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Motivation

Experimental signatures of quark—gluon matter formation

» Hydrodynamic (collective) properties of the medium :
O anisotropic flow: v,,v53 ... ;
O two-particle azimuthal correlations (long-range «ridge» effect) ;
O low shear viscosity n/s = 1/4m (ideal gas = almost perfect liquid) ;
» Energy loss of quarks and gluons in the medium :
U jet quenching ;
O spectral asymmetry in jet+jet, y+jet, and Z+jet processes ;
O modification of the internal structure of hadronic jets ;
» Color-charge screening in the medium :
O suppression of quarkonium production (J/y,Y);
O regeneration and anisotropic flow of «soft» J /¢ ;
» Strangeness enhancement :

Time (fm/c)

0 enhanced production of strange particles (K, A, Z, Q) 8 AA / (pp and pA) collisions ;
» Electromagnetic signals (probes) :

U prompt photons, «direct photon flow puzzle» ;

O dileptons ;

QO «specific» mechanisms of photon production ;

Wit Busza, Krishna Rajagopal, Wilke van der Schee, Ann.Rev.Nucl.Part.Sci. 68 339-376 (2018)



Motivation / EM probes QGP: photons and dileptons

Electromagnetic probes, signals QGP: photons and (di)leptons
Sources of photons in pp and AA collisions:
» decay photonssm - y+ X,m = Tto,n,n’, w, a4, ... Dominate the in the inclusive photon spectrum.
» direct photons: obtained by subtracting the decay-photon contribution from the experimentally measured

inclusive photon spectrum. They are commonly classified as follows:
U high-p; («hard») photons (py =4 —5 GeV): «prompt» photons produced in initial hard NN collisions, jet
fragmentation - pQCD process, and jet-medium photons: qp4q + 7(9)qep = ¥ + 9(9).
U low-p; : photons emitted by the thermalized QGP and from hadronic interactions :
O «thermal» photons are produced through qg annihilation: g+ q — g +y and Compton scattering:
q(q) + g — q(q) + v . Calculated within LO and NLO pQCD LO methods;
O hadronic sources are related to:
U secondary meson interactions:m+ m—=>p+ w,p+nm->n+y, m+K =>p+v,..
These processes are typically evaluated using effective field-theory models, transport models, and
hydrodynamic approaches.
U hadronic bremsstrahlung, such as meson—-meson (mm) and meson-baryon (mB): m; + m, - m; + m, +
Y, m+B->m+B+y, m=mn,p,w KK B=pA,..
Here the leading contribution corresponds to the radiation from one charged hadron scattered off a neutral
hadron.

Wit Busza, Krishna Rajagopal, Wilke van der Schee, Ann.Rev.Nucl.Part.Sci. 68 339-376 (2018) ;
E. L. Bratkovskaya, Phenomenology of photon and dilepton production in relativistic nuclear collisions, Nucl. Phys. A 931
194-205 (2014), Proceedings Quark Matter 2014. 5



Motivation / direct photons
Direct photons were first measured in the WA80 (S+Au, +/s = 19 GeV) and WA98 (Pb+Pb, /s = 17.3 GeV)

experiments at CERN.
! R. Albrecht et al. (WA80 Collaboration), Phys. Rev. Lett. 76 (1996) 3506;
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Motivation / direct photons

Subsequently, the PHENIX collaboration at RHIC (BNL) measured direct photons in Au+Au collisions at
\/s =200 GeV.
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] A. Adare et al. (PHENIX Collaboration). Phys. Rev. Lett. 104, 132301 (2010) ;
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Motivation / direct photons
ALICE collaboration (LHC) in Pb+Pb at /s =2.76 TeV and p+p +/s =13 TeV collisions .
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] M. Germain and the ALICE Collaboration, Nucl.Phys.A 967 696-699 (2017) ;

1 S. Acharya et al. (ALICE Collaboration), Phys.Lett.B 868 139645 (2025) .



Motivation / lepton pairs - dileptons

Can be emitted at all stages of the reaction. A key feature: ad. «degree of freedom» - inv. mass of the pair M.
Production of dileptons in pp, pA, AA collisions:
» hadronic sources:
Q low M (M < 1 GeV/c) — Dalitz decays of mesons and baryons (79,7, A, ...) ; direct decays of vector mesons (p, w, @),
and hadronic bremsstrahlung ;
Q intermediate M (1 < M < 3 GeV/c) — contributions from D + D pairs, and multi-meson reactions (T + m, ©+ p,
T+w, p+p, m+ay..)—so-called «4m» contributions ;
Q high M (M > 3 GeV/c) — direct decay of vector mesons ( J/¥ ,¥' ) and «hard» Drell-Yan annihilation (g + § = [t +
7).
» «thermal» QGP dileptons:
U dominantly contribute in the intermediate M (1 < M < 3 GeV/c) and are related to interactions of quarks and
gluons in the medium. The leading contributions are «thermal» g annihilation: g + q — [T + [~ and QCD Compton
scattering: q(@) + g - q(@) + 1t + ™. A

S-Au 200 GeV/u p, >200 MeV/c
4 ©,, > 35 mrad
2.1<n<2.65
(dng, /dn) = 125

. PbA 158AG vV

S S

S

(@N,, /dndm,) / (AN, /dn) (100 MeV/c?) '
s

(dn,, /dndm) / (dn, /dn) (100 MeV/c?)"

A / | N b bl b 1 .
0 02 04 06 08 1 12 14 0 0204 06 08 1 12 14 16 15 2

m (GeV/cz) mee (GeV/c?)
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G. Agakichiev et al. (CERES/NA45 Collaboration). Phys.Lett.B 422 405-412 (1998) ; T First results on the ]
E. L. Bratkovskaya, Nucl. Phys. A 931 194-205 (2014), Proceedings Quark Matter 2014. lepton «excess». °




Motivation / lepton pairs - dileptons
PHENIX and STAR experiments (RHIC, BNL), p+p and Au+Au collisions 1/s =200 GeV.
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) A. Adare et al. (PHENIX Collaboration). Phys.Rev.Lett. 104 132301 (2010) ;
) A. Adare et al. (PHENIX Collaboration). Phys.Rev.C 81 034911 (2010) ;
) Yi Guo et al. (STAR Collaboration). J.Phys.Conf.Ser. 535 012006 (2014).
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Motivation / EM probes QGP: photons and dileptons

EM probes weakly interact with medium — provide direct information about the processes inside the
«fireball», but are experimentally difficult to measure and extract from the background.
» Photons: anomalously large yield and directed flow — large v, in p; < 4 GeV .

U Models that successfully describe hadronic spectra (hydrodynamic approaches, transport models such as PHSD,
DQPM) fail to simultaneously reproduce the photon spectra.
U Photon production from QGP shows a stronger centrality dependence compared to photons from the hadronic gas.

» Dileptons: anomalously large signal in M < 3 GeV compared to the hadronic «cocktail» expectation.
U low M (< 1 GeV) — contribution from in-medium vector meson decays (especially p) is enhanced.
U for M > 1 GeV —thermal dileptons dominate: spectrum slope exp(—pr/Tess), isotropic angular distribution.

» Experiment: in both cases, an enhancement is observed in the most central collisions, especially in the
region pr, M <3 GeV.

» Possible additional sources of EM signals in QGP at p;y < 4 GeV: deconfinement dynamics, strong
(chromo)EM fields, surface effects, glasma stage, thermal radiation, non-perturbative effects, and
hadronic bremsstrahlung. Early stages of the reaction also contribute via pre-equilibrium effects and initial
flow development.

