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The cross-over region of the quark-gluon plasma (QGP) edeiat heavy ion collisions is influ-
enced by the nearby deconfinement, chiral and baryon coatienphase transitions. A char-
acteristic signature of the deconfinement transition is tkgion can be inferred using the flux
tube model, which is dual to the Polyakov loop descriptiod ahich offers a visual picture of
what happens during the transition. The three-point (eertijces of a flux tube network lead to
formation of (anti)baryons upon hadronisation. Sinceghgmno fundamental interaction associ-
ated with the baryon number, correlations in the baryon remdistribution at the last scattering
surface directly reflect the preceding pattern of the fluetuértices in the QGP. An alternating
pattern of vertices and antivertices would lead to an a#oilly signal in the two-point baryon
number correlations, under the experimental conditioesadent in heavy ion collisions at RHIC
and LHC. The strength of the oscillations is a measure of thélfility of the QGP.
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The study of collective non-perturbative phenomena in Q€Bbigh temperatures and/or at
large chemical potentials is a highly active area of reseaxperimentally through heavy ion col-
lisions [1], theoretically through phenomenological misd2], and computationally through lattice
QCD simulations [3]. Consider QCD witk = 3 colours and\N¢ degenerate quark flavours of mass
m, at temperaturd@ and quark chemical potential. The phase structure of this theory is depicted
in Fig.1(a) in a schematic manner. Three corners of the mtaseture are well-understood because
of the exact symmetries present there: (a) the finite terymeraeconfinement phase transition at
m= oo, governed by the global; centre symmetry of the Polyakov loop, (b) the finite tempeeat
chiral phase transition a= 0 = u, governed by the flavolBU(N¢), @ SU(N¢)r sSymmetry, and
(c) the baryon condensation phase transitiomat 0 = T, whenu crosses the constituent quark
mass. These end-points are first-order phase transitiodsptaase transition surfaces extend in-
wards from them. Phenomenological and numerical studiew shat the surfaces end in critical
lines, and there is no phase transition for the physicalegati the quark massesass varied (un-
lessu is sufficiently large). Nevertheless, the three nearbysitenms cause various QCD properties
to change rapidly in the cross-over region. To enhance odenstanding of QCD, it is important
to construct observables that can be extracted from theiexpetal data and that can highlight the
dynamical features of deconfinement, chiral symmetry rastm and baryon condensation.

In this article, | describe how the deconfinement phase itrandeaves a signature in two-
point baryon number correlations in the angular distrinutf the hadrons produced in heavy ion
collisions. The collisions at RHIC and LHC create a high ggpestate of QCD matter, which
upon cooling produce®(1000 hadrons. These hadrons are dominated by pions, but als@ecl
O(100) baryons and antibaryons. The particle numbers are largegénior one to analyse their
distributions in position, momenta and energy (insteadnbf tboking at individual particle prop-
erties). For the statistical distributions to be meanihghey have to arise from some reasonably
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Figure 1: (a) Schematic description of the QCD phase structure imtheT — u space. The first-order
transition surfaces are shown shaded, and the critica hne shown dotted. The valuerafcorresponding
to the real world QCD, and the QGP region accessible in h@avgollisions, are pointed out.

(b) Schematic representation of the anticipated baryorbeuvo-point correlation functiongy (r) (thick
line) andgy(r) (thin line). The former is similar to that for objects withrdacore repulsion. The latter is for
a percolating flux tube network where vertices and antivestalternate.
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equilibrated state. Experimental data suggest that suep@aimoximately thermalised quark-gluon
plasma (QGP) is created, with energy density 1GeV/fm3 and temperaturé, ~ 175MeV, in
the fireball of central collisions and produces modemtdadrons. An important limitation of the
experiments is that they detect only charged hadrons mawiagfficiently transverse directions.

