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Magnetic fields in noncentral events in uRHIC

collisions
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Figure: *

Schematic of a non-central collision event.[Bethke, Prog.
Part. Nucl. Phys. 2007].

» Magnetic field produced by fast
moving spectator quarks.

> Magnetic fields of the order of

10'7-10"® Gauss[Kharzeev et al, Nucl.Phys.

A 803, 227 (2008)].
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Figure: *

Variation of Magnetic field with time.[Shubhalaxmi, BP
JHEP 2019)].

Decay of magnetic field strength
suppressed in a conducting medium

» 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

>

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

ii) the electrical properties of medium.

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

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



Outline

» Resummed Gluon Propagator:

(T #0,1q#0); (T#0,puq#0,Strong B#0); (T #
0, Weak B # 0)

» Heavy Quarkoniain T # 0, ug # 0
» Heavy Quarkoniain T # 0, Strong B # 0
» Heavy Quarkoniain T # 0, uq # 0, Strong B # 0

» Heavy Quarkonia in T # 0, Weak B # 0

» Resummed Quark Propagator:

(T #0,uq #0); (T#0,puq+#0,Strong B#0); (T #0,puq#
0, Weak B # 0)



Quarkonium Spectroscopy

» Since Mya > Aqcp so the non-relativistic potential theory is a
useful method for studying quarkonium bound states and
describes the spectroscopy of quarkonium well.

» Schrédinger equation: Properties of Quarkonia

"
2mq — m*QVZ + V(r)| ¢i(r) = Migi(r)

= M;: Mass of i-th bound state
= ¢i(r): Corresponding eigenfunctions
= < 12 >= [ d® r?|¢(r)|?: Size

| State [JW] xe [ ¥ [T [ xo [ V[ xp [ T |
mass(GeV) | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.26 | 10.36
BE. (GeV) | 0.64 | 0.20 | 0.05 | 1.10 | 0.67 | 0.54 | 0.31 | 0.20

fo (fm) | 050 | 0.72 | 0.90 | 0.28 | 0.44 | 056 | 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
QQ potential.

Schrédinger 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.
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Propagators in Real-time Formalism

Dab(K) = UaC(K) (DO(()K) (DO(OK))*>Cd Udb(K)

U(K) _ 1+ n(ko) :tn(ko)
n(ko) 14 n(ko)
Keldysh representation:
DR = DYy — Df,, Dj = DY, — D%, Dg = DY, + D3,
Mg =M1 + M2, Mg =MNyg +Mpq, Mg =Mq1 + M2

Re-summation by Dyson-Schwinger equation:

. L(0 LO)qL AL
Dg 4= DR(,A) + DR(,A)I_IH,ADR,A

L L(0 L(0) 4L AL
D5 = D% + DY )HHDS(O) + D3N 4D4 + D&MD,

’
k? — Rellk (k) F ilmMk(k)’

(1 +2ng(ko)) sen(ko) (Dh(K) — D4(K))

D.‘L?,A(k)

Dg(k)



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

N*”(po, p) = Nr(po, P)PF” + Ni(po, P)P™

where
g o PP
PE = g" — P2 i u* =(1,0,0,0)
v P2 p°PH p°P¥ p
P = 3 <u” =" u — 2 ‘ P.P} = PP = O‘
> Longitudinal and transverse parts of self-energy:
G Po, Po+Pp
Ny(pg,p) = (1——In ), (1)
(Po. P) pz o 2p po—p
m? p3 P2 — p? +
Mr(pop) = 2% (1 (B0 P tp @
2 p 2pop Po—p

Debye Mass m5 = g°T? { ,\;C + %} (3)



Gluon Self-energy at T # 0 continued..

> Resummed gluon propagator:

G
7P2+r|7' P2+|_|L

b (4)

> Real and imaginary part (in static limit):

]
p? + mj,

2
mTmg

Im D®(py = 0,p) = ———2—

Re D(py = 0,p) = ®)

» Nonperturbative contribution to the QQ 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.

» Real-part of the resummed propagator:
1 m

_ G
Fimh Ry ©

Re D%(py = 0,p) = —



Gluon Self-energy at T # 0: QQ Potential at T # 0 Vineet, BP
PRD 2010, EPJC 2011

» Imaginary part of the resummed propagator:

2 2 2
wTmp 2n TmDmG

+
p(p? + m)?  p(p? + m3)?

