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Motivation

Heavy flavor mesons: (a) heavy quarkonia (b) open heavy flavor mesons

Produced at the early times of ultra-relativistic heavy-ion collision experiments

Strong magnetic fields are estimated during the early stages of peripheral
heavy-ion collisions

Produced magnetic field strength — |eB| ∼ 1018 G ≈ m2
π at RHIC in BNL,

|eB| ∼ 1019 G ≈ 15m2
π at LHC in CERN

Modifications of the properties of heavy flavor mesons due to such external effects
may have experimental observable consequences

V. Skokov, A. Y. Illarionov and V. Toneev, Int. J. Mod. Phys. A 24, 5925
(2009); K. Tuchin, Adv. High Energy Phys. 2013, 490495 (2013).
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The Charm Mesons

Open charm mesons

Pseudoscalar : D±(d̄c/c̄d), D0(ūc), D̄0(c̄u)

Vector : D∗±, D∗0, D̄∗0

Charmed strange : D+
s (s̄c), D

−
s (c̄s), D∗+

s , D∗−
s

Charmonium (c̄c) states

Ψ(3770)(1D) → DD̄

Ψ(4040) (3S) → D+
s D

−
s
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Hadronic chiral SU(3)L× SU(3)R Model

Effective hadronic chiral Lagrangian density contains the terms:

L = Lkin +
∑

W=X ,Vµ,Aµ,u

LBW + Lvec + L0 + Lscale−break + LSB + Lmag

Under mean-field approximation : s(x) → ⟨s⟩; V µ(x) → ⟨V µ⟩ ≡ (V 0, 0)

⇒ Scalar fields are treated to be classical in solving ∂µ
[

∂L
∂(∂µx)

]
− ∂L

∂x
= 0|x=σ,ζ,δ,χ

■ LBX = −
∑

i=p,n ψ̄im
∗
i ψi → mass of the i th baryon m∗

i = −(gσiσ + gζiζ + gδiδ)

■ LSB = − 1
2
Tr [Ap(uXu + u†Xu†)] ≡ −Tr

[
diag(mu⟨ūu⟩,md⟨d̄d⟩,ms⟨s̄s⟩)

]
With ⟨X ⟩ = diag

[
(σ+δ)√

2
, (σ−δ)√

2
, ζ

]
, Ap = 1√

2
diag

[
m2
πfπ,m

2
πfπ, (2m

2
K fK −m2

πfπ)
]

P. Papazoglou, D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stöcker, and W.
Greiner, Phys. Rev. C 59, 411 (1999).
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Chiral Effective Model

Scalar fields are related to the light quark condensates,

σ ∼ (⟨ūu⟩+ ⟨d̄d⟩), ζ ∼ ⟨s̄s⟩ and δ ∼ (⟨ūu⟩ − ⟨d̄d⟩).

Lscale−break = − 1
4
χ4ln

(
χ4

χ4
0

)
+ d

3
χ4ln

(
(σ2−δ2)ζ
σ2
0ζ0

χ3

χ3
0

)
→

θµµ =
∑

i=u,d,s mi ⟨q̄iqi ⟩+ ⟨βQCD

2g
G aµνG a

µν⟩ ≡ −(1− d)χ4

Lmag = − 1
4
FµνF

µν − ei ψ̄iγµA
µψi − 1

4
κiµN ψ̄iσ

µνFµνψi

Medium effects incorporated through number (ρp,n) and scalar (ρsp,n) densities of
nucleons.

ψ̄iγ
µψj → δijδ

0
µ⟨ψ̄iγ

µψi ⟩ ≡ δijρi , → ψ̄iψj → δij⟨ψ̄iψi ⟩ ≡ δijρ
s
i ,
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Dirac Sea contribution in presence of magnetic field
Free energy density of nucleons:

ΩN = ΩN,sea +ΩN,mat

ΩN,sea = − |qB|
2π

∑∞
ν=0 αν

∫∞
−∞

dkz
2π
ϵk,ν αν = (2− δν0) → for zero AMM

= − |qB|
2π

∑
ν,s=±1

∫∞
−∞

dkz
2π
ϵk,ν,s αν = 1 → for non-zero AMM

ϵk,ν =
√

k2
z + 2ν|qB|+m∗2

N — for zero AMM

ϵk,ν,s =
√

k2
z + (

√
2ν|qB|+m∗2

N + s∆b)2 — for non-zero AMM

For zero AMM, ∂Ω
∂x

|x=σ,ζ,δ → ∆ρNs ≈ |qB|m∗
N

2π2

[
y(1− ln y) + 1

2
ln y

2π
+ ln Γ(y)

