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Meson contents

% Light-Light and Heavy-light mesons quark contents:

O Pseudoscalar mesons: 7+ (ud), KT (us), DT (cd), and BT (ub)

O Vector mesons: p*(ud), K *(us), B T (ub), and D *(cd)

Kaon (K)

Pion (7) D meson B meson



Light Front Quark Model (LFQM)

O In the LFQM, the meson state——bound state of the constituent quark and
antiquark pair in the noninteracting representation—Bakamjian Thomas (BT)
Construction—-the interaction is included in the meson mass operator—-satisfy the
Poincare group Sstructure [Bakamjian and Thomas, PR 92 (1953) 1300

O Interaction encoded in the mass eigenfunctions—applying the variational
principle—to deal with the mass eigenvalues problem—-trial wave function in the

Gau S Si an baSi S [Arifi, HM Choi, and C-R.Ji, PRD 107 (2023) 053003 and References therein]

O The LFWEF of the ground state meson in momentum space is given
Spin-orbit wave function

JJ. JJ.
lPAqi(_, (x, k1) = D(x, kL)quj(_l (X, k1),

Radial wave function



Light Front Quark Model (LFQM)

O The spin-orbit wave functions are defined by
1 M—-Pseudo-scalar or vector mesons

R”: — — U [ v, (p5), -
AgA; \/EMO /1q<p6]) M /1(,(1761) M, = \/M(z)_(mq_mc_])%

O Th e inva]‘i ant meson mass l S deﬁ n ed |Arifi, HM Choi, and C-R.Ji, PRD 107 (2023) 053003 and References therein]
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O The vertices for the pseudoscalar and vector mesons

6’(17 —PE)
[p = v = —¢(J.) 4 "97




Light Front Quark Model (LFQM)

O The trial radial wave function in the Gaussian basis [asifi, HM Choi, and C-RJ, PRD 107 (2025) 053003 |

3/4 _ _
D(x, k) = b 0kze_k2/2/}z’ ok __Mo |, (g = mg)”
12\ ox ox  4x(1—x) | Mg
O The LFWF is normalized
dXdsz_
P(x,k | )|*=1
[ S ¥k

O Computing the eigenvalue—BT construction—-using the meson mass operator

(HO T ch‘/)‘\{’qc?> — Mf/f/‘\qu/>’ Hy = \/’””3 +p?, T \/mg/ +p?—,,




Light Front Quark Model (LFQM)

O The quark-antiquark potentials 32ray(S, - S;)

vCOIlf — d —I_ bra vap p— 53(’.),
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O The LFWF and mass of the meson ground state—variational analysis
[Arifi, HM Choi, and C-R.Ji, PRD 107 (2023) 053003 |

M,z = (Yyq|Hy3|¥Yeg) = (Dis|H g\ d1s)
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Light Front Quark Model (LFQM)

O The weak decay constant for the pseudoscalar and vector mesons
| Arifi, HM Choi, and C-R.Ji, PRD 107 (2023) 053003

(0lgrysq|P(P)) = ifpP*.
012y gV (P.J.)) = fyMye(J.), @ <=t
U5y .
[V =175

O The weak decay constant expressions in the LFQM

_ 2k?
f _2\/—/ dx/ dzk_l_ .ka_]_) O OP_A’ OV:AE D_L,
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O The leading twist DAs for the pseudoscalar and vector mesons—-plus component
CUITENTS A+ _ (0|3(2)y rsq(~2)|P(P)). Ay = (0g(z)r"q(=2)|V (P, 0)),
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Light Front Quark Model (LFQM)

O In the LFQM model, the final expression for the LFWF

C2V6 [ d’k; D(x, k)
fm J 227)° \JA* + K3

Pm(x) O

O DAs must satisfy the normalization

/01¢M(x)dx — 1.

