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

@ Produced magnetic field strength — |eB| ~ 10'® G ~ m2 at RHIC in BNL,
leB| ~ 10* G ~ 15m2 at LHC in CERN

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

Open charm mesons
@ Pseudoscalar : D¥(dc/&d), D°(iic), D°(Gu)
@ Vector : D**, D*°, D*°
@ Charmed strange : D7 (5c), D; (Es), D", DI~

Charmonium (Cc) states

@ W(3770)(1D) — DD
@ W(4040) (3S) — D D;
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Hadronic chiral SU(3),x SU(3)r Model

Effective hadronic chiral Lagrangian density contains the terms:

L= Ekin + Z LBW + »Cvec + EO + »Cscalefbreak + ESB + »Cmag
W=X,V,,Au,u

Under mean-field approximation : s(x) — (s);  V*(x) = (V*) = (V°, 0)

= Scalar fields are treated to be classical in solving 9, [a(??ﬁx)] - % = Olx=0,¢,5,x
B Lex=—Y,_,,0imiy; — mass of the i baryon m{ = —(goio + gci¢ + &5i0)

B Lop=—3Tr[A(uXu+ utXuh)] = — Tr[diag(my(iu), mq(dd), ms(5s))]

V2

With (X) = dlag[(”‘s , L= C] Ap = Zdiag[m?fr, i fr, (2mific — m2fy)]

P. Papazoglou, D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stocker, 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,

o ~ ({Gu) + (dd)), ¢ ~ (3s) and & ~ ({Gu) — (dd)).

4 5252 3
L »Cscale—break = _%X‘l/n (%3) + %X4/n (( Jggo X %8) -
— B v —
Ol = e M) + (5P G GRL) = ~(1— )
@ Lyag = _%FLWF‘W — ey A — %HIMN"Z"U#VF””w"

@ Medium effects incorporated through number (p, ) and scalar (p; ,) densities of
nucleons.

Dby = 8500 (Divkabi) = Sypi,  — ity — Sy (hii) = 85,
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Dirac Sea contribution in presence of magnetic field

Free energy density of nucleons:

(] QN = QN,sea + QN,mat

0 Qpsea = qu‘ S [T %6, = (2— o) — for zero AMM

co 27

B 0o dk
= |q ' PO €kws 0y =1 — for non-zero AMM

—oc0 27

@ ¢ = \/k§ +2v|qB| + m;? — for zero AMM

ks = \/kz2 + (2v|gB| + mi? + sAp)>  — for non-zero AMM

B
@ For zero AMM, ax|x o5 — Dpl =~ ‘q2,|r’2nN y(L—=Iny)+3In 2%

%2
my

y = 2\qB|; Al:v == 7%"‘7bHNB

@ Scalar fields (o, ¢, 6 and x) solved at given pg(= pp + pn), 1 =
incorporating this effect

2= and |eB|
o5

Alexander Haber, Florian Preis, and Andreas Schmitt, Phys. Rev..D 90, 125036 (2014),

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

7/47



Generalized chiral effective model for D meson

['gtal = Lgee + Elat
Lo = Lwr + Lsue + Listrange + Loy + La,

Lwr = =gz [3(N*N)(D(9.D) — (9.D) D)+ (Ny*7°N)(D7°(8,. D) - (9, D) D)}

® Lsue =P b [(o + v/20)(DD) + 6°(D7°D))]

O Listrange = — &[0 + VZ()(8,D)(8" D) + (9, D)7*(8" D)3"]

® Ly = ;5 (NN)(9,D)(9"D) + (N7*N)[(9.D)7*(9,D)]

N=(p, n)y, D= (D’ D")and D= (Do, D7)

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

Mpp) : self energy of D (D) mesons in the medium.
- 1
N, Ko = ﬁ[s(pﬁpn)i(pp )]w+f(a V2 £ )

+ [ B0 VA ) S+ )

+ s ((Pp +pn) £ (pp — pi))} (W — k),
= MN(w, |E|)D = —1" term + (...) — for D mesons doublet (DO, D7)
=+ — (D°,D")in D and (D°, D7) in D.
= 0'/ = (U - 00)7 Cé = (Cc - CcO) = 07 (5/ = ((S — 50)

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 (D) mesons,

* H T _
Mp5 Solution for w at k =0
o In-medium mass of vector D* (D*) mesons,

_ vac _ vac
mD* mD* - mD mD

@ Lowest Landau level contribution for the charged mesons:

mifl = \JmiZ +1eBl. mil =\ /miZ. +(1+gS:)leB

A

@ S,: z-component of spin, B = Bs.
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

