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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.

6-GeV Era: 1995 - 2012

12-GeV Era: 2016 - present .
D 5.5-pass
beam ®
12 GeV ®
1.1-GeV Linac

123-MeV °
Injector o
o
~ oo % \ :
: g
Ob Z 1.1-GeV Linac
U (-
15
5-pass beam th
11 GeV

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

Polarized Beam: P. ~ 86%
Beam energies: E, = 0.4 — 6 GeV

Beam Current up 1o 200 pA

Simultaneous beam delivery to hree
experimental halls: A, B, C

\ 12-GeV Era

Polarized Beam: P, ~ 86 %
Beam energies: E; = 0.4 — 12 GeV

Beam current up to 80 pA

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



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 K. Beamline: Hall D



Studies of the YN Interaction




The Hyperon Puzzle of Neutron Stars

Impact on resolving the “hyperon puzzle” for neutron stars

- 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 =2MO is incompatible with such

a soft EoS

- Repulsive ANN interaction could stiffen

the EOS (W. Weise, EPJ Web of Conferences 271, 06003

(2022)) - relative strength of ANN to AN
forces needs to be quantified

Effect of Hyperons on Equation of State

I | I | I 25
- PSR (2019) i
PSR J0348 + 0432 ~  ~-"mormomTnmomeomes
e — —— —— — — — — 7——-—-—-_ —
| PSR J1614 - 2230 |
Hulse—Taylor PSR _
nucleons and leptons
nucleons, hyperons,

and leptons ]

| | O

0 0.5 1 1.5

central baryon number density p (fm™3)

I. Vidana, Proc. R. Soc. A 474, 20180145 (2018)
http://dx.doi.org/10.1098/rspa.2018.0145

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


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

Low-Energy Hyperon Physics: Sccn“rerlng

300 E 1 | | 1 I

YN interaction as not as well known as the NN i

Sechi-Zorn et al.

— not all free parameters of the YN potential can be | Aexander etal.
obtained from the NN potential via flavor SU(3) i\ Daupiman otal
symmetry ‘\

>Ome

— example: large uncertainties of AN scattering 20

lengths:

Ap — Ap

a(lSg) = -0.7 - -2.6 fm,
a(3S;) = -1.4 - 2.55 fm

G (mb)

100 |- : —
— YN elastic scattering database poor '

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

| I

for comparison: 4000 NN data for Elab < 350 MeV 00 200 300 400 500 600 700 800
P, (MeV/c)

- No YY, YNN, YYN, or YYY scattering data 6 J. Haidenbauer et al., Eur. Phys. J. A 59, 63 (2023)




Low-Energy Hyperon Physics: Hypernuclel

* 41 single-A hypernuclei
Double A-hypernuclei
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» ambiguous evidence of Z-hypernuclei

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

Charge-Symmeftry Breaking in A=4 hypernuclei:
Aa“P('Sy) = a,, — ay, = 0.62 £ 0.08 fm

AE0"Y) = EY (*He) — EV'(4H) = 233 £ 92 keV
( ) A (A e) A (A ) e AaCSB(SSl) — aAp —a,, = — 010+ 0.02 fm

AE(1") = E} (4He) — E} (4H) = — 83 = 94 kev

F. Schulz et al., Null. Phys. A 954, 149 (2016); A. Esser et al., Phys. Rev. Lett. 114, J. Haidenbauer et al., Few-Body Syst 62, 105 (2021)
232501 (2015)

T.O. Yamamoto et al., Phys. Rev. Lett. 115, 222501 (2015)



Recent Developments in YN Scattering

New experimental techniques

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

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

- Direct YN Scattering Experiments

J-PARC: > -p—>-p, 2 *p—2.*p, 2 p—An (J-PARC E40 > p Scattering Experiment)

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)

CLAS JLab: Ap—Ap

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

EO4-005, EO4-017, EO8-003 (g12) o < 0 < 140°
- LH2 target, 40-cm long 0" < b < 360°
- E.=5.715 GeV o, ~ 1 mrad
- triggers: ~26x10° triggers 6, ~ 4 mrad

L 19
p

E06-103 (g13)

- LDz target, 40-cm long E, : 0.2E,, 0.95E,
- Circularly (g13a) and Linearly Polarized (g13b) o .
Photons E,

- Ec.=2 GeV; 2.65 GeV (gl3a)
- triggers: ~50x10° triggers

CLAS

Photon Beam

from

Hall-B Tagger

METERS

lllllll

Drift
Chambers

Time of Flight
Scintillators

Photon Beam

Electromagnetic
Calorimeters

Cerenkov
Counters

Photon Tagger

N, Wy, R O M
Radiator S OSSOSO AL
\\:\\\\ \\\\\\ ~
O k= R UG T e ST 28k Ve
T Focal Plane, o e Full-energy (Eo)
- 384 Front R M Electrons
> .3 |- Counters S
( — energy) e
~N
4 48 Backing S .
Counters N S . S e,
(= timing) \\ \\\ ‘\\ Y oo \\\‘\\s\‘
-5 |— __K"EO:O.QS -@ 080 [o70] lo.sol\|o.3o"
6 | l | | l | l 1 l l l
-1 0 1 2 3 4 5 6 7 8 9 10 11




