
Heavy Hadrons in 
Nuclear Matter  

Korea-Japan Joint Workshop on the Present and the Future in Hadron Physics at J-PARC 
@Pukyong National University, 4-5, Mar. 2019�

YASUI Shigehiro 
Keio University 

Ref. arXiv:1811.07286 [hep-ph] �



Contents�

4. Conclusion�

3. HQS formalism (	c binding energy)�

2. 	c in nuclear matter�

1. Charm nucleus�



up �

down �

charm�

strange�

top �

bottom�

2 MeV�

5 MeV� 100 MeV�

1300 MeV�

4200 MeV�

173000 MeV�

1st� 2nd� 3rd�

Q=+2/3 �

Q=-1/3 �

HiggsTan.com�
Flavors �

electric 
charge�

1. Charm nucleus�

Exotic Hadrons (X,Y,Z,Pc)�



up �

down �

charm�

strange�

top �

bottom�

2 MeV�

5 MeV� 100 MeV�

1300 MeV�

4200 MeV�

173000 MeV�

1st� 2nd� 3rd�

Q=+2/3 �

Q=-1/3 �

HiggsTan.com�
Flavors �

electric 
charge�

1. Charm nucleus�

@Nuclear Medium�



1. Charm nucleus�

58 ストレンジな原子核，チャームな原子核
物質はクォークからなるという事実は，20世紀物理学の

1つの到達点である．しかし，クォークが物質を形づくる
仕組みは単純ではなかった．通常クォークは単独では存在
せず，おおむね 2つや 3つの組（ハドロンという）で現れる．
実際，u（アップ），d（ダウン）クォークが集まり uudと udd

という塊になったものが，ハドロンのなかでも安定な陽子
と，ほぼ安定な中性子（半減期 11分）である．クォークに
はほかに 4種類，u，dに次いで軽いほうから順に s（ストレ
ンジ），c（チャーム），b（ボトム），t（トップ）クォークが
あり，これらを含んだ 3つの組も不安定ではあるがハドロ
ンを形成する．

sクォークを 1つ含む udsの塊はΛ粒子とよばれ，陽子
や中性子とともに原子核を構成することが以前から知られ
ている．このΛ粒子，つまり sクォークを含む「ストレン
ジな原子核」は，通常の原子核と区別してハイパー核とよ
ばれ，π中間子，陽子，中性子を放出して崩壊する．
ハイパー核の構造を調べると，核内でΛ粒子が陽子や中

性子から受ける力がわかる．この情報は，陽子・中性子間に
働く力（核力）をより根源的なクォークに基づいて理解する
うえで大いに役立ち，この宇宙でなぜクォークが原子核を

形づくったのかを深く理解することにつながる．最近では
sクォークを複数個含んだ，さらにストレンジな原子核を
多数つくる実験も進んでいる．さて，超高密度の代表格で
ある中性子星の中心部には，たくさんの sクォークが安定
に存在し，中性子星が巨大なハイパー核になっていること
が予想されている．つまりハイパー核の研究は，いまだ謎
の多い中性子星の性質を理解する鍵になると考えられる．
ストレンジな原子核が実験で観測されることがわかると，

sクォークの次に重い cクォークを含む「チャームな原子
核」もあるかもしれない．Λ粒子は陽子や中性子に比べて
20%重いだけなのに対し，cクォークを含む udcからなる
Λ C＋ 粒子は 2倍以上重い．そんな「チャームな原子核」があ
るとすれば，どんな性質をもっているのだろうか？
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2. 	c in nuclear matter�
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ud diquark 
spin 0 & isospin 0�

	c baryon 
spin ½ & isospin 0�

Simple 
system !�
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On Supernuclei. 

S. IwAo 

Department o] Physics, College o] T~iberal Arts, Kanazawa University - Kanazawa 

(ricevuto il 2 Dicembre 1976) 

TYAPKIN (1) has suggested the existence of possible bound states of charmed baryons 
(superons) C + and S (2) to ordinary nuclei with approximately equivalent lifetimes 
to those of superons. Recently, BA~SOV et al. (3) have reported possible candidates 
of supernuclei as the secondary stars with track length shorter than 10 ~m, by exposing 
emulsion chambers to 70 and 250 GeV proton synchrotron at Serpukov and FNAL, 
respectively. 