]
,

y ≡ m∗2
N

2|qB| ; ∆b = − 1
2
κbµNB

Scalar fields (σ, ζ, δ and χ) solved at given ρB(= ρp + ρn), η =
ρn−ρp
2ρB

and |eB|
incorporating this effect

Alexander Haber, Florian Preis, and Andreas Schmitt, Phys. Rev. D 90, 125036 (2014).
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Generalized chiral effective model for D meson

LD
total = LD

free + LD
int

LD
int = LWT + LSME + L1st range + Ld1 + Ld2

LWT = − i
8f 2

D

[
3(N̄γµN)(D̄(∂µD)−(∂µD̄)D)+(N̄γµτ aN)(D̄τ a(∂µD)−(∂µD̄)τ aD)

]
LSME =

m2
D

2fD
[(σ +

√
2ζ)(D̄D) + δa(D̄τ aD)]

L1st range = − 1
fD
[(σ +

√
2ζ)(∂µD̄)(∂µD) + (∂µD̄)τ a(∂µD)δa]

Ld1 =
d1
2f 2

D
(N̄N)(∂µD̄)(∂µD)

Ld2 =
d2
4f 2

D
(N̄N)(∂µD̄)(∂µD) + (N̄τ aN)[(∂µD̄)τ a(∂µD)]

N ≡ (p, n), D ≡ (D0,D+) and D̄ ≡ (D̄0,D
−)

Arvind Kumar, Amruta Mishra, Eur. Phys. J. A 47 164 (2011); S. Reddy P., A. Jahan.
C. S., N. Dhale, A. Mishra, J. S. Bielich, Phys. Rev. C 97 065208 (2018).
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Dispersion Relation for Pseudoscalar D mesons
Fourier transform of the e.o.m’s

−ω2 + k⃗2 +m2
D(D̄) − ΠD(D̄)(ω, k⃗) = 0

ΠD(D̄) : self energy of D (D̄) mesons in the medium.

Π(ω, |k⃗|)D =
1

4f 2D

[
3(ρp + ρn)± (ρp − ρn)

]
ω +

m2
D

2fD
(σ′ +

√
2ζc

′ ± δ′)

+
[
− 1

fD
(σ′ +

√
2ζc

′ ± δ′) +
d1
2f 2D

(ρsp + ρsn)

+
d2
4f 2D

(
(ρsp + ρsn)± (ρsp − ρsn)

)]
(ω2 − k⃗2),

⇒ Π(ω, |k⃗|)D̄ = −1st term + (...) → for D̄ mesons doublet (D̄0,D−)

⇒ ± → (D0,D+) in D and (D̄0,D−) in D̄.

⇒ σ′ = (σ − σ0), ζ′c = (ζc − ζc0) = 0, δ′ = (δ − δ0)

Arvind Kumar, Amruta Mishra, Eur. Phys. J. A 47 164 (2011); S. Reddy P., A. Jahan.
C. S., N. Dhale, A. Mishra, J. S. Bielich, Phys. Rev. C 97 065208 (2018).
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In-medium mass of D and D∗ mesons
In-medium mass of pseudoscalar D (D̄) mesons,

m∗
D/D̄

→ Solution for ω at k⃗ = 0

In-medium mass of vector D∗ (D̄∗) mesons,

m∗
D∗ −mvac

D∗ = m∗
D −mvac

D

Lowest Landau level contribution for the charged mesons:

meff
D± =

√
m∗2

D± + |eB|, meff
D∗± =

√
m∗2

D∗± + (1 + gSz)|eB|

Sz : z-component of spin, B⃗ = Bẑ .
g : Landé g-factor ≈ 2.

