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Shared research activities of T.S. Biró and P. Lévai in 25 years (1990-2014):

DUKE-year in 1990: „Massive” gluons in the strongly interacting QGP

Strangeness production with" massive" gluons

TS Biro, P Levai, B Müller, Physical Review D 42 (9), 3078 (1990) [94]

Budapest-decade on hadronization (1995-2004)

A) Quark-coalescence model for hadronization – ALCOR:

ALCOR: a dynamical model for hadronization 

TS Biró, P Lévai, J Zimányi, Physics Letters B347, 6-12 (1995) [220]

Strange hadrons from the ALCOR rehadronization model

TS Biro, P Levai, J Zimanyi, AIP Conference Proceedings 340, 405-418 (1995) [3]

Particle spectra from the ALCOR model

J Zimányi, TS Biró, T Csörgő, P Lévai, Acta Physica Hungarica A, Heavy Ion Physics 4, 15-32, (1996) [26]

The dependence of strange hadron multiplicities on the speed of hadronization

J Zimányi, TS Biró, P Lévai, Journal of Physics G23, 1941-1946 (1997) [19]



B) Quark-coalescence model and experimental data from SPS and RHIC:

Quark liberation and coalescence at CERN SPS („Last call for RHIC”)

J Zimányi, TS Biró, T Csörgő, P Lévai, Physics Letters B472, 243-246 (2000) [103]

Simple predictions from ALCOR_c for rehadronization of charmed quark matter

P Lévai, TS Biró, T Csörgő, J Zimányi, New Journal of Physics 2, 332 (2000) [8]

The Production of charm mesons from quark matter at CERN SPS and RHIC

P Levai, TS Biró, P Csizmadia, T Csörgö, J Zimanyi, Journal of Physics G27, 703-706, 2001 [47]

Quark coalescence in the mid-rapidity region at RHIC

TS Biro, P Levai, J Zimanyi, Journal of Physics G28, 1561-1566 (2002) [59]

C) Understanding of quark matter from the process of quark-coalescence:

Faces of quark matter

J Zimányi, P Lévai, TS Biró

Acta Physica Hungarica A, Heavy Ion Physics 17, 205-217 (2003) [15]

Properties of quark matter produced in heavy-ion collision

J Zimányi, P Levai, TS Biro, Journal of Physics G31, 711-718 (2005) [15]

D) Coalescence model and other models

Strange hyperon and antihyperon production from quark and string-rope matter (HIJING-BB)

P Csizmadia, P Lévai, SE Vance, TS Biró, M Gyulassy, J Zimányi, J. Phys G25, 321-330 (1999) [36]



Hadronization model with off-shell (distributed) quarks  (1998-2007)

Hadronization of massive quark matter

TS Biró, P Lévai, J Zimányi, Journal of Physics G25, 311-320 (1999) [13]

Equation of state for distributed mass quark matter

TS Biro, P Levai, P Ván, J Zimanyi, Journal of Physics G32, S205-S212 (2006) [18]

Mass distribution from a quark matter equation of state

TS Biro, P Levai, P Van, J Zimanyi, Physical Review C75, 034910 (2007) [14]

Gluon radiation and its experimental confirmation

Non-Abelian bremsstrahlung and azimuthal asymmetries in high energy reactions

M Gyulassy, P Lévai, I Vitev, TS Biro, Physical Review D 90 (5), 054025 (2014) [59]

Total:   25 years, 25 publications on theory,  740 citations

TSBiró →  Nanoplasmonic fusion project

LevaiP →   Administration
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2. How large is the energy of TEVATRON, LHC, FCC ?

Cosmic rays - continuously:

  max. Ekin = 1012 GeV  – very rear

Fix target accelerators:

   CERN SPS:    Ekin = 2*102 GeV

Collider accelerators:

CERN LEP és BNL RHIC

   s = 100 + 100 GeV

                     Ekin = 2*104 GeV

   TEVATRON

   s = 900 + 900 GeV

                    Ekin = 2*106 GeV

   CERN LHC

   s = 7000 + 7000 GeV

                    Ekin = 1,4*108 GeV
      

  CERN FCC

   s = 50000 + 50000 GeV

                    Ekin = 100*108 GeV                 

SPS

LEP

RHIC

LHC

Yield of the cosmic particles

Energy

Y
ield

TEVATRON

FCC



2. Next Step: "High Energy LHC„ → FCC

First studies on a new 80 km 

tunnel in the Geneva  area

▪ 42 TeV with  8.3 T using 

present LHC dipoles

▪ 80 TeV with 16 T  based

on Nb3Sn dipoles

            → FCC-ee

▪100 TeV with 20 T based

on HTS dipoles → FCC-hh

HE-LHC :33 TeV

with 20T magnets



1983 : First studies for the LHC project

1988 : First magnet model  (feasibility)