The experimentally observed multiplicities and distribos of various particles have been fit-
ted to hadron resonance gas models, resulting in estimittes ‘@whemical freeze-out” temperature
(where inelastic scattering stops) and the “kinetic freez# temperature (where elastic scattering
stops) [4]. The stage is now set to go beyond the average miexpand investigate the two-point
correlations in the distributions. A useful analogy is thely of the cosmic microwave background
radiation (CMBR), where first the black body spectrum waseined, and then temperature fluc-
tuations were detected at the levelXi ~ 10~°T with characteristic angular correlations [5]. The
“last scattering surface" in the evolution of the CMBR is lagaus to the “kinetic freeze-out”
stage of the QCD fireball. The patterns that can be obsenesd thould be an invaluable help in
understanding the QGP dynamics that preceded it.

In what follows, | first present a flux tube model providing ggical picture of the deconfine-
ment process [6], and then point out that under suitableitiond the scenario predicts a specific
two-point baryon number correlation signal [7], illus&dtin Fig.1(b). The challenge for theorists
is to quantify this signal as much as possible, and the algdldor experimentalists is to detect it.

1. Flux Tube Model Phenomenology

The flux tube model of QCD is motivated by the dual supercotatudescription of linear
colour confinement [8], where condensation of colour magratarges restricts colour electric
fields to vortex-like configurations. The model is phenomegically quite successful, and is
manifest in lattice QCD results as the area law for large d¥iloops. A characteristic property of
the flux tube is its energy per unit length, i.e. the stringtemo. Other than that, the flux tube has
a finite widthw and a persistence lengéhboth of order/\aéD.

The flux tubes have to obey the constraint of Gauss’s law. Sptrminate only on quarks,
and interact only at 3-point vertices. These two featurpeeent the invariant tensodg, and&apc
used to describe the meson and the baryon wavefunctionsraritiustrated by the lattice QCD
simulation results displayed in Fig.2. Other multi-quagdion states are phenomenologically not
prominent, and so all other interactions among the flux tabesgnored in the model.

Figure 2: Gluon flux tube configurations between static (anti)quankrees determined by lattice QCD
simulations [9]. A meson is on the left and a baryon is on thbtri
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The finite temperature behavior of the model is governed bypetition between the energy
and the entropy of the flux tube configurations. At low tempees, energy wins, keeping down
the total length of the flux tubes. At high temperatures,agytrdominates, producing elaborate
structures of the flux tubes all over the space. As the teryers increased the flux tubes oscillate
more, and also produce more vertices. Some of the possibfegaoations are shown in Fig.3(a)-
(d). First consider the pure gauge theory, ite= . In absence of vertices, there is a second-order
deconfinement phase transition, where the flux tube lengtrgis and the quark-antiquark pair
loses information about each-other’s position. In presasfosertices, the flux tubes can percolate
the space in a network before the correlation length diwergbat also allows the quark-antiquark
pair (hooked on to the network) to lose information aboutheaibier's position, but produces a
first-order deconfinement phase transition.

When finite mass quarks are included in the model, they brieakflux tubes by quark-
antiquark pair production from the vacuum. With the flux tutework breaking up, the decon-
finement phase transition weakens as the quark mass is lb¥vere m = co and/or as the chemical
potential is increased. Numerical estimates show thatlfee 3 QCD at small chemical potentials,
the first-order deconfinement phase transition ends iniaariine aroundn= 1.5GeV, as depicted
in Fig.1(a). Although the cross-over region does not hawestiarp signal of the deconfinement
phase transition, the percolating flux tube scenario stjgests a detectable observable there.

It is straightforward to formulate the model on a latticewspacinga. The flux tubes live on
the links, while the quarks and vertices live on the sites Vdriables take values81, depending
on the direction of the flux, as shown in Fig.3(e). The totargy of a flux tube configuration is

E:UaZ|ni.u|+mZ|pi.f|+VZ|qi| ; (ll)
i I, i

wherev denotes the energy cost of a vertex, dreims over thel®; spin and flavour quark degrees
of freedom. The constraint of Gauss'’s law at every site is

Z(ni,u—ni—u,u)—Zpi,f +3gi=0;=0. (1.2)
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Figure3: (a)-(d) depict possible flux tube configurations connedistatic quark-antiquark pair. Increasing
temperature takes (a) to (b) and (c) to (d), while creatiobasf/onic vertices takes (a) to (c) and (b) to (d).
(e) lists the link and the site variables used for formulgtime flux tube model on a lattice.
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The grand canonical partition function for the system, vidinyon numbeB, is

