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Motivation and Relevance

Objective: To study in-medium properties* of open strange mesons under extreme conditions.

* High baryon density : several times the nuclear matter saturation density (py = 0.15 fm™3).
* Isospin asymmetry: unequal proton and neutron number density.

* High magnetic field : upto 15 m2 ~101%Gauss!12!.

» produced in ultrarelativistic heavy ion collision (HIC) experiments as well as in certain astronomical
objects.

» * In-medium masses from the medium-modified scalar quark and gluon condensates.
* In-medium decay widths from medium modified masses of mesons.

[1] V. Skokov, A. Y. lllarionov and V. Toneey, Int. J. Mod. Phys. A 24, 5925 (2009).
[2] D. Kharzeev, L. McLerran and H. Warringa, Nucl. Phys. A 803, 227 (2008); K. Fukushima, D. Kharzeev and H. Warringa, Phys. Rev. D 78,
074033 (2008).



Effective field theories (EFTs):

In low energy regime: «; is large, Perturbative techniques
can’t be applied.

Construction of EFTs in terms of hadronic degrees of freedom

Based on symmetries and symmetry breaking patterns of low
energy QCD.

(1) Spontaneous Breaking of Chiral Symmetry (SCSB):

The QCD Lagrangian is symmetric under chiral
transformations, but the ground state is not.

SCSB — 8 massless Goldstone Bosons: Pseudoscalar mesons.
SCSB leads to QCD vacuum being populated by scalar chiral
condensates

(0|yp|0) = (Py) = (Tu) + (dd) + (5s)

Quark Con finement

Asymptotic Freedom

‘/\é('D OJ.



(2) Scale invariance Breaking: In massless quarks limit, under scale transformation x — Ax,
Action, S = [ £ d*x is invariant
=  conserved dilaton current, j = x,0*Y, and 0 ('” ) =0) =
» Jdilaton 14 ’ u Jdilaton v

 However, trace is non-vanishing as gluon condensates contribute,

QZ = ﬁgzD G GV + Y, mq;q;, where at one loop level,
. 11N.g® (, _ 2Ny
This is Trace Anomaly of QCD. Bacp(9) = ,u au miren (1 _11Nc)

(3) Explicit Chiral Symmetry Breaking (ECSB):
The quark mass term breaks the chiral invariance,

Lyn=—Wmypr + Yprmy)

LQCD Tr[dlag(muuu mgdd, msss)]

 Due to ECSB, pseudoscalar mesons get mass.



Chiral SU(3); X SU(3)r Model

The effective hadronic chiral Lagrangian density[l'z] :
L= Lkin + ZW LBW + Lvec + LO + Lscale break T LSB + Lmag

B = baryons, W = mesons.
= nonlinear coupled quantum field equations with large couplings.

Mean-field approximation:
 All the meson fields are treated as classical fields.

* Further, (Y;9;) = 6;;p7;  (Yiv*y;) = 6;;6*%p;;  pi(p;) = scalar (number) density of ith baryon.

* Lps — baryon mass generation, m; = —(gm- g+ 9gei§ + g&-(S)

[1] P. Papazoglou, D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stocker, and W. Greiner, Phys. Rev. C59, 411 (1999). [2] A.
Mishra, K. Balazs, D. Zschiesche, S. Schramm, H. Stocker, and W. Greiner, Phys. Rev. C 69, 024903 (2004).



* L, incorporates SCSB through non-zero VEVs of scalar fields (o, {, §)

m12'tf7t(0'+5)
2

26 (oo
« Explicitly chiral symmetry breaking term, Lsg= Tr ldiag (— ,— m”fnz(a 2y —(V2mZfy — \/%m%fn)( )]

Quark condensates are related with the scalar fields as,

M3 fr(0+8)

P 121'11' = < 1
2, my(dd) = PIET2 my(ss) = (VZmkfy — 5mE )

mu<ﬁu> = 5

4 2_82 3
* Scale invariance breaking term, L. .1e break = — i){‘* In (%) + g)(‘*ln ((M) (i) >

2
0 50 Xo

<% G;lw Gauv> — g{(l _ d)X4 + lm%fna + (\/Em,zr{f,( — \/%m%fn)d}

[1] A. E. Broderick, M. Prakash, and J. M. Lattimer, Phys. Lett. B 531, 167 (2002).



QCD Sum Rule (QCDSR) approach

The current-current correlation functionl® 2]

M,,(q) =i j d*x e' 1% (0|Tjy (x)jy (0)|0); j,. is the vector meson current

The scalar correlator function, 11" (g?) = g‘“’l—[ +(Q)

(a) For large space-like region Q2 = —g? > 1 GeV?, using operator product expansion (OPE)
2TV (42 — 2 — e\ , ¢ | G L mveo2 o2y — 1V(@%=-0%)
12r“I1Y (q° = Q)—dV[ ln( )+Q2+Q +Q] with 1" (g = —Q*) = e

The scale u = 1 GeVl, c(‘,/ term for perturbative QCD; c;’, c}{ for non-perturbative effects of QCD.

Rphen(s)
s+Q? ’

(b) On phenomenological side, 12n2then(Q ) = f ds spectral density, Rghen (s) =12n Iml'[ghen(s)

[1] M. A. Shifman, A. |. Vainshtein, and V. |. Zakharov, Nucl. Phys. B 147, 385 (1979); ibid, Nucl. Phys. B 147, 448 (1979).
[2] F. Klingl, N. Kaiser, and W. Weise, Nucl. Phys. A 624, 527 (1997); ibid, Z. Phys. A 356, 193 (1996).