Im D%(py = 0, p) @

> Real-part of the potential (7 = rmp):

d®p

(27_(_)3 (eip.r - 1) Re DOO(PO = Ovp) (8)

Re V(r;T) = ch2/

—e7") ©)
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|
w]
Q
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S
2
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e Schrédinger Equation =- Binding Energy

1 i =T
[]Tovz V(s T)] & o(r) = Elnd o(1)




Imaginary-part of QQ potential at T # 0

Im V(r; T)

3 .
CF 92 Q(elpj _ 1) Im DOO(,DO — O’p) (10)
(2m)3

160T .
r

4 5
= —50457—71’1(’) -

. 1. N
(P = —§r2(3Inr—4+375)
72 4

>
) o~ 4 (15In7—2341 11
pa(F) 12+900( 5In? —23 + 157¢) (11)

eThermal Width: | I; = —2/ Im V(r; B, T)|®(r)|2dr
0

eQQ potential at T # 0, pu # O:
Potential will remain the same, except the Debye mass will now be modified as:

Ne N 32
2 _ 272 ) Ne f M
mp = g°T {3+6 <1 +ﬂ_27_2>} (12)

The dissociation chemical potentials of J/1 at T = 40 and 50 MeV are found to be
1611 and 1560 MeV, respectively.




Gluon Self-energy at T # 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 b,.

eTensor basis: In the rest frame of the heat bath, u* = (1,0, 0, 0), b* can be defined
uniquely as projection of F,,,, along u:

1 1
by, = S cuery VP = BY E.. =(0,0,0,1). (13)
eTherefore, in addition to the P, and Py, we have,
v kOkZ v v 1 0 2 v 2 v
Pl (K) = — 7 (b"u” + umb )+k—ﬁ [(k) bb” + (K?)? utu
Kkt
— MY
(gu K2 > ’
1
PR (k) = [ K2 9" + KO (kHu” + utk”) — k* (kMb” + b"K") +

k2

2
KOKZ (BHu” + ulb”) — kPKY + (ki - (ko) ) Uty — kzbub”},

K kY
=- (gi”— i2L> (14)
L

g’ = diag(1,0,0 — 1), g" = diag(0, —1,—~1,0), k2 = = (ko) — (ko) K2 =




Gluon-self energy at finite T, strong B continued

Nk (k) = PP N9L(k) + PEN9 T (k) + Pﬂ“’l‘lqv”(k) + PHYN9L (),

(15)

> In strong magnetic field, N9+ ~ 0, therefore, longitudinal-component of gluon

self-energy (P2, P%° = 0)
N(k) = N%l(k) + Not(k),
» The 11-component of quark propagator

i311(P)—[p2 ;2 -‘1-27””(!90)5(!72 mf):l

7

(1+4°%4°) (10 = +%pz + my) eToel.

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

na#v (k) = _& Z/(d P Tr[v* S11(p)v" S11(9)]

(16)

(17)



Gluon-self energy at finite T, strong B continued
eThe trace over the v matrices is calculated as

L =8 [pﬁ‘qﬁ +pya) —a)” ((p- Q) - m?)] :
eRunning coupling, g is

9° 1

I — —
ag(eB) = = 2 )
—1 . 11N, K2+M3 1 B
ag (o) ™' + Tz In ( zug B) + g 2 ‘qf, |

127
2 2 :
11NeIn (7(”0/\*2"”3))

v

al (no) =
where k; = 0.1VeB, i = 1.1GeV, Ay = 0.385CGeV, Mg ~ 1GeV, and ¢ = 0.18CeV2.
o[19-# (k) becomes factorizable:

nom (k) = S N9 (k) AkL), A(kL) = ’”‘;ﬁ.
f

eDecomposing into vacuum and medium components:

neH (k) = N (k) + 03" (k) + 0% (k)



Gluon-self energy at finite T, strong B continued

1 1
v (k) = / dpodsz“”{ }
2(2 <qﬁ -m?+ ie) (pﬁ -m?+ ie)

ot (k) = W/dpodszW{n(Po)M n(qo (S(q'z_m?)}

2(2m)* o — m + ic) e (8 — 2 + ic)

M (K1) = 500y / dpodpzw”{(4w2)n(po)n(qo)6(p2m?)é(qﬁm%)}.