Accessing YN scattering in Photoproduction

Technique: Rescattering off different nucleon/nucleus in same target cell

Advantages:

— Exclusive measurement of (2) - clean
reaction selection

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

V.. rest and on-shell — no Fermi smearing
Beam
Challenges:
- Luminosity determination for (2)
detected: -, p, p’ P - Statistics of (2)
- A beam momentum cannot be arbitraril
(1) A beam is produced in: yp; = AX ow . 4

(2) A beam scatters off elastically: Ap, = A'p’
(3) Scattered A decays: A" — pr~



Measurement of Ap — /Ap Cross Section

Technique applied to proton-target data J. Rowley et. al., Phys. Rev. Lett. 127, 272303 (2021)
Event Selection
4010’ 5 5 400p i 5 I
ssp (@) -~ NID ssor (D) ; ; '
E i so0r- P = KTA ‘
of selection :  |Hfl ‘

: .
200F- ,' ““l'q

150F- Y A

counts

100F
50F

IR R R | 22 o 4 o0s .
M (p7) [GeV/c?] MM (y p = X A) [GeV/c]



Measurement of Ap — /Ap Cross Section

Technique applied to proton-target data J. Rowley et. al., Phys. Rev. Lett. 127, 272303 (2021)

Event Selection

250; (a) — Peak a0f- (b)
- ---- Sideband - -
2oo:—A Beam ID 30__Backgr'ound |
o - - subtracted yield
& - % -
% 150:— g 20
_ O B
" oob 13 <pa < 1.4 GeV/e O E13<pp <14 GeVie
= JrJ | . |
P T R - - LI-
1 1.1 1.2 ;

. 1.05 1.1 1.15
IM (X p — A p) [GeV/c?] MM (X p — A p) [GeV/c?]



Measurement of Ap — Ap Cross Section

Technique applied to proton-target data J. Rowley et. al., Phys. Rev. Lett. 127, 272303 (2021)
Total Cross Section Determination Results
- BCLAS gl2 —-= Nljmegen Potentlal
( ) Y (p A) 30 /@ world data set (pre-CLAS) == lulich Potential
Gp/\ —
APNZLPIN p—pr- =} I
il N L
Z(pp) = NA(PA) E 4
M o
[ Y |
My X — X 10 -
L: P(x) =exp |- M LAE
PA T B T s o s e et e —
N — A 21V A cos GF Y 1.0 1.2 1.4 1.6 1.8 2.0

J. Haidenbauer and U.-G. Meifner, Phys. Rev. C 72, 044005 (2005)
Simulations: ﬂ(pA), L T. A. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys. Rev. C 59, 21 (1999)



Measurement of pp — dr™ Cross Section

Technique: Validation

LT 1 L L L L L O A B
+ 0
pp—dT i 1) yp — pm
o PD. 1981
_l_
s\ LAMPF 1981 —>
3 g @
. SIN 1983 detected: d, m*
o KEK 1982
o SACLAY 1984
) 0 GATCHINA 1985
~ ¢ CLAS gl2 — statistical uncertainties: size of marker
1S |
% ;\& — Systematic uncertainties: about 10%

(ALY
ﬁg_{; M Good agreement with previous data
0 1 Iﬂ l B L.l 1+ 1 . |

0 0.5 1.0 1.5 2.0

Work by Joe Rowley, Ken Hincks, Nick Zachariou




Measurement of Ad — Ad Cross Section

Technique applied to deuteron-target data

Theoretical Studies

— Elastic cross section can be used to extract 2S1/2 and 4S3/2
scattering lengths
a(*S;,) = — 7.6+ —31.9 fm - directly constrains a(°S,) for AN

(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 Ad cross sections to gain access o ANN

(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))



Measurement of Ad — Ad Cross Section

Technique applied to deuteron-target data

Event Selection

800
SWNLY. BRSNS IS . B . R
2000F- AN ID 2 0
- 1800 1800 % 600
2 1600F 1600 | S
N 1400 m, =1.1157 Gev/c® s 1400 | '@
~ 1000} 1000 | £
[ = c 300
E  800F 800 3
3 600 600 | O 200
4005— 400 100
200F- 200
= s o . L L >, S T [ (S I R S (e
T 1. 112 114 O

[GeV/c?]