The purpose of this paper is to examine the plausibility of these events and discuss 
the physical significance of supernuclei, in referring to the available information on 
charmed baryons and their associated interactions. Since the bound states under con- 
sideration have strong similarity to the well-known hypernuclei the discussion will 
proceed completely parallel to the lat ter  in our past experiences as far as the similarity 
holds. We shall emphasize a particular physics involved in the decay characteristics 
of supernuclei in contradistinction to that  for hypernuclei. 

Let us begin with the re-examination of Batsov et al. data under our present 
experimental and theoretical knowledge on C + and S superons (4,~): 1) the track lengths 
of 5 candidates of supernuclei arc (6.8 • 1.2), (9.0 ~ 1.2), (8.2 i 1.2), (7.9 =L 1.2) and 
(2.1 • 1.2) ~m, respectively. The first 2 and second 3 events are observed at Serpukov 
and FNAL machines, respectively, 2) the corresponding charged-particle contents are 
given as 2p+47:, 15p§ 7p§ 10p+27: and 3p§ 3) the total  energies of 
charged pions in each decay are (1.20 • 0.08), (1.62 • 0.15), (0.34 • 0.01), (0.50 =~ 0.03) 
and (0.82 • 0.04)GeV, respectively and finally, 4) the visible energy releases are 
(2.1 • 0.2), (2.0 • 0.2), (1.5 =~ 0.2), (1.0 • 0.1) and (1.0 • 0.1) GeV. 

The thick track lengths of extremely short ones are consistent to consider them 
as good candidates of supernuclei expected from the lifetimes of order 10 - ~  to 10 -~4 s. 

(1) A. A. TYAPKIN: Yad .  Fiz . ,  22, 181 (1975); Sov. Journ .  Nuc l .  Phys . ,  22, 89 (1976). 
(~) M. ]~. GAILLARD, B. ~,V. LEE a n d  J .  L. ROSNER: Rev. Mod.  Phys . ,  47, 277 (1975). 
(a) Yu.  A. BATUSOV, S. A. BUNYATOV, V. V. LYUKOV, V. M. SIBOROV, A. A. TYAPKIN a n d  V. A. YARBA: 
Search ]or superIragments in  proton-nuclear interactions at 70 and 250 GeV, D u b n a ,  E1-10069, p r ep r in t  
(August  1976). 
(4) B. KNAPP, W. LEE, P. LEUNG, S. D. SMITH, A. WIJANGCO, J .  KNAUER, D. u J .  BRONSTEIN, 
R. COLEMAN, G. GLADDING, M. GOODy, AN, M. GORMLEY, R. MESSNER, T. O']~ALLORA~, J .  SARRACINO, 
A. ")VA~TENBERG, M. BINKLEY, I .  GAINES a n d  J. PEOPLES: PhYs .  Rev.  Lett . ,  37, 882 (1976). 
(5) A. DE RCJULA, I-I. GEORGI a n d  S. L. GLASHOW: Phys .  Rev. D ,  12, 147 (1975). 
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IL NUOVO CIMENTO VOL. 46 A, N. 3 1 Agosto 1978 

Stable Charmed Hyperfragments ( ').  

R. G~.TTO and F. PACCA~ONI (**) 

Ddpartement de Physique Thdorique, Universitd de Gen~ve - CH-1211 Gen~ve 4, 8uisse 

(riccvuto il 17 Marzo 1978) 

Summary. ---- Stable charmed hyperfragnmnts formed by C O and nucleons 
are discussed. Estimates are given for binding energies and lifetimes. 
Among light charmed hyperfragments 51Ieco, 4Ilec~ 4lico and 3He0 are 
probably bound and live (10-~*--10 -L~) seconds. 

