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1. ρ, λ modes and diquark motions
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  Degenerate                     λ and ρ                  Distinguished

Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

A heavy quark may disentangle 
the fundamental modes λ and ρ 
➔  place to look at diquark correlations 

Mixing of mQ = mu,d mQ →∞

λ < ρλ = ρ
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Alexandrou, deForcrand, Lucini
PRL 97, 222002 (2006)
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See also recent QCD sum rule study, Chen et al
arXiv:1502.01103 [hep-ph], To appear in PRD

Evidence for Diquarks in Lattice QCD

C. Alexandrou,1 Ph. de Forcrand,2,3 and B. Lucini2,4

1Department of Physics, University of Cyprus, CY-1678 Nicosia, Cyprus
2Institute for Theoretical Physics, ETH Zurich, CH-8093 Zurich, Switzerland

3CERN, Physics Department, TH Unit, CH-1211 Geneva 23, Switzerland
4Department of Physics, University of Wales Swansea, SA2 8PP Swansea, United Kingdom

(Received 5 September 2006; published 30 November 2006)

Diquarks may play an important role in hadron spectroscopy, baryon decays, and color superconduc-
tivity. We investigate the existence of diquark correlations in lattice QCD by considering systematically all
the lowest energy diquark channels in a color gauge-invariant setup. We measure mass differences
between the various channels and show that the positive parity scalar diquark is the lightest. Quark-quark
correlations inside the diquark are clearly seen in this channel, and yield a diquark size of O!1" fm.
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Diquarks were originally proposed several decades ago
[1] as a natural way to explain the absence of a large
number of exotics otherwise predicted by QCD.
Recently, it has been realized that they provide a natural
explanation for an exotic baryon antidecuplet, the !# [2],
that cannot be accommodated in the quark model. The first
evidence for the !# was reported by the LEPS
Collaboration [3], but subsequent experiments cast doubts
on its existence [4]. Independently of whether a pentaquark
exists or not, diquark correlations may play an important
role in the description of quark distributions and fragmen-
tation functions and in explaining the systematics of non-
leptonic weak decays of light quark hadrons [5]. In
addition, diquarks are the central ingredient of cold, dense
matter where they condense to form a color superconduc-
tor. Despite their potential role in explaining such a variety
of phenomena in hadronic physics, quantitative analyses
that can directly assess whether diquark correlations are
present in QCD are lacking. Lattice QCD is the method of
choice for studying hadronic states. However, diquarks are
colored objects and need an appropriate formalism to study
them using lattice simulations. One way is to fix the gauge
as done in an early study on the mass of the diquarks [6]. In
this work we present a gauge-invariant formalism, where
we create color singlet states by considering diquarks in the
background of a static quark [7,8]. This enables us to
extract mass differences between baryons containing di-
quarks in the various channels. These mass differences,
unlike diquark masses themselves, are well defined and
gauge invariant.

One gluon exchange indicates quark-quark attraction in
the color antitriplet "3c, flavor antisymmetric "3f, and spin
singlet positive parity channel. Diquarks in this channel are
referred to as ‘‘good’’ diquarks [5]. The aim of this work is
to check whether QCD dynamics supports attraction in this
channel and compare it with other diquark channels.
Possible diquark configurations are created by two quark
operators and insertions of the covariant derivative. In this
work we consider only diquark configurations with no
derivatives because these are lower in energy. We therefore

consider all 16 diquark multiplets that can be created by
operators bilinear in the quark fields of the form qTC#q
with C $ i!0!2 the charge conjugation operator, and # $
1, !", !5, !5!", #"$. The positive parity channels are
qTC!5q and qTC!5!0q with spin zero and qTC!iq and
qTC#0iq with spin one. The negative-parity channels are
qTCq and qTC!0q with spin zero and qTC!5!iq and
qTC#ijq with spin one. They create states that vanish in
the nonrelativistic limit and are excluded in quark models.
We expect them to be higher in energy.

In addition to mass differences, we probe correlations
directly by examining the spatial distribution of the two
quarks forming the diquark in the background of the static
quark [7]. Correlations which persist as the static quark is
removed are intrinsic to the diquark. We study these cor-
relations using gauge-invariant two-density correlators,
used before [9] to probe hadron structure:

 C#!ru; rd; t" $ h0jJ#!0; 2t"Ju0 !ru; t"Jd0 !rd; t"Jy#!0; 0"j0i;
(1)

where Jf0 !r; t" $ : "f!r; t"!0f!r; t":, f $ u, d, and

 J#!x" $ %abc%uTa!x"C#db!x" & dTa!x"C#ub!x"'sc!x";
(2)

where the# (( ) sign corresponds to the flavor symmetric
(antisymmetric) combination, and sc denotes the static
quark. Latin indices denote color. We use two degenerate
flavors of Wilson fermions on quenched configurations
generated at & $ 5:8, 6.0, and 6.2 corresponding to lattice
spacing a $ 0:136, 0.093, and 0.068 fm as determined
from the static quark force [10]. At each lattice spacing,
we perform measurements at three values of the pion mass
in the range 570–910 MeV. By comparing results obtained
at different lattice spacings but at the same pion mass we
can assess discretization effects. In most cases the
quenched approximation is good when the mass of the
pion is higher than 600 MeV, but is expected to fail in
the chiral limit. In order to check the validity of our results
in this range of pion masses, we repeat our mass splitting

PRL 97, 222002 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
1 DECEMBER 2006

0031-9007=06=97(22)=222002(4) 222002-1 © 2006 The American Physical Society

Evidence for Diquarks in Lattice QCD

C. Alexandrou,1 Ph. de Forcrand,2,3 and B. Lucini2,4

1Department of Physics, University of Cyprus, CY-1678 Nicosia, Cyprus
2Institute for Theoretical Physics, ETH Zurich, CH-8093 Zurich, Switzerland

3CERN, Physics Department, TH Unit, CH-1211 Geneva 23, Switzerland
4Department of Physics, University of Wales Swansea, SA2 8PP Swansea, United Kingdom

(Received 5 September 2006; published 30 November 2006)

Diquarks may play an important role in hadron spectroscopy, baryon decays, and color superconduc-
tivity. We investigate the existence of diquark correlations in lattice QCD by considering systematically all
the lowest energy diquark channels in a color gauge-invariant setup. We measure mass differences
between the various channels and show that the positive parity scalar diquark is the lightest. Quark-quark
correlations inside the diquark are clearly seen in this channel, and yield a diquark size of O!1" fm.

