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Magnetic fields in noncentral events in uRHIC
collisions

Figure: *

Schematic of a non-central collision event.[Bethke, Prog.

Part. Nucl. Phys. 2007].

Figure: *

Variation of Magnetic field with time.[Shubhalaxmi, BP

JHEP 2019)].

I Magnetic field produced by fast
moving spectator quarks.

I Magnetic fields of the order of
1017-1019 Gauss[Kharzeev et al, Nucl.Phys.
A 803, 227 (2008)].

Decay of magnetic field strength
suppressed in a conducting medium

I Motivates the properties of heavy
quarkonia in the presence of
magnetic field.



Motivation

The properties of heavy quarkonia at finite temperature and chemical
potential have been established up to some extent, Matsui and Satz

I Magnetic field is produced in non-central events of collider
experiments. However, magnetic field decays very fast in
vacuum but it could be strong or weak, depending on:

I i) The time scale of heavy quark pairs formed in the plasma
frame

I ii) the electrical properties of medium.

I Since magnetic field breaks the rotational symmetry, thus one
need to revisit the covariant structure of gluon self-energy tensor.

I To be specific, how the studies of quarkonia already done in
finite temperature get altered in weak and strong magnetic field.



Outline

I Resummed Gluon Propagator:
(T 6= 0, µq 6= 0); (T 6= 0, µq 6= 0,Strong B 6= 0); (T 6=
0,Weak B 6= 0)

I Heavy Quarkonia in T 6= 0, µq 6= 0

I Heavy Quarkonia in T 6= 0, Strong B 6= 0

I Heavy Quarkonia in T 6= 0, µq 6= 0, Strong B 6= 0

I Heavy Quarkonia in T 6= 0,Weak B 6= 0
I Resummed Quark Propagator:

(T 6= 0, µq 6= 0); (T 6= 0, µq 6= 0, Strong B 6= 0); (T 6= 0, µq 6=
0,Weak B 6= 0)



Quarkonium Spectroscopy

I Since MQQ̄ � ΛQCD so the non-relativistic potential theory is a
useful method for studying quarkonium bound states and
describes the spectroscopy of quarkonium well.

I Schrödinger equation: Properties of Quarkonia[
2mQ −

1
mQ
∇2 + V (r)

]
φi (r) = Miφi (r)

⇒ Mi : Mass of i-th bound state
⇒ φi (r): Corresponding eigenfunctions
⇒ < r2

i >=
∫

d3r r2|φi (r)|2: Size

State J/ψ χc ψ′ Υ χb Υ′ χ′b Υ′′

mass(GeV) 3.10 3.53 3.68 9.46 9.99 10.02 10.26 10.36
B.E. (GeV) 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20

r0 (fm) 0.50 0.72 0.90 0.28 0.44 0.56 0.68 0.78

Table: Masses, Binding energies etc. for different quarkonium states.



Layout of our calculation

• Thermalization of quark and gluon propagators.

• Calculation of the re-summed retarded/advanced and symmetric
propagators by the real and imaginary part of retarded/advanced
self-energies.

• The real and imaginary component of dielectric permittivities are
obtained by the resummed retarded and symmetric propagators,
repespectively.

• Inverse Fourier transform gives the real and imaginary parts of
QQ̄ potential.

• Schrödinger equation is solved with the real-part of the potential
to obtain both the energy eigenvalues and eigenfunctions to
calculate the size and binding energies of quarkonia.

• The imaginary part is used to estimate the medium-induced
thermal width of the resonances, Landau damping.



Propagators in Real-time Formalism

I Propagator at finite temperature develops into a matrix structure

Dab(K ) = Uac(K )

(
D0(K ) 0

0 (D0(K ))∗

)
cd

Udb(K )

U(K ) =

(√
1± n(k0) ±n(k0)

n(k0)
√

1± n(k0)

)
I Keldysh representation:

D0
R = D0

11 − D0
12, D0

A = D0
11 − D0

21, D0
S = D0

11 + D0
22,

ΠR = Π11 + Π12, ΠA = Π11 + Π21, ΠS = Π11 + Π22

I Re-summation by Dyson-Schwinger equation:

DL
R,A = DL(0)

R,A + DL(0)
R,A ΠL

R,ADL
R,A

DL
S = DL(0)

S + DL(0)
R ΠL

RDL
S(0) + D0

SΠADA + D0
RΠSDA

I Expressed explicitly by the self-energies

DL
R,A(k) =

1
k2 − ReΠL

R(k)∓ iImΠL
R(k)

,

DL
S(k) = (1 + 2nB(k0)) sgn(k0)

(
DL

R(k)− DL
A(k)

)