‘CPV’y = %eﬁw(a“P) VV

L= —laMPaHP + %m,%Pz - %au V, 0"V + %mi V2 + Lpy,

@ B=B2, F03——F3o—B VH = (V()7 VJ_, VH)

2

@ m, =(my+mp)/2; T(V— Py)= & gpubin

27 m2,

@ Eq. of motions —

P (8% + m3)P — gPVeF 50°VP =0
V(0 + md) Vi + g,;ieﬁwaap =0
0

@ For vanishing spatial momentum ¢* = (w,0, 0, 0),

@ mp decreases and mu 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= L:free + £int

® Lee = (0"DS)(0,Ds ) — m2D5 DfD;
© Lin = - (€ )(0; D7) = 42| (¢ + @, 00040 +
s (oo + an)((20;)(0,0,)

@ Scalar fields, ¢ ~ (5s) and (. ~ (Cc)

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 D, D} mesons
Dispersion relation for the DX mesons

—w® + K + mp, — Mo, (w, [k]) = 0

I d ! !
N 1) = | e 6+ 55) = 226+ €D | (= ) +

scalar fields fluctuations, ¢/ = ¢ — (o, and (. = (. — (0 =0

@ In-medium mass m*D* of vector D} meson:

* vac
m — mY = —m
D* *E D*i Di Di

@ Lowest Landau level contribution for the charged mesons:

f fos

eDf; = mzi + |eB], mg;ii = \/m*Di*i + (1 + gS:)leB]

(¢ +¢)

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
- Z,’ﬁi-B

B =Bz [i=gqS/2m

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

mf,fﬂ/P =my,p = Am; J

Am =M ((1+xs )1/2—1): XaB = (),

AM=my —mp;, 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 3Py, model

meson A

3P0
meson C meson B

@ Ma_gc = (A|’y[c75qs]3P°|BC>; ~v is the coupling strength, probability
for creating quark-antiquark pair.
2

X

o Matrix element: M = P(x,r)e 422

0 __
71.1/4[31/4

1 [ 2 2
@ Scaled momentum: x = 3 m5/4 — mg

@ The decay rate: (A — BC) = zﬂ%wllz

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).

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 15 /47



In-medium hadron decay widths

B The decay width for charmonium states W(3770) — DD —

r\U(3770)4>DD

VAVTEDE; 2Y'5 [\
14+2r2

2myrr0) 32
2 2
3 1+ ’\% 2 Xy
1 - v v
* X ( 5(1+2r‘12,)xw &P 2(1+2r§,)

B The decay width of 1(4040) — D D; —

. B JTE2x3y2212
» =

15 14+r* 524 +r%) (5 —9r7 —10r*)x?
(4040)— D3 Dy~ M x 35 x5

81422 (1+2r2)3 2(142r2)4

4 2\ 4 2
207 -y
2(1 4 2r2)5

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 —

Amy = %(1 - d)/dk2 <‘8¢® 2

k ( 4 4)
ok | [ 1ejmere XX

A( Qs Gapv Ga >

nv

by = P x YP(8, 8)(8% ) Pe S L2871
with
°oP— [ alw( )P =
e 32 = Mw/h; =7

@ e=2mc — my

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).
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D" and D*" meson masses at pg = po
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The masses (in MeV) of
D* and D** mesons
plotted at pg = po for
symmetric matter (n = 0)
with eB/m?2, including
the Dirac sea effects
(b,d), without the Dirac
sea effects (a,c). PV
(D" — D**!Y 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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DY and D*® masses
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leB| |/m,r2

The masses (in MeV) of
D° and D*° mesons are
plotted at pg = po in the
symmetric matter, as
functions of |eB|/m2,
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 (D° — D*°II),
considering the AMMs of
the nucleons.

S. De, A. Mishra, arXiv: 2208.09820
[hep-ph];
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DF and D* meson masses pg = po
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In-medium masses of D7
[in (2) and (b)] and D;*
[in (c) and (d)] are
plotted as functions of
leB|/m?, at pg = po, for
n = 0, accounting for the
Dirac sea (DS) effects.
The spin mixing between
Dy — DI** is considered,
along with the LLL
contribution for the
charged D; mesons.

