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Heavy-quark dynamics for charm and bottom flavor on the Fermi surface at zero temperature
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We discuss the dynamics in a finite-density medium including a heavy impurity particle (hadron or quark)
with a heavy flavor, charm and bottom, at zero temperature. As a system, we consider a D (B) meson embedded
in nuclear matter as a heavy impurity boson with SU(2) isospin symmetry. As another system, we also consider
a charm (bottom) quark embedded in quark matter as a heavy impurity fermion with SU(3) color symmetry. We
suppose a vector current interaction with SU(n) symmetry (n > 2) for the fermion composing the Fermi surface
and the embedded heavy impurity particle, and we calculate the scattering amplitude perturbatively for the small
coupling constant up to one-loop level. We obtain that the scattering amplitude has a logarithmic enhancement
in the large-mass limit of the heavy impurity particle, and we show that the perturbative calculation breaks down

for any small coupling constant in this limit.
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I. INTRODUCTION

In present hadron and quark physics, heavy quarks are
interesting subjects for understanding the properties of QCD.
In the recent literature, there have been many discussions about
charmed and bottom nuclei with bound charm and bottom
hadrons. For example, charmed nuclei may have a A, baryon
[1-3], a =, baryon [3], a D meson [4—6], or a D meson [7-21]
for open charm and a J /vy [22-26] for hidden charm, inside
normal nuclei. Bottom nuclei may have a Ay, baryon [1,2],a Xy,
baryon, a B meson, or a B meson [10,21] for open bottom and
a Y for hidden bottom. Some of these discussions were moti-
vated by the possible attractive force between a charm (bottom)
hadron and a nucleon, which was found in studies of hadronic
molecules as exotic hadrons [27-33] (see also [34-37]). The
results of those studies suggest that a charm (bottom) hadron
can be bound in nuclear matter. Such systems are interesting,
because they will help us to study, not only (i) the interaction
between the heavy hadron and nucleon but also (ii) the change
of the properties of the heavy hadron in nuclear medium and
(iii) the change of the nuclear medium (including the partial
restoration of the dynamical breaking of chiral symmetry)
caused by the heavy hadron as an impurity. Exotic nuclear
systems with heavy flavors can be studied experimentally at
J-PARC, GSI-FAIR, and so on. The study of heavy quarks in
quark matter is also interesting, when the state at high density
and low temperature can be produced in heavy-ion collisions.
Actually it is expected that there are rich structures such as
color superconductivity in quark matter [38,39].

In systems with a single heavy meson or quark, the heavy-
mass limit is very useful for analysis of their properties in
vacuum [40-45]. In the present article, we study the dynamics
of the heavy meson or quark with a single heavy flavor, which is
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embedded in a finite-density medium at zero temperature, and
investigate the behavior in the large limit of their masses in the
medium. As systems, we consider a D (B) meson embedded
in nuclear matter and a charm (bottom) quark embedded in
quark matter. Although the former and latter systems are quite
different, both of them exhibit similar behavior in the large-
mass limit as discussed below. We note that, in our systems,
the fermions composing the Fermi surface (nucleons in nuclear
matter or light quarks in quark matter) and the heavy impurity
particle [D (B) meson or charm (bottom) quark] belong to
the fundamental representation of SU(n) symmetry with an
integern > 2. Infact, a D (B) meson and nucleons are doublet
states in SU(2) isospin symmetry, and a charm (bottom) quark
and light quarks are triplet states in SU(3) color symmetry. In
the present discussion, we suppose that SU(n) symmetry is a
global symmetry, not only for isospin symmetry but also for
color symmetry. For generality of the formulation, we consider
that the fermions and the heavy impurity particle belong to the
fundamental representation of SU(n) symmetry (isospin for
n = 2 and color for n = 3). We furthermore suppose a vector
current interaction between the fermion and the heavy impurity
particle with a small coupling constant so that we can apply a
perturbative calculation. Such a simple interaction can be used
for the low-energy region near the Fermi surface. With this
setup, we discuss the scattering of the fermions (nucleons or
light quarks) and the heavy impurity particle [ D (B) meson or
charm (bottom) quark].

In condensed matter physics, such a situation has been
known as the “Kondo problem.” There, spin-half electrons
in the conduction band are coupled to an impurity atom
with a nonzero (pseudo)spin through the “(pseudo)spin-spin”
interaction. In 1964, Kondo found that the interaction between
the conduction electrons and the impurity atom causes a
logarithmic enhancement in the temperature in the system
or the energy of the scattering fermions when the one-loop
scattering amplitude is considered [46]. The problem was
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analyzed in detail in the scaling method and was further
developed by numerical renormalization group analysis and so
on [47]. Throughout those studies, it was recognized that, even
though the coupling constant is small, quantum fluctuation
from creations of particles and holes near the Fermi surface
enhances the scattering amplitude with higher order loops, and
the perturbation breaks down in the limit of low temperature
or small scattering energy.

An important comment is in order. In the original work
by Kondo, it was assumed tacitly that the impurity atom has
an infinitely heavy mass. This assumption will be acceptable
for electron-atom systems, because of the small electron/atom
mass ratio. However, it is not necessarily the case that such
an assumption can also be applied to the D (B) meson in the
nuclear medium and charm (bottom) quark in quark matter.
Determining the role played by the large mass of the impurity
particle in the medium is rather a nontrivial problem. The
present study is mainly devoted to this problem. Actually, this
is an important problem in hadron physics for understanding
how the properties of heavy mesons, such as D and D (B and
B) mesons, in nuclear matter are different from those of light
mesons, such as K and K mesons, in nuclear matter [48,49].
In the former the heavy-mass limit can be applied, while in the
latter it cannot. It will also be important to study the difference
between the charm (bottom) quark and the strange quark in
quark matter. As a matter of fact, this paper covers the result
given by Kondo.