DOI: 10.1103/PhysRevLett.97.222002 PACS numbers: 12.38.Gc, 11.15.Ha, 12.38.Aw

Diquarks were originally proposed several decades ago
[1] as a natural way to explain the absence of a large
number of exotics otherwise predicted by QCD.
Recently, it has been realized that they provide a natural
explanation for an exotic baryon antidecuplet, the !# [2],
that cannot be accommodated in the quark model. The first
evidence for the !# was reported by the LEPS
Collaboration [3], but subsequent experiments cast doubts
on its existence [4]. Independently of whether a pentaquark
exists or not, diquark correlations may play an important
role in the description of quark distributions and fragmen-
tation functions and in explaining the systematics of non-
leptonic weak decays of light quark hadrons [5]. In
addition, diquarks are the central ingredient of cold, dense
matter where they condense to form a color superconduc-
tor. Despite their potential role in explaining such a variety
of phenomena in hadronic physics, quantitative analyses
that can directly assess whether diquark correlations are
present in QCD are lacking. Lattice QCD is the method of
choice for studying hadronic states. However, diquarks are
colored objects and need an appropriate formalism to study
them using lattice simulations. One way is to fix the gauge
as done in an early study on the mass of the diquarks [6]. In
this work we present a gauge-invariant formalism, where
we create color singlet states by considering diquarks in the
background of a static quark [7,8]. This enables us to
extract mass differences between baryons containing di-
quarks in the various channels. These mass differences,
unlike diquark masses themselves, are well defined and
gauge invariant.

One gluon exchange indicates quark-quark attraction in
the color antitriplet "3c, flavor antisymmetric "3f, and spin
singlet positive parity channel. Diquarks in this channel are
referred to as ‘‘good’’ diquarks [5]. The aim of this work is
to check whether QCD dynamics supports attraction in this
channel and compare it with other diquark channels.
Possible diquark configurations are created by two quark
operators and insertions of the covariant derivative. In this
work we consider only diquark configurations with no
derivatives because these are lower in energy. We therefore

consider all 16 diquark multiplets that can be created by
operators bilinear in the quark fields of the form qTC#q
with C $ i!0!2 the charge conjugation operator, and # $
1, !", !5, !5!", #"$. The positive parity channels are
qTC!5q and qTC!5!0q with spin zero and qTC!iq and
qTC#0iq with spin one. The negative-parity channels are
qTCq and qTC!0q with spin zero and qTC!5!iq and
qTC#ijq with spin one. They create states that vanish in
the nonrelativistic limit and are excluded in quark models.
We expect them to be higher in energy.

In addition to mass differences, we probe correlations
directly by examining the spatial distribution of the two
quarks forming the diquark in the background of the static
quark [7]. Correlations which persist as the static quark is
removed are intrinsic to the diquark. We study these cor-
relations using gauge-invariant two-density correlators,
used before [9] to probe hadron structure:

 C#!ru; rd; t" $ h0jJ#!0; 2t"Ju0 !ru; t"Jd0 !rd; t"Jy#!0; 0"j0i;
(1)

where Jf0 !r; t" $ : "f!r; t"!0f!r; t":, f $ u, d, and

 J#!x" $ %abc%uTa!x"C#db!x" & dTa!x"C#ub!x"'sc!x";
(2)

where the# (( ) sign corresponds to the flavor symmetric
(antisymmetric) combination, and sc denotes the static
quark. Latin indices denote color. We use two degenerate
flavors of Wilson fermions on quenched configurations
generated at & $ 5:8, 6.0, and 6.2 corresponding to lattice
spacing a $ 0:136, 0.093, and 0.068 fm as determined
from the static quark force [10]. At each lattice spacing,
we perform measurements at three values of the pion mass
in the range 570–910 MeV. By comparing results obtained
at different lattice spacings but at the same pion mass we
can assess discretization effects. In most cases the
quenched approximation is good when the mass of the
pion is higher than 600 MeV, but is expected to fail in
the chiral limit. In order to check the validity of our results
in this range of pion masses, we repeat our mass splitting

PRL 97, 222002 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
1 DECEMBER 2006

0031-9007=06=97(22)=222002(4) 222002-1 © 2006 The American Physical Society

Evidence for Diquarks in Lattice QCD

C. Alexandrou,1 Ph. de Forcrand,2,3 and B. Lucini2,4

1Department of Physics, University of Cyprus, CY-1678 Nicosia, Cyprus
2Institute for Theoretical Physics, ETH Zurich, CH-8093 Zurich, Switzerland

3CERN, Physics Department, TH Unit, CH-1211 Geneva 23, Switzerland
4Department of Physics, University of Wales Swansea, SA2 8PP Swansea, United Kingdom

(Received 5 September 2006; published 30 November 2006)

Diquarks may play an important role in hadron spectroscopy, baryon decays, and color superconduc-
tivity. We investigate the existence of diquark correlations in lattice QCD by considering systematically all
the lowest energy diquark channels in a color gauge-invariant setup. We measure mass differences
between the various channels and show that the positive parity scalar diquark is the lightest. Quark-quark
correlations inside the diquark are clearly seen in this channel, and yield a diquark size of O!1" fm.

DOI: 10.1103/PhysRevLett.97.222002 PACS numbers: 12.38.Gc, 11.15.Ha, 12.38.Aw

Diquarks were originally proposed several decades ago
[1] as a natural way to explain the absence of a large
number of exotics otherwise predicted by QCD.
Recently, it has been realized that they provide a natural
explanation for an exotic baryon antidecuplet, the !# [2],
that cannot be accommodated in the quark model. The first
evidence for the !# was reported by the LEPS
Collaboration [3], but subsequent experiments cast doubts
on its existence [4]. Independently of whether a pentaquark
exists or not, diquark correlations may play an important
role in the description of quark distributions and fragmen-
tation functions and in explaining the systematics of non-
leptonic weak decays of light quark hadrons [5]. In
addition, diquarks are the central ingredient of cold, dense
matter where they condense to form a color superconduc-
tor. Despite their potential role in explaining such a variety
of phenomena in hadronic physics, quantitative analyses
that can directly assess whether diquark correlations are
present in QCD are lacking. Lattice QCD is the method of
choice for studying hadronic states. However, diquarks are
colored objects and need an appropriate formalism to study
them using lattice simulations. One way is to fix the gauge
as done in an early study on the mass of the diquarks [6]. In
this work we present a gauge-invariant formalism, where
we create color singlet states by considering diquarks in the
background of a static quark [7,8]. This enables us to
extract mass differences between baryons containing di-
quarks in the various channels. These mass differences,
unlike diquark masses themselves, are well defined and
gauge invariant.

