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νdyn(A,B)

• νdyn(A,B) measures how particles of type A and B are correlated.

• νdyn(A,B) = RAA +RBB − 2RAB where

RAB =
〈NANB〉 − 〈NA〉〈NB〉 − 〈NA〉δAB

〈NA〉〈NB〉

• For uncorrelated particles RAA = RBB = RAB = 0 and consequently νdyn = 0.

• If νdyn > 0 detection of one particle biases the next particle to be of the same type.
It is the opposite for νdyn < 0.

• It is considered a relatively robust observable.

S. Gavin and J. I. Kapusta, Phys. Rev. C 65, 054910 (2002)
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While the correlator νdyn(K+,K−) exhibits a scaling approximately in inverse
proportion of the charged particle multiplicity, νdyn(K0

S ,K
±) features a significant

deviation from such scaling.
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Models cannot reproduce the neutral-charged correlations
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Isospin fluctuations from condensates

• Suppose we have multiple domains of condensates which give rise to flat neutral
kaon fractions P (f) = 1. This is the case for DCC with three flavors
J. Schaffner-Bielich and J. Randrup, Phys. Rev. C 59, 3329 (1999) and also for
kaons in an electrically neutral degenerate quantum state.

• If the number of domains Nd is greater than 2 or 3 then

νdyn = 4βK

(
βK
3Nd

− 1

N tot
K

)
where βK is the fraction of all kaons that come from condensate domains.

• The relation is derived by folding the distributions of kaons from condensates and
thermal/random sources. For multiple condensate sources, P (f) approaches a
Gaussian by the Central Limit Theorem.

S. Gavin and J. I. Kapusta, Phys. Rev. C 65, 054910 (2002)
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Isospin fluctuations from condensates

• The fraction βK can be estimated from the energy of condensation

βK =
εζVd

mKN tot
K

where εζ is the energy density available from condensation and Vd is the sum total
volume of all condensates.

• It is reasonable to assume that Nd scales with the total kaon multiplicity N tot
K and

Vd scales with Nd and with the lifetime τav of the fireball

Nd = aN tot
K

Vd = v0N
tot
K

(
τav
10τ0

)

• The initial time for hydrodynamic evolution is τ0 = 0.4 fm/c.
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Isospin fluctuations from condensates

• Putting this together we have

βK = b

(
τav
10τ0

)
b =

εζv0

mK

• This results in a two parameter formula for νdyn/α

νdyn

α
=

2

3
b

(
τav
10τ0

)[
b

3a

(
τav
10τ0

)
− 1

]

•We obtain τav as a function of centrality from realistic hydrodynamic simulations
of heavy-ion collisions using MUSIC with IP Glasma initial conditions.
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Fit to the 5 most central bins
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Coherent domains model fit

For reference energy density εζ = 25
MeV/fm3. Only Vd changes with εζ .

Centrality Nd Vd(fm3) βK
0-5 % 9.32 1120 0.302

5-10 % 7.29 821 0.283
10-15 % 6.02 640 0.267
15-20 % 4.67 476 0.256
20-40 % 2.88 258 0.225
40-60 % 1.20 82 0.172

Average domain size ranges from 86 fm3 for 20-40% centrality to 120 fm3 for 0-5%
centrality.
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Disordered Isospin Condensates

• It is always assumed that 〈ūu〉 = 〈d̄d〉. What if their relative magnitudes fluctuated
at finite temperature? This means fluctuations between an isosinglet 〈ūu〉+ 〈d̄d〉 and
an isotriplet 〈ūu〉 − 〈d̄d〉. The lowest vacuum excitation of the latter is the neutral
member of the a0(980) isotriplet meson.

• If the domain happened to be totally 〈ūu〉 then, when it loses energy due to
cooling, combination with strange quarks and anti-quarks results in charged kaons. If
the domain happened to be totally 〈d̄d〉 then combination with strange quarks and
anti-quarks results in neutral kaons.

• If the distribution in the relative proportion of the two condensates was flat then we
essentially recover the previous phenomenology.

• In addition, quarks and anti-quarks are most likely strongly correlated already
before chemical freezeout.
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2+1 flavor Linear Sigma Model

The field potential U is expressed in terms of the 3× 3 bosonic field matrix M as

U(M) = −1

2
µ2Tr(MM†) + λTr(MM†MM†) + λ′[Tr(MM†)]2

− c(detM + detM†)− c′√
2

Tr(M†M +M†M)

Write M = diag(σu, σd, ζ) with σu = −〈ūu〉/
√

2c′, σd = −〈d̄d〉/
√

2c′, and
ζ = −〈s̄s〉/

√
2c′. Then

U(M) = −1

2
µ2(σ2

u + σ2
d + ζ2) + λ′(σ2

u + σ2
d + ζ2)2

+ λ(σ4
u + σ4

d + ζ4)− 2cσuσdζ

−
√

2c′(muσu +mdσd +msζ)

If 〈ūu〉 = 〈d̄d〉 then σu = σd = σ/
√

2, otherwise write σu = σ cos θ and
σd = σ sin θ with 0 ≤ θ ≤ π/2. We take the temperature dependence of σ and ζ
from lattice calculations.
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Parameterizing condensates
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Light: A = 0.01984, T0 = 161.7 MeV, ∆T = 9.009 MeV

Strange: A = 0.02402, T0 = 194.0 MeV, ∆T = 22.25 MeV
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Free energy cost

∆U(T, θ) =
1

2
λ
[
1− sin2(2θ)

]
σ4

+ c(T ) [1− sin(2θ)]σ2ζ

+ fπm
2
π

[
1−

cos θ + sin θ
√

2

]
σ

Axial U(1) symmetry is approximately restored at high temperature. From instanton
calculations1 we take c(T ) = c(0)/(1 + 1.2π2ρ̄2T 2)7 with ρ̄ = 0.33 fm and
c(0) = 1.732 GeV.

1J. I. Kapusta, E. Rrapaj and S. Rudaz, Phys. Rev. C 101, 031901 (2020)
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Relative probabilities

Relative probability = e−V∆U/T
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Summary

• ALICE has measured isospin correlations in the kaon sector which are
anomalously large.

• These measurements cannot be explained by any known means without invoking
kaon condensation (least likely), Disoriented Chiral Condensates (less likely), or
Disoriented Isospin Condensates (most likely).

• DCC involve disorientation in the strange quark sector while DIC involve
disorientation in the light quark sector.

• It would be illuminating to see similar measurements at
√
sNN = 5.02 TeV Pb+Pb

collisions at LHC and at
√
sNN = 200 GeV Au+Au collisions at RHIC. More

differential measurement in rapidities and azimuthal angles are needed.

• Can lattice QCD contribute?

• Are we seeing the melting and refreezing of the QCD vacuum?

Thanks to Claude Pruneau for the impetus to pursue this research. This work was
supported by the U.S. DOE Grants No. DE-FG02-87ER40328 and DE-SC0020633.
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