Gluon Self-energy at T 6= 0
Heat bath defines a local rest frame, uµ, so the Lorentz invariance is broken. So larger
tensor basis is needed, constructed by the available four-vectors, kµ, uµ and tensor
gµν by the two orthogonal tensors, compatible with the physical degree of freedom:

Πµν(p0,p) = ΠT (p0,p)PµνT + ΠL(p0,p)PµνL

where

PµνT = gµν −
PµPν

P2
− PµνL uµ = (1, 0, 0, 0)

PµνL = −
P2

p2

(
uµ −

p0Pµ

P2

)(
uν −

p0Pν

P2

)
PµPµνT = PµPµνL = 0

I Longitudinal and transverse parts of self-energy:

ΠL(p0, p) = −
(p2

0 − p2)

p2
m2

D

(
1−

p0

2p
ln

p0 + p
p0 − p

)
, (1)

ΠT (p0, p) =
m2

D
2

p2
0

p2

(
1−

(p2
0 − p2)

2p0p
ln

p0 + p
p0 − p

)
(2)

Debye Mass m2
D = g2T 2

{
Nc

3
+

Nf

6

}
(3)



Gluon Self-energy at T 6= 0 continued..

I Resummed gluon propagator:

Dµν =
PµνT

P2 + ΠT
+

PµνL
P2 + ΠL

(4)

I Real and imaginary part (in static limit):

Re D00(p0 = 0, p) = −
1

p2 + m2
D
, Im D00(p0 = 0, p) =

πTm2
D

p(p2 + m2
D)2

(5)

I Nonperturbative contribution to the QQ̄ potential: A nonperturbative term
induced by dimension two gluon condensate is added to the HTL full gluon
propagator in order to incorporate the long distance behaviour of the potential.

I Real-part of the resummed propagator:

Re D00(p0 = 0, p) = −
1

p2 + m2
D
−

m2
G

(p2 + m2
D)2︸ ︷︷ ︸

m2
G= 2σ

α

(6)



Gluon Self-energy at T 6= 0: QQ̄ Potential at T 6= 0 Vineet, BP

PRD 2010, EPJC 2011

I Imaginary part of the resummed propagator:

Im D00(p0 = 0, p) =
πTm2

D

p(p2 + m2
D)2

+
2πTm2

Dm2
G

p(p2 + m2
D)3︸ ︷︷ ︸ (7)

I Real-part of the potential (r̂ = rmD):

Re V (r ; T ) = CF g2
∫

d3p
(2π)3

(eip.r − 1) Re D00(p0 = 0, p) (8)

= −
4
3
αs

(
e−r̂

r
+ mD

)
+

4
3
σ

mD

(
1− e−r̂

)
(9)

• Schrödinger Equation⇒ Binding Energy

[
−

1
mQ
∇2 + V (r ; T )

]
φi

n(r) = E i
nφ

i
n(r)



Imaginary-part of QQ̄ potential at T 6= 0

Im V (r ; T ) = CF g2
∫

d3p
(2π)3

(eip.r − 1) Im D00(p0 = 0, p) (10)

= −
4
3
αsTψ1(r̂)−

16σT
3m2

D
ψ2(r̂)

ψ1(r̂) ≈ −
1
9

r̂2 (3 ln r̂ − 4 + 3γE )

ψ2(r̂) ≈
r̂2

12
+

r̂4

900
(15 ln r̂ − 23 + 15γE ) (11)

•Thermal Width: Γi = −2
∫ ∞

0
Im V (r ; B,T )|Φi (r)|2dτ

•QQ̄ potential at T 6= 0, µ 6= 0:
Potential will remain the same, except the Debye mass will now be modified as:

m2
D = g2T 2

{
Nc

3
+

Nf

6

(
1 +

3µ2

π2T 2

)}
(12)

The dissociation chemical potentials of J/ψ at T = 40 and 50 MeV are found to be
1611 and 1560 MeV, respectively.



Gluon Self-energy at T 6= 0, Strong B, Mujeeb,

Bhaswar, BP EPJC 2017, Mujeeb, Bhaswar, BP, Partha NPB 2019
Magnetic field breaks the rotational symmetry in the system because it introduces an
anisotropy in space. Thus, one can define a four vector bµ.

•Tensor basis: In the rest frame of the heat bath, uµ = (1, 0, 0, 0), bµ can be defined
uniquely as projection of F̃µν along uν :

bµ =
1

2B
εµνρλuνFρλ =

1
B

uν F̃µν = (0, 0, 0, 1). (13)

•Therefore, in addition to the PL and PT , we have,

Pµν‖ (k) =−
k0kz

k2
‖

(bµuν + uµbν) +
1
k2
‖

[(
k0
)2

bµbν +
(
kz)2 uµuν

]
,

=−
(

gµν‖ −
kµ‖ kν‖

k2
‖

)
,

Pµν⊥ (k) =
1

k2
⊥

[
− k2
⊥gµν + k0 (kµuν + uµkν)− kz (kµbν + bµkν) +

k0kz (bµuν + uµbν)− kµkν +

(
k2
⊥ −

(
k0
)2
)

uµuν − k2bµbν
]
,

=−
(

gµν⊥ −
kµ⊥kν⊥

k2
⊥

)
(14)

gµν‖ = diag(1, 0, 0− 1), gµν⊥ = diag(0,−1,−1, 0), k2
‖ = (k0)2 − (kz )2 , k2

⊥ =

(kx )2 + (ky )2.



