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-
Why study Heavy-lon Physics?
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-
The QCD phase diagram
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New multimessenger era
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Population of the QCD phase diagram by a typical merger event of two
neutron stars with 1.35 Mg each, for t = 7.37 ms (left panel) and
t = 24.54 ms (right panel) after the merging.
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The extended QCD phase diagram
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-
QCD: The theory of strong interactions

e Gauge theory with the local symmetry group SU(N.). (In the real
world N, = 3).

e The fundamental fields are the quarks (matter fields) and gluons
gauge fields.

e Each one of the Nf quark fields belong to the fundamental
representation of the color group which is (N.)-dimensional,
antiquark fields to the complex conjugate of the fundamental
representation, also (/N.)-dimensional and gluon fields to the
adjoint representation which is (N2 — 1)—dimensional.

N
_ 1
Loco = Y B (I"(0,0% + igsAZP) — mid™ ) o — 2 G G,
i=1
Gy, = 0,A% — A% + g fPIADAT, A% = A(7,)7P
a,brun from 1 to N, «, 8, o run from 1 to N? — 1.
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Flavor symmetry

From hadron spectroscopy one deduces that there are several kinds of
quarks.

Quarks are distinguished form one another by a quantum number
called flavor.

There are six flavors: u,d,s, c, b, t. We refer to the number of
flavors generically as Ny.

Consider the ideal case in which all N¢ flavors have the same
mass. Quark and antiquark fields are assigned to the fundamental
and complex conjugate representations (each N¢—dimensional),
respectively, of the SU(Nf) group.

The Lagrangian corresponding to the quark sector becomes (we omit
color indices for quarks and gluons)

N
Lq = ;i (i7"(0 + igsAu) — m) i

i=1
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Flavor symmetry

e L4 is invariant under continuos global transformations of SU(Nf)

b = Ty,
6 — ¥ = P
A, — A:L = A, Arunsfrom1to N% -1,

TA are Nf x Nf matrices

e In infinitesimal form

S = —isa™(TA)
(5@,‘ = IéaAEJ(TA)jI
§A, = 0
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Flavor symmetry

e Using Noether's theorem, one finds (exercise) N? — 1 conserved
currents

) = )T ()
M =0

e The generators of the group (the charges) are obtained from j64 by
space integration

Q= / Px i)

o Q"'s satisfy the SU(Ny) algebra

[Q4, QB = ifABCQC;,  AB,C=1,.,N? -1
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Flavor symmetry

time and therefore they commute with the Hamiltonian H

Current conservation implies that the generators are independent of

[Ha QA] =0

states.

If the vacuum state is invariant under the group

transformations (exercise)

Introduce one-particle quark states (omit spin labels) |p, ).

The transformation properties of the fields can be translated to the

Q4p, i) = (TAY,[p.J)
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Flavor symmetry

e Since these states are also eigenstates of the Hamiltonian, the above
means that the various one-particle states of the fundamental
representation multiplet have equal masses m

This mode to realize the symmetry is called the Wigner-Weyl mode
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Approximate flavor symmetry

e Consider the real case where flavors have different masses

N
Lq= " (" (0 + i8A) — mi) ¥y
i=1

e The mass term spoils SU(Nf) invariance, therefore currents are not
conserved and we find (exercise)

N¢
oMt =—i Y (mi = my)i(TA) 0 # 0

ij=1

e In the real world quarks are divided into two groups: Light quarks
u,d,s and heavy quarks c, b, t. The mass difference between each
group is large (> 1 GeV). An approximate symmetry can be expected
only for light quarks: SU(2) for u,d or SU(3) for u,d,s.
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-
Chiral symmetry

e Quarks can also be transformed by means of unitary transformations
that include the 5 matrix. The transformations are called axial
flavor transformations

e In infinitesimal form

oY, = —i5aA( TA)ij’y51/)j
oY, = idaAEj%(TA)Ji
A, = 0

e Consider the quark part of the Lagrangian L4 with equal masses.
Under these transformations L, is not invariant because of the
mass

L = 2imda™ P (TA) Jvsit;
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-
Chiral symmetry

e Invariance under axial flavor transformations requires vanishing of the
quark mass

Contrary to flavor symmetry transformations, equality of
masses is not sufficient for invariance under axial flavor
transformations

e In the general case of different masses, we introduce the mass matrix
M = diag(my, my, ..., my,)
e The variation of the Lagrangian is (exercise)

Wi = i(SozAEi{M, TA}ij'y5¢j; {, } is the anticommutator
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-
Chiral symmetry

e Consider the massless case. The Lagrangian is invariant under both
the flavor and the axial flavor transformations. The conserved
currents are

R = BT a4i =0
Di(x) 15 (TH) W (x); - 0™jg, =0

e The corresponding charges are

Q= / Ax jf(x), Q= / d3x j&(x)
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-
Chiral symmetry
e Together the flavor and axial flavor transformations form the chiral

transformations. The corresponding charges satisfy the
commutation relations

[QAjQB]:I-fABCQcy [QA’QEI)B]:ifABCQSC, [ng?Qéa]:ifABch

e The axial charges do not form an algebra. However, if we define

=@ - @), Q=@ + Q)

we obtain (exercise)

[of, @f]=iF"ecqf, [@f, @f]=iF*5cqf, [of, @8] =0
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-
Chiral symmetry

e The left-handed and right-handed charges decouple and operate
separately. Each generate an SU(Nf) group.

e The chiral group is decomposed into the direct product of two
SU(Nf) groups, labeled with the subscripts L and R.