MA,scat

Work by Brandon Timeo



Measurement of Ad — Ad Cross Section

Technique applied to deuteron-target data

About 4000 elastic Ad events

Total Cross section

Expected Results

For each momentum bin, differential cross
section over —0.6 < cos H;\k, < 0.8

S-wave differential cross sections

extracted by means of Legendre

Polynomial Fits

pa( GeV/e) 65 o( % )
0.6, 0.7 4
0.7, 0.8 4
0.8, 0.9 5
0.9,1.0 5

N induced polarization will be determined




Hypernuclear Spectroscopy: Halls A and C

E89-009, E94-107, EO1-011, EO5-115, E12-17-003, E12-15-008

Measurements of binding and/or excitation energies of A hypernuclei in (e,e'K*)

Z\He' 9 Li. II\OBe' 123, 16N, 28A|, 52\/' 4OK, 48K

Sample Results: ?\Li

3.5

3
2.5

#2

)

(nb/sr) / 0.4 MeV

dq2
S
N — W

—

do

S

‘Be

JLab E05-115

e,e’KY) 2Li

T.Gogami et al., Phys. Rev. C 103, L041301 (2021)

A
0 5

-B, (MeV)

Y K+
p A
A— —,A
. > o ;
8L1 § B ALI
= 7/2+
S
— 2y 1/27 )
555 - 1/2 5/2 #3
3 _ 5/)+ 5/2% 2.27+0.09
- 3/2* +
0 9208 - 1/27 : 13;; 1.47+0.09
' - 30+ 1/2¢ '
N #
~ 5/2* g5+ 5/2% 0.57+0.12
o+ - 3/2¢ 3/2+ 3/2 1 #1 000008
g = o Assumption
z & @ JLab  JLab
s & = EO05-115 HallA
Theoretical calc.  (Present data)

F. Garibaldi et al., Phys. Rev. C 99, 054309 (2019)



Hypernuclear Spectroscopy: Halls A and C

E89-009, E94-107, EO1-011, EO5-115, E12-17-003, E12-15-008

Measurements of binding and/or excitation energies of A hypernuclei in (e,e’K*) / KT
p A
Z\He' 9 Li. }\OBZ, 128, 16N, 28A|, 52\/' 4OK, 48K o A ' A
Sample Results: | Li ~ ~
o Li 2 | ALi
< 23 3 #2 told <k 7/2*
- SE +1 1L B N n
= 25 #1 | #3 AT T 2.255 3: 112 2 22" #3
= - T | 3+ - 5/2+ /27 2.27+0.09
2 15F %ﬂ & \# [ N
oS 1E See talk by P. Achenbach for a more Comprehenswe overview .4740.09
SIS F | | U.95U% - 357 1/2+ 3127
0.5E \ 1T, : / #2
— ‘o NG ] 1
0 = To = SR - 5/2% g5+ 5/2° 0.57+0.12
! JLab E05-115 o+ 0 ] 3/2% 3/2t 3/2° 1 #1 000008
9@ :@9 @9K+> KLE E (E: g) Assumption
B e ] T 8 iE JLab JLab
-15 -10 -5 0 5 & ® = EO05-115 HallA
B, (MeV) Theoretical calc.  (Present data)

T.Gogami et al., Phys. Rev. C 103, L041301 (2021) F. Garibaldi et al., Phys. Rev. C 99, 054309 (2019)



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 fo bare current quark and momentum evolution of dressed quark mass.



Strange Baryons in the PDG

Overall _OtatUS as seen in — Overall Status as seen in —
Particle JP  status NK An  Xn« Other channels : p vera — —_
$(1193) 1/2F  ###x N (weak decay) Particle  J status =y AK YK =(1530)m Other channels
X(1385) 3/2T  sxxx fkkk kkokok Ay Z(1318)  1/24 sk Decays weakly
2/(1580) 3/2” * * * * 1530)  3/2+  kkkx Kok K

2(1620) 1/2- * * * *

Y(1660) 1/2%7  xxx $kk  kkk kkk

Y(1670) 3/27  sxkk  skokkx  kkkk kkokk

X(1750) 1/27 sk *kk kX Kok ok Xn
X(1T75)  5/27  skwkk  kkkk kkkx kx

$(1780) 3/2t x "

$(1880) 1/2F  sx  kx %

1620) *k *k

1690) sk ok >k K ok 5k K

1820)  3/2—  kxx *% %k *k ok

1950) Kok *k *k *

2030) ok K K Kk K

2120) * *

2250) * % 3-body decays

(1] (1] [1] [x] (1] (o] (1] (1] [1] [1]

(}9(1)0) 1/ 3: *x *x * *k 2370) *k 3-body decays
2(1910) 3/ R * * ** (2500) * * * 3-body decays
X(1915)  5/2T  skkk  oxxx kkk kkk
X (1940) 3/27 * * * **xx*x  [xistence is certain, and properties are at least fairly well explored.
X(2010) 3/2~ * * * kKK Existence ranges from very likely to certain, but further confirmation is desirable
5(2030) 7/2t  swwx kekk kekx s A(1232)K, NK©, 2(1385)7 and/or quantum numbers, branching fractlons etc. are not well determined.

