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1. Introduction

One of the most important problems in hadron physics is understanding the relation between
chiral symmetry and hadron properties from Quantum chromodynamics (QCD) which describes
the strong interaction. Hadrons in nuclear medium are known as a probe of chiral symmetry at
finite density. For instance, w andg mesons in nuclear matter have been studied theoretically and
experimentally for a long time. In the future, the CBM (Compressed Baryon Matter) experiment
by FAIR (Facility for Antiproton and lon Research) at GSl is expected to investigate the properties
of open D, D) and hiddenJ/y, nc) charmed mesons in hot and dense baryonic matter.

The QCD sum rul€ef]] is traditionally known as a powerful tool to investigate the properties
of hadrons from QCD. Recently, it has become possible to apply the maximum entropy method
(MEM) to QCD sum rules[Z], which allows to extract the most probable form of the spectral
function from the operator product expansion (OPE) of hadronic correlators without assuming
some specific functional form, e.g. “pole + continuum” ansatz. This approach was shown to be
successful in thep meson[g], the nucleon with positived] or negative ] parity sum rules in
vacuum. Furthermore, it was applied to the spectral modifications at finite temperature for the
charmonialf] and bottomonidf channels.

Medium modification oD mesons in nuclear matter has been investigated from various the-
oretical approaches. Among them, the only method directly based on QCD may be the QCD sum
rule. More than tergears ago, Hayashigakidhifcluded only the condensates up to dimension

4,(qa), (£G?), (q'iDoaq), (% (“’\%‘)2 - %2>> in the OPE, and observed that pseudosdalareson
mass shift is-50 MeV at nuclear saturation densipg. Subsequently, Hilgeet al. in [[8] added

the condensates up to dimension&yoGa), andge-odd terms/(q'q), (qT38q>, (q'goGq). As a

result, they obtained a mass shift-e#15 MeV at py with serious ambiguity due to phenomeno-
logical density dependence of threshold parameter. In our approach, we apply MEM to QCD sum
rules to obtain the results independently of such the threshold parameter. Also, éfilgeob-
servedD"-D~ mass splitting of-60MeV at pg. To improve this analysis, we introduce the charge

conjugate projection as a novel approach.

2. Method

In the analyses of QCD sum rules, we start by defining the time-ordered hadronic current
correlation function:

M2(a) =i [ de™(T(°(4(O)); @)

whereJ labels the hadron specieb;", D, DY and DO. In this work, we assume chiral limit
(my = my = 0) and isospin symmetry(u) = (d_d>), so thatu andd quarks are not distinguished.
Then, we only need to exmine the pseudoscalar curr¢Rts= id_ygc andjP =icyd. We also
assume the spatial component of four momentum to be zgre (qp,0). Contrary to the vacuum
case in which the sum rule depends onlygdrbecause of the Lorentz invariance, at finite density,
we have to consider the terms of odd powerggfThen, the correlators can be written in terms of
thegp-even andjp-odd parts:

M7 (qo) = M°**Yq?) + ol °*(af). (2.2)
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It is shown thaf1€'®"contains both th®* andD~ spectra in both the positive and negative energy
regions. Namely, foFl D" channel,

o) =

(M (a) + N ()], (2.3)
doM°(ef) = 3 [M*

(a6) — N~ ()] . (2.4)

wherell (M) hasD* (D) spectrum in positive energy aid (D) spectrum in negative energy.
In order to separat®® andD~ from M7(qp), we constructharge conjugate projected sum

rule which is analogous to the parity projection for the baryon sum r@d4][ In this approach,

we define theld-fashionedcorrelator, which includes only contribution in positive energy region:

od

+ Id
NSpe= [MN*(63)]"" = [M®**Yqd) £ oM °™(q?)] ™"

(2.5)

Analyticity of the correlation functions is used to connect spectral functions to the imaginary part
of OPE, and it is transformed by multiplying a kerWg(qp) as a weight function and we obtain
the following integral sum rule:

® 1
/ dep _Im M25W (0,8, 7) = G2eY§ T) + G°(8 1)

_ /Owdwpi(w)W(w,é,r). (2.6)

In this study, we use the Gaussian keM&ly,§, 7) = \/j*m exp— (qgf)z]. For the details of th®
meson OPE in nuclear medium, the readers are referrg}lo To extract the spectral functions
p(w) from Eq. 2.6, we employ the MEM[Z].

3. Results

Results of théd meson spectral functions in vacuum and in nuclear medium are shown in Fig.
@MandZ, respectively. In vacuum, tHe"™ andD~ spectra are completely degenerate while they split
at finite density. In the vacuum case, the first peak position is found at 1.78GeV, which is consistent
with the experimental value of the D meson ground state mass of 1.87 MeV. In nuclear medium,
the peak residues are gradually suppressed as density increases while the peak positions are shifted
to higher energy.

The detailed density dependence of the peak position is shown iri3FigVe note that the
the D~ meson peak shift~ 30 MeV at pp) is stronger than that of thHe* meson ¢ 10 MeV at
Po). The mass difference between thé and theD~ is thus about 20 MeV aby. This behavior
is consistent with the picture that tlle” meson has a light quark which repulsively interacts with
guarks in nuclear matter due to the Pauli blocking, so that the binding is weakened and the mass
increases. On the other hand, fB&é meson has a light antiquark instead of a quark, so that it
is not affected at least by the Pauli blocking. From the viewpoint of QCD sum rulé)thD~
mass splitting is caused by the signogfodd terms{q'q), (qTB%q>, (q'goGq) in Eq. Z5). These
results qualitatively agree with ReB][which employs a “pole + continuum” ansatz.
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Figure 1: Spectral function extracted fro®* meson sum rule in vacuum with MEM. Definition of the

error bar is given inZj
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Figure 2: Spectral functions extracted froB™ meson sum rules in nuclear medium with MEp$. is the

nuclear saturation density.

4. Conclusion and Outlook

In summary, we have investigated the pseudos&taeson in nuclear medium by using QCD

sum rules and MEM. In order to separ&é andD™ into independent peaks, we have constructed
charge conjugate projected sum rules. As a result, we found thabdoimdD — peaks are shifted

to higher energy with increasing density. Also, we observBd éD~ mass splitting of about 20

MeV at pg. As a next topic, we will analyz8" andB~ mesons in nuclear matter. Furthermore,

it would be interesting to systematically examine the heavy quark nmagsdépendence of the
behavior of heavy-light hadrons in nuclear medium, comprehensively expanding from the heavy
quark limit (m, — o) to the chiral limit g, — 0).
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Figure 3: Density dependence of peak positiongifi spectra. Dotted line shows peak position in vacuum.
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