Chiral group = SU(Nf)L @ SU(Nf)g

e In the real world, chiral symmetry is not exact, quark masses break
it explicitly.

e In the light quark sector, the breaking can be treated as a
perturbation, the symmetry is approximate.

e What is the signature of this approximate symmetry?
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Parity doubling
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-
Parity doubling

P ‘ , =3 » —
b + OPAL = + OPAL ]
25 F ++ 0= 1 25 0 3r,m 21" ]
N 3nn’,n 3’ W 3n2n’
s [ + Bl MC corr. 1 I B MC corr. 1
- * — perturbative QCD (massless) - — perturbative QCD (massless)
| - maive parton model --- naive parton model
B Lo 1M =1 1

1

2 25 3 0.5 1 1.5 2 25 3
l:\perlmemal mass spectral distribution: vector (left) and axial-vector (rlght) from K. Ackerstaff et al.(OPAL),
Eur. Phys. J. C7(1999)571. The p spectrum is peaked at ~ 0.7 GeV?, while ay is peaked at ~ 1.2 GeV2. We
certainly do not expect that the slight symmetry breaking due to the finite current quark masses is responsible
for this splitting. This should lead to mass differences which are small compared to the masses themselves. In
In case of the p and ay, however, the mass difference is of the same order as the mass of the p. The resolution
to this problem will be the spontancous breakdown of the chiral symmetry.
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Spontaneous chiral symmetry breaking

e Suppose the symmetry is realized in the Wigner-Weyl mode.
e In the massless quark limit a chiral transformation acting on a
massive state gives

Qé‘M,S, p7+7l> = (TA)J,'|M757 p7_a.j>

e This means that we should find parity partners for the massive
states. When we consider the light quark masses, the
degeneracy within parity doublets is lifted, but the masses
should remain close to each other.

e No parity doublets are observed, thus the Wigner-Weyl mode
realization of chiral symmetry does not happen for ordinary
conditions.

The alternative is spontaneous symmetry breaking, also
known as Nambu-Goldstone mode.
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Spontaneous chiral symmetry breaking

e What happens if the generators of some transformations do not
annihilate the vacuum?

Q4'10) #0

e In this case we say that the symmetry has been spontaneously
broken.

e The axial charges when applied to the vacuum state produce new
states

QLY =|A-), A=1,..,N2-1

e The states have the same properties as the axial charges that
generate it, in particular they are pseudoscalar states.
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Spontaneous chiral symmetry breaking

Goldstone bosons correspond to the directions where the potential
is flat
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Spontaneous chiral symmetry breaking

e In the massless limit, the charges commute with the Hamiltonian
therefore, these states are massless (Goldstone theorem).

e Spontaneous chiral symmetry breaking is manifested by means of
the existence of Nf — 1 pseudoscalar massless particles called
Nambu-Goldstone bosons.

e The breaking of the symmetry involves only the axial sector. The
ordinary flavor symmetry is still realized in the Wigner-Weyl mode.

SU(N¢), @ SU(Nf)r — SU(N¢)y

e In the real world (Nf = 3), this corresponds to eight pseudoscalar
bosons (7, K,n) with small masses (exercise: how is the parity of a
particle measured?).
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Confinement

e Under ordinary circumstances, quarks are confined within hadrons.

e Color force characteristics:

Potential between two quarks at “long” distances, O(1 fm), is
linear.

Separation of quarks requires “infinite” amount of energy.

Confinement is a direct consequence of gluon
self-interaction.

Quarks and gluons confined inside QCD potential must combine
into zero net color charge particles called hadrons.
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Coupling constant

e Strength of strong interaction characterized by coupling “constant”

as = g2 /4.

e Coupling constant characteristics:

Decreases with distance.

Bare color charge is antiscreened due to gluon self-interaction .
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-
Coupling constant

e To study confinement and the running of the strong coupling with
distance (or equivalently, with the energy involved in the physical
process), one resorts to a renormalization group analysis of the gluon
polarization tensor

M(q) = N(q% a) (g — &)

e Gauge invariance dictates that the gluon polarization tensor be
transverse

M(g?, as) represents the un-renormalized gluon self-energy
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Diagrams contributing to gluon self-energy
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Coupling constant

e Let M(g?, as) represent the un-renormalized gluon self-energy.

Let us scale each factor of the momentum q appearing in I1 by
the renormalization ultraviolet energy scale fi; g° = ji®(q?/[i%)

e Therefore, we have

N(q? as) = APN(a?/i%; as)

e where D = 2 is the energy dimension of [1
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Renormalization Group Equation

e The statement that I should be independent of this scale is provided
by the Renormalization Group Equation (RGE)

</]3%1 + 045/3(045)3%.4s - ’7) n(qz;as) =0

e where ((as) is the QCD beta function defined by

e where Z is the gluon self-energy renormalization.
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Beta function

e The beta function represents the rate of change of the renormalized
coupling as the renormalization scale i is increased

e The dependence of a given Green's function on fi happens through
the counter-terms that subtract ultraviolet divergences. Therefore,
the beta function can be computed from the counter-terms that enter
a properly chosen Green's function

e In QCD to lowest order the beta function can be computed as

B = gsﬁ% (=014 02 + 303) = —bras

e where 1, &2 and d3 are the counter-terms for the quark-gluon vertex,
the quark self-energy and the gluon self-energy
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Evolution variable

e To find the evolution of the strong coupling with the momentum
scale, we introduce the variable

t=In(Q*/fi%)

e Notice that the reference scale ji is usually large enough, so as to
make sure that the calculation is well within the perturbative domain,
therefore

