrogen target, 40 cm long by 4 cm in diameter.
The photon beam energy ranged from 1.2 to 5.4 GeV and
was determined using the CLAS electron tagger sys-
tem [12].
The CLAS detector was based on a toroidal magnetic

field consisting of six independent sectors separated by the
superconducting magnet coils. Each sector included three
regions of drift chambers (DC) to measure the charged
particle trajectories [13]. Plastic scintillators surrounded the
DC, which allowed for time-of-flight (TOF) measurements
[14]. The DC and TOF were used to identify the final-state
particles and measure their four momenta. Further detector
details can be found in Ref. [15].
Observation of Λp → Λp elastic scattering with the

CLAS detector is a two-step process. The reaction proceeds
as follows, which is further illustrated in Fig. 1:

γptgt → ½Kþ#Λ; Λp → Λ0p0 → π−p0p: ð1Þ

Here, the Λ “beam” is provided from the products of the
first reaction. Detection of the Kþ, which often decays
before reaching the outer part of CLAS, was not required as
it was identified using missing mass techniques. TheΛ then
propagates through the target until it either exits, decays, or
scatters with a proton at rest. The recoil proton, p0, was
detected directly and the Λ0 was detected through its decay,
Λ0 → π−p, which has a branching ratio of 64%. The decay
proton and π− were directly detected by CLAS, resulting in
a fully exclusive measurement.
Final-state particles were detected using standard g12

techniques [15]. These procedures include timing cuts on
the photon and final-state particles, vertex tracing, fiducial
region selection, and event trigger efficiency corrections.
The electron beam was bunched into buckets 2 ns apart,
which produced the bremsstrahlung photons also in 2-ns

bunches. The final-state particles were filtered using the
DC and TOF scintillator for particle identification. Particle
tracks that did not trace back to the target volume were
removed. Fiducial cuts were applied, which filtered out
data outside the active region of the DC. A Monte Carlo
(MC) simulation was done to model the CLAS detector in
order to measure the reaction acceptance (discussed below).
The simulated events went through the same analysis as the
data and included an additional trigger efficiency correc-
tion. An intensive study of the trigger was done [16] and is
accounted for in the simulation.
The reaction specific analysis required γp → KþΛ

events to be isolated. The scattering Λ0 was identified
from the combined momenta of its decay products,
pπ− þ pp. These four momenta produced a mass spectrum,
shown in Fig. 2(a). The peak at 1.115 GeV=c2 corresponds
to the scattered Λ0. The background under the peak is from
other photoproduction reactions that have a p and π− in the
final state. The peak was fit to a Gaussian function, shown
by the dashed line, and events within&3σ passed to further

Target

( 1 )
( 2 )

( 3 )

FIG. 1. Pictorial representation of the reaction inside the liquid-
hydrogen target. A two-part reaction occurs where the incident Λ
is created at vertex (1), followed by scattering with a proton at rest
in the target at vertex (2), before the Λ0 decays at vertex (3).
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FIG. 2. Mass spectrum of the detected proton and π− (top) from
the decayed Λ0 and the missing mass spectrum of the initial vertex
(bottom). The missing mass spectrum (bottom) was plotted after
the cut was made around theΛ0 mass (top). The total fit, peak plus
background, is shown by the solid line. The Gaussian fits, shown
by the dashed lines, are for reference only, and are not used in the
cross section calculation. The vertical lines frame the data that
pass through to the final analysis.
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Jefferson National Accelerator Facility [11]. The experi-
ment consisted of a tagged photon beam incident on a
liquid-hydrogen target, 40 cm long by 4 cm in diameter.
The photon beam energy ranged from 1.2 to 5.4 GeV and
was determined using the CLAS electron tagger sys-
tem [12].
The CLAS detector was based on a toroidal magnetic

field consisting of six independent sectors separated by the
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regions of drift chambers (DC) to measure the charged
particle trajectories [13]. Plastic scintillators surrounded the
DC, which allowed for time-of-flight (TOF) measurements
[14]. The DC and TOF were used to identify the final-state
particles and measure their four momenta. Further detector
details can be found in Ref. [15].
Observation of Λp → Λp elastic scattering with the

CLAS detector is a two-step process. The reaction proceeds
as follows, which is further illustrated in Fig. 1:

γptgt → ½Kþ#Λ; Λp → Λ0p0 → π−p0p: ð1Þ

Here, the Λ “beam” is provided from the products of the
first reaction. Detection of the Kþ, which often decays
before reaching the outer part of CLAS, was not required as
it was identified using missing mass techniques. TheΛ then
propagates through the target until it either exits, decays, or
scatters with a proton at rest. The recoil proton, p0, was
detected directly and the Λ0 was detected through its decay,
Λ0 → π−p, which has a branching ratio of 64%. The decay
proton and π− were directly detected by CLAS, resulting in
a fully exclusive measurement.
Final-state particles were detected using standard g12

techniques [15]. These procedures include timing cuts on
the photon and final-state particles, vertex tracing, fiducial
region selection, and event trigger efficiency corrections.
The electron beam was bunched into buckets 2 ns apart,
which produced the bremsstrahlung photons also in 2-ns