[Arifi, HM Choi, and C-R.Ji, PRD 107 (2023) 055005 | [HM Choi, and C-R.Ji, PRD 59 (1999) 074015 ]



Quark-Meson Coupling (QMC) Model

|PAM Guichon, PLB 200 (1988) 235-240 |
O Effective Lagrangian of the QMC model for the symmetric nuclear matter (SNM)

3\ ’ S B — —
EQMC o l//N [l},. 8—MN(O-) —ga)a)'u},'u]l//]v +‘Cmesona MN(O.) MN gO-(O')O'.
1
L meson = 5 (0,600 — mio*) — 5(9#601/(5’” ' — 0 wt) [PAM Guichon, Koichi Saito, Rodionov, A. William, NPA 601 (1996) 349-379 |
1
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Nonoverlapping baryon




Quark-Meson Coupling (QMC) Model

| PAM Guichon, JR Stone, AW Thomas, PPNP 100 (2018) 262-297]
O In the mean-field approach, the nucleon Fermi momentum is related to the baryon

density and scalar density

Y rky
= kO (kp — |k|) = 2°F
pn = ot [ k(i — ) =%

My (o)
VMi}o) +k*

P = G [ akoiks — k)

N |

O In the QMC model, the nuclear matter is described as a collection of non-
Overlapping MIT bags Of nuc]eon | PAM Guichon, JR Stone, AW Thomas, PPNP 100 (2018) 262-297]

O The Dirac equations for the quark and antiquarks in the bag

iy - Oy — (m;—Vg) F ¢’ (VZ&%WH (w”(x)> — 0, {iy-ﬁx—(mz—vfé) - yo(vé’)—%vﬁ)} (W"(XD _o, lir-o —mg]<z:8> =0,
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Quark-Meson Coupling (QMC) Model

O The effective in-medium quark masses [PAM Guichon, JR Stone, AW Thomas, PPNP 100 (2018) 262-297]

m}" = m; — V(q;,
O For the strange, charm, and bottom quarks, the effective mass in the medium is equal to that in
the vacuum—-decoupled from the scalar and vector potential in nuclear matter

O The scalar and vector mean-field potentials felt by the light quarks in SNM
Vo = gs0 = go(0),
Vg) - gg)a) — 92)5”’0 <(Uﬂ>a

O The effective mass of the hadron in the nuclear medium

n Q* —_— Zvl 4 ° ° ° ° ° *
mt — Z it B 925} Which is determined by satisfying the dm’;

iTes 3 stability condition ARy, | g, —g:

h




Quark-Meson Coupling (QMC) Model

O The scalar and vector meson mean fields at the hadron level are related to baryon and scalar
densities

6 — 4g(l)\',C§V((;) / dk@(kl: - |k|) MN<O-) , 1) — JoPB C (()‘) _ —1 —8M}kv(0')-
(27)" m VM (o) + kK m: N go L 0o |

_ 49£;VCN(U)

(27[)3’%(2; /)Sa

O Cy(0) = 1 for the point-like nucleon—the QMC model is similar to the QHD (Walecka) model

O The energy total per nucleon E°/A = 43 / dk® (kp — |k|) \/ M3? (o) + Kk
(27)°pp

2.2
| mgs;o | g%)/)B

2/)8 zm(%) |




Quark-Meson Coupling (QMC) Model

| PAM Guichon, JR Stone, AW Thomas, PPNP 100 (2018) 262-297]
O The total energy per nucleon

Fou/p = ° / Ak (kp — |k\)\/Mj‘\,2(a) + K2

(27)°pp
| m(2502 | g%)/)B
I 2/)8 I 2mg) |

O The coupling constants are taken by fitting to energy at saturation density

m, MeV]  (¢Y)2/4n  (g)*/4x  m} [MeV] K [MeV]

S 5.39 5.30 7355 279
220 6.40 7.57 699 321




O Numerical results for the QMC model

Energy per nucleon

S[enullod
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Quark-Meson Coupling (QMC) Model
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——Effective nucleon mass
decreases as density increases—-
consistent with other models

S9sseuwl y.ren()

——Quark mass decreases as the
density increases



Medium Modifications in the LFQOM+QMC model
I

. . . _ |Ahmad Jafar Arif, PTPH, Kazuo Tsushima, PRD 107 (2025) 114010]
O The strong coupling constant is modified in nuclear medium
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Medium Modifications in the LFQOM+QMC model
IS

O The light quark and antiquark energies are modified in a nuclear medium by the
vector potential

0 _ { E; + Vg, for light quark,
A * q . .
E; — Vg, for light antiquark,

O The total meson energies ) _
Ly, for (¢q).