Citations per year

%) 633 citations
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Synchrotron radiation of quarks
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Synchrotron radiation of quarks

U Intense EM radiation of magnetic bremsstrahlung type (synchrotron radiation) is generated by the
interaction of quarks with gluon field responsible for their confinement in the QGP.

» Bremsstrahlung — EM radiation emitted by a charged particle when it is scattered (decelerated) in an
electric field. For example: e"+Z > e~ +Z +y . Spectrum ~1/w, broad and continuous, with the
maximum determined by the particle energy. Example: X-ray tube.

» Synchrotron radiation — EM radiation emitted by a relativistic charged particle moving along a curved
trajectory, i.e., undergoing acceleration perpendicular to its velocity. Spectrum is characterized by a critical
frequency determined by the curvature radius (R), narrow cone of radiation 6~ 1/y, higher degree of
polarization than bremsstrahlung radiation.
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Synchrotron radiation of quarks

Main conditions for the existence of synchrotron radiation from quarks:
» The presence of light relativistic quarks in the QGP volume ;

> A quasiclassical character of quark motion (R > A%5) ;
» Confinement ;

Y

Confinement - a constant restoring force o =0.2 GeV?,
directed along the normal to the fireball «surface».

A «surface-induced» mechanism of photon production in the QGP.

At the plasma boundary, a quark (antiquark) follows a curved trajectory. As an accelerated charged
particle, it emits photons, resulting in synchrotron radiation.

) A. Casher, H. Neuberger, and S. Nussinov, Chromoelectric-flux-tube model of particle production, Phys. Rev. D 20,179-188
(1979);

) V.V. Goloviznin, A.V. Nikolskii, A.M. Snigirev, and G.M. Zinovjev, Eur. Phys. J. A 55: 142, (2019), arXiv: 1804.00559 ; 14



Backup / Chromoelectric-flux-tulbbe model

» Confinement is realized through the formation of a chromoelectric flux tube between a qg pair ;

» The field inside the flux tube is longitudinal, homogeneous, and Abelian ;

» The energy of the flux tube grows linearly with separation: V(r) = o r;

» The flux-tube parameters are the field strength E, the tube radius R, and the coupling constant g ;

> The «string tension» is given by: 0 = (1/2) E?mR? ; and is related to the Regge slope: o« = 1/(2m 0) ;
> Quark—antiquark pair production is described by the Schwinger mechanism: w~ exp(— mm?/gE) ;

» Hadronization proceeds through successive breaking and fragmentation of the flux tube ;

=== === : o S AEG ORERO
e e OO0 O O
=" =" ° ’ °

Julian S. Schwinger, On gauge invariance and vacuum polarization, Phys.Rev. 82 (1951) 664-679 ;
A. Casher, H. Neuberger, and S. Nussinov, Chromoelectric-flux-tube model of particle production, Phys. Rev. D 20 ,179-

188 (1979);
B. Banerjee, N. Glendenning, T. Matsui, Meson radiation from a quark-gluon plasma by fission of chromoelectric flux

tubes, Phys. Lett. B 127, 453 (1983);
N. K. Glendenning, T. Matsui, Creation of qq pairs in a chromoelectric flux tube, Phys.Rev.D 28 2890-2891 (1983) ;
Bo Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Parton Fragmentation and String Dynamics, Phys.Rept. 97 31-145

(1983) .
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Synchrotron radiation of quarks

We consider the ultrarelativistic motion of a quark with energy E in the QGP volume. In the strong-field
3 0E11/3
2]

regime, characterized by o [)( = the spectral energy distribution of synchrotron radiation with

respect to the photon energy w is given by

dN, =1e2aw‘2/3 (asingo)
dodt 21 E

2/3

, 0< w< E, (1)

where a = 1/137, eq - quark charge, ¢ is the angle between the quark velocity and the normal to the
plasma surface (i.e., the direction of the restoring force).

V.V. Goloviznin, A.M. Snigirev, G.M. Zinovjev, Z. Phys. C 38, 255 (1988) ;

dl Relation between the spectral

% x wl/3 distribution and the energy spectrum.
aN _1dl , N X w=2/3
dwdt wdw dwdt

Jackson J. D., Classical Electrodynamics — M.: MIR, 2002 ;
Landau and E.M. Lifshitz., Classical theory of fields (Vol. Il) ;

A.A. Sokolov, I. M. Ternov, Relativistic effects in Synchrotron radiation. — M.: Nauka, 1983. 16



Synchrotron radiation of quarks

Quasiclassical approach (’133 K dS). Let the «string tension» force act along the z-axis. Then the equations
of motion of a quark near the QGP boundary are given by

p; = 0t', Py=DPx, Dy =Py, —Pz,/0 <t < Py /0, (2)

where p, > 0, py,, Py, — are the initial values of the corresponding quark momentum components, and

t'— is the proper time parameter describing the quark motion along its «trajectory».
From Eq. (1), taking into account Eq. (2), we obtain the spectral angular distribution: [ motion q || v ]

dN, P2/ 1eZa a?/3sin?/3 p(t") (3)
dwdQ f-pzo/ At'o(n —v(t)) blo <p(t N3~ p2/3(t")

Here v(t') denotes the quark velocity, n is the unit vector along the photon momentum, p(t') =

: / 1/2
(p2+p2 +p2)"*  and sinp(t) = (p2 + p2)"* /n(t) .
Integrating Eqg. (3) over the initial quark momenta and taking into account a thermal quark ensemble
(Boltzmann distribution), we obtain the synchrotron radiation rate per unit time dt and unit surface

area dS: 2 0
dN 3 esa
Y _ g{eq) w?/3sin?/3 @, j dEexp (_%5) (57/3 _ 1)’ (4)
1

dS dt w2dwdQ ~ 7 (2m)3 g 1/3
where (e2) = e2 + e3, g =6 (spin x color), T —is the plasma temperature, o = kn,§ = E/w .

17

V.V. Goloviznin, A.M. Snigirev, G.M. Zinovjev, Z. Phys. C 38, 255 (1988) ;



Synchrotron radiation of quarks

Total number of emitted photons:

dN,
ds

_ A(eé}a T11/35-1/3 (5)

Y
f dwdQ e 2 dwda

where A = 3.12g - 25/312(4/3)/(2m)%~ 1.2..
For comparison with experiment in Eq. (4), we perform the change of variables (w, 8, ¢) — (k},x, ¢):

(6)

dNy 69(63)0{&5/3 2n @ kJ_(l + x2)1/2
— _ d€ (x2 + sinZ0)1/3 (£7/3 — 1 _ ’
aSdtk,dk, 7 (2m)3qg1/3 jo d‘/’jo dxfl § (x* + sin“g) (f )exp 7 é

where x = sinh y, y is the rapidity, ¢ is the photon azimuthal angle with respect to n (or the normal to the
surface of the fireball).
In the limit k;, > T, Eq. (6) takes the form:

dN,
ds dt k, dk,

= Fled) a o=1/3 o "5/6 T5/20=kLIT (7)

rne F = 0.52g - 2V/6T2(5/6)n™5/2 /T (5/3) ~0.29 — pesynbraT ycpegHeHus no yrmam 6, @.
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Synchrotron radiation of quarks
QGP evolution [ J.D. Bjorken, Phys. Rev. D 27 (1983) 140 ]

