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(1) Motivation and Goal Setting (2/14)

EW and QCD are expe
ted to merge at GUT ∼ 10

15 GeV .

But!

QED and QCD have already met: eB ∼ Λ2QCD ∼ 10

18 − 10

19 G in

peripheral heavy-ion 
ollisions at RHIC and LHC (GeV 2 = 5.12 · 1019 G ).

In magnetars eB & 10

14 G .

What happens to mesons and baryons as eB → m2

π, m
2

ρ?

Di�erent approa
hes, answers vary.

The interplay of

{

lB=(eB)−1/2
≃0.6 fm at eB=1019 G

σ−1/2
≃0.45 fm forσ=0.2GeV 2

lB ≃ σ−1/2
at eB ≃ 10

19 − 10

20 G : Quark tomography inside hadrons

by eB.
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(1) (3/14)

A talking point in literature: ρ-
ondensation, magneti
 �eld 
ollapse,

fall to the 
enter

m2

ρ + eB(1− gρ) < 0

Without ρ-stru
ture and gρ(B) dependen
e does not work � see below.

A passing remark:

Very re
ent latti
e result (σ‖B) < (σ⊥B) � anisotropi
 de
on�nement

at large eB? Left aside in this talk.

Boris Kerbikov, ITEP/LPI, Con�nement-2016 Mesons in Ultra-Intense Magneti
 Field



(2) A Glimpse of the Formalism (4/14)

Two keystones:

1. Fo
k-S
hwinger-Feynman representation of qq̄ and qqq Green's

fun
tions. E�e
tive relativisti
 Hamiltonian with einbein dynami
al

masses.

2. Separation of the 
.m. motion: pseudomomentum for the neutral

system, or for e
1

= e
2

, m
1

= m
2

. W. F. fa
torization (approximation)

otherwise.

a) Fo
k-S
hwinger propertime � everybody knows;

b) Feynman path intergral disentangling � good students know;


) Averaging over the time �u
tuations via einbein �

some Phys.Rev.D referees understand.

Elaborated te
hnique � hopeless to expose in a short talk.
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Fo
k-S
hwinger-Feynman Representation (FSFR) (5/14)

• A road map: bird's-eye view

G(y , x) =

∫

∞

0

ds e
−sm2 〈y |e−sĤ |x〉 =⇒

=⇒ Gqq̄(y , x) = 〈j(y) j(x)〉 =
∞
∫

0

ds
1

∞
∫

0

ds
2

(

Dz
(1)
)

yx

(

Dz
(2)
)

yx
e
−K

1

−K
2 ×

×〈W (A)〉Ā exp



ie
1

y
∫

x

A
(e)
µ dz

(1)
µ − ie

2

y
∫

x

A
(e)
µ dz

(2)
µ + e

1

s
1

∫

0

dτ
1

(σB)− e
2

s
2

∫

0

dτ
2

(σB)



,

Ki = sim
2

i +
1

4

si
∫

0

dτi

(

dz
(i)
µ

dτi

)

2

⇒ m2

i + ω
2

i

2ωi

T +

T
∫

0

dtE
ωi

2

(

dz (i)

dtE

)
2

ωi =
T
2si

einbein variables −→ a toy example follows.
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(2) A Toy Example (6/14)

Lφ =
1

2

|(∂µ − igAµ)φ|
2 +

1

2

m2φ2, Aµ = Aa
µ(x)t

a,

G(y , x) = (m2 −D2

µ)
−1

yx = 〈y |P

∞
∫

0

ds e
−s(m2

−D2

µ)|x〉 =⇒

⇒

∞
∫

0

ds(Dz)yx e
−K P exp



ig

y
∫

x

Aµ(z)dzµ



 ,

K = sm2 +
1

4

s
∫

0

dτ

(

dzµ

dτ

)

2

, z
4

≡ tE = 2ωτ, T = y
4

− x
4

, s =
T

2ω

(

dzµ

dτ

)

2

= 4ω2

[

1+

(

dz

dtE

)

2

]

, Let Aµ = 0,

K(ω) =

T
∫

0

dtE

(

ω

2

+
m2

2ω
+

ω

2

(

dz

dtE

)

2

)

,

∫

(D3z)
yx

e−K (ω) =
〈

y

∣

∣

∣e
−H(ω)T

∣

∣

∣x

〉

∂H

∂ω

∣

∣

∣

∣

ω=ω
0

= 0 =⇒ ω
0

=
√

p

2 +m2
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(3a) Relativisti
 Hamiltonian (7/14)

From Gqq̄(y, x) to Ĥqq̄(ω1, ω2):

Ĥqq̄ =
1

2ω
1

(p
1

− e
1

A(z
1

))
2

+
1

2ω
2

(p
2

+ e
2

A(z
2

))
2

+ σ|z
1

− z
2

|+

+
m2

1

+ ω2

1

− eσ
1

B

2

+
m2

2

+ ω2

2

+ eσ
2

B

2

.