Gluon-self energy at finite T, strong B continued

Πµν(k) = PµνL Πg,L(k) + PµνT Πg,T (k) + Pµν‖ Πq,‖(k) + Pµν⊥ Πq,⊥(k), (15)

I In strong magnetic field, Πq,⊥ ≈ 0, therefore, longitudinal-component of gluon
self-energy (P00

T ,P00
⊥ = 0)

Π(k) = Πq,‖(k) + Πg,L(k), (16)

I The 11-component of quark propagator

iS11(p) =

[
1

p2
‖ −m2

f + iε
+ 2πin (p0) δ

(
p2
‖ −m2

f

)]
(17)

(
1 + γ0γ3γ5

)(
γ0p0 − γ3pz + mf

)
e
−p2
⊥

|qf B| .

I Hence the "11"-component of the self-energy matrix

Πq,µν(k) =
ig2

2

∑
f

∫
d4p

(2π)4
Tr [γµS11(p)γνS11(q)]



Gluon-self energy at finite T, strong B continued
•The trace over the γ matrices is calculated as

Lµν = 8
[
pµ‖ qν‖ + pν‖qµ‖ − gµν‖

(
(p · q)‖ −m2

f

)]
.

•Running coupling, g is

α
‖
s (eB) =

g2

4π
=

1

α0
s (µ0)−1 + 11Nc

12π ln
(

k2
z +M2

B
µ2

0

)
+ 1

3π
∑

f
|qf B|
σ

,

α0
s (µ0) =

12π

11Nc ln
(

(µ2
0+M2

B)
Λ2

V

) .
where kz = 0.1

√
eB, µ0 = 1.1GeV,ΛV = 0.385GeV,MB ∼ 1GeV, and σ = 0.18GeV2.

•Πq,µν(k) becomes factorizable:

Πq,µν(k) =
∑

f

Πq,µν (k‖)A (k⊥) , A (k⊥) =
π |qf |B

2
.

•Decomposing into vacuum and medium components:

Πq,µν (k‖) ≡ Πq,µν
V

(
k‖
)

+ Πq,µν
n

(
k‖
)

+ Πq,µν
n2

(
k‖
)



Gluon-self energy at finite T, strong B continued

Πq,µν
V

(
k‖
)

=
ig2

2(2π)4

∫
dp0dpzLµν

{
1(

q2
‖ −m2

f + iε
) 1(

p2
‖ −m2

f + iε
)},

Πq,µν
n

(
k‖
)

=
ig2(2πi)
2(2π)4

∫
dp0dpzLµν

{
n (p0)

δ
(

p2
‖ −m2

f

)
(

q2
‖ −m2

f + iε
) + n (q0)

δ
(

q2
‖ −m2

f

)
(

p2
‖ −m2

f + iε
)},

Πq,µν
n2

(
k‖
)

=
ig2

2(2π)4

∫
dp0dpzLµν

{(
−4π2

)
n (p0) n (q0) δ

(
p2
‖ −m2

f

)
δ
(

q2
‖ −m2

f

)}
.

•Real- and imaginary- part of Πq,µν
V

(
k‖
)

for massless case

Re ΠV
q,‖ (k0, kz ) =

g2

4π2

∑
f

|qf B|
k2

z

k2
‖

; ImΠ
q,‖
V (k0, kz ) = 0

• Real- and imaginary- part of Πq,µν
n

(
k‖
)

ReΠ
q,‖
n
(
k‖
)

= −
g2

2(2π)3

∫
dp0dpzL00

[
n (p0)

{δ (p0 − ωp) + δ (p0 + ωp)}
2ωp

(
q2

0 − q2
z −m2

f

)
+ n (q0)

{δ (q0 − ωq) + δ (q0 + ωq)}
2ωq

(
p2

0 − p2
z −m2

f

) ]



Gluon-self energy at finite T, strong B continued

L00 = 8
[
p0q0 + pzqz + m2

f

]
; ωp =

√
p2

z + m2
f ; ωq =

√
q2

z + m2
f =

√
(pz − kz )2 + m2

f .