Amruta Mishra, S. P. Misra, Int.J.Mod.Phys.E 30 2150064 (2021);
Sourodeep De, Amruta Mishra, arXiv: 2208.09820 (2022) [hep-ph] (To be published in
Physical Review C).
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Effective PV Mixing Lagrangian
Effective hadronic Lagrangian describing PV interaction

LPVγ =
gPV
mav

eF̃µν(∂
µP)V ν

L = −1

2
∂µP∂

µP +
1

2
m2

PP
2 − 1

2
∂µVν∂

µV ν +
1

2
m2

VV
2 + LPVγ

B = Bẑ , F̃03 = −F̃30 = B V µ = (V0, V⊥, V||)

mav = (mV +mP)/2; Γ(V → Pγ) = e2

12π

g2PV p3cm
m2

av

Eq. of motions →

P : (∂2 +m2
P)P − gPV

m0
eF̃αβ∂

αV β = 0

V : (∂2 +m2
V )Vµ+

gPV
m0

eF̃αµ∂
αP = 0

For vanishing spatial momentum qµ = (ω, 0, 0, 0),

mP decreases and m
||
V increases with |eB|

S. Cho, K. Hattori, S. H. Lee, K. Morita, and S. Ozaki, Phys. Rev. D 91, 045025 (2015); P. Parui, S. De, A. Kumar, A. Mishra,
Phys. Rev. D 106 114033 (2022); S. De, A. Mishra, arXiv: 2208.09820 (2022) [hep-ph] (To be published in Physical Review C).
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Effective model Lagrangian for Ds mesons

L = Lfree + Lint

Lfree = (∂µD+
s )(∂µD

−
S )−m2

Ds
D+

s D
−
s

Lint =
m2

Ds√
2fDs

[
(ζ + ζc)(D

+
s D

−
s )

]
−

√
2

fDs

[
(ζ + ζc)(∂µD

+
s )(∂

µD−
s )

]
+

d1
2f 2Ds

[
(p̄p + n̄n)((∂µD+

s )(∂µD
−
s ))

]
Scalar fields, ζ ∼ ⟨s̄s⟩ and ζc ∼ ⟨c̄c⟩

Divakar Pathak and Amruta Mishra, Adv.High Energy Phys. 2015 (2015) 697514;
Sourodeep De, Amruta Mishra, arXiv: 2208.09820 (2022) [hep-ph] (To be published in
Physical Review C)..
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In-medium masses of Ds , D
∗
s mesons

Dispersion relation for the D±
s mesons

−ω2 + k⃗2 +m2
Ds

− ΠDs (ω, |k⃗|) = 0

Π(ω, |k⃗|) =

[
d1
2f 2Ds

(ρsp + ρsn)−
√
2

fDs

(ζ′ + ζ′c)

]
(ω2 − k⃗2) +

m2
Ds√
2fDs

(ζ′ + ζ′c)

scalar fields fluctuations, ζ′ = ζ − ζ0, and ζ
′
c = ζc − ζc0 = 0

In-medium mass m∗
D∗
s
of vector D∗

s meson:

m∗
D∗±
s

−mvac

D∗±
s

= m∗
D±
s
−mvac

D±
s

Lowest Landau level contribution for the charged mesons:

meff

D±
s

=
√

m∗2
D±
s
+ |eB|, meff

D∗±
s

=
√

m∗2
D∗±
s

+ (1 + gSz)|eB|

Sourodeep De, Amruta Mishra, arXiv: 2208.09820 (2022) [hep-ph] (To be published in
Physical Review C).
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Spin-Mixing Effect
The spin-magnetic field interaction Hamiltonian

H = −
∑

i µ⃗i .B

B = Bẑ , µ⃗i = g ′qi S⃗i/2mi

The effective masses of the pseudoscalar and longitudinal component of vector meson
due to spin-magnetic field interaction

meff
V ||/P = m∗

V/P ±∆m;

∆m = ∆M
2

(
(1 + χsB

2)1/2 − 1
)
; χsB = 2

∆M
(−g|eB|)

4
( q1
m1

− q2
m2

);

∆M = m∗
V −m∗

P ; g = 2;

J. Alford and M. Strickland, Phys. Rev. D 88, 105017 (2013); Amruta Mishra, S.P.
Misra, Int.J.Mod.Phys.E 31 (2022) 06, 2250060; S. De, P. Parui, A. Mishra,
Int.J.Mod.Phys.E 31 2250106 (2022).
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The 3P0 model

MA→BC = ⟨A|γ[q̄sqs ]
3P0 |BC ⟩; γ is the coupling strength, probability

for creating quark-antiquark pair.

