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How quarks build hadrons ?

Excited state

Hadron Hadron Molecule ?

Ground state

277
Y 2 . =l Minimal 3q

Exotic hadron

Baryon: 3q

http://ppssh.phys.sci.kobeu. M u I t I- q uar k 7
ac.jp/~yamazaki/lectures/07/modernphys-yamazaki07.pdf

« Understand mechanism how quarks build hadrons ?

* Investigations of internal structure
for revealing effective degrees of freedom and their interactions



Hadron spectroscopy at J-PARC

* Dynamics of non-trivial QCD vacuum in baryon structure
% Chiral condensate (gq) = 0, U,(1) anomaly
= Constituent quarks and NG bosons (effective degrees of freedom)
* Their dynamics has yet to be understood, keeping a link to QCD.

* s- and c-baryon spectroscopy: Disentangle quark correlation and spin-dependent forces

* Diquark correlation * Spin-dependent forces
via heavy baryon spectroscopy @ High-p * Internal quark motion
Charmed baryon via Q) baryon spectroscopy @ K10

() (sss) baryon
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Baryon structure: QCD vacuum

Baryon * Non-perturbative region

= “Quark core” region
* Non-trivial gluon field: Instanton

.Z < Chiral condensate (gq) + 0
1fm 05fm 4 \3‘\?. * Dressed quark (Constituent quark)
; « Emergence of
* Pion Cloud

Short-range g-g correlation &
Origin of spin-dependent forces

 Long-standing problems

* Too large as* (>1): Spin-Spin interaction
« Missing LS force: Disappearance in N, but heavy quark baryons have.
* Roper-like resonances: Small excitation energy and wide decay width(quark motion)



Role of Q baryon: Single flavor system

Light quark baryon Q baryon

“Quark core” region
(Non-perturbative region)

1fm 0.5fm ‘%—N‘\V.

Pion cloud

* QO baryon: “3 strange quark single flavor system” = Free from Pion cloud
% Direct access to “Quark core” region

= Clear extraction of interactions from studies of excited states
* One Gluon Exchange(OGE) and Instanton Induced Interaction(l11)



Spin-dependent forces

* Investigate short-range g-g correlation and quark motion
* In terms of One Gluon Exchange(OGE), Instanton Induced Interaction(l11) and

Meson cloud

 Systematics of spin-orbital interaction

 Disappears in N” (OGE/III cancelled)
« Appearsin A, E. and A," (OGE only)

* Q" baryon
 Flavor-symmetric system
* Free from pion cloud

= LS splitting: OGE (I11 forbidden)

« Q(2012)-(3/2-?) © Q*(1/2-7?)
« 1P state baryons
* Degenerate ?

* LS partners (2D states)
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Roper-like resonances

* Investigate short-range g-q correlation and quark motion
* In terms of One Gluon Exchange(OGE), Instanton Induced Interaction(l11) and

Meson cloud

 Systematics of Roper-like states (Rac
* Mass universality ?
« What does determine its width ?

* Q" baryon
 Flavor-symmetric system
* Free from pion cloud

* Width tells quark motion.: I'~(p,)

= Size of “quark core”: (rq)~1 /{Dq)
* Roper-like state: Where is it ?

lal excitation 2S states)

Excitation energy [MeV]

800
700
600
500
400
300
200
100

Systematics of Roper-like states

Tot:»‘A wide 2S-state baryons
p
Bt ey
! E,~400 MeV




(2 baryon spectroscopy at K10

% Systematic measurements: Properties of excited states
« Mass, width, spin-parity, decay branching ratio
* Production rate & Ground state vs Excited states

1. Q(2012)-(3/2-?, Molecular state ?)
« Determination of JP by decay angular distribution
 Search for LS partner(1/2-) (Mass, I', J? and B.R.)
« Absolute decay branching ratio: K-+ E, K-+ E°, K- + E + ©# modes

2. Roper-like resonance: (2160)~ ?
« Mass & Width
« Determination of JP by decay angular distribution
 Absolute decay branching ratio: K- + 5, K-+ E°, K- + E + © modes

3. Searching for resonances (I' < 100 MeV and ~1-GeV excitation energy)
¢ Mass & Width
« Determination of JP by decay angular distribution
» Absolute decay branching ratio (all measurable modes)
« Search for LS partners (Mass, I', JP and B.R.)
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Measured Q- states by PDG

2021 Review of Particle Physics.
P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

Q2 BARYONS (S= 3, 1=0)

7 =5sss
2 3/2*
2(2012) 7 o
2(2250) o
£2(2380)
£2(2470) *

* Existence is certain, and properties are at least fairly explored.

* Existence ranges from very likely to certain, but further confirmation is desirable and/or quantum numbers, branching
fractions, etc. are not well determined.

* Evidence of existence is only fair.

» Most of spins/parities/decay branches have not been determined yet.
» (2(2380)~ and €(2470)~ are discarded from PDG table.
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Experimental situations: K- p reaction

> 1[0 2 n o e e o S e e e e e e e e l i I I T T
v T T i _
® i 16717 1 * =0 Mev/c2 |
§ B - Mo=2474 £ 12
9; u O — N§ 60 o= 72%33
. $ w0 3 Q(2470)"
ST I o
P ©]
N - < S 40
w N ] % =g
w < ﬂ
© B 7] s “ : &0 L
v “:’t >
m B 7 i i | H
3 M // Lu“%
i yIIhil 7 e/
% 0 L [ ' e ,)“"/ //////l///////'///’///// 0
1.68 1.87 1.68 | 64 |68 1.70 203 2.83 3.63
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4.2 GeV/c data 11 GeV/c data by LAS

R.J. Hemingway et al.,
Nucl. Phys. B142 205-219 (1978)

D. Aston et al.,

Phys. Rett. B 215 799-804 (1988)

* Need data by experiment with modern technique

= High-performance facility and suitable experimental setup
« High-intensity K- beam and large acceptance spectrometer
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Combinations/2.5 MeV/c?