ZATp= 3 et | [ano. B=33pi=Ya. (9

Ni.us Pit, Gi

It is fully factorised by expressing the constraint at evsitg asdy o = | (d6 /2m)e%%. The
sum over the variables ,, pi f, g can then be carried out explicitly, resulting in

Z[T,u] = /n 0 ? [1(1+2e T cog 6y — 6))

—T T[ I,

X U<1+2e‘m/Tcos(a +i$))ZNf X |i_|(1+2e‘V/Tcos(39.)). (1.4)

This is in the universality class of the 3-dim XY spin modalthe presence of an ordinary magnetic
field as well as &3 symmetric magnetic field. In this fornZ|T, u] possesses a generalisetl7
symmetry, with? corresponding t& — —6, and.7 corresponding to complex conjugation. As a
consequence, even though Eq.(1.4) involves complex weigfiet equivalent form in Eq.(1.3) can
be numerically simulated without any fermion sign probldrfirdte chemical potential [10, 11].
Physical interpretation of the site variablgss uncovered by insertion of static sources in the
system. A static quark at sitemodifies the Gauss’s law constraint theredgso — 9y, -1, and
its free energy is given by expFy/T) = (exp(—if;)). In the gauge field theory language, this
quantity is the expectation valy®;) of the Polyakov loop at sitg¢. So we infer thaB; represents
the phase of the Polyakov lodp), and the flux tube description of deconfinement is dual to the
familiar Polyakov loop description of deconfinement. Thadfi of the flux tube description is the
visual representation it provides of what happens in posispace as the temperature is varied.

2. Predicted Signal in Heavy lon Collisions

Let us consider the flux tube scenario as the fireball of QGRaviion experiments expands
and cools. The cross-over region does not possess a singlalgiimg flux tube network, but it
can still contain many finite clusters of flux tubes. Sincefthe is directed, an obvious feature of
every cluster is that any neighbour of a vertex is an antxeaind vice versa (see Fig.3(d)). This
is a topological feature, rather immune to the details of QdyDamics. Conservation of baryon
number implies that the vertices can only be locally paddpiced or pair-annihilated. As the QGP
hadronises, the flux tube clusters start breaking up. Afieichemical freeze-out stage, there is no
more production or annihilation of vertices; every vertexil up in a baryon and every antivertex
ends up in an antibaryon. In the absence of subsequentdagye-diffusion, the radial propagation
of (anti)baryons preserves the geometric pattern of {@rtices present at the chemical freeze-out
stage, and the angular positions of the (anti)baryons sereidetector can be backtracked to the
angular positions of the (anti)vertices at the chemicadZe=out stage. This pattern of vertices can
then be analysed for correlations and fluctuations, usiclyiigues similar to those used to analyse
the temperature correlations and fluctuations in the CMBR [5

Numerical simulations can calculate the equilibrium catrens between flux tube vertices
in the 3-dim position space, which can then be projected ttrembserved surface of the fireball.
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Flux tube clusters are bipartite graphs of degree 3. Thwrradting neighbour pattern of vertices
and antivertices can yield two-point baryon number coti@hs similar to the oscillatory two-point
charge correlations in ionic liquids, illustrated in Fip. The key common ingredient in the two
cases is the hard-core repulsion between the objects atolv

An oscillatory behaviour of the two-point baryon numberretations requires the following
(in a mimicry of the Sakharov conditions): (1) A mechanismlézal baryon-antibaryon pair pro-
duction must exist. This is inherent in the QCD dynamics. T8¢ system must have a non-zero
chemical potential (analogous to a Fermi surface in coretbngatter systems). This avoids spec-
tral positivity constraints, as in case 88.7 symmetric systems [11], and is true in experiments.
(3) The dynamical evolution must not be in equilibrium. Tfagours fragmentation of flux tube
clusters during hadronisation while suppressing vertgrsartex annihilation. Production of a
sizeable number of antibaryons in experiments [1], fromnétial state that has none, confirms it.