QZ<ﬁ2

e After this change of variable, the RGE becomes

(=% + asBlas) g =) N(g%ias) = 0
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Running coupling

e Using the method of the characteristics, one obtains the relation
between the coupling values evaluated at Q2 and the reference scale

u? as

HQ) . _ 1 (as(@)  das
@2 9 = =55 Jaj@i=2) F

e Solving for as(Q?), we obtain

O[s(Qz) 1+blas(O[S()|n)(Q2/,u )

e from where it is seen that as @ increases, the coupling decreases.
This behavior is known as asymptotic freedom and it is responsible
for the fact that strong interaction processes can be computed in
perturbation theory when the transferred momentum is large.
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Running coupling

e Competition between color and flavor

, 3 as(ﬁz)
as(Q7) = [1 + bras(fi?) In (%)]
by = T
127

NC:3, Ne=6 — by >0

as decreases with Q = v/ Q2
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Running coupling

Sept. 2013
o v T decays (N3LO)
S(Q) ® Lattice QCD (NNLO)
a DIS jets (NLO)
03} 8 Heavy Quarkonia (NLO) ]
o e*e” jets & shapes (res. NNLO)
® 7 pole fit (N3LO)
v pp—> jets (NLO)
02} 4
<]
0.1} 4
= QCD 0y(M,) = 0.1185 + 0.0006
1 10 100 1000
Q [GeV]
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N
/\QC

e Conversely, when this momentum is small, the coupling is so large
that pertuerbative calculations become meaningless. This is the so
called non-perturbative regime

e Processes where perturbation theory can be applied are usually those
where the transferred momentum satisfies @> > 1 GeV?.

e To quantify this statement, notice that we can define a transferred
momentum value Agcp small enough such that the denominator
vanishes and thus the coupling blows up

1
1+ blas(ﬂz) |n(/\%?CD/ﬂ,2) = 0, /\%?C = ﬁze by as(fi)

e Agcp is a renormalization scheme dependent quantity. In the MS
scheme and for three active flavors, its value is of order
ANgcp ~ 200 — 300 MeV.
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/\QC

All dimensionful QCD results where the transferred momentum is
small, scale with Agcp

The existence of this scale is the reason for the existence of the
mass of baryons and thus of the mass of the visible universe

Heavy-lon Physics NNPSS
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Experimental signals of deconfinement
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The K+/ﬂ'+ ratio, a proxy for the strangeness to entropy ratio, as measured by different experiments for several collision
energies and system sizes. Notice the horn structure which appears for large systems at energies between the AGS and SPS
range. This sudden increase in the strangeness to entropy ratio is associated with the onset of deconfinement where the

constituent strange quark mass becomes the current mass and thus it can be more copiuosly produced.
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-
The phase diagram

e Since the coupling constant runs towards smaller values with
increasing energy scale it is natural to anticipate that confined
and chiral symmetry broken QCD matter undergoes a phase
transition at high energy densities, T ~ Agcp ~ 200 MeV,
ng ~ /\%CD ~1fm~3.

A

Quark-Gluon Plasma
sQGP

Critical

Temperature 7'

— m -
CFL-K%, Crystalline CSC

Pl
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

A/
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Phase diagram explored with Heavy-lon collisions
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Phase diagram explored with Heavy-lon collisions

Our current knowledge of the phase diagram is restricted to near
the Temperature-axis.
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The phase diagram: QC

at finite T and ug.
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-
The phase diagram: QCD at finite T and ug.
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-
The phase diagram: QCD at finite T and ug.

e Two important parameters for QCD in equilibrium: The temperature
T and the baryon number density ng (or its conjugate variable

1B = 3iiq)-

Since the intrinsic scale of QCD is Agcp ~ 200 MeV, one expects a
transition around T ~ 200 MeV, ng ~ A%, ~ 1 fm~3.

e Exploration of a wider range of the phase diagram with ng up to
several times the normal nuclear matter density ng ~ 0.16 fm—3 can
be carried out by the BES-RHIC and other facilities such as FAIR at
GSI, NICA at JINR, J-PARC at JAEA and KEK.

e In nature, the interior of compact stellar objects is the relevant system
where dense and low temperature QCD matter is realized.
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Phase transitions

What is a phase transition?

e Transformation of a given substance from one state of matter to
another.

e During the phase transition some quantities change, often in a
discontinuous manner.

e Changes result in variations of external conditions such as pressure,
temperature, etc.

Liquid g Solid
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Phase transitions

When does a phase transition happen?

e In technical terms, they occur when the free energy is non-analytic
(one of its derivatives diverges) for some values of the
thermodynamical variables.

e They result from the interaction of a large number of particles and
in general it does not occur when the system is very small or has a
small number of particles.

e On the phase transition lines the free energies in both phases
coincide.

e Some times it is possible to change the state of a substance without
crossing a phase transition line. Under these conditions one talks
about a crossover transition.
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Phase transitions

Characteristics of a phase diagram

1
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Phase transitions

Classification, according to behavior of free energy as a function of
a given thermodynamical variable (Ehrenfest). They are named
according to the derivative of lowest order that becomes
discontinuous during the transition

e First order: First derivative of free energy is discontinuous.
Example: boiling water. Discontinuity in the density, i.e. derivative
of free energy with respect to chemical potential.

e Second order: First derivative is continuous. Second derivative is
discontinuous. Example: Ferromagnetism. The magnetization, i.e.
the derivative of the free energy with respect to the external field is
continuous. The susceptibility, i.e. the derivative of the magnetization
with respect to the external field, is discontinuous.
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Phase transitions

Modern classification

e First order: Involve latent heat. System absorbs or releases heat at
a constant temperature. Phases coexist. Some parts have competed
the transition and some others haven't.

e Second order: They are continuous transitions. Susceptibilities
diverge, correlation lengths become large.
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Hadron thermodynamics

e Consider an ideal gas of identical neutral scalar particles of mass myg
contained in a box volume V. Assume Boltzmann statistics. The
partition function is given by

— N
Z(T,V) = XN: % (2:)3 /d3pexp —ﬂ
In2(T,V) = VZZ”;% Ko(m;/T)
e(T) = —%% fE %T“ energy density
n(T) = —%% e %T‘Q’ particle density
w(T) = €(T)/n(T)~3T average energy per particle
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Hadron thermodynamics

An increase of system's energy has three consequences:

e A higher temperature
e More constituents

e More energetic constituents
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Hadron thermodynamics

e Consider an ideal gas of hadrons that include resonances. The
partition function is given by

m?
InZ(T,V) = Z \/277;2' p(mi)K2(m;/T)

I

e |/ starts with the ground state (mg) and then includes the possible
resonances with masses m;.

e p(m;) is the weight corresponding to the state m;.