The paper is organized as followings. In Sec. I, we discuss
a heavy impurity boson embedded in a Fermi gas [e.g., a D
(B) meson in nuclear matter], and we derive the scattering
amplitude for the heavy impurity boson and the fermion
composing the Fermi surface. In Sec. III, we discuss a heavy
impurity fermion embedded in a Fermi gas [e.g., a charm
(bottom) quark in quark matter]. In both two cases, we suppose
a vector current interaction with a small coupling constant
between the fermion and the heavy impurity particle, and
we analyze the scattering amplitude for each heavy impurity
particle up to one-loop level. Then we show that the scattering
amplitudes have a logarithmic enhancement in the heavy-mass
limit, and the perturbation breaks down for any small coupling
constant. In Sec. IV, we discuss related topics, and in the final
section we summarize the discussion and give perspectives.

II. HEAVY IMPURITY BOSON

We consider a D (B) meson embedded in nuclear matter.
As a model for the interaction with SU(2) isospin symmetry
between a D (B) meson and a nucleon, we gonsider the vector
current interaction with an isospin factor of A¢ - A (see below)
and a small coupling constant, and we analyze the scattering
amplitude up to one-loop level. To see how the internal degrees
of freedom work in the scattering amplitude, we generally
extend SU(2) symmetry to SU(n) symmetry with an arbitrary
integer n > 2.

A. Interaction with SU(n) symmetry

We consider the interaction Lagrangian given by the vector
current interaction with SU(n) symmetry for the fermion and
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the heavy impurity boson,

n>—1
G o . .
L im = —TB 3 (Fraly) v oia e + ofafio @),
j=1
(1)

where the fermion field ¥ = (¥, ..., ¥,,)" and the heavy
impurity boson field ® = (®y, ..., ®,)"' belong to the funda-
mental representation of SU(n) symmetry. The n x n matrices
A/2 and A}/2 (j=1, ..., n> — 1) are the generators of
SU(n) symmetry for the fermion and the heavy impurity
boson, respectively. The coupling constant Gg is assumed
to be small so that the perturbation can be applied. We
suppose that the initial state of the heavy impurity boson has a
four-momentum P# and the final state of the heavy impurity
boson has P’*, and we rewrite the interaction Lagrangian
in momentum space. Considering that the mass My of the
heavy impurity boson is very large, we decompose P* and P’#
as

P* = Mgv* + k", 2)
P'* = Mgv" + k", 3)
where v# is a four-velocity with an on-mass-shell condition
v> =1, and k and k' are off-mass-shell (residual) momenta.
When we ignore the terms with the residual momentum, which

are suppressed by the order of 1/Mp from ones with v¥, the
above Lagrangian can be rewritten as

n>—1
Ly it = —GpMp Z (Vyuriv)
j=1
x [®Tv" AL ® + O(k/ My, k' /M3)]. “4)
Dropping the terms at O(k/Mg, k'/Mg) will be justified,
because the large-mass limit for the heavy impurity boson is
adopted in the discussion. We assume that the heavy impurity
boson is at rest in the medium and set v* = (1, 0).

B. Scattering amplitude

Based on the above interaction Lagrangian, we consider the
scattering amplitude for the fermion and the heavy impurity
boson up to one-loop level as shown in Figs. 1 and 2.

q q
a ~ v ar
b=— — b’
P p’

FIG. 1. Diagram of the first-order scattering amplitude (the Born
term) of the fermion Y, (a,a’ = 1, ..., n) (single line) composing
the Fermi surface and the heavy impurity boson ®,,, (b,b" =
1,...,n) (double line) embedded in the Fermi gas. ¢ (¢’) is the
initial (final) four-momentum of the fermion, and P (P’) is the initial
(final) four-momentum of the boson.
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(a) particle
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(b) hole
S L
b” ,
b —> —> —> b
P P-g’+k P’
all
-«
k

FIG. 2. Diagrams of the second-order scattering amplitude of the
fermion and the heavy impurity boson. k is the internal moment in
the loop. The other notations are the same as that in Fig. 1.

‘We introduce the initial (final) three-dimensional momentum
g (g") of the fermion which is very close to the Fermi
surface and the initial (final) momentum P (1B ") of the heavy
impurity boson with P =0 at rest in the medium. Then, it
will be deduced that the initial and final momenta of the
scattering fermion are the same (¢’ >~ ¢) and the recoil of
the heavy impurity boson is negligible (13 ! 2 0). Indeed,
from momentum conservation g + P = g’ + P’ and energy
conservation § 2/2m + P2/2Mg = §'*/2m + P'%/2Mg for
the nonrelativistic fermion, weﬂobtain the desired relation
under the conditions |G | =~ kg, P =0, and |g'| > kg, where
the last condition is given by the Pauli blocking effect inside the
Fermi sphere with Fermi momentum kg. This is also the case
for the relativistic fermion. Hence, we use ¢’ = ¢ and P =
P’ = 0 throughout the present discussion. The components in
the fundamental representation of SU(n) for the fermion and
the heavy impurity boson are denoted by @ and b (a’ and ')
for the initial (final) states, respectively.

To begin the first-order contribution (the Born term) in the
scattering amplitude in Fig. 1 is obtained as

—iMY = —iGeMg gy Pty Cdaa-O)yps  (5)

with the four-velocity v* = (1, 6) for the heavy impurity
boson and the four-component spinor u, (it ) for the initial
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(final) fermion with momentum g = (go, ¢ ). We note again
that the absolute value of the three-dimensional momentum
g should be close to the Fermi momentum: |g | > kg. For the
coupling in the interaction, we neglect the higher order terms
in expansion by powers of 1/Mg. Apparently, the first-order
scattering amplitude has no singular behavior in the large-mass
limit of Mg.

Next, we consider the second-order contribution, which
contains the fermion propagator in the loop. In the fermion
propagator in a finite-density medium at zero temperature, we
use the in-medium fermion propagator,

7+ m)[# —278(p* — mHB(po)0 ke — | p |)}
p-—m-+i¢g
X Ly, (6)

with the fermion mass m, the four-momentum p* = (po, p ),
and the Fermi momentum kp [50]. Here ¢ is an infinitely
small positive number and 1,., is an n X n unit matrix
corresponding to SU(n) symmetry. The second term with
the delta function and the step functions indicates the Pauli
blocking effect for the fermions in the Fermi sphere. Because
the fermions with positive energy are occupied up to the Fermi
surface in momentum space, the on-mass-shell fermions in the
Fermi sphere cannot propagate.