The spe
tral problem:

{

Ĥqq̄Ψn = MnΨn,
∂Mn

∂ωi
= 0.

Mtotal = Mn + 〈Ψ|VOGE |Ψ〉+ 〈Ψ|VSS |Ψ〉
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(3a) The Solution of the Spe
tral Problem (8/14)

Two (almost) analyti
al methods.

a) Pseudomomentum � works for neutral system Q = 0. In eB the total

momentum P is not a 
onstant of motion.

Let A = 1

2

(B× r), η = r

1

− r
2

, P = p

1

+ p

2

,

Ĥ =
1

4m

(

P− e

2

(B× η)
)

2

+
1

m

(

−i
∂

∂η
− e

2

(B×R)

)

2

,

F =
(

P+ e
2

(B× η)
)

, � pseudomomentum, integral of motion.

b) Q 6= 0. Constituent separation, or fa
torization

V (r
1

, r
2

, . . .) ≃
∑

i=1,2

v(ri − r0).
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(3b) The Two Tentative Sour
es of Collapse (9/14)

a⊥ ≃
√

2

eB
The general pi
ture:

az ≃ 1√
σ

1. One-gluon-ex
hange. Hydrogen atom example:

ε
0

∝ ln

2

eB

m2

e e3
→ 
ollapse → 
ured by loop 
orre
tions ε

0

→ 1.7KeV

OGE ⇒ virtual qq̄ pair at the LLL
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(3b) The Two Tentative Sour
es of Collapse (10/14)

2. Collapse due to hyper�ne spin-spin intera
tion

VSS =
8παS

9ω
1

ω
2

δ(r) (σ
1

· σ
2

)

Magneti
 fo
using δ(r) ⇒ ψ2(0) ∼ eB → boundless de
rease of M .

Unlawful use of the perturbation theory for δ(3)(r). The treatment

re
ipe: to smear at the s
ale of the gluon �eld 
orrelation length

δ(r) → δ̃(r) =

(

1

λ
√
π

)

3

e−
r

2

λ2 , λ ∼ 1GeV−1

.
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(4) Meson Traje
tories (11/14)

Total spin and isospin are not good quantum numbers at eB 6= 0. From

|S , S
3

〉 basis to |+〉 , |−〉 ⊗ |+〉 , |−〉, e.g. ρ+(Sz = 1) = (++)ud̄ .

The spe
ial 
ase: both quarks belong to LLL, eiσ
(z)
i > 0.

|eB|(2n⊥ + 1)− eiσiB = 0 for n⊥ = 0

ρ+
ud̄
(Sz = +1) and ρ−dū(Sz = −1)

The threat of 
ollapse 
omes from VSS ∝ δ(r), |ψ(0)|2 ∝ eB.

δ3(r) =

(

1

λ
√
π

)

3

e
−

r

2

λ2

Important!

uū and dd̄ traje
tories are splitted. Next a sample of our

results v.s. latti
e (by a 
ourtesy of E. Lus
hevskaya).
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Mass ρ− π Charged (12/14)

Figure 1: ρ− π 
harged

(1) ρ− (Sz = 1), (2) ρ− (Sz = 0), (3) π− (Sz = 0),
(4) ρ− (Sz = −1).
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Mass

(

ρ0 − π0

)

uū
(13/14)

Figure 2:

(

ρ
0 − π

0

)

uū

(1) ρ0 (Sz = 0), (2) ρ0 (Sz = ±1), (3) π0 chiral , (4) π0

.
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Mass

(

ρ0 − π0

)

dd̄
(14/14)

Figure 3:

(

ρ
0 − π

0

)

dd̄

(1) ρ0 (Sz = 0), (2) ρ0 (Sz = ±1), (3) π0 chiral , (4) π0

.
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