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Summary

Baryonic Matter 
□Deconfinement at high T 
□Nuclear matter 
□Deconfinement at high µ 
… and Beyond  —  Speculative Scenarios 
□Critical point and/or modulation 
□ Strangeness 
□Diquark mixture 
□Chiral (“whatever you like”) effect
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Summary and Conclusion

Baryonic Matter 
□Deconfinement at high T   What we believe we know 
□Nuclear matter   What we are supposed to know 
□Deconfinement at high µ   What we don’t know 
… and Beyond  —  Speculative Scenarios 
□Critical point and/or modulation   Chiral symmetry 
□ Strangeness   Baryon density and deconfinement 
□Diquark mixture   Exotic components 
□Chiral (“whatever you like”) effect   Topological vacua 
!
Is “quarkyonic matter” real?
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Deconfinement at high T
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Deconfinement at high T
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Figure 2: Left panel: strange quark susceptibility as a function of the temperature. full symbols correspond to results obtained with the asqtad,
p4 and hisq actions [1, 6]. Our continuum result is indicated by the gray band. The solid line is the HRG model result with physical masses.
The dashed and dotted lines are the HRG model results with distorted masses corresponding to Nt = 12 and Nt = 8, which take into account the
discretization e↵ects and heavier quark masses, which characterize the results of the hotQCD Collaboration. Right panel: (✏ � 3p)/T 4 as a function
of the temperature. Open symbols are our results. Full symbols are the results for the asqtad and p4 actions at Nt = 8 [1]. Solid line: HRG model
with physical masses. Dashed lines: HRG model with distorted spectrums. As it can be seen, the prediction of the HRG model with a spectrum
distortion corresponding to the stout action at Nt = 8 is already quite close to the physical one. The error on the recent preliminary HISQ result [6]
is larger than the di↵erence between the stout and asqtad data, that is why we do not show them here.

resonances. We include all known baryons and mesons up to 2.5 GeV, as listed in the latest edition of the Particle Data
Book (for an improvement of the model by including an exponential mass spectrum see [13]). We will compare the
results obtained with the physical hadron masses to those obtained with the distorted hadron spectrum which takes into
account lattice discretization e↵ects. Each pseudoscalar meson in the staggered formulation is split into 16 mesons
with di↵erent masses, which are all included. Similarly to Ref. [9], we will also take into account the pion mass- and
lattice spacing- dependence of all other hadrons and resonances.

Quark number susceptibilities increase during the transition, therefore they can be used to identify this region.
They are defined as �q

2 =
T
V
@2 ln Z
@(µq)2

����
µi=0
, (with q = u, d, s). In the left panel of Fig. 2 we show our continuum-

extrapolated results for the strange quark number susceptibility, in comparison with the HRG results with physical
spectrum. Also shown are the hotQCD collaboration data, in comparison with the HRG model results with distorted
spectrum. In the right panel of Fig. 2 we show the trace anomaly (✏ � 3p) divided by T 4 as a function of the
temperature. Our Nt = 8 results are taken from Ref. [14]. Notice that, for this observable, we have a check-point
at Nt = 10: the results are on top of each other. Also shown are the results of the hotQCD collaboration at Nt = 8
[1] and the HRG model predictions for physical and distorted resonance spectrums. On the one hand, our results are
in good agreement with the “physical” HRG model ones. It is important to note, that using our mass splittings and
inserting this distorted spectrum into the HRG model gives a temperature dependence which lies essentially on the
physical HRG curve (at least within our accuracy). On the other hand, a distorted spectrum based on the asqtad and
p4 frameworks results in a shift of about 20 MeV to the right.

In order to compare our results to those of the hotQCD collaboration, we also calculate the quantity �l,s =
(h ̄ il,T � ml

ms
h ̄ is,T )/h ̄ il,0 � ml

ms
h ̄ is,0) (with l = u, d). We compare our results to the predictions of the HRG

model and �PT [15]. To this purpose, we need to know the quark mass dependence of the masses of all resonances
included in the partition function. We assume that all resonances behave as their fundamental states as functions of
the quark mass, and take this information from Ref. [16]. They agree with the results obtained by our collaboration
in [17].