The spectral density separates to resonance part and a perturbative continuum,

Rihen(s) = g}(lﬁls)ﬁ(sg —5s) +dycl0(s —s3)

e .7 2\ 2\n
Borel transformation: f(M*) = 0? —>lc1>onrll—>oo (n—l)!(Q ) ( sz) f(Q )

QZ
7=M2=constant

127T2then(M2) _ f ds e=S/M* Rphen(s), ... phenomenological side
~ V
12?1V (M?) = dy [co M? +¢f +-% & = 4 = 2M4 ; .. OPE side

For M > /SO , exponential term in the integral is expanded in powers of— fors < sy .

The finite energy sum rules (FESRs) arelll
F; =dy(cfssV +cf)

S V2
Fymy” = dy (—( - 2) - C5V>
V)3
Fymi* = dy (—( 0 3) + C§V>

Fy is the overlap strength; SSV is the delineation scale.

[1] A. Mishra, Phys. Rev. C 91, 035201 (2015).



In-medium properties of open strange mesons

Strange Vector mesons : K**(sy*u); K*°(5y#d).
Strange Axial Vector Meson : K (Sy#y°u); K2(GyHy°d).

The coefficients c;s for the charged mesons are given by[l'z]

C(If*K1=1+aS(Q), and cf K- —3(mu+m)'

* 2 16
cf K= n— — ik uu) + —(msss + m,uu)

c§ K = —8a,mw Kq( —((ss)( u)) +—((uu)2 + (ss)z))

For axial vector meson, Rgﬁen(s) = fé6(s —m%) + FK15(S - m,z(l) + dch()lH(s — SO D
The FESRs are:
Fg, = dkl(cKlng1 + cKl) — f#

((S*Kl)z o C*Kl)

- fém

* *2
Fg,mg, = dg, )

(S*K1)3 o
* k4 _ *Kq 2.4
Fg my, = dg, +cg | — fgmg

[1] T. Song, T. Hatsuda and S. H. Lee, Phys. Lett. B 792, 160 (2019).
[2] M. A. Shifman, A. |. Vainshtein, and V. |. Zakharov, Nucl. Phys. B 147, 385 (1979); ibid, Nucl. Phys. B 147, 448 (1979).
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Masses of K* and K; mesons plotted as a function of pg/p, for various values of isospin
asymmetry parameter (), within QCD sum rule approach.

*Ankit Kumar and Amruta Mishra, arXiv:2302.14493 [hep-ph].
*Ankit Kumar and Amruta Mishra, Proceedings of the DAE Symp. on Nucl. Phys. 65, 617 (2021).



Effects of Strong Magnetic fields
Landau Quantization: The charged particles undergo Landau
quantization!!,

mp(eB) = /[m% + (2n + DeB + p2];

my(eB) = \/[m]z, + (2n + 1)eB + pZ + gS,eB];

Spin Magnetic Field Interaction: Due to the spin-magnetic
field interaction (—u;. B) term!2],
gB (a1 q
—u;.B)|00) = — 10
(—#i- B)100) 4<m1 m2)| )
The transverse polarized states do not get mixed

(—ui.B)|1 1) = ¢93<q1 + q2> 14 1)

4 \my m,
where u; is the magnetic moment, S, is the spin projection,
p, is continuous momentum.
PV mixing: The mixing can also be introduced through the

interaction Lagrangian

IV o (9 PV

avg

['PV)/ —

Mass (MeV)
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Masses of vector K* and pseudoscalar K mesons plotted as a
function of eB/m?2 at pg = po . The three polarization states are
written as K;1, K*!l,and K*+.

[1] P. Gubler, K. Hattori, S. H. Lee, M. Oka, S. Ozaki and K. Suzuki, Phys. Rev. D 93,

054026 (2016).
[2] J. Alford and M. Strickland, Phys. Rev. D 88, 105017 (2013).

*Ankit Kumar and Amruta Mishra, arXiv:2302.14493 [hep-ph].
*Ankit Kumar and Amruta Mishra, Proceedings of the DAE
Symp. on Nucl. Phys. 66, 841 (2022).
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Decay width of K* —» Km in 3Py model
* Alight gq pairis assumed to be produced with 3p quantum numbers.

The matrix element for the general decay A — BC,

« k¢ meson A kg—
Ma_Bc = (A|)/[C_[qu]3P0|BC) ko —kq < " """""""""" » kp — kg
k— Zinmnomoc T > k
The decay width is then given by!1] ; ® 1
ExE, <
["(K* - Kn) = ﬂpKM¢2|MLS|2 meson C meson B
K*

LS
The coupling strength y is related to strength of 3 vertex.

e Invacuum!?l: T(K** - K*n° K°n*) = (16.98,33.77) MeV; y = (0.1243,0.1782)
I'(K*° - K°z° K*m~) = (15.87,31.31) MeV; y = (0.1198,0.1673)

e Within the chiral modell®!, m;+ and myo are observed to increase as a function of pj.

* The pions are assumed to retain their vacuum properties during this work.

[1] T. Barnes, F.E. Close, P.R. Page, and E.S. Swanson, Phys. Rev. D 55, 4157 (1997); B. Friman, S.H. Lee, and T. Song, Phys. Lett. B 548, 153 (2002).
[2] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.
[3] A. Mishra, A. K. Singh, N. S. Rawat, and P. Aman, Eur. Phys. J. A55, 107 (2019).
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Partial decay widths of vector K* meson with polarization states (+1,0,-1)
plotted as a function of eB/m?2 at pg = p, withn = 0, within 3 p, model.

