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We analyze the mass spectra of hadrons and demonstrate that the physical spectra of mesons and baryons
are well described by the exponential spectrum of open strings. The open-string spectrum, derived from
string theory, is characterized by a unique Hagedorn temperature TH and free from any other parameters.
Notably, our fitting to the physical spectra yields consistent values for both mesons and baryons,
TH ≃ 0.34 GeV, which contrasts with previous phenomenological analyses that suggested different values.
This obtained value aligns well with typical string tension derived from lattice-QCD calculations and the
Regge slope. In the baryonic sector, our results indicate that diquarks play a crucial role in describing the
mass spectrum, implying that baryons can be understood as a quark-diquark system, as anticipated by
Regge phenomenology. These findings have significant implications for our understanding of quark
deconfinement, especially in the possibly existing regime at high temperature and small baryon chemical
potential within the QCD phase diagram.
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I. INTRODUCTION

It is widely believed that deconfinement from hadronic
matter to quark-gluon plasma (QGP) occurs at a temper-
ature T close to the chiral crossover temperature, around
Tc ≃ 0.16 GeV [1–3] (see, e.g., Ref. [4] for review).
However, recent lattice-QCD studies suggest a different
view on the deconfinement. For example, the meson state
persists even above Tc for both heavy and light flavors
[5–9], and in connection with that, the real part of the heavy
quark-antiquark potential at finite T remains unscreened at
least up to 2Tc [10,11] (see also Refs. [12–18]). Further,
there is evidence for the second transition around 2Tc up to
where the center-vortex percolation persists [19].
These observations have led to the speculation that there

may be a novel region in the QCD phase diagram between
hadronic matter and QGP [20–26]. This region, dubbed
spaghetti of quarks with glueballs (SQGB), shows distinct
deconfinement properties from QGP and incorporates
the color flux tubes and glueballs as relevant degrees of
freedom. The multiplicity of glueballs is scarce in the
SQGB, so flux tubes dominate and it becomes stringy fluid.
In the SQGB, quarks should be understood as being

connected by these open color strings. These quarks appear
to be thermally liberated because it is energetically more
favorable to form a new open string with a nearby meson
than to stretch the original string. This aligns with the
behavior of (correlators of) the Polyakov loop [27].
That the SQGB embodies open strings is supported by

the fact that QCD thermodynamics are well reproduced by
ideal gas of open strings [25]. In the usual treatment, the
thermodynamic properties of the low-T QCD matter can
largely be accounted by noninteracting hadron resonance
gas model. Thus, this in turn suggests that the hadron mass
spectrum can well be described by the open-string spec-
trum, and it was confirmed in Ref. [28] that this is indeed
the case. The open-string density of states can be derived
from string theory and predicts an exponentially growing
mass spectrum; the exponent is characterized by the
Hagedorn limiting temperature TH. The string spectrum
looks similar to the Hagedorn spectrum introduced in the
context of statistical bootstrap model [29,30], but theory is
fundamentally different from the bootstrap model. In string
theory, TH is related to the string tension σ or the Regge
slope α0 ¼ 1=ð2πσÞ and, therefore, to deconfinement. In
fact TH can be interpreted as the temperature at which
partons deconfine [31] (see also Ref. [32] for application).
In Ref. [25], it was found that the value of TH that best

reproduces the QCD thermodynamics is TH ≃ 0.3 GeV.
This is close to the deconfinement temperature Td ≃
0.285 GeV in pure SU(3) Yang-Mills theory [33–35]
and almost twice the chiral pseudocritical temperature Tc.
Incidentally, this description using the string spectrum was
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inspired by the closed-string description of glueball gases
in pure Yang-Mills theory, in which the author also found
TH ≃ 0.3 GeV [36]. The use of string-based spectrum in
the mesonic sector led to the increase in TH. The typical
value obtained by using the Hagedorn spectrum from the
statistical bootstrap is around TH ≃ 0.15 GeV (see, e.g.,
Refs. [37–42]). The notable difference is that while the
spectrum in the statistical bootstrap model suffers from the
ambiguity in the coefficient, the string theory determines
the coefficient without ambiguity, leading to more robust
prediction. We note, however, that such a string-based
description used in Refs. [25,28] was limited to mesons.
In this work, we extend the string-based description to

