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Jlab CEBAF accelerator provides an outstanding electron beam to perform an excellent hypernuclear spectroscopy
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Experimental Halls A,B, C
2.2-11 GeV after 1-5 passes

Energy (hall D) 12 GeV Beam power <1 MW
Energy (halls A, B, and C) 11 GeV Beam loss <1 pa
Average current (halls A 1-90 pA Number of passes 5.5
and C) Number of accelerating 418
Average current (hall B) 1-100 nA cavities

Average current (hall D) 0.1-5 pA Fundamental mode 1497 MHz
Bunch charge <0.5 pC frequency

Repetition rate 249.5 MHz/hall Amplitude control 1x10-4
Beam polarization 90% Phase control 0.1° rms
Beam size (rms transverse) ~150 um Cavity operating 21K
Bunch length (rms) 300 fs, 90 um temperature

Energy spread 2 x10-4 Liquifier 2 K cooling power 10 kw

Liquifier operating power 10 MW



Features of the hypernuclear spectroscopy
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Energy calibration
Thanks to the availability of Hydrogen targets
and hence to the possibility to determine the
excitation energy spectrum of the reaction:
'H(e,e’KT)A X it is possible to obtain very good
energy calibration and hence to determine very
precisely binding energies
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Energy resolution:

thanks to high resolution spectrometers
and the high monochromatic incident
electron beam sub-MeV energy resolutions
were obtained at Jlab



Recent hypernuclear spectroscopy was performed at Jlab in Hall A (experiment E12-17-003)

Hall A is equipped with two nearly equal High Resolution Spectrometers:
HRS-L for the detection of the scattered electrons.
HRS-R for the detection of the produced hadrons.



E12-17-003 experimental setup
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Parameter Value
Electron beam (¢)

Beam energy 4.326 GeV
Energy spread (AE/E in FWHM) <1.0x 10
Scattered electron ()

Central momentum 2.100 GeV/c

Momentum acceptance 4.5%

Momentum resolution (Ap/p in FWHM) 1.0 x 107*
Kaon (K™)

Central momentum 1.823 GeV/c

Momentum acceptance 4.5%

Momentum resolution (Ap/p in FWHM) 1.0 x 107*

Target Beam Current Beam Charge

[nA] (€]
Tritium 22.5 16.9 1.1 x 10%°
Hydrogen 22.5 A7 2.9 x 10"?

Gaseous hydrogen target thickness 70.8 mg/cm?



Experiment E12-17-003 primary goal was the (possible) detection of a resonance nnA

Experiment E12-17-003 IN HALL A has produced two publications on this topics.
The concerned results were already presented in previous Anti-Matter, Hyper-Matter and Exotica Production Workshops

Spectroscopic study of a possible Ann
resonance and a pair of 2NN states

The cross-section measurement using the (e, e’ K*) reaction with a
for the 3H(e, e’ K*)nnA reaction tritium target
Prog. Theor. Exp. Phys. 2015, 00000 Phys Rev. C 105, L051001(2022)
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No significant structures were
observed and the upper limits
of the production-cross sectior
of nn/\ state were obtained to
be 21 and 31 nb/sr at the 90%
confidence level when
theoretical predictions of (-B,, i
) =(0.25, 0.8) and (0.55, 4.7) 20
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Flectroproduction of the A/Z° hyperons
at Q°~0.5 (GeV/c)? at forward angles

K. Okuyama et al. Phys. Rev. C 110, 025203 (2024)

/ reaction plane /

/ scattering plane

Determined the differential cross section for A/Z° hyperon electroproduction at
forward angles, where data are scarce, and at a Q2 value not well measured so far
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Vertex reconstruction

HRSs bend charged particles vertically along the momentum dispersive planes.