For concreteness, consider a homogeneous and isotroflccBiusisting of discrete objects
with chargesy, = +1 at positionsj. Then the average densipy, is independent of the position
and the average two-point correlation functigyir;,r;) depends only on = |r; —Tj|:

p={Yadr),  pagyr)= <;0qi 3(r— I —Tol)) 21)

Interactions fade away at long distances, ang(se- «) = 1. For objects with hard-core repulsion,
g(0) =0, and beyond the hard cagér) tends to its asymptotic value exhibiting damped oscilfeio
[12]. In particular, the distance scale of the oscillatiamdetermined by the inter-object separation,
and the amplitude of the oscillations is determined by hghtly the objects are packed together.

To quantify the correlation between vertices and antigesj it is useful to compare the corre-
lation functionsg, andg,| on the same data sets, respectively obtained with and viithedactors
of g in EQ.(2.1). They are sketched in Fig.1(b), and their comsparreduces systematic effects
arising from varying fireball sizesgy,(r) is rather insensitive to interactions other than the hard
core. lts first peak is the most informative one regardingetinglibrium fluid properties—with the
location, the height and the area under it respectivelyngi@stimates of the inter-object spacing,
the fluid compressibility and the number of nearest neighdoOn the contrary, successive corre-
lated neighbours contribute with opposite signgj@). For a system with no correlations between
vertices, the probability of occurrence of a vertex or anvantex at any location is proportional to
its overall density, and,(r) behaves the same way @g(r). Thus the contrast betwee(r) and
gy (r), which is maximum at the first peak, is a measure of the veatgiertex correlations.

Note that a break-up of the flux tube clusters smoothens thilati®ns of the two-point
correlation functions, similar to what happens when a flaidvarmed. Still, if large enough flux
tube clusters remain in the QGP, they would contribute tatmgrast betweeg,(r) andg(r). So
the strength of the contrast measures the extent to whiahethdoy deconfinement phase transition
influences QGP properties in the cross-over region. Spaltyfithe features to be quantified are
the distance scale and the amplitude of the oscillatoryasigihe former is expected to be the
inter-baryon separatiom(2 fm), while the latter indicates how tightly or softly the ®@® packed.

Projection of the 3-dim correlation functions onto the alisd surface of the fireball smears
their oscillatory structure. That is an easily calculalifea as long as the inter-vertex separation
is smaller than the radius of the fireball [7]. More importgnthe angular coverage of the ex-
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perimentally observed hadron distributions is limited. @@l Fourier expansion, based on the
rotation symmetry around the beam axis and parity, helplsarseéarch for correlations by orthog-
onal separation of scales. Labeling the angular distebstby the unit vecton(9, ), we have

b(A) = \/_nazi z bo(6) €m? (b(ﬁ)b(ﬁ’)>:21n S Z Co(6,0") dme-9) (2.2

0=+t M=—00

These expansions of baryon number distributions can beteét/as
2n 2 )
C3(0.6) = 5 [ dg [ dgl MO b (A7) . b ()=
21T Jo 0 2

The real and symmetric coefficient functio@g(6,6’) contain all the information about the two-
point correlation functions, and their experimental valaan be tested against model predictions.
The biggest gap between the theoretical formalism and thergwrental data is the fact that
the detectors observe protons and anti-protons but migeomsiand anti-neutrons. One has to rely
on the isospin symmetry to assume that the observed subsgahtgprotons provides a faithful
characterisation of the total baryon number distributiGorrections also need to be estimated for
only approximate equilibration of the fireball, non-unifaty of the QGP caused by the elliptic
flow, baryon number diffusion subsequent to hadronisatimh @evelopment of the hard baryon
core during hadronisation. Nevertheless, it is imperativextract the two-point baryon number
correlations from the experimental data and compare thehetwretical estimates. That would tell
us a lot about where exactly the QGP lies between the extrefreedgid crystal and a dilute gas.

(b(A) £b(—A)) . (2.3)
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