Re Π
q,‖
n (k‖) = −

4g2

(2π)3

kzT
k2

0 − k2
z

(∫ ∞
−∞

dt
1

et + 1
−
∫ ∞
−∞

dt ′
1

et′ + 1

)
= 0

⇒ demonstrates the results of (1+1) dimensional massless QED, Schwinger model,
where the medium does not permeate to the vaccum.

I Im Π
q,‖
n
(
k‖
)

= 0.

I ReΠ
q,‖
n2 (k0, kz ) = 0.

I Imaginary part is also obtained from the retarded current-current correlator as

ImΠ
q,‖
n2 (k0, kz ) = −

g2∑
f |qf |B

8π
k0[δ(k0 − kz ) + δ(k0 + kz )],

•|qf B|/8π is the transverse density of states for the LLL states.
I Real-part of quark-loop contribution by the vacuum contribution only:

ReΠq,‖(k0, kz ) = ReΠ
q,‖
V (k0, kz ) =

g2

4π2

∑
f

|qf |B
k2

z

k2
‖
,



Gluon-self energy at finite T, strong B continued, Mujeeb,

Bhaswar, BP,EPJC 2017
I Imaginary-part of the quark-loop contribution:

ImΠq,‖(k0, kz ) = ImΠ
q,‖
n2 (k0, kz ) =

−g2∑
f |qf |B

8π
k0[δ(k0 − kz ) + δ(k0 + kz )]

I Gluon-loop: The real- and imaginary-parts are

ReΠg,L(k0, k) = g′2T 2
(

k0

2|k|
ln
∣∣∣∣ k0 + |k|
k0 − |k|

∣∣∣∣− 1
)
,

ImΠg,L(k0, k) = −g′2T 2 πk0

2|k|
; α′(T ) =

6π
(33− 2Nf ) ln( 2πT

ΛQCD
)
,

I Gluon self-energy in T 6= 0 and strong B:

ReΠL′ (k0, k) = Re Πg,L(k0, k) + Re Πq,‖(k0, kz ),

= g′2T 2
(

k0

2|k|
ln
∣∣∣∣k0 + |k|
k0 − |k|

∣∣∣∣− 1
)

+
g2

4π2

∑
f

|qf |B
k2

z

k2
‖
,

ImΠL′ (k0, k) = ImΠg,L(k0, k) + ImΠq,‖(k0, kz ),

= −g′2T 2 πk0

2|k|
−

g2∑
f |qf |B

8π
k0[δ(k0 − kz ) + δ(k0 + kz )] ,(18)



•For massles quarks m2
D = g′2T 2 + g2

4π2

∑
f |qf B|

•For physical quark masses m2
D = g′2T 2 + g2

2π2T

∑
f |qf B|

∫∞
0 dpz

eβ
√

p2
z +m2

f(
1+eβ

√
p2
z +m2

f

)2

•Real-part of resummed gluon propagator:

Re D00(p0 = 0, p) = −
1

p2 + m2
D
−

m2
G

(p2 + m2
D)2

(19)

I Imaginary-part of resummed gluon propagator:

Im D00(p0 = 0, p) =
∑

f

g2|qf B|m2
f

4π
1

p2
3(p2 + m2

D)2
+

πTm2
g

p(p2 + m2
D)2

+
2πTm2

gm2
G

p(p2 + m2
D)3

(20)

I Real-part of the potential:

Re V (r ; T ,B) = −
4
3
αs

(
e−r̂

r
+ mD(T ,B)

)
+

4
3

σ

mD(T ,B)

(
1− e−r̂

)

•The long range part of the quarkonium potential is affected much more by magnetic
field as compared to the short range part.



Quarkonia at T 6= 0, Strong B, Mujeeb, BP, Bhaswar, Partha NPA 2020
•Imaginary-part of the QQ̄-potential:

Im V (r ; T ,B) =
∑

f

αsg2mf
|qf B|
3π2

[
π

2m3
D

−
πe−r̂

2m3
D

−
πr̂ e−r̂

2m3
D

−
2r̂
mD

∫ ∞
0

pdp
(p2 + m2

D)2∫ pr

0

sin t
t

dt
]
−

4
3

αsTm2
g

m2
D

ψ1(r̂)−
16σTm2

g

3m4
D

ψ2(r̂) (21)

I With eB = 6m2
π the J/ψ is dissociated at 2Tc , and with eB = 4m2

π the χc is
dissociated at 1.1Tc in comparison, with eB = 0 the J/ψ is dissociated at
T = 1.6Tc and χc is dissociated at T = 0.8Tc .

I However, with the further increase of magnetic field the dissociation
temperatures decrease.

Pure Thermal (eB=0) In presence of magnetic field
State TD (in Tc ) TD (in Tc ) (eB (m2

π))
J/ψ 1.60 2.0 (6.50)

1.8 (27.0)
1.5 (68.0)

χc 0.80 1.1 (3.7)
1.0 (12)

ψ(2S) 0.70 < 1(< m2
π)



Temperature dependence of binding energy
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Wavefunction and Probability density
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Continue..