Crucial point is to determine p(m;), i.e. how many states of mass
m; are there?
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Hadron mass spectrum

PHYSICAL REVIEW D 70, 117503 (2004)

1000 non-strange mesons
500

100
50

0.5 1 1.5 2 2.5 3
m [GeV]

p(m) o exp {m/ TH} , where TH ~0.19GeV
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Limiting temperature

The exponential growth of the density of states should be balanced
by the Boltzmann factor exp {—m/T}

{77~ 71
e e —
PATH T

such that when T > T"| the integration over m becomes singular.
TH plays the role of a limiting temperature (Hagedorn Tempera-
ture) above which the hadronic description breaks down.

Apply the argument to estimate the critical line at finite ug. The
density of baryon states p(mp) o exp {mB/Tg} is balanced by the
Boltzmann factor exp {—(mpg — ug)/T}. The limiting temperature

T= (1—“‘3) TH.
mp
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Limiting temperature

In contrast to the original analysis, the increase of energy
leads to:

e A fixed temperature limit, T — T"

e The momentum of the constituents do not
continue to increase

e More and more species of ever heavier particles
appear
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Percolation

Heavy-lon Physics



Chiral symmetry restoration

e The QCD vacuum within hadrons should be regarded as a medium
responsible for the non-perturbative quark mass.

e In hot and/or dense energetic matter quarks turn bare due to
asymptotic freedom.

e We expect a phase transition from a state with heavy
constituent quarks to another with light current quarks.

e The transition is called chiral phase transition.
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Phase diagram from chiral symmetry restoration

e At finite T and i the QCD phase diagram can also be studied
from the point of view of chiral symmetry restoration.

e The order parameter is the chiral condensate (7). In vacuum
(Y1h)g = —(0.24 GeV)3. This value sets the scale for the critical
temperature of chiral restoration.

In xPT at low T and low ng

@) 7/Wpro = 1 T2/(8F7) — T*/(38417)
(@)ng/ @Yo = 1—onnn/(FZm2)— ...
fr =~ 93 MeV, is the pion decay constant
oxn = 40 MeV, is the 1 — N sigma term

e The result indicates that the condensate melts at finite 7 and ng.
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Chiral transition and hadronization

Chiral transition, hadronization and freeze-out

|
LGT: Te(pp) = 154(9)(1 — [0.00650.014] (25 /T)?)MeV
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7| data (obtained by
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| LGT: T(ug) 7.7 of the HRG model)
1351 . Cleymans et. al.: hep-ph/0511094 || are consistent for
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HBH Becattini et. al.: arXiv:1605.09694 \ HB/T§3 /
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ub Mev] physics is quite different
1 1

. | ) . ) | i at lower and upper end
0 50 100 150 200 250 300 350 400 450

165

155

145

of the current error bar
onTc

= probed with net-charge
correlations&fluctuations
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Chiral transition and hadronization

e Hadron multiplicities established very close to the phase boundary.

Statistical model

n; =

g
272

o) -1
p*dp [exp { p2+M?/ T, — uch} + 1}
0

e From the hadron side, abundances due to multi-particle collisions

whose importance is enhanced due to high particle density in the
phase transition region. Collective phenomena play an important

role.

e Since the multi-particle scattering rates fall-off rapidly, the

experimentally determined chemical freeze-out is a good
measure of the phase transition temperature.
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Statistical model and particle abundances
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]
Lattice QCD at finite T
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|
Transition features (1 = 0)

e It is an analytic (there are no divergences in thermodynamic
quantities) crossover for ;n = 0. There are no symmetries to
break. It would be a real phase transition for massless quarks.

e |t is believed that the first order phase transition turns into a
second order phase transition somewhere in the middle of the
phase diagram.
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-
Critical temperature from lattice QCD for =0

e T, from the susceptibility’s peak for 2+1 flavors using different kinds
of fermion representations.

e Values show some discrepancies:
e The MILC collaboration obtains T. = 169(12)(4) MeV.
e The BNL-RBC-Bielefeld collaboration reports T. = 192(7)(4) MeV.

e The Wuppertal-Budapest collaboration has consistently obtained
smaller values, the last being T. = 147(2)(3) MeV.

e The HotQCD collaboration has reported T. = 154(9) MeV.
e Differences may be attributed to different lattice spacings.
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For 1 # 0 matters get complicated: Sign problem

T

e S S N =S
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-
The sign problem

e Lattice QCD is affected by the sign problem
e The calculation of the partition function produces a fermion
determinant.

