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2 REGIMES

Perturbative or weak coupling regime  : quantum
electrodynamics (QED), coupling constant is sufficiently small

1
‘T a7
Nonperturbative or strong coupling regime  : quantum
chromodynamics (QCD),
ag ~ 1,

analitical methods do not work, there is no small parameter in the
theory for the expansions.

We use numerical methods.
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Computer simulations of strongly interacting systems

Quantum chromodynamics:

1. spectrum of mesons (q;q;) and baryons (};iq;qx) (masses, decay
constants, excited states);

2. confinement problem (computers can prove confinement
"numerically”);

3. the structure of QCD phase diagram;

QCD effects which occurs at very big magnetic fields in:
1. noncentral heavy ion collisions, B ~ A2 cD’

2. early Universe. It is assumed that magnetic fields ~ 2 GeV
existed in the Universe during the electroweak phase transition;
Graphene as quantum field theory
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Quantum chromodymamics (QCD)

Quark field: qu(X), where q is the flavour index, i = 1,2, 3 is the
color index, X = (X1, X2, X3, Xo) is the coordinate.
Gluon field: A% (x), where v, u = 1,...4 is the Lorentz index,

a,b,c=1,..,N2—1, N = 3for SU(3)..

SQCD :/d4X£:

:/d4 <_ZF;‘V( JEa (x +Z¢q X)(i7uDp(x) — mq)ij¢g(x)>,
FSV(X):G/LAg(X)—O,,Aa( )+gsfabc ( )AC( )

(Ol = yigs SGAL, [ =306, o = /2
C
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[ Lattice QCD

Lattice QCD

K.G.Wilson, Phys.Rev., vol. 010, p. 2445, 1974.
X=an,n=0,1..,Ns—1, i=1,2,3, ng=1,..N¢,n=
(ni, No),

a is the lattice spacing, h € Z, NS X N is the lattice volume.

1. Make a transition to Euclidean space Xg — it.
2. Exchange the Lagrangian of the theory by it's discretized version.

v(x) = (n), geitx) = LT PO g2

Sacp — isgw = exp{iSqcp} — exp{—SSCD}.

3.We generate numerically gauge field ensembles of gluonic

configurations with weight e_sgco, (corresponding to Boltzmann
distribution) using Monte-Carlo methods.
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[ Lattice QCD

Introduction

We work in SU(3) lattice gauge theory without dynamical quarks in
a constant external magnetic field directed along the third axis z and
explore

the dependence of the 7° and =+ energies versus the
value of the magnetic field;
calculate the magnetic polarizabilities of pions;
study mixing between 7% and /°;
m0(IP =07), pP°I7 = 17): thpo o = (Yt — Ya¥g)/ V2
7"':t(JP = O_)7 Pi(JP = 1_): 1/}ﬂ+,p+ - 1/}u1/}&’ 1/}7r*,p* = wddjﬁ
KEQP =07,17): vk = vstha, v+ = Yuths
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L Technical details

Technical details

Model: quenched SU(3) lattice gauge theory.

Generation of A, the tadpole-improved Wilson-Symanzik action,
164, 18* and 20* lattice volumes,

a = 0.084 fm,0.095 fm, 0.105 fm,0.115 fm, 0.125 fm lattice
spacings.

Fermion spectrum: chirally-invariant overlap operator, 50 lowest
modes for the inversion, different quark masses

am'qat = 0.007,0.010,0.015,0.02,0.03,0.04,0.05.

© quark A gluon
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We calculate the interpola-
tors 9O,y (where O, =
Vs VY5 7Y5) in the ex-
ternal U(1) magnetic field
and in the presence of
Vitusl qualk logpe o vacuum SU(3) nonabelian
absent (quenching) .
gluon fields.

M

—— External quark
_____ Virtual gluon
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L Technical details

Technical details

Solve the Dirac equation numerically:
Dy = idtix, D =~"(0, —iAL).
Calculate the propagators:
_ (X))
D~%(x = EE—
(x.y) Z iAx +m
k<M

The correlators with the quantum numbers corresponding to the
particle considered:

(O, Y1p0,¥)a = —tr[0,D7(x,y)O, Dy, X)]+

+r [OuD_l(X,X)]tI' [OVD_l(yvy)]v X = (na> nta)v y= (n/av nt/a)
n,n" € Az = {(n1,nz,n3)|n =0,1,...,.N — 1}
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L Correlators

Correlators

. 1 . . _i
G(F.7) = 57 2 {in(n.M)if(0,0))e =™
neNs
Pi = Zﬂki/(aN), ki = —N/2 + 1, ,N/2
We obtain the masses from the correlator of currents

(17(0,n)0,(0, n)¢'(0,0)0,4(0,0))a = > (0[O, [k)(k|O}[0)e ™.
k

The main contributions comes from (0|0, [k) (k |O,T,|O>e_”‘E°, We set
(p) = 0. So Eg = mg because E? — p2 = m?.
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L Correlators

The correlator for the neutral pion

0.14 T —
18", a=0.095 fm eB=l OGeV2 —8—
P eB=0.5 GeV —o—
0.12 eB=1.0 GeV ——
ﬁB eB=2.0 GeV? —v— EB

0.1

0.08

C(is is)