Combinations/2.5 MeV/c?

1.9 1.95 2

M(Z K) GeV/c?

Belle collaboration

J. Yelton et al.,

Phys. Rev. Lett. 121, 052003 (2018)
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Experimental method: Q baryon spectroscopy

_________________________________________________________________________

I
| Production K+ | | Production Kt
|
I |
|
: mt +) | : Tt +)
| K- | | K-— P ~.
| * ]

* Reaction: K-+ p — Q™ + KK + K*

« Beam momentum: 7—10 GeV/c for producing up to 1-GeV excited states
 Missing mass method: KV & K* / K)(KL) & K*

« K*0channel = Expect good S/N by using s = =3 tagged reaction

« Decay measurement: 20 & K-/ Q- & nt*
« Decay products obtained as missing mass
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K10 beam line and spectrometer ”

Layout of K10 beam line K10 Spectrometer

T2 target

Threshold-type
Cherenkov PID detector Ring Image

Cherenkov detector

RPC TOF wall

2 RF cavities

Beam stopper \
FM magnet
HF2 slit
HF1 slit Sy Final focus
. Barrel DC
S LH, target
Separation section y— Sece \m)
ky\/ Beam RICH
Beam-spectrometer K
section

« K10 beam line
« High-intensity high-momentum K-beam with high purity

* Spectrometer
« Multi-purpose system to detect Q baryon production events




K10 beam line specification °

« Beam Intensity: Several 10° /spill (2-second extraction)
* High-purity K-beam (K/x ~ 1/2)

« Beam-spectrometer resolution: Ap/p ~ 0.1%(o)
« By QQDDQ magnet configuration for analyzing beam momentum

- . - e Primary proton beam power: 50 kW
— 6 Yp p
K Intensity [ X10 /Splll] * Production target: 50% loss

(Purity: K™/n") * Spill cycle: S.2sec Beam profiles @ experimental target
- 7 GeVic | 8 GeV/c | 9 GeV/c |10 GeV/c [ G e wi) ....... o
i [ 3 o T oy
Contral B3 S LN E A
1/2.1 1/2.1 1/2.1 1/2.5 =
stopper) ) ) ) ) 2 r.m.s.(x)w - Jj rms.(y)
: =17 o = 19 “
* Purity K-/n— = 1/2 case o J Lo o=l Dmmz s
= 8.0 M/spill (K-) w/ 16 M/spill (7°)
Total = 24 M/spill (12 Mcps) 100 mm X 100 mm size (Similar to high-p BL conditions)




Detector configuration of spectrometer system

* High-rate beam detectors
* Scintillating Fiber Tracker
* Cherenkov Timing detector

* High-performance PID detectors
* RICH and Beam RICH
* High timing-resolution TOF wall: RPC
* Threshold-type Cherenkov detector: Vth AC

* Large size detectors for scattered particles

* Large size drift chambers
* Forward TOF wall
* Side and pole face RPC wall

W/ Trigger-less DAQ by streaming method

* Detection of all possible reactions simultaneously

K10 spectrometer
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Threshold-type
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Acceptance and missing mass resolution
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W/ Target AE effects >-<

10
Beam Momentum [GeV/c]

« Acceptance (isotropic distribution): 30-50% (K*°) and ~30% (K.")

 Flat acceptance for excited states

« Missing mass resolution: 3-5 MeV/(rms) (K™)
 Better resolution of excited state than that of ground state.

= Width (< 10 MeV) can directly be measured.
« Beam line: Ap/p ~ 0.1%(c) & E50 spectrometer: Ap/p ~ 0.2%(c) @ 5 GeV/c

« Effect of energy loss straggling by target: 2 MeV(o)
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Yield estimation

Beam O, BR Beam
[ub] spill) | =M _

K-p—Q-KJK* 2.50 0.35 7x106° 0.66 0.28 4.6 X 10° (4.6M)
Krp—-Q—-KSK* 100  3.50 0.35 7x10° 0.66 0.30 6.4 X 10°(6.4M)
K-p—-Q-K?9K+* 80 0063 0.67 7x10° 0.66 0.43 3.3%10°(330k)
K-p—-Q-K?%K* 10.0 0.088 0.67 7x10° 0.66 0.50 4.6 X 10° (460Kk)
« Assumption of cross sections T o ' ]
= O = 2.0, 25,30, 35 ub (7, 8, 9, 10 GeVic) = 5| o
o Go = Oy X 11 (K- p — Q KOK¥) il | |
® O»= Oppy X 140 (K- p — Q- K+ K* 1) + %
« From old date @ 4.2 GeV/c 3+ X T
% We will measure o < at the high-p beam line. sl (Fﬁ) I
* Conditions if % : Tot:l_%-r_(:s?_ge)élion n
« Target thickness: 4.0 g/cm? (E50 target) ol i l )
« Efficiencies and acceptance o) 5 10 15

D. Aston et al., (K™} GeVe)

« Spill cycle: 5.2 sec 0
Phys. Rev. D 32 (1985) 2270 LAB wasoty




Background cross section from JAM simulation w

Reaction Beam o, | Finalstatel Final state 2 Signal 1 Signal 2 Ratio Ratio
[GeVic] | [mb] | (K*, n7) [ub] | ( , ) [pb] | (KO [ub] | (K™) [ub] | KY%(K*, n) | KO , )
K-p