4. Conclusions

We have presented our latest results for the QCD transition temperature. The quantities that we have studied are
the strange quark number susceptibility, the chiral condensate and the trace anomaly. We have given the complete
temperature dependence of these quantities, which provide more information than the characteristic temperature val-

Figure 4. Entropy in the confining phase. The red band shows our continuum extrapolated lattice result based on
Nt = 5, 6 and 8 data. The thick line is the entropy of a glueball gas where the Hagedorn spectrum is assumed beyond
the two-particle threshold [43]. The dashed line shows our parameterization in Eq. (7.1).

lattice size accommodates the inverse Tc scale. One way to discuss the relevance of this non-perturbative

scale is to compare the trace anomaly at various spatial volumes. This comparison is shown in Fig. 5 for

our Nt = 5 lattices. The standard aspect ratio Ns/Nt = 4 gives somewhat smaller values for I/T 4, but

beyond Ns/Nt = 6 we do not see any di↵erence in the results above the transition region.

Figure 5. Volume dependence of the trace anomaly on our Nt = 5 lattices. Unless the box is very small, there is no
significant di↵erence whether or not the box size allows contributions from the inverse Tc scale.

We summarize our findings as i) the large volume lattice trace anomaly data shows qualitative (and as

we find using the fitted g6 order coe�cient, also quantitative, see later) agreement with the perturbative

results for T > 10Tc, and ii) we see no deviation between results from various volumes (with Ns/Nt � 6),

moreover iii) the dominant non-perturbative contribution loses significance as ⇠ 1/T 2. These considerations

– 8 –

Hadron Resonance Gas (HRG)
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Thermal Model Fit
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T, µ : fixed by the fit

Lattice meets phenomenology

Andronic, Becattini, Cleymans, Redlich, 
Stachel, Braun-Munzinger, etc…
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FIG. 3. The ratios RQ
12

versus µB/T (left) for three values of the temperature and RQ
31

versus temperature for µB = 0 (middle).
The wider band on the data set for Nτ = 8 (middle) shows an estimate of the magnitude of NLO corrections. The right hand
panel shows the NLO result for the ratio of ratios of net electric charge and baryon number fluctuations, respectively.

analysis of (Tf , µ
f
B) will become possible, once the ratios

RQ
12 and RQ

31 have been measured experimentally.
5) Conclusions: We have shown that the first three cu-
mulants of net electric charge fluctuations are well suited
for a determination of freeze-out parameters in a heavy
ion collision. Although the ratios RQ

12 and RQ
31 are suffi-

cient to determine Tf and muf
B, it will clearly be advan-

tageous to have several ratios, including cumulants of net
baryon number fluctuations, at hand that will allow to
probe the consistency of an equilibrium thermodynamic
description of cumulant ratios at the time of freeze-out.
In particular the ratio of ratios RQ

12/R
B
12 = rχB

2,µ/χ
Q
2,µ is

also well determined in (lattice) QCD calculations [16].
In Fig. 3(right) we show the NLO result for this ratio of
ratios in the temperature range T = (160± 10) MeV. Its
measurement will, on the one hand, allow to probe our
basic assumptions on constraining the electric charge and
strangeness chemical potentials and, on the other hand,
constrain possible differences in cumulant ratios of net
proton and net baryon number fluctuations. Once the
ratios of lower order cumulants have been used to fix the
freeze-out parameters, the calculation of higher order cu-
mulants is parameter free and provides unique observ-
ables for the discussion of possible signatures for critical
behavior along the freeze-out line.
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Deconfinement at high T
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No interaction            No saturation
(Large-Nc QCD : Non-interacting mesons)
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Deconfinement at high T
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Elementary d.o.f. through interaction
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Deconfinement at high T
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Deconfinement at high T
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Nuclear matter (symmetric)
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FIG. 1: Curve of constant baryon number n
Baryons

=
0.15 n

nuclear

in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density n

Baryons

is smaller than 1.5 times the nuclear
saturation density n

nuclear

= 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature T

ch

= 56+9.6
�2.0 MeV corresponding to µ

ch

=
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the e↵ective meson potential U(�;T, µ) �
U(�; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential di↵erence is directly related to
di↵erence of pressure for the parameters (�;T, µ) and
(�; 0, µc). This can be approximated by a free gas of
nucleons with �-dependent mass. We can consider � as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature T

ch

= 56+9.6
�2.0 MeV

corresponding to µ
ch

= 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of � di↵ers by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an e↵ective model for baryons  a (a is an
isospin index with  

1

describing protons and  
2

neu-
trons), an isospin singlet vector meson !µ, a scalar meson
� and pseudo-scalar mesons ⇡0 = ⇡

3

, ⇡± = 1p
2

(⇡
1

± i⇡
2

).