Partial decay widths of vector K* meson are plotted as a function of
pe/po atzero magnetic field (eB), as calculated within 3, model.

*Ankit Kumar and Amruta Mishra, arXiv:2302.14493 [hep-ph].
*Ankit Kumar and Amruta Mishra, Proceedings of the DAE Symp. on Nucl. Phys. 66, 841 (2022). 16



Decay Width of Axial Vector Meson K; - K'&

The K{(1270) and K(1400) mesons are mixture of the two strange axial vector nonets (13P; and 11P,).
|K1(1270)) = sin9K1|K1A) + cosby, |Kip)

|K1(1400)) = cosBg, |Kia) — sinfg |Kip); Ok, ~ 60°

The decay width is given byl]

Ki
The matrix element gets contribution from each decay channel accordingly.

+ EorE_ C
'K, » K*n) = ZﬂpK MK ﬂlelez ;
LS

e Invacuuml?': T(K{ - K**rn% K*On*) = (6.28,12.32) MeV;
KL - K*°n° K**n~) = (6.20,12.48)MeV;

* The in-medium decay width is calculated from in-medium masses of K* and K; mesons calculated within
QCDSR approach.

[1] Tayduganov, E. Kou, and A. Le Yaouanc, Phys. Rev. D 85, 074011 (2012).
[2] L. Roca, J. E. Palomar, and E. Oset, Phys. Rev. D 70, 094006 (2004).
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Ankit Kumar and Amruta Mishra, arXiv:2302.14493 [hep-ph].
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Chiral SU(3); X SU(3)r symmetry

u
In low-energy regime, the Dirac Lagrangian: Lpjqc = l/j(iy“aﬂ -—m)y ; Y = <d>
S
T - - - 1+
= Lpirgc = 1@@y*0, ¥, + Yry#o,Yr) — Wmypp + Yrm ) ; P = 2)/5 Y =vYp1

- . : . 2@
In massless quarks limit, Lp;-4c is invariant under g — exp (—l@f{L 7) YrL;

T /1a T /la ’
]g,a = lPRV“?‘/’R ; ]fﬂ = IPLV”?l/JL ......... Noether’s Theorem

a

Vector and axial vector currents: V" = ]ﬁa +]£a = Yy . Al = ]{{a —]ﬁa = 1/3)’”)’5%1/)
With transformations, i — exp(—if;A%)¢Y; Y — exp(—iys044%) ¢, with 6y, 4, = (0,£6R)/2

—  SUB), % SUR)x = SUBR)y X SU3),



Spontaneous Chiral Symmetry Breaking (SCSB)
* For any symmetric charge Q based on Noether’s theorem
e®?0) =10),Va  =Q[0)=0

We expect Qy|0) = 0 = Q4|0)

But from the observed spectra, Qu|0) =0, Qu]0) =0

spontaneous breaking

= SU(3)y, x SU(3), , SUQ3)y.

In the massless quarks limit, Lagrangian is symmetric under chiral transformations, but
the ground state is not.

SCSB — 8 massless Goldstone Bosons: Pseudoscalar mesons.
* SCSB leads to QCD vacuum being populated by chiral condensates
(0|yp|0) = (Py) = (wu) + (dd) + (3s)

e Mass term (ypm)) causes explicit chiral symmetry breaking (ESCB) and pseudoscalar mesons get
mass.



Scale Symmetry and its Breaking:
* The QCD Lagrangian, Lycp = Zillji(iy“Dﬂ — mi) (F —% GGy,

In massless quarks limit, under the scale transformations:

3
x> Ax, YPx)->YP'(x)=212¢9Ux), Ai(x) - A,’ia(x) = A‘lAﬁ(/lx)
Action, S = [ £ d*x, is invariant.
The conserved dilaton current, jgilat = x,0"Y, and 0 (]dllat) =60y =0

* However, trace is non-vanishing as gluon condensates contribute,

QZ = BESD G G+ Y mqiq;, where at one loop level,
- 11Ncg® (, 2Ny
This is Trace Anomaly of QCD. Bocp(g9) = ,u au — (1 _11Nc)

* Any scale invariant theory is characterized by the vanishing of its f-function.



Chapter IlI: Chiral SU(3); X SU(3)r Model

The effective hadronic chiral lagrangian density[l'z] :

L= Lkin + ZW LBW + ['vec + LO + Lscale break + LSB + Lmag

L. is kinetic energy term for baryons and mesons

Lgy is the baryon-meson interaction term

L, is the dynamical mass generation term for vector mesons

L, contains the meson-meson interaction term

L q1e break 1S the scale-invariance breaking logarithmic potential term
Lsp describes the explicit chiral symmetry breaking term.

L4 is the magnetic field contribution

= nonlinear coupled quantum field equations with large couplings.

[1] P. Papazoglou, D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stocker, and W. Greiner, Phys. Rev. C 59, 411 (1999).
[2] A. Mishra, K. Balazs, D. Zschiesche, S. Schramm, H. Stocker, and W. Greiner, Phys. Rev. C 69, 024903 (2004).