bunches. The final-state particles were filtered using the
DC and TOF scintillator for particle identification. Particle
tracks that did not trace back to the target volume were
removed. Fiducial cuts were applied, which filtered out
data outside the active region of the DC. A Monte Carlo
(MC) simulation was done to model the CLAS detector in
order to measure the reaction acceptance (discussed below).
The simulated events went through the same analysis as the
data and included an additional trigger efficiency correc-
tion. An intensive study of the trigger was done [16] and is
accounted for in the simulation.
The reaction specific analysis required γp → KþΛ

events to be isolated. The scattering Λ0 was identified
from the combined momenta of its decay products,
pπ− þ pp. These four momenta produced a mass spectrum,
shown in Fig. 2(a). The peak at 1.115 GeV=c2 corresponds
to the scattered Λ0. The background under the peak is from
other photoproduction reactions that have a p and π− in the
final state. The peak was fit to a Gaussian function, shown
by the dashed line, and events within&3σ passed to further

Target

( 1 )
( 2 )

( 3 )

FIG. 1. Pictorial representation of the reaction inside the liquid-
hydrogen target. A two-part reaction occurs where the incident Λ
is created at vertex (1), followed by scattering with a proton at rest
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FIG. 2. Mass spectrum of the detected proton and π− (top) from
the decayed Λ0 and the missing mass spectrum of the initial vertex
(bottom). The missing mass spectrum (bottom) was plotted after
the cut was made around theΛ0 mass (top). The total fit, peak plus
background, is shown by the solid line. The Gaussian fits, shown
by the dashed lines, are for reference only, and are not used in the
cross section calculation. The vertical lines frame the data that
pass through to the final analysis.

PHYSICAL REVIEW LETTERS 127, 272303 (2021)

272303-3

selection
γp1 → K+Λ

J. Rowley et. al., Phys. Rev. Lett. 127, 272303 (2021)



Measurement of  Cross SectionΛp → Λp

detected: π-, p, p’

p̃Λ = p̃Λ′￼
+ p̃p′￼

− p̃p2

p1

p2

Event Selection

an accurate Λ angular distribution was modeled and
variations in the t parameter were used to study the
systematic uncertainty of the acceptance.
The generated events were passed through aMonte Carlo

simulation utilizing the standard GEANT software [18]. The
acceptance of the detector for this two-step reaction ranged
from ∼0.1–2.0% in Λ momentum, over a pΛ range of 0.9
to 2.0 GeV=c.
Beam flux calculations were more involved than for

typical CLAS experiments. Unlike a photon beam or
electron beam that enters the target from one end and is
parallel to the beam axis, the Λ particles are created
throughout the length of the target and have an angular
distribution. The luminosity of the Λ beam can be calcu-
lated by

LðpΛÞ ¼
NA × ρT × l

M
NΛðpΛÞ; ð4Þ

where NA is Avogadro’s number, ρT is the mass density of
the target, l is the average path length of the Λ beam in the

target, M is the molar mass of hydrogen, and NΛ is the
number ofΛ particles in the beam with incident momentum
pΛ. Unlike the photon beam, for the secondary Λ beam, the
average path length (l) and Λ flux (NΛ) cannot be directly
measured.
To calculate the luminosity of the Λ beam, a simulation

was made that generated Λ particles uniformly throughout
the length of the target and within the radius of the photon
beam. The angular distribution was simulated using known
cross sections for the γp → KþΛ vertex [17]. The simu-
lation also must account for Λ particles decaying and
exiting the side of the target. Once the Λ particles were
generated with their initial properties such as momentum,
energy, vertex position, and lab angle, they were propa-
gated through the target. The probability for particle decay
is given by

PðxÞ ¼ exp
!
−
M
p
x − x0

τ

"
; ð5Þ

where PðxÞ is the probability that aΛ survives to the point x
after being created at x0. The momentum of the Λ is p=c ¼
Mβγ (where c ¼ 1) and τ is its lifetime, in order to keep
everything in the lab frame where the experiment takes
place. The path length was then averaged for each gen-
erated particle.
The number of Λ particle NΛ can be calculated using

NΛ
Lγ

¼ dσ
dΩ

ð2πÞ½Δ cosðθÞ&; ð6Þ

where Lγ is the luminosity of the photon beam, and θ is the
center of mass angle of the Kþ particle. The Λ photo-
production cross section σ can be calculated from the differ-
ential cross section dσ=dΩ by integrating over the range of
cosðθÞ which is kinematically constrained by the momen-
tum of the particles. From Eqs. (4) and (6) together with
Eq. (5), the luminosity of the Λ beam was calculated.
Cross sections were calculated for a given momentum

bin and integrated over the full angular range as

σðpΛÞ ¼
YðpΛÞ

AðpΛÞ × LðpΛÞ × Γ
; ð7Þ

where Y is the yield, A is the acceptance for Λ0p0, L is the
luminosity of the Λ beam, and Γ is branching ratio (0.64)
[10]. Figure 5 shows the total cross section as a function of
the momentum of the incident Λ beam. The data from the
present analysis, in solid boxes, are compared to existing
world data [9,19–24]. The vertical error bars represent
statistical uncertainties only.
A study of the systematic uncertainties was done at each