By using the in-medium fermion propagator, Eq. (6), let
us consider the second-order scattering amplitude in Fig. 2.
Before going to the precise calculation, it will be worthwhile
to see naively how the scattering amplitude would behave
for large My. Because the strength of the interaction vertex
is proportional to GgMp in Eq. (4), the first-order scattering
amplitude is also proportional to Gg Mp as obtained above. For
the second-order contribution, we pay attention to the heavy
impurity boson propagator being proportional to 1/Mp for
large Mg, because (P? — M]_%)’1 = [(Mgv + k)* — Mﬁ]’1 ~
(2Mgv - k)" from Eq. (2), as long as the heavy impurity boson
is close to the on-mass-shell state. Hence we might observe
that the second-order scattering amplitude will be proportional
to (GpMp)*(vertex) x My 1(propagator) = GZBMB, when the
momentum cutoff in the loop is fixed. Then, because the
power of My is the same in the first- and second-order
scattering amplitudes, it seems for any large value of Mp
that the perturbation is applicable for small Gg. However,
we will present that this naive analysis does not hold for
the interaction of Eq. (1) in a finite-density medium at zero
temperature.

The precise form of the second-order scattering amplitude
is given as

—iMP = —i MP[Fig. 2(a)] — i MP[Fig. 2(b)],  (7)

where each contribution is

1 A d*k
—ng)[Fig- 2(a)] = (—iGgMg)? {4 <1 - ﬁ) 8aabpp + (-;) (Aa'a '()»B)b'b} ﬁq',a'l?/ m(k +m)

l
X|:k2—m2+ie

— 27 8(k> — m*)0(ko)O (kg — |k |>}

1

(P+q—k?—Mj+ie
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in Fig. 2(a), and

—i M [Fig. 2(b)] = (—i G Mg)? {4 (

i
X|:k2—m2+ie

— 27 8(k> — m*)0(ko)O (kg — |k |)}

PHYSICAL REVIEW C 88, 015201 (2013)

1 2
>8aa5b’b+2(n__> ()‘f)aa (kB)bb}uqayj/(z )4(k+m)

i

(P—q+k?—

as 9
M3 +ie Pug, ©)

in Fig. 2(b). k is the internal momentum in the loop. To obtain the above equations, we use the identities

n n?—1

2 2

a”b'=11i,j=1

and

n n>—1

N

a’b'=11i,j=1

o 08) (), (35, = 41

in Egs. (8) and (9), respectively. It is important in the following discussion that the sign of the coefficient

n?—1
. 1 4 . A
aa b/b” ()"l)a a()‘ )b”b 4 <1 nz) Saadprp + <_;) Z ()‘lf)a’a ()‘53)11/1; (10)
i=1

n>—1

1 2 , A
— )i +2(n=2) T (6, G (D

i=I

—4/n in the factor

(A)aa - (AB)pp In Eq. (10) is opposite to that of 2(n — 2/n) in the corresponding factor in Eq. (11). After integrating over kg in

the integrals, then, we obtain the result for the finite-density part:

1
—iMS = (—iGgMg)* 4 <1 - ;) Saadbbilg.a¥ [i /
k

. Pk 1
+ (=)

&k 1 ekyo—l;)'/'—i—m
sk 27)3 26, (Py + qo — €)% —

Ep gy tie

€0 —k-)? +m

+ (—iGsMg)? (A)wa '(XB)b/bﬁq,a/?f |:<——

) / k1
; -
Kiske Q) 26k (Po+qo — €x)* — E

— — | Yuy,
R i<ke (27)% 26, (Py — qo + €1)* — E%_Hk + 18j| e

€LVo — ]2)7 +m
%’+q—k+i8

€LY0 —1217 +m

)
a(e-2)enf AL

n

where we define Py=Ep and go=¢; with Ep =

\/ P2+ Mé for the energy of the heavy impurity boson and

€, = +/q > + m? for the energy of the scattering fermion. We
leave only the contribution from finite density, because we are
interested in the low-energy region around the Fermi surface.
In Eq. (12), the former integral with |ié| > kg (the latter one
with |I;| < kg) in each set of square brackets is the contribution
from the particles (holes) in the loop shown in Fig. 2(a)
[Fig. 2(b)]. For convergence of the momentum integrals, we
introduce the momentum cutoffs Ap;gn for |1€| > kr and Ajow
for |I¥| < kg. Finally, the scattering amplitude up to one-loop
level is given by

—iMp =—iM§ —iMY. (13)

From now on, our effort is devoted to analyzing the behavior
of the second-order amplitude in the large-mass limit of the
heavy impurity boson.

C. Large-mass limit of heavy impurity boson

We consider the large-mass limit for the heavy impurity
boson (Mg — o0). We expand Ep by 1/Mg as Ep >~ My +
P?/2Mg and consider only the leading term and neglect

Ri<ke Q)2 260 (Py —qo + €x)*> — E

. } Pitg.ar (12)

2
P—q+k tie

the higher order contributions. In the following, for the sake
of a simple presentation, we introduce new dimensionless
variables 7 and A, which are defined by |g | = k(1 + 1) for
the three-dimensional momentum g of the scattering fermion
and Apjgh = kp(1 + A) and Ajew = kp(1 — A) for the cutoff
parameters Apjgnh and Ajoy. We note that n 2> 0is anonnegative
small number because the initial state of the scattering fermion
is supposed to lie on or outside of the Fermi sphere. We also
note that the cutoff parameter A is fixed as a finite number
(0 < A < 1). Because the result of the integrals in Eq. (12) is
lengthy, we simplify the analysis by considering two limiting
cases for scattering fermions: nonrelativistic fermions and
relativistic fermions. Although nonrelativistic fermions are
much more realistic in nuclear matter, relativistic fermions
will be found to be useful for our analysis.