•Average Size:
√

ri
2 = (

∫
dτ r2 | Φi (r) |2)
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•Thermal Width: Γi = −2
∫∞

0 Im V (r ; B,T )|Φi (r)|2dτ
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QQ̄ potential at T 6= 0, µ 6= 0 and strong B
I Real part of resummed gluon propagator:

Re D00(p0 = 0, p) = −
1

p2 + m2
D(T ,B, µ)

−
m2

G

(p2 + m2
D(T ,B, µ))2

(22)

I Imaginary part of resummed gluon propagator:

Im D00(p0 = 0, p) =
∑

f

g2|qf B|m2
f

4π
1

p2
3(p2 + m2

D(T ,B, µ))2
+

πTm2
g

p(p2 + m2
D(T ,B, µ))2

+
2πTm2

gm2
G

p(p2 + m2
D(T ,B, µ))3

(23)

I Real part of the potential:

Re V (r ; T ,B, µ) = −
4
3
αs

(
e−r̂

r
+ mD(T ,B, µ)

)
+

4
3

σ

mD(T ,B, µ)

(
1− e−r̂

)
(24)

I Imaginary part of the potential:

Im V (r ; T ,B, µ) =
∑

f

αsg2mf
|qf B|
3π2

[
π

2m3
D

−
πe−r̂

2m3
D

−
πr̂ e−r̂

2m3
D

−
2r̂
mD

∫ ∞
0

pdp
(p2 + m2

D)2∫ pr

0

sin t
t

dt
]
−

4
3

αsTm2
g

m2
D

ψ1(r̂)−
16σTm2

g

3m4
D

ψ2(r̂) (25)



Dissociation temperature of QQ̄ bound states, Salman,

BP NPB 2023

m2
D =

∑
f

g2 |qf B|
4π2T

∫ ∞
0

dk3
{

n+(E1)(1− n+(E1)) + n−(E1)(1− n−(E1))
}

+ g2T 2
(

Nc

3

)

I Dissociation temperature:

TD (in terms of Tc = 155 MeV), eB = 15 m2
π

State J/ψ Υ
µ =0 1.64 1.95
µ = 60 1.69 1.97
µ = 100 1.75 2.00

I Conclusions:
I Baryon asymmetry makes the real-part of potential slightly more attractive and

weakens the imaginary-part
I Dissciation temperature gets enhanced at finite µ



Form Factor Approach of resummed gluon propagator at

T 6= 0, Strong B
I Gluon self-energy in magnetic field

Πµν(P) = b(P)Bµν(P) + c(P)Rµν(P) + d(P)Mµν(P) + a(P)Nµν(P) (26)

• The projection tensors

Bµν(P) =
ūµūν

ū2
Rµν(P) = gµν⊥ −

Pµ⊥Pν⊥
P2
⊥

Mµν(P) =
n̄µn̄ν

n̄2
Nµν(P) =

ūµn̄ν + ūν n̄µ
√

ū2
√

n̄2

ūµ =

(
gµν −

QµQν

Q2

)
uν n̄µ =

(
g̃µν −

Q̃µQ̃ν

Q̃2

)
nν

=⇒ g̃µν = gµν − uµuν and Q̃µ = Qµ − (Q.u)uµ

• The form factors

b(P) = Bµν(P) Πµν(P) c(P) = Rµν(P) Πµν(P)

d(P) = Mµν(P) Πµν(P) a(P) =
1
2

Nµν(P) Πµν(P)



Form factor Approach of resummed Gluon propagator at

T 6= 0, Strong B continued

Dµν(P) =
(P2 − d(P))Bµν

(P2 − b(P))(P2 − d(P))− a2(P)
+

Rµν

P2 − c(P)

+
(P2 − b(P))Mµν

(P2 − b(P))(P2 − d(P))− a2(P)
+

a(P)Nµν

(P2 − b(P))(P2 − d(P))− a2(P)
(27)

I D00(P) in the static limit becomes (R00 = M00 = N00 = 0):

D00(p0 = 0, p) = −
1

(p2 + b(p0 = 0, p))
form factor a(p0 = 0, p) vanishes (28)

I Real and imaginary parts (in static limit):

Re D00(p0 = 0, p) = −
1

p2 + m2
D

(29)

Im D00(p0 = 0, p) =
∑

f

g2|qf B|m2
f

4π
1

p2
3(p2 + m2

D)2
+

πTm2
g

p(p2 + m2
D)2

(30)

where

m2
D =

∑
f

g2 |qf B|
2π2T

∫ ∞
0

dk3 {n(E1)(1− n(E1))}+ g2T 2
(

Nc

3

)