Expe r imen ta l  evidence on charmed baryons  is growing rapidly (~). Using 
SU4 as a guide for classifying baryon  states,  one expects,  as well known, tha t  
J ~ - =  ~e baryons  belong to a 20-dimensional representat ion (2). Under  SU3 
the  representa t ion reduces to the known octet  of uncharmed baryons,  a 6 ~- 
of baryons  of charm one, and a 3 of baryons  of charm two. Let  us fix here our 
a t t en t ion  to baryons  of charm one (lhe charm- two baryons  are expected to 
bc more massive).  The geometr ic  description of such 6 ~-3  is shown in fig. 1. 
I t  corresponds to a section of the famous t runca ted  te t rahedron  which rep- 
resents the 20 of SU4. Some of these states will represent  particles which only 
decay weakly.  They arc CO+, T O and the physical  s ta te  of lower mass arising 
f rom the mixing of the isospin doublets S and A (3). Their  quark  content  is 
i l lustrated in the figure. Among these baryons,  Co + is like a A-particle in which 
the charmed quark  c has been subs t i tu ted  for the s trange quark.  On the other 

(*) Supported by the Swiss National Science Foundation. 
(**) Permanent address : Istituto di Fisica dell' l;nivcrsit~'~, Padova, Italia and I.N.F.N., 
Sezione di I 'adova. 
(1) T .G.  TRIPPE, A. BAI~BAI~O-GAI.TIERI, C. P. IIoRN~,:, R. JJ. KELLY, A. RITTENBERG, 
A. ]I. ROSENFF+I.D, G. P. YOST, N. BARASlI-ScItMIDT, C. BRIC~I+kN, R. J.  IIEMINGWAY, 
~I. J~ LO.~TY, .~[. ROOS, V. (~IIALOUPKA and B. AICMSTRONG: Phys. Lett., 68 B, I (1977). 
(z) M. K. GAILLARD, B. W. LEE and J. L. Rosalie: Rev. Mod. Phys., 47, 277 (1975). 
(3) A. DE R~JULA, II. GEORGI and S. L. GLASIIOW: Phys. Rev. D, 12, 147 (1975). 
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Mean field 
QCD sum rules 
	cN int. by LQCD 
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2. 	c in nuclear matter�
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Figure 1: The ΛcN central potential in the 1S0 channel for each ensemble. The potential is calculated

at t−t0 = 13 for mπ ≃ 700 MeV case (Blue), t−t0 = 11 for mπ ≃ 570 MeV case (Green) and t−t0 = 9

for mπ ≃ 410 MeV case (Red).

repulsive core at short distances (r ! 0.5 fm) and an attractive pocket at intermediate

distances (0.5 ! r ! 1.5 fm) in the ΛcN potential. We also observe that the height of

the repulsive core increases and the minimum of the attractive pocket shifts outward,

as u, d quark masses decrease. A variation of the repulsive core against u, d quark

masses may be explained by the fact that the color magnetic interaction is proportional

to the inverse of the constituent quark mass [38]. We notice that the attraction of the

ΛcN potential seems weaker than that of the ΛN potential in Ref. [39].

In order to check the stability of the potential against the time separations t − t0,

we plot the time dependence of the ΛcN central potential in the 1S0 channel at several

different time separation t − t0 in Fig. 2. In Fig. 2 (a), we find that the potential

exhibits non-negligible time dependence for t − t0 ∈ [9, 12]. The potential, however,

becomes stable at larger time, t− t0 ∈ [13, 15], as shown in Fig. 2 (b). This observation

10

T. Miyamoto (HAL collaboration) 
Nucl. Phys. A971, 113 (2018) �

r�

�c� Nucleon�

https://www.jicfus.jp/jp/promotion/pr/mj/ 
2013-2/lattice/�

scattering length 

a = 0.89 fm 
Average of 1S0 and 3S1 

Chiral �erturbation 
J. Haidenbauer, G. Krein, 
Eur. Phys. J. A54 (2018) 199 
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TABLE I. The parameter sets (a), (b), and (c) for the sharp cuto↵ parameter ⇤ and the coupling constant c1 are shown. For

each parameter set, the e↵ective potential V (0) = V

(0)(T, µ), the e↵ective mass M

(0) = M

(0)(T, µ) and the nucleon number

density n

⇤
N (0)/nN = n

⇤
N (T, µ;0)/nN (T, µ) are shown at T = 0 MeV and µ = 38 MeV (nN = 0.17 fm�3). Notice the value of

n

⇤
N (0)/nN is obtained in the approximation leaving only the leading order in the expansion for c1. For a comparison, the mass

shift estimated in the T⇢ approximation is shown in the last row in the column of V (0).