One gluon exchange indicates quark-quark attraction in
the color antitriplet "3c, flavor antisymmetric "3f, and spin
singlet positive parity channel. Diquarks in this channel are
referred to as ‘‘good’’ diquarks [5]. The aim of this work is
to check whether QCD dynamics supports attraction in this
channel and compare it with other diquark channels.
Possible diquark configurations are created by two quark
operators and insertions of the covariant derivative. In this
work we consider only diquark configurations with no
derivatives because these are lower in energy. We therefore

consider all 16 diquark multiplets that can be created by
operators bilinear in the quark fields of the form qTC#q
with C $ i!0!2 the charge conjugation operator, and # $
1, !", !5, !5!", #"$. The positive parity channels are
qTC!5q and qTC!5!0q with spin zero and qTC!iq and
qTC#0iq with spin one. The negative-parity channels are
qTCq and qTC!0q with spin zero and qTC!5!iq and
qTC#ijq with spin one. They create states that vanish in
the nonrelativistic limit and are excluded in quark models.
We expect them to be higher in energy.

In addition to mass differences, we probe correlations
directly by examining the spatial distribution of the two
quarks forming the diquark in the background of the static
quark [7]. Correlations which persist as the static quark is
removed are intrinsic to the diquark. We study these cor-
relations using gauge-invariant two-density correlators,
used before [9] to probe hadron structure:

 C#!ru; rd; t" $ h0jJ#!0; 2t"Ju0 !ru; t"Jd0 !rd; t"Jy#!0; 0"j0i;
(1)

where Jf0 !r; t" $ : "f!r; t"!0f!r; t":, f $ u, d, and

 J#!x" $ %abc%uTa!x"C#db!x" & dTa!x"C#ub!x"'sc!x";
(2)

where the# (( ) sign corresponds to the flavor symmetric
(antisymmetric) combination, and sc denotes the static
quark. Latin indices denote color. We use two degenerate
flavors of Wilson fermions on quenched configurations
generated at & $ 5:8, 6.0, and 6.2 corresponding to lattice
spacing a $ 0:136, 0.093, and 0.068 fm as determined
from the static quark force [10]. At each lattice spacing,
we perform measurements at three values of the pion mass
in the range 570–910 MeV. By comparing results obtained
at different lattice spacings but at the same pion mass we
can assess discretization effects. In most cases the
quenched approximation is good when the mass of the
pion is higher than 600 MeV, but is expected to fail in
the chiral limit. In order to check the validity of our results
in this range of pion masses, we repeat our mass splitting

PRL 97, 222002 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
1 DECEMBER 2006

0031-9007=06=97(22)=222002(4) 222002-1 © 2006 The American Physical Society

Diquark correlations



Seminar at Vladivostok,  March 28,29, 2016

S=3/2

S=1/2

1/2+

1/2	
  –
1/2+

3/2+

	
  1/2–

1/2+

3/2+

3/2	
  –

5/2+

?

ΞC

[GeV]

?

1/2+

3/2+

ΩC

csq

cssΞC

Ξ’C

1hω

?

1 Ξ+
cc

7

Spectroscopy: More states at J-PARC

•  Excited energies,  decay widths are smaller
•  Two distinct modes may be different
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Yoshida, Hiyama, Hosaka, Oka, Phys.Rev. D92 (2015) no.11, 114029 

• Hamiltonian

• Solved by the Gaussian expansion method 

Roberts-Pervin, IJMPA, 23, 2817 (2008) 

H = p1
2

2mq
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+Vconf (HO)+Vspin−spin (Color −magnetic)+ ...

Quark model calculations

• Quark excitations of 
   P (l = 1), D (l = 2), … waves 

Many … S
P

D
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Classifications; p-wave

Sqq + l = j (Brown muck)
j + 1/2Q = Jtot

Sqq = 0 or 1,   lλ or lρ,    j = 0, 1, … 
J = 1/2, 3/2, …

lλ or lρ

⬅ 7 states
for Λ and Σ

3

by anti-symmetrizing under particle interchange includ-
ing the color-part which is not explicitly shown here. The
total spin J of the charmed baryon is given by the sum of
the spin of charm quark and the “total” angular momen-
tum j of all the remaining part (so called Brown muck
[3]) which is obtained by composing the orbital angular
momenta ℓλ and ℓρ and diquark spin d. For example,
the ground states of the orbital wave function for the
charmed baryons are given by

Λc(1/2
+) =

[
[ψℓλ=0(λ⃗)ψℓρ=0(ρ⃗), d

0]0,χc

]1/2
D0c , (16)

Σc(1/2
+) =

[
[ψℓλ=0(λ⃗)ψℓρ=0(ρ⃗), d

1]1,χc

]1/2
D1c , (17)

and

Σc(3/2
+) =

[
[ψℓλ=0(λ⃗)ψℓρ=0(ρ⃗), d

1]1,χc

]3/2
D1c . (18)

A. Negative parity excited states

The observed Λc excited states Λ∗
c(2595) and Λ∗

c(2625)
baryons are expected the low-lying orbital excitation
states with ℓ = 0 with spin-0 diquark in the quark model.
Their configurations are given by

Λ∗
c(1/2

−;λ-mode) =
[
[ψ1(λ⃗)ψ0(ρ⃗), d

0]1,χc

]1/2
D0c ,

(19)
and

Λ∗
c(3/2

−;λ-mode) =
[
[ψ1(λ⃗)ψ0(ρ⃗), d

0]1,χc

]3/2
D0c ,

(20)
which are referred to as λ-mode excitations with ℓλ = 1.

Another possibility to construct the negative parity ex-
cited states for Λ∗

c is the so-called ρ-mode excitation with
ℓρ = 1, which must have the spin-1 light diquark. The to-
tal spin j of the Brown muck can be j = 0, 1 and 2, which
leads to a singlet with the baryon spin J = 1/2, and two
doublets J = (1/2, 3/2) and J = (3/2, 5/2), respectively.
The concrete forms are given by

Λ∗
c(J

−; ρ-mode) =
[
[ψ0(λ⃗)ψ1(ρ⃗), d

1]j ,χc

]J=j±1/2
D0c .

(21)

B. Positive parity excited states

The minimal configuration for JP = 1/2+ state is an
orbital excitation for the principal quantum number n =
1. In this article we consider the excitation of the λ
motion with nλ = 1 as

Λ∗
c(1/2

+;nλ = 1) =
[
[ψ1s(λ⃗)ψ0(ρ⃗), d

0]0,χc

]1/2
D0c ,

(22)
where ψ1s has a quantum numbers (nℓm) = (100).

