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Introduction
This must enhance your opportunities to study using big facilities in Japan


Hadron Nuclear Physics at J-PARC

Matter Evolution from Quark to Hadron, Nucleus, and Neutron Star

How QCD works in Hadron?

» Effective DoF (building blocks) to describe hadrons
e Change of Hadron Properties in Matter
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What we want to clarify in Had. Nucl. Phys. at J-PARC are summarized in this viewgraph.

We would like to understand how matter in the universe are formed from only a few kinds of elementary particles, quarks to hadrons, hadrons to nuclei, and high dense nuclear matter, such as neutron stars.

Hadrons are still difficult to be described directly from current quark.
This is due to non-perturbative nature of QCD below the energy scale of Lambda_QCD, where the quarks change themselves drastically.
Therefore, effective degrees of freedom seem to work rather well to describe hadrons as building blocks.
We would like to clarify how QCD works in Hadrons through spectroscopic studies of hadrons and/or changes of hadron properties in nuclear medium.

It is a longstanding issue how nuclei are formed from hadrons.
We would like to construct a precise BB interaction model, which must be basic to describe nuclei.
Particularly it is very important to establish not only the 2 body BB forces but also the 3 body forces, which plays an essential role to describe the nuclear mater at higher density, such as in neutron star cores.

It is naturally thought that hyperons are emerged in neutron star cores because chemical potential of neutrons become large beyond the mass difference between neutron and hyperon.
Attractive potentials of hyperons in nuclear medium do assist their emergences.
On the other hand, hyperon emergences make the equation of state softer. As a result, heavy NS with 2 solar mass observed so far is no longer stable against its gravitational pressure and collapse into a blackhole.
This is called as  “hyperon puzzle”, which is one of the biggest issue in nuclear physics. A high-precision Lambda hypernuclear binding energy is desired to demonstrate a density dependent 3 body repulsive force to solve the hyperon puzzle.
  



How Hadrons are formed?
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This is due to the non-perturbative nature of the strong interaction in low energy.
The coupling constant of the strong interaction becomes very large when close to the Lambda QCD, it becomes very hard to describe hadrons by solving the QCD equation in low energy, where quarks drastically change their nature.



How Hadrons are formed?
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This is due to the non-perturbative nature of the strong interaction in low energy.
The coupling constant of the strong interaction becomes very large when close to the Lambda QCD, it becomes very hard to describe hadrons by solving the QCD equation in low energy, where quarks drastically change their nature.



How Hadrons are formed?
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Therefore, effective DoF looks  necessary to describe hadrons, which is dynamically generated in QCD.
“CQs” seem to work rather fine as good building blocks of hadrons…


How Hadrons are formed?

High E Low E

Tetraquark?
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Pentaquark?
“Exotic hadrons” require a new aspect

in describing hadrons beyond the “standard picture”.
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CQM sometimes fails in excited states.
In particular, recent reports on so-called exotic hadrons, such as X, Y, Z, and pentaquark states in heavy flavor sector, indicate that we need a new aspect in describing the structure of hadrons beyond the “standard picture”.


How Hadrons are formed?
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A variety of Effective Degrees of Freedom, such as diquarks and hadrons, are discussed for a long time to describe hadrons with the so-called exotic states.
If we call these EDoF as “Composite or Colored Quasi-Particles”, which are invented by Oka-san, they cannot be directly observed because they are confined in hadrons.
Hadron spectroscopy to look into more details of internal structure or motions of the composites in hadrons is important.


Hadron Physics at J-PARC
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o') How are they excited?
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How do they change
properties in medium?

Quasi-Particles (= Effective DoF) emerging at Low E describe
hadron properties effectively.
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Bare quarks cannot be simple constituents of hadrons. 
Dressed constituents effectively explain hadron properties.
Quasi-Particle = Effective Degrees of Freedom (EDoF)) 
They show up in spectrum, reaction and decay.
→　Excited Hadrons
Their properties may change with varying environment (r, T)
→　Hadron in Matter



Charm Baryon Spectroscopy



What are good building blocks of Hadrons?

Constituent Quark o o
Q hadron (colorless cluster)
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Diquark?
(Colored cluster)
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Let me start from this naive question in hadron physics;
“What are good building blocks of hadrons?”
We know that a constituent quark is a very good building block of hadrons, 
which successfully describes hadron properties, such as masses, classifications based on spin/flavor symmetry, and even magnetic moments. This is good for ground state hadrons.
However, the constituent quark model sometimes fails in resonance states.
Hadrons can be good building blocks, as recently Meson-meson and Meson-Baryon molecular states are intensively discussed. Here, they are all color singlet states.

