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Internal structure of hadron

The origin of matter is an essential problem in physics.

How hadrons are made up of quarks?

-It is difficult to calculate due to the non-perturbative behavior of low
energy QCD.

Hints of the internal structure of hadrons can be obtained through
experiments.

-Discoveries of exotic hadrons stimulate studies of substructure of
hadrons.

Di-quark correlation is a candidate which describes exotic hadrons.
Ex.) Pc+(4380) and Pc+(4450) as ¢[cq][qq] .

L. Maiani, A.D. Polosa, and V. Riquer, Phys. Lett. B 749 (2015) 289

We want to know the role of di-quark correlation in hadrons!




Di-quark correlation in charmed baryon

A-mode
O—0
. -mode
Strengths of interaction are Interactions between qQ are P
equivalent. suppressed.
1

Color-magnetic interaction is proportional to and suppressed with heavy quark.

mgm,

v' Di-quark motion is separated by replacing one light quark with a charm quark.
Collective motion of di-quark (A-mode)
Relative motion of light quarks (p-mode)

v" Energy levels, production rate and decay channel depend on A-mode and p-mode.
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o Spin-Spin Harmonic oscillator model

Isotope shift .ﬁ q g neract Interaction

/ oy = | 2m
o Lp mode = V3w (w=y/20)

. Kinematically, W) < Wp

A mode

o,

In charmed baryon, energy levels
of A-mode and p-mode are well

valence quark ( 44 pair creation ) for
e ¥ : O—’ higher excited states?? Need data.

6

separated.
p mode excitation
YC* o | YC*
- e N : ~—° O° Decay mode of charmed baryon also

" ; depends on p/A mode.
|

Yc*’ l . : N l D What is the effect from other than
|
!
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Heavy quark spin symmetry

Spin of heavy quark is conserved when ™mq@ — o |

J=1/2 HQS singlet HQS doublet?
J — J - 1/2 HQS doublet It >0, J=2 or 3?7
j : total spin of light degrees freedom ( *ch\t easured. \
Ac(@/2+) Nc(@/2-) Nc( ) Ac(5/2+) Ac( )
j=0 j=1 =1 j=2 j=2
Mass [MeV/c2] 2286 2595 2625 2880 2940
Relative 1 0.93 1.75 0.86 0.49
production rate

» Ratios of production rates of spin partners are predictedby A. Hosaka et al. Nucl.
Phys. A 954 (2016) 341. m+N—->D*+Yc at m energy of 20 GeV is assumed.

» j=3 for Ac(5/2+) is favored by H. Nagahiro et al. Phys. Rev. D 95 014023 (2017).

If so, where is j=2 A-mode excited state? JP of Ac(2940) is 7/2+?
Partial decay width is important information.

Measure energy levels , production rates and branching ratios systematically
—> Missing mass method!




J-PARC E50 experiment

Charmed baryon spectroscopy provides us rich information about internal structure of
hadrons, especially di-quark correlation.

rt induced reaction was once studied with beam momentum of 13 GeV/c in 1985.
J. H. Christenson et al., Phys. Rev. Lett. 55 154(1985). > (KOA & D"AY)

Production cross section is estimated as several nb. 107} . ";-Lc- — !
(~10* of strangeness production). | ST
Measure charmed baryon of excitation energy
~1 GeV/c? systematically.

—> Missing mass method using (i, D* ™) reaction.

Inclusive p(7,D*) Y_**

1 2 8
p(7,D*p)D° : s/sth
(Target RN T.D*myY’ J-PARC
Y *+ (\1_;_(_7’:),, (p(m, DY) S.H. Kim, A. Hosaka, H.C. Kim, H. Noumi, K. Sirotori,
» ¢ DO(Y ,) « Prog. Theor. Exp. Phys. 103D01(2014).
C

Need high-momentum, high-intensity and high-resolution m beam!
= New experiment at J-PARC high-momentum beam line:
J-PARC E50 experiment (stage-1 approved.) 8




J-PARC High-momentum beam line

» 0.1% of primary proton beam is branched and used for experiment.

» By setting production target in switch yard, high momentum and high intensity
secondary beams are extracted.
High momentum resolution Ap/p~0.1% is achieved with dispersive focal plane.
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Primary proton beam: Lambertson magnet + septum manget x2 : (]
Secondary beam: target + Beam swinger magnet x2 '
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Dispersive focal plane Spectrometer
(secondary mode)



mentum beam line

nched and used for experiment.