Another possibility is the second excitation ℓ = 2 in the
angular momentum number. We have three possibilities
as (ℓλ, ℓρ) = (2, 0), (1, 1) and (0, 2), and we consider the
λ motion excitation (ℓλ, ℓρ) = (2, 0) as a first step in
this article. In this case, the total baryon spin can be
J = 3/2, 5/2 and the wave functions are given by

Λ∗
c(J

+; ℓλ = 2) =
[
[ψ2(λ⃗)ψ0(ρ⃗), d

0]2,χc

]J=2±1/2
D0c ,

(23)
In Table I, we summarize the quark configurations for

the charmed baryons considered in this article. In fol-
lowing sections, we employ these wave functions for the
initial and final charmed baryons for the one-pion emis-
sion decay.

ground states charmed baryons

(nλ, ℓλ) (nρ, ℓρ) d jp JP

(0, 0) (0, 0) d0 0+ 1/2+ Λc(2286)

(0, 0) (0, 0) d1 1+ (1/2, 3/2)+ Σc(2455), Σ
∗
c(2520)

negative parity excited charmed baryons

(0, 1) (0, 0) d0 1− (1/2, 3/2)− Λ∗
c(2595), Λ

∗
c(2625)

(0, 0) (0, 1) d1 0− 1/2−

1− (1/2, 3/2)−

2− (3/2, 5/2)−

positive parity excited charmed baryons

(1, 0) (0, 0) d0 0+ 1/2+

(0, 2) (0, 0) d0 2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

TABLE I. Quark configurations considered in this article.
(nλ(ρ), ℓλ(ρ)) are the principal quantum number and angular
momentum for the λ(ρ) motion wave function. The total spin
of the two light quarks is expressed by d0 for spin-0 and d1 for
spin-1. The “total” angular momentum j and parity except
the charm quark is expressed by jp. The spin and party JP

and supposed physical charmed baryons are also shown.

III. FORMULATION

A. Matrix elements with the quark model wave
functions

To calculate the pion emission amplitude, we employ
the axial-vector coupling of πqq interaction as

L(x) = gqA
2π

q̄(x)γµγ5τ⃗q(x) · ∂µπ⃗(x) (24)

where gqA is the axial coupling of the light quarks, for
which we use the value gqA = 1 [4]. The relevant diagram
is shown in Fig. 3, where only one-step production of the
pion from a single light quark is considered. We write

(lλ, lρ) (lλ, lρ) diquark
Brown muck

Jtot

Only few of them  
are observed
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𝑄

𝑞
𝑞

𝑄

𝜋
𝑥2

𝑥1

𝑥3

 𝜌

 𝜆

di-quark spin

QM wave functions

flavor

H.O. parameters

𝑚 = 0.35 ± 0.05 GeV
𝑀 = 1.5 ± 0.1 GeV

𝑘 = 0.02 − 0.04 GeV3

ℏ𝜔𝜆 ~ 0.3 − 0.4 GeV

𝑅2 ~0.45 − 0.55 fm

charm spin

di-quark spin

H.O.(gauss)

𝑀

𝑚
𝑚

Formalism for decay with quark model

5

etc.

Σ𝑐Λ𝑐
∗

Λ𝑐 𝐽−; 𝜆 = 𝜓1  𝜆 𝜓0  𝜌 , 𝑑0 1
, 𝜒𝑐

𝐽=1
2, 32

𝐷0𝑐

Σ𝑐 1/2+ = 𝜓0  𝜆 𝜓0  𝜌 , 𝑑1 1
, 𝜒𝑐

1
2
𝐷1𝑐

λ mode

Similarly for ρ mode

And mixing of λ and ρ modes
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P-wave excitations - 1/2–, 3/2–
M = m

M = ms

M = mc

10.5 52 M [GeV]

ρ mode

λ mode

Λ(1 / 2− )
Λ(3 / 2− )

Σ(1 / 2− )
Σ(3 / 2− )

Λ(5 / 2− )

Σ(5 / 2− )

HQ	
  doublet

HQ	
  singlet

0.3

0.4

0.5

0.6

0.7
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  MQ [GeV]  

Pr
ob

ab
ili

ty
 |c

|2
Mixing of

e.g.  λ-mode dominant state: How much the other mode mixes? 

Λc
* is almost 

pure λ mode
➔ 
Reflect more
qq nature

Λ solid
   Σ dashed

Λ(phys) = cλΛ(
2λ)+ cρΛ(

2ρ)

20

[a] ΛQ
[b]ΣQ

[c] ΞQQ

FIG. 8: Heavy quark mass dependence of excited energy of first state, second state and third state for 1/2−(solid line),
3/2−(dotted line), 5/2−(dashed line) of [a] ΛQ, [b] ΣQ, [c] ΞQQ. Chain lines denote SU(3) limit.

[a] ΛQ,ΣQ [c]ΞQQ,ΩQQ

FIG. 9: The prbability of λ mode (blue line) and ρ mode (red line) of 1
2

−
for ΣQ (dotted line), ΛQ (Solid line), ΞQQ (Solid line)

and ΩQQ (dotted line). Dashed lines denote SU(3) limit (black dashed line), strange sector(red dashed line), charm sector(blue
dashed line)

λρ mixing in the wave functions
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Decays —Pion emission—
On going, Nagahiro, Yasui, …

To know the structure,  
We study transitions (decay and productions) 

Quarks are confined 
Only transitions through photons, hadrons are available 

See the structure that invisible particles form
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Decays —Pion emission—
On going, Nagahiro, Yasui, …

Ground stateExcited states

π

S
P

D

S
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cssΞC
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1hω

?
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Known spectrum so far

ground

P-wave

D-wave

Λc(2595)
Λc(2625)

Σc(2455)

Λc(2286)

Σc*(2520)

Λc(2880)
Λc(2940)
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[[ud]S=0,I=0 c]
l = 1

[[uu]S=1,I=1 c]
l = 0

[[ud]S=0,I=0 c]
l = 0

Λ* Σ, Σ* Λ

good diquark bad diquark good diquark
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P-wave
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Known spectrum so far
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Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)

Λc(2286, 1/2+) u↑ d↓  c

u↑ d↑  c

u↑ d↓    c

good diquark

bad diquark

π

π

p = 102MeV

p = 176MeV 
p = 89 MeV

low energy 
cf: p(Δ->πN)=229 MeV

good diquark  
in p-wave

Ground

Excited

p ~ 0 MeV

Σc(2520, 3/2+)

Transitions between lower states
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!σ ⋅ !pi ,
!σ ⋅ !p f

qγ 5qφπ , qγ
µγ 5q∂µφπ

Λc
* Σc

!pi
!p f

Pion coupling

!σ ⋅ !q
π

•  Place to look at the two independent operators

Chiral dynamics of the NG bosons
0–:  σ・p
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⬆

⬆

⬆
⬆

π

Σc

⬆

Λc

Bad diquark Good diquark

⬆

u 
  u

d 
  u

• spin-isospin flip between diquark 
• charm quark is a spectator

allowed allowed

NOT allowed

Σc ΛcΛc
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Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)