Chiral SU(3) Model
(1) Kinetic energy term, Ly, = i tr(By,D#B) + 2t (D, X)(D#X)) + 5 tr (DY) (DY) ) +3 (Dux) (DHx) +

tr ((uﬂXu“X) + (Xuﬂu“X)) - ltr(VwV“") - l1:r(AWAW)
4 4
DB = 8,B + i[T,, B]
The composite vector-type field, T, = —i[u*(aﬂu) — (0, u)u + u(9,ut) — (9,u)u']
With u = exp(\/_z;.ao Mys)

Tensor fields for vector and axial vector mesons, V,,, = D, — D,V and A,,, = D, A, — D, A,

_ _ W
(2) Baryon-meson interaction term, Lgy, = —V29¥ (ay [BOBW ]y + (1 — ay, ) [BOBW]p) — %tr(BOB)tr(W)

Symmetric coupling, [BOBW ], = tr(BOWB + BOBW) — %tr(EOB)tr(W)
Antisymmetric coupling, [BOBW ] = tr(BOWB — BOBW)

(3) Scalar meson interaction term, £, = —%ko)(zlz + ky(I5)% + kol, + 2ks x5
Where, I; = tr(X), I, = tr(X?),1; = det(X)



(4) Scale breaking term, £ = _L1oap (L) + 24 ( I3 )(1)3
g » &scale break X 7 )( aet0e) U

Lagrangian term required to generate y,is given as, LS( = —k.x*

The energy-momentum tensor, 6, = ( )() (a(av )) — 9Ly

oL
Trace, 0, = )((O—XX) —4L, = —(1—d)x*
Equating, 6, = <“; Guv G“‘“) +Xmi(qiqi) = —(1 — d)x*
(5) Explicit chiral breaking term, Lsp = — %m,zh tr(Y?) — %tr (Ap(uXu + u*Xu*)) — tr((AS — Ap)X)

2
A, = ’;f” g<11 :{TK—1>

(6) Vector meson interaction term, £,,,. = mV ( ) tr(V V“) + = tr( V“VXZ) + %’ tT([V,,W])Z

Where V, are the re-normalised vector meson fields.



Conditions to apply MFT:
Large baryon density

Z+ p 0'0+60 6+
_2_0_|_A_0 X_io-aA —_ \/E 0'0—60
2w PPt TRT T 6 "

A° 0

=0 —2— K~ K
\/g TCO 778

on K;* N J2(1+2w?)

1 _
—pptwy 0 | M==n%, = T[
vz K 2o
K *0 (L) -
H ¢“ w+1 k

Uniform and stationary matter

Rotationally invariant

The meson field operators are replaced by their classical expectation values.
Here the fluctuations of the field operators around their constant vacuum expectation values are neglected.




Mean-field approximation : All the meson fields are treated as classical fields.
Under this approximation, meson field operators are replaced by their vacuum expectation values.

) P (py =g, VH=E (Vo V)} = (VE) = (V,0)
Further, (Y1) = 8;:(Yii) = 6:;05;  (PivHy;) = 6:;87%(Piy ;) = 6:;6%°p;;
p; (p;) = scalar (number) density of ith baryon.

* Only the scalar and vector fields contribute,
Lpgs + Lgy = — z Vi|mi + GuiYow + 9pivop + gpivod|i , wherem; = —(g4i 0 + gzi{ + gs:5)
i
* Interaction term for mesons,

1 x?
Lype = E(m(zua)z +mZp? + m§p?) ()?) + gi(w* + 6p%w? + p* + 2¢%)
1 ’ o* &%
Ly = —Ekoxz(az + %+ 6%) + k(0% + %+ 6%)* +k, —t+ 30%6% + (* |+ k3x(o* — 6%)¢



Lgs+ Loy = =X 0i|M; + GwiYow + gpivop + GpiYod|¥: , where m; = —(g:0 + g7:¢ + 95:6)

4 4
Ly = —%koxz(az + {5+ 8%+ k(0% + 7% +6%)* +k, ("7 + 57 +30%6% + (4) + kyx(o? —6%)¢

4 2_82 3
Scale invariance breaking term, L. 40 break = — %)(4 In (%) + %)(4ln <<(G d k) (l) )
0

0440 Xo

2 2 _
Explicitly chiral symmetry breaking term, Lsg= Tr [diag (— m”fnz(ﬁa) ,— W, —(V2mz fy — \/—15 m2f,;){ )]

Quark and gluon condensates are related with the scalar fields as,

12'cfn +6 3 12tfrc -6 — 1
T mg(dd) = PRI m(Ss) = (Vamify — 5mEfa)d

my,(uu) =

<‘% Gty Gauv> = g{(1 —d)x* + [m,%fna + (V2mfy — %mg fn)él}

[1] A. E. Broderick, M. Prakash, and J. M. Lattimer, Phys. Lett. B 531, 167 (2002).



The coupled equations of motion derived from chiral SU(3) model for the fields o, {, §, and ¥ are given as:

2 2 2 2 3 2 d 4 (_20 X\ 2 s

kox“o —4k,(0°+ {4+ 6°)0 — 2k,(0° + 306°) — 2k3)(0( —3X (m) + (E) My fr — 2 95iP; =0 ..(1)
koxC — 4y (02 + 7 + 69 — 4ky0* = kyp(07=82) — £ 4 (L) WVambfy, — =m2fl =S gepf =0 . (2)
kox?8 — 4ky(0? + 0% + 8§2)8 — 2k, (8% + 3026) + 2k3x08 + 5 x* (555) — L goupf = 0 - (3)

2_8S2 3

kox (02 + 2 + 62) — ks(02 — 62 + 13 [1 + ln( )] + (4ky — d)y® — a3 [((“ - )5) (£) ]