S. De, A. Mishra, arXiv: 2208.09820
[hep-ph];
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Decay widths of W(3770) — DD at pg
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Charm mesons in magnetized matter

The decay widths (in
MeV) of

W(3770) — DD~ (1)
and W(3770) — D°D° (1)
and the total (I+11), are
plotted as functions of
|eB|/m?%, at po, n =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 W(4040) — D/ D_ at po
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|eB|/m7r2

12

The decay widths (in MeV) of W(4040) — D D*— is plotted as functions of |eB|/m?,
at po, n = 0,0.5, incorporating the Dirac sea effects. The effects of spin-magnetic field
interactions are compared.

sourodeepde2015@gmail.com Charm mesons in magnetized matter

9 June 2023 22 /47



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 DD 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 pg =0
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In-medium decay widths of W(3770) — DD at pg =0
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Figure: The decay widths (in MeV) of W(3770) — D*D

the Dirac sea effects.

= (1) and W(3770) — D°D°
(1) and the total (I+I1), are plotted as functions of eB/m?, at pg = 0, incorporating

S. De, P. Parui, A. Mishra, arXiv: 2208.14953 [hep-ph].
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D/ and D}" meson masses pg =0
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Figure: In-medium masses of DF [(b)] and D+ [(a)] are plotted as functions of
|eB|/m2, at po, n = 0, accounting for the Dirac sea (DS) effects. The spin

mixing between D} — DSH*+ 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 g, in presence of uniform magnetic field
(z-direction), is restricted to discrete Landau levels, k3 = 2v|q|B, v > 0

/ (|§7|r1)32 Z/ ok

g‘—"‘ s = £1 is the spin projection of the particle

For spin 1/2 particle: v = n+ % —
along B
Total energy of the charged particle gets quantized

E= /K2 + ((m? +2v|q|B)/2 — sxBY:

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

E + skB)? — m?
kor = \JE? — ((m? + 20[q|B)V/2 — SkBY: v = | \EFSFB) = m”
£ = B (- 20lqlB) 2~ snBYs v = |EE ST

For uncharged particles, [, — f( 3 and

2
m? = (wm2 + k3 — smB)
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Contribution of matter part in external magnetic field

B v v,
® o= gz | 22070 ke + 200 ke

P P
|eB\mp 1/m;2+QeBu+Ap % In’ kfyy’1+Ef

° pp =
pp 272 ZV:O,S:I \/m;2+263y \/m;‘2+2eBu+Ap

\/mi2+2eBr—Ap KE . 1 +EF
> e x In
v=1,s=—1

\/m;2+2eBu \/m;‘2+2eBy—Ap

® kf,s= \/Ef(p)2 — (vV/mp? +2eBv + SA,)?
L m +SA,,
@ ph=12> 1|3 —l— SAL[(my 4+ SAR)Kf s + E,c (arcsin(T2=2=0) — 2]

ke, s+Ef

o pf’ = :77"2 Zs:il k;:’;EF — (m: + SA,,)Zln m

° Ks= \/Eﬁ"’2 — (mj + SA,)?

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

W= N x Y68, 6) (6, ) e T L)

@ L}(2)is a Laguerre polynomial.
o B2 =Muw/h

@ E,=hw(n+1/2), n=2k+I1+1=2(N-1)+/+1

Wave function of W(3770)

1 63/2

W(3770) = % 7r3/4

Br*(3cos’0 — 1)exp(—B°r*/2)

Wave function of W(4040)

3/2
\U(4040) = \/;BTM <§ — *ﬂ + %) eXp( 52 2/2)
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PV mixing

2 M2
M4 2cpy My Cpy
- 2 4
av av mav

=] & = E DA
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Back up slide
o h[r.(x)] € SUB3)v
® u(m) = exp(— 522 = 5 0, Ay

@ X' = hXh', V), = hV,h', A}, = hA,h', B’ = hBh'

L= Ekin + Z LBW + »Cvec + LO + »Cscale—break + ESB + »Cmag
W=X,V,,Au,u

Kinetic energy term of baryons & mesons multiplets:
B Lup=iTrBy,D"B + Tr(u,Xu*X + Xu,u*X) + (K.E. of other mesons)
@ D,B=09,B+i[l,,B]
o I,=—i[u'd.u+ ud,u']
® uy, = —Li[u'duu— ud,uul]
B For baryons : iTr(B~,D*B) — vectorial Weinberg-Tomozawa term
Lwr = =5k Bi j k" ((ru)fBij/ + 2(FM)J)Bi/k); B2 =p, B® =n
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Linear SU(2) x SU(2) o model

Lo = N[in,0" — g(o + i777)]N + %(aﬁ.auﬂ 0,00"0) —

@ Vector and axial-vector transformations :

v 5U(2)V = eii;‘gi o— 0o, T —>7r,-—|—e,-jk9j7rk

v SU(2)a = e"'%%g o —o—0im; w— 7w+ 0o

)vxSU(2)a

(02 + 7 ) (02 +72)