It is possible then to reconstruct the interaction Z-vertex from the horizontal components at the focal planes because they are independent
of the momentum dispersion

Z-vertex reconstruction ~ 5 mm (10)
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Average Z-vertex distribution obtained from the HRSs and its fitting functions (fitting range |Z| < 15 cm)

Only events with |Z] < 10 cm were analyzed.
With this choice, aluminum contamination ratio was: 0.3 = 0.05 (Stat.) *3-8%(Syst.) %
A

Contribution from the events outside the fitting range



Kaon identification
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_ Second step
First step:

Two Cherenkov detectors were used
With two different refraction indexes.

Pions fired both, Kaons only one
and protons none of them

Fitting the coincidence time spectrum, applying a ut on the coincidence time of |t
the pion contamination was evaluated as: 1.771032(Stat.

For particles firing only the — =

E Cherenkov detector,
the coincidence time, i. e., the difference between electron and

hadron time-of-flight (TOF)s inside HRS-L and HRS-R respectively
was measured. Calculating the hadron time-of-flight with the
Kaon mass, the coincidence time is zero only for Kaons from true

(e,e’K*) events.

89(Syst. )%

Coin.

| <1 ns.



Accidentals subtraction and radiative tails
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Accidentals contribution to the
Missing Mass spectrum was
deduced by making a distribution
with artificially mixed events
corresponding to random
coincidences between the two
HRS spectrometers.
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Two techniques were used to take into account radiative corrections:
a) fitting the spectrum by using only the real data:

(f+ h) = g)(X) = (f x g)(x) + (h * g)(x) for both A and X° tails

(f(x) exponential, h(x) Landau, g(x) gaussian)

Voigts for both the pion contamination and target cell contributions

b) using a Monte-Carlo simulation (e.g. SIMC code).

Because of the possible presence of unknown background, technique

b) gives a smaller number of detected hyperons than technique a) which reproduces the
real data well and whose fit was chosen as the most faithful. The variations of the fitting
results by changing the fit conditions and the integral ranges, as well as those reflecting the
distribution reproduced by SIMC, were taken into account as systematic errors.



Spectrometer solid angles and virtual photon flux determination

10 ; 10 ;
8 | 8
6 & 6 &
4 5 4 5
T 2 4 T 2 ¢
L 0F L 0F
N F 3 N 5F 3
—BE 6
-8F ! = !
957652 205 21 2145 23 355 53 " Qs 7 76 18 185 19 165 2 °
Momentum [MeV/c] Momentum [MeV/c]
(a) for HRS-L. (b) for HRS-R.

The two-dimensional dependence of the solid angle on momentum and Z~vertex for HRS-L and HRS-R.
The Z-axis represents the solid angle, with units of msr.

The solid angle of the HRS is estimated through the following procedure: 1) Particles are generated uniformly
and randomly from the target position. The range of momentum and solid angle are set sufficiently wider than
the acceptance region of the spectrometer, and the Z=vertex is distributed within the range of [-10 cm, 10
cm]. 2) The solid angle acceptance of the spectrometer AQacc, is estimated using the formula: AQ,.. =

N . : : . .
2 AQ, ., Where N, is the total number of generated particles, N, .. is the number of particles that are transmitted
gen gen acc
gen

through the spectrometer and counted as accepted events, and Af) ., is the solid angle over which particles are
generated. The number of virtual photons irradiating the proton targetis: N, = N, f I'dwdQyps—; and by simulation

resulted equal to N,- = (7.132 £ 0.001 (stat)) x 10** (4.6 Con target & N, = 2.9 x 109)




Differential cross section derivation
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N;: Number of target protons (= 0.0375 b™?], N,,.: Number of virtual photons, &: Average event cut efficiency,
eiDAQ: DAQ efficiency when taking i-th event (evaluated on a run by run basis (~96%),

e2¢Y . Survival ratio of K* (~14%) , AQyrs—ri: HRS-R solid angle for the i-th event (~5.5 srd)

l

A E[]
[tem Lower Upper Lower Upper
B.G. from Al Cell 0.89% 0.05% 0.89% 0.05% ltem =(A) [%] &(Z") [%)] Description
. .. . . _ 7 Py - 3 o - .