Λc(2286, 1/2+) u↑ d↓  c

u↑ d↑  c

u↑ d↓    c

good diquark

bad diquark

π

p = 102MeV

p ~ 0 MeV

π
good diquark  
in p-wave

Ground → ground transitions

Σc(2520, 3/2+)
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Γth(Λ∗
c(J

−)+ → Σgs
c (2455; 1/2+)++π−)

BiJP Γfull
exp q λ-mode ρ-mode

(MeV) (Γi) (MeV/c) doublet singlet doublet doublet
(MeV) 1/2− 3/2− 1/2− 1/2− 3/2− 3/2− 5/2−

Λc(2595) 1/2− 2.6 π− 0.45-0.73 0 1.94–2.99
(2592.25) (0.624) π0 1.86–3.00 8.01–12.3

total 2.76–4.45 11.9–18.34

Λc(2625) (3/2−) < 0.97 101 5.4 0.024 0 24.0 0.013 0.023 0.010
(2628.11) (0.0485) –10.7 –0.039 –45.1 –0.019 –0.034 –0.015

Λc(2765) ?? 50 263 20.4–46.7 2.6–3.9 0 107.8–224.0 1.4–1.9 2.5–3.4 1.1–1.5
(2766.6) (not seen)

Λc(2880) (5/2+) 5.8 374 25.7–68.1 12.4–17.2 0 161.5–368.4 6.6–8.4 11.9–15.2 5.3–6.8
(2881.63) (seen)

Λc(2940) ?? 17 426 24.7–72.0 21.6–28.4 0 173.5–417.5 11.4–14.0 20.6–25.1 9.2–11.2
(2939.3) (seen)

Table 1: Partial decay width of Λ∗
c(J−)+ → Σgs

c (2455; 1/2+)++π− with the parameter set-1. A factor 3
(for sum of the charged states) is needed to compare the total exp width, except Λc(2595) “total”.

BiJP Γfull
exp(Γi) q Γth(Σc(J+)++ → Λgs

c (1/2+; 2286)+π+)
(MeV) (MeV) (MeV) (MeV)

Σc(2455) 1/2+ 2.26 (2.26) 89 4.27–4.33
(2453.98) (2.26)

(ωπ = 0 limit)

Σc(2520) 3/2+ 14.9 (14.9) 176 30.0–31.2
(2517.9)

(ωπ = 0 limit)

Table 2: Decay width of Σc(J+)++ → Λgs
c (2286; 1/2−)+π+ with the parameter set-1. The final (charged)

state is only possible for these decays.

(GeV) (GeV3) (GeV) (fm) (fm)
m M k ωρ ωλ aρ aλ

√
⟨ρ2⟩

√
⟨λ2⟩

√
⟨r2⟩

new set 0.35± 0.05 1.5± 0.1 ∼ 0.02–0.04 - 0.3 – 0.4 - - - - 0.45 – 0.55

Table 3: parameters set-1

2

Ground (1/2, 3/2+) –> Ground (1/2+)

gA
q = 1  →  gA

N = 5/3

Preliminary results

ΛcΣc(1/2, 3/2)
!σ ⋅ !q

π

N N
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Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)

Λc(2286, 1/2+) u↑ d↓  c

u↑ d↑  c

u↑ d↓    c

good diquark

bad diquark

π

p = 102MeV

p ~ 0 MeV

p = 94MeV

π
good diquark  
in p-wave

Σc(2520, 3/2+)

Excited → ground transitions
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Λ𝑐 2595; 1/2− + → Σ𝑐 2455 ++𝜋− :

8
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𝑠 [GeV]
2.6052.62.5952.592.5852.58

𝑀Λ(2595) < 𝑀Σ 2455 ++ + 𝑚𝜋−

0

Λ𝑐
Σ𝑐𝑔𝑠

++

𝜋−

Λ𝑐𝑔𝑠+

𝜋+
Finite 𝚪𝚺𝒄 = 𝟐. 𝟐𝟔 MeV

⟹ Γ𝜋−= 0 ?

𝑀Σ 2455 + +𝒎𝝅𝟎

Γ𝜋−

Γ𝜋0

(isospin sym. assumed [PDG])
Γ = 2.6 MeV × 24 % = 0.6 MeV

𝚪𝝅𝟎 > 𝚪𝝅−

Σ𝑐𝑔𝑠

𝜋 decay

Λ𝑐∗ 2625 3/2−

Λ𝑐∗ 2595 1/2−

~ 138 MeV

24

Isospin breaking right on the threshold

Λ𝑐 2595; 1/2− + → Σ𝑐 2455 ++𝜋− :
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𝑀Λ(2595) < 𝑀Σ 2455 ++ + 𝑚𝜋−

0

Λ𝑐
Σ𝑐𝑔𝑠

++

𝜋−

Λ𝑐𝑔𝑠+

𝜋+
Finite 𝚪𝚺𝒄 = 𝟐. 𝟐𝟔 MeV

⟹ Γ𝜋−= 0 ?

(isospin sym. assumed [PDG])
Γ = 2.6 MeV × 24 % = 0.6 MeV

Σ𝑐𝑔𝑠

𝜋 decay

Λ𝑐∗ 2625 3/2−

Λ𝑐∗ 2595 1/2−

~ 138 MeV

~ phase space

H. Nagahiro

Λc(2595, 1/2–)     → Σc(2455, 1/2+)
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P-wave excitation  –> Ground (1/2+)

Preliminary results

9

𝚺𝐜 𝟐𝟒𝟓𝟓; 𝟏/𝟐+ 𝚺𝐜∗ 𝟐𝟓𝟐𝟎; 𝟑/𝟐+
PDG value 𝚪𝐭𝐨𝐭 [MeV] 2.26 𝟏𝟒. 𝟗
𝚪𝐭𝐡𝐞𝐨

[MeV]
1/2+ 4.43−4.45 -
3/2+ - 31.3−31.7

Σ𝑐(1/2+ 𝑔𝑠 , 3/2+) → Λ𝑐𝑔𝑠(2286 , 1/2+)𝜋 decay : p-wave decay

𝚲𝐜 𝟐𝟓𝟗𝟐; 𝟏/𝟐− 𝚲𝐜 𝟐𝟔𝟐𝟓; 𝟑/𝟐−
PDG value 𝚪𝐭𝐨𝐭 [MeV] (3body含む) 2.6 ± 0.26 < 𝟎. 𝟗𝟓

𝚪𝐭𝐡𝐞𝐨
(𝚺𝐜𝝅)
[MeV]

𝜆-mode
1/2− 1.7 − 3.2 18.3 − 44.4
3/2− - 0.075 – 0.14

𝜌-mode

1/2− (𝑗 = 0) 0 0
1/2−(𝑗 = 1) 7.3 – 13.1 80 - 188 
3/2−(𝑗 = 1) - 0.036 – 0.66
3/2−(𝑗 = 2) - 0.078 – 0.12
5/2−(𝑗 = 2) - 0.030 – 0.053

• stable for different parameters (𝑚,𝑀, 𝑘)
• factor 2 over-estimate  → ambiguity of 𝜋𝑞𝑞 coupling 𝑔𝐴𝑞

⇧ 7 states
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Decays —Pion emission—
On going, Nagahiro, Yasui, …

Λc？
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higher Λ𝑐∗ decays

7

Λ𝑐 2765 , Λ𝑐 2880 , Λ𝑐 2940 → Σ𝑐𝜋, Σ𝑐∗𝜋 decay widths ?