DetM = Det(P + m + uvyo)

e Consider a complex value for . Take the determinant on both sides
of the identity

V(D + m+ pyo)ys = (P + m — o),
we obtain

Det(l? + m + uyo) = [Det(P + m — p*yo)]”,

e This shows that the determinant is not real unless 1 = 0 or
purely imaginary.
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-
The sign problem

For real p it is not possible to carry out the direct sampling on a
finite density ensemble by Monte Carlo methods

It'd seem that the problem is not so bad since we could naively write

DetM = |DetM|e’®
e To compute the thermal average of an observable O we write

[ DUe™>™DetM O [ DUe > |DetM|e’ O
[ DUe=5mDetM [ DUe=5vm|DetM|e'

(0) =

Sy is the Yang-Mills action.
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-
The sign problem

e Note that written in this way, the simulations can be made in terms
of the phase quenched theory where the measure involves |DetM| and
the thermal average can be written as

(0e”)pq
(e®)pq -
e The average phase factor (also called the average sign) in the phase
quenched theory can be written as
(%) pgq = e~V (F o)/ T,

(0) =

where f y f,q are the free energy densities of the full and the phase
quenched theories, respectively and V is the 3-dimensional volume.

o If f —f,q # 0, the average phase factor decreases exponentially when
V grows (thermodynamical limit) and/or when T goes to zero.

e Under these circumstances the signal/noise ratio worsens. This is
known as the severe sign problem.
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Curvature of freeze-out / transition curve 1 =0

e In lattice QCD it is possible to make a Taylor expansion for small p.

e The expansion coefficients can be expressed as the expectation values
of traces of polynomial matrices taken on the ensemble with ;1 = 0.

m Although care has to be taken with the growing of the statistical
error, this strategy gives rise to an important result: The curvature
of the transition curve para = 0.

e Values for k=0.006—0.02 have been reported.

e Latest determination of k similar to curvature for chemical
freeze-out curve.
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Curvature of freeze-out / transition curve p =0
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]
Lattice QCD Critical End Point
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]
Lattice QCD pseudo-critical transition

(o))
o

—®— Dyson—Schwinger [C. Fischer et.ol. 2014]

freeze—out [Becattini et.ol., Cleymans et.al. 2005]

o)
o
T

modified statistical fit [Becattini et.ol. 2012]

Temperature (MeV)
o
o

a
a freeze—out parometrization [Andronic et.al. 2008]
.
.

freeze—out from fluctuations [Alba et.al. 2014]

L I 1 ] 1
200 400

Baryonic chemical potential (MeV)

R. Bellwiede, et al., Phys. Lett. B 751, 559-564 (2015).
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N
Is there a Critical End Point?

Temperature T/Tg,

T T T
AHIC

FARNIGA quark-gluon plasma

8

2 4 6
Baryon Chemical Potential “B/TC

e Most of the effective models suggest the existence of a QCD critical

point (ticep, Tcep) somewhere in the middle of the phase diagram

where the crossover line becomes a first order transition line.

e Signals are and will be looked for in current and future facilities.

A

Ayala
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Critical point and critical phenomena

Ordered T=0.995T, Critical T=T, Disordered T=1.05T,

(o R A

,S,pati‘él'pat m of "¢
. .ordered state .

F - P i
2D-Ising model simulation from ISNB4-563-02435-X C33421

Critical Phenomena : ' o ,
> Density fluctuations and cluster formations. First CPis discoveredin 1869 for CO,

» Divergence of Correlation length (€). 31°C
Susceptibilities (), heat capacity (Cy) ,
Compressibility (k) etc.

Critical opalescence.

Can we discovery the Critical Point
of Quark Matter ? (Puta permanent

» Universality and critical exponents determined mark in the QCD phase diagram in text book. )

by the symmetry and dimensions of underlying

system. |Tc ~ Trillion (1012) I

Xiaofeng Luo ISMD 2016, Jeju, Korea, Aug. 29-Sept.2, 2016 4/18
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Analysis tools: Fluctuations of conserved quantities

e A powerful tool to experimentally locate the CEP is the study of
event-by-event fluctuations in relativistic heavy-ion collisions

Fluctuations are sensitive to the early thermal properties of the
created medium. In particular, the possibility to detect non
Gaussian fluctuations in conserved charges is one of the
central topics in this field

e Let n(x) be the density of a given charge Q in the phase space
described by the set of variables x. These quantities are related by

Q= [, dxn(x)

e where V is the total phase space volume available. When the
measurement of @ is performed over the volume V in a thermal
system, we speak of a thermal fluctuation
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Analysis tools: Fluctuations of conserved quantities

e For example, the variance of Q is given

0@ v = (@ = (Qv)*)v = [, dxadxa(dn(x1)dn(x2))

e The integrand on the right-hand side is called a correlation function,
whereas the left-hand side is called a (second order) fluctuation

We see that fluctuations are closely related to correlation
functions

In relativistic heavy-ion collisions, fluctuations are measured on
an event-by-event basis in which the number of some charge or
particle species is counted in each event
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Analysis tools: Fluctuations of conserved quantities

e For a probability distribution function P(x) of an stochastic variable
X, the moments are defined as

(x"y = [ dxx"P(x)

e We can define the moment generating function G(0) as

G(0) = [ dx e'P(x)

e from where

(x") = 75 G(0)] oo
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Analysis tools: Cumulant generating function

K(0) =1InG(0)

e The cumulants of P(x) are defined by

n dn

(e = KO
(x)e = (x),

(P = ()= ()2 = (6x%),
e = (6x%),

(x"¢ (6x*) — 3<5x2>2
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Analysis tools: Cumulant generating function

e The relation with thermodynamics comes through the partition
function Z, which is the fundamental object

The partition function is also the moment generating function
and therefore the cumulant generating function is given by
InZ

e Cumulants are extensive quantities. Consider the number N of a
conserved quantity in a volume V in a grand canonical ensemble. It
can be shown that its cumulant of order n can be written as

<Nn>c,V = Xnv

X n are called the generalized susceptibilities
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Analysis tools: Cumulant generating function

Cumulants higher than second order vanish for a Gaussian
probability distribution, non-Gaussian fluctuations are signaled by
non-vanishing higher order cumulants

