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Abstract

Current studies on heavy hadrons in nuclear medium are reviewed with a summary of the basic
theoretical concepts of QCD, namely chiral symmetry, heavy quark spin symmetry, and the effective
Lagrangian approach. The nuclear matter is an interesting place to study the properties of heavy
hadrons from many different points of view. We emphasize the importance of the following topics:
(i) charm/bottom hadron-nucleon interaction, (ii) structure of charm/bottom nuclei, and (iii) QCD
vacuum properties and hadron modifications in nuclear medium. We pick up three different groups of
heavy hadrons, quarkonia (J/1, T), heavy-light mesons (D/D, B/B) and heavy baryons (A, Ap). The
modifications of those hadrons in nuclear matter provide us with important information to investigate
the essential properties of heavy hadrons. We also give the discussions about the heavy hadrons, not
only in nuclear matter with infinite volume, but also in atomic nuclei with finite baryon numbers, to
serve future experiments.
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1 Introduction

It is an important problem to understand hadron properties based on the fundamental theory of the strong
interaction, Quantum Chromodynamics (QCD). Due to the non-trivial features of the QCD dynamics at
low energies, the hadron physics shows us many interesting and even unexpected non-trivial phenomena.
The fact that hadronic phenomena are so rich implies that various studies from many different views are
useful and indispensable to reveal the nature of the hadron dynamics. Not only isolated hadrons but
also hadronic matter under extreme conditions of high temperature, of high baryon density, and of many
different flavors provide important hints to understand the hadron dynamics.

One of familiar forms of hadronic matter is the atomic nucleus, the composite system of protons and
neutrons. The nuclear physics has been developed so far, based on various phenomenological approaches
(shell models, collective models, and so on). Recently, ab-initio calculations are being realized such that
many-body nuclear problems are solved starting from the bare nucleon-nucleon interaction determined
phenomenologically with high precision [1-3]. Yet a large step forward has been made; the lattice QCD
has derived the nucleon-nucleon interaction [4, 5]. Thus the so far missing path from QCD to nucleus is
now being exploited.

Nevertheless, if we look at the problem, for instance, neutron stars, we confront with a difficulty in
explaining the so-called twice of the solar mass problem. Because of the high density environment in
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What is new property
of charm nuclei ?
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 Heavy mass of charm hadron

m.=1.3 GeV and m,=4.7 GeV

 Heavy Quark Symmetry (HQS)
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Heavy-light meson

D meson
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Heavy-light meson

Kondo effect

“Heavy impurity” nuclear physics
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What's “Kondo effect” ?
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Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))

Resistance/Resistance{T=0 Celsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)
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Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))
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Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))

Scattering amplitude:

electron IY» k -
oy Gliem i k.I,i,j=1, | inSU(n) (n=2 for spin %)

(Te)o(T2); interaction T!, ..., T"%1: generators of SU(n)
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Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))
Scattering amplitude:

electron | k

k.l,i,ji=1, | inSU(n) (n=2 for spin V%)
T, ..., T""%1: generators of SU(n)

impurity atom | i
(T9)(T9); inferaction

electron
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Application of Kondo effect to
Hadron/nuclear physics

Fermi gas electron gas nuclear matter quark matter
(p.n) (u.d.s)

Heavy impurity  spin-atoms D/B mesons c¢/b quarks

Fermi surface v v v

(degenerate state)

electron-hole nucleon-hole quark-hole

Non-Abelian int. SU(2) s SU(2)is0spin SU(3)color

(SU(N) symmetry)
1. NJL-type: S.Y., K.Sudoh, Phys. Rev. C88, 015201 (2013)
2. QCD Kondo: K. Hattori, K. Itakura, S. Ozaki, S.Y., Phys. Rev. D92, 065003 (2015)
3. Magnetic catalysis QCD Kondo effect: S. Ozaki, K. Itakura, Y. Kuramoto, Phys. Rev. D94, 074013 (2016)
4. Kondo effect in atomic nucleus: S.Y., Phys. Rev. C93, 065204 (2016)
5. Kondo effect of Ds meson: S.Y., arXiv:1607.07948 [hep-ph]
6. QCD Kondo phase: S.Y., K. Suzuki, K. Itakura, arXiv:1604.09229 [hep-ph]
7. Single heavy-quark QCD Kondo cloud, S.Y., arXiv:1608.06450 [hep-ph]
8. Conformal theory, T. Kumura, S. Ozaki, arXiv:1611.07284 [cond-mat]
9. QCD Kondo effect and color superconductivity, T. Kanazawa, S. Uchino, Phys. Rev. D94, 114005 (2016)
10. Topology and stability of QCD Kondo phase, S.Y., K. Suzuki, K. [takura, submitted to arXiv
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Electric charge

(Coulomb-assisted bound state)

Long life-time of
vector-meson
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S.Y., arXiv:1607.07948 [hep-ph]

(D Interaction of Ds (Ds*) meson and nucleon

¥ : nucleon field

spin-nonexchange term

spin-exchange term

heavy quark limit (mg—)
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S.Y., K. Sudoh, arXiv:1607.07948 [hep-ph]

(2) Renormalization group equation
nucleon

Ds, Ds* A Y

nucleon (hole)

(G J
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(2) Renormalization group equation
nucleon

Ds, Ds* A Y

nucleon (hole)

spin-nonexchange term
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(2) Renormalization group equation
nucleon