T=(t2—2z)2 o &(0) =g /D3, T@) =Ty(xo/DY3  pk) =poto/T. (8)

in the form of a longitudinally expanding, cylindrically symmetric fireball.
Integration of Eq. (7) over the QGP surface, taking into account Eqg. (8), leads to the following expression for
the quark synchrotron radiation spectrum:

d*N, _f dN,
2n k,dk,dy ) dSdtk,dk,

3 F(el) a (toTy)*r ke, 133173 [F (%’%) - T (%’ %)]

rTdrt = (9)

cyvetom T'(miay) — T ay) = fozz det"le t,
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Synchrotron radiation of quarks

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
- T10=0.1fm, Tx=0.9GeV - T10=0.1fm, Tx=0.9GeV

-
o
-

o 1 10=0.1fm, To=0.5GeV o 01 10=0.1fm, To=0.5GeV
> —&— 1,=0.05fm, To=0.9GeV 3 ' —&— 1,=0.05fm, To=0.9GeV
(L) 0,1 T0=0.2fm, Tx=0.9GeV o 0.01 T0=0.2fm, Tx=0.9GeV
> =
3‘ 001 3‘ 0,001
T 5 0
~ 0,001 &
S— —
=z = 0,0001
% 0,0001 &
— ~—~ 1e-05
5 1e-05 <l:-"
E 16-06 =&— Alice Data. c=0-20% E 1e-06 =&— Alice Data. c=20-40%
1e-07 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1e-07 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 1,5 2 2,5 3 3,5 4 1 1,5 2 2,5 3 3,5 4
ki, GeV k,GeV

Comparison of the synchrotron radiation spectrum (Eq. (9)) from the fireball with experimental data (ALICE)
for different values of 7y and T, corresponding to the onset of the hydrodynamic regime in centrality classes
0—-20% (left panel) and 20-40% (right panel). The plasma system radius is r = 10 fm (0-20%) and r = 7 fm
(20-40%), the phase transition temperature is T, = 0.2 GeV, and the restoring force («string tension») is
o =0.2 GeV?.

For «standard» values 7o = 0.1 fm and Ty = 0.9 GeV — the contribution amounts to approximately 10% of

the experimental yield.

20
ALICE Collaboration (J. Adams et al.), Phys.Lett.B 754 235-248 (2016).



Synchrotron radiation of quarks

Taking into account the plasma temperature gradient (from the center to the boundary) as follows from Eq.
(7), within the interval 7 to 7 :
2
d“N, Y

AN (10)
2k, dk, dy J as dt k,dk,

r7dr =

2 2
T — T
Fle2ya-L . v kyTYOTS 26713 exp[—k, /Ts],

where ¢ = (To/Tc)371, is the total «lifetime» of the QGP.

=—4&— Alice Data. c=0-20%
—0— T.=T.=0.2GeV
== T.=T.=0.3GeV
Ts=T.=0.4GeV

—_

o
i
Y4

0,01

0,001

0,0001

(1/21) d2N/kdk.dy, GeV -2

—_
®

o
a

L o e B L i B B
1 1,5 2 2,5 3 3,5 4
ki,GeV
Comparison of spectrum (10) with ALICE data (0—20%) for different values of the QGP surface temperature

TS = TC , TO =0.9 GeV, To =0.1 fm. .



Synchrotron radiation of quarks

Synchrotron radiation is characterized by a high degree of photon polarization. Several preferred
directions can be identified: the collision axis 0OZ, the direction of the restoring force o | | n, and the photon

emission direction k n. We introduce the corresponding unit vectors:
oXk kxe;

e, =—, ey = —— .
17 o x K 27 |k % eq]

Taking into account the linear photon polarizations along e; n e, the distribution (1), summed over
polarizations [ A.A. Sokolov, I. M. Ternov, Relativistic effects in Synchrotron radiation ]:

dN, 1dN, dN, 3 dN,

= 2 2 Ty (11)
dodt 4dwdt dodt 4dodt

The polarization N,, corresponding to the plane defined by k and n dominates. In the case of a cylindrically
symmetric fireball (with the cylinder axis aligned with 0Z), the initial degree of polarization decreases to:

dN, 1 dN, 1 dN, 1 (12)
" \dwdt 2dwdt)/ 2dwdt 2

down to approximately 20%:

P P’ 1
- ~ —,
5

V.V. Goloviznin, A.M. Snigirev, G.M. Zinovjev, Yad. Fiz. 48, 1826 (1988). 22



Synchrotron radiation of quarks

In experiments, photon polarization is practically not measured; therefore, an expression for the azimuthal
distribution of (di)leptons

dN aLl(P") p2dp k2 4+ 2u% 2 (13)
z 12 cin2
- —————>P 2
dt d4 211k© pf(ko _ Pf) 51f (p)l p“sin“6,cos2¢

3 3

was derived for the decay of a «weakly virtual» photon (Vk = /& = 0.4 GeV) into a lepton pair p1, P2 - In
«thermal» qg annihilation: ¢ + § —» I* + [~ and in Compton «scattering» : q(q) + g = q(q) + It + [~ such
a dependence is absent.

Synchrotron radiation may contribute to the elliptic flow coefficient v, (for photons and, subsequently,
dileptons) due to the «distribution» of surface normals over an elliptic geometry. :

2) 0 2T
R O dpscos(2¢,)/(2m) =€, ¢s=tan " (y/x), ¢y = (rx/ry)ztan(rps)

0

/7 y _ qubycos(quy)(dNV/dqby) |

o 1’ Y
N L [ d, (aN7/ds,)

V.V. Goloviznin, A.M. Snigirev, G.M. Zinovjev, Yad. Fiz. 48, 1826 (1988);
V.V. Goloviznin, A.M. Snigirev, G.M. Zinovjev, JETP Lett. 107, 527 (2018). 23




Synchrotron radiation of quarks

» The mechanism of photon production in the form of synchrotron radiation by quarks is a consequence of
(de)confinement in the QGP, i.e. the inability of a colored object to leave the QGP ;

» The relative contribution of this radiation amounts to 10% or more of the experimental data ;

» The polarization of synchrotron photons leads to an azimuthal anisotropy of the dilepton pair ;

» Synchrotron photons contribute to the overall v;/ dir Jue to the geometric shape of the QGP .

24



Photons productionin gg — y as a signal of deconfinement
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Photons production in gg — y as a signal of deconfinement

» Strong EM field in heavy-ion collisions:
) V. Skokov, A. Y. lllarionov, and V. Toneey, Int. J. Mod. Phys. A 24, 5925 (2009) ;
. V. Voronyuk, V. D. Toneev, W. Cassing, E.L. Bratkovskaya, V.P. Konchakovski, Phys. Rev. C 83, 054911 (2011) ;

AuAu, \/SNN: 200 GeV, b=10 fm, t=0.05 fm/c

AuAu, VSyy =200 GeV, b=10 fm, t=0.5 fm/c

Né_: 5
N 4 §
T > T
= 0 2
S 2 o
o

% ] 20 0.3 20

x [fm]

» Observable effects in the quark—gluon plasma induced by strong EM fields :

1 A. Bzdak and V. Skokov, Anisotropy of photon production: initial eccentricity or magnetic field, Phys. Rev. Lett. 110,
192301 (2013);

) K. Tuchin, Particle production in strong electromagnetic fields in relativistic heavy-ion collisions, Adv. High Energy Phys.
2013, 490495 (2013);

) A. Ayala et al. Prompt photon yield and elliptic flow from gluon fusion induced by magnetic fields in relativistic heavy-ion
collisions, Phys. Rev. D 96, 014023 (2017);
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Photons production in gg — y as a signal of deconfinement

(D (1)

Process diagrams with a triangular quark loop in the presence homogeneous Abelian background gluon
field.
p, k denote the gluon momenta, g the photon momentum. Arrows indicate the loop momentum flow.