Two important higher order moments are the skewness S and the
curtosis x. The former measures the asymmetry of the distribution
function whereas the latter measures its sharpness
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Fluctuations of conserved quantities
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Analysis tools: Cumulant generating function

When the stochastic variable x is normalized to the square root of
the variance, o, such that x — X = x/o, the skewness and the
kurtosis are given as the third and fourth-order cumulants

S= <>~<3>67 K= <i4>c
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Analysis tool: Fluctuations of conserved quantities

e Experimentally it is easier to measure the central moments M:
A ’ ;
Mgas = (B = (B))(Q = (Q)Y(S — (S)).
e On the other hand, derivatives of In Z with respect to the chemical
potentials give the susceptibilities x:
ik 9P/ T?) T

X805 = 55 TV (ug) Nk (us/T) V" Z

1
= XXY = VT3/V/)1<1Y

Heavy-lon Physics NNPSS 83 /139




Analysis tools: Cumulant generating function

When fluctuations of conserved charges in relativistic heavy-ion
collisions are well described by hadron degrees of freedom in
equilibrium, their cumulants should be consistent with models that
describe these degrees of freedom, such as the Hadron Resonance
Gas (HRG) model

On the other hand, when fluctuations deviate from those in the
HRG model, they can be used as experimental signals of
non-hadron and/or non-thermal physics

Near the CEP, higher order cumulants behave anomalously, in
particular, they change sign in the vicinity of the critical point.
They are also sensitive to the increase of correlation lengths
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Fluctuations of conserved quantities

1. Higher sensitivity to correlation length (§)  10°Fay,Au200 Gev e e 0.5%
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M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).
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Higher moments, larger sensitivity to correlation length &

e In HIC's, the simplest measurements of fluctuations are
event-by-event variances in observables such as multiplicities or mean
transverse momenta of particles.

e At the CEP, these variances diverge approximately as £2. They
manifest as a non-monotonic behavior as the CEP is passed by
during a beam energy scan.

e In a realistic HIC, the divergence of ¢ is tamed by the effects of
critical slow down (the phenomenon describing a finite and possibly
large relaxation time near criticality).

e However, higher, non-Gaussian moments of the fluctuations depend
much more sensitively on &.

e Important to look at the Kurtosis ~ (proportional to the
fourth-order cumulant C;), which grows as &7.
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Fourth order fluctuations: Net proton

K02 ES C4/ Cz
STAR BES Data

Model
[N T
N Possibl
' Core ] 4l (d) STAR Net-proton _|
T, GeV | baseline 8¢ =2n
critical “ 3 Iy,1<0.5; 0.4<p,<2(GeVic)
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o 2
0.1 $ ii )
—— Z 1 f + 8 ° E =
hadron gas ol- ! (] i
« huclear
\ matter \ i
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M.A. Stephanov, PRL107, 052301 (2011). Non-monotonic energy dependence is
Schaefer&Wanger,PRD 85, 034027 (2012) observed for 4t order net-proton
Vovehenko'stial, RRC92,054901,(2015) fluctuations in most central Au+Au
JW Chen et al., PRD93, 034037 (2016) it
arXiv: 1603.05198. collisions.
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-
Summary of CEP position

e M. A. Stephanov, Int. J. Mod. Phys. A20 (2005) 4387-4392
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-
Summary of CEP position

H Reference ‘ TCEP HUCEP H
C. Shi, et al. 0.85 T, 1.11 T,
G. A. Contrera, et al. 69.9 MeV 319.1 MeV
T. Yokota, et al. 5.1 MeV 286.7 MeV
S. Sharma 145-155 MeV >2 Tcep
J. Knaute, et al. 112 MeV 204 MeV
N. G. Antoniou, et al. | 119-162 MeV | 84-86 MeV
Z. F. Cui, et al. 38 MeV 245 MeV
P. Kovacs and G. Wolf >133.3 MeV
R. Rougemont, et al. <130 MeV >133.3 MeV
A. Ayala, et al. 18-45 MeV 315-349 MeV
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Dedicated experiments to explore QCD phase diagram

Heavy-lon Physics

107E ’ csgl :
6 F SIS-100 FAIR (2022+)
~10°E -
X, 5[ NICA/BM@N Il :
@ 10 : S . :
F @——30 NICA/BM@N 1 {2019)
E 104 NICA/MPD-(2020)
c HADES, g -
.8 103 STAR F-‘.T/ -‘STARLBES It
g x 7 3 : */n LH x
q“, Y : /NA-GI/SHINE
- 102 @ » v
E iooi
10
1 i i i i i
1 . 10
Collision energy Vs, [GeV]

NNPSS

90 /139



Experimental signals of
deconfinement: Bulk Properties
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Heavy-ion collisions
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Collision evolution and observables

I . e final detected
Relativistic Heavy-Ion Collisions particle distributions

Kinetic
made by Chun Shen freeze-out

Hadronization
Initial energy

viscous hydrodynamics

free streaming
collision evolution
t~0fm/c T~1fm/c T ~10 fm/c T ~10% fm/c
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Summary of macroscopic characteristics of fireball

e Temperature: 100 — 500 MeV.

Volume: 1 -5 x103 fm3.

Lifetime: 10 — 20 fm/c.

Pressure: 100 — 300 MeV /fm3.

Density: 1 — 10 pg (po = 0.17 fm~3 normal nuclear density).

These properties are extracted from observables optimized to probe
evolution of the system during the different stages of the collision.
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Space-time evolution of a heavy-ion collision

AL TR

---------

QCD phase
transition

Thermalization
Parton cascade

W
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Evolution summary

e Initially, dense gluon fields create a strongly interacting medium.
Initial state described by the Color Glass Condensate.