25.6 463 1.80 2.00 0.050 0.43% 2.8%
K-p 8.0 236 503 2.46 2.50 0.063 0.50% 2.6%
K-p 9.0 232 548 3.16 3.00 0.075 0.55% 2.4%
K-p 10.0 22.6 585 4,22 3.50 0.088 0.60% 2.0%
- Background by hadron reaction generator A S m— T I R
* JAM (Jet AA Microscopic transport model) 200 T KEX L KX 2
Y. Nara et.al. Phys. Rev. C61 (2000) 024901 3002_ .............. .................................... .................................. .................. .................
= Cross section of multi-K* production is small. fgg: l
« X 1/200~1/100 smaller than single K* production %065 1 15 2 25 3 35 a2
« Good S/N of K*than K° o
10° B T I — A Log scale
« JAM results were checked by studies for charmed TP — i e e T
baryon Spectroscopy 102 e
« Cross check with PYTHIA: Similar results 7% N N A R A I N
« Actual measurements at the high-p beam line e




Expected missing mass spectrum: K- p —» Q™ KV K*

~ . 35000 : : Beam momentum 8 GeV/c
‘S-’ - | - *Simulation :
% 30000F ’ ’ ....... Q(2380) Q(2470)—
: 25000 ..........................................................................
[%) 5 Q(2250)_ 5 5 « Q' states in PDG are
% 20000 : Q2160) e R """ generated.
O 15000 .................... .................... Backgrounq | | * Roper-like state:
i ; Q(2160)-, T = 100 MeV
10000 LA 0 SN .......................... ...... (assumed)
5000 ' ' . . * Briet-Wigner type
: : resonances
1.6 2.2 2.4 2.6
Missing Mass [GeV/c?]

« Q" events: 3.3X10° events (63 nb: Same cross section for all resonances)
 100-days beam time events (1.0 X 10'® K- on target)



Momentum dependence data: 7-10 GeV/c
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« Q" states in PDG are
generated.

* Roper-like state:
Q(2160)-, I" = 100 MeV
(assumed)

* Briet-Wigner type
resonances

Higher resonance search: Up to 1.5 GeV excitation energy by 10 GeV/c beam

Determination of width (Different missing mass resolution condition)
Identify fake structures coming from the kinematic effects



Missing mass spectrum (K™ K* reaction) @ 8 GeV/c
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« Smaller cross section cases
 Searching for highly excited resonances with wide widths = Improvement of S/N



Decay event selection: K- decay detection (X~ — E' + K") B

3000
2500F
2000f e A— A 0 - & - .
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1000 ¢y b b
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* For searching resonance, decay event selection can be used. : 1.30 < Mg < 1.33
 Signal = 0.25 (Branching ratio: ~0.3X Acceptance: ~0.8)



Missing mass spectrum (K™ K* reaction) @ 8 GeV/c

Q(2160)~ (I'=100 MeV) == K- decay tag.
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Highly excited resonances == K- decay tag.
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« Signal: X0.25 & Background: X1/40 = S/NX 10
« Smooth background case: Sensitivity (5¢) ~1 nb for I' = 100 MeV




Decay angular analysis: Determination of J*

Corrected angular distribution

1.4

0.8
0.6
0.4

0.2F
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.. W(0) with p,,=0.5, p33=0, pss=0
for J=5/2

‘_ Flat distribution

- Flat distribution: cos0&¢

— """"""""""""""" - Statistical error only

1 I 1 1 1 1 I 1 | | 1 I 1 1 | 1 I 1 1 1 1 I 1
-1 -0.5 0 0.5 1

cosO (QQ* rest frame)

*k Angular correlation: 20 - Q™ K*, Q™ — 5 K-
c Kip—-E?'K?—- Q" KrK™

1. JP = 3/2%, 5/2% cases
= Angular distribution: JP Q- v K*

2. JP =1/2% cases 0 .
= Angular distribution: J = 1/2

3. Parity determination in J = 1/2 case
« Z%polarization along polarization axis of Q™
 Angular distribution of E° —» A =°

4. (Parity from decay properties)

e # of signal = ~4,000 counts / 20 bin (B.R = 0.3): < 1% stat. error

= To perform determination of spin and parity combined with other information
« Model independent analysis can be performed by combining E” data.



Q) baryon spectroscopy at K10

% Systematic measurements: Properties of excited states
« Mass, Width, spin-parity, decay branching ratio
* Production rate & Ground state vs Excited states

1. €Q(2012)-(3/2- ?, Molecular state ?)

« Determination of JP by decay angular distribution
« Search for LS partner(1/2-) (Mass, I, JP and B.R.)
« Absolute decay branching ratio: K-+ E, K-+ E°, K- + E + ©# modes

2. Roper-like resonance: (2160)~ ?
« Mass & Width
« Determination of JP by decay angular distribution
 Absolute decay branching ratio: K- + 5, K-+ E°, K- + E + © modes

3. Searching for resonances (I' < 100 MeV)
¢ Mass & Width
« Determination of JP by decay angular distribution
» Absolute decay branching ratio (all measurable modes)
« Search for LS partners (Mass, I', JP and B.R.)
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Summary

« How quarks build hadrons ?

= Dynamics of non-trivial QCD vacuum in baryon structure
« Their dynamics has yet to be understood, keeping a link to QCD.
* s- and c-baryon spectroscopy: Disentangle quark correlation and spin-dependent forces

* Q (sss) baryon: Single flavor system
* Only 3 strange quark system: Simple structure of excites states
 Pion cloud less system: Clear extraction of information of quark interactions

= Investigations of “quark core” region of baryon
« Spin-dependent forces and quark motions

« Q) baryon spectroscopy
« K10 beam line and large acceptance spectrometer
Missing mass (production) + decay measurement (JP)
« K-+p— Q"+ K+ K*reaction is essential.
Large acceptance(~50%0) and high mass resolution(< 5 MeV)
Expected mass spectrum: High S/N ratio
JP can be determined from decay measurements.
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Backup slides



30

How gquarks build hadrons?