Matrix element: M = γ
π1/4β1/4P(x , r)e

− x2

4(1+2r2)

Scaled momentum: x = 1
β

√
m2

A/4−m2
B

The decay rate: Γ(A → BC ) = 2π pBEBEC
MA

|M|2

B. Friman, S.H. Lee, T. Song, Phys. Lett. B 548, 153 (2002); E.S Ackleh, T. Barnes, E.S. Swanson, Phys. Rev. D, 54 11
(1996); B. Friman, S.H. Lee, T. Song, Phys. Lett. B 548, 153 (2002); S. De, P. Parui, A. Mishra, arXiv: 2208.14953 (2022)
(To be published in Physical Review C); A. Mishra, et. al, Eur.Phys.J.A 55 99 (2019).
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In-medium hadron decay widths

■ The decay width for charmonium states Ψ(3770) → DD̄ →

ΓΨ(3770)→DD̄ =
γ2
Ψ

√
πEDED̄

2mΨ(3770)

2115

32

(
rΨ

1 + 2r 2Ψ

)7

× x3
Ψ

(
1− 1 + r 2Ψ

5(1 + 2r 2Ψ)
x2
Ψ

)2

exp

(
− x2

Ψ

2(1 + 2r 2Ψ)

)
■ The decay width of ψ(4040) → D+

s D
−
s →

Γ
ψ(4040)→D+

s D−
s

=

√
πE 2x3γ2212

M × 35 × 5

[
15

8

1 + r 2

1 + 2r 2
− 5r 2(4 + r 2)

(1 + 2r 2)3
+

r 2(5− 9r 2 − 10r 4)x2

2(1 + 2r 2)4

+
r 4(1 + 2r 2)x4

2(1 + 2r 2)5

]
e
− x2

2(1+2r2)

E.S Ackleh, T. Barnes, E.S. Swanson, Phys. Rev. D, 54 11 (1996); B. Friman, S.H. Lee, T. Song, Phys. Lett. B 548, 153
(2002); S. De, P. Parui, A. Mishra, arXiv: 2208.14953 (2022) (To be published in Physical Review C); A. Mishra, et. al,
Eur.Phys.J.A 55 99 (2019).
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Mass shifts of charmonia
Mass shifts in terms of medium modifications of scalar gluon condensate —

∆mΨ =
4

81
(1− d)

∫
dk2

〈∣∣∣∣∂ψ(k⃗)
∂k⃗

∣∣∣∣2
〉

k

k2/mc + ϵ
(χ4 − χ4

0)︸ ︷︷ ︸
∼∆⟨αs

π
GaµνGa

µν⟩

ψN,l = P × Y m
l (θ, ϕ)(β2, r 2)l/2e−

β2r2

2 L
l+1/2
N−1 (β2r 2)

with

P →
∫

d3k
(2π)3

|ψ(k)|2 = 1

β2 = Mω/ℏ; M = mc
2

ϵ = 2mc −mψ

Arvind Kumar, Amruta Mishra, Eur. Phys. J. A 47, 164 (2011); A. Jahan C.S, N.
Dhale, S. Reddy P, S. Kesarwani, A. Mishra, Phys.Rev.C 98 065202 (2018); B. Friman,
S. H. Lee, T. Song, Phys. Lett. B 548 153 (2002).

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 17 / 47



D+ and D∗+ meson masses at ρB = ρ0
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Figure:

The masses (in MeV) of
D+ and D∗+ mesons
plotted at ρB = ρ0 for
symmetric matter (η = 0)
with eB/m2

π, including
the Dirac sea effects
(b,d), without the Dirac
sea effects (a,c). PV
(D+ − D∗+||) mixing
effect and the AMM of
the nucleons along with
LLL contribution are
included.

S. De, A. Mishra, arXiv: 2208.09820

[hep-ph] .
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D0 and D∗0 masses at ρ0
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Figure:

The masses (in MeV) of
D0 and D∗0 mesons are
plotted at ρB = ρ0 in the
symmetric matter, as
functions of |eB|/m2

π,
including the Dirac sea
(DS) effects (in (b) and
(d)). It is compared to
the case when the DS
effect is absent (in (a) and
(c)). The masses are
plotted with and without
PV mixing (D0 − D∗0||),
considering the AMMs of
the nucleons.