stage of the analysis. The largest source comes from the Λ
beam luminosity calculation and the associated γp → KþΛ
cross sections. This systematic uncertainty is estimated at
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FIG. 4. Missing mass distribution of the secondary vertex
integrated over all momentum ranges (top) and binned in the
incident Λ momentum range 1.3–1.4 GeV=c after sideband sub-
traction (bottom). The solid line in (a) represents the data selected in
the peak region of Fig. 2(a), while the dotted line represents the
sideband region. The solid line in (b) shows the total fit including
the peak, which is fit to a Gaussian function. The dashed line
represents the background, which is fit to a constant.
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Measurement of  Cross SectionΛp → Λp

Total Cross Section Determination

σ(pΛ) =
Y(pΛ)

𝒜(pΛ)ℒ(pΛ)ΓΛ→pπ−

ℒ(pΛ) =
NAρTL

M
NΛ(pΛ)

L: P(x) = exp [−
mΛ

pΛ

x − x0

τ ]
NΛ(pΛ) = ℒγ

dσ
dΩγp→KΛ

(2π)(Δ cos θ*K)

Results
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Technique: Validation

Measurement of  Cross Sectionpp → dπ+

(1) 


(2) 

detected: d, π+


- statistical uncertainties: size of marker

-Systematic uncertainties: about 10%


Good agreement with previous data

γp → pπ0

pp → dπ+

CLAS g12

Work by Joe Rowley, Ken Hincks, Nick Zachariou



Technique applied to deuteron-target data

Measurement of  Cross SectionΛd → Λd

d1

d2

X

d’

Theoretical Studies


-Elastic cross section can be used to extract  and  
scattering lengths 


 - directly constrains  for ΛN

(J. Haidenbauer, Phys. Rev. C 102, 034001 (2020))


-Studies of Nd elastic cross sections at energies of our data show 
increased sensitivity to 3-body mechanisms→theoretical 
formalisms to extract the relative strength of these mechanisms 
will be applied to Λd cross sections to gain access to ΛNN         
(H. Garcilazo et al, Phys. Rev. C 75, 034002 (2007); B. Ghaffary Kashef, L. Schick, Phys. Rev. D 3, 2661 
(1971), J. Hetherington, L. Schick, Phys. Rev. 139, B1164 (1965))

2S1/2
4S3/2

a(4S3/2) = − 7.6 ÷ −31.9 fm a(3S1)



Measurement of  Cross SectionΛd → Λd

detected: π-, p, d’

Event Selection

p̃Λ′￼
= p̃π− + p̃p

d1

d2

X

d’

Λ’ ID Λ beam ID

Λ Σ0

p̃Λ = p̃Λ′￼
+ p̃d′￼

− p̃d2

Preli
minary

Preli
minary

At (1): inclusive Λ photo 
production to increase 
luminosity for (2)


Parallel analysis to extract 
NΛ(pΛ) for γd → ΛX

Technique allows for adding circularly- and linearly-polarized 
data sets in a coherent way.

Work by Brandon Timeo

Technique applied to deuteron-target data



Measurement of  Cross SectionΛd → Λd

Expected Results

About 4000 elastic Λd events


Total Cross section

0.6, 0.7 4

0.7, 0.8 4

0.8, 0.9 5

0.9, 1.0 5

pΛ( GeV/c) δstat
σ /σ( % )

For each momentum bin, differential cross 
section over 


S-wave differential cross sections 
extracted by means of Legendre 
Polynomial Fits


Λ’ induced polarization will be determined

−0.6 < cos θ*Λ′￼
< 0.8

Technique applied to deuteron-target data
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FIG. 1. Differential cross section of the 9Be(e, e′K+) 9
!Li reac-

tion as a function of −B!. Events exceeding over the accidental
coincidence background in the bound region (−B! < 0) were ana-
lyzed in the present Letter.

obtained by the mixed event analysis in which the missing
mass was reconstructed with random combinations of e′ and
K+ from different events [30]. The accidental background
distribution was subtracted as shown in Fig. 2, and resid-
ual events in a region of −B! < 0 were analyzed as bound
states of 9

!Li. Three doublet states for which a ! residing
in the s orbit couples with the 2+ (ground state), 1+, and
3+ states of the core nucleus 8Li are expected to be largely
populated in the 9

!Li spectrum [31,32]. In addition, the en-
ergy spacings between the states in each spin doublet are
theoretically expected to be at most about 0.6 MeV making
them difficult to separate given the expected experimental
resolution. Therefore, we used three Voigt functions with the
same width for fitting the cross-section spectrum. The fitting
result with χ2/n.d.f. = 22.24/22 is summarized in Table I.
The full width at half maximum of the Voigt function for
each peak was found to be 1.1 ± 0.4 MeV which is consistent
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FIG. 2. Fit of the 9Be(e, e′K+)9
!Li spectrum by three Voigt func-

tions after the accidental coincidence events obtained by the mixed
event analysis (Fig. 1) was subtracted.