Dynamics of non-trivial QCD vacuum in baryon structure
Meson Cloud

?« o ifm)
.\“Quark core”
(~0.5 fm)

> Chiral condensate (gq) # 0 (U,(1) anomaly)
= Constituent g and NG boson (effective DoF).

s- and c-baryon spectroscopy: g correlation and spin-dep. force

Expected Mass Spectrum  (Sim.)
(np—D"Y.™)

400

» Charmed Baryon (High-p)

[qq] 3 o0F _
: : : | B 300E [ =0 L=11A (2625 L=2
Disentangle the diquark correlation ( , g ] zzg: A(2880)
- A/p mode assignment @ (qa) P - A2(2940)
1) anomaly: 0t) & 0~ = 100f 7
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Missing Mass [GeV/c?]
k
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Missing Mass [GeV/c?]



Excitation Energy [MeV]

Systematics of the spin-orbit (LS) force : :
500 y P (LS) Systematics of Roper-like states
< 800 -
700 | Vanish Unclear 1P-state baryons g 200 Towlde 2S-state baryons
600 1535 1690 =
}15—20} F{ Observed > 600 - |
500 1670 $ 500 P | i
1520 r D S ° .
400 T 2012 | a5 2815 | © 400 ¥ ————— ]1 T e R
| — — S
590 Taos | B | 2595 2790 55y | 15 238 ! E,~400 MeV
200 f) . ~1/m, 5 200
100 1/2- 3/2— 3/2- 3/2— 3R -
0 3/2— 1/2— 1/2— 1/2— 1/2— 0
N* A Q° A op A}, NAAZXZYZEQAEA




Systematic behavior of Spin-Spin(SS) Int.

SS _ ss_l16m <. : :
v ‘2“5 9mimj5(rif)5i'sf » SS int. seems well described by CQM (OGE).

i<j

1 1 1
Baryons 4cs ( 7t ) Mesons 4c <+ ) + M,
m 2m,m

(Decuplet-Octet) q a7 (V = PS) mgimg
< 300 < 800 .
® i g ® 700 P
s 250 i . S
= il _27h = 600
09; 200 5 n ® 500
Lﬁ 150 ASS = 400 A
S 100 300
= 200
S 50 m
O N 100
|.|>J< 0 - 0

0.1 1 10 0.1
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Systematic behavior of Spin-Orbit(LS ) Int.

Baryons (L=1 States) ’

800 ‘ ‘
L
700 | S
% 600 N*(1520) "A’(TG—/ - '/p—/'
= 32- _e—— i o,
%500 N*g-]}ESS) __/_\_(,1_670')_172- ALS = m
Q 400 T 1 A(1520) 3/2-
—== 262
p ( ?\5) A,(5820)
S 300 EESPPRASER e
I a@aos) Do) A(5812)
g 200 1/2-
0 L
100
N A Ac Ab
0 @10 ) - L
0.1 1 10
Ars = +
2mgo\my  my

* LS splitting vanishes in light baryons.
- CQM, which suggests A7 ~100 MeV,
does not reproduce the LS splitting.

e Cancellation mechanism exists?
 Instanton Induced Interaction (l11)
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Systematic behavior of Spin-Spin(SS) Int.

ROGE SIE RIII~0'6 + O.4‘€Xp <—

my —my * Very Naive demo.: OGE + III seems work well.
A e III is comparable to OGE to explain 1 — 1’ mass diff.

X

N N W
o U1 o
o O O

150
100

Excitation Energy [MeV]
a1
o

o

e III works only in flavor-antisymmetric system in light
: quarks (u,d,sgl.
Constructive for SS

1
1 1
4eg | + R + R
Baryons 4Cs <mc21 + 2mgmg (Roge + Rm)) Mesons s ( mymg (Rogk m)>
(Decuplet-Octet)

o
o

Mass[MeV]
o1 O N O
o O
o O

s 4c — (R + R )
1 100 m 5< oGE T Iypp >
- (Roge + Rm)) mq?’nQ |

mme O 1 1 1 T T T B |
10 0.1 1 10

mg, [GeV]
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Systematic behavior of Spin-Orbit(LS ) Int.

Baryons (L=1 States)

35

* LS splitting vanishes in light baryons.

800 ‘ ‘

700 S * CQM, which suggests A7~100 MeV,

D o0 VU520 A(i6a = does not reproduce the LS splitting.

> 32- _amg

=500 N¥(1535)  A(1670) 1/2- A’ZS—4 2(06 e4Cancellation mechanism exists?

D 400 e AdSZ0) 32 e » Instanton Induced Interaction (I11)

p S :::f(: _____ ) | A(5820)

O B

5 A((2595) 5812

-g 200 | 3 Aqé%) An(5812) VR ~(Roge — Ry

L 100 Destructive for LS

N A A Ap oy . .
° S D LS splitting in heavier systems are to
| be investigated with identifying if they

Mo

are A/p-mode excitations



How quarks build hadrons?

Dynamics of non-trivial QCD vacuum in baryon
structure

> Chiral condensate (gq) # 0 (U,(1) anomaly)
= Constituent g and NG boson (effective DoF).