parameter (a) (b) (c)

⇤ (GeV) 0.3 0.4 0.5

c1 (GeV�2) 16.2 14.0 12.4

V

(0) (MeV) -24.3 -26.7 -28.1 -39.4 (T⇢)

M

(0) (MeV) 308 382 415 –

n

⇤
N (0)/nN (approx.) 1.31 1.73 1.95 –

We consider the heavy mass limit for the ⇤
c

baryon (M ! 1) in order to be consistent with the leading-order

approximation in the 1/M expansion, as presented in the Lagrangian (11). When we keep the finite value of the ⇤
c

mass (M = 2.286 GeV), we obtain �M⇤c = �2⇡ n
N

a(m+M)/(mM) = �55.6 MeV, which is larger by about 30 %

than the value in Eq. (35). In any case, the values in the T⇢ approximation overestimates the value of the e↵ective

potential (18). Therefore, we find it important to include the multiple scatterings in the loop expansion in the loop

calculation. It is interesting that the values of V (0) are consistent with the ones obtained in the QCD sum rule

calculations. Ohtani et al. gave the mass shift of the ⇤
c

baryon by -20 MeV at normal nuclear matter density [47].

The values of the e↵ective potential V (0)(T, µ) at various temperature T and chemical potential µ are shown on the

µ-T plane in Fig. 2. It is a reasonable result that the values of V (0)(T, µ) become smaller, and hence that the binding

energies become larger, as the chemical potential increases. This is simply induced by the larger Fermi surface at

larger chemical potential. It is also found that the values of V (0)(T, µ) become smaller as the temperature increases.

This result can be understood intuitively also, because the number density of nucleon gas increases as the temperature

increases, and the probability for a nucleon to collide into the ⇤
c

baryon should be enhanced.

C. E↵ective potential in moving frame and e↵ective mass

We plot the e↵ective potentials at finite velocity V (0)(T, µ;u), Eq. (22), for the parameter sets (a), (b), and (c) in

Fig. 3. As the velocity u = |u| increases, the e↵ective potentials becomes shallower and they eventually become zero

at the critical velocity u
c

= 0.28. It is seen that the approximate curves by Eq. (24) are appropriate for small u = |u|.
The tendency that the e↵ective potentials become shallower as the finite velocity increases can be understood in a

naive manner, because the ⇤
c

baryon moving in nuclear matter has a smaller probability to interact with nucleons.

The values of the e↵ective mass M (0)(T, µ) in Eq. (26) are calculated at zero temperature and normal nuclear matter

density. The results are shown in Table I. They are in the range from 308 MeV to 415 MeV in the present parameter

Scattering length a = 0.89 fm 
J. Haidenbauer, G. Krein, Eur. Phys. J. A54 (2018) 199 

3

density state in nuclear matter.

The article is organized as follows. In section II, we introduce the interaction Lagrangian for a nucleon and a

⇤
c

baryon, and obtain the e↵ective Lagrangian by assuming that the ⇤
c

baryon is at rest in nuclear matter. In

section III, we derive the e↵ective potential in the presence of the ⇤
c

baryon in nuclear matter, and also derive

the equation expressing the change of nucleon number density near the ⇤
c

baryon. Under this setup, we show the

numerical results in section IV, and conduct in-depth analyses of the numerical results in section V. The final section

is devoted to the conclusion.