Gluon self-energy in T 6= 0, weak B, Mujeeb, BP PRd 2021

Quark− loop : iΠµν(Q) =
∑

f

g2

2

∫
d4K

(2π)4
Tr [γν iS(K )γµiS(P)] ; (P = K − Q)

•Quark Propagator in weak B up to O(qf B)2:

iS(K ) = i
(/K + mf )

K 2 −m2
f

− qf B
γ1γ2(/K‖ + mf )

(K 2 −m2
f )2

− 2i(qf B)2
[K 2
⊥(/K‖ + mf ) + /K⊥(m2

f − K 2
‖ )]

(K 2 −m2
f )4

≡ S0(K ) + S1(K ) + S2(K )

Πµν(Q) = Πµν
(0,0)

(Q) + Πµν
(1,1)

(Q) + 2Πµν
(2,0)

(Q) + O[(qf B)3], where

Πµν
(0,0)

(Q) =
∑

f

ig2

2

∫
d4K

(2π)4

Tr [γν(/K + mf )γµ(/P + mf )]

(K 2 −m2
f )(P2 −m2

f )

Πµν
(1,1)

(Q) = −
∑

f

ig2(qf B)2

2

∫
d4K

(2π)4

Tr [γνγ1γ2(/K‖ + mf )γµγ1γ2(/P‖ + mf )]

(K 2 −m2
f )2(P2 −m2

f )2

Πµν
(2,0)

(Q) = −
∑

f

2ig2(qf B)2

2

∫
d4K

(2π)4

Mµν

(K 2 −m2
f )4(P2 −m2

f )4

Mµν = Tr
[
γν{K 2

⊥(/K‖ + mf ) + /K⊥(m2
f − K 2

‖ )}γµ(/P + mf )
]

⇒ Πµν(Q) = Πµν0 (Q)(O ∼ (qf B)0) + Πµν2 (Q)(O ∼ (qf B)2)



Gluon self energy in weak B Mujeeb, BP PRD 2021

General Form : Πµν(Q) = bBµν + cRµν + dMµν + aNµν

Bµν =
ūµūν

ū2 , Rµν = gµν⊥ −
Qµ
⊥Qν
⊥

Q2
⊥

, Mµν =
n̄µn̄ν

n̄2 , Nµν =
ūµn̄ν + ūν n̄µ√

ū2
√

n̄2

ūµ =

(
gµν − QµQν

Q2

)
uν n̄µ =

(
g̃µν − Q̃µQ̃ν

Q̃2

)
nν

•g̃µν = gµν − uµuν and Q̃µ = Qµ − (Q.u)uµ

• Form Factors

b = BµνΠµν ; c = RµνΠµν ; d = MµνΠµν ; a =
1
2

NµνΠµν



General form resummed gluon propagator in Landau gauge:

Dµν(Q) =
(Q2 − d)Bµν

(Q2 − b)(Q2 − d)− a2 +
Rµν

Q2 − c
+

(Q2 − b)Mµν

(Q2 − b)(Q2 − d)− a2

+
aNµν

(Q2 − b)(Q2 − d)− a2

⇒ Only the “00”-component is required for deriving the heavy quark
potential (R00 = M00 = N00 = 0)

D00(Q) =
(Q2 − d)ū2

(Q2 − b)(Q2 − d)− a2 ,

Form factor a: a = a0 + a2 ⇒ a0 = 0 and a2 : O ∼ (qf B)2

D00(Q) =
ū2

(Q2 − b)

Form factor b: b = b0 + b2; Form factor b0 (O ∼ [(qf B)0])

Re b0(q0 = 0) = g2T 2 Nf

6
;

[
Im b0(q0,q)

q0

]
q0=0

=
g2T 2Nf

6
π

2q



Continue..
• Adding the gluonic contribution

Re b0(q0 = 0) = g2T 2
(

Nc

3
+

Nf

6

)
[

Im b0(q0, q)

q0

]
q0=0

= g2T 2
(

Nc

3
+

Nf

6

)
π

2q

Form factor b2 (O ∼ [(qf B)2])

Re b2(q0 = 0) =
∑

f

g2

12π2T 2
(qf B)2

∞∑
l=1

(−1)l+1l2K0(
mf l
T

)

[
Im b2(q0, q)

q0

]
q0=0

=
1
q

[∑
f

g2(qf B)2

16πT 2

∞∑
l=1

(−1)l+1l2K0

(
mf l
T

)

−
∑

f

g2(qf B)2

96πT 2

∞∑
l=1

(−1)l+1l2K2

(
mf l
T

)

+
∑

f

g2(qf B)2

768π
(8T − 7πmf )

m2
f T

]

=⇒ K0 and K2 are the modified Bessel functions of second kind



Continue..