Non-trivial gluon

filed (Instantons),
LQCD demo.
by D. Leinweber

« Dynamics of Effective Degrees of Freedom

H=K+Vyton yycoul  yss 4 yls 4 yT Meson Cloud
con : o (~1 fm)
K +v&on :Zi(mi+2—nlli)+2i<jbrij+c ‘@"
O ( Coul — y _ o Coul 2 “Quark core”
8’ i<j S 37 (~0.5 fm)
© léem
— — SS
Lo - VoS =Y as om 5(7"11)51 5j
2z LS
o Ls _ ok 11 4 \— [

"o \ Ve = z:l<J 31”5-{[(7111-2 T mjz- t mimj> Lif . (Si T SJ)] ( > ij (Sl }



Role of (2 baryon: Simple system

-
.Z\Z_N\\?. £ *ue o

° °

* Q baryon: “3 strange quark simple system” = Free from Pion cloud
* Direct access to “Quark core” region.

= Clear extraction of interactions from studies of excited states
 Origin of spin-dependent interaction

= Systematic measurement of baryon systems
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Decay angular analysis: Determination of JP
*k Angular correlation: 0 - Q™ K*, Q™ — 2 K-

Corrected angular distribution

38

1.4

0.6

0.2

.. W(0) with p,,=0.5, p33=0, pss=0
for J=5/2

‘_ Flat distribution ... .............................. .............................. ...........

- = Flat distribution: cos0&¢
- Statistical error only

1 I 1 1 1 1 I 1 | | 1 I 1 1 | 1 I 1

1 I 1 1 1
—1 -0.5 0 0.5 1
cosO (QQ* rest frame)

¢« Kip—->ZP9K?—- Q™ KK

=*0
1. Analysis of JP of initial =20
¢ 50(JP?) - Q(3/27) Kt — E9%(1/2%) K- Q-

2. Analysis of angular correlation
.« BO(JP) - Q- (IP?) K+ — BO(1/2%) K- = v

= Not flat distribution = JP = 3/2%, 5/2%
= Flat distribution = J =1/2

3. Parity determination of J = 1/2 case
« E0polarization along polarization axis of Q™
« Angular distribution of 2° — A n°
= Flat (s-wave): Parity = +
= Asymmetry (p-wave): Parity = —
 (Parity from decay properties)

« # of signal = ~4,000 counts / 20 bin (B.R = 0.3): < 1% stat. error

= To perform determination of spin and parity combined with other information
« Model independent analysis can be performed by combining E data.



Mass [MeV/c?]
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Mass [MeV/c?]
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GS

™
-
e

—————————

y
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P
«

GS

Roper-like? (3/2+?) OO
/
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Properties of {2*
Decay Ang. Corr. > JF (J>1/2)
Polarization = Parity (J=1/2)
Decay Branch (width) - w.f.

Properties of Initial =* (/")
to be determined as well



Simulation conditions: © baryon spectroscopy
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| Production K+ ||l Production K+ |
| Ll !
| w* (K*) || m* (K*) |
e —()= O— . ||ix s O— . |
i- \\ K0 T : i- s\\ K0 mw :
i @’/ K | @< i
i Decay measurement T BYE J: i Decay measurement O J:
i * « . 2F
» Reaction: K-+ p — Q™ + KO(K 0) + K* RT I R
« Isotropic angular distribution in CM % Lo K g
 Production: 3-body phase space SHDI 0 S S BT
« K (K% decay: 2-body uniform distribution S B H >
© = 5 : : .
« Beam: 7.0, 8.0, 9.0, 10.0 GeV/c (\/S = 3.8-4.5 GeV) o 08f ‘.K*+
* Reconstruction: Invariant and missing mass i —
« K*(n*) and - = K(K.) invariant mass S 02F e | |
R -

« K¥(K,%) and K*= Q™ missing mass

Beam Momentum [GeV/c]




Acceptance: Missing mass measurement
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Acceptance [%]

~
o

(o)}
o
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o

N
o

w
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N
o

-
o

o

Beam momentum

K +p—oQ +K?+K*

........ ‘t

.........................................................................

| ; ~ *For ground state Q-
1 i 1 1 1 | i | | | 1 i 1 1 1 | | | | 1 1 i 1 1 | :

| | | 1
5 6 7 8 9 10
Beam Momentum [GeV/c]

Acceptance [%]

~l
o

(o)}
o

(&)
o

N
o

W
o

N
o

N
o

o

Excitation energy

s T S NP AV
;_ _______ i . ___________ P— . ___________ — . ___________ o . ___________ . . ___________
:_ .......................... .......................... ........................ X ...........
- : i : X :
S XXX XX R X
K P KO KT
e e 4 10 Gevic beam
B I 1 i i 1 1 1 i 1 | 1 I 1 1 1 | 1

0 0.2 04 0.6 0.8 1

Excitation Energy [GeV]

* In-flight decay of K and & are included.
= K™ channel shows beam momentum dependence.

« Similar acceptance for excited states

» Acceptance (isotropic distribution): 30-50% (K™) and ~30% (K.°)



Missing mass resolution: K-p - Q~ K0 K*
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Missing Mass resolution [MeV]

(&)

Beam momentum

........ o . W0 Target AE effect

’

........................................................................................................................................................

% For ground state Q‘

5 6 7 8 9 10
Beam Momentum [GeV/c]

Missing Mass resolution [MeV]

(@)}

| Excitation energy

....... .xx W/ Target AE effect -

........................................................................................................................................................

%* 10 GeV/c beam

0.6 0.8 1
Excitation Energy [GeV]

« Beam line: Ap/p ~ 0.1%(rms)

« E50 spectrometer: Ap/p ~ 0.2%(rms) @ 5 GeV/c
 Effect of energy loss straggling by target: 2 MeV(rms)

« Missing mass resolution: 3—-5 MeV(rms) (K™ @ 7-10 GeV/c beam

= Width (< 10 MeV) can directly be measured.



Missing mass resolution: K. channel
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Missing Mass resolution [MeV]

(&)

Beam momentum

W/ Target AE effect ¢

........ , W/o Target AE effect

........................................................................................................................................................