Lambertson magnet
at branching point

. Y : FM magnet
==
%
s o)
258
7= z

Dispersive focal plane Spectrometer

Construction is going well for the 15t beam in Jan 2020! .,



Beam swinger optics
20 Beam Extraction - New

beam swinger optics optimized for
20GeV/c m~ beam production

proton -0.20° +0.01° +2.12° -1.99° -0.21°  +0.27°
angle (tot.-0.19" )tot.+1.93° ) (tot.-0.06° )(tot.-0.27° [tot.0° )
Ts
0.4T -——— 3.8Tm target - — 05Tm
3.6T
___:_.-'r—-“""‘“- " , : 30.9 GeV/c
: , \i\ _'_:_,...-—JI"" " Proton
ho7 bsOA h1l3
Production
angle:
“_I +0° +3.07°
angle 1 93° tot.+5°
(tot.+1.93° ) | ) 20 GeV/e -
Intensity is maximized by forward extraction! > production angle of
. i other charge/momentum:
From H. Takahashi’s slide 20GeV/c 1 3.9°

15GeV/c m—: 0.5° 11



Optics in high-p line

collection Dispersion Spectrometer

F 1
L J
F
"

QQ Q@ QQ ppgp QA (aeaq)

D DD
\/
v

Production || Collimator for Dispersive Focal Plane | | EXPp.
Target Beam Re-define | | For Mom. Meas. Target

Correlation of Ap/p vs x at DP.

G L XMeon= 0.02ZB YMeon= 0.064
a 4 +— XRMS=1,45%5 YRMS=1,40

3 F Areg=_287 Corr= 0 98%%
£ L

1 mm resolution of horizontal beam position
= 0.1% resolution of beam momentum
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Spectrometer

< > FM magnet
2m

Internal DC Decay 1 H__J_SOft us

RIC HCou nter
Internal TOF wall

'__A-erogeI+C4Flo
Hybrid RICH

Beam gas

Cherenkov

Beam

T.Yamagaet al,,
|| | Nucl. Instrum. Methods, A 766, (2014) 36

Fiber tracker

Pole PAD detector = \
TOF wall
Lakgc DC

Internal TOF wall Decay
» Multipurpose spectrometer » Acceptance of D™ is more than 15% for
» Backward detector: soft m~ from D°>m—+K* forward peak angular distribution.
» Forward detector: D~ >mn~ +DO » Mass resolution is better than 10 MeV/c?.

» Triggerless DAQ is used. v



Expected spectrum

HQS Doublet HQS Doublet

S 400 L=1 L=z
(«}]
s 350 L=0 1/2- 3/2- 5/2+
© 300 o o S
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TS 250F < || < 3
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O 200 < 2
() = 26
150 8 3
& e
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X
50 1:2 3:2

2 23 24 25 26 27 28 29 3
Missing Mass [GeV/c?]

~1000 Ac(2280) are collected for 100 days beam time.
Production cross section will be compared with calculation.

. . I — . A 2 qe * Momentum transfer ~1.3 GeV S.H. Kim, A. Hosaka, H.C. Kim, H. Noumi, K. Sirotori,
Production cross section o< (qeff/A) € (Ge11/4) A:ﬁ(baryon size parameter)1 ~2.5 fmt  Prog-Theor. Bxp. Phys. 103001(2014).
Production rate takes maximum at L~1.8. 3~ ng 3
Ratio of production rates of A-mode doublet is predicted. R(=)~2 R(iy

+) ~ 9
Decay widths I';s_,I'vp are also measured.

14
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https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20R(%5Cfrac%7B%5Cfrac%7B3%7D%7B2%7D%5E%7B-%7D%7D%7B%5Cfrac%7B1%7D%7B2%7D%5E%7B-%7D%7D)%5Csim2%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20R(%5Cfrac%7B%5Cfrac%7B3%7D%7B2%7D%5E%7B-%7D%7D%7B%5Cfrac%7B1%7D%7B2%7D%5E%7B-%7D%7D)%5Csim2%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20R(%5Cfrac%7B%5Cfrac%7B5%7D%7B2%7D%5E%7B%2B%7D%7D%7B%5Cfrac%7B3%7D%7B2%7D%5E%7B%2B%7D%7D)%5Csim%5Cfrac%7B3%7D%7B2%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20R(%5Cfrac%7B%5Cfrac%7B5%7D%7B2%7D%5E%7B%2B%7D%7D%7B%5Cfrac%7B3%7D%7B2%7D%5E%7B%2B%7D%7D)%5Csim%5Cfrac%7B3%7D%7B2%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20(q_%7Beff%7D%2FA)%5E%7BL%7De%5E%7B-(q_%7Beff%7D%2FA)%5E%7B2%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20%20(q_%7Beff%7D%2FA)%5E%7BL%7De%5E%7B-(q_%7Beff%7D%2FA)%5E%7B2%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5CGamma_%7B%5Cpi%5CSigma_%7Bc%7D%7D%2C%20%5CGamma_%7BND%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5CGamma_%7B%5Cpi%5CSigma_%7Bc%7D%7D%2C%20%5CGamma_%7BND%7D%0A%5Cend%7Balign*%7D

Ssummary

We want to understand how hadrons are made up of quarks.
Baryon containing one heavy quark is an interesting system to study di-quark
correlation.