It is convenient to combine the scalars and pseudo-scalars
in the field

�ab =

 
1p
2

(� + i⇡0) i⇡�

i⇡+

1p
2

(� � i⇡0)

!
. (1)

The e↵ective Lagrangian is of the form

L =  ̄a i�⌫(@⌫ � i g !⌫ � i µ �
0⌫)  a

+
p
2h
⇥
 ̄a

�
1+�5

2

�
�ab b +  ̄a

�
1��5

2

�
(�†)ab b

⇤

+ 1

2

�⇤ab(�@µ@µ)�ab + U
mic

(⇢,�)

+
1

4
(@µ!⌫ � @⌫!µ)(@

µ!⌫ � @⌫!µ) +
1

2
m2

! !µ!
µ.

(2)

Here we use the chiral invariant scalar field combination
⇢ = 1

2

�⇤ab�ab and U
mic

(⇢,�) is a microscopic form of the
e↵ective potential

U
mic

(⇢,�) = Ū(⇢)�m2

⇡f⇡�. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ⇥SU(2)A⇥U(1)V ⇥U(1)A where the nucleon

Critical point (Phase diagram)

Florchinger-Wetterich



May 24 2014 @ QM2014

Nuclear matter (symmetric)

16

2

0 200 400 600 800 1000
m @MeVD0

50

100

150

200
T @MeVD

FIG. 1: Curve of constant baryon number n
Baryons

=
0.15 n

nuclear

in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density n

Baryons

is smaller than 1.5 times the nuclear
saturation density n

nuclear

= 0.153/fm3. In this region no
signs of a phase transition are visible.

0 20 40 60 80 100
T @MeVD0.00

0.05

0.10

0.15

0.20
Number density @fm-3D

FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature T

ch

= 56+9.6
�2.0 MeV corresponding to µ

ch

=
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the e↵ective meson potential U(�;T, µ) �
U(�; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential di↵erence is directly related to
di↵erence of pressure for the parameters (�;T, µ) and
(�; 0, µc). This can be approximated by a free gas of
nucleons with �-dependent mass. We can consider � as

0 20 40 60 80 100
T @MeVD0

20

40

60

80

100
s0 @MeVD

FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature T

ch

= 56+9.6
�2.0 MeV

corresponding to µ
ch

= 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
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adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential di↵erence is directly related to
di↵erence of pressure for the parameters (�;T, µ) and
(�; 0, µc). This can be approximated by a free gas of
nucleons with �-dependent mass. We can consider � as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature T

ch

= 56+9.6
�2.0 MeV

corresponding to µ
ch

= 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of � di↵ers by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an e↵ective model for baryons  a (a is an
isospin index with  

1

describing protons and  
2

neu-
trons), an isospin singlet vector meson !µ, a scalar meson
� and pseudo-scalar mesons ⇡0 = ⇡

3

, ⇡± = 1p
2

(⇡
1

± i⇡
2

).

It is convenient to combine the scalars and pseudo-scalars
in the field

�ab =

 
1p
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(� + i⇡0) i⇡�

i⇡+

1p
2

(� � i⇡0)

!
. (1)

The e↵ective Lagrangian is of the form
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Here we use the chiral invariant scalar field combination
⇢ = 1

2

�⇤ab�ab and U
mic

(⇢,�) is a microscopic form of the
e↵ective potential

U
mic

(⇢,�) = Ū(⇢)�m2

⇡f⇡�. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ⇥SU(2)A⇥U(1)V ⇥U(1)A where the nucleon

“Good” theory

“Good” theory

Extrapolation
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FIG. 1: Curve of constant baryon number n
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=
0.15 n

nuclear

in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density n

Baryons

is smaller than 1.5 times the nuclear
saturation density n

nuclear

= 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature T

ch

= 56+9.6
�2.0 MeV corresponding to µ

ch

=
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the e↵ective meson potential U(�;T, µ) �
U(�; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential di↵erence is directly related to
di↵erence of pressure for the parameters (�;T, µ) and
(�; 0, µc). This can be approximated by a free gas of
nucleons with �-dependent mass. We can consider � as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature T

ch

= 56+9.6
�2.0 MeV

corresponding to µ
ch

= 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of � di↵ers by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an e↵ective model for baryons  a (a is an
isospin index with  

1

describing protons and  
2

neu-
trons), an isospin singlet vector meson !µ, a scalar meson
� and pseudo-scalar mesons ⇡0 = ⇡

3

, ⇡± = 1p
2

(⇡
1
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).