𝚲𝐜 𝟐𝟕𝟔𝟓 ?? 𝚲𝐜 𝟐𝟖𝟖𝟎 𝟓/𝟐+ 𝚲𝐜 𝟐𝟗𝟒𝟎 ??

PDG value total 𝛤 [MeV] 50 5.8 ± 1.1 17−6+8

This work
𝚪𝚺𝛑 + 𝚪𝚺∗𝛑

[MeV]

𝛌-mode
𝐉−

𝟏/𝟐− 65 – 146 112 – 255 145 – 314
𝟑/𝟐− 52 – 104 129 – 249 182 – 332

𝛒-mode
𝐉−

𝟏/𝟐− (𝐣 = 𝟎) 0 0 0
𝟏/𝟐− (𝐣 = 𝟏) 325 – 675 503 – 1130 558 – 1301
𝟑/𝟐− (𝐣 = 𝟏) 211 – 414 440 – 921 537 – 1155
𝟑/𝟐− (𝐣 = 𝟐) 9 – 13 53 – 68 96 – 119
𝟓/𝟐− (𝐣 = 𝟐) 6 – 9 42 – 55 80 – 101

𝛌-mode
𝐉+

𝟏/𝟐+ (𝐣 = 𝟎) 1.6 – 4.4 3.7 – 13.5 3.8 – 17.5
𝟑/𝟐+ (𝐣 = 𝟐) 4.6 – 10.8 16.2 – 39.2 24.8 − 61.4
𝟓/𝟐+ (𝐣 = 𝟐) 1.9 − 4.3 11.1 − 26.1 19.8 − 46.5

in PDG, BR(Σ𝑐
∗ 𝜋/total) are not shown

→ sum-up Σ𝑐𝜋 + Σ𝑐∗𝜋 decay widths and compare to ΓtotPDG
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higher Λ𝑐∗ decays

8

Λ𝑐 2765 , Λ𝑐 2880 , Λ𝑐 2940 → Σ𝑐𝜋, Σ𝑐∗𝜋 decay widths ?

𝚲𝐜 𝟐𝟕𝟔𝟓 ?? 𝚲𝐜 𝟐𝟖𝟖𝟎 𝟓/𝟐+ 𝚲𝐜 𝟐𝟗𝟒𝟎 ??

PDG value total 𝛤 [MeV] 50 5.8 ± 1.1 17−6+8

This work
𝚪𝚺𝛑 + 𝚪𝚺∗𝛑

[MeV]

𝛌-mode
𝐉−

𝟏/𝟐− 65 – 146 112 – 255 145 – 314
𝟑/𝟐− 52 – 104 129 – 249 182 – 332

𝛒-mode
𝐉−

𝟏/𝟐− (𝐣 = 𝟎) 0 0 0
𝟏/𝟐− (𝐣 = 𝟏) 325 – 675 503 – 1130 558 – 1301
𝟑/𝟐− (𝐣 = 𝟏) 211 – 414 440 – 921 537 – 1155
𝟑/𝟐− (𝐣 = 𝟐) 9 – 13 53 – 68 96 – 119
𝟓/𝟐− (𝐣 = 𝟐) 6 – 9 42 – 55 80 – 101

𝛌-mode
𝐉+

𝟏/𝟐+ (𝐣 = 𝟎) 1.6 – 4.4 3.7 – 13.5 3.8 – 17.5
𝟑/𝟐+ (𝐣 = 𝟐) 4.6 – 10.8 16.2 – 39.2 24.8 − 61.4
𝟓/𝟐+ (𝐣 = 𝟐) 1.9 − 4.3 11.1 − 26.1 19.8 − 46.5

in PDG, BR(Σ𝑐
∗ 𝜋/total) are not shown

→ sum-up Σ𝑐𝜋 + Σ𝑐∗𝜋 decay widths and compare to ΓtotPDG

Γ Σ𝑐∗𝜋
Γ Σ𝑐𝜋

are different
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Spin and parity of Λ(2880)

• Spin ⬅ decay angular distribution

𝑅 =
Γ(Σ𝑐∗𝜋)
Γ(Σ𝑐𝜋)

= 0.225 ± 0.062 ± 0.025

[Mizuk et al., (Belle), PRL98(07)262001]

𝑅 = 1.45 for 𝐽Λ𝑃 = 5/2−

Isgur-Weise, PRL66(91)1130
Cheng et al., PRD75(07)014006

理論 : chiral perturbation + HQS

𝑅 = 0.23 − 0.36 for 𝐽Λ𝑃 = 5/2+

9

[Mizuk et al., (Belle), PRL98(07)262001, FIG. 3]

𝐽Λ = 5/2

𝐽Λ = 3/2

Σ𝑐 2455 𝜋崩壊の角分布 by Belle(07)

Λ𝑐 2880 のスピンパリティについて

𝐼 𝐽𝑃 = 0 5/2 +

角分布から 𝚪(𝚺𝐜∗𝝅)/𝚪(𝚺𝐜𝝅) の比と “HQS から”?

一般には：Λ𝑐∗ 5/2+ → Σ𝑐∗ 3/2+ 𝜋 … P-wave + F-wave が可能。

異なるクォークの配位
𝑅 =

Γ Σ𝑐∗𝜋 𝐹 + Σ𝑐∗𝜋 𝑃

Γ Σ𝑐𝜋 𝐹 単純に無視している

Λc(2880) → Σc(2455)π
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• Parity ⬅ decay ratio

R = Γ[Λc(2880,5 / 2
P )→ Σc

*(2520,3 / 2+ )π ]
Γ[Λc(2880,5 / 2

P )→ Σc
*(2455,1 / 2+ )π ]

= Γ[F wave]+ Γ[P wave]
Γ[F wave]

Ignoring P wave and use the HQ symmetry

R = Γ[F wave]+ Γ[P wave]
Γ[F wave]

~ 0.23HQ

~ 0.225 ± 0.062 ± 0.025EXP

Generally, however, P wave exists and is larger  
than F wave term ➡ How can we explain data?