% For ground state Q—

5 6 7 8 9 10
Beam Momentum [GeV/c]

Missing Mass resolution [MeV]

(&)

Excitation energy

W/ Target AE effect

........ W/o Target AE effect -

........................................................................................................................................................

%* 10 GeV/c beam

0.6 0.8 1
Excitation Energy [GeV]

« Beam line: Ap/p ~ 0.1%(rms)

* E50 spectrometer condition: Ap/p ~ 0.2%(rms) @ 5 GeV/c
 Effect of energy loss straggling by target: 2 MeV(rms)

 Missing mass resolution: 3-5 MeV(rms) (K.') @ 7-10 GeV/c beam
= Width (several 10 MeV) can directly be measured.
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Yield estimation

Beam O, BR Beam
[ub] spill) | =M _

K-p—Q-K%K* 2.50 0.35 7 % 106 0.66 0.28 4.6 X 10° (4.6M)
K-p—-Q-K°K* 10.0 3.50 0.35 7 % 106 0.66 0.30 6.4 X 10°(6.4M)
K-p—-Q-K?K* 8.0 0.063 0.67 7 % 106 0.66 0.43 3.3%10°(330k)
K-p—->Q-K?OK* 10.0 0.088 0.67 7 % 106 0.66 0.50 4.6 X 10° (460Kk)
« Estimate conditions = O f—— - i
* O Opora = 2.0, 2.5, 3.0, 3.5 ub (7, 8, 9, 10 GeV/c) = (c)
* Oko~— cyTotaIX 11 o AT X
* Okx— GTotaIX 1/40 4 | =
 Branching ratios of K and K/ +
« In-flight decay of scattered particle: K, K*, n- 3 o X 7 &
 Efficiency: Tracking(90%), PID(97%), DAQ(99%) o] $ ]
= X # of particles = 3: (0.90X0.97)3X0.99 = 0.66 ‘F P——
* Target thickness: 4.0 g/cm? (E50 target) ' e Do o
« K10 beam intensity: 7108 /spill il 3 i
. Sp!ll/hour = ~692 (3600 sec/5.2_ sec) 5 Acton ot al 0 5 10 15
« Shift: 8 hours (30 days = 90 shifts) Phys. Rev D 32 (1985) 2270 p K Geve) e




Q) production at p,-=4.15 GeV/c

- NPB142, 205(1978)

JAM (by Aoki)Ea2 P ATk

Tabie 1

Topological breakdown of observed events

Production channel Decay channel Number 05/ events
KK~ AK™ 11

K'Kja~ AK™ 17

K'k{a~ AgK™ 2

KtK*n— MK~ 1 1/40
K*k9a~ =9n 3

K*K9a~ A 3

K"'K?ﬂ_ Egﬂ'- 1

K*K9a~ 2 n° 2

Exclusive:~0.3 ub. Inclusive 0.5%0.1 ub
KOMKs>m+n-12 (T ES DA BA(BR:69.2%)

NUMBER OF

EVENTS

/ 5S0MeV

1d(COS8*)=0.25

15

o

o
III||'|II
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o
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|IIIII

]

(a)
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e
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J_T:‘
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Missing mass spectrum: Signal events (K- p —» Q™ K™ K*) !

. 12000f : 5 —— Beam momentum: 8 GeV/c Mass [MeV/c?] | T [MeV]
- Q| | | ’

10000 — ------ % 10 X 10° :events/s:l* - Q(2470) 2470 72
é é " Siﬁgnal only |

8()00__1 , ....... Q(2012)_ 1,,1 ......... Q(2380) 2380 26
B ......... Q(2250) 2950 55

2000 =i

e agasey Q(2160) 2159 100

Counts/1 MeV/c

o
o
o
o

N 932470)‘; Q(2012) 2012 5.4

L - ; il ! Lo I
14 16 1.8 2 22 24 26 28
Q(2160)- Missing Mass [GeV/c?] (g-5) 1672 )

« Q" states in PDG are generated.
* Roper-like state: Q(2160), I' = 100 MeV (assumed)
 Briet-Wigner type resonances



Measured Q™ states by PDG “

JP | Rating —EK | 58K | -EK" | »EKn | -Qnrn
[I\/IeV] (1) (2) ©) (4) Q)

2(2470) Seen LASS (113M K-,
11 GeV/c)
(290£90)/(5) nb
Threshold
0(2380) 26423 <044 05=%0.3 2 Beam
50 K*- 2109 to (4) to (4)
20° K-2024 Q(2250) 7?7 3* 55418 0.7%£0.2 Seen = Beam
= \ to (4) LASS (113M K-,
=0 K- 10 1956 11 GeV/c)
- — (630£180)/(2) nb
Qmnon 1942 — _ (2012)  ?2—  3*  6.4%25, 12+03 <0.119 ->E"K dominant if
/ +1 6 (=EYZ% /(1) ="K mol?
20 K-1811 Q(g.9) .
Q n° 1807 3/2+  4*

* Most of spins/parities/decay branches have yet to be determined.
« (2380) and €(2470) are discarded from PDG table.
* Roper-like state: Q(2160), I' = 100 MeV (assumed)



Sensitivity

Counts/1 MeV/c?

Sensitivity (5c) [nb]

Mlssmg mass (no tag.)

ATT IIIIIIIIII|II|I|IIII|IIIIIIIlllllllllllllllll

*BG only B S S —

2 2.1 2.2 2.3 24 2.5
Missing Mass [GeV/c?]

_IIIIIIIIIIIIIIIIIII|Illllllll

. 12. - .2.1I - 22 - 12.3. - 2l4 - 215 I
Missing Mass [GeV/c?]

Counts/10 MeV/c?