It is convenient to combine the scalars and pseudo-scalars
in the field
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Here we use the chiral invariant scalar field combination
⇢ = 1
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�⇤ab�ab and U
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(⇢,�) is a microscopic form of the
e↵ective potential

U
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The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ⇥SU(2)A⇥U(1)V ⇥U(1)A where the nucleon
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FIG. 4: (Color online) Collision energy and centrality depen-
dence of the net-proton Sσ and κσ2 from Au+Au and p+p
collisions at RHIC. Crosses, open squares and filled circles are
for the efficiency corrected results of p+p, 70-80%, and 0-5%
Au+Au collisions, respectively. Skellam distributions for cor-
responding collision centralities are shown in the top panel.
Shaded hatched bands are the results from UrQMD [22]. In
the middle and lower panels, the shaded solid bands are the
expectations assuming independent proton and anti-proton
production. The width of the bands represents statistical un-
certainties. The hadron resonance gas model (HRG) values
for κσ2 and Sσ/Skellam are unity. The error bars are sta-
tistical and caps are systematic errors. For clarity, p+p and
70-80% Au+Au results are slightly displaced horizontally.

Au+Au collisions and the peripheral collisions. The re-
sults are closer to unity for

√
sNN = 7.7 GeV. Devia-

tions of 0-5% Au+Au data from Skellam expectations,
((| Data−Skellam |)/

√

errstat2 + errsys2) are found to be
most significant for 19.6 GeV and 27 GeV, with values of
3.2 and 3.4 for κσ2, and 4.5 and 5.6 for Sσ, respectively.
The deviations for 5-10% Au+Au data are smaller for
κσ2 with values of 2.0 and 0.6 and are 5.0 and 5.4 for
Sσ, for 19.6 GeV and 27 GeV, respectively. A reason-
able description of the measurements is obtained from the
independent production approach. The data also show
deviations from the hadron resonance gas model [31, 32]
which predict κσ2 and Sσ/Skellam to be unity. To under-
stand the effects of baryon number conservation [33] and
experimental acceptance, UrQMD model calculations (a
transport model which does not include a CP) [22] for
0-5% Au+Au collisions are shown in the middle and bot-
tom panels of Fig. 4. The UrQMD model shows a mono-
tonic decrease with decreasing beam energy [23].

The current data provide the most relevant measure-
ments over the widest range in µB (20 to 450 MeV) to
date for the CP search, and for comparison with the
baryon number susceptibilities computed from QCD to
understand the various features of the QCD phase struc-
ture [6, 16, 17]. The deviations of Sσ and κσ2 below
Skellam expectation are qualitatively consistent with a
QCD based model which includes a CP [34]. However
the UrQMD model which does not include a CP also
shows deviations from the Skellam expectation. Hence
conclusions on the existence of CP can be made only af-
ter comparison to QCD calculations with CP behavior
which include the dynamics associated with heavy-ion
collisions, such as finite correlation length and freeze-out
effects.
In summary, measurements of the higher moments and

their products (Sσ and κσ2) of the net-proton distribu-
tions at midrapidity (|y|< 0.5) within 0.4 < pT < 0.8
GeV/c in Au+Au collisions over a wide range of

√
sNN

and µB have been presented to search for a possible
CP and signals of a phase transition in the collisions.
These observables show a centrality and energy depen-
dence, which are neither reproduced by non-CP trans-
port model calculations, nor by a hadron resonance gas
model. For

√
sNN > 39 GeV, Sσ and κσ2 values are simi-

lar for central, peripheral Au+Au collisions and p+p col-
lisions. Deviations for both κσ2 and Sσ from HRG and
Skellam expectations are observed for

√
sNN ≤ 27 GeV.