1. Nonrelativistic fermions

We consider nonrelativistic fermions. We assume that the
mass of the scattering fermion is larger than a typical scale of
the momentum (=~ kg) and expand €; as e ~ m + k2/2m.
For the heavy impurity boson, we keep the mass of the
heavy impurity boson still much heavier than the mass of
the scattering fermion, and we consider m/Mp as small:
m/Mp < 1.
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To begin the discussion, we assume that the initial state of the scattering fermion is the ground state and its momentum lies
on the Fermi surface: |G | = kg (1 = 0). Then, we take the limit Mg — oo (m/Mg — 0, keeping m to be a constant) and obtain

the leading contribution (see also Appendix A):

lim lim (—i M)

Mp— 00 n—0 nonrel

1 2mk1:

—F411
2MB 47[2

= (—iGsMg)* Suabpvi 4( - =

n
1 2mkg
2MB 47'[2

+ (—iGeMg)? (hf)ara - (hB)ppi

< 2
—2(n=-2
n

E

~

The spinor for a nonrelativistic fermion is defined as u,
V2m(x, 0)t with two-component spinor x .

In the above result, we find the logarithmic behavior of
log M. To see the importance of this term, let us compare the
first-order scattering amplitude, Eq. (5), with the second-order
scattering amplitude, Eq. (14). We notice that the first-order
scattering amplitude contains the factor GgMp, while the
second-order scattering amplitude contains not only G é Mg but
also G Mg log M. When we consider the heavy-mass limit
(Mg — 00), due to the presence of log Mg, the second-order
scattering amplitude overcomes the first-order one. Therefore,
a perturbative calculation is not applicable for any small
coupling between the fermion and heavy impurity boson in
the heavy-mass limit, and the system becomes a strongly
interacting one. The critical mass of My which gives a second-
order scattering amplitude comparable with the first-order one
is obtained as

when Eq. (5) and the term proportional to logm/Myg in
Eq. (14) are compared. For Mg >> Mg, the second-order
scattering amplitude is larger than the first-order one, and the
perturbation breaks down. We note that the value of Mg"""
should not be considered seriously because it just gives the
order of the critical mass. Nevertheless, it will be interesting
to estimate the value of the critical mass at a qualitative
level. Suppose nuclear matter with nucleon mass m = my =
940 MeV and Fermi momentum kg = 270 MeV corresponds
to normal nuclear matter density. We do not know precisely the

1 4n?
I’l|GB| 2mk1:

M]gr,nonrel = mexp ( (15)

lim lim (—i M)

Mg—sm n—0 nonrel

)|

log(1-2 1 i +2n(1 —log2) | i !
0 - =) - og — —lo a
£ 2 " gMB " g5\ ta,

A 1+

-5 5 Uqa

A
4A +1 1+—=) -1 1
4 4 A
<n — —) A+ 2nlog A + <——> log <1 + —)
n n 2

+9

Ug.a

(14)

value of the coupling constant Gy, which has the dimensions
of the inverse of the square of energy. We may naturally
assume that Gy is related to the order of 1/f? with the pion
decay constant f; = 132 MeV because it represents the typical
energy scale characterizing the nonperturbative QCD vacuum.
So we suppose Gg = o/ f? witha constanta of O(1). Then, we
obtain Mg’“‘m‘ﬂ = 3.8mn—-1.4my in the range o = 0.5-2. We
may observe that the mass of the B meson, 5280 MeV, would
be larger than the critical mass and hence that a B meson
embedded in nuclear matter may exhibit characteristics of a
strongly interacting system. We may expect that a D meson in
nuclear matter can exhibit some characteristics of a strongly
interacting system, because its mass (1870 MeV) can very
close to the critical mass. We should keep in mind that our
discussion is only at a qualitative level and a more quantitative
estimate is awaited from future studies.

In our discussion, the factor A¢ - Ag in the interaction of
Eq. (1) plays a significant role. Indeed, the opposite sign in the
coefficients, —4/n and 2(2 — 2/n), in the terms with (Af )y -
(B )pp» in Eq. (12) induces the factor log Mg. On the other
hand, in the terms with 6,,8;, in Eq. (12), we confirm that no
logarithmic term exists. We comment that the Fermi surface
is also important, because we find no logarithmic term in the
vacuum part in Egs. (8) and (9).

We should emphasize that the logarithmic behavior of
log Mp in the scattering amplitude appears only in the limit of
large Mp. Otherwise, there is no such singularity. To see this,
let us consider the case in which the mass of the heavy impurity
boson is not so large. Supposing that the heavy impurity boson
mass equals the fermion mass, Mg = m, we analyze the loop
integrals in Eq. (12) and obtain

A I T Lo AVL L 2FA AT 2o AT Ty
= (— / il ———— ——— _ — — — ] — 10 - — ] - 10 —— | —
tOBB) Caa bt s A2 n2 2)2 %A 2)2 A Mea Ty e
TG M R o - Gy L ke AV ENEEY S 2\ (A1, 2o A
— a'a , R — | —— — ) —log ——— J— — — ) =-log ——
1B MBI Bt e a2 | " 2)2 %A S 2)2 %A
1+
Ug.a 2¢”q,a (16)
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for a fermion on the Fermi surface. We confirm that there is
no logarithmic term for Mg = m. Thus, for the term log Mp to
be present, it is important that My be much larger than other
scales in the system.

As a brief summary of the analysis for nonrelativistic
fermions, starting from the interaction in Eq. (1), we have
shown that the perturbation breaks down for any small
coupling constant in the limit of large My. It should be noticed
that, when the interaction does not contain derivatives for
the heavy impurity boson field, such as a scalar interaction,
the above conclusion does not hold. This is because in
the scalar interaction the first-order scattering amplitude
is proportional to Gp, and the second-order one contains
G2/ Msg or (G2 /Mg)log My (with the same convention of the
coupling constant Gg being used in the scalar interaction).
Hence, the second-order contribution can become smaller
than the first-order one in the limit of large Mp, and the
perturbation can be applied for small coupling constant
Gs.

lim lim (—iM3)

Mp—o00 n—0 rel

1 k2
= (—iGaMp)? 84aSppi —— ——4
(=iGpMe) bblZMB4JT2

1 k2

X i
2MB 4

with the relativistic spinor u,. As in the case of nonrelativistic
fermions, we find again that the factor log Mg exists. The
second-order scattering amplitude contains G]%MB log Mp for
large My, while the first-order one contains Gg Mg. Therefore,
the second-order scattering amplitude can be larger than the
first-order one in the limit of large My and the perturbation is
not applicable for any small coupling constant Gp in this limit.
The critical mass of Mg for which the perturbation cannot be

applied is given by
1 4n?
* ) (18)

Mcr,rel — kF exp ( ot
B n|Gg| k2

We keep in mind that this number should be not be considered

seriously, as mentioned below Eq. (15).