𝑅 =
Γ(Σ𝑐∗𝜋)
Γ(Σ𝑐𝜋)

= 0.225 ± 0.062 ± 0.025

[Mizuk et al., (Belle), PRL98(07)262001]
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Cheng et al., PRD75(07)014006
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𝑅 = 0.23 − 0.36 for 𝐽Λ𝑃 = 5/2+

9
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角分布から 𝚪(𝚺𝐜∗𝝅)/𝚪(𝚺𝐜𝝅) の比と “HQS から”?

一般には：Λ𝑐∗ 5/2+ → Σ𝑐∗ 3/2+ 𝜋 … P-wave + F-wave が可能。

異なるクォークの配位
𝑅 =

Γ Σ𝑐∗𝜋 𝐹 + Σ𝑐∗𝜋 𝑃

Γ Σ𝑐𝜋 𝐹 単純に無視している
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10

𝚲𝐜 𝟐𝟖𝟖𝟎 𝟓/𝟐+

𝚪 (MeV) 𝑹 = 𝚪(𝚺𝐜∗𝝅)/𝚪(𝚺𝐜𝝅)
Experimental values (Belle(07)) 5.8 ± 1.1 0.225±0.062±0.025

This
work

(ℓ𝜆, ℓ𝜌) 𝐽Λ𝑃(𝑗) ℓ𝜆 + ℓ𝜌
(0, 1) 5/2−(2) 1 42 –55 1.6 − 1.7
(2, 0) 5/2+(2) 2 11 − 26 8.2 − 8.5
(0, 2) 5/2+(2) 2 28 − 52 19.0 – 19.1
(1, 1) 5/2+(2) 2 52 – 110 27.7 – 30.4

1 0.63 – 1.7 (∞)
5/2+(3) 2 2.8 – 5.7 0.41 – 0.43

𝑗 … Brown muck spin

𝜆𝜌 mixed mode かつ light quarks の spin と角運動量がそろっている時のみ

Λ𝑐 5/2+ : 1,1 2, 𝑑1 3, 𝜒𝑐
5/2

9 5/2+ でもほとんどの場合 Γ Σ𝑐𝜋 < Γ(Σ𝑐∗𝜋)

𝑅 =
Γ Σ𝑐∗𝜋 𝐹 + Σ𝑐∗𝜋 𝑃

Γ Σ𝑐𝜋 𝐹
P-wave が大きい。

無視されていた
This is the only configuration to explain
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Brown muck spin-parity による選択則

11

ℓ𝝀 = 𝟏

𝐶

ℓ𝝆 = 𝟏

Λ𝑐(5/2+(𝜌𝜆))

𝑞 𝑞
ℓ𝜌 = 0

𝐶

ℓ𝜆 = 0

Σ𝑐(3/2+)

𝒋𝒑 = 𝟑+ 𝒋𝒑 = 𝟏+

𝝅(𝟎−)

diquark spin = 1
↑↓+↓↑

diquark spin = 1
↑↓+↓↑

P-wave

𝑳𝝅 ≥ 𝟑

𝜆𝜌 mixed mode かつ light quarks の spin と角運動量がそろっている時のみ

Λ𝑐 5/2+ : 1,1 2, 𝑑1 3, 𝜒𝑐
5/2

P-wave が禁止される。

Selection rule due to the brown muck (diquark)
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Productions

• How much                                are produced 

• Can we study structure?

charm 
excited states{
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π + N    à D* + Λc 

i O f

Regge (t-channel) model

A. B. Kaidalov and P. E. Volkovitsky,  
B. Z. Phys. C 63, 517 (1994)

How much  
is charm produced?

How are they related to  
internal structure of Λc*?

Kim, Kim, Noumi, Shirotori, Hosaka 
PTEP 2014 (2014) 10, 103D01, 
PRD92 (2015) 9, 094021

Productions

Quark model
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pπ, Lab = 4.5 GeV

π −p→ΛK*0 π −p→ ΣK*0

cosθ cosθ

1

10

0.1
–1.0          0          +1.0 –1.0          0          +1.0

D.J. Krennel et al
PRD6, 1220 (1972)

36

dσ
dΩ
[µb / sr]
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Regge model description

•  Vector-Reggeon dominance with some pseudoscalar
•  Energy dependence is also well produced

π – + N → K*0 + Λ 

-1 -0.5 0 0.5 1
cosθ

10-6

10-4

10-2

100

102

dσ
/d
Ω

 [µ
b/

sr
]

KR
K*R
N
ΣR
total

Plab = 3.0 GeV/c

-1 -0.5 0 0.5 1
cosθ

Plab = 4.5 GeV/c

-1 -0.5 0 0.5 1
cosθ

10-6

10-4

10-2

100

102

dσ
/d
Ω

 [µ
b/

sr
]Plab = 6.0 GeV/c

FIG. 13. (Color online). Differential cross sections for the π−p → K∗0Λ reaction as functions of
cos θ at three different pion momenta (Plab), based on a Regge approach. The experimental data
denoted by the circles are taken from Ref. [25]. The notations are the same as Fig. 11.

different each other. The results from the Regge approach fall off faster than those from the
effective Lagrangian method, as −t′ increases. The results from the Regge approach are in
better agreeement with the experimental data in comparison with those from the effective
Lagrangian method.
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FIG. 14. (Color online). Differential cross sections for the π−p → K∗0Λ reaction as functions of
−t′ at four different pion momenta (Plab), based on a Regge approach. The experimental data
denoted by the squares are taken from Ref. [26], while those by the stars from Ref. [27]. Those
designated by the circles are taken from Ref. [25]. The notations are the same as Fig. 11.
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the vicinity of threshold whereas its effect becomes much smaller as s increases. This can
be understood from the behavior of the u-channel Regge amplitude: TΣ ∼ s−0.79. Note that
this feature of Σ reggeon exchange is significantly different from that of Σ exchange in the
effective Lagrangian method, where the u-channel makes a negligibly small contribution (see
Fig. 3 for comparison).

1 2 4 8
s/sth

10-2

10-1

100

101

102

σ 
[µ

b]

KR
K*R
N
ΣR
total

[Regge]
π−p -> K*0Λ

FIG. 11. (Color online). Each contribution to the total cross sections for the π−p → K∗0Λ reaction
given as a function of s/sth, based on a Regge approach. The dotted and dashed curves show the
contributions of K reggeon exchange and K∗ reggeon exchange, respectively. The dot-dashed one
draws the effect of the nucleon in the s-channel, whereas the dot-dot-dashed one depicts that of Σ
reggeon exchange in the u channel. The solid curve represents the total result. The experimental
data are taken from Ref. [24] (triangles) and from Ref. [25] (circles).