Ds, Ds* A Y
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spin-nonexchange term
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S.Y., K. Sudoh, arXiv:1607.07948 [hep-ph]

(2) Renormalization group equation

spin-flipping int. STrOﬂg COu pllﬂg
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low energy (I—)
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S.Y., K. Sudoh, arXiv:1607.07948 [hep-ph]

@ Mean-field approach (c>0)

s quark field

(o light-spin, i:heavy-quark spin)

gap: mixing of s quark and nucleon

Spectral function p (w)

A" o (5%

SESS

energy ®
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S.Y., Phys. Rev. C93, 065204 (2016)

“simple model” for atomic nucleus
-shell model-like picture-

nucleon sector (N states) ‘ D sector ‘

T/ 1 for proton/neutron
inferaction Hy

o Ak

cf. We consider one shell space.
But this method can be extended

H = Hy+ Hg to multi-shels.

B meson isospin 1/2 Hy = ZekckaTCka kinetic term
DO (E U ) HK =g Z (Ck’iTckT T++Ck/TTCk¢ 1- + (Ck’TTCkT_Ck’¢TCk¢) T3)
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S.Y., Phys. Rev. C93, 065204 (2016)

“Exact solution”

Simple case: € =¢ 3 H % —_———
k=1 2 3 N

Case of nucleon #=1
1 1
HI50) = B0y [652) = 3 Tk (el |4 Dimp — cigl |1 Vimp) singlet w.

{Tr} ={T1,...,I'n}

¥

3
el — 59 Z I',, = E'1'x linear algebraic equation
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204 WP16)
.

What's about more generall casesz KN
Mean-field (+RPA) approacE‘*
Step 1. Infroduce auxiliary fermion fields f

T, = fi' fi,
T = f'f,

Ts = %(fTTfT — fi 1)




3. Kondo effect in atomic nuclei

S.Y., Phys. Rev. C93, 065204 (2016)

What's about more general cases?

Mean-field (+RPA) approach

Step 1. Introduce auxiliary fermion fields f, (SU(2))

T, = fi' fi,
T_ = f'fr,

Ts = %(fTTfT — A fO).

Step 2. Infroduce Lagrange mul’rip{ier A

_ t

.I.

ch;rfa =1

T

fermion # 0, 2
@ physical space

auxiliary fermion # constraint
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S.Y., Phys. Rev. C93, 065204 (2016)
What's about more general cases?

Mean-field (+RPA) approach

Simple case: € =¢ e H L —
=1 2 3

2 |A|2 k = N
Step 3 HMF=¢Hcf¢-I-7—)\
Matrix NN, D, NN, o Basis
Attraction by N./€e 0 - A0 0 -~ 0 ( C1y \
N-D mpilng (A) NI 0 . e 0 ;
New ground state : Nt
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S.Y., Phys. Rev. C93, 065204 (2016)
What's about more general cases?

Mean-field (+RPA) approach

Simple case: € =¢ e H L —

- A2 k=1 2 3 N
Step 3 Hyr = ¢THSf 5o+ % —
A 2
= ZEkdka dio + IAF _ A
Diagonalized matrix g D =+/(e— X2+ 4N|A|?

Hg}agzdiag (6,...,€,§(€+)\—D),§(e—|—)\—|—D),6,...,e,§(e—|—)\—D),§(e_|_)\_|_D))

lowest energy ( 1) lowest energy (1)
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Mean-field (+RPA) approach
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S.Y., Phys. Rev. C93, 065204 (2016)
What's about more general cases?

Mean-field (+RPA) approach

Simple case: € = ¢ H % — e —
k=1 N

D Mean-value of auxiliary fermion number is one.
(ol Y~ fo' foltbo) =1

@ Fluctuation effect (random-phase approximation; RPA)

A B \(x)_, (x Apwpo = (ol [ao,t a1, [H, 61,0 a00]] tho)
—B* —A* Y - Y = Bp,ypa — <¢O| [G'OVTa’l,un [H aOaTalpH |¢O>
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S.Y., Phys. Rev. C93, 065204 (2016)
What's about more general cases?

Mean-field (+RPA) approach

Simple case: €, =€ | €+d¢ i S—

. A A

® Violation of isospin symmetry (application)

Hy — Ho = Z €k Chor| Cho CEITZTTS 2

4

€.1=€, € =c+d¢

A A=0 at de=4Ng




4. Conclusion

@ We study the Kondo effect of Ds/Ds* meson
IN nuclear matter.

@ We apply the renormalization group equation
and find fixed point at the Kondo scale.

@ The Kondo scale is relevant to the width of the
Kondo resonance as mixing of Ds/Ds* meson and




Conclusion

@ We study the Kondo effect of Ds/Ds* meson







2. Kondo effect for D, and D.*- meson

S.Y., K. Sudoh, arXiv:1607.07948 [hep-ph]

Quantum Dots (QDs)

electron Impurl’ry Spiﬂ S21

e L
No Kondo effect in n(22) loops
(Yunderscreening”)
P. Nizieres and A. Blandin, J. Phys. (Paris) 41, 193 (1980)

Mixing of triplet and singlet QDs

makes the Kondo effect.

M. Pustilnik and L. I. Glazman, Phys. Rev. Lett. 85, 2993
(2000)

M. Eto and Y. V. Nazarov, Phys. Rev. Lett. 85, 1306 (2000)
M. Eto and Y. V. Nazarov, Phys. Rev. B 64, 085322 (2001)

quantum mechanical
superposition