Within the mean-field approach to the QCD vacuum based on a domain-like structure
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Photons production in gg — y as a signal of deconfinement

R.P. Feynman, M. Kislinger, F. Ravndal, Phys. Rev. D 3 2706-2732 (1971) ;
H. Leutwyler, J. Stern, Phys.Lett.B 73 75-79 (1978) ;

J. Jersak, H. Leutwyler, J. Stern, Phys.Lett.B 77 399-404 (1978) ;

P. Minkowski, Nucl.Phys.B 177, 203-217, (1981) ;

A.l. Milstein, Yu.F. Pinelis, Phys.Lett.B 137 235 (1984) ;

Domain-like structure of the QCD vacuum. Key references :
J. V. Burdanoy, G. V. Efimoyv, S. N. Nedelko, and S. A. Solunin, Phys. Rev. D 54, 4483 (1996) ;
Alex C. Kalloniatis, Sergei N. Nedelko, Phys. Rev. D 64, 114025 (2001) ;
Alex C. Kalloniatis, Sergei N. Nedelko, Phys. Rev. D 66, 074020 (2002) ;
Alex C. Kalloniatis, Sergei N. Nedelko, Phys. Rev. D 69, 074029 (2004) ;
Alex C. Kalloniatis, Sergei N. Nedelko, Phys. Rev. D 73, 034006 (2006)
B.V. Galilo and S.N. Nedelko, Phys. Rev. D 84, 094017 (2011) ;
Sergei N. Nedelko and Vladimir E. Voronin, Eur. Phys. J. A51 4, 45 (2015) ;
Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 93 9, 094010 (2016) ;
Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 95 7, 074038 (2017) ;
Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 103 11, 114021 (2021) ;
Sergei Nedelko, Aleksei Nikolskii, VIadimir Voronin, J. Phys. G 49 3, 035003 (2022) ;
Sergei Nedelko, Vladimir Voronin, Phys. Rev. D 107 9, 094027 (2023) ;
Sergei Nedelko, Aleksei Nikolskii, Eur. Phys. J. A59 4, 70, (2023) ;
Vladimir Voronin, Phys. Rev. D 110 1, 014040 (2024) ;
Vladimir Voronin, Phys.Part.Nucl.Lett. 23 2, 147-154 (2026) ;
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Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.

Euclidean QCD functional Integral ]
7 = Nf DAJ DWDVY exp{—S[A, ¥,y 1}, 4[
FB b4 : :
Functional space with a
1 nonzero condensate (g2F?)
— - lim — 4 2rpa a — R2
Fg = {A. ‘}1_r)rolov ] d*x g°Fn(x)Fi(x) =B } ) -
<[Separation of the nonperturbative background field B,
Ay - B, +9Q,, and perturbative field fluctuations Q,, )
N \
D(B)Q =0, L Background field gauge
J

1 ZL DB®[A, B] jQ DQ jﬂ Dw 8§[A® — Q® — B®] §[D(B*)Q*],

Z=N' f DB ] DYDY j DQ det[D(B)D(B + Q)] 6[D(B)Q] exp{—Sqcp[B + Q, ¥, ¥]} =
B v Q

/ Definition of the effective action for the field B.

— j DB exp{—S.g[B]} . L The minima Sq¢¢ determine different vacuum
B

states of the system in the limitV — oo, 29




Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.

1
Legt = =725 (DY FuDY sy + DEP R, DCES,) — Uest {
A4 EN° 4 (F\* 16
Ueff:ﬁ Tr Cl p +§C2 p —?Cg

DFb = 59, —iAGP = 0, —iAL(T)?P,

A = 0,A% — 0,A% — i fabCA;;A,g ,

FEw=E&T*,  Tg =—ifobe
Tr F? = RAP R = —3F2

€, >0,C, > 0,C5 > 0.

F
A2

)6

Ginzburg—Landau approach to
the QCD effective action.

Uegr has a minimum at (g?F3E7,

determined by the choice of coefficients C;

) #0

The scale A ~ Ay¢p is related to B> .

Definition of symbols
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Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.

. 1 B 1 Uesr has twelve degenerate discrete )
A, = _EﬁkFﬂVxV' F= ngaﬁFaﬁ =xky, EwEy = B? minima for covariantly constant
Abelian (anti-)self-dual fields
J
R 3 g . 2k +1 2
iy = T>cos(&) + T®sin(&y), &= e k=0.1,..,5. The matrix fi;, belongs to the Cartan
subalgebra of the su(3) algebra
y,
Eﬁ = Bzcos(a)) The angle w between the chromoelectric A
and chromomagnetic fields.
J

Uesr for (anti-)self-dual fields
in the variables B, ¢ .

A A A A A
i N“W\ Dependence of Uygr on w and € .
=————"— Darkregions correspond to the
° > @ @ @ @ @ < minima — Abelian (anti-)self-dual
= = =

fields.

5
6

&

z
2

oly

] Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 93 9, 094010 (2016) ;

LA A A AR F

Zn 3z 1
6 2

6
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Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.

Let ¢ and (ngﬂ%FM‘{,) take their global-minimum values of Ugg , then for w one obtains the sine—Gordon

equation: 0%w = m2 sin 2w , m2 = bZ,. A*(C, + 3C3b2,.), which admits kink solutions

w(x,) = 2 arctg(exp(ux,)).
Using an auxiliary function
{(uinbxy —q') = Eal‘ctg (exp (1 (mbxy — q"))
vty T l vV )

where y; is the inverse kink width, n%, is the normal to the kink plane, and ¢* = n}x,, is the wall coordinate,
one constructs a superposition of domain-wall pairs

k
w(x) = nﬂ((ﬂi,nixv —q').
i=1

For a suitable choice of the vectors ni , such a superposition describes a finite region of anti-self-dual field
embedded in a self-dual background in 2, 3, or 4 dimensions for k = 4,6,8 respectively.
The general superposition (domain-wall network) is given by:

k
w@=n ) | [ounix, - a¥). (14)

(0 0]
=1 i=1 32
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Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.

$(uirmy %y — ). (14)

(F?) = B
(IFF]) = B

Green regions:
chromomagnetic field where
quasiparticles carrying color
charge can emerge.

Deconfinement.

Blue and red regions:
confining, almost homogeneous
Abelian (anti-)self-dual gluon field.

Confinement.

] Sergei N. Nedelko and Vladimir E. Voronin, Eur. Phys. J. A 51 4, 45 (2015) ;

] B.V. Galilo and S.N. Nedelko, Phys. Rev. D 84, 094017 (2011) :

i Strong electromagnetic fields produced in heavy-ion collisions can trigger deconfinement. ] 33




Photons production in gg — y as a signal of deconfinement

Domain model of the QCD vacuum and hadronization. Main features.
) Alex C. Kalloniatis, Sergei N. Nedelko, 2001-2006, Refs in slide 28

i Hadronization, confinement, chiral symmetry, propagators and others in domain model are discussed.

_lISergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 93 9, 094010 (2016) ;

i Mass spectrum and decay constants of radially excited light, heavy-light mesons are presented.

] Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 95 7, 074038 (2017) ;

1 Transition form factors P — y*y of pseudoscalar mesons are studied.

) Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 103 11, 114021 (2021) ;

i Finite-size domain (R) on the vacuum free energy density of full QCD with N¢ massless flavors are studied.

) Sergei Nedelko, Aleksei Nikolskii, Vladimir Voronin, J. Phys. G 49 3, 035003 (2022) ;
1 HVP and HLbL contributions to muon g — 2 are discussed. ]

] B.V. Galilo and S.N. Nedelko, Phys. Rev. D 84, 094017 (2011) :

i Strong electromagnetic fields produced in heavy-ion collisions can trigger deconfinement. ]

\,

] M. D’Elia, M. Mariti, F. Negro, Phys. Rev. Lett. 110, 082002 (2013).
) G.S. Bali, F. Bruckmann, G. Endrodi, F. Gruber, A. Schaefer, JHEP 04, 130 (2013).
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Photons production in gg — y as a signal of deconfinement

gg — V. Confinement phase
Consider the process gg — v (via a triangular quark loop) in the presence of a randomly oriented
ensemble of almost everywhere homogeneous Abelian (anti-)self-dual domain-structured gluon fields.:

" 1. - - 1

By = EBuvxv By =By, , A =1%,By, = E‘gﬂmﬁBaﬁ = By, BpuBpy = 4v?B?5y,,

A 111 5 _ i

where the field strength B sets the scale associated with the scalar gluon condensate. The quark propagator
with mass mg in the presence of the vacuum background field B :

(iy[,LD[,L _m)S(X,y) = _S(X_ZV); D[,L = a[,t - lBﬂ I{]/[,L ;Vv}z _26

[ .
Sr(x,y) = exp (‘EquuvyV) Hy(x =), (15)
m

Lds vB 2 1 — s\4vB The propagator is an entire function of p? .
Hf(Z) - ? Xp ( 25 ) (1 + S) X Quarks do not exist as particle.

vB 1+ s?
_L? Zy (V/,L x lsf;wyvys) +me| Pr+—— 1—

S
P+ +5 y,uf/,wyv 52>] .
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B.V. Galilo and S.N. Nedelko, Phys. Rev. D 84, 094017 (2011) ;



Photons production in gg — y as a signal of deconfinement

gg — V. Confinement phase
Terms with odd powers of £ in the amplitude violate Furry’s theorem :

lds, ds, ds- (—ivB)3
MD = ieg?(2m)*sW(p + k + q) J J J 1 45z A5 (Z1B) (16)
Sl SZ 53 515783

mz m

(1 = 51)4173 (1 — 52)4v3 (1 — 53 4vB fd“x d4y o—i(px—ky)
1+ s, 1+s; 1+ 53

vV 2

ivBx, f, X 2
<Tr le wfuvyv 251

—(y-x)? 4 F
252y 253 fawfﬁxfln awﬁxﬂm +fanfﬁwnwp +f““)rg‘1‘/’pl> eﬁ(k)ee(p)ep(q),

ds, ds, ds- (—ivB)3
MUID = jeg?2(2m)*6 @ (p + k + q) j j j 1 5z ds (Z1E) (17)
0 Sl SZ 53 515253

mz m

(1 — 51)4173 (1 — 52)4173 (1 — 53 4vB jd‘l‘x d4y o —i(px—ky)
1+s; 1+s, 1+ 53

2

—ivB fvv_i 2 Y _LZ,\ A A
<TI‘ [e i dicd Zsl(x ») 25" 285" fawfﬁ)(fan(gZ)%XAn fanf[?w pr'i'fa'a) Mvp]> Eﬁ(k)EE(p)Ep(CI)-
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The amplitudes M@ and MUD differ in the of the phase factor.



Photons production in gg — y as a signal of deconfinement

gg — V. Confinement phase
The sign in the phase factor affects the result of averaging over the spatial orientation of the background

field B \/ ( - )
L N n = Sinz]v]vi]v]v
1_[ fajﬁj e i f[.tv Juv | — ((23))n 6]6 nwv Jp wvJju , ( 1 8)
j=1 j=1 “iFj \/Z(Juv ]/,Lvi]uvj;w)
[ T/ess, e = COM{ | [ gy e ). (19
j=1 j=1

Terms in M = M@ 4+ mUD containing an even number of fcancel each other in analogy with Furry’s
theorem in QED.

Terms in M with an odd number off cancel after averaging over the orientation of the external field.

The conversion gg — Y is suppressed (vanishes) in a random ensemble of confining vacuum fields.

Sergei N. Nedelko, Vladimir E. Voronin, Phys. Rev. D 95 7, 074038 (2017) ;
Sergei Nedelko, Aleksei Nikolskii, Eur. Phys. J. A59 4, 70, (2023) ;
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
The deconfinement phase is characterized by the presence of a chromomagnetic field B with a preferred
direction (along 0Z , i.e., the collision axis):

Eyv ZﬁB/,w ZﬁBf;w: fiz=—fa1=1. (18)
Particle coordinates and momenta (in Euclidean space):
x; =(x1,%2,0,0), x;=1(0,0,x3,x4), (19)

pL=(p1,p2,0,0), P = (0,0, p3,p4) -

The quark propagator with mass my in the presence of the external chromomagnetic field B (18)

J The propagator is exact, i.e., it incorporates
_ Hp _ % 20
Stey) = exp{ 2 2 %L IvaJ-} Hf(x Y), contributions from all Landau levels. ] (20)
B ds [ 1 [
_ U ) ~ ~ Iz
Hf(Z) = 1612 fo ?{mf - Z]/MZ" - EVHBPWZI - EB'TL'COth(BlTllS))/MZJ_}

1

s z" BInIcoth(BInIs)yuzl}

1
[Iﬁlcoth(BIﬁIs) — Egp’lfp)‘] exp {—m]%s

i
Opa = z—i[yp Y2l -
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
The amplitude for diagrams (I) n (I11):

. (21)
M=M®D+MID =i2r)*s*(p + k - q)gzez Fivo @, K)F,(p, k) 5858 (k)el (p)e, ().
l
The form factors F; have the following structure:
Fl (pr k) = z qf Trﬁ j d51d52d53 [lpl(l) (51; S2, 53|ﬁ1 mf) + lpl(n) (S]_; S92, Sglﬁ; mf)] (22)
7 0

Xexp {—P||2¢1(S1, S2,53) — P||k||¢2(51; S2,53) — k|%¢3(51; S2,53)

—pIa(s1,52,53) — P1kips(s1,52,53) —kT Ps(s1,52,53) —mz(sy,52,53)} .

Some form factors of the amplitude M as functions of p? = k? N
at pf = ki = 1in Euclidean kinematics. ¢4,..,¢pg > 0.
0 R The form factors are dimensionless, with, p? = p?/B.

500

Fi
\
n

~500 - F2 The amplitude contains 32 form factors.