Medium rapidly expands and thermalizes.

QGP continues to expand and eventually cools down below T, ~
155 MeV where it hadronizes and becomes a hadron-resonance
gas.

At a very similar temperature (known as chemical freeze-out
temperature T<"™), particle composition is fixed.

After chemical freeze-out, particles continue to interact. Only
their momentum distributions are affected since their energy is
below the inelastic reaction threshold.

Hadrons cese to interact at a kinetic freeze out temperature
T " ~ 95 MeV, instant when they have developed a radial flow
velocity (81) ~ 0.65.
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Temperature from photon p7 distribution
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Inverse slope at low pr gives T.; ~ 300 MeV.

Photons shine through the QGP unaffected by strong interactions.
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Hydrodynamics provides good description of bulk
properties

At low pr < 2 GeV/c, bulk matter dynamics is well de-
scribed by relativistic hydrodynamical models.

A large fraction of all particles is produced in this p1 regime.

The produced bulk medium behaves like an almost perfect
fluid with a value of shear viscosity to entropy ration 7/s close
to its lower theoretical value.

The medium is opaque to hard probes, quenching their energy.
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Control parameters

The systematic study of heavy-ion collisions requires experimental
control parameters

e Collision energy per nucleon /syy, that can be varied by changing
the beam energy.

e Overlap area of colliding nuclei, or alternatively collision centrality,
usually given as a percentage of the geometrical cross section.
Alternatively, one can provide the number of participants in the
collision.

e N, is estimated as an average over a given centrality range using a
model describing the geometry of the collisions, so called Glauber

model.
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Glauber model

Projectile B Target A

a) Side View b) Beam-line View
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Glauber model
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-
Rapidity and pseudorapidity
IA]=0
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Multiplicity at /syy = 2.76 TeV, Pb+Pb
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-
Elliptic flow

dN

T No [1 + 2vi(pT) cos(¢ — Vg)

i 2V2(p7') COS(2(¢ — WR)) 0o ]

¢t &

.

cos(2(¢p — VWg)) maximum for (¢ — Wg) =0, m,
dN/d(¢ — WR) maximum for (¢ — Wg) = 0,7 provided vo(p7) > 0
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|
Vo(Nyre) VS. hydro models
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vo(p7) vs. hydro models
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Mass ordering

Interplay between elliptic and radial flow.

Radial flow tends to deplete the particle spectrum at low values
(blue shift), which increases with increasing particle mass and
transverse velocity.

e When immersed in a system with azimuthal anisotropy, depletion
becomes larger in-plane than out-of-plane, thereby reducing v».

The net result is that at a fixed value of p1 heavier particles
have smaller v» than lighter ones.
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Scaling properties
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Scaling properties

e At RHIC energies, it was reported that at intermediate pt if
both v, and pt are scaled by the number of constituent quarks
ng, the various identified hadrons follow an approximate com-
mon behavior.

e To extend the scaling to lower pr, v»/ng can be plotted as a
function of the transverse kinetic energy over the number
of constituent quarks

KEt/ng = (m7 — mg)/ng, where my = /p% + m.

e Scaling was interpreted as quark coalescence being a domi-
nant hadronization mechanism in this momentum domain and
of quark degrees of freedom dominating the early stages
of heavy-ion collisions, when collective flow develops.

e However, ALICE data shows that scaling, if any, is only
approximate for all centrality intervals.




Deviations from scaling
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Size and life-time
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Hanbury-Brown Twiss correlations indicate that for Pb+Pb
collisions at /syny = 2.76 TeV the “homogeneity volume” (when
strong interactions cease) is of about 5000 fm3, about twice as
large of the one measured at RHIC. The decoupling time is about
10 fm/c, 30% larger than at RHIC.
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Angular correlations
(a) (b) (©
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AnAg distributions contain two important features:

(1) A peak around (An, A¢) = (0,0) (near side peak from jets)
(2) Long-range correlations called ridges (collective phenomena).
Similar structures observed in “small reference systems”.
Main possible explanations: Hydrodynamics and/or gluon
saturation of the initial state (CGC).
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|
vo(pr) in high multiplicity p+p events at /s = 13 TeV.

CMS pp ¥s = 13 TeV
e

| T T
- + hi An| =2
0
o2 =Ks
- * A/K 4
L - +
S [ » .
ol k1
0.1 . =
E ——
- * m
- ++- ’
e 105 < NgI™™ < 150
0.0 1 1 1 1 1 1 1 1 1 1 1
0 2
P, (GeV/c)

Heavy-lon Physics

NNPSS

113 /139



Experimental signals of
deconfinement: Hard Probes
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Energy loss
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Elliptic flow
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Elliptic flow
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Energy loss connected to elliptic flow

A significant positive v5"* is observed in semi-central collisions.

e No significant pr dependence can be observed.

e Clear relationship between jet suppression (Ras) and initial
nuclear geometry (v2).

e The relationship confirms not only the existence of the medium but
also the expectation that jet suppression is strongest in the
out-of-plane direction where partons traverse the largest amount of
hot matter.
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Where does the quenched jet energy go?

e 1 is the leading jet, 2 is the sub-leading jet.
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Where does the quenched jet energy go?

e Asymmetry distribution as a function of A; =

Pri—Prp
Prai+Pr2
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S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. C 84, 024906 (2011).
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Missing pr

e To quantify the amount of missing momentum inside away jet, define
average missing pr

Bh=o X preos(s— )

i € all N tracks
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Missing pr
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-
Missing pr

e The momentum in the away-side is obtained for tracks around the
sub-leading jet within a cone aperture larger than the jet cone.

e Data show that the contribution to the momentum around the
leading cone comes mostly from tracks with pr > 8 GeV.