The measurements are reasonably described by assuming
independent production of Np and Np̄, indicating that
there are no apparent correlations between the protons
and anti-protons for the observable presented. However
at the lower beam energies, the net-proton measurements
are dominated by the shape of the proton distributions
only. The data presented here also provides information
to extract freeze-out conditions in heavy-ion collisions us-
ing QCD based approaches [35, 36].
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Where would you find quarks?
O(1) O(Nc)

(Interacting)  
Baryonic matter

Quark matter
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QCD
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Where would you find quarks?
O(1) O(Nc)

(Interacting)  
Baryonic matter

Quark matter

Nc⇤
4
QCD Quarkyonic matter

McLerran, Pisarski 
Hidaka, Kojo
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pQCD at high µ               Color Super Conductivity 
!
!
pQCD without CSC               IR catastrophe

27

Fermi surface + Attractive interaction

Non-perturbative for magnetic gluons 
CSC parametrically enhanced

Coulomb phase / Confining phase ~ Higgs phase
Decofinement CSCHadron

Son

cf. Kurkela-Romatschke-Vuorinen (µq > 1 GeV)
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quark-hadron continuity

s = 0
D ~ 0

s ~ 0
D = 0

s > D = 0\
\

\~ D > s = 0\~

U(1)A BrokenU(1)A Symmetric

induced by D s2

mq

Superfluid Nuclear Matter 
   (pairing interaction)

We can never see color

2SC ~ pure YM (confining gluon)

CFL (all gluon screened)

Rischke-Son-Stephanov

Schafer-Wilczek / Berges et al. 
Hatsuda et al.
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Critical point and/or modulation

Critical enhancement 
□ Fluctuation measurement (of conserved quantities) 
First-order transition 
□Mixed state ~ Inhomogeneity  (no practical difference) 
□ Density bubbles — fluctuations and harmonics 
□ Caloric flattening,  Fisher/D scalings  

(interacting nucleons ~ non-interacting fragments) 
!

Chiral symmetry restoration 
□ In-medium hadron properties (V-A mixing / sum rules) 
□ Physics of not gluons but quarks — topological effect

31
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Measure of Quark Deconfinement
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are the dimensionless baryon and strangeness chemical
potentials. PHRG

|S|=1,M is the partial pressure of all |S| = 1

mesons and PHRG
|S|=i,B are the partial pressures of all |S| = i

(i = 1, 2, 3) baryons , for µB = µS = 0. For simplicity, we
have set the electric charge chemical potential µ̂Q = 0.

To investigate the sDoF we will use the dimensionless
generalized susceptibilities of the conserved charges

�XY
mn =

@(m+n)[p(µ̂X , µ̂Y )/T 4]

@µ̂m
X@µ̂n

Y

����
~µ=0

, (2)

where X,Y = B,S,Q and ~µ = (µB , µS , µQ). We also use
the notations �XY

0n ⌘ �Y
n and �XY

m0 ⌘ �X
m.

Using the two strangeness fluctuations (�S
2 ,�

S
4 )

and the four baryon-strangeness correlations
(�BS

11 ,�BS
13 ,�BS

22 ,�BS
31 ) up to fourth order, we have

a set of six susceptibilities that can be used to construct
observables that project onto the four di↵erent partial
pressures in an uncorrelated hadrons gas introduced in
Eq. (1).

M(c1, c2) = �S
2 � �BS

22 + c1v1 + c2v2 , (3)

B1(c1, c2) =
1

2

�
�S
4 � �S

2 + 5�BS
13 + 7�BS

22

�

+ c1v1 + c2v2 , (4)

B2(c1, c2) = �1

4

�
�S
4 � �S

2 + 4�BS
13 + 4�BS

22

�

+ c1v1 + c2v2 , (5)

B3(c1, c2) =
1

18

�
�S
4 � �S

2 + 3�BS
13 + 3�BS

22

�

+ c1v1 + c2v2 . (6)

The combination c1v1 + c2v2 spans a two dimensional
plane in the 6-dimensional space of susceptibilities on
which the partial pressure PHRG

S vanishes identically
when the sDoF are described by a gas of uncorrelated
hadrons irrespective of their masses. The two additional
free parameters, c1 and c2, can thus be used to construct
observables that have an identical interpretation in the
uncorrelated hadron gas, but di↵er under other circum-
stances, for instance in a medium where the sDoF are
carried by quark-like quasi-particles. For v1 and v2 we
choose the following combinations

v1 = �BS
31 � �BS

11 , (7)

v2 =
1

3
(�S

2 � �S
4 )� 2�BS

13 � 4�BS
22 � 2�BS

31 . (8)