7 Fo J

— — ,:4
1000~ Sergei Nedelko, Aleksei Nikolskii, Eur. Phys. J. A 59 4, 70, (2023)
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
To evaluate T = |M|? an analytic continuation to Minkowski space is required:

1‘9"2 - —Pnz» kuz—’ —kuz» piky = —piky - (23)

In Minkowski kinematics, the on-shell conditions for the gluons and the photon lead to the relations:

pi =pi, ki=ki, pyky=pik,. (24)

The photon production probability is determined by the squared amplitude, averaged over the initial gluon
polarization states and summed over the final photon polarizations:

T(p, k,q) = AvAT(2m)*8*(p + k — )T (p, k), (25)

2aag

T(p, k) = jd51d52d53d7‘1d7‘2d7‘3F(51,52,53,7‘1,7‘2,7‘3|P; k)

T

2 2
X exp{ PLCD1(51; S2,53,11,12,13) + 1k  Py(51,52,83,11,72,13) + ki D3 (51,52,53,11,72,13)
2
_mf (51, SZ; S3r T]_, rZ; r3) }
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
The functions

D1 (51,852,853, 71,72, 73) = $1(51,52,53) + P1(11, 72, 73) — Pa(S1, 52, 53) — Pa(r,72,73) , (26)
q)2(51,52,53,7‘1,7‘2,7‘3) = ¢, (51,52;53) + ¢2(7”1;7‘2;7‘3) - ¢5(51»52153) - ¢5(7‘1»7‘2»7‘3) )

D3(S1, 52,583,711, 72,13) = P3(S1,52,53) + P3(1ry, 12, 13) — Ps(S1,S2,53) — Py, 72, 73) .

are positive over the entire integration region and grow linearly as s; — . The proper-time integrals in
Eq. (25) «converge» only within a limited range of momenta p, k,q determined by the quark mass m; . For
the kinematic regime pf = ki = q?/4 the integrals over s; converge provided that

3 27
pf<§m]2c<—>q2<6m]2c. (27)

Similar features of «photon splitting» have been discussed in:
S.L. Adler, J.N. Bahcall, C.G. Callan, and M.N. Rosenbluth, Photon spliting in a strong magnetic field, Phys. Rev. Lett. 25,
1061 (1970) ;
V.O. Papanyan and V.I. Ritus, Vacuum polarization and photon splitting in an intense fiield, Zh. Eksp. Teor. Fiz. 61, 2231
(1971) ;
V.0. Papanyan and V.I. Ritus, Three-photon interaction in an intense field and scaling invariance, Zh. Eksp. Teor. Fiz. 65,
1756 (1973) ;
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
In the papers

A. Ayala et al. Phys. Rev. D 96, 014023 (2017) ;
A. Ayala et al. Eur. Phys. J. A56, 53 (2020) ;

the conversion process gg — y was studied under the following assumptions:
» the strong (pure magnetic) field limit: eBg) > m]g ;

» massless quarks ;
» quark propagators restricted to the lowest (LLL) and first excited (1LL) Landau levels.
In this case, the photon production probability for gg — y

2

2a0 (28)

T (0,) = 2225 02202 + k7 + p1k Dexp {— 07+ K2 + plm}.

™ |97 Bel
To estimate the effect of the chromomagnetic field over a broad momentum range p, k, q , we generalize the

result by the replacement: |qsBe1| — |qsBel + AAB| . This yields:

2aa?

—qj Tra (2p1 + ki +puki)exp {—

[TB(p, k) = (2 + k2 +plkl)}] (29)

|q¢Be1 + AB]
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Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase

0.4
B,=0,B=5m?

0.3 By=0,B=2m?
'_
< Be=2m?,B=0
8 0.2
S
S
5 04

0.0}

0 1 2 3 4 5 0 1 2 3 4 5
pL Pl

Dependence of T(p, k), Egs. (28) and (29) on the different fields B and B for p? = k2 = q%/4. The pion
mass m,, is used as the scale parameter, and the momenta are expressed in dimensionless units p? = p?/B.

Left: the effect of the chromomagnetic field B is stronger than that of the purely magnetic field B, (orange
and green curves).
Right: photon production is enhanced by the «long lifetime» of the chromomagnetic field.

) Sergei Nedelko, Aleksei Nikolskii, Eur. Phys. J. A59 4, 70, (2023) . 43



Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase

Invariant differential photon spectrum in the presence of magnetic and chromomagnetic fields Bgj and B,
respectively :

1 dN aa’ln

T d - qf T I d B
—_— vA 2 N 2 2 _ -g8(wp,w
2 Wq Qg TZNC(Zn)éa)q f r”_[O (‘)p(zwp + Wq a)pa)q) e f( p q)

x[1o (98 (@pr @q)) = 11 (98 (@p, @q) )| [n(wp)n(|0g = wpl)],
w%,+w¢21—wpwq w
2|AB+qfBel| ’

(30)

where g]’?(a)p, a)q) = n(w) = n/(eds—1), I, 1, are the modified Bessel functions of the first

kind.

= 1000|- +D?HEJNIX[20_4O]% Be|=O,B=5m,2r f = 1000|' +DPHENIX[20,40|% Be|=5m72”B:2m72r o
| 1r€CT (pRe 93, 044906 (2016)] | irect (pro 03, 044906 (2016)]
> >
C 100} By=0,B=2m2 | 2 100} By=2mZ,B=2m? |
- By=2m?2,B=0, 2
g 10 I g 10
Z P
S 1 2 9
a 010 d 010
= ="

0.01 ] 0.01

0.5 1.0 1.5 2.0 2.5 3.0 3.5 ’

wg, [GeV]
Notation is the same as in the previous figure. a4



Photons production in gg — y as a signal of deconfinement

gg — V. Deconfinement phase
In the momentum range pf = ki <§m]% (or g2 < 6m]%) the photon production probability can be

compared for the following cases: using the «full» quark propagator, Eq. (25); using the Landau-level
expansion, Eq. (29):

0.06 v
mZ:lB -~ my/q mg me my A
0.05} 8 P -~ ! (MeV) (MeV) MeV) MeV) MeV) a, R (fm)
m?=-1B - 145 376 1566 4879 416 345 1.12
= 0.04} 16 - -
[V 7~
£ m?=1B - ) . .
9 0.03} 32 ~ ] Sergei N. Nedelko, Vladimir E. Voronin,
S — — m=0_ 7 Phys. Rev. D 95 7, 074038 (2017) ;
= 0.02} ]
S
7
0.01} /
/
0.00 - . -
0.00 0.01 0.02 0.03 0.04
pi/B

The chromomagnetic field is fixed at B = 4m2 .

Similar «difficulties» associated with the integral representation arise in the region m¢ < |qsBg;| < q? when

all quark Landau levels are included:
A. Ayala et al. Phys. Rev. D 110 7, 076021 (2024) . e



Photons production in gg — y as a signal of deconfinement

» Photon production via the process gg — v (through a triangular quark loop) may serve as a signal of the
confinement—deconfinement phase transition ;

» Confinement phase: the probability of two-gluon conversion into a photon vanishes due to the random
orientation of the statistical ensemble of confining vacuum fields ;

» Deconfinement phase: the short-lived magnetic field generated in heavy-ion collisions acts as a catalyst
for the transition to deconfinement. This transition is accompanied by the emergence of a long-lived
chromomagnetic field aligned with the magnetic field. As a result, Furry's theorem is violated, and the
conversion probability gg — y becomes nonzero ;

» For massless quarks, the chromomagnetic field enhances the photon production amplitude owing to both
its strength and its longer lifetime ;

» Proper treatment of quark masses is important, especially for the s —quark, for which the Landau-level
expansion is not applicable ;

» The produced photons exhibit a pronounced angular anisotropy because the amplitude depends on the
preferred direction defined by the external (chromo)magnetic field.
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Conclusions

Synchrotron radiation from quarks
» Photon production via synchrotron radiation from quarks is a consequence of (de)confinement in the QGP;
» The relative contribution of this mechanism can reach 10% or more of the experimentally observed photon yield;
» The polarization of synchrotron photons induces an azimuthal anisotropy of the resulting dilepton pairs;

> Synchrotron photons contribute to the overall direct-photon elliptic flow v} dir,

Photons from gg — y as a signal of deconfinement

» Photon production via the process gg — v (through a triangular quark loop) may serve as a signal of the
confinement—deconfinement phase transition ;

» Confinement phase: the probability of two-gluon conversion into a photon vanishes because of the random
orientation of the statistical ensemble of confining vacuum fields ;

» Deconfinement phase: a «long-lived» chromomagnetic field with a preferred direction emerges. As a
consequence, Furry's theorem is violated, and the conversion probability gg — y becomes nonzero ;

» The produced photons exhibit a strong angular anisotropy since the amplitude depends on the preferred
direction of the external (chromo)magnetic fields.

