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Outlook 

• Physical picture of Quark-Gluon Plasma  in heavy-ions collisions 
 
 

• Why holography? 
 

 
• Results from holography: 

 
           Fit  experimental data via holography;  
                                                  top-down (top=string theory) 
                                                  bottom-up (bottom=5-dim GR+matter) 
 
            Predict new data 
 
• What is special for NICA 
 

  
 И. Я. Арефьева, “Голографическое описание кварк-глюонной плазмы, образующейся 
при столкновениях тяжëлых ионов”, УФН, 184:6 (2014), 569–598 
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Experiments 

 HIC are studied in several experiments: 

•      started in the 1990's at the Brookhaven Alternating  

           Gradient Synchrotron (AGS),   

•      the CERN Super Proton Synchrotron (SPS)  

•      the Brookhaven Relativistic Heavy-Ion Collider (RHIC)  

•      the LHC collider at CERN. 

 

    and (future) 

 

• NICA (Nuclotron-based Ion Collider fAcility)      4.5 GeV per nucleon   

• FAIR (Facility for Antiproton and Ion Research) 

4.75NNs GeV

17.2NNs GeV

200NNs GeV

2.76NNs TeV



Geometry of a high energy heavy ion collision.  
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Figure 13. Geometry of a high energy heavy ion collision. Left : collision of two

Lorentz contracted gold nuclei. The beam direct ion is the z-axis. Right : same collision

in the transverse plane. The impact parameter is along the x-axis, and the remaining

transverse direct ion is the y-axis.

requirements to search for new high mass part icles led to detectors that were quite

capable for the higher mult iplicit ies expected in heavy ion collisions at the LHC, and

which have excellent capabilit ies for high energy processes, similar to that needed for

Higgsand searches beyond theStandard Model. Asof late2011, theLHC hascompleted

its second lead ion run, aswell asa first feasibility study for futureproton lead collisions.

In thefollowing wewill concentrateon results from Au+ Au at the top RHIC energy

of 100 GeV per nucleon. The transverse radius of a Au nucleus is approximately 6 fm,

and the durat ion of a heavy ion event is τ ∼ (6− 10) fm/ c. The est imate for the lifet ime

comes from hydrodynamic simulat ions which we will describe in Sec. 3.5. The simplest

observable in a heavy ion experiment, typically published very soon after a new machine

becomes operat ional, is the total mult iplicity of produced part icles. In Au+ Au collisions

at 100 GeV per nucleon the total mult iplicity is about 7000; see Sec. 3.4. Somewhat

more detailed informat ion is provided by the spectra dN/ d3p of produced part icles

(e.g. Ref. [246, 247]). The momenta can be decomposed into a transverse momentum

p2
T = p2

x + p2
y and a longitudinal momentum pz; see Fig. 13. In the relat ivist ic regime

the natural variable to describe the motion in the z direct ion is the rapidity,

y =
1

2
log

E + pz

E − pz

. (35)

At RHIC the energy of the colliding nuclei is 100+ 100 GeV per nucleon, and the

separat ion in rapidity is ∆ y = 10.6.

A simple picture of the init ial state of the fireball created in the collision was

suggested by Bjorken [249]. He proposed that the two highly Lorentz contracted nuclei

pass through each other and create a longitudinally expanding fireball in which part icles

y2 
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Figur e 13. Geometry of a high energy heavy ion collision. Left : collision of two

Lorentz contracted gold nuclei. The beam direct ion is the z-axis. Right : same collision

in the transverse plane. The impact parameter is along the x-axis, and the remaining

transverse direct ion is the y-axis.
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Figur e 13. Geometry of a high energy heavy ion collision. Left : collision of two

Lorentz cont racted gold nuclei. The beam direct ion is the z-axis. Right : same collision

in the t ransverse plane. The impact parameter is along the x-axis, and the remaining

t ransverse direct ion is the y-axis.
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t ransverse direct ion is the y-axis.
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Dt ≈ 1 fm/c!

                                    Main picture 

Hadron gas 

Holography!and!the!Quark:Gluon!Plasma!

ε > 5 GeV/fm^3 > εc 

    T ≈ 1.5 ÷ 4 Tc  

   ( Tc ≈155 MeV)  

small µB (≈10 MeV) !

T<Tc!