II. LAGRANGIAN BASED ON HEAVY-QUARK SPIN SYMMETRY

A. E↵ective Lagrangian

We consider the interaction Lagrangian for a nucleon and a ⇤
c

baryon. We follow the description based on the

heavy quark spin symmetry by supposing that the mass of the ⇤
c

baryon, M = 2.286 GeV, is su�ciently massive in

comparison to the typical energy scales in the low energy QCD (a few hundreds of MeV) [13, 52, 53]. We separate

the four-momentum of the ⇤
c

baryon pµ as pµ = Mvµ + kµ with vµ the four-velocity vµ = (v0,v) (v0 > 0 and

vµv
µ

= 1) and the residual momentum kµ. The term Mvµ indicates the on-mass-shell part, and the term kµ indicates

the o↵-mass-shell part. It is supposed that the latter is a small quantity relevant to the low energy QCD, and it is

smaller than the mass of the ⇤
c

baryon: kµ ⌧M . In the framework of the heavy baryon e↵ective theory, instead of

the original field of the ⇤
c

baryon  (x), we introduce the e↵ective field for the ⇤
c

baryon defined by

 
v

(x) =
1 + v/

2
eiMv·x (x), (1)

with the four-dimensional time and space coordinate x = (t,x). In this definition, the ⇤
c

baryon is at rest in the

coordinate frame moving with the four-velocity vµ (v-frame). In the following most cases, we assume the static

four-velocity vµ = (1,0), i.e. that the ⇤
c

baryon is at rest in nuclear matter.

In the relativistic formalism for the nucleon field  , considering all the possible combinations of the interaction

terms in the S-wave, we obtain the general form of the interaction Lagrangian up to O(1/M) given by

Lrel
int = c1 ̄  ̄v

 
v

+
c01
M
 ̄  ̄
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+ c2 ̄�
µ  ̄
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✓
v
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 �
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+

iD?µ

2M

◆
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+
c02
M
 ̄�µ v
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 ̄
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v
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1

M

⇣
c3 ̄�

µ⌫ ✏
µ⌫⇢�

v⇢ + c4 ̄���5 
⌘
 ̄

v

S�

v

 
v

+O(1/M2), (2)

with unknown coe�cients c1, c2, c02, c3 and c4. m is the nucleon mass. We define iDµ

? ⌘ iDµ � vµv·iD. This term is

necessary to achieve the velocity-rearrangement (reparametrization) to take into account the terms at O(1/M) [54–

57]. Sµ

v

⌘ � 1
2�5

�
�µv/ � vµ

�
is the spin operator for the ⇤

c

baryon. The terms containing Sµ

v

should be the order

of O(1/M) as it is shown in the above equation. This order counting stems from the fact that the spin flip of

the heavy quark is suppressed by 1/M
Q

(M
Q

the heavy quark mass) in the heavy quark e↵ective theory. We regard

M
Q

'M because M
Q

is the dominantly large energy scales in the system. In the non-relativistic limit, the interaction

Lagrangian (2) becomes a simpler form. When we keep only the leading term in the 1/M expansion, we confirm that

the remaining interaction terms in the Lagrangian (2) turns to be c1'
†' ̄

v

 
v

only. ' is the nonrelativistic nucleon
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図 10: 有効ポテンシャルのリングダイアグラム (点線は可換相互作用)。

なので

−iV (0) = (−1)4i
∫

d3p

(2π)3
iθ(−ϵp)iT (ϵp)

= 4

∫
d3p

(2π)3
θ(−ϵp)iT (ϵp), (4.4.3)

である。V (0) のエネルギーの次元は 1であることに注意する。O(1/M)において有効ポテンシャルはゼロである。

[もう一度考える] c1項の足し上げについて対称因子 (n個のバーテックスをもつリングダイアグラムにおいて 1/n)を取
り入れなければならない (図 10)。これを考慮すると、

−iV (0) = (−1)ic1
∫

dp0
2π

∫
d3p1

(2π)3
i

p0 − ϵp1 + iε′

+(−1)1
2
(ic1)

2

∫
dp0
2π

∫
d3p1

(2π)3
i

p0 − ϵp1 + iε′

∫
d3p2

(2π)3
i

p0 − ϵp2 + iε′

+(−1)1
3
(ic1)

3

∫
dp0
2π

∫
d3p1

(2π)3
i

p0 − ϵp1 + iε′

∫
d3p2

(2π)3
i

p0 − ϵp2 + iε′

∫
d3p3

(2π)3
i

p0 − ϵp3 + iε′

+ . . .

