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Thermal shifts and fluctuations at finite temperature below the deconfinement crossover of QCD
from hadronic matter to the Quark-Gluon Plasma provide a viable way to look for exotic and
missing states with given quantum numbers in the hadronic spectrum. We study a realization of
the Hadron Resonance Gas model in the light quark (uds) flavor sector of QCD to study: i) the
entropy shifts, and ii) the fluctuations of electric charge, baryon number and strangeness; and
extract from them the possible existence of missing and exotic states from a comparison with
lattice data. The analysis of the entropy shift based on the free energy of the Polyakov loop
suggests the existence of exotic hybrids gqq̄ and gqqq.
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1. Introduction

The partition function of Quantum Chromodynamics (QCD) can be written as

ZQCD = Tre−HQCD/T = ∑
n

e−En/T , HQCDψn = Enψn , (1.1)

where ψn are all possible states in the spectrum. This is the fundamental quantity for the study of
its thermal properties, illustrating the relation between the thermodynamics of the confined phase
of QCD and its hadronic spectrum below the phase transition, where the states are color singlets.
A particular realization of this idea is given by the Hadron Resonance Gas (HRG) model, in which
hadrons (mesons and baryons) are considered as non-interacting and point-like particles [1]. The
existence of missing states in QCD is related to the completeness of the hadronic spectrum, which
means not only missing hadrons but also possible exotic states. Within the approach of the con-
stituent quark models, there have been some recent studies on the computation of the partition
function at low temperatures by considering a partonic expansion around the vacuum [2]

ZQCD = Z0 ·Z[qq̄] ·Z[qqq] ·Z[q̄q̄q̄] ·Z[qq̄g] ·Z[qq̄qq̄] · · · , (1.2)

which includes contributions of all kind of possible color singlet states like hybrid states, tetraquarks,
etc. In this contribution we will review the ability of some thermal observables to help in the char-
acterization of the existence of missing and exotic states in the spectrum of QCD.

2. Entropy shifts and missing states

Let us consider the physical situation in which one extra heavy charge belonging to represen-
tation R is added to the QCD vacuum. Then, the charge is screened by dynamical constituents to
form color neutral states according to a specific pattern which depends on R [2, 3], and the energy
of the states changes under the presence of the charge as En→ER

n =∆R
n +mR, where ∆R

n remains fi-
nite in the limit mR→∞. The Polyakov loop operator in representation R is trR Ω(~r) = trR eiA0(~r)/T .
It has been argued in [3] that the vacuum expectation value of the Polyakov loop is related to the
so-called free energy shift, ∆FR, due to the presence of a charge R in the medium, as

LR ≡ 〈trR Ω(0)〉= ZR

Z0
= e−∆FR/T =

1
2 ∑n e−∆R

n /T

1+ · · ·
. (2.1)

The last equality of this formula was firstly introduced in [4] for R = 3, and constitutes a hadronic
representation of the Polyakov loop in terms of color singlet states with one heavy quark. This
means that this formula can be used to count states in the spectrum of QCD, like in the usual HRG
model for the equation of state. The Polyakov loop is affected by a renormalization ambiguity
LR = ec/T · L̃R, so that it is convenient to work with the entropy shift [3], defined as

∆SR(T ) =−∂T ∆FR(T ) . (2.2)

It is displayed in Fig. 1 (left) the cumulative number of heavy-light states n(∆) = ∑n Θ(∆−∆n)∼
e∆/TH,L , and in Fig. 1 (right) the entropy shift as a function of the temperature. Notice that the
states of the PDG are not enough to describe the lattice data of Ref. [6]. The result obtained from
the spectrum of heavy-light mesons, [Qq̄], and baryons, [Qqq], with the Relativistic Quark Model
(RQM) [5] are not enough either to describe the data, and only when including in the spectrum
hybrid states, [Qq̄g] and [Qqqg], computed with the MIT Bag model, one gets a satisfactory result.
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Figure 1: Left panel: Cumulative number n as a function of the shifted hadron mass ∆ (in MeV), for the
hadron spectrum with a c quark and light dynamical quarks (uds) computed in the RQM [5]. Right panel:
Entropy shift as a function of temperature (in MeV). We display as dots the lattice data from Ref. [6].

3. Fluctuations of conserved charges

While the baryon number and other charges are conserved globally in QCD, their expectation
values can be affected by local fluctuations due to thermal effects. These fluctuations have been
related to the abundance of hadronic resonances in e.g. Ref. [7]. Fluctuations of conserved charges,
i.e. fulfilling [Qa,H] = 0, are a way of selecting given quantum numbers. They can be computed
from the grand-canonical partition function, given by

Z = Trexp
[
−
(

H−∑
a

µaQa

)
/T
]
, Ω =−T logZ , (3.1)

where Ω is the corresponding potential. After differentiation one gets

− ∂Ω

∂ µa
= 〈Qa〉T , −T

∂ 2Ω

∂ µa∂ µb
= 〈∆Qa∆Qb〉T ≡V T 3

χab(T ) , (3.2)

with ∆Qa = Qa− 〈Qa〉T , and χab are the susceptibilities. In the light quark (uds) flavor sector
the only conserved charges are the electric charge Q, the baryon number B, and the strangeness S.
Then, the susceptibilities in the HRG model are computed as

χab(T ) =
1

V T 3 ∑
i, j∈Hadrons

qi
aq j

b〈∆Ni∆N j〉T , a,b ∈ {Q,B,S} , (3.3)

where Qa = ∑i∈Hadrons qi
aNi, and qi

a ∈ {Qi,Bi,Si} are the charges of the ith-hadron corresponding
to symmetry a. The averaged number of hadrons of type i is

〈Ni〉T =V
∫ d3k

(2π)3
gi

eEk,i/T −ξi
, Ek,i =

√
k2 +M2

i , (3.4)

with ξ =±1 for bosons/fermions. We display in Fig. 2 our results for the susceptibilities χBB and
χSQ. While we find in general a good description of the lattice data [8] for T . 160 MeV, one can
see that the RQM seems to have too many baryonic states, but not too many charged states. This
illustrates how fluctuations may help in the characterization of missing states in different sectors.
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Figure 2: Baryon, charge and strange susceptibilities from the HRG model with the PDG, PDG(Γ) and
RQM spectra. We display as dots the lattice data from Ref. [8].

4. Conclusions and outlook

The thermal properties of QCD can be used to obtain information about missing states in the
spectrum. The entropy shift due to a heavy quark placed in a thermal medium suggests that there
are: i) conventional missing states ([Qq̄] and [Qqq]), and ii) hybrid states ([Qq̄g] and [Qqqg]). The
fluctuations of conserved charges allow to study missing states in three different sectors: i) electric
charge, ii) baryon number, and iii) strangeness. It would be interesting to extend this study with the
correlation properties of conserved charges, and compare them with future lattice results.
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