X6 3 a5 %0 Xo
+ 2 m2fio + (VZmfi — mife)¢| = 0 (%)
eBmp Vr%a-la_cl fmp+Zer+SAp ka:,v,s+E}e

where, scalar density for protons i, p, =
mp +2eBv

(n) (n)
f st

f 2
*
my +Zer+SAp

} l/J lp] = 51],01: wi)/ul/)j = 5ij6HOpiS

neutrons, ps = 4m_,i25=11 {k}? E]gn) — (m;, + SA,)?In SA

2
Fermi momentum, kf ., ; = \/E]gp)z (\/m + 2eBv + SA > k(n) \/E]En) — (m3, + SA)?; A; refers to AMMs



The effect of magnetic field is introduced via the term :

1 _ 1 _
Lag = ~2 F¥YE,, — qip v, AMY; — ZKiMNIPiUW i
where, 1; is the baryon field operator

A* is the magnetic vector potential

K; corresponds to anomalous magnetic moment (AMMs) of the baryons

Uy is the nuclear Bohr magneton

E,y is the electromagnetic field strength tensor

d3k m; 1 1
Where, scalar density for baryons i, p; = y; —t - - + —— "
' ' f(27f)3 E{ () \ plE{Go-ui|m g B GO+ |/T

1
Where E; (k) = (k2 + mz‘z)z and p; = U — 9ui® — gpiP — 9¢iP; spin degeneracy factor y; = 2

1 2 3 ¥ 3 2 ) nt+SA,
Pn = m25=i1 {5 k;? + SA, [(mn + SAn)k]g? + E;n) <arcsm <mET> — %)]}
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Constants, f; =93.3 MeV; fy=122.143 MeV; f, =93 +9 MeV; f;=83+7 MeV;m, = 139;my = 498; 0, =
~933;{p = —106.7; gop = gon = 10.567; g¢p = gen = —0.46707; gs, = 2.487; gsn = —2.487;

Ko > 2 luacuum = 0 fixes ko = 2.5365899;

ky - ‘;—‘; loacum = O fixes k, = —4.775199,
ki - m, = 500 MeV fixes k; = 1.35436,

ks — n —n' splitting fixes k3 = —2.77257;

ky — 3—2 lbacuum = O fixes k, = —0.2348811
Xo = plpB:}00 = 0 fixesy, = 409.77;,

d = Bocpasd = 0.064018;



Borel Transform:

A d
fM?) = lim (@ )”( ) f(@%

Q%2-00,n—00 (Tl — 1)'
Q% _, 2_
W—Mz—constant
* enhanced contribution from the resonance part.
* the continuum in high-energy perturbative region is suppressed exponentially.
* Detailed description of the crossover and continuum are no longer significant.
* Better convergence for the OPE side.

Comparing the explicit symmetry breaking terms from QCD and mean field approximation,

L?;D = —Tr[diag (muﬂu, mgdd, mS§S)]

: #fr(0+8) #fn(0=8) 1
and  Lgp=Tr [diag (- 22D MO0 _(FmEf — Lmif)0 )]

scattering term! X 11V (0) = 12- (5‘/‘) IZ‘ and p;= number density of ith baryon
VN i

2
running coupling parameter ag = 4m/[b ln( 9 )] = 0.3551 at Q? = 1GeV? and d, % d, = %,dqb = ;

QCD




Effects of Strong Magnetic fields
Spin Magnetic Field Interaction: Also, due to the spin-magnetic field interaction (—u;. B) term.
The effective physical mass eigenvalues are given by

Where AE =m —mp and ysp = Z (gqlB — quB)

AE \ 4m4 4m,
1 = 2% and 0, B(| 1> £[11>) = B(| N> FU1>); 05 B(| N> £[11>) = —B(| 1> F|IT>)
PV mixing:
LPV]/ - ﬂe Fuv(au P)VV
Mayg

The masses after PV mixing are given by,

1 c2 2c2. M2 cd
PV pyiy PV
m12,|| P=73 MJZr + — + |M% + > +—2 ,
) 2 m m m

avg avg avg

with cpy = gpyeB; M2 = mi +m3; M? = mé —mb

The radiative decay width is given by
2 2 .3
€~ gpvPcem

TV = Py) =5 m?
avg

Dcem 1S the centre of mass-momentum in final state.



Decay width of K* - K7 in 3Py model
VT EgEry? (28731 + 12)%\ | —x?
4 My ( 3(1 + 2r2)5 )x P (2(1 n 2r2)>

['(K* - Km) =

Where Eyx = \/p2 + m% ; E, = \/p? + m2 ; The 3-momentum p(= px = p,) is given by
. \/[MZ* mz + mz N (mg — mn)zl

4 2 4 M2,

The quantity x = p/Bay4 is the scaled momentum and r = Bk /Bay,4, With Bg+ as the strength of harmonic oscillator
potential for parent particle and f,,, as average of two daughter particles.

« ExE
F(K1—>K*7r)=27er K ”leLSIZ,

MKl LS

2

VK, X
M,c =——P, (x,7) ex I
B gl L5, 1) p( 4(1+2r2)> f

Where the polynomials are given by[z]
(13P;>1351+1%Sy) _ [ 55 r\3/2 142 2\ \. (1'P»1381+11Sy) _ 1 (13P;-135;+115))
For _<2 (1+2r2) ( 3(1+2r2)x) ; Bor = \/§P01

(13P;»135,+11Sy) 5( 1 r5225a+4ry) 5\, (11P;»135,4+11Sy) (13P;—»135;+11S;)
P21 o _\/; (\/E (1+21r2)7/2 X ) P21 o \/§P21
The Harmonic oscillator potential strength!3!: Bk, = 136.563 MeV; B+ = 184.84 MeV;

Pk = 238.3 MeV; 5, = 211 MeV.
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Introduction

In Standard Model (SM) of particle physics, the fundamental constituents of matter are Quarks and Leptons.