• The total contribution of form factor b

Re b(q0 = 0) = g2T 2
(

Nc

3
+

Nf

6

)
+
∑

f

g2

12π2T 2 (qf B)2
∞∑
l=1

(−1)l+1l2K0(
mf l
T

)[
Im b(q0,q)

q0

]
q0=0

= g2T 2
(

Nc

3
+

Nf

6

)
π

2q

+
1
q

[∑
f

g2(qf B)2

16πT 2

∞∑
l=1

(−1)l+1l2K0

(
mf l
T

)

−
∑

f

g2(qf B)2

96πT 2

∞∑
l=1

(−1)l+1l2K2

(
mf l
T

)

+
∑

f

g2(qf B)2

768π
(8T − 7πmf )

m2
f T

]

⇒ Debye screering mass: M2
D = Re b(q0 = 0)



QQ̄ potential in Weak B at T 6= 0

V (r ; T ,B) =

∫
d3q

(2π)3/2 (eik.r − 1)
V (q)

ε(q)

• Dielectric permittivity: 1
ε(q) = − lim

q0→0
q2D00(q0q)

Re D00(q0 = 0) = − 1
q2 + M2

D
−

m2
G

(q2 + M2
D)2

Im D00(q0 = 0,q) =
πTM2

B

q(q2 + M2
D)

+
2πTM2

Bm2
G

q(q2 + M2
D)3

• Real and imaginary-parts of the dielectric permittivities

1
Re ε(q)

=
q2

q2 + M2
D

+
q2m2

G

(q2 + M2
D)2

1
Im ε(q)

= −
qπTM2

B

(q2 + M2
D)2
−

2qπTM2
Bm2

G

(q2 + M2
D)3



QQ̄ potential in weak B, T 6= 0

ReV(r; T,B) = −4
3
αs

(
e−r̂

r
+ MD

)
+

4
3
σ

MD

(
1− e−r̂) , σ =

αm2
G

2

ImVC(r; T,B) = −4
3

αsTM2
(T,B)

M2
D

φ2(̂r), ImVS(r; T,B) = −
4σTM2

(T,B)

M4
D

φ3(̂r)

φ2(r̂) = 2
∫ ∞

0

zdz
(z2 + 1)2

[
1− sin zr̂

zr̂

]
, (31)

φ3(r̂) = 2
∫ ∞

0

zdz
(z2 + 1)3

[
1− sin zr̂

zr̂

]
, (32)

•In the small r̂ limit (r̂ � 1),
φ2(r̂) ≈ − 1

9 r̂2 (3 ln r̂ − 4 + 3γE ),
φ3(r̂) ≈ r̂2

12 + r̂4

900 (15 ln r̂ − 23 + 15γE )

Dissociation Temperatures Td in Tc

State J/ψ Υ
Pure Thermal (eB=0) 1.80 3.50

eB = 0.5m2
π 1.74 3.43



Effect of magnetic field on Heavy quark transport
coefficients

•Momentum and spatial diffusion coefficnets, energy loss etc.
have been calculated by the cutting rules to Heavy quark
self-energy in weak magnetic field.Debarshi, BP, PRD 2024

•One has to extend these calculations in an expanding
medium.

Thank you



Quark Propagator at T 6= 0, µ 6= 0

General Formof Quark Self − energy : Σ(P) = −A(p0, |p|)/P − B(p0, |p|)/u, (33)

• Form Factors:

A(p0, |p|) =
m2

th

|p|2
Q1

(
p0

|p|

)

B(p0, |p|) = −
m2

th

|p|

[
p0

|p|
Q1

( p0

|p|

)
− Q0

(
p0

|p|

)]

•Resummed quark propagator in the chiral basis:

S∗−1(P) = S−1
0 − Σ(P)

=
1
2

[
PL

/L
L2/2

PR + PR
/R

R2/2
PL

]
; PL =

(1 + γ5)

2
,PR =

(1− γ5)

2

L2 = (1 +A)2P2 + 2(1 +A)Bp0 + B2

R2 = (1 +A)2P2 + 2(1 +A)Bp0 + B2

L2

2 |p0=0,|p|→0 =
R2

2
|p0=0,|p|→0 → m2

th =
g2T 2

6

(
1 +

µ2

π2T 2

)



Quark Propagator at T 6= 0, Strong B, µ 6= 0

I Quark propagator in a magnetic field

iSn(k) =
∑

n

−idn(α)D + d ′n(α)D̄
k2
‖ −m2

f + 2n|qf B|
+ i

γ · k⊥
k2
⊥

(34)

where Landau Levels, n = 0, 1, 2 · · · and α = k2
⊥/|qf B|

D = (mf + γ · k‖) + γ · k⊥
m2

f − k2
‖

k2
‖

,

D̄ = γ1γ2(mf + γ · k‖)

dn(α) = (−1)ne−αCn(2α),

d
′
n(α) =

∂dn

∂α
,

Cn(2α) = Ln(2α)− Ln−1(2α)

I In strong magnetic field (|qi B| >> T 2 >> m2
i ) (n = 0 lowest Landau level)

S0(k) = ie
−

k2
⊥
|qi B|

(
γ0k0 − γ3kz + mi

)
k2
‖ −m2

i

(
1− γ0γ3γ5

)
(35)



Strong Magnetic field continued....