@ Nucleon mass — g(o) = gog

@ In vacuum limit, () = 0, due to negative parity state
@ —mgq = eo leads to non-zero mass for pions — m2 = g—

o (eo) = —(mgq) — m2f2 = —TEm) ((7y) 4 (dd)) — GOR relation
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Kaon nucleon scattering length

©) _ my ~ mkfk (go_N &N _3g5_/v> (di — da)mk
kN 4 f2(1+ mg/mp) x [ 2 \m2 V2 m? m? + 2
(1
a mg m fx (gaN 8N gatv) (ch + do)mi |
- 1 1 T 2K
al 47 f2(1+ mg/my) % l 2 \m2 VLS m? + m? + 2
2
- 1 o, 3a
3kn = Zakn + 2N (3)
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Solution of scalar-isoscalar field o with |eB| at pg =0

-90

T T T T T
with AMM
| I — — — ~without AMM

-95

-100 -

o in MeV

-105 -

-110

-115

0 2 4 6 8 10 12
|eB| in m?
N

Figure: Scalar isoscalar field (non-strange) o in MeV is plotted as a function of
magnetic field [eB| in units of m2 at vacuum pg = 0.

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 35/47



Solution of scalar-isoscalar field o with |eB| at pg

-45

50 |

55

60 =

o inMeV
\\
\

-65 -

=70 |-

with AMM
— — — ~without AMM

|eB|in m?
N

Figure: Scalar isoscalar field (non-strange) o in MeV is plotted as a function of

magnetic field |eB| in units of m2 at py and n = 0.
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Solution of scalar-isoscalar field ¢ with |eB| at pg =0

¢in MeV

Figure: Scalar isoscalar field (strange) ¢ in MeV is plotted as a function of

-106

-107

-108

-109

-110

-1

-112

-113

-114

-115

with AMM
without AMM |

6

leBl]inm
™

magnetic field [eB| in units of m2 at pg = 0.

2
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Solution of scalar-isoscalar field ¢ with |eB| at pg

-94

-95

-96

¢ in MeV

-99 -

-100 1

-101

Figure: Scalar isoscalar field (strange) ¢ in MeV is plotted as a function of
magnetic field |eB| in units of m2 at po and n = 0.

97

98 |

with AMM

- without AMM

|eBlin m?
N
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Solution of scalar-isovector field § with |eB| at pg =0

0———r : : : :
T with AMM
— — — ~without AMM
02} g
04l
>
[0}
=06 \
£ N
= N
N
N
-08 \\
N
N
S
N
Ak
12 . . . . .
0 2 4 6 8 10 12

|eB|in m?
-

Figure: Scalar isovector field  in MeV is plotted as a function of magnetic field
|eB| in units of m2 at pg = 0.
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Solution of scalar-isovector field § with |eB| at pg

15
with AMM
4L [ without AMM ///
,/
,//
05} _
3 -
S gl—
<
P
05F
ab o
15 L L L -
0 2 4 6 10
|eB| in m?
-

Figure: Scalar isovector field 6 in MeV is plotted as a function of magnetic field

|eB| in units of m2 at py and 1 = 0.

sourodeepde2015@gmail.com Charm mesons in magnetized matter

9 June 2023

40 /47



Solution of scalar dilaton field x with |eB| at pg =0

409.9

se8- -

4007+ T AN

4096 I N
409.5 - \ q
409.3 -
4092 - \ g
409.1 - B
409 with AMM ]
— — — without AMM

408.9
0

MeV

/

2 4 6 8 10 12
|eB| in m?
-

Figure: Scalar dilaton field x in MeV is plotted as a function of magnetic field
|eB| in units of m2 at pg = 0.
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Solution of scalar dilaton field x with |eB]| at pg

409 T T
4085 |- with AMM

— — — without AMM

408 -

4075

407 -

4065F —

x in MeV
|
\
|
/

406 [

4055

405

4045

404 ! t

Figure: Scalar dilaton field x in MeV is plotted as a function of magnetic field

|eB| in units of m2 at pg and 7.

leBlin m?
"
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Variation of rms size of charmonium state ¢)(1D)

1.2 - 2.0 n
—— with AMM —— with AMM, 7=0
+ = without AMM = wlo AMM, 7= 0
L9 | - ith AMM, 705
1.15 — = w/o AMM, 1= 0.5

1.8 F

-

é 1.7 f

- M @ [ps=0,DS]

= -

2 pp=0, 16k

N

e 105 1.5

>

= \// 14f

«2 1.0 i
£ 3T () lps=puDSI
0.95 12r 3
1.1
0.9 1.0 L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
2 2
|eB|/m,; |eB|/m,