“Diquark” is considered as a building block of baryons.
Although this object is discussed for a long time. it has not been settled yet.


ILIEILE

Color-Magnetic Interaction of two quarks
Ve~ [/ (mm))1*(4,,4)( 0, )
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“Good Diquark”™: Strong Attraction

VCMI(lsO' 3) =1/ Z*VCMI(lsO' 1)
[aq] [qq]
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Diquarks are emerged due to the color magnetic interaction between two quarks.
The so-called “good diquark” has a color anti-symmetric 3bar and spin singlet configuration.
The attraction of the color magnetic interaction in the good diquark state is a half of that in
the qqbar state of a color and spin singlet state. 
The qqbar is nothing but a PS meson, whose attraction is strong enough to break chiral symmetry 
and its mass is much lighter than twice the constituent quark mass.
Therefore, one expects that a “qood diquark” may be formed in a baryon.


What we can learn from
baryons with heavy flavors

g

=

e Quark motion of “qq” is singled out by a heavy Q
 Diquark correlation
e Level structure, Production rate, Decay properties
e sensitive to the internal quark(diquark) WFs.
 Properties are expected to depend on a Q mass.
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Here, we could we can learn quark motions in baryons by introducing heavy flavors.
Particularly,  a diquark correlation may be singled out by a heavy quark.
The nature of the quark motions is expected to be reflected to not only the level structure but also production rate and decay properties of excited states.
These properties are expected to depend on a quark mass systematically.


Schematic Level Structure of Heavy Baryons
A\ and p motions split (Isotope Shift)

e HQ spin multiplet (§HQ + IBrown Muck?

hw 3m
—p=\/ < - V3 (my > )

hw; 2mg + my

Spin-dep. Int.
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When a quark is replaced by a heavy quark, the excited states split into two states, so called rho-mode and lambda-mode. The rho mode is a relative motion between a light quark pair. The lambda mode is a collective motion of the diquark. This is nothing but a so-called isotope shift. These states further form heavy quark multiplet by a nature of the heavy quark spin symmetry.
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In fact, more detailed calculation based on the Constituent Quark mode has been made, where more generalized feature of diquark mode in baryon resonances can be seen, as shown in this figure.
This illustrates the level structure of excited states, particularly the rho/lambda-mode excited states as a function of the mass of heavy quark.
Six excited states of different diquark motions are moved as changing the heavy quark mass.

Here, one finds that the rho-lambda mode separation becomes clearer in heavier quark mass.
This point is important to extract information of diquark motions in baryons.
After we learn the diquark correlations in charmed baryons, we could understand lighter baryons much better.

This is our strategy…
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In fact, more detailed calculation based on the Constituent Quark mode has been made, where more generalized feature of diquark mode in baryon resonances can be seen, as shown in this figure.
This illustrates the level structure of excited states, particularly the rho/lambda-mode excited states as a function of the mass of heavy quark.
Six excited states of different diquark motions are moved as changing the heavy quark mass.

Here, one finds that the rho-lambda mode separation becomes clearer in heavier quark mass.
This point is important to extract information of diquark motions in baryons.
After we learn the diquark correlations in charmed baryons, we could understand lighter baryons much better.

This is our strategy…



LQCD Evidence that A(1405)
is a KP2'N molecule

KstatelE) - 4@ Magnetic Moment of s quark is vanished

PRL114, 132002(2015)

= ]J - my (MeV)

e Study of KPa'N scattering below the KP3'N thres.
are important.
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Dominant and its Magnetic Moment is vanished. 


High-res., High-momentum Beam Line

e High-intensity secondary Pion beam (unseparated)
30 GeV — 1.0 x 107 pions/sec @ 20GeV/c
proton beam o High-resolution beam:
— Ap/p~0.1%
e High-res. Spectrometer:
— Ap/p~0.2% at ~5 GeV/c
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Let me start from this naive question in hadron physics;
“What are good building blocks of hadrons?”
We know that a constituent quark is a very good building block of hadrons, 
which successfully describes hadron properties, such as masses, classifications based on spin/flavor symmetry, and even magnetic moments. This is good for ground state hadrons.
However, the constituent quark model sometimes fails in resonance states.
Hadrons can be good building blocks, as recently Meson-meson and Meson-Baryon molecular states are intensively discussed. Here, they are all color singlet states.