Light quarks!1!: up, down, strange quarks: myq ~4—8Mel; mg = 150 MeV
Heavy quarks: charm, bottom, top quarks : m, = 1.28 GeV; m;, = 4.18 GeV; m; = 173.1 GeV

Leptons: (1) electron (¢™), muon (u™), tau (77)
(2) electron neutrino (v,), muon neutrino (v,), tau neutrino (v;).

Interactions: strong, electromagnetic, and weak interactions.

Vector Bosons: gluons (g), photon (y), W bosons (W), Z boson.

Scalar Boson: Higgs boson (H).

[1] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.



In Particle Physics, we study the fundamental particles of nature and their interactions.
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Effective field theories:

* Running coupling parameter of Quantum
Chromodynamics (QCD):

aS(QZ) — i

(11 - 2N;/3)In (A(zz—z>

QCD

Np is the no. of flavors of quarks.
QCD scale parameter Agcp~ 200 MeV

* Inlow energy regime: a, is large, Perturbative
techniques can’t be applied.

e Construction of effective field theories in terms
of hadronic degrees of freedom based on
symmetries and symmetry breaking patterns of
low energy QCD.

Quark Con finement

Asymptotic Freedom




Quantum Chromodynamics (QCD)

The QCD Lagrangian density is written as
- . 1
Locp = Zi‘Pi(W”Du - mi) Y; 2 GwaGﬁv

Y; =d,s); D, =0, +igAjA?/2

Gﬁv — auAg - avAﬁ - gfbcaAZch/

Aﬁ are the gluon fields; A% are the Gell-Mann matrices

a=1,2,...8.

Hadrons: bound states of quarks;
(i) Baryons: bound state of three quarks
(ii) Mesons: bound state of quark-antiquark.

In low energy regime: « is large, Perturbative techniques can’t

be applied.

Construction of effective field theories in terms of Hadronic
degrees of freedom based on symmetries and symmetry breaking

patterns of low energy QCD.

* Running coupling parameter of QCD:

41
aS(QZ) — >
(11 —2N;/3) ln< g >

Aoep
N¢ is the no. of flavors of quarks.

QCD scale parameter Agcp~ 200 MeV

Quark Con finement
A |

Asymptotic Freedom




Symmetries and Symmetry Breaking effects

(1) Chiral Symmetry: The QCD Lagrangian,
Loco= . BilivhD,—m) —7 GHGE,

i=u,d,s

. T . : A4 .
in massless quark limit, is invariant under g, — exp (—19,%,L 7) Yry, Withy = Yp + 9,

. . -
Vector and axial vector currents: V" = J , + ] o, = Yyk S Aq = Jha—Jha = VV*ys

— SU3), X SUB3)r = SUR)y X SUBR) 4

(2) Spontaneous Breaking of Chiral Symmetry (SCSB) : Lagrangian is symmetric under chiral

transformations, but the ground state is not.
spontaneous breaklng

= SUB)y X SUB3)y SUQ3)y

e SCSB — 8 massless Goldstone Bosons: Pseudoscalar mesons.
e SCSB leads to QCD vacuum being populated by scalar chiral condensates

(O]Fw|0) = (F) = (@u) + (dd) + (3s)

Aa
.



Spontaneous chiral symmetry breaking:
 Qy|0) =0 =0Q4|0) ... Wigner-Weyl realization of chiral symmetry
(Ground state properties reflect the underlying symmetry of the theory.

We expect that the spectra of vector (J© = 17) and axial-vector (J = 1%) should coincide.
But p(770) meson have much smaller mass than the lightest axial vector meson a, (1230).
Lightest pseudoscalar m(~ 140 MeV ) and scalar mesons ay = 980 MeV'.

Qy10) = 0,but Q4|0) # 0 ... Nambu-Goldstone realization of chiral symmetry.
* The chiral condensates are defined in terms of full quark propagator as

(0ly[0) = =i lim tr Sp(x,); with Sp(x,y) = =0T () P(3)[0)

 Anon-zero VEV of (1/31/)) implies that the vacuum have lost the chiral symmetry of the Lagrangian.

* Likewise, the energy density of QCD vacuum is lowered by color electric and magnetic fields , so QCD
vacuum also features a non-vanishing gluon condensates.

(tu) = (dd) = (Ss) ~ —(225 MeV)?
And <“; vacwa> ~ (350 MeV)*
* Axial current has a non vanishing divergence.
0,A4q = é Y{m, 1,}y=1, Partial Conservation of Axial Current (PCAC).