S. De, A. Mishra, arXiv: 2208.09820

[hep-ph];
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D±
s and D∗±

s meson masses ρB = ρ0

2100

2120

2140

2160

2180

2200

m
ef

f
(M

eV
)

0 2 4 6 8 10

|eB|/m
2

with AMM, w/o DS, w/o spin-mixing

w/o AMM, w/o DS, w/o spin-mixing

with AMM, w/o DS, with spin-mixing

w/o AMM, w/o DS, with spin-mixing

(c) [ B = 0, =0]

Ds
*

2100

2120

2140

2160

2180

2200

2220

2240

0 2 4 6 8 10

|eB|/m
2

with AMM, with DS, w/o spin-mixing

w/o AMM, with DS, w/o spin-mixing

with AMM, with DS, with spin-mixing

w/o AMM, with DS, with spin-mixing

(d) [ B = 0, =0]

Ds
*

1940

1950

1960

1970

1980

1990

2000

2010

m
ef

f
(M

eV
)

0 2 4 6 8 10

with AMM, w/o DS, w/o spin-mixing

w/o AMM, w/o DS, w/o spin-mixing

with AMM, w/o DS, with spin-mixing

w/o AMM, w/o DS, with spin-mixing

(a) [ B = 0, =0]

Ds

1900

1920

1940

1960

1980

2000

2020

0 2 4 6 8 10

with AMM, with DS, w/o spin-mixing

w/o AMM, with DS, w/o spin-mixing

with AMM, with DS, with spin-mixing

w/o AMM, with DS, with spin-mixing

(b) [ B = 0, =0]

Ds

Figure:

In-medium masses of D+
s

[in (a) and (b)] and D∗+
s

[in (c) and (d)] are
plotted as functions of
|eB|/m2

π, at ρB = ρ0, for
η = 0, accounting for the
Dirac sea (DS) effects.
The spin mixing between
D+

s − D
||∗+
s is considered,

along with the LLL
contribution for the
charged Ds mesons.

S. De, A. Mishra, arXiv: 2208.09820
[hep-ph];
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Decay widths of Ψ(3770) → DD̄ at ρ0
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(d) [ B = 0, =0.5, with PV, DS]
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Figure:

The decay widths (in
MeV) of
Ψ(3770) → D+D− (I)
and Ψ(3770) → D0D̄0 (II)
and the total (I+II), are
plotted as functions of
|eB|/m2

π, at ρ0, η = 0,
incorporating the Dirac
sea effects. Effects of
Dirac sea in (a) and (c)
are compared to the cases
when the DS effect is not
considered, in (b) and (d).

S. De, P. Parui, A.
Mishra, arXiv: 2208.14953
[hep-ph] .
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Decay widths of Ψ(4040) → D+
s D

−
s at ρ0
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The decay widths (in MeV) of Ψ(4040) → D+
s D

s− is plotted as functions of |eB|/m2
π,

at ρ0, η = 0, 0.5, incorporating the Dirac sea effects. The effects of spin-magnetic field
interactions are compared.
.
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Conclusion

Magnetized Dirac sea at nuclear matter saturation density results in (inverse)
magnetic catalysis, leading to change in the masses and decay widths of open
heavy flavor mesons with magnetic field.

The pseudoscalar meson receives negative mass contribution due to PV mixing (D
mesons), with positive contribution to the vector mesons (D∗).

The decay widths of the charmonia to DD̄ shows center-of-mass momentum
dependence of the polynomial. The decay widths have dipped at certain values of
the magnetic field.

Major aspect of the medium modification of these heavy flavor mesons is the
effect they have on the production of heavy quarkonia and open heavy flavor
mesons produced at the early stages of the non-central heavy ion collision
experiments e.g., at RHIC, LHC, where produced magnetic fields are estimated to
be large.
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Results : D and D∗ meson masses ρB = 0
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Figure: Caption

The masses (in MeV) of
D±, D0 (D̄0), D∗± and
D∗0 (D̄∗0) mesons plotted
with |eB|/m2

π, at ρB=0,
including Dirac sea
effects, PV mixing effects.

S. De, A. Mishra, arXiv:
2208.09820 [hep-ph].
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In-medium decay widths of Ψ(3770) → DD̄ at ρB = 0
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Figure: The decay widths (in MeV) of Ψ(3770) → D+D− (I) and Ψ(3770) → D0D̄0

(II) and the total (I+II), are plotted as functions of eB/m2
π, at ρB = 0, incorporating

the Dirac sea effects.