III. HEAVY IMPURITY FERMION

We consider a charm (bottom) quark in quark matter where
up, down, and strange quarks compose the Fermi surface.
Although quark matter is much different from nuclear matter,
we will find again that the scattering amplitude in the large
limit of heavy quark mass has a behavior similar to that
obtained in the previous section. As an interaction between
the charm (bottom) quark and the light quark, we suppose
a vector current interaction with a color factor of A¢ - A (see

PHYSICAL REVIEW C 88, 015201 (2013)

2. Relativistic fermions

Let us move to the discussion of relativistic fermions. For
simplicity, we consider massless fermions. We will see that
the a similar conclusion holds in the large-mass limit of the
heavy impurity boson. We note that, in this case, the expansion
parameter cannot be given by the ratio of the fermion mass to
the heavy impurity boson mass, m /Mg, because the fermions
now are massless. Instead, we use the ratio of the Fermi
momentum and the heavy impurity boson mass, kg/ Mg, for
an expansion parameter for large Mp with finite kg.

The first-order contribution of the scattering amplitude is
given by Eq. (5), provided that the nonrelativistic spinor is
replaced by the relativistic spinor u, = /Fq( X, 0 -4 x)t with
two-component spinor x, energy E, = |g |, and unit vector
4§ = q/|q | in the g direction.

For the second-order contribution, for the scattering
fermion on the Fermi surface [|g | = kr (7 = 0)], we take the
limit Mg — oo (kp/Mp — 0) in the second-order scattering
amplitude and obtain the result

1 L
(1 _ _2> fig at H—4 D)y Pty o + (—i G My)? Girlara - Gos s
n

4 k .
—anq,a,yﬁ [{—4 <n — ;> +nA? —2nlog —MF +2nlog A + 2n(1 — 10g2)} ' —ng - y] Yuga, (17)
B

below) with SU(3) color symmetry. Assuming a small coupling
constant, we analyze the scattering amplitude up to one-loop
level. As in the previous section, we extend SU(3) symmetry
to SU(n) symmetry with an arbitrary integer n > 2. We use
the common notations as in the previous section, except for
the coupling constant and the mass of the heavy impurity
fermion.

A. Interaction with SU(n) symmetry

We consider the interaction Lagrangian for the fermion
composing the Fermi surface and the heavy impurity fermion,

n?—1
c Gr
F,int = —
’ 2
j=1

Tyl w) (Ty alw), (19

where the fermion field ¥ = (¥, ..., ¥,)" and the heavy
impurity fermion field ¥ = (¥, ..., ¥,)" belong to the
fundamental representation of SU(n) symmetry. The n x n
matrices A{ and Al (j = 1,...,n* — 1) are the generators of
the SU(n) group. In this section, we use G/2 as the coupling
constant. For the heavy impurity fermion, it is convenient to
separate its momentum as P = Mgv + k with heavy impurity
fermion mass Mg, four-velocity v with the condition v? = 1,
and residual momentum k. This convention will be used later.
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B. Scattering amplitude

Let us consider the scattering amplitude of the heavy
impurity fermion and the fermion composing the Fermi
surface. The diagrams are the same as in Figs. 1 and 2, provided
that the heavy impurity boson is read as the heavy impurity
fermion.

The first-order scattering amplitude (the Born term) is given
as

) .GF _ > _ >
—IM(FI) = —l7144,4/Vu()»f)a/auq,uuP,b/J/”()»F)b/bMP,b, (20)
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where u, (ii,) is the spinor wave function for the initial (final)
fermion with four-momentum ¢, and up (iip) is the spinor
wave function for the initial (final) heavy impurity fermion
with four-momentum P. As discussed in the previous section,
it is reasonable to suppose that the initial and final states have
the same momentum.

The second-order scattering amplitude at the one-loop level
is given as

—iMP = —i MP[Fig. 2(a)] — i MP[Fig. 2(b)], (21)
with

A AD Gr\’ 1 4\ = 3
—i Mg [Fig. 2(a)] = —i—- 4 1—; Saadpp + - (Af)a'a(AR)pp

d*k

X ﬁq,a’V;L/ W(k +m) |:k2

i

i
—m? +ie

— —278(k> — m*)0(ko)B (kg — |k |)] Vollg.a

Xipyy"

in Fig. 2(a) and

Fra e ek M 22)

D Gr\’ 1 2\ - R
—i Mg [Fig. 2(b)] = —17 411 — ) 8aabpp +2 |1 — — ) Ap)ara-AR)pp

n

_ d*k i -
X lg.a' Vi / ok tm [m — 2 8(k* — m*)0 (ko)0 (ke — [k |)} Vollg.a

i

= v
X Uppy

(P+q—k?—M:+ie

—(B +4q — k+ Mp)y"upy (23)

in Fig. 2(b). In deriving the above equations, we use the identities in Egs. (10) and (11). Because the heavy impurity fermion is
sufficiently massive, the matrices y* at vertices acting for the field W are replaced by v”. Performing the integrals over kg, we

obtain the result for the finite-density part:

1 1

GF 2 1 d3l_€
_iM(2>=(—i—> 4(1——)8/6f2Mi / e
F 2 n? ) P sk 27003 26k (Po + qo — €0)? — Ep g tic

/ Pk 1 1
f<ke Q)3 26 (P — qo + &)? — Ep_ . + i€

.Gr

ﬁq’“/yj (k + m)|ko=€k ﬁuq,a:| ipp

ﬁq,a/ﬁ (k + m)|k0:€k yﬁuq,a

1+

upp

Bk 1 1

2
- - 4
+ (== ) OPuaa - OR)pp2Mri ——/ — fgap F+m)ly_ pu
< ) ) ( t)aa ( F)bh F |:< n) \I?\)kF (27_[)3 26k (PQ+C]0—€k)2_E12c>+q,k+i8 fl.,ayj(k )lko_klé q.,a

Vi (24)

2( 2>f k1 1 S bl § 1+
_ n—= . Uy @ m — Uga | U b
n |1?|<kp (27-[)3 26k (PO —qo + Ek)z _ E%’—quk +ie q, ko=€x q, P.,b

where the terms suppressed in the limit of large Mg are

dropped. Here we define Ep =,/ P2+ Mg as the energy of
the heavy impurity fermion. We use the condition that the
initial and final heavy impurity fermion are in the on-mass-
shell state which is resting in the medium: P = Mgpv with
vt = (1, 6). Then, the scattering amplitude up to one-loop

level is given by Eq. (13) by changing the subscript from
BtoF.