Large energy density: deconfinement!
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Heavy Ions Collisions 



 

 

Picture from: P.Sorensen, C.Shen 

Heavy Ions Collisions 



Experiments: Heavy Ions collisions produced a medium 

There are strong experimental evidences that  RHIC or LHC have created 
some medium which behaves collectively: 

 

• modification of particle spectra (compared to p+p) 

• jet quenching  

• high p_T-suppression of hadrons 

• elliptic flow 

• suppression of quarkonium  production 
           



Experiments: Heavy Ions collisions produced a medium 

 

• modification of particle spectra (compared to p+p) 
           

From: P.Sorensen, arXiv:1201.0784 

   High momentum pions and η-mesons are suppressed by a factor of 5 and  the color neutral 
photons are not 



From: S. Bass et al., 2012  
 

The nuclear modification factors for different particles measured in RHIC  
 

Experiments: Heavy Ions collisions produced a medium 



Experiments: Heavy Ions collisions produced a medium 

 

• jet quenching  
           

From:  D.~d'Enterria,  ``Jet quenching,’’arXiv:0902.2011 



Example of an unbalanced dijet in a PbPb collision event at sNN 
1/2=2.76$ TeV 

From:1102.1957 

Jet quenching  
           



Experiments: Heavy Ions collisions produced a medium 

 

• elliptic flow 
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The azimuthal anisotropy parameter v2, measured in noncentral heavy-ion collisions at 
 midrapidity for RHIC and LHC energies.  
For comparison, shown are the various theoretical calculations based on hydrodynamic  

v2 



Experiments: Heavy Ions collisions produced a medium 
 

• suppression of quarkonium  production 
           

slope of the pT spectra of the thermal photons. Recent studies indicate an inverse

slopeconsistent with T=220 MeV [64], which is just abovetheexpected transition

temperature of 165 MeV. The photon data is also consistent with hydrodynamic

models which start with temperatures in the range from 300 MeV to 600 MeV.

This suggests again, that indeed we are probing above the phase transition.

Figure 19: Quarkonium as a tool to measure the temperature. The left panel

shows screening of the free energy for heavy quark and anti-quark pairs at finite

temperature. The sequential melting of states can provide a thermometer for the

QGP [70, 71].

Another valuable tool for determining the temperature of the produced matter

is the Debye screening of heavy quark pairs (Quarkonium). The idea is that in

a hot and dense deconfined QGP, the abundant light quarks can screen the force

acting to bind the heavy quark pairs in a quarkonium state [65]. The expectation

of screening has been confirmed in lattice QCD calculations [66, 67]. Figure 19

shows the free-energy between two heavy quarks placed inside a bath of light

quarks. The zero temperature free energy is shown as a black curve. As the

temperature is increased the free energy drops further and further from the zero

temperature case. At first the deviation is only at large distance, but as the tem-

perature is increased, the screening sets in at smaller and smaller distances. This

means that the large, loosely bound, quarkonium states will melt at low temper-

atures while the more tightly bound states will survive until hotter temperatures

are reached. This sequential screening provides and effective thermometer for

determining the temperature of the QGP by observing which Quarkonium states

survive and which were unable to form in the QGP[68, 69]. Measurements show

that the J/  is suppressed at RHIC [72]. Measurements of higher excited states

Screening of the free energy for heavy quark and anti-quark pairs at finite temperature.  
The sequential melting of states can provide a thermometer for the QGP 
[The less bound quarkonium states melt at low temperatures. 
J/ψ is suppressed at RHIC ]  
 

From: 1201.0784 

A suppression 
 of a factor  
of ≈2 for Υ(1S) 

and 8 for  

Υ(2S) states 

From:1611.01
510 



 

 Picture from: P.Sorensen, C.Shen 



              
The screening of the free energy for heavy quark and anti-quark pairs at 
finite temperature.  
 
The sequential melting of states  provides a thermometer for the QGP 

Quarkonium as a tool to measure the temperature.  



EPJ Web of Conferences

calculation [7] strongly supports the idea to use holography to study physics of QGP formed in HIC

[].

In Fig.1.B the QCD phase diagram is presented. The phase diagram of QCD is not well known

either experimentally or theoretically. A commonly conjectured form of the phase diagram, temper-

ature T vs quark chemical potential µ, is shown in Fig.1.B. The chemical potential µ is a measure of

the imbalance between quarks and antiquarks in the system. The phase transition is not sharp and it

is supposed to be the 1-st order.

Ordinary nuclear matter in this diagram is at µ = 310 MeV and T close to zero. If we increase

the quark density, i.e. increase µ, keeping the temperature low, we go into a phase of more and more

compressed nuclear such asmatter neutron stars. Above the (blue on the on-line version of the paper)

smeared line there isatransition to thequark-gluon plasma. At ultra-high densities oneexpects to find

the phase of color-superconducting quark matter. In ultra-relativistic heavy ion collisions one studies

thismatter in the regimeof extreme energy density. In Fig.1.B. the typical values of µ and T in heavy-

ion collisions (RHIC and LHC) are shown by a filled (cyan) region near the T-axis. The regions

expected to be available at NICA (Nuclotron-based Ion Collider fAcility) [9] and FAIR (Facility for

Antiproton and Ion Research) are indicated by arrows.