= (−1)ic1
∫

dp0
2π

∫
d3p

(2π)3
i

p0 − ϵp + iε′

+(−1)1
2
(ic1)

2

∫
dp0
2π

(∫
d3p

(2π)3
i

p0 − ϵp + iε′

)2

+(−1)1
3
(ic1)

3

∫
dp0
2π

(∫
d3p

(2π)3
i

p0 − ϵp + iε′

)3

+ . . .

= (−1)
∫

dp0
2π

log

(
1 + ic1

∫
d3p

(2π)3
i

p0 − ϵp + iε′

)

= (−1)
∫

dp0
2π

log

(
1− c1

∫
d3p

(2π)3
1

p0 − ϵp + iε′

)
, (4.4.4)

である。対数関数が現れることに注意する 110。
これ以降は p0 積分は有限温度で行うことにする。そこで、核子のプロパゲーターを真空のものに戻して有効ポテン

シャルを

−iV (0) = (−1)
∫

dp0
2π

log

(
1− c1

∫
d3p

(2π)3
1

p0 − Ep + iε

)
, (4.4.5)

110Doniach and Sondheimer, “Green’s functions for solid state physicists” (1974), p. 92, 式 (4.7.16) を参照せよ。また、これからの計算のト
リックについては同書 pp. 93-94 を参照せよ。

152

Effective potential 
(binding energy)�

nuclear matter�
3

C. Effective potential in nuclear matter

−iV (0) =

∫
dp0
2π

log

(
1 + c1

∫
d3p

(2π)3
1

p0 − Ep + iε

)
, (13)

V (0)(T, µ) = − 4

π

∫ ∞

−∞
dp0

⎛

⎜⎜⎜⎝
arctan

c1

√
2m3/2

2π
√
p0

1− c1

√
2m3/2

2π2
P

∫ ∞

0
dE

√
E

E − p0
F(E)

⎞

⎟⎟⎟⎠
1

eβ(p0−µ) + 1
, (14)

III. NUMERICAL RESULTS

A. Effective potential at rest frame

B. Effective potential and effective mass in moving frame

V (0)(u) =
−2
π

∫ ∞

−∞
dp0

⎛

⎝arctan
c1

√
2m3/2

2π

√
p0 θ

(
p0
(

Λ2

2m − p0
))

1− c1
√
2m3/2

2π2 F (p0)

⎞

⎠ 1

eβ(p0−µ̃) + 1
, (15)

µ̃ ≡ µ− 1

2
mu2 u = |u|

V (0)(u) = V (0)(0) +
M (0)

2
u2 +O(u4), (16)

M0 = 2
∂V (0)(u)

∂u2

∣∣∣∣
u=0

, (17)

M (0)(T, µ) =
2βm

π

∫ ∞

−∞
dp0

⎛

⎜⎜⎝arctan
c1

√
2m3/2

2π
√
p0

1− c1

√
2m3/2

2π2
F (p0)

⎞

⎟⎟⎠
eβ(p0−µ)

(
eβ(p0−µ) + 1

)2 , (18)

C. Change of nucleon number

δN = −∂V
(0)

∂µ
, (19)

IV. CONCLUSION

Matsubara sum for p0 
(including chemical potential �) 

	c�

Summing up the multiple scattering�
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Assuming a small velocity with u ⌧ u
c

, we expand the e↵ective potential in Eq. (22) as

V (0)(T, µ;u) = V (0)(T, µ) +
1

2
M (0)(T, µ)u2 +O(u4), (24)

where we define

M (0)(T, µ) = 2
@V (0)(T, µ;u)

@u2

����
u=0

. (25)

Substituting Eq. (22) into Eq. (25), we obtain

M (0)(T, µ) =
2�m

⇡

Z 1

�1
dp0 arctan

 
⇡ c1⇢(p0)

1 + c1F (p0)

!
e�(p0�µ)

�
e�(p0�µ) + 1

�2 . (26)

We notice that the integrand in the p0-integral has a sharp peak around the Fermi surface (p0 ' µ) at low temperature.