with that expected in the MC simulation. The cross-section
ratios of peaks no. 2 and no. 3 to that of peak no. 1 are
0.88 ± 0.13 and 0.96 ± 0.15, respectively, whereas the ratios
of the corresponding spectroscopic factors C2S are 0.60 and
0.65, respectively, as measured in the 9Be(t,α) 8Li reaction
[33]. Peak no. 1 is considered to be the first doublet state,
8Li(2+; g.s.) ⊗ s! = 3/2+

1 , 5/2+
1 . It is predicted that the pro-

duction cross section of the 5/2+
1 state is larger than that of

the ground-state 3/2+
1 by a factor of 5–7, and the doublet sep-

aration is 0.5–0.7 MeV [9,31,34]. Assuming this cross-section
ratio and doublet separation, the ground-state binding energy
is evaluated to be greater than the mean value of peak no. 1
by 0.53 ± 0.10 MeV [= $B!(g.s.-no. 1)] by a simple simu-
lation leading to the ground-state energy BHall-C

! (9
!Li; g.s.) =

8.84 ± 0.17stat. ± 0.15sys. MeV. The obtained B! agrees with
Bemul.

! (9
!Li; g.s.) = 8.50 ± 0.12 MeV [35], the mean binding

energy of 13 emulsion events, and BHall-A
! (9

!Li; g.s.) = 8.36 ±
0.08stat. ± 0.08sys. MeV [36,37] within ±2σ of the uncer-
tainty. The weighted average of the above three measurements
including our result is found to be Bmean

! (9
!Li; g.s.) = 8.47 ±

0.08total MeV.
The excitation energies (E!) for peaks no. 2 and no. 3

were calculated based on the obtained ground-state energy
BHall-C

! (9
!Li; g.s.) and are shown in Table I. Figure 3 shows a

comparison of the obtained E! with those of shell-model pre-
dictions [9,34,38] and the experimental data from JLab Hall
A [36,37]. Experimental energy levels of the core nucleus 8Li
taken from Ref. [39] are shown as well. The excitation energy
of E!(no. 2) = 1.74 ± 0.27stat. ± 0.11sys. MeV is consistent
with those of the theoretical predictions of 3/2+

2 and 1/2+ and
the experimental result of JLab Hall A. For the third doublet
which is considered to correspond to peak no. 3, the cross
section of the 7/2+ is predicted to be larger than that of 5/2+

2
by a factor of 2 or 3 [31,34], and, thus, peak no. 3 is expected
to be dominated by the 7/2+ state. The energy of peak no. 3
was found to be E!(no. 3) = 3.30 ± 0.24stat. ± 0.11sys. MeV.
It is found that E!(no. 3) is larger than the predicted energy
of 7/2+ by a few hundred keV. E! could be larger if the
core nucleus is deformed due to a development of clusters
because a spatial overlap between the core nucleus and the
! gets smaller [40]. A cluster model calculation suggests that
a He5 + t structure is more developed for the 3+ state than for
the 2+ and 1+ states in 8Li [41]. The larger energy compared
to the shell-model predictions for peak no. 3 may indicate the
development of clusters for the 3+ state of the core nucleus
8Li.

The highest excitation energy peak observed by the ex-
periment at JLab Hall A was at 2.27 ± 0.09 MeV [36,37]
that differs from E!(no. 3) by about 1 MeV. If we assume
0.23 MeV of the energy separation between the first doublet
states instead of the assumption of 0.5–0.7-MeV separa-
tion, the central value of the ground-state energy becomes
consistent with that of the emulsion experiment (Bemul.

! ). Ac-
cordingly, the excitation energies are reduced by 0.34 MeV
[=0.53 − (8.50 − 8.31) MeV] from those shown in Table I
and Fig. 3, and E!(nos. 2 and 3) become more consistent
with the theoretical predictions. However, E!(no. 3) obtained
with this different assumption is still far from the energy of
the most excited state observed at JLab Hall A. Peaks that
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TABLE I. Fitting result of the 9Be(e, e′K+)9
!Li spectrum in JLab E05-115. Three Voigt functions were used for the fitting. The !-binding

energy of the ground-state Bg.s.
! and the excitation energy E! were evaluated with the assumption that the cross-section ratio of the first

excited-state 5/2+
1 to that of the ground-state 3/2+

1 is 5–7 and the doublet separation is 0.5–0.7 MeV [9,31,34].

Peak ID Possible states B! (MeV) E! (MeV) ( dσ
d#K

)|HKS (nb/sr)

No. 1 8Li(2+) ⊗ s! 8.31 ± 0.17 ± 0.11sys. [$B!(g.s.-no.1) = 0.53 ± 0.10sys.] 7.6 ± 0.8stat. ± 0.8sys.

= 3/2+
1 , 5/2+

1 (Bg.s.
! = 8.84 ± 0.17stat. ± 0.15sys.)

No. 2 8Li(1+) ⊗ s! 7.10 ± 0.21 ± 0.11sys. 1.74 ± 0.27stat. ± 0.11sys. 6.7 ± 0.7stat. ± 0.7sys.