eReal- and imaginary- part of n‘(;“” (k) for massless case

Re Ny %l (ko kz) = e Z lgsB kz ; Tmn%! (ko kz) = 0
I

o Real- and imaginary- part of """ (k) ‘

—w 6 +w,
Renf! (k) = 2(2 /dpodszOO {n(p ){ (b ?up (qg)qu(fom?) 2k

. n(qo){5(670—wq)+5(%+wq)}}

2wq (P§ — P5 — M)



Gluon-self energy at finite T, strong B continued

LOO —

8 [poqo+pzqz+m?] P wp \/p2+mf wg = \/qz = \/pszz)2+m?~

all 492 sz e 1 <, 1 .
el () =~Gmpg ke o Terpi ) % ery1) =0

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

» mndl (k) =o.
> ReI'IZé” (ko, kz) = 0.

> |maginary part is also obtained from the retarded current-current correlator as

2 B
% o, ko) = ~ 2B 15006 — k) 400k + Ke))

o|q;B|/8m is the transverse density of states for the LLL states
» Real-part of quark-loop contribution by the vacuum contribution only

i |
ReN% !l (ko, k;) = ReMNy" (Ko, kz) = 2Z\qf| kﬁ,



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

Bhaswar, BREPJC 2017

> |maginary-part of the quark-loop contribution:

—g? B
%, k) = % (o, k) = T ks — ko) + stk + ko)

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

K ko + |K|
ReM%(ko, k) = ’2T2<—°| 0 71),
ol = T 2 " ko — Ik
K 6
ImN%t(ko, k) = —g?T222; o/(T)= ———
2k| (33— 2Ny) In(/\ngZ)
» Giluon self-energy in T # 0 and strong B:
ReN (ko,k) = Re N9L(ky, k) + Re N%l (Ko, k2),
272 ( ko | |ko+ K[| g
- ¢°T (—ln IS |q 8L,
2k| | ko — |K| t a2 zf: kﬁ
N (k. k) = ImN9*(ky, k) + ImN% | (Ko, k),

k 9 B
= —grepl - SRtk ko) + ko + k1E)



2
oFor massles quarks m2 = g'>T2 + £, 3 |q;B|

eReal-part of resummed gluon propagator:

» Imaginary-part of resummed gluon propagator:

Im D®(pp =0,p) = >

(19)

B/p2+m?
oFor physical quark masses m2 = g’>T72 + B| [ dp,—& Y= 1
physical q 5=9 271.27—2/|Qf [ fo Z(Heﬂm)z
1 m2
Re D®(py = 0,p) = — - a
(pO p) p2+m2D (p2+m2D)2
9%1gsB|m? 1 ©Tmg 2r TmEm?,
- dr pE(p? + m3)? p(p2+m et (p2+m%)3

»> Real-part of the potential:

3 mp(T, B)

_# 4
Re V(r: T, B) = — 2o (er + mp(T, B)> +-—7 (1

)

eThe long range part of the quarkonium potential is affected much more by magnetic

field as compared to the short range part.

(20

)



Quarkonia at T # 0, Strong B, Mujeeb, BP, Bhaswar, Partha NPA 2020
elmaginary-part of the QQ-potential:

|q,B|{ re~"  ghe=t  2f /‘°° pdp
Im V(r; T,B) = _re__mre [T _pdp
m V(r ) Zasg "2 [2m? 2m?, Zm% mp Jo  (p?+ m3)?
Pr sin t 4 asTm3 60 Tm3
——at - Lo (P 21
[ e - 50 - et @1

> With eB = 6m?2 the J/+ is dissociated at 2T, and with eB = 4m? the x. is
dissociated at 1.1 T in comparison, with eB = 0 the J/v is dissociated at
T =1.6T; and x¢ is dissociated at T = 0.8 7.

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

Pure Thermal (eB=0) | In presence of magnetic field
State Tp (in T¢) Tp (in Tc) (eB (m2))
J/p 1.60 2.0 (6.50)
1.8 (27.0)
1.5 (68.0)
Xc 0.80 1.1 (3.7)
1.0 (12)
¥(2S) | 0.70 < 1(<m2)
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Radial Wave Function (J/y)

Probability Density (J/y)

Wavefunction and Probability density

221, =27, =21,
03 25
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Continue..
1/2

eAverage Size: \/r2 = ([ dr r2 | &;(r) [%)
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QQ potential at T # 0, 1 # 0 and strong B

» Real part of resummed gluon propagator:

Re D%( 0,p) 1 me, 2
($] =0, = — —_
P P? + me(T,B,p)  (p? + m3(T, B, u))?
> Imaginary part of resummed gluon propagator:
¢°|qrB|m? 1 wTm2
Im D% po=0,p) = f
(0 ) ; ax PP+ mB(T. B | pP + me(T, B, u)?
2n Tmgmz,
(23)

o m2(T, B, 1))

> Real part of the potential:

4 e’ 4 o 5
T Bop) = ——as | 2— T,B 27 (1-e™) (o4
Re V(r; T, B, 1) 3as< — -+ mp(T, ’#)>+3mD(T,B,p)< e ) (24)

> Imaginary part of the potential:

\q,B| [ re~T  gbe=t  2f /°° pdp
Im V(r; T, B, = __ = _ = . PF
m V/( ) Z asg o (P4 m%)z

; 2 42(?) (25)

P sin t 4 asTm? 160 Tm?
/ dt} 7
0



Dissociation temperature of QQ bound states, Salman,

BP NPB 2023

2 _
mp =

vy

SS@LIBL ™ kg (0t (E)(1 - nt(ED) + 0 (BN — 0 (E)} + g2 T2 (
f

472T Jo

Dissociation temperature:
Tp (in terms of T, = 155 MeV), eB = 15 m2
State J/ T
u=0 1.64 1.95
©w=160 | 1.69 1.97
w=100 | 1.75 2.00

Conclusions:

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

weakens the imaginary-part
Dissciation temperature gets enhanced at finite

N

30)



Form Factor Approach of resummed gluon propagator at
T #0, Strong B

» Giluon self-energy in magnetic field

n#Y(P) = b(P)B*”(P) + c(P)R*¥(P) + d(P)M**(P) + a(P)N** (P) (26)

e The projection tensors

Q4 PH pv
BUP) =" AU(A=0l -5
n*n¥ u*n¥ + uvn#
M (P) = ——  NM(P)= — ————
P =% P ="Vam
_ e e (e QRO
“M:(g” @ )“” ””(g” e )””

= M = gt — uru and QF = QH — (Q.U)uH

o/ The form factors

b(P) = B""(P) Nuw(P)  ¢(P) = R"(P) Ny..(P)

d(P) = M*(P)Nuw(P)  a(P) = %N””(P) Nuw (P)



Form factor Approach of resummed Gluon propagator at
T # 0, Strong B continued

gy (P2 — d(P))B"~ R
D) = (P (PR d(P))— 2(P) T P o(P)
(P? — b(P))M+~ a(P)N"” (27)

+

_l’_

(P? = b(P))(P? —d(P)) — &(P)  (P? - b(P))(P? — d(P)) — &

> D(P) in the static limit becomes (R = M = N0 = 0):

]
~(P? + b(po = 0,p))

D%(py =0,p) = form factor a(py = 0, p) vanishes ‘ (28)

> Real and imaginary parts (in static limit):

]
Re D%(pg = 0, = —— 29
e D™ (po p) P (29)

9°|qrB|m? 1 7 Tmg

Jr
2,: 4r P52+ mB)2 - p(p? + mp)?

Im D*(py = 0, p)

where

= ;gzgfr‘ /ooo dks {n(E1)(1 — n(E1))} + g°T? (N?)



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

Quark — loop : iMA*(Q) = zf: %2 | / (‘2'1’)(4 Tr [y iS(K)y"iS(P)]; (P =K — Q)
eQuark Propagator in weak B up to O(qu)2:
. (K + my) Ky +m) [KE (K + mp) + Ko (mf — KP)]
iS(K) = IK2 - mf? —aB 1(;2 _Hmﬁ)zf —2i(qrB)? - (K2 —m2)* f ”
= So(K)+31(K)+52(K)
M(Q) = M (Q)+ ML (@) + 21 (Q) + Ol(grB)°], where
v _ ig? d4K Ty (K + me)y* (P + my)]
Moo(@ = Z @r)¢ (K2 — m2)(P2 — R)
y _ i92(qrB)2 [ d*K Ty’ viva(K) + me)vi e (P + my)]
M@ = - Zf: 2 / (em)4 (K2 — m2)2(P2 — m?)2
v _ 2ig?(qrB)? [ d*K ing
Meo(@ = 275 | Gt v myie
M = T [y ARKE (K + me) + K (mE = KE) (P + mp)]

= [ (@ =g @0~ (@B)°) + 15" (@0 ~ (@87 |




Gluon self energy in weak B Mujeeb, BP PRD 2021

General Form : M"Y (Q) = bB*” + cR*"” + dM*" 4+ aN*”