Various symmetry breakings and meson spectra

T, K: UETRIN

=1, = ()
qgy =0

i

q

T

Ua(l) anomaly

'JT,K, U

massless
=1, =)

(qqy # 0

Mg

K

My 7 g 7 1)
(gq) # 0

ChS manifest

ChS broken dynamically

ChS broken dynamically
and explicitly
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4 2_§2 3
* Scale invariance breaking term, L 41 preak = — %)(4 In (%) + g)(“ln <<(0 ° X) (1) )
0

0§40 Xo

2

3 3 . L X 1
* Explicitly chiral symmetry breaking term, Loz = — (E) lm%fna + (\/ 2méfi — ﬁm,ztfn) {]
* Magnetic field interaction terml1! Lmag = —% F‘“’FW — qiiﬁiyﬂA”gbi — iki,u,vt/jia“" i

* Quark and gluon condensates are related with the scalar fields as,

2 fr o) 7 % frn(0—6 c
M md(dd> = LO-), mS(SS> — (\/Emlz{fl{ _\/_]ém%fﬂ)(

my(uu) = . ’ .

<% G,fv Gauv> — g{(l —d)y* + [m,zrfna + (\/fmlz(fK — Tlim%fn)d}

[1] A. E. Broderick, M. Prakash, and J. M. Lattimer, Phys. Lett. B 531, 167 (2002).



U(1), anomaly
Noether’s theorem:
If L’(l/)’, aulp') = L(, 9,¥) under a global symmetry transformation defined as
PY(x) » P’ (x) = exp(ilx0%) P(x)
there will be a four-vector current J% (x) = (x)y*T,y(x) for each I, such that aﬂjg(x) = 0.
Here 8¢ = parameter of transformation and generators I'; of the symmetry group.

The corresponding conserved charge Q, = [ d3x J2(x)
The U(1); and U(1)g symmetries leads to conserved singlet left- and right-handed currents,

]f = l/;LyMl/)L; ]ﬁ = l/;RyMl/)R

The vector and axial vector currents are formed as

Vi =l 4 = PyRp; AR = R — T = DyRysy |
(a) The vector current can be obtained independently through the U(1), transformation y(x) = e“®y(x).
The corresponding conserved charge for vector current, after normalization is the baryon number given as

B =3 iy =5 & yty

(b) The axial vector current can be obtained independently through the U(1) 4 transformation Y (x) =
e s (x).

This would lead to globally conserved axial vector current as 9, A* = 0 and classically conserved axial current,
the flavor singlet current, A} = Yy, y°¢ = Gy, v u + dy,y>d + Sy,y°s



U(1),4 anomaly ..... Continued

But this symmetry is no longer valid at the quantum level when we take quantum loop corrections into account.

The gluon fields contribute to the divergence of axial current and is known as U(1) 4, anomaly or axial anomaly

0, A" = Z—;Nfcﬂvéﬂv

Dual field strength tensor, G*¥ = €#V*FG,p/2 and G,,,G*’ = 8 E. B

The anomaly also results in larger mass of n’ mesons (958 MeV) compared to n meson (548 MeV).

* The axial U (1), breaking is connected to another important non-perturbative feature of QCD known as ‘Instanton’
which can couple to quarks through the divergence of the singlet axial-current.

* The GOR relations to leading order in the current quark masses,
mafif = —2m{qq) + 0(mg)
mgfg = —(M + ms){(qq) + 0(m)
2 m, + my

mafy = _5("_1 +2m;)(qq) + 0(m2); withm = >

In the chiral limit, the decay constants f, f, f;; are all equal. The n" and 1 decay constants are linked through n — 7’
mixing.
fr =924+ 0.3)MeV
fx = (113 £ 1.3)MeV
fn =931 9)MeV
for = (83 +7)MeV



Origin of magnetic fields in HICs:

Huge magnetic fields are produced in non-central relativistic heavy ion colliders at various particle colliders like The Large
Hadron Collider (LHC) at CERN near Geneva, Switzerland and The Relativistic Heavy lon Collider (RHIC) at BNL, New York.

If two ions having charge ‘Ze’ and radius ‘R’ collide with an impact parameter ‘b’, then the magnetic field produced is

given by Biot —Savart law B ~ (Z;gb,

Vs . -
where lorentz factor,y = WN’V, Vsyy is the centre of mass energy per nucleon and my is the mass of nucleon
N

Estimation for RHIC: Heavy gold ions (Z=79) are collided with energy 200 GeV/nucleon, takingb =~ Ry, = 7 fm
magnetic fields, eB ~ 6 X 1018 Gauss = 2 m2 are produced.

At LHC energies, the amount of magnetic field produced are even higher , eB ~ 101° Gauss ~ 15 m?2

* Time evolution: These produced magnetic fields decreases rapidly ( by a factor of more than 3 orders of magnitude in
first 3 fm/c time) as the ion remnants moves away from the collision zone.

* |Induced currents are produced in accordance with Faraday’s law, which slows down the decrease in magnetic field by
inducing magnetic field according to Lenz’s law.

* Time evolution of magnetic field also depends crucially on electrical conductivity of the medium.

e Lattice calculation studies have shown that external magnetic fields is a slowly varying function of time during the
entire Quark-Gluon Plasma lifetime (5-10 fm/c).



Linear Sigma Model:
1 - - /1 —2 2 2 2 R T R - —
L ¢ = 5 (Oun. OH*TT + Ouaal"a) —2 ((n +0°) — fn) + iYy#o, Y — g(pyo + (iYysty).7)
The pion field: T = Y, TysPy; 6 = PP = (z)

72
Under vector transformation, Ay = e 7Y = m; - T; + €;j,0;m; and o = o (rotation in flavor (isospin) space).

. TR
] L] - _0
Under axial vector transformation, A, = e~ ""%2° = 1, - m; + 0,0; and 6 — o — 0,1; (transforms the states
A l l l L'*1
But Ay :7? - 7%;and g% - o2
Ay % > T2 + 200;m;;and 0% > 0% — 200;m;

So, the combination 72 + o2 is invariant. This term is chiral invariant (under V and A) as well as Lorentz scalar.