Pion Contamination 0.72% 0.32% 0.72% 0.32% :.AC 82.5 76.2  Z-vertex cut for hydrogen target selection

— . : . ] g 60.2 59.1  Aerogel Cherenkov cut for kaon identification

— 13%,  4.30% 20 A7 6% _
Radiative t_ml ) 9_4‘3:6 4 30:{' 25 2:6 47 Bj' e°T 98.8 97.0  Coincidence Time cut for kaon identification
Kaon Survival Ratio 4.13% 0.76% 4.13% 0.76% gSingle g7 97.0  Percentage of single-hit events in HRS-L (excluding multi-hit)
Number of Target Centers 0.83% 0.83% 0.83% 0.83% eFF 96.2 96.2  Focal Plane cut for removing unphysical events
. : : § ~Track o . .
Number of Beam Particles 1.00% 1.00% 1.00% 1.00% e’ 08.1 98.1 P;arcent-aoe of successful track reconstructions
- : : ] ex >999 >999 x° cut for the reconstructed tracks
Number of Virtual Photons 1.40% 2.30% 1.76% 1.11%
% % 1.76% % gtoal 449 40.0  Total efficiencies of the above

Mixed Event Analysis 0.20% 0.20% 0.30% 0.30%
All 10.53% 5.11% 25.7% 47.6% Efficiencies

Estimated systematic errors on the differential Cross sections



do,, /dQE™ [ublsr]

Results

v'p— KTA
Full
Divided-1
Divided-2

0.42615:024(Stat.) T5-022(Syst.) ub/st  at Q% = 0.2 — 0.8 (GeV /c)?
0.55410:033 (Stat.)*5035 (Syst.) ub/sr  at Q% = 0.2 — 0.5 (GeV /c)?
0.338 £ 0.022(Stat.) Ty 022 (Syst.) pb/st at Q% = 0.5 — 0.8 (GeV/c)?

Tp— K+txY
Full
Divided-1

0.0861 5003 (Stat.) 10055 (Syst.) ub/sr at Q° = 0.2 - 0.8 (GeV/c)?
0.128 £ 0.013(Stat.) 5 has (Syst.) pb/sr at Q* = 0.2 — 0.5 (GeV /c)?

Divided-2

0.041 4 0.006(Stat.) 5020 (Syst.) ub/sr at Q% = 0.5 — 0.8 (GeV /e)?

Summary of the obtained differential cross sections
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Backward-angle electroproduction of ' mesons off

protons at W =2.13 GeV and Q? = 0.46 (GeV/c)?
(T. Akiyama et al., being submitted to Prog. Theor. Exp. Phys.)
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Proton identification
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Coincidence time distribution. The peaks located at 0 ns, ~ 7.8 ns, ~ 11.1 ns
correspond to proton, kaon, and pion, respectively.

Accidental coincidence events are distributed uniformly beneath the three peaks.
The two blue dashed-lines represent the timing gate for proton selection.
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P’ VS pyp distribution for data and multi-pi simulation.
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It was assumed that the background arises from multi-pion production and
can be described as a superposition of events following the kinematics of
non-resonant 2n—6n production. Distributions of p, vs p, obtained from the
multi-pion production simulation, were checked against the distribution
obtained from the experimental data. Each simulated distribution was
scaled so that the number of events within the acceptance matches that of
the experimental data. The multiplicities of various pion production
channels were linearly combined. The y? value defined as:

. 2
data sim
(’V ij ~Nij )

XZ = Zi:xbin Zj:ybin Gizj
was evaluated. The set of weighting parameters that best reproduces the
experimental data we determined as the one that minimized the y2. The
result indicates that, without applying any selections on Q2 or W the 5-pion
production channel is contributing 95.5 % and the most dominant, while
contributions from other channels were found to be negligibly small. The
average pion multiplicity was 4.86. By mapping the simulated events onto
the missing mass axis, the functional form to be used in fitting the missing

mass spectrum was determined




Missing mass spectrum and 1’ peak fit
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Missing mass spectrum (in differential cross section) of all data with different types of fitting functions for background.