For the heavy fermion close to the on-mass-shell state,
we know that the propagator is given as (B — Mg)~! ~
() + 1)(v - k)~! from the decomposition of the momentum
P = Mpv 4 k. Then, we may expect that the second-order
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scattering amplitude could be proportional to Gi(vertex) x ~ amplitude, we consider two cases for fermions composing
M (propagator) = GZ when the momentum cutoff in the loop ~ the Fermi surface: nonrelativistic and relativistic fermions.
is fixed, while the first-order one is proportional to Gg. Hence, Although relativistic fermions are much more likely in quark

it seems that the perturbation might be applicable for a small ~ matter, nonrelativistic fermions will be found to be useful.
coupling constant Gg. However, as in the previous section,
we will find that there exists a logarithmic factor in the

second-order scattering amplitude and that the perturbation 1. Nonrelativistic fermions
for any small coupling constant G is not applicable in the We consider that the fermion mass m is sufficiently larger
heavy-mass limit Mg — oo. than the Fermi momentum kg, and we use u, >~ +/2m(x, 0)" as

anonrelativistic spinor. We suppose that the fermion lies on the
Fermi surface (|G | = kg; n = 0). We note that the condition
C. Large-mass limit of a heavy impurity fermion m/Mp < 1 is still kept. By considering the large-mass limit

We consider the large-mass limit for a heavy impurity ~ ©f the heavy impurity fermion, we obtain the result
fermion (Mg — 00). To analyze the second-order scattering

lim lim (—iMy)

Mp—o00 n—0

Gr\? 2mkg 1 A AN]. 14+¢ _ 1+
= (—17> (Sa/a(Sb/hz 4]12 41— ; —4A +10g 1+ E - log 1-— E uq,tl’Tuq,auP,b/ 5 upp

Ge\? - - 2mk 4 4 A 2 A
(=i ZE) G- Gowni 225 _a(n =2 ) A+ 2nlog A+ (=2 )tog (142 ) =2(n=2)10g(1-2
2 472 n n 2 n 2

1 1
— nlog M- 4+ 2n(1 —log2) | g et Puy ity
My @ Haalth.

nonrel

Upp. 25)

We find the logarithmic factor log My in the term proportional to (Xf)a’a . (Xp)b/b. The first-order scattering amplitude is
proportional to Gg, while the second-order scattering amplitude contains G% log Mg in the limit of large M. This means
that, due to the presence of log M, the second-order scattering amplitude becomes larger than the first-order one in the limit of
large Mg. Therefore, the perturbation for any small coupling G breaks down in the system in this limit. The critical mass of Mg
is given in Eq. (15) with a replacement of Gg by Gy and My by Mg.

The result for a heavy impurity fermion is analogous to that for a heavy impurity boson. As discussed in the previous section,
there are two reasons why the singularity from the heavy mass arises: First, the existence of the factor A; - Ap in the interaction
Lagrangian Eq. (19) is important. Indeed, we see that there is no logarithmic behavior in the term with §,,8,5 in Eq. (25).
Second, the large mass of the heavy impurity fermion is also important. Indeed, when the mass of the heavy impurity fermion
equals the mass of the fermion composing the Fermi surface, Mg = m, we obtain from Eq. (24)

lim lim (—i M)

My—m n—0

Gr\* kpA 1 A1  2+4A A1, 2—=AT_ 14¢p _ 1+%¢
=<—17) Sa/agb’blm“' l_ﬁ — 1—{-3 EIOgT-I- 1—5 ElOg A Ug.a > Ugalpp > upp

Ge\? - - ke A 4 A1, 24A 2 A1 2—A
—i2E) e - Opdppim—=n— (== ) (1+2) 21 2ln=2)2(1-2) =1
+<12>(f) (F)bbl4n2|:n ( n><+2)20g X + (n n) < 2)2og = ]

I+ 149
X Mq’a'—uq’auquf

2
We confirm that there is no singular term for Mg = m.

nonrel

upp. (26)

2. Relativistic fermions

We consider that the fermions composing the Fermi surface are relativistic. Supposing massless fermions, we replace the
nonrelativistic spinor by the relativistic spinor u, = \/E,(x,6 -4 x)' with E, = |G| and § = ¢ /|G |. We use the expansion
parameter kg /Mg in the limit of the large mass of the heavy impurity fermion. The resulting form of the second-order scattering
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amplitude is

2

S Gr\’ K} 1 o, o 1
lim lim (—l/\/lp )relz —i— ) Suwalppi—54 1—; g o W(—4N)y Yug aiip

Mp—o00 n—0 2 4

4
149

n

XUPp upp.

We again obtain the factor log Mg. Therefore, the perturbation
breaks down in the heavy-mass limit. The critical mass of
Mg is given in Eq. (18) with a replacement of Gg by Gg
and Mg by Mg. We may give a rough estimate for the
critical mass in quark matter. Suppose that quark matter
has Fermi momentum kg = 1 GeV as a typical scale. The
coupling constant G is not known. Here we simply assume
that Gg is given by a/AéCD with a constant o of O(1)
for Aqcp 2 200 MeV, because it would present the relevant
energy scale around the Fermi surface in momentum space.
Then we obtain M;”el = 2.9kp—1.3kp in the range o = 0.5-2.
As a result, we may observe that the mass of the bottom
quark (~4.2 GeV) will be heavier than the critical mass
and hence a bottom quark in quark matter would exhibit
characteristics of a strongly interacting system. We may
expect that a charm quark in quark matter can show some
characteristics of a strongly interacting system, because its
mass (~1.3 GeV) can be very close to the critical mass.
We emphasize that this estimate is only at a qualitative level
and a more quantitative analysis will be needed for future
studies.