S. De, P. Parui, A. Mishra, arXiv: 2208.14953 [hep-ph].
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D+
s and D∗+

s meson masses ρB = 0
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Figure: In-medium masses of D+
s [(b)] and D∗+

s [(a)] are plotted as functions of
|eB|/m2

π, at ρ0, η = 0, accounting for the Dirac sea (DS) effects. The spin

mixing between D+
s − D

||∗+
s are considered, along with the LLL contribution for

the charged Ds mesons.

S. De, A. Mishra, arXiv: 2208.09820 [hep-ph];
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Nuclear matter in magnetic field
Transverse momenta of a particle charged q, in presence of uniform magnetic field
(z-direction), is restricted to discrete Landau levels, k2

⊥ = 2ν|q|B, ν > 0∫
k

→ |q|B
(2π)2

∑
n

∫ ∞

∞
dkz

For spin 1/2 particle: ν = n + 1
2
− s

2
q
|q| s = ±1 is the spin projection of the particle

along B
Total energy of the charged particle gets quantized

E =
√

k2
z + ((m2 + 2ν|q|B)1/2 − sκB)2

Momentum of the charged particle along the direction of the magnetic field,

kz,F =
√

E 2 − ((m2 + 2ν|q|B)1/2 − sκB)2; νmax = ⌊ (E + sκB)2 −m2

2|q|B ⌋

For uncharged particles,
∫
k
→
∫

d3k
(2π)3

and

m∗2 =

(√
m2 + k2

⊥ − sκB

)2
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Contribution of matter part in external magnetic field

ρp = eB
4π2

[∑νmax
ν=0 kf ,ν,1 +

∑νmax
ν=1 kf ,ν,−1

]

ρsp =
|eB|m∗

p

2π2

[∑
ν=0,s=1

√
m∗2

p +2eBν+∆p√
m∗2

p +2eBν
× ln

∣∣∣ k
p
f ,ν,1

+E
p
f√

m∗2
p +2eBν+∆p

∣∣∣+
∑
ν=1,s=−1

√
m∗2

p +2eBν−∆p√
m∗2

p +2eBν
× ln

∣∣∣ k
p
f ,ν,−1

+E
p
f√

m∗2
p +2eBν−∆p

∣∣∣]

kp
f ,ν,S =

√
E

(p)2

f − (
√

m∗2
p + 2eBν + S∆p)2

ρn = 1
4π2

∑
s=±1

[
2
3
k
(n)3

f ,S + S∆n[(m
∗
n + S∆n)k

n
f ,S + E n2

f (arcsin(
m∗

n +S∆n

E
(n)
f

)− π
2
)]

]

ρsn =
m∗

n
4π2

∑
s=±1

[
k
(n)
f ,SE

n
f − (m∗

n + S∆n)
2ln
∣∣ kf ,S+En

f
m∗

n +S∆n

∣∣]

kn
f ,S =

√
E

(n)2

f − (m∗
n + S∆n)2

A.E. Broderick, M. Prakash and J. M. Lattimer, Phys. Lett. B 531, 167 (2002) ; M. Strickland, V. Dexheimer, and D. P.
Menezes, Phys. Rev. D 86, 125032 (2012); Sushruth Reddy P, Amal Jahan CS, Nikhil Dhale, Amruta Mishra, J.
Schaffner-Bielich, Phys. Rev. C 97, 065208 (2018).
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Form of Harmonic Oscillator wave function

Ψ = N × Y m
l (θ, ϕ)(β2, r 2)l/2e−

β2r2

2 L
l+1/2
N−1 (β2r 2)

Lk
p(z) is a Laguerre polynomial.

β2 = Mω/ℏ

En = ℏω(n + 1/2), n = 2k + l + 1 = 2(N − 1) + l + 1

Wave function of Ψ(3770)

Ψ(3770) =
1√
3

β3/2

π3/4
β2r 2(3cos2θ − 1)exp(−β2r 2/2)

Wave function of Ψ(4040)

Ψ(4040) =

√
8

15

β3/2

π3/4

(
15

8
− 5

2
β2r 2 +

β4r 4

2

)
exp(−β2r 2/2)
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PV mixing

m
2 (PV )