1994 : Approval of the LHC by the CERN Council

1996-1999: Series production industrialisation

1998 : Declaration of Public Utility & Start of 

civil engineering

1998-2000: Placement of the main production contracts

2004 : Start of the LHC installation

2005-2007: Magnets Installation in the tunnel

2006-2008: Hardware commissioning

2008-2009: Beam commissioning and repair 

2009-2043: Physics exploitation

2026 May 22: Budapest, CERN Council ESPP ratification!

2020-2045: FCC planning and construction

2028-2062: FCC-ee operation

2028-2082: FCC-hh planning, construction → operation 

2082-…….: Physics exploitation, „Portal” to the FUTURE

14 TeV  p-p collider in the LEP tunnel
6,5 ATeV A-A collider

2. Machine:  LHC (Large Hadron Collider)



2. LHC is ready by the Summer of 2008

CERN LHC planned luminosity:

          Proton + proton collisions:

             2808 bunch, with distance of 7 m (25 ns)

             1011 proton (100 billion) in 1 bunch

             Beam diameter 1 mm at flying, 16 m at collisions (human hair: 50  m)

             Collision rate: 1+1 bunch   20 collisions

                   30 million overlap of the bunches during one second

                   → 600 million p+p collision per second  ( 1016 collision/year   15 P byte data)

Dipol magnets - drawing                              Quadrupol magnets - photo



2. Luminosity →  HL-LHC

Rende Steerenberg, BE-OP ILO Seminar - 30 June 2017 12
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• Parameters to optimise:

– Number of particles per bunch

– Beam dimensions

– Geometrical correction factors
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CERN accelerator technology roadmap 

Frédérick Bordry 

FCC Week 2017

29th May 2017 – Berlin

Run I Run II Run III Run IV, V…

FAV = Fabrication, Assembly and Verification 

Today →Plan →



Mission: Studying 

the primordial matter

of the Universe → QGP

Tool: heavy ion collisions



3. Formation of QGP in High Energy Heavy Ion Collisions: 



3. Standard Model of Heavy Ion Collisions: 

Phases:      Questions, problems:

--- Initial condition: pre-equilibrium state      PDF, proton shape, color oscil.

                    Gluon saturation, shadowing 

--- Hydrodynamical evolution   Space-time fluctuations

        perfect fluid, viscous fluid, EOS  EOS properties, finite size eff.

      Relativ. viscous hydrodynamics

--- Hadronization mechanism   Confinement-deconfinement

         phase transition, coalescence/recombin., Order of phase transition

         Cooper-Frye, incl. viscous corrections Mesoscopic system, size effects

      Freeze-out characteristics

--- Hadronic afterburner    Dense hadronic matter

         hadronic interactions, final state effects Resonance decays, … 

√s=5500 GeV/nucl → γ ⁓ 3000

Pb+Pb →15 fm/3000 = 5 attometer



3. Standard Model of Heavy Ion Collisions:

Question: What is the smallest size, where 

                  this Standard Model (and hydro) remains valid?

What about if specific data display a good agreement between

           periferic AA collisions

           average pA collisions

           high multiplicity pp collisions  ??

           

Could we find consistent description and/or a new approach,

           beyond the usual hydrodynamical description ?

What could we see in recent experimental data

          in ptoton-proton collisions at LHC energies ?

What did we see earlier?  TEVATRON data?

           

 



2016/17 – Latest experimental results at RHIC and LHC: 

                 azimuthal particle distributions and anisotropic flow  

→ Investigating peripheral AA collisions

→ Overlap region is asymmetric in space,

        almond shape (or more complicated)

→ Spatial anisotropy generates 

        momentum anisotropy,

          this is „pressure  induced” →  EOS

→ Fourier decomposition of  

        the azimuthal particle distibutions

        leads to the harmonic flow components

v1: directed flow;  v2: elliptic flow;  v3: …

𝑑𝑁

𝑑
=

𝑁

2π
 (1 +  ෍

𝑛

2 v𝑛 (cos 𝑛  )  ) ε𝑛 =
𝑟𝑛 cos 𝑛 2 + 𝑟𝑛 sin(𝑛)2

𝑟𝑛

Spatial anisotropy

    → eccentriticies

               2:  ellipticity

               3:  triangularity

               4:  quadracity

               5:  pentacity



2016/17:  Data indicates strong similarities for anisotrop flow components

in pPb collisions and peripheral PbPb collisions at the same multiplicity windows.

First conclusion: hydrodynamical behaviour in pPb 

   and high multiplicity pp collisions at LHC energies

But:

   Fuctuation contributions seems to be large

   Hybrid model (IP Glasma + MUSIC) 

   does not work for pPb, but working for PbPb

Our suggestion: 

 Non-abelian beam jet bremsstrahlung 

 Projectile beam jet form Color Scintillation Antenna (CSA)

 Bremsstrahlung from CSA clusters and arrays

      Analitic calculations on the basis of GLV approximation

      Including GLVB into HIJING for numerical calculations

                 Phys. Rev. D90 (2014) 054025.    hep-ph/1805.7825

IP-Glasma

MC-Glauber



3. Similarities in pp, pA and AA collisions at LHC energies:

           --- strangeness production;

           --- hydrodynamical behaviour, „temperature”, „flow”;

           --- away-side jet broadening, „ridge”. 