Thank you for your attention !
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Ap = Bp + Qu
¥
BCTaBKa eMHUUbI (0606WEHHOe ToxaecTBo Gagneesa-onosa)
8lA-B - Q|4[D(B)Q)
¥
ycnosue GOHOBOWN KanubpoBku
Du(B)Qun =0
¥

onepatop ®appeesa-lonosa

sGa
M = 528 = [D(B)D(B + Q)|

¥
NeTepMUHaHT

det(D(B)D(B + Q)]
v
rXocThl ¢, &
¥
VHTerpupoBaHue no Q,w,d;, e
¥
abdekTUBHOE AeiicTBUe

Seff[B|

¥
MUHUMYMbI Seff
¥

BaKyyMHble KOHOUrypaLuuu (LoMeHbl).

Y10 03HavaeT aTa popmyna dpusmnyeckun?

OHa ropopuT:
1. Bblbupaem GoHOBYO KOHbUTrypaumo B;
2. paccMaTpuBaeM BCe KBaHTOBble GNyKTyauun QQ BOKpYr HeE;
3. paccMmaTtpuBaeM Bce KBapKoBble Nons;
4. yuyutbiBaeM dpaktop ®apaeesa-llonosa;
5. 3aTeM ycpejHsieM No BCeM [OMyCTUMbIM GoHam B.

BACKUP

Some general facts

B 3anucu

4 ab b
G%(z) = Di (B) Qu(z)

G® — 310 NpocTo KanubpoBouHas pyHkKumMs (gauge-fixing function), 3apatowas ycnosve

KanubpoBKu.

B ¢doHoBOI kanubposke BbibGUpaoT

3 ab b
G = Dp (B)Qr = 0.

370 aHanor nopexueBoi kanubpoeku B K3

G = opAp = 0.

Fne nosBnATCA rXocTbi?
IXOCTbl BO3HWKAIOT U3 leTepMUHaHTa ®appeesa-Monosa
iG?
det( 5wb ) .
[na doHoBOI KaNnMBbPOBKMU

a ab b
G% = Du (B)QK,

noaTomy

5Ga ;
b = [D(B)D(B+ Q)"

OTclofia v nosiBnseTcs B TBoe Gpopmyne

det[D(B)D(B + Q)).

Tae nosBASOTCS rXOCThi?
XOCTbl BO3HUKAIOT M3 AeTepMuHaHTa ®apneesa-lonosa

G

det<6_6_> _

o ab b
G* = Dit (B)QM,

[ins doHoBOI KannbpoBKU

noaTomy

P = [p(B)DEB + Q)"

OTcloaa 1 nossnsetcs B TBoel popmyne

det(D(B)D(B + Q)].

3aTeM 3TOT AeTepMUHAHT 06bI4HO NPEACTaBNAIOT Yepe3 aHTUKOMMYTUPYIOLWME CKanspHble nons

Ca. CJl-
KoTopble 1 HasblBalTcs ayxamu (ghosts) ®apaeesa-Monosa:
det[D(B)D(B + Q)] = /Dcnae-sgh"“.

Mpu aTOM

Sehost — / dtz e [D(B)D(B + Q).
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1. O6bIYHbIN MHTErpan U GYHKLMNOHANbHbIN UHTerpan

B 06bI4HOI KBAHTOBOW MexaHuKe BEPOATHOCTb NONYYNTb BE/IMYNHY BbIYUCNAETCA Yepe3 nHTerpan no So me ge nera I fa cts

nepemMeHHbIM:

4. lMo4veMy nosaBnsalTCA AeTePMUHAHTDbI?

/dz e 5@,
KBapkoBoe genctene umeet Bug

B KBaHTOBOI! TEOPMY NONS BMECTO OAHOI NepemMeHHON & ecTb Lenoe none A, (), onpenenéntoe B q
KaX[0it TOUKe NPOCTPaHCTBa-BPEMEHH. Sq = d'z q(z D — m)q.

Mo3ToMy BMeCTO CyMMbI MO YK1CNaM BO3HUKAET CyMMa Mo BCEM BO3MOXHbIM KOHUrypaLmam nons:
OHO KBagpaTUYHO MO KBAPKOBbIM MONSM.

/ DAeSH.
AHanor o6b14HON GopMynbl

Cumson .
- /dze’“’ xa 1/2.

o3HavaeT: Ona $epMmnoHoB nonyvaercs

«MPOMHTErPUPOBATH MO BCEM BO3MOXHbIM dyHKUmsM A, (z)».

/ DGDge ™1 = det M.
2. Mpouseogawmn ¢yHkumMoHan KX[,
Ona KX

Moatomy

2~ [ DaDgDge Senasn [ Page 1 —aet(i p - m).

3[ecb YUYUTHIBAIOTCS OLHOBPEMEHHO: 370 ofiHa U3 camblx BaxHbIX popmyn B KX,

® BCe KOHHbIe Nons A‘“'

e BCe KBapKOBble Nons g; 5. ﬂoquy Bo3Hukaet In det?

e BCenonsq.

MoTomy 4TO
To ecTb BakyyM KX[ — 370 He ofiHa KoHbUrypaums, a cynepnosumums 6€CKoOHeYHoro ynucna
KOHOUrypauuii. det M = Elnclet M.
Torpa
3. CpegHee 3Ha4YeHue onepartopa
Ecnu ecTb onepatop O, To ero BakyyMHoe cpeaHee: Z = /DA e SolAl det(i D — m)
1 - -s
(0)= 7z DADGDqgOe ”. MOXHO nepenucaTb Kak
3T0 NPOCTO aHanor cTaTUCTUYECKON GU3UKK: Z = /’DA e~ SglAl+Indet(D—m)
-E/T
e
(0) = 20 OTclopa

S e BT
Sett = Sg — Indet(i D —m).

ToNbKO BMECTO CYMMbl MO COCTOSIHUAM — GYHKLMOHANbHbINA MHTErpan no nonsm.



6. Mouemy In det — aTo kBapkoBbIe NeTAN?

Mcnonb3ayeTcs TOXAECTBO
Indet M = Tr In M.
MycTb
M=DMy+V.
Torpa
O0) 71)n+1
Trin(My+ V) =Trin My + > (TTr(MO’lV)".
n=1
Kaxabl uneH
Tr(M, V)"
COOTBETCTBYET 3aMKHYTO KBapKOBOI METNE C 1 BHELIHUMU MI0OHaMM.
MoaTtomy
Indet(i D —m)
€CTb CyMMa BCeX OfHOMET/NEBbIX KBAPKOBbIX Anarpamm.