= 3/2+
2 , 1/2+

No. 2 8Li(3+) ⊗ s! 5.54 ± 0.17 ± 0.11sys. 3.30 ± 0.24stat. ± 0.11sys. 7.3 ± 0.8stat. ± 0.7sys.

= 5/2+
2 , 7/2+

originate from different states might be observed due to a
difference in kinematics, such as Q2 and the K+-scattering
angle with respect to the virtual photon. However, the relative
strength of the cross section for each state in the present
experiment is predicted not to differ so much from that of
JLab Hall A in DWIA calculations [42] in which elementary
amplitudes of the Saclay-Lyon and BS3 models [43] are used.
Further studies are necessary to consistently understand these
experimental spectra.

Three events of 9
!B were identified in the emulsion exper-

iment, and the mean value was reported to be B!(9
!B; g.s.) =

8.29 ± 0.18 MeV [35]. The difference of !-binding energies
between the A = 9 isotriplet hypernuclei was found to be
B!(9

!B; g.s.)−BHall-C
! (9

!Li; g.s.) = −0.55 ± 0.29 MeV to be
compared with the prediction of −0.054 MeV [18]. There
might be an unexpectedly large CSB effect in the A = 9
isotriplet hypernuclei. However, the current experimental pre-
cision is not sufficient for 9

!Li as well as 9
!B to discuss the !N

CSB in the system. In order to precisely determine the ground-
state energy by an experiment with the (e, e′K+) reaction, the
first doublet states would need to be resolved. The doublet
separation of 9

!Li (between 3/2+ and 5/2+ states) is predicted

FIG. 3. Comparison of the obtained excitation energy E! of 9
!Li

with theoretical calculations [9,34,38] and experimental data taken at
JLab Hall A [36,37]. E! was obtained with the assumption that the
cross-section ratio of the 5/2+ state to that of the ground state 3/2+

is 5–7 and the doublet separation is 0.5–0.7 MeV [9,31,34].

to be 0.5–0.7 MeV which is much larger than for other p-shell
hypernuclei (e.g., the separation between 1− (g.s.) and 2−

states of 12
! C was measured to be 0.1615 ± 0.0003 MeV [44]).

This is partially due to a large contribution of the !N-%N
coupling [9]. Therefore, an (e, e′K+) experiment with an en-
ergy resolution of 0.5-MeV (FWHM) or better would be a
promising way to precisely determine the ground-state energy
of 9

!Li.
To summarize, we measured 9

!Li by missing mass spec-
troscopy with the (e, e′K+) reaction at JLab Hall C. We
observed three peaks (nos. 1–3) that are considered to be
s! states coupling with a 8Li nucleus in the 2+, 1+, and
3+ states. Peak no. 1 that is expected to be the spin dou-
blet state of [8Li(2+) ⊗ s!(= 3/2+

1 , 5/2+
1 )] was analyzed

to obtain the ground-state energy. The ground-state energy
was determined to be BHall-C

! (9
!Li; g.s.) = 8.84 ± 0.17stat. ±

0.15sys. MeV using the assumptions that the cross-section ra-
tio of the first excited state (5/2+

1 ) to that of the ground-state
(3/2+

1 ) is 5–7 and that the doublet energy separation is 0.5–
0.7 MeV [9,31,34]. Peaks no. 2 and no. 3 are considered
to be [8Li(1+) ⊗ s!(= 3/2+

2 , 1/2+)] and [8Li(3+) ⊗ s!(=
5/2+

2 , 7/2+)] states, respectively. We obtained excitation
energies to be E!(no. 2) = 1.74 ± 0.27stat. ± 0.11sys. MeV
and E!(no. 3) = 3.30 ± 0.24stat. ± 0.11sys. MeV by using
the BHall-C

! (9
!Li; g.s.). E!(no. 3) is larger than predicted by

shell-model calculations for which different NN and !N
interactions are used whereas E!(no. 2) agrees with the theo-
retical predictions. The difference of about a few hundred keV
supports the idea a 5He + t structure is more developed for the
3+ state than for the 2+ and 1+ states of the 8Li nucleus as a
cluster model calculation suggests [41].
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FIG. 1. Differential cross section of the 9Be(e, e′K+) 9
!Li reac-

tion as a function of −B!. Events exceeding over the accidental
coincidence background in the bound region (−B! < 0) were ana-
lyzed in the present Letter.

obtained by the mixed event analysis in which the missing
mass was reconstructed with random combinations of e′ and
K+ from different events [30]. The accidental background
distribution was subtracted as shown in Fig. 2, and resid-
ual events in a region of −B! < 0 were analyzed as bound
states of 9

!Li. Three doublet states for which a ! residing
in the s orbit couples with the 2+ (ground state), 1+, and
3+ states of the core nucleus 8Li are expected to be largely
populated in the 9

!Li spectrum [31,32]. In addition, the en-
ergy spacings between the states in each spin doublet are
theoretically expected to be at most about 0.6 MeV making
them difficult to separate given the expected experimental
resolution. Therefore, we used three Voigt functions with the
same width for fitting the cross-section spectrum. The fitting
result with χ2/n.d.f. = 22.24/22 is summarized in Table I.
The full width at half maximum of the Voigt function for
each peak was found to be 1.1 ± 0.4 MeV which is consistent