The experiment for Charmed baryon spectroscopy is proposed at J-PARC
high-momentum beam line.
“J-PARC E50 experiment”

Excited states of ~1GeV from G.S. are measured
systematically by missing mass method.
-Energy levels
-Production rate
-Decay branching ratios

Feasibility of the experiment is evaluated and stage-1 approved.

-Beam line is designed to extract high momentum, high intensity and high
momentum resolution secondary beam.

-Detectors are developed to achieve good mass resolution and good PID

performance.
15



Back up



Intensity (15 kW loss)

Counts/sec

Momentum dependence of beam intensity for each charged particle
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High momentum and high intensity secondary beams are available.




H y b r| d R | C H T. Yamaga et al., Nucl. Instrum. Methods. A 766, (2014

Particle identification of t and K.

) 36

Detector segment CF GEANT simulation
R 400 — _
/ '} 1.00137 C Simulatipn
%?/ Dctc;tor planC/ ;pherica] mirror 350 f
\\ _ WA _F Wel| separated! Aerogel
\ 300 - 7T
Aerogel | = P S b et
n =1.04 ‘0 ; . I IF(‘ B MWTWM*H* i IIII|
\ | 192 E O T ,,!"E (F‘r,..ﬂ' ey
“ £ C AP
o S 200 : A
Particles n = -
=0 u '
e 2150
») E E | 'II
p 192 T e
e E b CyF 10,
. 30 ket e
... b - | L#,M waﬂ-
Unit : cm - / p — N/
U > 4 6 8 10 12 14 16
Momentum (GeV/c)
<~3 GeV/c, m and K are separated by Aerogel
>~3 GeV/c, p and /K is separated by Aerogel and m and K are separated by C4F10.
Mis-identification efficiency of m and p to K is evaluated as only 0.1% and 0.14%.
18

Background from mis-identification in p(m-, D*-) spectrum is only 5%.
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Excitation spectrum: q-q + QQ system

Strange baryons

P-wave states

Charmed baryons

S
800 , ,
e, 572) | | A 172,327, 5/2)
B 700 ot i (1727, 3/27, S/2°
I\fpr i
600 R st SRS S
- bl A AL P A2, 3/2)
A2, 32y 2 S0 T e
£_400 - 1 i A (13- 30
A(1/2-,3/27) = F~4 1 (1727, 3/2)
o 300 ~ i
E(sz ) llllllllllllllll = 1 L_ i -
e I e e N LLILITTTTTT Y z.(3/2Y
200 I " A E I S S
I Li--- :
I - e e e e bbbk bbb L LLL L Ef(lf'er}
: 1 |
1A 100 I =
J’I I
0 L—ta :
A(1/27) 0 05 1 15 2 25 3 35 4 45 5 A (1/27)
M,, [MeV/c,)
* Non-rel. QM: H =H,+ + Ve + Vit V5
* A-p mixing
®

(cal. By T. Yoshida, Nucl.Phys. A954 (2016) 341)




Acceptance of 2. 7t event

W/o PAD detector W/ PAD detector
800 T b 800 .
Acceptance:50% i : Acceptance:88% ;
700F- : R T e 7001 . B Taehut | Tt
600 : : ; 600 .............. ......
500 500F : : : :
300F-: : : : : 300f:
200 .' ..... .. ; s ..".: . 200 J
100F- : : : : 100 : ; :
i 1 i i i i i | | i
0 -1 -0.5 0 0.5 1 0 -1 -0.5 0 0.5 1
n* angle in CM (cos6,polar) n* angle in CM (cos6,polar)
= 200 -
1] E L]
£ 150 £
= o =
E 100F E
N - N
S goF S
= £ =
= oF =
Q = Q
£ -50F £
-100F &
= - =
B 50 =
-200773 05 0 0.5 1 -20077 05 0 0.5 1
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*  Enough acceptance by using Pole face detector

* Total acceptance: 50% = 85%
Flat acceptance: cosd > —0.5

% Same angular acceptance for p D? decay channel