7. OTKyaa 6epétcsa nponaratop?

ELLLé 01HO BaXHOE TOXAECTBO:

dIndet M = Tr(M dM).

M=iD—-m
nonyvyaem
M1t=@GEpD-m)'=S8.

To ecTb Npoun3BoAHast GYHKLIMOHANbHOTO AeTEPMUHAHTa aBTOMaTUYeCKM NPUBOANUT K KBAPKOBOMY

nponaraTtopy.
VIMeHHO noatomy:
(7g) = —Tr S,

a Bapuauuu adpdeKTUBHOro AENCTBUS CoepXaT KBapKOBbIE TOKU.

BACKUP

Some general facts

8. Y10 Ba)KHO NOMHUTb AJ19 A0MEeHHO Moaenu?

MO>HO CBECTU BCE K TPEM CTPOKaM:
Z= / DADGDq e 5ecP
|l  uHTerpupoBaHHE IO KBAPKaM

7 = /DA(S_«Hndet(i?fm)

| sddexTuBHOE HEiicTBHE
Seit[A] = Sy[A] — Indet(i D —m).

Mocne 3Toro ULLYT MUHUMYMbI Sege, CTPOSAT OMEHHYIO CTPYKTYpPY BaKyyma, a 3aTeM U3y4aloT KBapku

yXe B HalleHHOM $oHOBOM none.

[ins 6onblwnHCTBa cTaTeit Hepenko, BopoHOBa M COaBTOPOB UMEHHO 3Ta Liernoyka sBnseTcs
LieHTpanbHO: GYHKLMOHANbHBINA MHTEerpan - aeTepMuHaHT Jupaka > apdekTusHoe gencreme -
BaKyyMHOe MnoJsie - CBOICTBa KBAapKOB 1 afipOHOB.

2. dusnyeckuin (HenepTypOATUBHDINA) BaKyyM

B HEM NpUCYTCTBYIOT BakyyMHble€ CPefHNe pasfnyHbIX OrnepaTopos:
(qq) # 0,
(Za.60) #0
(q(z)q(0)) # 0,
nT.a.
To ecTb BakyyM KX[] — 3TO He NyCcTOTa, a CNOXHasa cpega.
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Some general facts

Locp — Z — Sex — U — Bakyym
a panblue
BakyyM — (qq), (G?), X, ME30HBI, KOH(pAIHMEHT.

Ecnu ocTaBuTb TONbKO CaMoe rnaBHOe 419 ceMuHapa uim 6b|CTpOI’O obbscHeHus:

1. Bakyym KX[] — 3T0 COCTOsSiHME C MUHMMAJIbHOWN 3HEpPruen.
2. JHeprusa nsenekaerca U3 GyHKLNOHaANbHOIO MHTErpana:

1
Evac = — lim —lIlZ.
B—00 ﬂ
3. Tllocne MHTerpMpoBaHus No KBapKam:

Seff = Sg — lndet(i D — m)

4. [na ogHOPOAHbIX GOHOBLIX Mosen:

Sett = Vi Uegs.
5. Murumym Uy onpenenser BakyymMHoe nose.
6. B 3TOM BakyyMe BbIYMCNAOTCA KOHAEHCaTbl U CBOMCTBA a4pOHOB.

Mopanre6pa Kaprara rpynnbl SU(3) — aT0 AByMepHas koMMyTupyiowas noganrebpa, HaTsaHyTas
Ha reHepaTopbl T u T8. B nomMeHHO Mofeny pOHOBOE MIOOHHOE Mone BblibupaeTcs
HanpageneHHbIM BAOMb 3TOM nopanrebpbl, YTo AenaeT ero addekTMBHO abenesbiM U NO3BONAET
aHaNMTUYECKUN BbIMUCNATL CNEKTPbI U 3ddeKTUBHOE AeincTBHe.

Y rpynnbl SU(3) ecTb Bocemb reHepaTopos

T = )\z—a, a=1,...,8
Cpeay HUX KOMMYTUPYIOT
73, 18
[elicTBUTENbHO,
[T3,T% = 0.
OHu obpasytoT noganrebpy KapraHa:
h= {13 T%}.

PaHr rpynnbi

rank(SU(3)) = 2.

B noMeHHol Mogenu poHoBoe none 06bI4HO BbIGUPatOT abeneBbiM:
f = nT?,
rae 7. NeXuT uMeHHo B noganrebpe KapraHa.
To ecTb
f=cosOT> +sin O T%.
WKW 3KBMBANIEHTHO Yepes AnaroHasnbHble MaTpuLbl Fenn-MaHHa.
Torpa $oHOBOE Mosie 3anucbiBaloT Kak

a __ .a
Bﬂ,,—n Buy.
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Some general facts

Korpga B ctaTbsix nuwyT

A =T3cosé + TBsiné,

3TO HE NPOCTO TexHMYeckuii Npuém. Mo cyTu aBTopbl BbIGUPAIOT HanpaeneHne GOHOBOro LBETOBOro

nons B AByMepHOM npocTpaHcTee KapTaHa. AHanorus takas:
e B 06bIYHOW 3N1E€KTPOAMHAMMKE MarHUTHOE Nosie MeeT HarnpasieHne B GU3NYECKOM
NPOCTpaHCTBe;
e B KX/ doHOBOE none nmMeert eLLé 1 HanpaeneHne B LLBETOBOM NPOCTPaHCTBE;
e nopanrebpa KapTtaHa 3aaéT yao6HYO «LIBETOBYIO MIOCKOCTb», B KOTOPOWN 3TO HanpasieHue

MOXXHO NnapamMeTpu3oBaTb OAHUM YyrnoM 5

MoaTomMy napameTpbl
B, R, ¢

B JOMEHHO MOAENN UMetoT NPOCTON CMbICH:
o B — Hanpsx&HHOCTb GOHOBOro Mons;
e R — pasmep goMeHa;
e & — HanpaBneHue Nons B LBETOBOM NpoCTpaHcTBe KapTaHa.

A pucKpeTHble 3HaYeHns

(2k + 1)m

&="¢

NOSBNAIOTCS yXe U3 MUHUMM3aLMM CBOBOAHOI SHEPriK 1 oTpaxaloT cummeTpuio rpynnbl SU(3).

MNpepcTaBneHue Ha uTo peiicTByet Pa3mep maTpuy,
dyHpaMeHTanbHoe KBapKu q 3x3
MpucoeanHéHHoe rnooHbl A® 8x8
)\a
ay\ _ . pabc
(Tp) =+ (T4)oe = —1f*.

N akcnepuMeHTbI:

e RHIC
e LHC

AaloT 3HauYeHMs 6nnskue K:
n/s~0.1—0.2

TO ecTb o4eHb 6nm3ko k 1/(47) ~ 0.08.

4. ®dnsnyeckas KapTUHKa

MOXHO fymaTb TaK:

e KBapKW U MOOHbI He CBOBOAHDI
e OHM 06pa3yrT CUNbHO B3aUMOOENCTBYIOLLYIO “CynoByo” cpeay
® MMNyNbC BLICTPO NepepacnpenenseTcs Yyepes MHOrokpaTHble CTONKHOBEHUS

- oTclofia NouTK nageanbHas rmgpoanHaMmka
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