The peak shape features a tail on the higher-mass side due to electron bremsstrahlung occurring in interactions
with the aluminum walls of the target cell. The missing mass distribution was then fitted with a function composed
of a superposition of two Gaussian functions sharing the same peak position, and an exponentially attenuating
function smeared by those Gaussians:

(x-w)? (x-u)’

2

+00 i) - ] 0 (x<p+pu)
FPeak(x) = FPG(x) + [ FPC(x —t) F4(t)dt; FPC(x) = A(1 - C) [Re 201 + (1 —R)e 20:* |; Fo%(x) =

_ n
ACTB_X (H:M (u+ p' <x)

the reduced y? values between the fit function and data were 1.07 for panel (6a) and 1.49 for (6b). The difference in the cross
section obtained from the two fits was 11 %, which was incorporated as a systematic error due to the fitting method. The
next largest contribution to systematic error came from the uncertainty in estimating the spectrometer’s solid angle. By
varying the momentum range used for analysis and recalculating the cross section, this uncertainty was evaluated to be 6 %.




Results

(Pre“minary) Parameter Explanation Value
£z Efficiency for Z-vertex cut 0.630
£C°T Efficiency for coincidence time cut 0.936
do‘,y‘ p—Xp M 1 1 Nevent fLﬂb—’CM sRP Efficiency for hit position&angle cut at reference plane 0.886
T) = N t DAQ gSingle Efficiency for selection of single-track event 0.970
p Target & 527 Ny (Pers2) - £, " - AQurs R {pp’ z) gTrack Tracking Efficiency in VDCs 0.981
_ Z CT _RP Single _Track _Abs _Detector g Particle’s loss by absorption in target 0.994
=& &8 & E & e E ’ gDetector Detection efficiency in hodoscopes > 0.999
£DAQ DAQ efficiency 0.96 (average)
do / cM
*D—
( ZS 7P ) = 4.4 + 0.8 (stat.) + 0.4 (syst.) [nb/sr]
n'
ATy pn'p . 2 2
0, (Q° < 0.47 (GeV/c*) =5.9 + 1.1 (stat.) + 0.6 (syst.) [nb/sr]
n
doyp'p \ 2 2
T, (Q° =047 (GeV /c*) = 4.3 + 1.1 (stat.) + 0.6 (syst.) [nb/sr]
n
do ) CM
Y*p>n'p _
) (W <213 GeV) =3.7 £ 1.2 (stat.) + 0.7 (syst.) [nb/sr]
n'
do ) CM
Y*p>n'p _
) (W =213 GeV) = 6.5 + 1.0 (stat.) + 0.8 (syst.) [nb/sr]
n'
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Comparison with data from other experiments and with theoretical models (1)

(Preliminary)
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Comparison with data from other experiments and with theoretical models (2)

Model T Tull solufion
0.02 0.02 N(1880) 12"
Model | w/o EM form factor 0.018f N1900) 32 0.018F Nurgog 8t
E - 100) /2 ™ E i 2
Model | w/ EM form factor —0.016f N NEMG; qz —0.016 Egﬁz%
Madel Il w/o EM form factor Lo.014f g&p L0.014f—deretemm T wip
E fe| E
Model Il w/ EM form factor g o12f —— Zo012f s
Model 1ll w/o EM form factor 5 0.01F g 0.01F
== ""F ==
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Q2-dependence of the differential cross section in electroproduction of the n'. Bold/thin

curves correspond to calculation with/without the electromagnetic form factor. The pink plot with
errors represents the result of the present experiment in a single bin. In contrast, the brown plots are
the results divided into two bins. The error bars to each plot represent statistical errors, while the
boxes represent systematic errors. The green and orange plots at Q2 = 0 (overlapping each other)
are the value of existing data at nearby W of photoproduction measured by LEPS

W-dependence of the differential cross section of the n' electroproduction. The pink plot with errors
represents the result of the present experiment in a single bin. In contrast, The brown plots are the
results divided into two bins. The error bars to each plot represent statistical errors, while

the boxes represent systematic errors. The solid curves give the full solutions of Model I-1V at the

specific kinematics, and the other curves give the individual contributions of different resonances.