“Diquark” is considered as a building block of baryons.
Although this object is discussed for a long time. it has not been settled yet.
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A New Platform for Hadron Physics
at the High-momentum Beam Line

 High-intensity secondary Pion beam
>1.0 x 107 pions/sec @ 20GeV/c
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A New Platform for Hadron Physics
at the High-momentum Beam Line

 High-intensity secondary Pion beam
>1.0 x 107 pions/sec @ 20GeV/c

* High-resolution beam: Ap/p~0.1%
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Charmed Baryon Spectroscopy
Using Missing Mass Techniques
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Then we proposed charmed baryon spectroscopy by using the missing mass techniques.
We will measure the level structure of the excited charmed baryons and the production rate in the inclusive (pi-,D*-) spectrum.
Decay productions will be also measured to assist the missing mass spectroscopy.
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Then we proposed charmed baryon spectroscopy by using the missing mass techniques.
We will measure the level structure of the excited charmed baryons and the production rate in the inclusive (pi-,D*-) spectrum.
Decay productions will be also measured to assist the missing mass spectroscopy.



Charmed Baryon Spectroscopy
Using Missing Mass Techniques
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v" Production and Decay reflect [qq] correlation in Excited Y.*

v C.S. DOES NOT go down at higher L when g,,>1 GeV/c.

S.H. Kim, A. Hosaka, H.C. Kim, and HN, PTEP, (2014) 103D01,
S.H. Kim, A. Hosaka, H.C. Kim, and HN, Phys.Rev. D92 (2015) 094021



Production Cross Section

e Experimental data:

— o(p(z—,D*)A) <7 nb (68%CL) (BNL exp., 1985)

— BG spectrum is well reproduced by a MC simulation w/ JAM
e Regge Theory suggests 10 of the hyperon production
— olp(n—,D*7)A )~ a few nb

S.H. Kim, A. Hosaka, H.C. Kim, and HN
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Production Rate

Production Rates are determined
by the overlap of WFs

R ~(p; N2 exp(idyF)|o,)

and depend on:

1. Spin/Isospin Config. of Y.
Spin/Isospin Factor
2. Momentum transfer (q.)

e t-channel D* Reggeon
at a forward angle

I, ~ (0 /A) - exp(-qg / 2A%)

S. H. Kim, et al., A~0.42 GeV ([Baryon size]?)

PTEP, 2014, 103D01(2014) G 1.4 GeV/c
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Next, we considered a t-channel D* exchange at  a forward angle, in order to estimate the production rate of excited Yc relative to the ground state Lambda-c. 
Here, a “u” quark in a proton is converted to a “c” quark.
Residual diquark is a spectator.

The production rate is expressed as overlapping of initial and final baryon wfs,
Which depends on the spin/isospin configurations of charmed baryons
This formula is nothing but the fourier transformation of the wave function density.
As a result,  the production rate is decomposed into 2 parts. 
The production rate is proportional to the momentum transfer.

The absolute strength is reduced much by the factor of the exponential func.
One we take the ratio of the L state to the ground state.
The quantity does not depend very much on the orbital angular momentum L. 
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Missing Mass Spectrum (Sim.) 2 mode 2 mode?
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New data from LHCb

J. High Energ. Phys. (2017) 2017

e D% invariant massin A, » D%pm™ 1
— A,(2940) >
e likely 3/2-, (acceptable 1/2,7/2) 3
— A.(2880) S
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_ A,(2860) E
e likely 3/2+, new D-wave resonance? ~
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In fact, more detailed calculation based on the Constituent Quark mode has been made, where more generalized feature of diquark mode in baryon resonances can be seen, as shown in this figure.
This illustrates the level structure of excited states, particularly the rho/lambda-mode excited states as a function of the mass of heavy quark.
Six excited states of different diquark motions are moved as changing the heavy quark mass.

Here, one finds that the rho-lambda mode separation becomes clearer in heavier quark mass.
This point is important to extract information of diquark motions in baryons.
After we learn the diquark correlations in charmed baryons, we could understand lighter baryons much better.