R. Sahoo:

arXiv: 2307.14665 [hep-ph]

27 July 2023

S. Acharya et al: Eur. Phys. J. C80 (2020) 693.

J. Adam et al: Nature Physics 13 (2017) 535.

V. Khachatryan et al: Phys. Rev. Lett. 116 (2016) 172302.
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4. Proton-antiproton collisions at FERMILAB,   √s =  1.8 TeV

Hidrodynamical analysis of π, K, p data   (P. Lévai, B. Müller PRL, '91)



4. Proton-proton collisions at ultrarelativistic energies

           --- parton structure of proton, neutrons, …

    Low energy:  quarks and antiquarks form hadrons (protons, neutrons, …)

                           hadron-spectroscopy, symmetries, group-theories, …

                           proton: uud;    neutron: ddu;  Lambda: uds; …

    High energy: Feynman-x   xi = pi/P ; infinite-momentum frame  ( P → ∞  )

                           

                           parton PDFs:   fu(x),  fd(x), fusea(x)=fdsea(x),  fglue(x), fc(x), fb(x), …

      H. Plothow-Besch, CERN-PPE/92-123



4. Proton-proton collisions at ultrarelativistic energies

           --- parton structure of proton, neutrons, …

           Feynman-x   xi = pi/P ; infinite-momentum frame  ( P → ∞  )

           Valence-quarks: u and d  → connection to low energy region

                     Maximum of fu(x) and fd(x) in the region of x=0,1 – 0,2  



4. Proton-proton collisions at ultrarelativistic energies

           --- parton structure of proton, neutrons, …

           Feynman-x   xi = pi/P ; infinite-momentum frame  ( P → ∞  )

 Gluons and „Sea” quark-antiquark pairs → dominance in the high energy region

 At small-x they are increasing by 1/x →   divergence    (gluon-saturation !) 



4. Proton-proton collisions at ultrarelativistic energies

           --- parton structure of proton, neutrons, …,  PIONS,   PHOTONS  !!! 

           Feynman-x   xi = pi/P ; infinite-momentum frame  ( P → ∞  )

 PHOTON has u, d, s, … and their antiquark content !!!!  (Weisacker-Williams !!)

 At small-x they are increasing by 1/x →   divergence    (saturation in photon ??!) 



5. Proton structure  and proton-proton collisions at ultrarelativistic energies

           --- Partons in proton as a statistical ensamble 

           --- PDFs display a stacioner state of a continuously interacting system

           --- Statistical ensamble →  entropy →  final hadron production

                       → Coherent state:  S=0

                       → Collision → degrees of freedom become free:  

                            minimal interaction → kick-out of quantum phase

                PP-collision as a PHASE FILTERING

                            P. Lévai, B. Müller, DUKE-preprint, 90-12  (1990) 

PP or AA collisions – parton phase-space density (naive):

Momentum dependence is originated from the PDF (longitud.) + Gauss (transv.):



5. Proton structure  and proton-proton collisions at ultrarelativistic energies

Interaction volume → Lorentz-contraction is valid (L/γ):

Phase-space element for integration: 

Phase-space density:

Here we will choose p0=0.27 GeV/c



5. Proton structure  and proton-proton collisions at ultrarelativistic energies

If we know the phase-space densities fi, 

then we can determine/calculate 

Entropy distribution (dS/dy) and

Transverse energy distribution(dET/dy):

Hadronization:

Minimum the above values will be released.

Further parton collisions and

non-equilibrium processes,

and hadronic afterburner will increase

entropy and transverse energy.



5. Proton structure  and proton-proton collisions at ultrarelativistic energies

Testing the efficiency

of phase filtering by

existing proton data (1990):

proton-antiproton data

from CERN UA5 experiment

  at  √s = 546 GeV

Result:  phase-filtering

covers 80 % of the produced

entropy connected to

charge particles (2/3 of total).



Zhen Xie, …, Dai-Mei Zhou, … (Xian, Wuhan, Beijing),  hep-ph/2603.12007









5. Proton structure  and parton entanglement

During 30 years our understanding became deeper:

Heavy ion collisions:

At RHIC and LHC energies we study the produced QGP matter

New features are recognized

Hard processes, jet-matter interaction, jettiness have been studied

Underlying events were explored in proton-proton collisions

Events without extensive jet-production were recognized

and experimentally analyzed 

Parton entaglement was introduced and studied

   Intensive activity is on this field:  S. Skokov et al. 



6. Conclusion

Inner structure of protons and other hadrons remain

interesting and must be explored

Experiments at LHC and FCC energies are important

Experiment at RHIC, especially eA and e-proton collisions

are also very interesting and important

What about electron-positron and 

    photon-photon collisions?

Structure of protons →  structure of vacuum  !!??
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