Sensitivity (50) [nb]

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Mlssmg mass (K tag )

[TT I||lll|||||||||||IIII|II|I||

_BG On'y

. PR R B
1.9 2 2.1 2.2 2.3 24 2.5
Missing Mass [GeV/c?]
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I'=10 MeV

_llI|lII|IIIIIII|IIlIIIllIIIIIIIIIIIllIl

H H L i
H ' . . e '

......n"""""""“"!ng.

"""‘Q.I.l“'..0.f.t‘t.C.I'.’.....¢""""“'
.

1T =30 MeV
I' =50 MeV
I' =100 MeV

R Lt SRR e
[ ]

.............“‘.Ql.‘.“. ..: ..a.

AN X

[N RN SR R

1.8

1.9 2 2.1 2.2 2.3 2.4 2.5
Missing Mass [GeV/c?]

« Smooth background case: Sensitivity (5¢) ~1 nb forI"' = 100 MeV



Situations for background studies: K- p reaction

* No good reference data for hadron beam of several GeV/c

 Estimation by hadron reaction generator

= JAM (Jet AA Microscopic transport model)
Y. Nara et.al. Phys. Rev. C61 (2000) 024901

* Include many elementary processes in low-high energy
* Lund model also used by PYTHIA

* JAM results were checked by studies for charmed baryon spectroscopy.
* t_ p reaction @ 20 GeV/c
* No order difference from old data
* Cross check with PYTHIA: Similar results

= |t can be used for estimation with factor differences.
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Charged track multiplicity from JAM

# of charged track m p — X @ 16 GeV/c

Data 9.78 9.02 4.85 1.37 25.22
JAM 8.03 8.81 6.17 1.42 0.08 24.51
PYTHIA 8.84 9.72 5.21 0.79 0.03 24.59

# of charged track m p — A+ X @ 15 GeV/c

Data 26.6 1174
JAM 363 482 155 9.00 0.02 1009
PYTHIA 509 549 127 5.84 0.05 1191

# of charged track n—p — K+ X @ 15 GeV/c

Data 45.2 1815
JAM 810 1069 345 23.8 0.2 2248

* No K~ beam data ?
PYTHIA 960 1203 302 13.1 0.1 2478 * No K* multiplicity data ?

ol



Missing mass g9

Choice of reactions RIK?
Beam KO/K*/'E_
e (SSS): Py pean = 7—10 GeV/c K- — K*
« Vs=23.8-4.5 GeV = Up to 2.5-3.0 GeV/c2excited states QF\
EO K-
» Background reactions w/ s = -2 production : K-+ p -»”X” + K" + K" + T~ Decay

¢ (K*+ K)/(K*+ K") pair production X2 + & production (+N*, A)

¢ (K*+ K)/(K*+ K") pair production X2 + « from K%K™ decay

o (K*+ K)/(K*+ K") pair X1 + = production + & production

e (K*+ K)/(K*+ K") pair X1 + E production + &t from K%K*/Z" decay

« Background reactions w/ s = -1 production : K-+ p -»”X” + K" + t* + 1t~

(K* + K)/(K*+ K*) pair production X1 + & production (+N*, A"

(K* + K)/(K*+ K*) pair production X1 + & from KY%K”" decay

(K* + K)/(K* + K*) pair production X1 + K-——K? exchange + © from K%K” decay
(K* + K)/(K* + K*) pair production X1 + A/Z production + & production

(K* + K)/(K*+ K*) pair production X1 + A/Z production + «t from KYK*/A*/Z" decay
= production +  production (r from E" decay)

E production + & from E” decay

% Expect good S/N by using s = —3 tagged reaction



Missing mass spectrum: Background events (K™)

Log scale

7 GeV/c

141618 2 22242628 3 3.2
Missing Mass [GeV/cz]

141618 2 22242628 3 3.2
Missing Mass [GeV/cz]
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8 GeV/

300F

200 === =meennnu-

150F4: = ste v ek e vies

250‘!---'---'\.--l--}---' - ..E..AE...E.

100f3- - ook e

50+ - b on

700

..........

6005
500.
AQOfF= == == m m e nn mn e . ...
300F
2005

100f3 -+ r= =¥ -4

141618 2 22242628 3 32
Missing Mass [GeV/cz]

141618 2 22242628 3 32
Missing Mass [GeV/cz]

9 GeV/c

1.41.1.8 2 22242628 3 3.2
Missing Mass [GeV/cz]

141618 2 22242628 3 3.2
Missing Mass [GeV/cz]

10 GeV/

1000:......,...,,...,.......,...,,.... .
800_""'-""'"""'"'-""'" - ...E.
600:..................................

400-.............,........... ..i...i. .E.

200k - kit S EEEEEEOE

[ " Lol
141618 2 22242628 3 3.2
Missing Mass [GeV/cZ]

141618 2 22242628 3 3.2
Missing Mass [GeV/cZ]

 Input Q- (AM~15 MeV ?) and other resonances(?) are reconstructed.
« Smooth background in the higher mass region
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Missing mass spectrum: Background events (K.")

Log scale

12000}
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40005
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Missing Mass [GeV/cz]

12000}
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8000}
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----- bamsnnnbomnnnnsnns
g . .

Missing Mass [GeV/cz]

1.5 2 25 3 3.5
Missing Mass [GeV/cz]

9 GeV/c

12000}....% ...... 1. ...... een
100005
SDDOE
aooof
40005
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35
Missing Mass [GeV/cz]

1.5 2 2.5 3 3.5
Missing Mass [GeV/cZ]

1.5 2 2.5 3 3.5
Missing Mass [GeV/cZ]

 Strange shape by contribution from resonances ? (s#—3 events)
= Under investigation
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Decay analysis: Q™ — E° + K-mode (B.R. = 0.3)

IVIISSIMg IMIiass (becay) |beVv/CT]

Missing mass (K- tag.)