X (2070) 5/27F * * % * ok Evidence of existence is only fair.
¥ (2080) 3/2% * * * Evidence of existence is poor.
3(2100) 7/2° * * * *
X(2110) 1/2° * * * *
(2230) 3/2F  « x % x

37(2250) Kk Kk * *

37(2455) *

3(2620) %

X7(3000) * *
3(3170) x




Strange Baryons from LQCD
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The GlueX in Hall D

Forward Calorimeter

—— Diamond: PARA Time of Flight
—— Diamond: PERP

— Aluminum Barrel Calorimeter
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Selected Results: A(1520)

NO -
Production mechanism of A(1520) s P |
= +A - 8 000k
# A /\ K A A # Y K+ g 6000[—
S F A(1520)
S 5000(—
© B |
5 i | L\ A(1890)
& 4000 5 (1660 W2(1915)
A(1520) = B 2§2.670 \
(| A
At the GlueX energies, 3000:_ (1 b
t—channel mechanisms B " 51750) (2030)
expected to be G >(1775)
dominant . A(1800) A(2100)
1000— A(1600) ﬁg gégg A(2110)
A(IAI'OS)ZIllllIIIIIIIIIIIII\I(Ij:§I3$))I|llllIlllllllllllllllllll
T R R T I TR L Y

A(1520) rest frame
, inv. mass pK~ GeV/c?




Selected Results: A(1520)

Production mechanism of A(1520)

W@, ¢, d) = L do 3 0%, sin’ 0 + p? ! + cos* 6 Rep). sin 26 cos ¢ - Rep) . sin’ 6 cos2¢
i i 2]_[ dl, 4]_[ 33 11 3 \/g 31 \/§ 3—1
- I | . ]
— P, cos 2 _,0313 sin” @ + pj, (5 + cos’ 0) ﬁRepgl sin 26 cos ¢ ﬁRepg_l sin” @ cos qu_
2
— P, sin 2<I>7§ [1111,032l sin 26 sin ¢ + Imp;_, sin” 6 sin 2qb] }

2
Re(py ;| +p3_q) = ﬁRe(N—lNl* + N2Npy),

2

2
ol + ol = ﬁ(\No\z + N1 %),

0 1 2 2
o) P11 — P11 = (|Uol” + |UL]7),
pY + phy = =(IN_ 1> + N2 ). N

N 2
) ,023 — /0313 — /T[(lU_IIZ + |U2‘2)9
Re (o3, + 03;) = —Re(N_1Ng — NaNy), >

Re(p3; — p31) = NRe(U_lU{," — U,U)),

0 1 2 * *



Selected Results: A(1520)

Production mechanism of A(1520): dominated by natural-exchange amplitudes

Natural
3 If
SpEeTT o e | 05
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: 0k
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Selected Results: = (1320)
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Selected Results: = (1320)
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Selected Results: A(1405)

/,’ Y g . ........ ‘Rw.'*' ..... . ........ . " eees g ' -------- ,Klil...,+ ..... ' -------- - o
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e Data indicate t-dependent line
shape
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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 32



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

KLong Facility (KLF)

GlueX :

Compact Pair Spectrometer K_beam profile

Photon Source @~ ‘_Sf’e_‘ft’ ometer -
| : /p)
North LINAC '\ J: X / i :a -
; : y beam S o8-
' 1 ) _
= |
X 06
Tagger Be Target Sweep o [ E 06
Area 40-cmlong  pagnet Flux

East ARC Monitor 24-m TOF




KLF Strange Hyperon Program: Example

Differential cross sections and induced polarizations of A, %, =, and €2 hyperons for cos 0, = — 0.95 — 0.95 and
W = 1490 — 2500 MeV (input to PWA to extract properties of strange hyperon resonances)

K, p— X* - KB

- 2 Factory:
Y ¥(1920) 5/2 .
- 5 Kip = 27 - Kp
S = B £ 0.08- 20 days Kip > Z* > nA
o EJED% ° -
0 @ -
5= o nal- 100 days
' 0.02}-
SR S HUS S U S U SO 1800 1900 2000 2100

W [MeV]
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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 Ap elastic total cross sections for p, = 0.9 +2.0 GeV/c

Direct-scattering technique established. Work on Ad elastic total and differential cross section is
in progress.

Photoproduction in Hall D explores production mechanisms of Y*, line shape of A(1405), and
provides cross sections for cascades.

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