P,V || =
1

2

(
M2

+ +
c2PV
m2

av

∓

√
M4

− +
2c2PVM

2
+

m2
av

+
c4PV
m4

av

)
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Back up slide
h[πa(x)] ∈ SU(3)V

u(πa) = exp(− i√
2

πγ5
σ0

); π = 1√
2

∑8
a=1 λaπa

X ′ = hXh†, V ′
µ = hVµh

†, A′
µ = hAµh

†, B ′ = hBh†

L = Lkin +
∑

W=X ,Vµ,Aµ,u

LBW + Lvec + L0 + Lscale−break + LSB + Lmag

Kinetic energy term of baryons & mesons multiplets:

■ Lkin = iTrB̄γµD
µB + Tr(uµXu

µX + Xuµu
µX ) + (K.E. of other mesons)

DµB = ∂µB + i [Γµ,B]

Γµ = − i
2
[u†∂µu + u∂µu

†]

uµ = − i
2
[u†∂µu − u∂µu

†]

■ For baryons : iTr(B̄γµD
µB) → vectorial Weinberg-Tomozawa term

LWT = − 1
2

∑
i,j,k,l B̄i,j,kγ

µ
(
(Γµ)

k
l B

ijl + 2(Γµ)
j
lB

ilk
)
; B121 = p, B122 = n

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 32 / 47



Linear SU(2)× SU(2) σ model

Lσ = N̄[iγµ∂
µ − g(σ+ i τ⃗ .π⃗γ5)]N +

1

2
(∂µπ⃗.∂

µπ⃗+ ∂µσ∂
µσ)− λ

4
((π2 + σ2)− f 2π )

2

Vector and axial-vector transformations :

✓ SU(2)V ≡ e−i τ⃗2 .θ⃗ : σ → σ, πi → πi + ϵijkθjπk

✓ SU(2)A ≡ e−iγ5
τ⃗
2 .θ⃗ : σ → σ − θiπi ; πi → πi + θiσ

(σ2 + π⃗2)
SU(2)V×SU(2)A−−−−−−−−−−→ (σ2 + π⃗2)

Nucleon mass → g⟨σ⟩ = gσ0

In vacuum limit, ⟨π⃗⟩ = 0, due to negative parity state

−mq̄q ≡ ϵσ leads to non-zero mass for pions → m2
π = ∂2V

∂π2
ϵ
fπ

⟨ϵσ⟩ = −⟨mq̄q⟩ → m2
πf

2
π = − (mu+md )

2 (⟨ūu⟩+ ⟨d̄d⟩) — GOR relation
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Kaon nucleon scattering length

a
(0)
KN =

mK

4πf 2K (1 +mK/mN)
×

[
− mK fK

2

(gσN
m2

σ

+
√
2
gζN
m2

ζ

−3
gδN
m2

δ

)
+

(d1 − d2)mK

2

]
(1)

a
(1)
KN =

mK

4πf 2K (1 +mK/mN)
×

[
−1−mK fK

2

(gσN
m2

σ

+
√
2
gζN
m2

ζ

+
gδN
m2

δ

)
+
(d1 + d2)mK

2

]
(2)

āKN =
1

4
a
(0)
KN +

3

4
a
(1)
KN (3)
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Solution of scalar-isoscalar field σ with |eB | at ρB = 0

Figure: Scalar isoscalar field (non-strange) σ in MeV is plotted as a function of
magnetic field |eB| in units of m2

π at vacuum ρB = 0.
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Solution of scalar-isoscalar field σ with |eB | at ρ0

Figure: Scalar isoscalar field (non-strange) σ in MeV is plotted as a function of
magnetic field |eB| in units of m2

π at ρ0 and η = 0.
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Solution of scalar-isoscalar field ζ with |eB | at ρB = 0

Figure: Scalar isoscalar field (strange) ζ in MeV is plotted as a function of
magnetic field |eB| in units of m2

π at ρB = 0.
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Solution of scalar-isoscalar field ζ with |eB | at ρ0

Figure: Scalar isoscalar field (strange) ζ in MeV is plotted as a function of
magnetic field |eB| in units of m2

π at ρ0 and η = 0.
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Solution of scalar-isovector field δ with |eB | at ρB = 0

Figure: Scalar isovector field δ in MeV is plotted as a function of magnetic field
|eB| in units of m2

π at ρB = 0.
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Solution of scalar-isovector field δ with |eB | at ρ0

Figure: Scalar isovector field δ in MeV is plotted as a function of magnetic field
|eB| in units of m2

π at ρ0 and η = 0.
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Solution of scalar dilaton field χ with |eB | at ρB = 0

Figure: Scalar dilaton field χ in MeV is plotted as a function of magnetic field
|eB| in units of m2

π at ρB = 0.
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Solution of scalar dilaton field χ with |eB | at ρ0

Figure: Scalar dilaton field χ in MeV is plotted as a function of magnetic field
|eB| in units of m2

π at ρ0 and η0.