The future:

Hall C - Hypernuclei

Three are the goals of the present hypernuclear program at JLab:
- Neutron star structure investigation (solution of the “hyperon puzzle”)
: Charge symmetry breaking study in hyperon — nucleon interaction

: Study of nucleus deformations

Despite this program address different topics, the experimental method to achieve all the aforementioned goals is
the same: hypernuclear spectroscopy that has to be performed with the best achievable energy resolution and the
best achievable binding energy measurement precision.

Because of that, all the experiments that are being proposed to achieve the Jlab hypernuclear program goals will
employ the same identical experimental apparatus (but the target).



The experimental apparatus:

The new Experimental setup and
kinematics after moving in Hall C

O(e,e’) =8.5°

P, =0.74 GeV/c
Oe,k) = 11.5°

P, =1.2 GeV/c

HES

(b) Bird’s cyc view

e
Item Value
Energy (/GeV) 2.24
Beam (e)
(Required) energy spread and drift 1x 107" (FWHM)
Central momentum p&™ [/(GeV /c)] 0.74
Central angle g 8.5°
PCS + HES (¢/)
Solid angle acceptance Q. (/msr) (at pSt) 34
Momentum resolution Ap,: /pe 4.4 < 10~* (FWHM)
Central momentum p$* [/(GeV/c)] 1.20
Central angle 0% 11.5¢
PCS + HKS (K*) ekt
Solid angle acceptance Q-+ (/msr) (at pi?f ) 7.0
Momentum resolution Apy+ /py+ 2.9 x 10~ (FWHM)
Vs =W (/GeV) 1.912
Q% [/(GeV/e)?] 0.036
K scattering angle wrt virtual photon, f.- g+ 7.35°
ple, e’ KT)A K
€ 0.59
€L 0.0096




experiments

Neutron star structure

(hyper)nuclei neutron stars

Neutron stars are remnants of the
gravitational collapse of massive stars having
masses of (1-2 solar masses ~ 2 x 1033 Kg)
and are excellent observatories to test
fundamental properties of nuclear matter
under extreme conditions and offer
interesting interplay between nuclear
processes and astrophysical observables

same underlying physics

- >
< >

St l()[ TRA.IOS( l(‘)

nuclear force

R~fm~10"¥m R~ 10km ~ 10*m
_on theory 30
M ~ 10 ko M~14M~ ~ 107" ke

Hyperons are expected to appear in their core
at r ~ (2-3)r,when my, is large enough to make
conversion of N to Y energetically favorable.
However, this results in a reduction of the L A B B BN B S S SO A
Fermi pressure exerted by the baryons and a
softening of the equation of state (EOS). As a
consequence, the maximum mass determined
by the equilibrium condition between
gravitational and nuclear forces is reduced.
Most of EOS of matter containing strangeness
predict a maximum neutron star mass of about o
1.5 solar masses. However, the recent

measurements of neutron star masses as big _

as 2 solar masses require a much stiffer EOS 001502 03 04 05 06 07 [il.s 09T e
(Hyperon puzzle). baryon density [fm ]
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Nucleons with 3 body forces

A and N with 3 body forces(ANN)
A and N without 3 body force

- It clearly appears that the inclusion of YNN
forces (curve 3) leads to a large increase of the
maximum mass, although the resulting value is
] still below the two solar mass line.

