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Executive Summary

Spectroscopy of Heavy Baryons

New Platform of Hadron Physics with Heavy Baryon at J-PARC Diq”a_”f_‘CO”'
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Source of the Strong Interaction: Verification of Gluon-Field Dynamics
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Internal structure of baryons in terms of Eff. DoF

> Disentangle motions of a quark pair by introducing different flavors

P-wave ’ Spin-dep. Int.
Disentangle “gq” motion
(L=1) qu omode _3/25/2- gl€ qq
T B 132 in Baryon w/ Heavy Quark
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Good to study gqg correlation
induced by Spin-Spin int.
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T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, K. Sadato, Phys. Rev. D92 (2015) 114029




Level structure in Singly Heavy Baryons
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PRD 92, 114029 (2015)



Production and Decay of Charmed Baryons
with Missing Mass Spectroscopy at J-PARC

Reconstruct D"~
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Missing mass spectrum

Reaction Diagram

p (m) Measure Decay particles, too
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References for estimations on production cross sections:
Reggeon Exchange: S.H. Kim, A. Hosaka, H.C. Kim, and HN, Phys.Rev. D92 (2015) 094021

Single-quark involved process: S.H. Kim, A. Hosaka, H.C. Kim, and HN, PTEP, (2014) 103D01
Two-quark involved process: S.l. Shim, A. Hosaka, H.C. Kim, PTEP 2020, (2020) 5, 053D01




Production of Charmed Baryons: Theoretical Study

Cross sections for
the Excited states

R ~{p, [N20_exp(idy 7))

1, ~ (qeff/a)L eXp(_qezﬁp/az)

0.4 GeV ([Baryon size] 1)
g~ 1.4 GeV/c (one-quark)
~ 1 GeV/c (two quark)

.

Populate higher L states
by factor (qegs/a )"

One-quark process Two-quark process

S.H. Kim, A. Hosaka, H.C. Kim, and HN S.I. Shim, A. Hosaka, H.C. Kim,
PTEP 2014 (2014) 103D01 PTEP 2020, (2020) 5, 053D01
X excite p-mode, giving how much the two- 6

quark process contributes.



Production and Decay of Charmed Baryons

_ _ Simulation (100 days) A-mode excitation
d Reaction Diagram
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One-quark process favors A-mode sates, introducing a finite L btw c and “ud”.

Two-quark process favors p-mode sates as well.
Production ratio of the HQ doublet to be L:L+1 = Spin, Parity.
Production and Decay measurement = A/p-mode identification



Production and Decay of Charmed Baryons

J Reaction Diagram Decay pattern of A mode
Vo Decay pattern
B y - of p-mode
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One-quark process favors A-mode sates, introducing a finite L btw c and “ud”.
Two-quark process favors p-mode sates as well.

Production ratio of the HQ doublet to be L:L+1 = Spin, Parity.

Production and Decay measurement = A/p-mode identification



Non-trivial vacuum of gluon field in baryons

* “instanton” demonstrated in LQCD (D. Leinweber et al.)
— U,(1) anomaly: explanation of n — n' mass difference
— 1 loop SB¥S

* Instanton Induced Interaction (Kobayashi-Maskawa-t’"Hooft Int.)
— Introduces the spin-spin interaction btw two quarks (Oka, Takeuchi)

u,
° ]/1512) — U(2)21>]€l€][ AA + 1/10-10-2 5(7'”) El —mu/ml dL\ " /dR
— Similar formula as that mtroduced by OGE e
CMI _ & > U,(1) anomaly R
* Voge = — Zl>] flfj A A 0'10-2] 6 (1yj) I~
— May solve the ‘too Iarge as” problem in baryon spectrum G
* a.~1 in order to explain the mass splitting of A to N /\

q

The origin of the spin-dependent interactions is an open question.




Naive Demonstration: OGE + |l in SS int

ROGE + R”I""O.6 + O4‘€Xp{—[mQ — mq]/AX}

 AM's btw 8tet and 10plet baryons are
Baryons well explained by the SS int.
(Decuplet-Octet) — AM's btw PS and V mesons as well

— CMI by OGE seems successful.