M BRI B | .
1.8 2 2.2 24

Missing Mass (K~ decay) [GeV/c?]

Missing Mass [GeV/c?]

[1]

Counts/5 MeV/c?

!

Counts/5 MeV/c?

600

500

400

300

200

100

600

500

400

300

200

100

Mlssmg mass (Q tag. )

14 T T T T Ty
Missing Mass [GeV/c?]

ot % Signal only

......................................................................

PO

. . A — M PR
1.2 ,_,01.4 1. 6 1.8 2 22 24
b=y

e Missing Mass (K decay) [GeV/c?]

» Decay events selection: 2.000 < Mg, < 2.025 GeV/c? and 1.30 < Mz < 1.33 GeV/c?
« Both Q" and E mass selection = Background is well reduced. (Distribution almost flat)
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Background channels

I\/Ilssmg mass (K tag )

° K_+p_)”X”+K++K++TC_
= Decay by tagging K-

* Signal: Q- or Q™

e O~ Decay: K+ A

e K-+ =0 1.2
° K_ 1—1*0

14

16 1.8 2 22 24 2.6 2.8
Missing Mass (K decay) [GeV/cz]

« K-+ =%+ 1t : Mass = 1315 + 140 = 1455

e K-+ =0+ x X2 : Mass=1315 + 280 = 1595

e« K-+ A+ K": Mass = 1115 + 498 = 1613

e K-+ 20+ K%: Mass = 1192 + 498 = 1690

e K-+ 22"+ K~: Mass = 1189 + 494 = 1683

« K-+ K+ K+ N: Mass =494X2 + 938 ~ 1930
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Decay measurement: K- detection background from JAM !
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* Analysis of JAM events = K- decay mode from input resonance states and
reactions




Decay measurement: K- detection background from JAM ”
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« Analysis of JAM events = K- decay mode from input resonance states and reactions
= Under investigation



Requitements: Spectrometer for K10

» Forward dipole type magnet: Forward scattering due to fixed target

« Acceptance for forward scattered particles
« Wide angler coverage (0 < 45° ) for both missing mass and decay measurement

« Good momentum resolution for forwarded scattered particles with high-momentum
* Ap/p ~0.2%(rms) level

 Slow bending magnet system: Large size magnet pole and not so strong magnetic field
» Detector configuration with effective coverage

* Detectors for spectrometer system
« High-rate detectors for high-intensity K- beam measurement
« Good PID system with both good efficiency and no miss-identification
« Multi-layer tracking system for measuring multi-track events
 Large size detectors for covering widely scattered particles

% Suitable one: Spectrometer for charmed baryon spectroscopy (J-PARC E50)
* New one will be designed based on E50 system. = Templary used for estimation
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Excited states with heavy quark: Diquark

“Excited mode”: A and p modes in heavy baryon excited states (g-g + Q system)
= Diquark correlation: g-g isolated and developed

p mode
Light quark baryon Excitation of g-q Excited states
by spin-spin
Interaction

= Observables

A mode
Corrective motion
btw g-q and Q

G.S. ——— —



Heavy flavors for revealing internal structure of baryons

Light quark baryon Charmed baryon E baryon

Q baryon

« Effective degree of freedoms by internal motion of quarks

= It Is essential to understand baryon system.
« Diquark correlation by charmed baryon
« B baryon: similar g-q correlation

% Systematic studies for baryon systems with heavier flavors: c and s

@ High-momentum beam line
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Experiment: Missing mass technique

K*& nt: 2-16 GeV/c

Missing mass measurement

Slow &r,~: 0.5-1.7 GeV/c

Beam

Decay measurement
nt & p: 0.2-4.0 GeV/c

OR

Fixed target

=0 DO

n-+p—Y,++ D reaction @ 20 GeV/c
1) Missing mass spectroscopy: Y.+ mass (>1 GeV excited states)
e D> Dn — K, : D™~ — DOt~ (67.7%), D° — K* = (3.88%)

2) Decay measurement: Absolute B.R. and angular distribution
* Decay particles (t=& proton) from Y *



High-momentum beam line for 2"dary peam
* Beam measurement iIs essential.

* High-intensity beam: > 1.0X 10’ Hz & (< 20 GeV/c)
* Unseparated beam: n/K/p,,, (PID by detector)

* High-resolution beam: Ap/p ~ 0.1%(rms)
« Momentum dispersive optics method

counts/mm [MHz]

1.0E+09

1.0E+08

1.0E+07

1.0E+06

1.0E+05

1.0E+04

Design Intensity [/spill (5.2 sec)]

@ 15 kW loss

- —
= Several 107 /spi
1 MHz/1 mm

// Several 10° /spi

[GeV/c]
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AR TR D

B0 40 20 0 20 40 80
X hit position [mm]

Counting rate / 1 mm

* 6.0X107 /spill (30 MHz)
* Size: 100 mmX100 mm
@ 20 GeV/c

Reduced by collimator to
Several 107 /spill

= Limit of detector operation
and DAQ data transfer
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Spectrometer system based on charmed baryon experiment

Decay measurement
* Branching ratios

nt&p: <4.0 GeV/c

Threshold-type
Cherenkov PID detector

RPC TOF wall

FM magnet \

Barrel DC
LH, target

Beam RICH

N

Fiber tracker

Ring Image
Cherenkov detector

TOF wall

- D>

D:’:

Missing mass measurement
* Production rate

K*& n~: 2-16 GeV/c
Slow n,~: 0.5-1.7 GeV/c

* New one

designed based on this one

= Templary used for estimation