We call M (0)(T, µ) the e↵ective mass, because it is the quantity relevant to the mass of inertia of the ⇤
c

baryon in

nuclear matter. Let us investigate the details of the physical meaning of M (0)(T, µ). When we recover the ⇤
c

baryon

mass M in the total energy, the mass of the ⇤
c

at rest in nuclear matter can be expressed by

E⇤
⇤c
(T, µ) = M + V (0)(T, µ). (27)

For the moving ⇤
c

baryon with with three-dimensional velocity u in nuclear matter, by using Eq. (24), we express

the energy dispersion-relation of the ⇤
c

baryon as

E⇤
⇤c
(T, µ;u) = M +

M

2
u

2 + V (0)(T, µ;u) +O(u4)

= M + V (0)(T, µ) +
M +M (0)(T, µ)

2
u

2 +O(u4), (28)

where in the second line we introduce the functions of V (0)(T, µ;u) and M (0)(T, µ) defined in the above expansion for

small u. In this form, we understand clearly that M +V (0)(T, µ) and M +M (0)(T, µ) are the quantities with di↵erent

physical meanings: the former is the energy of the ⇤
c

baryon at rest and the latter is the mass of inertia of the ⇤
c

baryon moving in nuclear matter. We notice that the non-relativistic kinetic energy Mu

2/2 is added as the kinetic

term in the first line, because the zero-point of energy should be shifted from M to M +Mu

2/2 at finite velocity.

C. Change of number density of nucleons

The presence of a ⇤
c

baryon in nuclear matter leads to the disturbance of the nucleon number density according

to attraction or repulsion of nucleons to the ⇤
c

baryon. For the ⇤
c

baryon existing at the position x = 0 statically,

we express the nucleon number density modified by the ⇤
c

baryon as

n⇤
N

(T, µ;x) = n
N

(T, µ) + �n
N

(T, µ;x), (29)

where n
N

(T, µ) is the number density of a free nucleon gas in the bulk space without the presence of a ⇤
c

baryon,

and �n
N

(T, µ;x) is its deviation by the e↵ect of a ⇤
c

baryon. Here let us remind that the nucleon number density

can be obtained by the loop integral of the nucleons (see e.g. Ref. [61]). For example, the number density of the free

nucleon gas in the bulk space is given as

n
N

(T, µ) = �4 lim
y!x

Z
dp0
2⇡

d3p

(2⇡)3
i

p0 � p

2

2m

eip·(x�y), (30)
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We notice that the integrand in the p0-integral has a sharp peak around the Fermi surface (p0 ' µ) at low temperature.

We call M (0)(T, µ) the e↵ective mass, because it is the quantity relevant to the mass of inertia of the ⇤
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where in the second line we introduce the functions of V (0)(T, µ;u) and M (0)(T, µ) defined in the above expansion for

small u. In this form, we understand clearly that M +V (0)(T, µ) and M +M (0)(T, µ) are the quantities with di↵erent

physical meanings: the former is the energy of the ⇤
c

baryon at rest and the latter is the mass of inertia of the ⇤
c

baryon moving in nuclear matter. We notice that the non-relativistic kinetic energy Mu

2/2 is added as the kinetic

term in the first line, because the zero-point of energy should be shifted from M to M +Mu

2/2 at finite velocity.

C. Change of number density of nucleons

The presence of a ⇤
c

baryon in nuclear matter leads to the disturbance of the nucleon number density according

to attraction or repulsion of nucleons to the ⇤
c

baryon. For the ⇤
c

baryon existing at the position x = 0 statically,

we express the nucleon number density modified by the ⇤
c

baryon as

n⇤
N

(T, µ;x) = n
N

(T, µ) + �n
N

(T, µ;x), (29)

where n
N

(T, µ) is the number density of a free nucleon gas in the bulk space without the presence of a ⇤
c

baryon,

and �n
N

(T, µ;x) is its deviation by the e↵ect of a ⇤
c

baryon. Here let us remind that the nucleon number density

can be obtained by the loop integral of the nucleons (see e.g. Ref. [61]). For example, the number density of the free

nucleon gas in the bulk space is given as

n
N

(T, µ) = �4 lim
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dp0
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d3p
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i

p0 � p

2
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eip·(x�y), (30)
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✔ ︎ The obtained values are consistent with QCDSR (-20 MeV). �
K. Ohtani et al., Phys. Rev. C96, 055208 (2017)�
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with �4 the coe�cient for the fermion loop and the number of degeneracy by spin and isospin. This turns to be

n
N

(T, µ) = 4

Z
d3p

(2⇡)3
1

e�(!p�µ) + 1
, (31)

which in fact coincides with the correct result. We remind us that the p0-integral in Eq. (30) is calculated by following

the procedure in Eq. (17). It is obvious that there is no position dependence in n
N