— OGE cannot explain the small LS splitting
in N* and finite one in Heavy Baryons

A cancellation scenario in LS

— Instanton Induced Int. (I1l) [KMT int.]
* Same structure as OGE
» Effective for only light quarks

Mesons(V — PS) * U,(1) anomaly in lll introduces AM.(r]’ —1)
— OGE + Instanton Induced Int. (lll) in SS

* No affect in SS splitting both in Baryons and
Mesons

— OGE —1lll'in LS in lighter baryons

S. Takeuchi, Nucl. Phys. A 642, 543 (1998). 10




Naive Demonstration: OGE - lll in LS int

Roge + Ry;1~0.6 — 0.4exp{—[mqy — my]/A,}

OGE only
 AM's btw 8tet and 10plet baryons are

well explained by the SS int.
— AM's btw PS and V mesons as well
— CMI by OGE seems successful.

— OGE cannot explain the small LS splitting
in N* and finite one in Heavy Baryons

e A cancellation scenario in LS
— Instanton Induced Int. (I1l) [KMT int.]
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Executive Summary

Issue 1: Footprint of Instanton in SO interaction

P-wave Excitation (L=1) e
OGE  OGE+llI ﬁ

Degen? 2 "' X p-mode states

N(1535),3/2~ pmode

N(1520), N — . .
Z _ to be identified.
1/2 Amode A(2625),3/2
Degenerate e % To be verified
A.(2595),1/27 if they are 4 mode.
Footprint of instanton
G>. in SO splitting N
N Ac Production Rate

Decay pattern




Recall level structure in singly heavy baryons
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PRD 92, 114029 (2015)



Color confinement in baryons

e Cornell potential well describes

the spectra of Quarkonia e Yoshida
—Kumakawa-Jido
> V(Tl]) = A/T’l’j + O'Tij —LQCD WatKai cD
LQCD Kevin-Lee
* |tis a flavor blind interaction, —LQCD ccbar

thus would be applicable to
baryon spectra...

diquark

14



Models overestimate excitation energies in 1D/2S states

m Exp. [GeV] K [Gev] m
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Rel. corr. does not solve but a smaller tension does.
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Demo. in a Q-DQ model with V(r) = é + or + V)

A pair of A and o is adjusted to reproduce 1S and 1P: a smaller o is favored.

The energy difference btw 2S and 1D is insensitive to the choice of 4, o.

A.:30MeV overestimated for 2S.

Ay :25,1D are reproduced within a few MeV, no A, o reproduce 2S and 1D simultaneously.
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Potential params vs W.F.(/{r4))

= provided from
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Executive Summary

Issue 2: String Tension Puzzle in heavy baryons

Large discrepancy indicates dynamical changes of the tension/structure.

,"‘ \Exp: _ __(Z'alc'(B 0qaqa~Boq) Mass spectrum &

\
I\’ ‘\ \\ \7/ “\ i Radial Wave Func.
V\ | 57 2.886 {-{---& : E\Q | \
= > N éos \
Modified? 8 eas | oL 50y ‘ :
excited 7 5 %
= 2486 - 207"
< /
1S //1.5 - Vcon(r) =A/1"+BT
2.286 | Boqq = Boo
1-0 | | |
Baryon Qqq[33] (05) 0.0 05 10 15 2.0

L 0-qq rel. distance, r [fm]
~Same color config. as quarkonium (QQ[33])

> A-mode 1D state to be identified. = Production and Decay




Summary

* QCD in low energy is characterized by the SByS and color confinement, which
may be caused by the non-trivial vacuum of the gluon field.
— Its behavior is an issue in solving a fundamental question on the origin of matter evolution.
* The effect of the gluon field in heavy baryons provides hints:
— Footprint of the instanton-induced interaction in spin-dependent interactions
* LS splitting in p/A-mode excited heavy baryons
— String Tension Puzzle of confinement force in heavy baryons