baryon spectrum. In doing so, we regard a baryon as a
system of a quark-diquark pair. A diquark is strong corre-
lation between quarks inside hadron. This is not a gauge-
invariant quantity so is not a well-defined object appearing
in the asymptotic state; nevertheless, it is supported by
many successful phenomenologies by assuming a diquark
as a constituent of hadrons (see, e.g., Refs. [43,44] for
review). Among such successful applications of diquarks,
the baryonic states lie on the straight-line Regge trajectories
if one assumes diquark correlation inside baryons [45,46].
This can be interpreted as arising from a rotating string
connecting a quark-diquark configuration. Also, this pic-
ture is in accordance with the classical string models
that the Y-shaped baryon junction is unstable against the
collapse to the asymmetric quark-diquark junction [47–49].
One may also consider a possibility of the closed Δ-shaped
baryon with quarks on each vertex, but this does not work
because the closed-string density of states is much sup-
pressed compared to the open string [25].

II. MASS SPECTRA OF HADRONS AND
OPEN STRINGS

For hadron mass spectra, we use the 2020 edition of the
Particle Data Group (PDG) tables [50], which we adopted
from the latest version of Thermal-FIST [51]. The table
only includes established mesons and baryons with three-
and four-star ratings in the PDG. All the states are approxi-
mately treated as stable pointlike particles. The density of
states for the discrete hadron spectrum is given by

ρðmÞ ¼
X
i

diδðm −miÞ; ð1Þ

where the sum runs over all stable hadrons and resonances
with mass mi and degeneracy factor di. It is customary to
consider the cumulative mass spectrum [37]:

NðmÞ ¼
Z

m

0

dm0ρðm0Þ: ð2Þ

For the density of states for the discrete spectrum, the
cumulative spectrum is given by a step function

NðmÞ ¼
X
i

diθðm −miÞ: ð3Þ

As shown in Figs. 1 and 2, the spectrum shows exponential
growth. Such growth is predicted in Hagedorn’s statistical
bootstrap model and usually fitted with the following
equation [29]:

ρHðmÞ ¼ c

ðm2 þm2
0Þa=2

em=TH : ð4Þ

This equation has three free parameters: a, c, and m0.
Typically, for 2.5 ≤ a ≤ 4, the fitted value of TH ranges
between ½0.14; 0.16� GeV (see Chap. 22 in Ref. [42]).

FIG. 1. The meson mass spectrum from PDG (blue dashed line)
and the curve fitted by the open-string formula (red curve). The
shaded band corresponds to the varying values of TH in the range
½0.285; 0.340� GeV.

FIG. 2. The baryon mass spectrum from PDG (blue dashed
line) and the curve fitted by the open-string formula (red curve).
The shaded band corresponds to the varying values of TH in the
range ½0.285; 0.340� GeV.
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String theory is also known to naturally predict expo-
nentially increasing mass spectrum from the partition of an
integer number appearing in quantization of strings. The
asymptotic open bosonic string density of states spectrum
in D spacetime dimensions is given by [25,52]

ρstrðmÞ ¼ ðbπ=6Þ−b=2ffiffiffiffiffiffi
2π

p
TH

�
m
TH

�
−ðbþ1Þ=2

em=TH ð5Þ

¼D¼4

ffiffiffiffiffiffi
2π

p

6TH

�
m
TH

�
−3=2

em=TH ; ð6Þ

where b ¼ D − 2 is the number of polarizations. This is the
open-string counterpart of the closed-string formula used in
Ref. [36]. The string formula is free from the ambiguity in
the coefficient as in Eq. (4). The only free parameter is the
Hagedorn temperature, which is related to the tension of the
confining string σ through the following relation:

TH ¼
ffiffiffiffiffiffi
3σ

bπ

r
¼D¼4

ffiffiffiffiffiffi
3σ

2π

r
: ð7Þ

Notably, if one uses the oft-used value σ ≃ 1 GeV=fm
in this formula, one gets TH ≃ 0.31 GeV. Also, the
typical Regge slope α0 ≃ 1 GeV−2 leads to a similar value
TH ≃ 0.28 GeV.
Note the difference between the previous result obtained

in Ref. [53] within dual resonance model [54] and ours. In
Ref. [53], the authors obtained a −5=2 power of m in the
coefficient, whereas it is −3=2 in our result; this exponent
−5=2 by coincidence matched with the exponent in the
Hagedorn’s original work [29], corresponding to taking
a ¼ 5=2 in Eq. (4). This is because they substituted D
instead of b in Eqs. (5) and (7).

III. STRING DESCRIPTION OF MESON
SPECTRUM

Here, we review the open-string description of the meson
mass spectrum. We describe a meson as an open color flux
tube with a constituent quark and a constituent antiquark
attached at its each end. Such a description is already
known to work well [25,28].
The cumulative mass spectrum of mesons is

NðmÞ ¼
X

i¼π;K;η

diθðm −miÞ þ
Z

m

0

dm0dMðm0Þρstrðm0Þ:

ð8Þ

We separated out the pseudo-Nambu-Goldstone (NG)
mesons, which are π, K, and η, as they are exceptionally
light compared to other mesons.
The string degeneracy factor dM for mesons, appearing

in the open-string spectrum, varies with the mass range:

dMðmÞ ¼
X
i

dM;iθðm −mM;iÞ: ð9Þ

The values of dM;i and mM;i are summarized in Table I.
In the table, l refers to light u and d quarks, andNl ¼ 2 is

the number of light flavors. The degeneracy factor dM;i

arises from spin and flavor of (anti)quarks attached to the
end of an open string. The threshold mass mM;i is taken to
be the mass of the lightest meson apart from the pseudo-NG
bosons. For the composition l-l̄, the lightest non-NGmeson
is ρð770Þ whose mass is mρð770Þ ≃ 0.775 GeV. Likewise,
for the compositions l-s̄ and s-l̄ with strangeness jSj ¼ 1,
the lightest non-NG meson is K�ð892Þ, and for s-s̄ with
jSj ¼ 2, the lightest is ϕð1020Þ. In the preceding work,
these values were taken to be the sum of the constituent
quark mass, but here we take it as a meson mass to avoid
ambiguity associated with the extraction of the constituent
quark mass.
In Fig. 1, we compare the PDG meson spectrum and

the open-string spectrum. As we constructed above, the
open-string spectrum has a single free parameter, TH.
One can therefore perform nonlinear least-squares fit of
this value to the PDG meson spectrum. By fitting in the
mass range mρð770Þ < m < 1.5 GeV, we obtain a value
TH ≃ 0.340 GeV. This value is more than twice as large as
the conventional TH extracted by using Eq. (4) and rather is
close to the deconfinement temperature in the pure SU(3)
Yang-Mills theory, Td ≃ 0.285 GeV [33,55].

IV. STRING DESCRIPTION OF BARYON
SPECTRUM

Here, we explore the possibility of describing the
baryonic mass spectrum below 2 GeV by an open string,
given the successful description of mesonic mass spectrum
by an open string. As we already noted in the Introduction,
this is motivated by the fact that the baryonic spectrum are
found to lie on a linear Regge trajectory with a quark-
diquark configuration [45,46].
Since each quark is a color triplet, a diquark can form an

antisymmetric color 3̄c or a symmetric color 6c represen-
tation. Normally, a color 3̄c diquark is solely considered
because this channel is attractive by one-gluon exchange,
and the color 6c is unfavored configuration due to large
electrostatic field energy. Thus, in terms of the color
representation, the QCD string does not distinguish

TABLE I. Parameters in the open-string degeneracy factor for
mesons. See the text for explanation.