This is our strategy…



New data from LHCb

J. High Energ. Phys. (2017) 2017
e D% invariant massin A, » D%pm™ 1
— A:(2940)
* likely 3/2-, (acceptable 1/2, 7/2)
— A.(2880)
e 5/2+ confirmed
— A.(2860)

e likely 3/2+, new D-wave resonance?
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Candidates
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* Questions arise; M(D"p) [GeV]
— Is A-(2940) an L=3 state (L mode)?
— Are A,(2880) and A,(2860) LS partners of L=2 (A modes)?

 Production rates in p(n~,D™)Y." will give answer.
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2860はDpドミナント？→永広計算とは矛盾？


Does A(2880) have L=2? 44

P-wave trasnsition seems to be suppressed in

A,(2880)z" - 2:(2520)2" + m(07).

It would be forbidden only in the case of J5,, = 3*:
— Negative party states “5/2-” have large widths.

(H. Nagahiro et al., PRD95 (2017) no.1, 014023)

color Asymm.

Isospin Asymm. (I=0)

Diquark spin Symm. 1
Diquark orbit Asymm. 1

Lambda orbit 1

P 1+, 2+, 3+

JBM

5
A,(2880)2" is likely to be Ap mode (A=1, p=1).
— Since, Naively, Ex(AL)<Ex(Ap), Ex(2880) is too low if it is a Ap state.
This can be tested by measuring its production rate.
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Y_" Decays
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Y " Decay Branching Ratio
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Hint in R(NK)/R(x2)

PDG Data
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e Decay ratios in known hyperons
SUGGEST the A/p mode states
* A/p mode ID by productions
correlate w/ Decay Ratios
— to be established

e Hyperon data indicate mode dependence
— Errors should be improved.
* No data in charmed baryons
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Lam/rho modes states identified by production rates are expected to correlate with their decay ratios. 
Actually, the hyperon data reported by PDG suggest the mode dependence.
But the errors are still sizable.
We have to establish the dependence with high accuracy.
We could measure the ratios at an error level of that for L(1520).

It should be noted that no such data are available in charmed baryons.




Dilepton Production
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Spectrometer Design
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Then we proposed charmed baryon spectroscopy by using the missing mass techniques.
We will measure the level structure of the excited charmed baryons and the production rate in the inclusive (pi-,D*-) spectrum.
Decay productions will be also measured to assist the missing mass spectroscopy.



Muon ID

T. Sawada, W.C. Chang, et al.

Conceptual design of muon identification system

for the J-
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T. Sawada, W.C. Chang et al., PRD93, 114034(2016)

Hadron Tomography w/ Exclusive Drell-Yan

CHARM Spectrometer + Muon Detector at High-p BL

n-4+p->ut+pu +n

‘?
2
>
()]
O
—
o
o
=
]
[
(O]
>
()]
e

1o 1s 2.0 2.5
Missing Mass M, (GeV/c?)

- +p-o> ut+p +A°

%k
K- +p— gt 4+ N->A (Y*) TDA

43



P (4380), P (4450) from LHCb

e FoundinJ/Yp invariant massin Ay, = J/YpK~
— Myage = (4380 + 8 + 29)MeV, T = (205 + 18 + 86)MeV

Mysco = (4449.8 + 1.7 £ 2.5)MeV, I'=(39+ 5+ 19)MeV
— JP: (3/2-, 5/2+) most likely, respectively

e (3/2+,5/2-),(5/2+,3/2-) are acceptable.
— Hidden cc state, P? may exist.

e decay branch?
— J/Y+N,D® + ¢
e [ts spin family?

=
w7y
W
i G
c
@
w5

R. Aaij et al.
PRL 115, 072001 (2015)



P?(4380), P°(4450) at J-PARC

e PY:s-channel formation with 10 GeV/c n~on p

& J/w, D™
lﬁ
N ”N”, uYC(*) n

e Cross Section: <1 nb? T S.H. Kim, H.C. Kim, A. Hosaka
R PLB763,358(2016)
— [n /Teoe™ 107 T - T
— T jyp/Te0t™~0.05 = b
[ enl
o, = (2L + 1) 2

k? (E —m)? + I‘1:201:/4




Summary

1. Diquark correlation in baryons could be
disentangled with heavy flavors

— Mass spectrum, Production Rate, and Decay Branching
ratio

— Charmed Baryons from the ground state up to high-
spin states
2. A general purpose spectrometer will be
constructed at the J-PARC High-p BL

— open a unique platform of hadron physics by means of
missing mass technique
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Cooperative efforts of potential users at the High-p BL are of essential importance to push forward this field. 
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