Since in a hadron gas the baryonic sDoF are associated
with |B| = 1, the baryon-strangeness correlations di↵er-
ing by even numbers of µB derivatives are identical, giv-
ing v1 = 0. v2 can be re-written as the di↵erence of two
operators [? ] each of which corresponds to the partial
pressure of all strange hadrons in an uncorrelated hadron
gas, leading to v2 = 0. Thus, for a classical uncorrelated
hadron gas such as the HRG modelM(c1, c2) ! PHRG

|S|=1,M

and Bi(c1, c2) ! PHRG
|S|=i,B (i = 1, 2, 3), independent of

χ2
B-χ4

B
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v2

 0.00
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 0.30
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FIG. 1. Two combinations, v1 and v2 [see Eqs. (7-8)], of
strangeness fluctuations and baryon-strangeness correlations
that vanish identically if the sDoF are described by an un-
correlated gas of hadrons. Also shown is the di↵erence of
quadratic and quartic baryon number fluctuations, �B

2 � �B
4 .

This observable also vanishes identically when the baryon
number carrying degrees of freedom are described by an un-
correlated gas of strange as well as non-strange baryons.
The shaded region indicates the chiral crossover temperature
Tc = 154(9) MeV [13]. The lines at low and high temper-
atures indicate the two limiting scenarios when the dof are
described by an uncorrelated hadron gas and non-interacting
massless quark gas, respectively. The LQCD results for the
N⌧ = 6 and 8 lattices are shown by the open and filled sym-
bols respectively.

the values of c1 and c2. For asymptotically high temper-
atures, i.e. when the sDoF are non-interacting massless
quarks, these observables will generically attain di↵erent
values for di↵erent combinations of (c1, c2).

Strangeness near the chiral crossover.— Here we inves-
tigate to what extent sDoF are described by an uncor-
related hadron gas in the vicinity of the chiral crossover
temperature Tc = 154(9) MeV [13]. The LQCD results
for the susceptibilities were obtained for two di↵erent
lattice spacings (a) corresponding to temporal extents
N⌧ = 1/aT = 6 and 8 using O(a2) improved gauge
and Highly Improved Staggered Quark [14] discretiza-
tion schemes for (2 + 1) flavor QCD. The up and down
quark masses correspond to a Goldstone pion mass of 160
MeV and the strange quark mass is tuned to its physical
value. The susceptibilities were measured on 3000�8000
gauge field configurations, each separated by 10 molec-
ular dynamics trajectories, using 1500 Gaussian random
source vectors for each configuration. Further details of
the LQCD computations can be found in [5, 13]. Al-
though the LQCD results presented here are not obtained
in the limit of zero lattice spacing, the e↵ects of contin-
uum extrapolations are known to be quite small for our
particular lattice discretization scheme, especially in the
strangeness sector [5]. This will also be substantiated by
the very mild lattice spacing dependence of our results
going from the N⌧ = 6 to the N⌧ = 8 lattices. Thus we
expect that the continuum extrapolated results will not
alter the physical picture presented in this paper.

Bazavov et al.Borsanyi et al.  
(modified)
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Measure of Baryon Density

Baryon density 
          More L (s) 
          Canceled by anti-s 
          Strangeness µs

performed at nonzero temperature, and small values of µB without running
into problems of principle. At µB = 0, these simulations indicate that there
is no true phase transition from Hadronic Matter to a Quark-Gluon Plasma,
but rather a very rapid rise in the energy density at a temperature Tc which
lines in 160°190 MeV within the systematic errors. Further, studies using the
lattice technique imply that Tc decreases very little as µB increases, at least
for moderate values of µB.
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Fig. 3. Energy dependence of hadron yields relative to pions. The points are exper-
imental data from verious experiments. Lines are results of the Statistical Model
calculations. The figure is taken from [20,22]).

With the parametrizations of T and µB from Fig. 1 one can compute the
energy dependence of the production yields of various hadrons relative to
pions, shown in Fig. 3. Important for our purposes is the observation that there
are peaks in the abundances of strange to non-strange particles at center of
mass energies near 10 GeV. In particular, the K+/º+ and §/º ratios exhibit
rather pronounced maxima there. We further note that in the region near
10 GeV, there is also a minimum in the chemical freeze-out volume obtained
from the Statistical Model fit to particle yields [18], as well as in the volume

4

are not easily linked to the trends in the data.

We will discuss the relationship between the above Statistical Model descrip-
tions of the transition to both the Quark-Gluon Plasma and Quarkyonic Mat-
ter, the triple point where three phases of matter coexist, and the underlying
contribution to the spectrum of strange particles below, and argue that generic
features of these curves may be explained in this context.