0
0.5

1
1.5

2
2.5

3
3.5

-15 -10 -5 0 5
-BΛ (MeV)

(n
b/

sr
) /

 0
.4

 M
eV

dσ dΩ

#1
#2

#3

JLab E05-115JLab E05-115
9Be (e,e’KBe (e,e’K+) ) 9LiLiΛ

FIG. 2. Fit of the 9Be(e, e′K+)9
!Li spectrum by three Voigt func-

tions after the accidental coincidence events obtained by the mixed
event analysis (Fig. 1) was subtracted.

with that expected in the MC simulation. The cross-section
ratios of peaks no. 2 and no. 3 to that of peak no. 1 are
0.88 ± 0.13 and 0.96 ± 0.15, respectively, whereas the ratios
of the corresponding spectroscopic factors C2S are 0.60 and
0.65, respectively, as measured in the 9Be(t,α) 8Li reaction
[33]. Peak no. 1 is considered to be the first doublet state,
8Li(2+; g.s.) ⊗ s! = 3/2+

1 , 5/2+
1 . It is predicted that the pro-

duction cross section of the 5/2+
1 state is larger than that of

the ground-state 3/2+
1 by a factor of 5–7, and the doublet sep-

aration is 0.5–0.7 MeV [9,31,34]. Assuming this cross-section
ratio and doublet separation, the ground-state binding energy
is evaluated to be greater than the mean value of peak no. 1
by 0.53 ± 0.10 MeV [= $B!(g.s.-no. 1)] by a simple simu-
lation leading to the ground-state energy BHall-C

! (9
!Li; g.s.) =

8.84 ± 0.17stat. ± 0.15sys. MeV. The obtained B! agrees with
Bemul.

! (9
!Li; g.s.) = 8.50 ± 0.12 MeV [35], the mean binding

energy of 13 emulsion events, and BHall-A
! (9

!Li; g.s.) = 8.36 ±
0.08stat. ± 0.08sys. MeV [36,37] within ±2σ of the uncer-
tainty. The weighted average of the above three measurements
including our result is found to be Bmean

! (9
!Li; g.s.) = 8.47 ±

0.08total MeV.
The excitation energies (E!) for peaks no. 2 and no. 3

were calculated based on the obtained ground-state energy
BHall-C

! (9
!Li; g.s.) and are shown in Table I. Figure 3 shows a

comparison of the obtained E! with those of shell-model pre-
dictions [9,34,38] and the experimental data from JLab Hall
A [36,37]. Experimental energy levels of the core nucleus 8Li
taken from Ref. [39] are shown as well. The excitation energy
of E!(no. 2) = 1.74 ± 0.27stat. ± 0.11sys. MeV is consistent
with those of the theoretical predictions of 3/2+

2 and 1/2+ and
the experimental result of JLab Hall A. For the third doublet
which is considered to correspond to peak no. 3, the cross
section of the 7/2+ is predicted to be larger than that of 5/2+

2
by a factor of 2 or 3 [31,34], and, thus, peak no. 3 is expected
to be dominated by the 7/2+ state. The energy of peak no. 3
was found to be E!(no. 3) = 3.30 ± 0.24stat. ± 0.11sys. MeV.
It is found that E!(no. 3) is larger than the predicted energy
of 7/2+ by a few hundred keV. E! could be larger if the
core nucleus is deformed due to a development of clusters
because a spatial overlap between the core nucleus and the
! gets smaller [40]. A cluster model calculation suggests that
a He5 + t structure is more developed for the 3+ state than for
the 2+ and 1+ states in 8Li [41]. The larger energy compared
to the shell-model predictions for peak no. 3 may indicate the
development of clusters for the 3+ state of the core nucleus
8Li.

The highest excitation energy peak observed by the ex-
periment at JLab Hall A was at 2.27 ± 0.09 MeV [36,37]
that differs from E!(no. 3) by about 1 MeV. If we assume
0.23 MeV of the energy separation between the first doublet
states instead of the assumption of 0.5–0.7-MeV separa-
tion, the central value of the ground-state energy becomes
consistent with that of the emulsion experiment (Bemul.

! ). Ac-
cordingly, the excitation energies are reduced by 0.34 MeV
[=0.53 − (8.50 − 8.31) MeV] from those shown in Table I
and Fig. 3, and E!(nos. 2 and 3) become more consistent
with the theoretical predictions. However, E!(no. 3) obtained
with this different assumption is still far from the energy of
the most excited state observed at JLab Hall A. Peaks that
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TABLE I. Fitting result of the 9Be(e, e′K+)9
!Li spectrum in JLab E05-115. Three Voigt functions were used for the fitting. The !-binding

energy of the ground-state Bg.s.
! and the excitation energy E! were evaluated with the assumption that the cross-section ratio of the first

excited-state 5/2+
1 to that of the ground-state 3/2+

1 is 5–7 and the doublet separation is 0.5–0.7 MeV [9,31,34].