Composition i Degeneracy dM;i Threshold mM;i [GeV]

l-l̄ ð2NlÞ2 ¼ 16 mρð770Þ ≃ 0.775
l-s̄; s-l̄ 4ð2NlÞ ¼ 16 mK�ð892Þ ≃ 0.896
s-s̄ 4 mϕð1020Þ ≃ 1.019
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between an antiquark and the color 3̄c diquark. This
justifies the open-string description of baryons as a quark-
diquark system.
The Fermi statistics require the total diquark wave

function to be antisymmetric. Since color 3̄c is antisym-
metric representation, spin and flavor must be symmetrized
in a diquark. One can either antisymmetrize or symmetrize
both indices. It turns out that spin antisymmetric configu-
ration is favored over the symmetric one. This is due to the
spin-dependent chromomagnetic interaction, derived from
the nonrelativistic expansion of the one-gluon exchange
amplitude. This spin antisymmetric diquark is spin singlet
and flavor antisymmetric (for the nonstrange case, this is
isosinglet I ¼ 0) configuration. We denote such a favored
“good” diquark configuration as ½qq�. One can also con-
sider spin triplet and flavor symmetric (isotriplet I ¼ 1
for light quarks), and we write this “bad” diquark configu-
ration as ðqqÞ.
As in the case of mesons, we consider the cumulative

mass spectrum for baryons:

NðmÞ ¼
Z

m

0

dm0dBðm0Þρstrðm0Þ; ð10Þ

where the string mass spectrum is the same as in Eq. (6).
The string polarization degeneracy factor dBðmÞ for bary-
ons is given by

dBðmÞ ¼
X
i

dB;iθðm −mB;iÞ: ð11Þ

The values of dB;i and mB;i are summarized in Table II.
One can consider multiple combinations for the compo-

sition of a baryon as a quark-diquark system. For a single
quark at one end, one can have an l or s quark. For a
diquark at the other end, one can consider the multiple
possibilities: a good diquark comprising ½ll� or ½ls� or a bad
diquark comprising ðllÞ, ðlsÞ, or ðssÞ. Note that the ss
diquark can only form the bad diquark configuration as it is
inevitably symmetric in flavor.
Let us construct a possible baryonic states out of these

constituents. States we consider are listed in Table II, and
each state is labeled by the isospin and strangeness ðI; SÞ.

The open string does not modify these quantum numbers,
so one has to include quark-diquark pairs with all the
possible combinations of ðI; SÞ to reproduce all the
baryonic states. In contrast, a quark-diquark pair does
not have to account for all the spin states; the total angular
momentum J of baryon in our description can take any
value since the orbital motion of the open string can induce
a tower of different angular momentum states. Therefore, in
the following, we do not include configurations involving
the bad diquarks such as l-ðlsÞ and s-ðlsÞ, which corre-
spond to the decuplet states Σ�ð1385Þ and Ξþð1530Þ,
respectively. The only bad diquark configurations that
we include are l-ðllÞ and s-ðssÞ, since these correspond
to ðI; SÞ quantum numbers that cannot be reproduced by the
good diquark configurations.
Now, we explain the counting of dB;i in Table II. First,

we consider the composition l-½ll�, corresponding to
nucleons. The degeneracy of this composition is 4 due
to a total spin and isospin of 1=2. Next, for the composition
s-½ll�, corresponding to Λ’s, the degeneracy is 2 because the
total spin is 1=2 and the total isospin is 0. Then, we examine
the l-½ls� composition, which corresponds to Σ’s. Here, the
total spin remains 1=2, but the total isospin can be 0 ⊕ 1

via 1
2
⊗ 1

2
. The I ¼ 0 and I ¼ 1 states corresponds to Λ’s

and Σ’s, respectively. Since the Λ state is already included
in the s-½ll� configuration, we only consider the I ¼ 1 state
to avoid double counting. We assign a factor 6 for the spin-
isospin degeneracy of the l-½ls� configuration. As explained
below, this exclusion has a minor effect on the fitted
Hagedorn temperature. Next, we look at the l-ðllÞ compo-
sition with a bad diquark, corresponding to Δ’s. The
degeneracy requires careful consideration since both
total spin and isospin can be 3=2 or 1=2, following
1 ⊗ 1