Figure: The rms radius (in fm) of W(3770) state as a function of |eB|/m2, at
pe =0, pop and n =0, 0.5, due to the medium modifications of the masses of
the state.

sourodeepde2015@gmail.com Charm mesons in magnetized matter 9 June 2023 43 /47



D~ and D*~ meson

m™ (MeV)

m™ (MeV)
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1900

1880

1860

1840

1820

1800

2060

2040

2020

2000

1980

masses at pg = po

(@) [pg = po, =01

— with AMM, w/o DS, wlo PV

1940

1920

1900

1880

1860

—— with AMM, with DS, wio PV
— wlo AMM, with DS, w/o PV
-== with AMM, with DS, with PV
- = w/o AMM, with DS, with PV

L (b) [pg = po, 7=0]

I — wlo AMM, w/o DS, wlo PV 1840 [ E
=== with AMM, w/o DS, with PV
X = = w/o AMM, w/o DS, with PV 1820 X X X X X
0 2 4 6 § 10 12 0 2 4 6 8 10 12
—— with AMM, w/o DS, w/o PV — with AMM, with DS, w/o PV T .
—- wlo AMM, w/o DS, w/o PV A 2080 |~ Wlo AMM, with DS, wio PV g
=== with AMM, w/o DS, with PV 2 === with AMM, with DS, with PV
= = wlo AMM, wlo DS, with PV - = wlo AMM. with DS, with PV
2060
@) [pg = po =01 =~
2040 % J
-
200 |V oo Ty
2000
1980 4
1960 L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10

The masses (in MeV) of
D~ and D*™ mesons are
plotted at pg = po (n=0),
as functions of |eB|/m?,
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* 1) mixing
effect, accounting for the
AMNMs of the nucleons
and the LLL contribution.

S. De, A. Mishra, arXiv: 2208.09820
[hep-ph];

9 June 2023 44 /47



D° and D*® masses at pg

1850 _ T T T 900 T T T — 1
1800 - ™~ g
~ \\\\“ 1850
20 ~o 1™ Mass (in MeV) of D° and
5’ 1700 | T s D*® mesons are plotted at
g - @ o= oy 7=0] 1700 - (b) [ = p 7=0] O pB = po in the symmetric
TR woso [ T | N matter (17=0) as functions
oo | e mwensey |, ]| s vy | of eB/m?, including the
0 2 4 6 8§ 10 12 0 2 4 6 § 10 12 Dirac sea (DS) effects (m
— with AMM, w/o DS, wio PV 200 — with AMM, with DS, wio PV (b) and (d)) It is
— wlo AMM, w/o DS, w/o PV — wlo AMM, with DS, w/o PV
IV L] compared to the case
_ 200 2100 when the DS effect is
E » . absent (in (a) and (c)).
5 The masses are plotted
o with and without PV
1950 mixing (DO — D*OH)_
1980
1900 L L L L L S. De, A. Mishra, arXiv: 2208.09820
0 2 4 6 8 10 12 0 2 4 6 8 10 12 [hep—ph],
|eB|/mW2 |eB|/m,r2
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Chiral Symmetry and Lagrangian of QCD
Locp = p(inu D" — m)ip — *Tf[G‘“’ o)
@ Y =u,d,sfori=1,2,3, my=2dym;fori,j=1,23
@ D, =0, — igAu; A#:Z§:1AZ§

@ G =0,A, —0LA, — iglAu, All;

® Yri=Pruh; PrL=155

@ m—0,Yr — RYgr = exp(i 30, Ora2 )R, Y1 — Lb = exp(i 3.0, 01,252 )1
© Ui, =Ury R, S, =0y = 0,050 =0; a=1,.8

o VIi=Jp, It =00 e, Al =Jp, = J = s

@ G =SU@3)L x SU3)r = SU(3)v x SU(3)a — Spontaneously broken to SU(3)y

° Q/0)=0, 2'|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 (1)) = (Gu) + (dd) + (3s)
@ Chiral SU(3). x SU(3)r is explicitly broken by non-zero light quark masses
@ 9, A" = inp{m, 32 }ys1, Partially conserved Axial current (PCAC)
@ GOR (Gell-Mann, Oakes, Renner) relation: m2f? ~ — ™% (fjy + dd)

@ Chiral symmetry broken : (1) spontaneously — (0|t%|0) # 0

(2) explicitly — my, mg, ms # 0
@ Scale-invariance breaking effect — trace anomaly

0 = (%52 GL G + X2y miGian)

2g

Bocp &~ — lig’:f (1- 121,\/(/2) with Nc =3, Ny = 3 (at the leading order)
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