. & emulsion
fit to s-orbit
separation (K )
energy only - (" KD
ln (e,e’K*)
0~ AFDMC
. ti. 0
7
e
a_ | 5
ad lv ¢ 4
& & 3
&g |
____________________________________________________ a
5
0.0 0.1 0.2 0.3 0.4 0.5
A3

D. L. and F. Pederiva, arXiv:1711.07521



Two proposals to solve the “hyperon puzzle”

Experiment E12-24-013

An isospin dependence study of the Lambda-N interaction
through the high precision spectroscopy of Lambda hypernuclei
with electron beam.

Neutron stars are 90% made up of neutrons. The effect of
asymmetry of the nuclear medium on the hyperon chemical
potential can be translated into an isospin dependence of YNN
interaction. Very accurate measurements of asymmetric
hypernuclei binding energies are hence necessary. According to
Auxiliary-Field Diffusion Monte Carlo (AFMC) calculations, if the
three-body ANN repulsive force has isospin dependence it would
result in a shift in the energy dependence when the neutron-rich
4/%1( target is used. On the other hand the effect of isospin
dependence is small for the target 421( with equal numbers of
protons and neutrons.

Experiment E12-24-003

Studying A interactions in nuclear matter with
the 2°®Pb(e, e'K+)?%8T1 reaction

The measured charge density distribution of
208pp clearly shows that the region of nearly
constant density accounts for a very large
fraction (~70 %) of the nuclear volume, thus
suggesting that its properties largely reflect
those of uniform nuclear matter in the neutron
star

The validity of this conjecture has been long
established by a comparison between the
results of theoretical calculations and the data
extracted from the 2°8Pb(e,e’p)?%’Tl cross
sections measured at NIKHEF in the 1990s



Charge symmetry breaking
(Experiment E12-24-004)

Study of Charge Symmetry Breaking in p-shell hypernuclei

®He, ?Li, and 11 Be spectroscopy
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Run Group Addition E12-20-013A/E12-15-008A

e beam g

\%

Virtual

0 :| Kaon
T
Photon K* il

- ‘ n ] High-resolution
< —> 9 Spectrometer

Hyper-Frasment  ~100 MeV/c

Ba = Moo + My — Mygyp,  Miyp = /M2 + 02 +/M2 + 12

Hypernuclei Decay mode Pr— (MeV/e)
iH SHe + 7~ 114.4
1H “He + 7~ 133.0
‘H SHe + 7~ 135.3
THe i+ 7 115.1
TLi "Be + 7~ 108.1
8 He SLi + 7~ 116.5
8Li 8Be + 7~ 124.2
8Be 5B + 97.2
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2B 2¢C 4 7~ 115.9
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Enlarged View
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Study on the nucleus deformations
(Experiment E12-24-011)

arameters to describe deformation

Nuclear quadrupole deformation (f3,y)
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Recent theoretical calculation
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Adding a A particle

13201521 = 7/25,5/23=—=

HMg + A 325,502

Terasaki et al. NPA621(1997)
Rodriguez-Guzman et al. NPA709 (2002)
Peru et al PRC77 (2008)

Hinohara, Kanada-En'yo PRC83 (2011)

527,712 g s

26Mg ground state: =0.41, y=33°

AN interaction is attractive

WEF of A in p-orbit is straight

9/25,11/27 e

1/23,3/25 e
5/20,7/21 e
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r Mg AMD
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Overlap between A and Mg core
depends on axis direction

¥

26Mg ®A(p) splits in 3 states

M.lsaka, Hypernuclear Physics Workshop 2023 at JLab




summary

Experiment E12-17-003 is still producing very interesting “byproduct” results:

a) Measurement of the differential cross section for A/Z% hyperon electroproduction at forward
angles, where data are scarce, and at a Q2 value not well measured so far

b) Backward-angle electroproduction of n” mesons off protons at W =2.13 GeV and Q2 = 0.46
(GeV/c) ?

A very exciting set of experiments will take place in Jlab Hall C aiming to:

a) Understanding the structure of neutron stars (solving the “hyperon puzzle”).
b) Studying the Charge Symmetry Breaking (CSB).

c) Performing measurements of light hypernuclei binding energies with unprecedented precision.