0.06

0.04

0.02

nt

We fit the correlator by the function éﬂt( n) =
Aoe ntaEp + Aoe (NT nt)aEO — ZAOe NTaEO/Z COSh(( - nt)aEO)
at5 <ng <Nt —5..
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L Results

Energy of 7% meson vs. the magnetic field

E(0), GeV

Fiton (eB)2 € [0: 0.3 GeV4]: E = E(B = 0) — 2r3(eB)?
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L Results

E(D), GeV

my=34. 26 MeV: 18 a=0.095 fm —e—

18 a=0.105 fm —&—

0.6 184 a=0.115 fm —&— -
e 167, a=0.115 fm —*—

0.45

0.4

0.35 L L L L L

(eB)?, Gev*

Fiton (eB)? € [0: 2.4 GeV?]:
E =E(B =0) - 273(eB)? + k(eB)*
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L Results

0.65 — ,
m,=34.26 MeV: 16", a=0.115 fm ~—o—
06 L 162, a=0.105 fm —e— |
204 a=0.115 fm —&—
055 | 18], 2=0.095 fm —*— |
: 18], 2=0.105 fm —O—
184 a=0.115 fm —B—
z 051 % 18 a=0.125 fm —v—
(O]
< 0.45 | W# N 1
o 04f s *¢ ¥
W,
035 | B o 1
®
0.3 5] ]
025 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
eB, GeV?

Higher degrees on (eB)2 give a strong contribution to the pion
energy at large magnetic fields (> 1.5 GeV?).



Polarizability of pseudoscalar mesons from the lattice calculations

L Results

The magnetic polarizability of 7° meson

Viar | Mg (MeV) [ a (fm) | 3(GeV —®) | Error (GeV ~2) | x?/d.of.
184 34.26 | 0.095 0.036 0.004 0.092
184 34.26 | 0.105 0.037 0.003 0.050
184 34.26 | 0.115 0.042 0.006 1.034
184 34.26 | 0.125 0.049 0.002 | 0.0131
184 25.70 | 0.115 0.036 0.005 1.105
184 17.13 | 0.115 0.028 0.016 1.552
18% 11.99 | 0.115 0.012 0.015 1.119
20% 34.26 | 0.115 0.042 0.006 2.96

B =(2.14+£1.22)10~* fm?3 at

mgq = 17.13MeV, m, = 396 MeV.

Chiral Perturbation theory at 2 loops: 3,0 = (1.5+0.3) - 10~* fm?3
(0.5 at one loop); a.r + B = O at the leading order of YPT, a is the
electric polarizability.

COMPASS from JLab data: a0 = (—1.0 : —0.3) - 10~* fm3.
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L Results

Lattice spacing and quark mass dependence
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L Results

Neutral p° meson with zero spin projection to B

1.2 : ‘ ‘ : ‘
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The p°(s, = 0) meson mass versus the magnetic field.
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L Results

Mixing between 79 and p°(s; = 0)

0.06 : ‘ ‘ ‘ : :
20", m;=34.26 MeV, a=0.115 fm, <j,gja0> —E~
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0.04 18" Shalao> 47
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Ciit(ny) = 2Age ~Nr2E0/2 cosh((Nt — ny)aEy) .
< jvalao >=< Y13 5701 >, < jvojas >=< ¥ oYY 53¢ >
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L Results
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4 <lolaz> —6—
0.8 187, <jyglap> —2—
06 | 1
A

% A

6 04r B S BReoasans |
S

Yooz} |
of |
0.2t 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
(eB)?, Gev

Ciit(nt) = 2Age ~Nr@Fo/2 cosh((Nt — ny)aEg) .
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The energy levels of free charged pointlike particles in a background
magnetic field parallel to z axis

E2 =p2 +(2n+1)|gB| — gs,qB + E?(B = 0)

So doesn't take into account polarizability of particle. In our case
E?2 =E?(B =0) + |gB| — 273(eB)>.
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L Results

Energy of 7=

meson vs. the magnetic field

CPSPS = (44 (0, ne)ys5¢0u (0, Nt )b (0, 0)ys¢44 (0, 0))

35
18 My =34.26 MeV, 1T, T[ a=0.095 fm —e—
a=0.115 fm —e—
3r a=0.125 fm —a—
20 my =34.26 MeV, a=0.115fm —<%—
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L Results

The magnetic polarizability of 7* meson

Viar | Mg (MeV) | a (fm) | 3(GeV —3) | Error (GeV —3) | x?/d.off.
184 34.26 | 0.095 0.015 0.001 | 0.19656
184 34.26 | 0.115 0.017 0.002 | 3.68394
184 34.26 | 0.125 0.012 0.005 | 0.41927
20% 34.26 | 0.115 0.016 0.003 | 7.94917

B =(0.015+0.001) GeV 3 — 3 = (1.15+0.08+) - 104 fm3
COMPASS: ar+ € (42 : +6) - 10% fm3.
XPT : o+ =2.83-107*fm3, 3+ = —2.76 - 10~* fm3 at O(p*)
(A.Aleksejevs, S.Barkanova, arXiv: 1309.3313).
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L Conclusions

Conclusions

Explore the dependences of 7° and 7+ energies on the
magnetic field;
calculate the magnetic polarizabilities at several quark

masses, agreement with chiral perturbation theory for
neutral pion;

observe the mixing between 7° and p° in strong magnetic
field;
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