2
¼ 3

2
⊕ 1

2
. For baryons, the antisymmetry of the total

wave function necessitates a symmetric spin-isospin com-
bination, which is possible only for ð3=2; 3=2Þ (corre-
sponds to Δ’s) and ð1=2; 1=2Þ (for nucleons). As nucleons
are already covered in the l-½ll� configuration, we retain
only the I ¼ 3=2 state to avoid double counting and assign
a factor of 16 for the spin-isospin degeneracy of this
configuration. Then, we analyze the s-½ls� composition,
corresponding to Ξ’s, which has a degeneracy of 4 due to a
total spin and isospin of 1=2. Finally, for the s-ðssÞ
composition, corresponding to Ω’s, the degeneracy is 4
due to a total spin of 3=2. For each configuration, we use
the mass of the lightest baryon with the same ðI; SÞ value as
the mass threshold.
In Fig. 2, we compare the PDG baryon spectrum and the

open-string spectrum with a quark-diquark configuration.
We fit TH in the open-string spectrum to the PDG baryon
spectrum in the mass rangemp < m < 2.0 GeV. We obtain
a value TH ≃ 0.341 GeV. Surprisingly, this value is almost
the same as TH extracted from the meson spectrum. This
strongly supports that there is only one deconfinement scale
in QCD. In other words, quarks deconfine at the same

TABLE II. Parameters in the open-string degeneracy factor for
baryons. See the text for explanation.

Composition i ðI; SÞ dB;i mB;i [GeV]

l-½ll� ð1
2
; 0Þ 4 mp ≃ 0.938

s-½ll� ð0;−1Þ 2 mΛ ≃ 1.116
l-½ls� ð1;−1Þ 6 mΣþ ≃ 1.189
l-ðllÞ ð3

2
; 0Þ 16 mΔ ≃ 1.232

s-½ls� ð1
2
;−2Þ 4 mΞ0 ≃ 1.315

s-ðssÞ ð0;−3Þ 4 mΩ− ≃ 1.672
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energy scale as gluons regardless of whether they are in
mesons or baryons. Also, this is consistent with the
observation that the values of the Regge slope read out
from the baryonic and the mesonic Regge trajectories do
not differ from each other [46].
We note that even if one keeps the doubly counted states

in the configurations l-½ls� and l-ðllÞ, i.e. take their
degeneracy factor as 8 and 20, respectively, the fitted
Hagedorn temperature becomes TH ≃ 0.354 GeV, which
only amounts to a few percent change in the fitted value.
The values of σ determined in the recent literature areffiffiffi
σ

p ¼ 0.485ð6Þ GeV [56] and
ffiffiffi
σ

p ¼ 0.4817ð97Þ GeV
[57]. These correspond to the Hagedorn temperature
TH ¼ 0.335ð4Þ GeV and TH ¼ 0.3329ð67Þ GeV. These
results are consistent with our current estimate of TH.

V. SUMMARY AND OUTLOOK

We presented a semiquantitative analysis of baryon mass
spectrum using the mass spectrum derived from string
theory. Our description involves minimal modeling in the
way that only the quark-diquark composition of baryons
and their threshold are modeled to reproduce all the isospin
and strangeness states in the physical spectrum. Threshold
mass is fixed to the observed values, and the only free
parameter is the Hagedorn temperature TH. By fitting TH in
the string-based spectra to the physical mass spectra, we

found the common values TH ≃ 0.34 GeV for both mesonic
and baryonic cases. The value is consistent with zero-
temperature lattice-QCD calculation and also with an
observation that the baryons and mesons have the same
Regge slope in the Chew-Frautschi plot. Our result further
adds supporting argument toward the diquark correlation
inside baryons.
With this handy formula of baryonic states at hand, one

can now extend our string-model-based study of the QCD
phase diagram to the finite chemical potential region. As a
first step, applications to QCD thermodynamics can be
considered. One can also test this behavior by extending
to the higher-order cumulants coupled to the chemical
potentials.
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