Peak ID Possible states B! (MeV) E! (MeV) ( dσ
d#K

)|HKS (nb/sr)

No. 1 8Li(2+) ⊗ s! 8.31 ± 0.17 ± 0.11sys. [$B!(g.s.-no.1) = 0.53 ± 0.10sys.] 7.6 ± 0.8stat. ± 0.8sys.

= 3/2+
1 , 5/2+

1 (Bg.s.
! = 8.84 ± 0.17stat. ± 0.15sys.)

No. 2 8Li(1+) ⊗ s! 7.10 ± 0.21 ± 0.11sys. 1.74 ± 0.27stat. ± 0.11sys. 6.7 ± 0.7stat. ± 0.7sys.

= 3/2+
2 , 1/2+

No. 2 8Li(3+) ⊗ s! 5.54 ± 0.17 ± 0.11sys. 3.30 ± 0.24stat. ± 0.11sys. 7.3 ± 0.8stat. ± 0.7sys.

= 5/2+
2 , 7/2+

originate from different states might be observed due to a
difference in kinematics, such as Q2 and the K+-scattering
angle with respect to the virtual photon. However, the relative
strength of the cross section for each state in the present
experiment is predicted not to differ so much from that of
JLab Hall A in DWIA calculations [42] in which elementary
amplitudes of the Saclay-Lyon and BS3 models [43] are used.
Further studies are necessary to consistently understand these
experimental spectra.

Three events of 9
!B were identified in the emulsion exper-

iment, and the mean value was reported to be B!(9
!B; g.s.) =

8.29 ± 0.18 MeV [35]. The difference of !-binding energies
between the A = 9 isotriplet hypernuclei was found to be
B!(9

!B; g.s.)−BHall-C
! (9

!Li; g.s.) = −0.55 ± 0.29 MeV to be
compared with the prediction of −0.054 MeV [18]. There
might be an unexpectedly large CSB effect in the A = 9
isotriplet hypernuclei. However, the current experimental pre-
cision is not sufficient for 9

!Li as well as 9
!B to discuss the !N

CSB in the system. In order to precisely determine the ground-
state energy by an experiment with the (e, e′K+) reaction, the
first doublet states would need to be resolved. The doublet
separation of 9

!Li (between 3/2+ and 5/2+ states) is predicted

FIG. 3. Comparison of the obtained excitation energy E! of 9
!Li

with theoretical calculations [9,34,38] and experimental data taken at
JLab Hall A [36,37]. E! was obtained with the assumption that the
cross-section ratio of the 5/2+ state to that of the ground state 3/2+

is 5–7 and the doublet separation is 0.5–0.7 MeV [9,31,34].

to be 0.5–0.7 MeV which is much larger than for other p-shell
hypernuclei (e.g., the separation between 1− (g.s.) and 2−

states of 12
! C was measured to be 0.1615 ± 0.0003 MeV [44]).

This is partially due to a large contribution of the !N-%N
coupling [9]. Therefore, an (e, e′K+) experiment with an en-
ergy resolution of 0.5-MeV (FWHM) or better would be a
promising way to precisely determine the ground-state energy
of 9

!Li.
To summarize, we measured 9

!Li by missing mass spec-
troscopy with the (e, e′K+) reaction at JLab Hall C. We
observed three peaks (nos. 1–3) that are considered to be
s! states coupling with a 8Li nucleus in the 2+, 1+, and
3+ states. Peak no. 1 that is expected to be the spin dou-
blet state of [8Li(2+) ⊗ s!(= 3/2+

1 , 5/2+
1 )] was analyzed

to obtain the ground-state energy. The ground-state energy
was determined to be BHall-C

! (9
!Li; g.s.) = 8.84 ± 0.17stat. ±

0.15sys. MeV using the assumptions that the cross-section ra-
tio of the first excited state (5/2+

1 ) to that of the ground-state
(3/2+

1 ) is 5–7 and that the doublet energy separation is 0.5–
0.7 MeV [9,31,34]. Peaks no. 2 and no. 3 are considered
to be [8Li(1+) ⊗ s!(= 3/2+

2 , 1/2+)] and [8Li(3+) ⊗ s!(=
5/2+

2 , 7/2+)] states, respectively. We obtained excitation
energies to be E!(no. 2) = 1.74 ± 0.27stat. ± 0.11sys. MeV
and E!(no. 3) = 3.30 ± 0.24stat. ± 0.11sys. MeV by using
the BHall-C

! (9
!Li; g.s.). E!(no. 3) is larger than predicted by

shell-model calculations for which different NN and !N
interactions are used whereas E!(no. 2) agrees with the theo-
retical predictions. The difference of about a few hundred keV
supports the idea a 5He + t structure is more developed for the
3+ state than for the 2+ and 1+ states of the 8Li nucleus as a
cluster model calculation suggests [41].
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Sample Results: 9ΛLi

See talk by P. Achenbach for a more comprehensive overview
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Hyperon Spectroscopy



What Do We Learn From Excited Baryons

Photoproduction


- the internal degrees of freedom of baryons 


- the role of gluons


- the mechanisms leading to formation of excited baryon states


Electroproduction

- the Q2 evolution of excited baryon electrocouplings provides insight into the transition 

from dressed to bare current quark and momentum evolution of dressed quark mass.