 Level structure of excited heavy baryons in (heavy) Quark-Diquark configuration

# Spectroscopic study of heavy baryons at J-PARC
* Identifying p/A-modes with characteristic production rates, decay patterns, etc.
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Current Layout:B Line (primary p) & n20-phase 1 (secondary beams)
Beam Diagnostic Devices
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120 (phase 1) has been launched !
Measured Intensity:

in case of the expected loss of 230W at LM
* 3 GeV/c: ~200 k/spill
* 5 GeV/c: ~600 K/spill
* 10 GeV/c: ~1400 k/spill

T I > Spill: 2 sec extraction, 4.24 sec repetition cycle

X position @ T3 [mm] Y position @ T3 [mm]

Pion : proton (kaon ignored)

Sanford-Wang sim.

3 GeV/c 0.62 : 0.38 0.66 : 0.34

5 GeV/c 0.60 : 0.40 0.60 : 0.40

. L g . .__' : : e . N .
3,04 -0.03 -0.02 -0.01 0 001 002 003 004 B,O-’i -0.03 -0.02 -0.01 0 0.01 002 003 004
dx/dz [rad] @ T3 dy/dz [rad] @ T3

10GeVic  036:0.64  0.39:0.61
Beam Profile measured at the Exp. Area  y shirotori et al., arXiv:2608.25374

submitted to PTEP 23




Hadron Physics at the High-mom. 2ndary Beam Line (Tc2%)

* 1120 final specification:
— 1.0 x 107 pions/sec @ 20GeV/c | £
— Ap/p~0.1% e KN

— Charm Baryons (E50)

— Multi-strange Baryons¥€97

— D, dibaryon (E79)

— Exclusive Drell-Yan (Lol)
* Exotic systems/Hadron Interactie

— ¢n interaction (E95)

— Lambda-N Scattering (Lol)

— 1~ -induced J /Y prod. near thres. (P111)

—pp->YY, 00, .. .
* Application

— Radiography w/ muons at multi-GeV/c

24



20 (Secondary beam mode), final layout
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   m c = 1 . 5   GeV /  c 2


   m b = 4   GeV /  c 2


   m d = 0 . 5   GeV /  c 2


  𝟎 . 𝟓  


  𝟎 . 𝟔 𝟓  


  V  ( r ) =  A r + 𝜎 r +  V 0
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  A


  A
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  ( 𝟔 𝟏 𝟓 𝟎 )


  𝟐 𝑺 ( 𝟔 𝟎 𝟕 𝟑 )
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  𝝈


  ( b )


  ( d )


   R  1 D  r m s


   R  2 S  r m s


   R  1 P  r m s


   R  1 S  r m s
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   R  1 S  r m s


    d 𝜎  d Ω ~    |  ⟨ f |   j l  (  q  e f f r ) | i ⟩ | 2


    ( 𝑩  𝑸 𝒒 𝒒 ~  𝑩  𝑸  𝑸 - )


    𝑸 𝒒 𝒒 [ 𝟑  𝟑 -


  𝑸  𝑸 - [ 𝟑  𝟑 - ]


  𝒒 𝒒 (  𝟎 + )


  Q


  Q


   𝑩  𝑸 𝒒 𝒒 ~  𝑩  𝑸  𝑸 -


   𝑽  𝒄 𝒐 𝒏  ( 𝒓 ) = 𝑨 / 𝒓 + 𝑩 𝒓


   𝑩  𝑸 𝒒 𝒒 =  𝑩  𝑸  𝑸 -


  𝜆


  →


  𝜌 / 𝜆


  𝜌 / 𝜆


  ~ 𝟖 . 𝟓   𝒎 𝒎 ( 𝝈 )  


  ~ 𝟗 . 𝟏   𝒎 𝒎 ( 𝝈 )  


  ~ 𝟒 . 𝟏   𝒎 𝒓 ( 𝝈 )  


  ~ 𝟒 . 𝟐   𝒎 𝒓 ( 𝝈 )  


  𝜙 n


   𝜋 −


  J / 𝜓  


   p - p →  Y - Y ,   𝜙 𝜙 ,