e This momentum is balanced by the combined contributions
from tracks with 0.5 < pr < 8 GeV outside the away-side jet
cone with A¢ < /6.
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Heavy flavors

e Heavy flavors are produced by initial hard-scattering processes at time
scales of order 7 ~ 1/2my (0.07 fm for charm and 0.02 fm for
bottom).

e These times are short compared to QGP formation (79 ~ 0.1 — 1 fm).
e Heavy flavors witness the entire medium evolution.

e Their annihilation rate in the QGP is small. Interaction with the
medium may redistribute their momentum. This makes them a good
probe for medium properties (transport coefficients).

e At the LHC, the production cross section is much larger than at
RHIC, thus heavy flavors can be studied more systematically.
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Heavy flavor open charm Rax
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Heavy flavor open charm Rax
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Heavy flavor open charm Rpa

e Pure energy loss predicts R\ < RP, < R%, (hierarchy of
suppression).

e Caveat: There are a number of effects that alter such
suppression pattern: Differences between primordial spectral
shapes of produced partons and their fragmentation functions,
differences between kinds of processes of flavor production
(lights are mainly produced by soft processes, whereas heavies
are produced by hard processes).

e The observed agreement Raa(D) ~ Raa(7) is reproduced by
models that include different fragmentation functions and
shapes of the primordial pr distributions, in addition to the
expected energy loss hierarchy.

e Comparison of Raa(D) and Raa(J/) shows the expected
suppression pattern.
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Heavy flavor elliptic flow
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e Large energy loss indicates strong heavy-flavor couplmg with medium

e Heavy-flavor hadrons can share the medium azimutal anisotropy
quantified by v».

e Data show large v» of charm (same magnitude as v, of light-hadrons)
—> charm thermalizes in medium.

e Simultaneous measurements of Raa and v» disentangles the interplay
of different energy loss scenarios and imposes constraints on
theoretical models.

A
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Novel phenomena
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-
Vorticity

Off-center heavy ion collisions produce that the interaction region develops an
angular velocity, due to the inhomogeneity of the matter distribution in the
transverse plane.
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-
Vorticity

e The colliding region develops an orbital angular velocity €2 directed
along the normal to the reaction plane.

e Estimates of this angular velocity provide a value Q ~ 10%? s71.

e When the vortical motion is transferred to the particles spin within
the QGP, its effect can show, upon hadronization, as a global hadron
polarization, namely, a preferred direction of the spin of hadrons along
the normal to the reaction plane.
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A and A polarization
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Origin of vorticity

Air flow is slowed at edge of

Low pressure at canter of 2
Toroidal Vortex holds Vapor Air friction makes the Vapor-Ring grow larger in diameter

arcund center of ring and pulls Vapor away from the ring as it moves forward.

D v e Heavy-lon Physics

Al the Vaper Ring

opening causing a vortex to
form with the fast moving
air through the canter
("Coanda affact™) % veporincantar ...,...umO
W) ~of Vapor Ring = the Vapar Ring ~ is mowving theoug|
stationary air creates friction against
the rotating air in the vapor-ring

r)‘)

d P
D

N

NNPSS  133/139

(L~
o~
—
(N
(TN



-
Magnetic fields

e Semicentral heavy-ion collisions produce magnetic fields of large
intensity.

e Since the ions are electrically charged, their off-center motion makes
the field produced by spectators to add up in the interaction region
and point in the direction transverse to the reaction plane.

e Participants also contribute to this magnetic field, given the
imbalance of the matter distribution along the transverse plane during
the off center collision.

e Different calculations of the field intensity agree that this is between
one and several times the pion mass squared for the highest energies
available, although they are short lived.
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Magnetic fields

LLD
LU

DO —

o

1) FrTTTTTET

L e e e B e

FLCD
10 e oo
10 spoen

TR

X (defines '¥)

D v e Heavy-lon Physics

w7l

E Ray

NNPSS

135 /139



-
Magnetic fields

e The presence of these fields serves as a motivation to explore new
channels to try explain the anomalous excess of direct photons
produced in these reactions, the so called direct photon puzzle.

e Since a magnetic field induces the breaking of rotational invariance,
this field is not only a source for an excess photon yield but also of an
increase of the second harmonic coefficient (v») of the Fourier
expansion in the azimuthal photon distribution.

e Although some recently improved hydrodynamic and transport
calculations obtain a better agreement with ALICE and PHENIX
measurements of low and intermediate transverse momentum (p7)
photons, this agreement is not yet complete.

e Moreover, PHENIX has also found that in Au+Au and Cu+Cu
collisions at different centralities and beam energies, the yield of low
pt photons (< 2 GeV) scales with a given power of N.oy, which
suggests that the source of these photons is very similar across beam
energies and colliding species.
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Magnetic fields: Photon excess yield and v, from gluon
fusion and splitting
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Summary and open questions

e Heavy-lon Standard Model is being developed. Synergy between
experiment and theory. Experimental measurements pose many
theoretical challenges and rise questions stimulating progress.

e Diversity of approaches: Semiclassical gauge theory for initial
conditions. LQCD for static thermodynamic properties. Perturbative
QCD in vacuum and in-medium. Transport theory and particularly
viscous hydrodynamics for the evolution of bulk matter. Even
holographic methods can be employed to describe the dynamics of
thermalization.

e Variety of open problems in different fronts: Thermal photon
puzzle, extraction of transport coefficients, interplay between hard
and soft modes, limit of applicability of hydro approach and inclusion
of bulk viscosity in 3D calculations, role of magnetic fields in
peripheral collisions, critical point of phase diagram...

e Exciting field with many opportunities to continue exploring the

properties of QCD matter under extreme conditions.
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