•General form of Quark self-energy in strong B

Σ(p‖) = A1γ
µuµ + A2γ

µbµ + A3γ
5γµuµ + A4γ

5γµbµ (36)

where

A1 =
1
4
Tr[Σγµuµ] =

g2|qi B|
3π2

[
πT

2mi,0
− ln (2) +

7µ2ζ(3)

8π2T 2
−

31µ4ζ(5)

32π4T 4

]
p0

p2
‖

A2 = −
1
4
Tr[Σγµbµ] =

g2|qi B|
3π2

[
πT

2mi,0
− ln (2) +

7µ2ζ(3)

8π2T 2
−

31µ4ζ(5)

32π4T 4

]
pz

p2
‖

A3 =
1
4
Tr[γ5Σγµuµ] = −

g2|qi B|
3π2

[
πT

2mi,0
− ln (2) +

7µ2ζ(3)

8π2T 2
−

31µ4ζ(5)

32π4T 4

]
pz

p2
‖

A4 = −
1
4
Tr[γ5Σγµbµ] = −

g2|qi B|
3π2

[
πT

2mi,0
− ln (2) +

7µ2ζ(3)

8π2T 2
−

31µ4ζ(5)

32π4T 4

]
p0

p2
‖



Strong Magnetic field continued....

I Resummed quark propagator in chiral basis:

S(p‖) =
1
2

[
PL
γµXµ
X 2/2

PR + PR
γµYµ
Y 2/2

PL

]
(37)

where

X 2

2
= X 2

1 =
1
2

[p0 − (A1 − A2)]2 −
1
2

[pz + (A2 − A1)]2 , (38)

Y 2

2
= Y 2

1 =
1
2

[p0 − (A1 + A2)]2 −
1
2

[pz + (A2 + A1)]2 . (39)

I Effective mass of i-th flavour:

m2
i,B =

g2|qi B|
3π2

[
πT

2mi,0
− ln (2) +

7µ2ζ(3)

8π2T 2
−

31µ4ζ(5)

32π4T 4

]

Both left and right-handed chiral modes have equal mass.



Quark Propagator at T 6= 0, Weak B, µ 6= 0

I In weak magnetic field (T 2 >> |qi B| >> m2
i ):

S(k) =
/k + mi

k2 −m2
i
−
γ1γ2(γ.k‖ + mi )

(k2 −m2
i )2

(qi B) (40)

I Quark self-energy

Σ(p0, |p|) = −a1(p0, |p|)/P − a2(p0, |p|)/u − a3(p0, |p|)γ5/u − a4(p0, |p|)γ5/b, (41)

• Form Factors:

a1(p0, |p|) =
m2

th

|p|2
Q1

(
p0

|p|

)
,

a2(p0, |p|) = −
m2

th

|p|

[
p0

|p|
Q1

( p0

|p|

)
− Q0

(
p0

|p|

)]
,

a3(p0, |p|) = −4g2CF M2 pz

|p|2
Q1

(
p0

|p|

)
,

a4(p0, |p|) = −4g2CF M2 1
|p|

Q0

(
p0

|p|

)
,



Weak Magnetic field continued....
where

M2(T , µ,B) =
|qi B|
16π2

(
πT

2mi0
− ln 2 +

7µ2ζ(3)

8π2T 2

)
,

I Resummed quark propagator in chiral basis

S∗(P) =
1
2

[
PL

/L
L2/2

PR + PR
/R

R2/2
PL

]
, (42)

where

L2 = (1 + a1)2P2 + 2(1 + a1)(a2 + a3)p0 − 2a4(1 + a1)pz + (a2 + a3)2 − a2
4,

R2 = (1 + a1)2P2 + 2(1 + a1)(a2 − a3)p0 + 2a4(1 + a1)pz + (a2 − a3)2 − a2
4.

I Effective mass for L- and R-modes:

m2
L = m2

th + 4g2CF M2

m2
R = m2

th − 4g2CF M2

Different mass for left-and right-handed chiral modes



Effect of magnetic field on Heavy quark transport
coefficients

Debarshi, BP, PRD 2024
•Momentum and spatial diffusion coefficnets, energy loss etc.
have been calculated by the cutting rules to Heavy quark
self-energy in weak magnetic field.
•One has to extend these calculations in an expanding
medium.

Thank you