IV. DISCUSSION

We have shown that the perturbation breaks down for any
small coupling constant due to the logarithmic enhancement
in the limit of large mass of the heavy impurity particles for
both bosons and fermions. We have obtained those results
for the case in which the scattering fermion is in the ground
state, namely, | | = kr (n = 0), at zero temperature. For the
case in which the scattering fermion is in the excited state with
|g | > kg (n > 0), the result is modified in a qualitative manner.
In this case, there is no logarithmic term involving the mass of
the heavy impurity particles. In the limit of small n (n — 0),
instead, a new logarithmic term, logn, arises, as shown
explicitly in Appendix B. Therefore, due to the logarithmic
enhancement by the energy of the scattering fermions, the
system becomes a strongly interacting one. Indeed, this is the
Kondo problem as mentioned in the introduction [46,47]. In
both approaches in the two different limits, the reason for the
presence of logarithmic terms will be found in the dynamics of
the particles and the holes in the loop contribution. However,
we do not pursue this problem in the present discussion,
because we must go beyond the one-loop level for a more
detailed analysis. Instead, we shortly discuss the possible
phenomena in nuclear and quark matter including charm and
bottom flavor.

PHYSICAL REVIEW C 88, 015201 (2013)

Gr\? - .
7ljbtp,b + (—ITF) (Aara - (AR)pb

K2 4 k -
Xi— iy o) [{—4 <n — —) +nA%—2nlog VFF +2nlog A +2n(1 — 10g2)} y® —ng - y] Pug.a

27)

Let us consider the D and B mesons embedded in nuclear
matter at zero temperature. When we apply the heavy-mass
limit to this system, we are inevitably faced with the strong
coupling problem as we have shown in Sec. II. We remember
that the second-order scattering amplitude, Eq. (14), namely,
the second-order vertex, has a logarithmic enhancement by
Mp in the limit of large Mp. The logarithmic behavior appears
only in the term with the isospin factor A; - Ag, and it does
not appear in the term without the isospin factor. Therefore,
we expect that the isospin-dependent interaction is much more
enhanced than the isospin-independent one. The strong isospin
dependence may cause some change of the structure of nuclear
matter, because the properties of nuclear matter are much more
sensitive to the isospin symmetry. We note that, however, the
mass modifications of D and B mesons in a nuclear medium
are not affected regardless of the logarithmic enhancement in
the scattering amplitude. This is seen by the fact that, when
the fermion outer lines are closed in Fig. 2, the contribution
from the term proportional to the factor A¢ - Ag becomes zero.

As explained in the introduction, there have been discus-
sions about charmed (bottom) nuclei where charm (bottom)
hadrons, such A, and X, (Ap and Xp) baryons and D and
D (B and B) mesons, are bound in atomic nuclei. We have
to note that the current formalism is not applied, unless the
impurity particle belongs to the fundamental representation of
SU(n) symmetry (n > 2). For example, the A, (Ap) baryon is
an isospin singlet state and the X, (X¥},) baryon is an isospin
triplet state, and hence the formalism cannot be applied. As
candidates, we may consider the D (B) meson in nuclear
matter, because it is an isospin doublet state. However, it
is actually unstable in nuclear matter, because it can decay
through the transitions by two-body processes DN — 7 £
(BN — n2”) as well as three-body absorption processes
DNN — AYN,S®N (BNN — AN, £ N), which are
opened below the thresholds. We will need to extend the
formalism to include such complex processes. In contrast, D
and B mesons in nuclear matter have no open channel below
the thresholds, because there is no annihilation channel for
light quark and antiquark pairs. As a result, we conclude that
D and B mesons are unique hadrons for which the present
discussion can be applied.

A similar discussion will be applied to the charm and bottom
quarks in quark matter at zero temperature as presented in
Sec. III. We recall that, in general, the coupling in the inter-
action between quarks becomes smaller in the high-density
limit, due to the asymptotic freedom of QCD. According to
the present discussion, however, charm and bottom quarks can
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interact strongly with the light quarks composing the Fermi
surface, because there is a logarithmic enhancement from the
charm (bottom) quark mass in the second-order scattering
amplitude. Hence we will need to consider the strong coupling
problem for quark matter including charm and bottom flavor
as long as the heavy quark mass limit is adopted.

In both cases of D and B mesons in nuclear matter and
charm and bottom quarks in quark matter, we find that the
scattering amplitudes have a common property: a logarithmic
enhancement by the mass of the heavy impurity particle. It will
be an interesting future problem to study the strong coupling
effect by logarithmic enhancement in the dynamics of nuclear
matter and quark matter with charm and bottom flavor.

V. SUMMARY

We discussed the dynamics of a heavy impurity particle
(hadron or quark) embedded in a finite-density medium at
zero temperature. We supposed that the fermions composing
the Fermi surface and the heavy impurity particle belong to
the fundamental representation of SU(n) symmetry (n > 2)
and that they interact through the vector current interaction
with a small coupling constant. As systems, we considered a
D (B) meson in nuclear matter with isospin symmetry (n =
2) and a charm (bottom) quark in quark matter with color
symmetry (n = 3). We calculated the scattering amplitude for
the fermion and the embedded heavy impurity particle. We
analyzed the large-mass limit of the heavy impurity particle

PHYSICAL REVIEW C 88, 015201 (2013)

and found that the second-order scattering amplitude at the
one-loop level contains a logarithmic term of the mass of the
heavy impurity particle. Due to the logarithmic enhancement
in the heavy-mass limit, the perturbation breaks down for any
small coupling constant and the system becomes a strongly
interacting one.