P — E; + Vi, for (gQ),
E;, — Vi, for (Qg),

|Ahmad Jafar Arifi, PTPH, Kazuo Tsushima, PRD 107 (2023) 114010]



Medium Modifications in the LFQM+QMC model
IS

O The Brjorken variable x——defined by the plus-component ratio of the quark to the meson
momenta in free space

x+
x:ﬁng_'_pg:Eq_Fpg q X*qu+’
Pt P4+ P’ Ey+ P P

O For the quark-antiquark mesons pffr = p:—fr =E, + p23, Pt =E, + P,

O In a nuclear medium, the Bjorken variable has a new definition
. Py Ve Ve
P*_l_ | P*+ ’

O By applying a change variable definition——to shift the integral limit of the Bjorken variable
in calculating the weak decay constant for the light mesons




Medium Modifications in the LFQM+QMC model
IS

O The weak-decay constant for the light meson in a nuclear medium is given by

l—P—+ dsz_ (D()?*,kl) ~ %
fM—Z\/‘/ /2(27[)3 \/A(j‘é*)z kiOM(X ’kl).

O A final expression of the weak decay constant for the light meson in a nuclear

medium
dzkl (X* kL)
_2f/ dse*/ O . k).

|Ahmad Jafar Arifi, PTPH, Kazuo Tsushima, PRD 107 (2023) 114010]



Medium Modifications in the LFQM+QMC model
IS

. [Ahmad Jafar Arifi, PTPH, Kazuo Tsushima, PRD 107 (2023) 114010]
O For the light-heavy meson—-qQ or gQ contents—-Both scalar and vector potential

contribute to the weak decay constant and DAs in a nuclear medium

O The longitudinal momentum for the quark and antiquark in a nuclear medium are
given

~ py +VE x*+VI /Pt -
Xt =2L—2 = 2, for (qQ)
‘o P4V (14V3 /P*t)? : dy* — (1 4 VZ])/P*—I—)dx*,

~ % pq V() X —Vw/P -
X =gy = (ovipy e for (99)

O A final expression for the light-heavy meson decay weak constant in a nuclear

medium fM_zf/ . /dsz ( N VZ))

" prt

~* k_J_

Ou(x*, k
wr* S Ol k)




DASs in Nuclear Medium
I

|Ahmad Jafar Arifi, PTPH, Kazuo Tsushima, PRD 107 (2023) 114010
* Numerical results for DAs for the pseudoscalar mesons
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| Lattice Parton Collaboration, PRL. 129 (2022) 132001]



DASs in Nuclear Medium
o

. |Ahmad Jafar Arifi, PTPH, Kazuo Tsushima, PRD 107 (2023) 114010]
 Numerical results for DAs for the vector mesons
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Summary and Outlook

O We have demonstrated the DAs for the light-light and heavy-light mesons in free
space and nuclear medium——Pion and Kaon DAs (low-x) results are consistent

with the lattice QCD data——Unfortunately no (exp
heavy-light mesons

lattice) data available for the

O Results for this calculation look promising——-we are going to extend our
investigation/studying on the medium effects on the heavy-light meson form
factors——Heavy-light meson is a very interesting object/system because they have
different quark contents—-light and heavy quarks —different symmetries

O Other indirect observables could be possible to observe heavy-light mesons—to
observe the sensitiveness of the structure and properties of meson to the

nuclear medium effects—PDF, GPD, etc
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