QUQY TR, DR T

oo
o _ Y APV
B - Uz ) R - QJ_ Qi ) ,—72 ’ E12 f72
_ Q“Q” _ 3 Qv
o Hy o _ o e
u_<g oz >u,,n_<g = )nl,

oM =g — utu” and Q* = Q* — (Q.u)u*

]
b=B"Nu; c= RNy d=M"T,; a=;N"T,



General form resummed gluon propagator in Landau gauge:

y (02 o d)Bp,V RV (02 o b)Mp,V

L _

QA = @@ g -2 e (@-h@-d-2
aN#

+

(@ —b)(Q2—d)- &

= Only the “00”-component is required for deriving the heavy quark
potential (R = M = N9 — Q)

(@2 — d)T
(P -b)(@-d)—&

Form factora: a=ay + a = ay =0and a, : O ~ (g;B)?

DOO ( O)

DZ
(@-b)
Form factor b: b = by + b; Form factor by (O ~ [(g/B)°])

DOO ( Q)

Nf Im bo(qo,q)} GPT°N; =
Re b = T2 {— —
ebo(qo=0)=g % . 5 2g



Continue..

o Adding the gluonic contribution ‘

N,
Re b —0) = @272 J)
e bo(qo = 0) g (3 t%
{Im bo(Qo,Q)} TG (Nc +&> ks
Qo % 3 6/ 2q

Form factor b, (O ~ [(g;B)2])

> mgl
Re ba(qp = 0) = > 50— (arB)* > _(~ 1) Fio("E)
=1

f
o] [t S ()

Qo
GP(ABY <=~ yietpe (Ml
— 96 T2 /;( DR |

9%(qrB)? (8T — 7mmy)
+Z 76871' m?T

— Kp and K> are the modified Bessel functions of second kind



Continue..

e The total contribution of form factor b

Re b(qO = 0) = g2 T2 (IVC + M)

36
> myl
/ mg
Z12 272 (UB)* (1) PRo()
1=1
[Imb(qo,q)} _ 2T <Nc+’\’f)”
Qo % 3 2q
1 g%(qrB)? 1412 myl
3 ,WZ(*” Fho (5

=1
g (Qf I+1 2 mel
Z 967 T2 /21: R 'K2< T

g%(qrB)? (8T — 7xmy)
+2 768 meT

= Debye screering mass: M2 = Re b(qy = 0)



QQ potential in Weak Bat T # 0

3 .
V(r, T,B) = / (21)2/2(e/k.r ~1) 2

o Dielectric permittivity: ‘ = —quTOqZDOO(qu)
]

2

Re D®(q=0) = - 1M
FB (P + MR
7TTM§ 27TTM§mé

Im D%(gy =0, =
m D@ =0.9) = Sz a) T ol + My

¢ Real and imaginary-parts of the dielectric permittivities ‘

LI G- /(-
Re €(q) Q>+ M5 (9 + Mp)?
1 arTM3  2qn TMZm2

Ime(@ — (@+ME2  (q?+ MB)?



QQ potential in weak B, T # 0

4 = 4 R 2
ReV(r;T,B) = —3% <e + MD) + 570 (1—-e), o= amg
r

Mp 2
4 asTM? 40’TM
ImVe(r; T,B) = —= —— "B g (3), ImVs(r; T,B) = ELLIG)
3 Mg My,
. < zdz sin z?
= 2 1— —
¢2(7) /o (22 +1)? { zr ] ’ (31)
. *  zdz sin zf
= 2 11— —
¢3(r) /0 (22 + 1)3 |: Z7 :| ’ (32)

eIn the smaII Flimit (F < 1),
AGE r2(3Inr—4+375)

3(F) = 53 - 350 (15In7 — 23 + 15+)

Dissociation Temperatures Ty in T,
State J/ T
Pure Thermal (eB=0) | 1.80 3.50
eB=0.5m2 1.74 3.43




Effect of magnetic field on Heavy quark transport
coefficients

eMomentum 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 Propagatorat T #0, u # 0

General Formof Quark Self — energy : £(P) = —A(po, |P|)P — B(po, |P|)¥,  (33)

e Form Factors:

m2
Ao, [pl) PE® <’f;>
Po Po
Q4
el Lm <\m>

eResummed quark propagator in the chiral basis:

B(po, [pl)

a(3)

s'P) = S;T-%(P)
_ L i _0+7) 5, _(1-9°)
= PLL2/2PH+PFIH2/2PL:| pPL= 5 ,Pr= 5
2 = (1 + A)2P2 4 2(1 + A)Bpy + B2
R® = (14 APP?2+2(1+ A)Bpy + B>

2 2 T2 2
2 _ R > 9T w
Zlp=0pl=0 = S leo=0,lpl—0 = | Mip = == {1+ 05




Quark Propagator at T # 0, Strong B, 1 # 0

> Quark propagator in a magnetic field

> —idn(a)D + di(@)D .y - ki
k2 — m2 + 2n|q¢B| K2

n ol

iSn(k) =

where Landau Levels, n=0,1,2--- and a = k2 /|q;B]|

m? — kﬁ
D = (mi+~v-k)+~ ko .
D = yiye(mi+v-k)
dn(@) = (=1)"e"*Cn(2a),
odn
( ) - av
Cn(2et) = Lnp(2c) — Lp—1(2c)

> In strong magnetic field (|g;B8| >> T2 >> m?) (n = 0 lowest Landau level)

— kzl Ok — 3k +m
So(k) = ie 195 W ( 707375>



Strong Magnetic field continued....

eGeneral form of Quark self-energy in strong B

where

Ay

Az

A3

Ay

Y(p) = Aty U + Ay by + APy Uy + Ay v by, (36)
1 ?lgiB| | T 7p2¢(3)  31u%¢(5) | po
CTr[TA ] = —In(2 - g
4 (" uul 37 2m; o n@+ 8m2T? 3274 T4 pﬁ
1 GlaB| | =T 7u2((3)  31u*(5) | Pz
— TY[EyMb,] = —In(2 - Pz
g = T s, T M@ et aamre i
1 PlaB| [ «T 752¢(3)  3144¢(5)] pe
— T[Syt u,] = — —In(2 - =
7 TR 372 |2m, @+ g2z T BT o
1.5 ¢?qB| | =T 7u%¢(3)  31u%¢(5) | Po
— T[T b,] = — —In(2 - 4
el a2 |2m, O T 22 T B2ntTd P




Strong Magnetic field continued....

» Resummed quark propagator in chiral basis:

S =3 |Pizre X2/2 5 Prt Pay Y2/2 2t

where
X:_X 1[ —(A A)]2—1[ + (A — AP
2 ~ g o= U = Al =5 1Pz 7 1% = A
y2 5 1 > 1 2
S = V=g = (A AP — b+ (A2 + A

» Effective mass of i-th flavour:

2| q; 2 4
wty = CABL[ AT o TG 31(s)

32 | 2mj, 8m2T2 3274 T4

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



Quark Propagator at T # 0, Weak B, 1 # 0

> In weak magnetic field (T2 >> |g;B| >> m?):

k +m (R +mp)
-m (K- mp)

S(k) = (qiB) (40)

» Quark self-energy

z(p07 |p|) =& (Pov ‘p‘)P - a2(p07 |P|)¢l - a3(p07 |p|)75¢ - a4(p07 ‘pl)’y5bv (41)

e Form Factors:

m2
ar(po, Ip) = o<”°)

2 "\ pl

m2 Po Po <Po>]
a , = Q—)—Q
2P0 Pl = =) {p (o) = @ o
as(po, = _4g2Ceme P
3(Po, [PI) 9°Cr \p\z <|p|>

as(po, Ip) = _4QZCFM2‘ Qo<|p|>



Weak Magnetic field continued....
where

8l (=T 712¢(3)
V(T p By = 9B [ =T o ,
(T B) = Y62 | amg ~ "2+ 272

> Resummed quark propagator in chiral basis

vy ] L R
S*(P) = > [PLLT/ZPR+PRRT/2PL:| s (42)

where
[2=(1+a1)?P?+2(1 + a1)(a + a3)po — 2as(1 + a1)pz + (a2 + a3)? — &,
R? = (1+a1)?P? +2(1 + ar)(az — as)po + 2a4(1 + ar)pz + (a2 — a3)? — &.
> Effective mass for L- and R-modes:
m? = m3 4492 CeM?

m3 m2, — 4g° CEM?

Different mass for left-and right-handed chiral modes



Effect of magnetic field on Heavy quark transport
coefficients

Debarshi, BP, PRD 2024

eMomentum 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