2 Quarkyonic Matter and the QCD Phase Diagram

In the following we show that by considering Quarkyonic Matter, which was
recently proposed [32–36], the two regimes observed in the phase diagram
and described above can be understood as arising from a triple point where
Hadronic Matter, the Quark-Gluon Plasma, and Quarkyonic Matter all coex-
ist. This triple point is located where the temperature is reaching its limiting
value and, hence, is naturally also situated in the vicinity of the peaks in the
observed hadron production ratios. A sketch of a possible phase diagram for
QCD is shown in Fig. 5.

Fig. 5. The phase diagram of strongly interacting matter.

There are hadrons in the lower, left-hand corner of this phase diagram, at low
temperatures and µB. There are two, qualitatively distinct, phase boundaries
by which one can leave Hadronic Matter. The first, is to increase the tempera-
ture at low µB until it is beyond Tc. This is the usual transition from mesons

6
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Deconfinement at high µ
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Higher Density

More Strangeness

Smoother Deconfinement

(cf. center symmetry)

Quarkyonic (counterpart of sQGP) widened
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Diquark mixture

36

Nc Nc �� ��

Diquarks Diquarks

Quarks

Large Nc QCD



May 24 2014 @ QM2014

Diquark mixture
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Nuclear matter = Quark + Diquark matter

A model easily built 
… but … 

Difficult to avoid diquark cond.

Who is in trouble if CSC lives close to NM?

Bentz, Ishii, Yazaki 
Baym, Kojo, Pawlowski 
etc…
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Nuclear matter = Quark + Diquark matter

A model easily built 
… but … 

Difficult to avoid diquark cond.

Who is in trouble if CSC lives close to NM?
Diquarks strike back?
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Diquark mixture
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Nuclear matter = Quark + Diquark matter

A model easily built 
… but … 

Difficult to avoid diquark cond.

Who is in trouble if CSC lives close to NM?
Diquarks strike back?
💕 CSC  💓 Quarkyonic 💕 

Bentz, Ishii, Yazaki 
Baym, Kojo, Pawlowski 
etc…
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cf. Diquark search at J-PARC

40

Decays�

Ratio: �[qq + qqQ] [Qq + qqq]

12/03,&2012� JPARC<Collab� LT�

ρ-mode� λ-mode�

 ρ-modew�m�eAX�E�bCXw�m�c!
 λ-modeVVVVVVVCXVVVVVVAXVVVVVc���

Decays�

Ratio: �[qq + qqQ] [Qq + qqq]
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Hosaka et al.
r-mode l-mode

Spectroscopy of Q-(qq) system (~ Lc) 

3-body geometry probed with Q
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Chiral XXX Effects
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Magnetoelectric Effect

E ) B

B ) E

✓ E ·B

✓ = ⇡Topological Insulator (Cr2O3)
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Magnetoelectric Effect

✓ E ·B

✓ = ⇡Topological Insulator (Cr2O3)

In-medium q, why not in HIC?
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Chiral XXX Effects

43

Temperature is a geometrical effect 
Density is a gauge effect  ~  A0

j / µ5B

j5 / µB

Local Parity Violation — zero net effect 
  

Chiral Imbalance — finite net effect
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Chiral XXX Effects
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Zero-density Finite-density

hji = 0

hj2i 6= 0

hj5i 6= 0

hj25i 6= 0

Parity / Charge-parity even quantity
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Chiral XXX Effects
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Zero-density Finite-density

hji = 0

hj2i 6= 0

hj5i 6= 0

hj25i 6= 0

Chiral Magnetic Wave
Finite density ~ More protons ~ Charge imbalance 
Difficult to subtract the background effects

Kharzeev-Yee
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Chiral XXX Effects
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Zero-density Finite-density

hji = 0

hj2i 6= 0

hj5i 6= 0

hj25i 6= 0

Axial-vector condensation (polarization) 
Helicity transmutation (chiral symmetry)

Observable? Ohnishi-Yamamoto
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Chiral XXX Effects
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j5 6= 0

Chiral (solitonic) Spiral

v.s.

Buballa, Carignano, Nakano, Tatsumi, etc etc… 
Yamamoto (Lattice-QCD)
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Chiral XXX Effects
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j5 6= 0v.s.

affects the spiral
KF-Morales

Chiral (solitonic) Spiral

Buballa, Carignano, Nakano, Tatsumi, etc etc… 
Yamamoto (Lattice-QCD)
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Summary
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Phase diagram of “concepts”
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