Mass term for fermions: My = g(Yy)o,, if (o) # 0, but some g,
Thus, fermions acquire a non-zero mass arising due to a non-vanishing VEV of the scalar field.

This non-zero VEV is introduced by a specific potential term having minima at o = f,
— — 2 . .
V=V(@E?+0?% = %((nz +a2) — £;2)°, Mexican hat potential

5 2 L
This ensures a minima for locus of all particles satisfying, ((772 + 02) — f;2)” = 0 referred as the chiral circle.
Since (7r) = 0, we are concerned in 7 = 0 direction only.

Significance of Mexican hat potential: We have ensured that V (0; 0) # 0 but rather, has a hump, which shifts
the ground state from the origin, to anywhere on the chiral circle.




The Lagrangian can be written in terms of X = 0 —
IT.TT as,

Ls

= lTr(a ZOHET) —i[TrZTZ]Z + iy yHo

) U 16 LY ;B/JL
+ il/;RV“aM/)R — g[l/;LZTl/}R + l/jRZl/}L]

By introducing left- and right-handed fermion fields, the
coupling term can be written as;

L. =gyP(o+iyst.m) Y = g[P 2 r + PrIZy,;

Where , ¥ = ¢ — it. 7t transforms like, & — RELT under
chiral SU(2); X SU(2)x under chiral transformation,

Y, - Ly; and Yr = Rypg

The fields o and m transforms together (through the
transformations of ) to maintain the chiral SU(2); X
SU(2)g invariance, hence the coupling constant is taken
to be same.
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Considering small perturbation; o = (o) + 80; T = () + 67 = 0 + 67
Expanding the Mexican hat potential > V = A1£2(50)? + 0(63)

We getm2 = 242 #0; m2 =0

Pion is massless as expected due to Goldstone theorem.

Now, if we add explicit symmetry breaking term;
Lrsg = —mqq = €a, Where ¢ is the symmetry breaking parameter

This term satisfies the requirement of respecting Ay, but not Ay,
as expected from a symmetry breaking term in this context.

The potential becomes; V (o, 7) = %[(ﬁz +0%) -1 —¢o

The symmetry breaking term (&€0) is linear, potential gets tilted to one
side along g-axis
To preserve g, = f,; we adjust vy = f; — €/2Af?
Again expanding the vacuum around fluctuations,
2
We get, m2 = aianavinz éi 0; m2=21f? +in
Pions get mass due to ECSB.
Using —mqq = co and m2f, = ¢, {(0g) = f>

We arrive at Gell-Mann-Oakes-Renner relation:

m2f2 = e T g da)

V(c, n=0)

V(o, 1=0)




Kaons and antikaons in asymmetric nuclear matter

Kaons and antikaons: bound states of a strange quark (or antiquark) and an up or down antiquark (or quark).
kaons (K* = us, K° = s5) and antikaons ( K~ = us, K° = ds)
Importance of study:
e Kaon-Nucleon scattering study is important in interpretation of strangeness fraction produced in high energy collisions.
e Kaon beams can be used as probes for nuclear structures as kaon-nucleon cross section is small.
* Due to relevance in neutron star phenomenology and relativistic heavy ion collisions (HICs).

We study the medium modifications of the energies of kaons (antikaons) using chiral SU(3) model.

These modifications arises due to interaction of kaons (antikaons) with scalar fields of the medium and vectorial interaction

with nucleons ( Weinberg-Tomozawa interaction).

The interaction Lagrangian consists of:

(1) Vectorial interaction term is attractive for antikaons (K°, K ™) and repulsive for kaon (K%, K*) energy.

(2) The scalar meson exchange term, which arises from explicit symmetry breaking terms, is attractive for both kaon and
antikaons.

(3) There are three range terms: First range term (which arises from kinetic terms of pseudoscalar mesons) is repulsive for both
kaons and antikons, while last two range terms are attractive for both kaons and antikaons.

The last two range terms are:

d,
Ly = > fz [(NN)(O K )(6“1( )], where N represents nucleons and K represents kaon doublet.
K

d,
Ly, = 2f2 [(pp)(a K*)(0*K™) + (nn)(a K°)(0*K°) + (pn)(a K*)(0*K°) + (np)(a K°)(0*K )],



The parameters d; and d, are calculated from the empirical values of KN scattering lengths which gives
5.5

di =—andd, = %; where myg is the mass of kaon.
meg mg .

# The total Lagrangian density is written as £ =(0”K)(0“K) — mi(R)KK + Lt

Then the Fourier transformation of the equation of motion will give us the following dispersion relation:

—w? +k+ m,*(z — H(a), |E|,p) = 0, where Il () is the kaon self energy.

Interaction with magnetic field: Charged kaons (antikaons) KT have additional positive arising from direct interaction of

eff
K=x

eff _ *
KO(R) ~ Mo (ko)

% \2 . . .
these mesons with the magnetic field. m’, = \/(mKi) + eB; while the neutral kaons (antikaons) have no such direct

interaction with the magnetic field, m

Results: A. Mishra, A. K. Singh, N. S. Rawat, and P. Aman, Eur. Phys. J. A 55, 107 (2019).

KK

Vacuum 493.677 497.611
Po n=20 521 524.8
n=05 518 529
4p, n=20 544.6 547.1

n=05 5289 591.5
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