 

NICA

 

FAIR

A B

Figure 1. A. The trace anomaly, energy density and pressure for two flavors of twisted mass Wilson fermions at

m⇡ = 360 MeV. The plot from [10]. B.The QCD phase diagram

The exact dual description of the real QCD is unknown, but holographic QCD models that fit

perturbative (two loops β-function) and lattice QCD results (in particular, the quark confinement po-

tential) have been proposed [11, 12]. Using these models several static properties of QGP have been

reproduced [8].

The description of the QGP formation in HIC is a difficult subject, since it supposes to study a

complicated real time phenomena – thermalization. We also do not know much from experiments

about the details of the QGP formation in HIC, one can just estimates the time of QGP formation as

well as the total multiplicity (there are arguments that the main part of particles is produced during

the QGP formation) [13, 14]. The QGP formation has been the subject of the active studies within

holographic approach in last years(see [15–17] and refstherein). Initially thisproblem wasconsidered

in AdS background [18–24] and the total multiplicity within this approach was estimated as

M AdS ⇠s0.33, (1)

QCD Phase Diagram 



Подгонка статистической модели 

P.Braun-Munzinger, J.Stachel 

nulc-th/9606017 HRM 

At chemical equilibrium (conjecture)  the particle ratios are well described  
by at least two parameters - the baryon chemical potential and 
                                                    the freezeout temperature 



QCD diagram and beams scanning   



Chemical freeze-out temperature versus baryon chemical potential in central HIC [41, 55, 78–85].  
The curve corresponds to model calculations from [78, 79] 

From 1304.2969 



Multiplicity   

              Plot from: ATLAS Collaboration 1108.6027  
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Centrality dependence of hdNch/ dh i in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 1: Values of 2
hNpart i

hdNch/ dh i for central Pb–Pb [4–7] and Au–Au [8–12] collisions (see text) as a function

of
p

sNN. Measurements for inelastic pp collisions and pp collisions as a function of
p

s are also shown [26–28]

along with those from non-single diffractive p–A and d–A collisions [29, 30]. The s-dependence, proportional

to s0.155
NN for AA collisions is indicated by a solid line: similarly a dashed line shows an s0.103

NN dependence in pp

collisions. The shaded bands show the uncertainties on the extracted power-law dependencies. The central Pb–Pb

measurements from CMS and ATLAS at 2.76 TeV have been shifted horizontally for clarity.

b = 0.155± 0.004. It is a much stronger s-dependence than for proton–proton collisions, where a value

of b = 0.103± 0.002 is obtained from a fit to the same function [28]. The fit results are plotted with

their uncertainties shown asshaded bands. The result at
p

sNN = 5.02 TeV confirms the trend established

by lower energy data since b is not significantly different when the new point is excluded from the fit.

It can also be seen in the figure that the values of 2
hNpart i

hdNch/ dh i measured by ALICE for p–Pb [25]

and PHOBOS for d–Au [11] collisions fall on the curve for proton–proton collisions, indicating that the

strong rise in AA is not solely related to the multiple collisions undergone by the participants since the

proton in p–A collisions also encounters multiple nucleons.

The centrality dependence of 2
hNpart i

hdNch/ dh i is shown in Figure 2. The point-to-point centrality-

dependent uncertaintes are indicated by error bars whereas the shaded bands show the correlated con-

tributions. The statistical uncertainties are negligible. The data are plotted as a function of hNparti and

a strong dependence is observed, with 2
hNpart i

hdNch/ dh i decreasing by a factor 1.8 from the most central

collisions, largehNparti , to themost peripheral, small hNparti . Thereappears to beasmooth trend towards

the value measured in minimum bias p–Pb collisions [25]. The data measured at
p

sNN = 2.76 TeV

[4, 26] arealso shown, scaled by afactor 1.2, which iscalculated from theobserved s0.155 dependence of

the results in the most central collisions, and which describes well the increase for all centralities. Given

5

Plot from1512.06104 

(ALICE). 

Multiplicity   



Thermalizarion time 

Assuming that entropy is conserved the  Bjorken estimate for the initial entropy density 

Number of charged particles per  
Unit pseudorapidity 



Direct photons (electric conductivity) 

From: 1509.07324 

Comparison of model calculations with the direct photon spectra in PbPb 
 collisions at sNN

1/2=2.76 TeV 



From observations in  HIC 
 

• QGP strong interacting fluid 

• Measurement of energy lost (jet quenching, RAA-
factor, J/Psi suppressions 

• Transport coefficients, extremely small eta/s 

• Phase transition (still near small mu) 

• Energy dependence of the total multiplicity s0.155  

• Thermalization time 

• Direct photons (electric conductivity) 