We now discuss the results of the charm production. In the left panel of Fig. 12, we
draw each contribution to the total cross section of the π−p → D∗−Λ+

c reaction. D∗ reggeon
exchange dictates the s dependence of the total cross section. The effect of Σc reggeon
exchange is seen near threshold but is drastically reduced as s increases. In the right panel
of Fig. 12, we find that the total cross section of the charm production is approximately
104−106 times smaller than that of the strangeness production. As discussed already in the
case of the effective Lagrangian method, the reason for this smallness mainly comes from the
kinematical factor. Since the threshold energy sth for the charm production is much higher
than that for the strangeness production, the total cross section of the π−p → D∗−Λ+

c

reaction turns out to be much smaller than that of the π−p → K∗0Λ. When s/sth reaches
around 10, the total cross section for the D∗Λc production becomes approximately 103

times smaller than that of the K∗Λ production. The resulting production rate for D∗Λc at
s/sth ∼ 2 is suppressed by about factor 104 in comparison with the strangeness production.
This implies that the production cross section of D∗Λc is around 5 nb at that energy.

In fact, one of the present authors carried out a similar study [34], based on a Regge

15

– t GeV2

How much is charm produced?

Kim Hosaka Kim Noumi, arXiv:1509.03567
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in the case of KΛ photoproduction [30]. The effect of Σ reggeon exchange turns out to be
tiny. Though the general feature of the results from the Regge approach looks apparently
similar to that of the effective Lagrangian ones, they are in fact different each other. The
results from the Regge approach fall off faster than those from the effective Lagrangian
method, as −t′ increases. The results from the Regge approach are in better agreeement
with the experimental data in comparison with those from the effective Lagrangian method.

D. Results for D∗−Λ+
c production

We now discuss the results of the charm production. In the left panel of Fig. 14, we draw
the total cross section together with each contribution for the π−p → D∗−Λ+

c reaction. D∗

reggeon exchange dictates the s dependence of the total cross section. The contributions
of K reggeon and Σc reggeon exchanges are suppressed than that of K∗ reggeon exchange.
In the right panel of Fig. 14, we compare the D∗Λc production with the K∗Λ one. It is
found that the total cross section for the charm production is approximately 104−106 times
smaller than that for the strangeness production depending on the energy range of s/sth.
The resulting production rate for D∗Λc at s/sth ∼ 2, which is the expected maximum energy
J-PARC Collaborations can produce, is suppressed by about factor 104 in comparison with
the strangeness production. This implies that the production cross section of D∗Λc is around
2 nb at that energy.

1 2 4 8
s/sth

10-8

10-6

10-4

10-2

σ 
[µ

b]

DR
D*R
ΣcR
total

π−p -> D*-Λc
+

[Regge]

1 2 4 8
s/sth

10-6

10-4

10-2

100

102

σ 
[µ

b]
π−p -> ( K*0Λ & D*-Λc

+ ) 
[Regge]

K*0Λ

D*-Λc
+

FIG. 14. (Color online). In the left panel, each contribution to the total cross sections for the
π−p → D∗−Λ+

c reaction is drawn as a function of s/sth from a Regge approach. The dotted and
dashed curves show t-channel contributions, i.e. those of D reggeon exchange and D∗ reggeon
exchange, respectively. The dot-dot-dashed curve depicts the contribution of Σc reggeon exchange.
The solid curve represents the full result of the total cross section. In the right panel, the total cross
section for the π−p → D∗−Λ+

c reaction (solid curve) is compared with that for the π−p → K∗0Λ
one (dashed one). The experimental data for the π−p → K∗0Λ reaction are taken from Ref. [24]
(triangles) and from Ref. [25] (circles).

In fact, one of the present authors carried out a similar study [34] based on a Regge
method of Ref. [35] where a phenomenological form factor was included in the Regge ex-
pression for the total cross section. As illustrated in Fig. 3 in Ref. [34], the total cross section
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10-4

Prediction to the charm production

~ a few nb
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i O f Various YC 
N

π , . . .

,

,

,

,

,

,

−
−

−
−

−

−

′

′

cc

∗

−

Quark model wave functions 
(Harmonic oscillator)

PTEP 2014 (2014) 10, 103D01

How are they related to internal structure?
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GS

Transitions to excited states are not suppressed!

Excited states

qeff: the momentum transfer  ~  Large

Bc(S-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~1× exp −

qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

Bc(P-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~

qeff
A

⎛
⎝⎜

⎞
⎠⎟

1

× exp −
qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

Bc(D-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~

qeff
A

⎛
⎝⎜

⎞
⎠⎟

2

× exp −
qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

i O f
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HHIQCD, YITP

Strange kπCM = 1.59 [GeV], kπLab = 5.8 [GeV]  

Feb.16 - Mar.21, 
2015

41

1.00        0.02        0.16    

0.90        1.70        0.02        0.03       0.04       0.19       0.18    

0.50        0.88        0.02        0.02       0.01        0.03      0.07      0.07

Charm kπCM = 2.71 [GeV] , kπLab = 16 [GeV] 

1.00        0.067        0.44         

0.11         0.23       0.007     0.01       0.01      0.07      0.067      
    
 0.13        0.20       0.007     0.01      0.004     0.02      0.038    0.04
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1 : 2

1/ 2+ 1/ 2− 3 / 2−

Ground state Excited states

Charm production spectrum

HQ doublet
J = jl + sH = jl ±1/ 2

2 : 3

3 / 2+

5 / 2+
l = 0 l = 1

l = 2
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Angular momentum dependence

π
K*, D*

quark
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Angular momentum dependence

π
K*, D*

• r
q

ΔL ~ rq ~ 1.5 
                     or 
                     0.4 

charm  
or 
strangeness
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Analogy to the hyper nucleus production

c

π D*

Proton Charmed baryon

u

u
d

u
d
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Analogy to the hyper nucleus production

Λ

…

π K

Nucleus Hyper-nucleus

p
n
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s1/2

p1/2, 3/2

d1/2, 3/2

f1/2, 3/2

Analogy to the hyper nucleus production

π+ + 89Y  
     → K+ + 89ΛY(JP)

H.#Hotch#et#al.,##
Phys.#Rev.#C64,#044302(2001)#
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π+ + 89Y  
     → K+ + 89ΛY(JP)

d
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π + p  
    → D* + Bc

*(JP)

π+ + 89Y  
     → K+ + 89ΛY(JP)

d

s p
d
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π + p  
    → D* + Bc

*(JP)

π+ + 89Y  
     → K+ + 89ΛY(JP)

d

s p
d

s p
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Summary

• Heavy quarks identify and disentangle different modes 
of baryons, ρ and λ modes => diquark dynamics? 

• Decays are useful to further understand the structure 
   and fundamental nature of hadron physics = QCD 
• Productions are useful for structure study 
         A similar feature with hyper nuclei  
• Charm baryons could be abundantly produced

Further studies at J-PARC