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 42 / 47



Variation of rms size of charmonium state ψ(1D)
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Figure: The rms radius (in fm) of Ψ(3770) state as a function of |eB|/m2
π, at

ρB = 0, ρ0 and η = 0, 0.5, due to the medium modifications of the masses of
the state.
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D− and D∗− meson masses at ρB = ρ0
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Figure:

The masses (in MeV) of
D− and D∗− mesons are
plotted at ρB = ρ0 (η=0),
as functions of |eB|/m2

π,
including the Dirac sea
effects (in (b) and (d)).
The masses are compared
to the case when the
Dirac sea effects are not
considered (in (a) and
(c)). The masses are
plotted with and without
PV (D− − D∗−||) mixing
effect, accounting for the
AMMs of the nucleons
and the LLL contribution.

S. De, A. Mishra, arXiv: 2208.09820

[hep-ph];
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D̄0 and D̄∗0 masses at ρ0
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Figure:

Mass (in MeV) of D̄0 and
D̄∗0 mesons are plotted at
ρB = ρ0 in the symmetric
matter (η=0) as functions
of eB/m2

π, including the
Dirac sea (DS) effects (in
(b) and (d)). It is
compared to the case
when the DS effect is
absent (in (a) and (c)).
The masses are plotted
with and without PV
mixing (D̄0 − D̄∗0||).

S. De, A. Mishra, arXiv: 2208.09820
[hep-ph];
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Chiral Symmetry and Lagrangian of QCD

LQCD = ψ̄(iγµD
µ −m)ψ − 1

4
Tr [GµνGµν ]

ψi1 = u, d , s for i = 1, 2, 3, mij = δijmi for i , j = 1, 2, 3

Dµ = ∂µ − igAµ; Aµ =
∑8

a=1 A
a
µ
λa

2

Gµν = ∂µAν − ∂νAµ − ig [Aµ,Aν ];

ψR,L = PR,Lψ; PR,L = 1±γ5
2

m → 0, ψR → RψR = exp(i
∑8

a=1 θR,a
λa
2
)ψR , ψL → LψL = exp(i

∑8
a=1 θL,a

λa
2
)ψL

JµR,a = ψ̄Rγ
µ λa

2
ψR , JµL,a = ψ̄Lγ

µ λa
2
ψL ⇒ ∂µJ

µ,a
R,L = 0; a = 1, ...8

V µ
a = JµR,a + JµL,a = ψ̄γµ λa

2
ψ, Aµa = JµR,a − JµL,a = ψ̄γµγ5

λa
2
ψ

G = SU(3)L × SU(3)R ≡ SU(3)V × SU(3)A → Spontaneously broken to SU(3)V

QV
a |0⟩ = 0, QA

a |0⟩ ̸= 0 → Goldstone boson fields
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Chiral Symmetry and Symmetry Breaking Effects

SU(3)A symmetry breaks → Eight massless modes (Goldstone’s Theorem)

Quark condensates occupy the vacuum ⟨ψ̄ψ⟩ = ⟨ūu⟩+ ⟨d̄d⟩+ ⟨s̄s⟩

Chiral SU(3)L × SU(3)R is explicitly broken by non-zero light quark masses

∂µA
µ = iψ̄{m, λa

2
}γ5ψ, Partially conserved Axial current (PCAC)

GOR (Gell-Mann, Oakes, Renner) relation: m2
πf

2
π ≈ −mu+md

2
⟨ūu + d̄d⟩

Chiral symmetry broken : (1) spontaneously → ⟨0|ψ̄ψ|0⟩ ̸= 0

(2) explicitly → mu,md ,ms ̸= 0

Scale-invariance breaking effect → trace anomaly

θµµ = ⟨βQCD

2g
G a
µνG

µν,a⟩+
∑

i mi ⟨q̄iqi ⟩

βQCD ≈ − 11Ncg
3

48π2 (1− 2Nf
11Nc

) with Nc = 3, Nf = 3 (at the leading order)
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