When the present result is applied to the D (B) meson in
nuclear matter and charm (bottom) quark in quark matter,
we expect them to be strongly interacting systems in the
heavy-mass limit. To study more details, for example, we will
need to consider a more realistic interaction such as the long-
range pion exchange potential for the D (B) meson and gluon
exchange for the charm (bottom) quark. It will be interesting
to study such problems in future experiments at high-energy
accelerator facilities with high-momentum hadron beams such
as available at J-PARC and GSI-FAIR [51] as well as by using
relativistic heavy-ion collisions at the Relativistic Heavy Ion
Collider and the Large Hadron Collider [52,53].
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APPENDIX A: A CALCULATION FOR MOMENTUM INTEGRALS

We give a useful equation to derive Eq. (14) from Eq. (12). The three-dimensional k 1ntegrals in Eq. (12) are reduced to
two-dimensional integrals with radial component k = |k | and angular component t = g- y /g ||k |. When we expand up to the
order of m/M form/M <« 1 (at least m/M < 1/2 is assumed) and neglect terms with O((m/M)?), we obtain

/ d*k 1
I |>ke (27'[)3 ﬁﬁ 2 —k2 — —|q kI2 +ie

1 Ahlgh
— dt / dk k> —

2 1 ,2_ 1g2_
47[ 2mq ka

(4% + K2 —

_ ! 2m fldt(A~ k) + L(1
42\ 1+m/m) |, high BRI 5

2gkt) +ie

Mo Anigh — g [1 — (1 — )m/M]
" M(zt D) log lg [1— (1 —t)m/M] — kgl

q m
_( ™o D)
2( M(t+)>°g

— 7['_
4721+ m/M

Jrdrg 1

for |/2 | > kr with higher cutoff parameter Apjgn > kr, and

/ d*k 1
i<k 2m) LG 2 — k24 ﬁ|c7—l?|2 —ie

Anign +¢q [1—(1 +t)m/M]]
ke+qg[1—A+1)m/M]

1 om L@t [+ 2@ —1)] for q(1—2m/M) > ke,
+ 22t — 1)

+ 0((m/M)), (A1)
for g(1 —2m/M) < kg

! e 1
—f di | dkk®4— 5
- + 570"+ k

—2gkt) —ie
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1 — _
L( 2—’”)/ d;[(kF—Alow)Jr%(l—%(%—1)) log 4L = Dm/M] = ke
-1

“ a2\ Tm/M g1+ = 0m/M] = Aoy
q m ke + g1+ (1 +0)m/M] } 2
—={14+—=Qt+1))Io + O((m/M)?), A2
2( M )> & how +q 1+ (1 +omymy | T O/ (42)
for |12 | > kg with lower cutoff parameter A,y < kp. Here we define ¢ = |g | and
1 (M qg 1 (M kg
p=—=|——-1)—+=|—+1)—. A3
Gl @

APPENDIX B: THE KONDO PROBLEM REEXAMINED

For the heavy impurity boson, in the text, we consider that the scattering fermion is in the ground state with the condition
|g | = kg (n = 0). Let us discuss the case in which the fermion is not the ground state but is in the excited state, whose energy
lies above the Fermi surface: |g | > kr (7 > 0). We expand the second-order scattering amplitude —i ./\/1532 ) in Eq. (12) by large
Mg, keeping n fixed, and take the limit for small 5. For nonrelativistic fermions, leaving only the leading terms, we obtain

lim lim (—iM)

n—0 Mg—o0

; 2 . 1 1 2mkg A A 1. 1+
= (—iGMg) 8,40ppid |1 — - —4A +1log |1+ )~ log(1— 5 ) I iy o Uga

nonrel

My 47’ 2
N (—iGaMs) Gt - oy —— 2RE |y A+ 2ntogh + (=) og (14 2) =2 NViog(1-4
—1 F)ala 'pHl — n—— n 10 _— (0] —_— — n—— (0] _ —
BMB f)a'a Bb'b My 472 7 g " g ) n g B
4 1
—2nlogn — (——) irr] ﬂq,u/%ﬁuw. (B1)
n

Instead of the factor log Mg, there exists the new factor log  in the term proportional to (j\f)a/a . (XB)M,. This is a singular term
because it prevents a smooth connection from 7 > 0to n = 0. Thus, we find again that the perturbation is not applicable for the
small coupling constant Gy due to the presence of log 1, so that the system becomes a strongly interacting one. This is in fact
the original Kondo problem that the electrons are affected by (pseudo)spin of an impurity atom with infinite mass [46,47].

For relativistic fermions, when we consider the excited fermions with |g | > kg (n > 0), the second-order contribution is given
by

o : : 1k 1Y . : > >
i Jim, (i), = 1O Sy 3 54 (1= 5 ) Bk = 0 g + TG G G
— B—> B
1k 4 ) 41
xzmmuq,wyﬁ —4(\n— - +nA —2nlogn+2nlogA+zrr; Y Yuga, (B2)
B

with the relativistic spinor u,. We obtain the factor log 1 again. This is the relativistic version of the Kondo problem for massless
fermions.
For the heavy impurity fermion, we proceed in a similar way. For the nonrelativistic fermion, we obtain the result

lim lim (—iMZ)
n—0 Mp—o0

Gr\* 2mkg 1 A A . ]. 1+49¢ _ 149y
:(—17> 8408”””4_7124 1—; —4A + log 1+E —log 1—5 — i iy a 5 Ug.ailply > upp

G 2 . dImk 4 4 A 2 A
+ (=125 Gowa - Grwsi oy | =4 (n = =) A +2nlog A+ (== Jlog (145 ) =2 (n = =) 10g(1- 3
2 472 n n 2 n 2

4 1 1
—2nlogn — <——> ini| ﬂq,a/%ﬁuq,aﬂp,br + ﬁup’,,. (B3)
n

nonrel

2

There exists the factor log n in the terms proportional to (Xf)a/a . (Xp)b/b, which gives a logarithmic divergence in the limit of
n — 0. This is again the Kondo problem for the heavy impurity fermion as mentioned in the case of the heavy impurity boson.
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When the scattering fermion is relativistic, we set m = 0 for massless fermions and obtain the result

lim lim (—iMY)

n—0 Mp—o00 rel

Gr\’ k2 1
= (—l—) 8a’a8b/bi4?1224 (1 — ﬁ) ﬂq,aryﬁ(—4A — iﬂ)yoyjuq’aﬁpyb'

2
2

Gr\ o ek 4 2 47 o
+ i Afata - AR)ppl —5 g0 ¥ | —4 n—— +nA —2n10gn+2nlogA+m; Y Pug aiip iy

472

1+

Upp

1+

upp,

(B4)

where we find log n as a logarithmically divergent term. This is again the relativistic version of the Kondo problem for massless

fermion scattering.
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