Strange Baryons in the PDG

 and : higher-mass states are poorly known.


: fewer states observed, mostly further 
information is desirable or poorly known

Λ* Σ*

Ξ*
2023 PDG Listing



Strange Baryons from LQCD

*R.G. Edwards et al, Phys.Rev.D 87 (2013) 5, 054506

More states are predicted than observed



The GlueX in Hall D

Slide from Peter Hurck (DPG 2024)

- Linearly-polarized, tagged real photon beam

- Acceptance: 

- Charged particles:  (8% − 9% very-forward high-momentum tracks)

- Photons: 

θlab = 1∘ − 120∘

σp/p ≈ 1% − 3 %
σE /E = 6 % / E ⊕ 2 %

Since 2019: DIRC



Selected Results: Λ(1520)
Production mechanism of Λ(1520)

⃗γp → K+ ⃗Λ* → K+K−p

Many excited  and  expected in the IM spectrum


Most prominent:  with 

Λ* Σ*

Λ(1520) JP =
3
2

−

At the GlueX energies, 
t—channel mechanisms 
expected to be 
dominant 

•  GeV


•  detected

• 10 spin-density matrix elements 

extracted by analyzing intensity 
distribution in GJ frame

Eγ = 8.2 − 8.8

K+, K−, p

Slide from Peter Hurck (DPG 2024); Phys. Rev. C 105, 035201 



Selected Results: Λ(1520)
Production mechanism of Λ(1520)

S. Adhikari et al., Phys. Rev. C 105, 035201(2022)

t-channel exchange 
particle with  and 
naturality 


N: , such as 



U: , such as 

JP

η = P(−1)J

η = 1
K*(892), K*2 (1430)

η = − 1
K(492), K1(1270)



Selected Results: Λ(1520)
Production mechanism of : dominated by natural-exchange amplitudesΛ(1520)

S. Adhikari et al. (GlueX Collaboration), Phys. Rev. C 105, 035201 (2022)

Natural

Unnatural

Byung-Geel Yu and Kook-Jin Kong, Phys. Rev. C 96, 025208 (2017)




Selected Results: Ξ−(1320)

P.Hurck (DPG 2024), J. Hernandes (Baryon 2022)



Selected Results: Ξ−(1320)

P.Hurck (DPG 2024), J. Hernandes (Baryon 2022)



Selected Results: Ξ* − (1530)

P.Hurck (DPG 2024), B. Sumner (GHP 2023). 



Selected Results: Λ(1405)

P.Hurck (DPG 2024), N. Wikramaarachchi (JLUO 2023). 

• Previous measurements: non 
Breight-Wigner line shape


• Two-pole structure suggested 
by many theoretical models


• Recent PDG addition: 
Λ(1380) * *

• Data indicate t-dependent line 
shape


• Consistent with two-pole 
structure
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Future: KLong Facility in Hall D

arXiv:2008.08215v3  
KLF proposal 2020: Strange Hadron Spectroscopy with Secondary KL Beam in Hall D, 
C12-19-001

https://arxiv.org/abs/2008.08215v3


KLong Facility (KLF)

P.Hurck (DPG 2024), M. Bashkanov (MESON2023)

12 GeV

5 μA 10% RL Cu radiator 

40-cm long

• New kaon beam facility approved to run 200 days in Hall D 


• LH2 target: approved 100 days


• LD2 target: approved 100 days


• Intense KL beam: 104 kaons/s on target


• Low background levels


• Exclusive final states

Fl
ux

 (M
eV

/c
)-1

 s
-1

Timelines


• Installation: March 2025 - June 2026


• Run: June 2026 - March 2027, June 
2027 - March 2028

24-m TOF



KLF Strange Hyperon Program: Example

C12-19-001: Strange Hadron Spectroscopy with Secondary KL Beam in Hall D (2019)

Differential cross sections and induced polarizations of  hyperons for  and 
 MeV (input to PWA to extract properties of strange hyperon resonances) 


Λ, Σ, Ξ,  and Ω cos θCM = − 0.95 − 0.95
W = 1490 − 2500

KLp → Σ* → K+Ξ0
 Factory:Σ

R.G. Edwards et al, Phys.Rev.D 87 (2013), 054506



KLF Strange Hyperon Program: YN

C12-19-001: Strange Hadron Spectroscopy with Secondary KL Beam in Hall D (2019)

KLp → π+Λ/Σ
KLp → K+Ξ

Tagged hyperon 
beams via:

KLF expected
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Conclusion
Diverse physics programs with hyperons have been established at JLab in all experimental halls.


Data mining in Hall B has published Λp elastic total cross sections for  
Direct-scattering technique established. Work on Λd elastic total and differential cross section is 
in progress.


Photoproduction in Hall D explores production mechanisms of Y*, line shape of , and 
provides cross sections for cascades.


KLF in Hall D will provide KL beam of 104 K/s for rich strangeness physics.

pΛ = 0.9 ÷ 2.0 GeV/c

Λ(1405)
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The End