(T, µ) in the bulk space. However,

this is not the case when there is a ⇤
c

baryon as an impurity particle, because the existence of the ⇤
c

baryon violates

the translational symmetry and the position dependence should appear. In the presence of a ⇤
c

baryon, the deviation

of nucleon number density from the one in bulk space is given as

�n
N

(T, µ;x) = �4 lim
y!x

Z
dp0
2⇡

Z
d3p

(2⇡)3
i

p0 � p

2

2m

eip·x
Z

d3q

(2⇡)3
i

p0 � q

2

2m

e�iq·y iT (p0), (32)

at the position x. We notice again that �4 the coe�cient for the fermion loop and the number of degeneracy by spin

and isospin, and that the p0-integral is calculated by the the procedure in Eq. (17). T (p0) is the T -matrix in Eq. (13).

For simplicity of the calculation, we consider T (p0) ' c1 as the lowest order approximation for the small coupling

constant. Thus, adopting the spherical wave expansion for x, we obtain

�n
N

(T, µ;x) ' �8c1

✓p
2m3/2

2⇡2

◆2 Z 1

0
d!

p
! j0(

p
2m! r)

e�(p0�µ) + 1

Z ⇤2

2m

0
d!0 P

p
!0 j0(

p
2m!0 r)

! � !0 , (33)

with r = |x| the distance from the position of the ⇤
c

baryon. Just on site of the ⇤
c

baryon (x = 0), we obtain the

simple analytic solution as

�n
N

(T, µ;0) ' �8c1

 p
2m3/2

2⇡2

!2 
⇤2

2m
� µ

! r
⇤2µ

2m
�
 

⇤2

2m
+ µ

!
arccoth

 s
⇤2

2mµ

!!
. (34)

IV. NUMERICAL RESULTS

A. Parameter sets

In order to constrain the parameter values of ⇤ and c1, we use the scattering length a = 0.89 fm for the interaction

between a nucleon and a ⇤
c

baryon in vacuum as the input [51]. From Eq. (17) we obtain the several solutions of

the parameter sets for (⇤, c1) as summarized in Table I: (a) (0.3 GeV, 16.2 GeV�2), (b) (0.4 GeV, 14.0 GeV�2) and

(c) (0.5 GeV, 12.4 GeV�2). We choose the range of the cuto↵ parameter ⇤ to be the order of a few hundred MeV,

because its inverse 1/⇤ should be comparable with the spatial size of hadrons.

B. E↵ective potential at rest frame

In Table I, we show the results for the e↵ective potential, Eq. (18), for the ⇤
c

baryon at rest in nuclear matter.

They are the results at zero temperature and at normal nuclear matter density, T = 0 MeV and µ = 38 MeV

(n
N

= 0.17 fm�3). The values of the obtained e↵ective potentials are in the range from -24.3 MeV to -28.1 MeV for

the di↵erent parameter sets (a), (b), and (c). It is interesting to compare those values with the ⇤
c

mass shift in the

T⇢ approximation:

�M
(0)
T⇢

= �2⇡ n
N

a lim
M!1

m+M

mM
= �39.4 MeV. (35)✔ ︎ T� approximation:�

@normal nuclear matter 
(chemical pot. �=36 MeV) �

B.E. ~25 MeV 

"four-quark condensate"�
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5. Conclusion�

- We discuss 	c baryon in nuclear matter.�
- Binding energy ~ 25 MeV�

- Nuclear density ~ (1.5-2.0)�normal density�

Future problems: 
a) Production of charmed nuclei (proton, antiproton beams) 
b) Observables (multiple processes) 
c) Continuity/discontinuity to quark matter 
d) Analogy to condensed matter systems 
...�


