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InTRODUCTION: QUANTUM CHROMODYNAMICS (QCD)

QCD start out with almost mass-less quarks 4 mass-less gluons + gauge bosons, their interactions
generate the mass of the hadrons more than 95%

=QCD  oM2)=0.1189£0.0010

astance (] o 00
QIGev)

@ In short distance scales (r < 0.1fm) = QCD is a theory of weakly coupled quark and gluon
= perturbative QCD applicable

o In the low energy limit, at momentum below 1 GeV (r > 1fm) = QCD is governed by quark
(color) confinement and dynamical breaking of chiral symmetry = nonperturbative QCD
applicable
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MOTIVATION: INTERNAL STRUCTURE OF HADRONS
@ QCD, as underlying theory of strong interaction, is unable to directly predict structure of

hadrons. The solution:

> Lattice QCD: Large momentum effective theory (LAMET) !

» QCD inspired models (mimicking features of QCD) such as NJL model, DSE model, QCD Sum
rules, Instanton model, Covariant non-local chiral quark model (NLChQM) and other chiral

effective models, Credit: Garth Huber Slide, EIC Meeting 2018 & Ref. 2
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MOTIVATION: INTERNAL STRUCTURE OF HADRONS

@ To understand the structure of strongly interacting matter, parton distribution function (PDF),
elastic form factor (EFF), fragmentation function (FF), generalized parton distribution
function and transverse momentum dependent (TMD) are of fundamental importance and
provide complementary information

e From experimental side, new experimental data for the hadron will be collected from JLAB
(F; or Fy are expected to be available soon), J-PARC as well as (CERN-SPS) COMPASS,
future experiment Electron-Ion Collider (EIC), and EicC (China)
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MOTIVATION: VECTOR MESON PROPERTIES

@ The properties of vector mesons from the quark model 3

Vector mesons
Particle Particle Antiparticle Quark 5 = Commonly decays to
name symbol ‘ symbol  *| content | REStmess(MeVic) e| I° e S o M ¢ (>5% of decays)
Charged tho meson(27] 0'(770) o (770) u 775.11£0.34 1 i3 (4.41£0.02) x1024™ e+’
Neutral tho meson®27) 0°(770) Self ““J;" 775.26 £0.25 1 = (4.45£0,03) x10-24" nen
o -
e’ enor
Omega meson?®! w(782) self "“J’;" 782.65 £0.12 o 1— 0 0 0 (7.75£0.07) x102" u
ey
K +K or
Phi meson®?%! $(1020) self ss 1019.461 £0.019 [ 1 0 0 0 (154 £0.01) x1022" K+ K or
P+m/(m +1’+m)
Jpsit Iy Self cc 3096.916 £0.011 0" 1~ 0 0 0 (7.09£0.21) x10°2" See J/(1S) decay modes 3
Upsilon meson®®! Y(15) self bb 9460.30 £0.26 0" 1~ 0 0 0 (122£0,03) x10°2" See Y(1S) decay modes 8
Kaon®®2 K** K* us 891.66 £0.26 Y 1 1 [ 0 (3.26 £0.06) x10-23™ See K*(892) decay modes (8
Kaon¥ K*° K* ds 895.81£0.19 Y 1 1 0 0 (139£002) x10°2" See K*(892) decay modes (8
I 0 .
. o = o%+n’or
D meson®3 0**(2010) D*7(2010) cd 2010.26 £0.07 Y, 1 0 41 0 (7.89£0.17) x10°2" o o
+
o’ +n’or
D meson®! 0*°2007) | ©*(2007) Il 2006.96£0.10 Y, 3 0 + 0 >31x10°2" o
+y
- N o +yor
Strange D meson!®®! D¥* DX cs 21121404 0 1 +1 +1 0 >3.4 107 P
0%+
8 meson®®) B** B ub 53252404 Y, 1 0 0 +1 Unknown B +y
8 meson®®! 8" B db 53252404 Yy 1 0 0 +1 Unknown B+y
Strange B meson®”) 820 B sb 54154727 0 1 -1 0 +1 Unknown 80y
Charmed B meson® B BY” b Unknown 0 1 0 +1 +1 Unknown Unknown
[ PDG reports the resonance width (). Here the conversion T = " is given instead.
191 A The exact value depends on the method used. See the given reference for detail.
3Credit: Wikipedia o & = = DA




MoTtivaTioON: LIGHT MESON MASSES

@ We believe that meson mass depends on the constituent quark mass, i.e.
mK[ug](0.495 GeV) > mﬁ[ua](0.140 GeV)

o However, this does not happen for m,,5,(0.776 GeV) > m,_,5(0.140 GeV)

o This is because of the difference quark spin orientation (spin-spin interactions),i.e.
S =51+ S and then 51.5 = 1[5? — 52 — §2] = 1[52 — 3]

o For vector mesons . $2-5 (S+1)=2==> 5.5 = +1 /4 and for pseudoscalar mesons
52 =0==> 51 52 =-3/4
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MESONS PROPERTIES IN THE BSE-NJL. MODEL
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Mgesons IN THE BSE-NJL. MobpeL

The three flavor NJL Lagrangian 4 — containing only four fermion interactions

8
Lup = Dlp— malv+ G 3 [(DAa) + (PAasv)?]
a=0
8 -— -_— -_
= G Y [P ) + (PAA5)?] — C(Pru)? (1)
a=0

@ ¢ = (u,d,s)" denotes the quark field with the flavor components

@ G, and G, and G, are four-fermion coupling constants

@ A1, - -, Ag are Gell-Mann matrices in flavor space and \g = \/g 1

e g = diag(m,, mq, ms) denotes the current quark matrix

4’PTPH, Ian Cloet, and A. Thomas, PRC94 (2016), 035201
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Mgesons IN THE BSE-NJL. MobpeL

@ In the NJL model, the gluon exchange is replaced by four-fermion contact interaction by
integrating out the gluon field and absorbing into the coupling constant <= quark effective

theory
>mm~< : ><@(LL.\2]
202)
)

@ NJL model has a lack of confinement (it can be simply seen quark propagator has a pole).
Therefore we regularize using the proper—time regularization to simulate confinement >

1 1 o0 1 1
frg (nfl) -7 - (I‘l*l) A
7 (= 1) /0 drr e — (= 1) /l/Aij drt e 2)

where and Ayy is determined.

Slan C. Cloet, PRC90 (2014), PTPH, Ian Cloet, and A. Thomas, PRC94 (2016)
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Mgesons IN THE BSE-NJL. MobpeL

o NJL Gap Equation is determined using quark propagator in momentum space

S Hp) =p— Mg+ ie

> = +
36, e ™M -
Mg = mg+ M, — /dT o = Mg~ 2G, () 3)
_ .y
@ Chiral quark condensates is defined by (/1)) = —32’:’" Ik dTe—Tﬁ

@ Mass is generated through interaction vacuum — (1)) # 0
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NJL Gap EqQuATION

@ The NJL constituent ¢ quark mass is a constant up to certain p ~ 0.6 GeV and it drops in

higher p region
SRS
— my = 0 MeV
400 F
f ==+ mg =5MeV
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@ The NJL model can be used for low momentum p and low energy E

6PTPH, Tan Cloet, and A. Thomas, PRC94 (2016)
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BETHE SALPETER EQUATION FOR THE MESONS
Mesons in the NJL model are dressed quark-dressed antiquark bound states whose properties are

determined by solving the BSE

@ In the NJL model, .7 -matrix is given by

7@ = [ %%swmﬂ(q)sw

@ The solution to the BSE in the mesons

Ta(@)abed = [Malap ta(@) [TAL] - T = {15:7,959"} 4)
@ The reduced t-matrix in this channel take a form
—2iG, —2iG, qtq”
to = — 1t = = F (g™ +2G,Mz(q° )
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BETHE SALPETER EQUATION OF THE MESONS

o The bubble diagrams appearing read
5 [ d*k
I'Iw(q ) = 6// (2 )4 Trp [’755/( )’)/55/(/( + q)] ,

Me(q?) = 6//(;’4’;47”3[755,( Y1555 (k + )],

My(q°) (g“” - q:f) = 6i/ (Z §4 Trp [v"Sa(k)v" Sa(k + q)] (6)

@ The meson masses is given by the pole of the t-matrix

1426, Mk =m2) =0, 142G, Nk(k*=mk)=0, 1+26,N,(k>=m’)=0 (7)
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MESON MASSES

@ The meson masses are defined by the pole in the corresponding t-matrix and therefore the
meson masses are given by

Nul 2

LM | G Iy(m2)

[ ms m 1 5
M M L (M.—M
M. M,] G Ta(my T (Me = M)
['m] 2

LM ] G, Iy(m3)’

where Zj; and Zs in the proper— time regularization scheme are defined by

Tap(K?)

Parapa HUTAURUK (PKNU)
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THE MESON-QUARK-QUARK COUPLING CONSTANTS AND MESON DECAY
CONSTANTS

@ The residue at a pole in the ggq t—matrix defines the effective meson-quark-antiquark coupling

constants:
_Nx(q®) Nk (q)
Zﬂ' = g7rqq = 8q |q2:m$‘,7 ZK = g}z(qq = _8—q2 |q2:mf<
on,(q%)
2
Zp = gpqq = ——apqz ‘q2:m/2> (10)

@ Meson decay constant in the proper—time regularization is given by

NcvZ:M /1 dx/ﬁe_T(k2(X2_X)+M2)

T 472
fk = NC ZK ————[(1 — x)M> + xM;] / dx/ e T(K(®=x)+xM3 —(x—1)M})
(11)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJL MODEL

pby) At

a| Form factor
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL. MoODEL

The valence quark distribution functions of the p-meson in the NJL model are given by the two
Feynman diagrams

@ p-meson Bethe-Salpeter vertex and conjugate vertex functions are given by
=), i (), ) )
Fgé) 'F&B) g [/ZPT,-fy“ej#} 5 [IZpT,"}/VG)\V]aﬁ (12)

@ Operator insertion has a form ['§ (x - ’;—i), where [ = {v7, 7 vy, v 7?75, 7 5}

3iZp? [ dktdk~ k*
k) = =28 [ 5<x—p—+) Tro S0 S(k — p)] (13)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL. MoODEL

The methods of covariant integration for expectation values of local operators can be used within
the proper-time regularization scheme by first applying a Mellin transformation, which gives the
n-th moment of (I)*” as

1
(MY (k) = /O dx ™1 (MY (x, k1), (14)

o The coeflicient functions that contribute at leading-twist are

1
(18 xkr) = ST [y oM (k7))
1
(1595)8” (k7)) = 5T [15 9505 (x kr)]
1 .
(7Hs)s” (kr) = 5 Trp [~io0MS(x, k) (15)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL. MoODEL

The coeflicient functions that contribute at leading-twist are

O k) = ehulp) (7)™ (ke (p),

s
A * v
()8 (0 kr) = €u(P) (7)™ (x kT )eau (P),
i, (A * i v
(rtrins)$) (xkr) = ou(P) (vTY8)™ (kT )y (p) (16)
where,
v _ 1 v pMPV i vafS
enPyp) = 3 <—g“ + e >—2—mh€” PaSp(p)
3\2 -2 [ 1 ppY
- SH(p)S¥(p) — 3 (—g“” + (17)
2 3 m,21

with SH(p) = (%SL’ ST, %SL) and spin projection A = +1,0 for ST = 0 and |S;| = 1 as well

asfor Sy = 0and |St| = 1, there are A\ = +1,0
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL. MoODEL

The coeflicient functions that contribute at leading-twist are

Y (k) = FGKS) + Sifu(x kS
STk k+.S++k
LT TfLT(Xvk2T)+—T r;T T
h

frr(x, k%),

kr.S
<'7+’75>(5>\) (X7kT) = A |:5LgL(X>kgl') + -:nthT(Xvsz)] )

. i ki
(" s)s) Gokr) = A |SThGeRE) + S Tht (13 )]

5 (2krkT. ST — STKY) h#(x,k%—)} (18)

2mj,
where S;; = (3\2 — 2)(} — 187), Sj+ = (3)\? — 2)S,S} and SL; = (3)\? — 2)(Si-S) — 15267)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL. MODEL
By integrating (’yﬂg‘) (x,kT), <7+'y5)g)‘) (x,kT1),and (v 75>( ) (x,kT) over k. it gives the
four PDFs for spin-1 target

GO ) = Fx) + Sufiu(x),
)8 (x) = ASig(x),

(995)8” (x) = ASHA(x) (19)
The relations between the TMDs and PDFs for spin-1 target is given by

flx) = / Pk f(x, k3,
g(x) = /dzkrg(xjkr),
h(x) — / Py h(x, k),

fi(x) = /dszfLL(x,k%-) (20)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE BSE-NJL MODEL
The f(x), g(x), h(x), and f; in the proper-time regularization scheme are written as
Z2 rdr
- _r — _
) = 25 / (14 x(1 — X[+ 2x(1 — x)]m?7]
—T(Mﬁ—x(l X)mp)

g(x) = iizz/d [2)( —i—x(l—x)mi}

—T (M2—x(1— X)mp)

X

h(x) 322M/d[+21 )2]

X = X — X
412m), Mp
e T(Mi-x(1-x)m?)
372 [dr
fir(x) = _ﬁ/ (1= 6x(1 = )+ x(1 = x)(1 — 20)%m2r

> e*T(Mﬁ*X(l*X)mg) (21)
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REsuLTs FOR THE VECTOR MESON PDFs N THE BSE-NJL. MmoDEL

Results for the unpolarized f(x), helicity g(x), tranversity h(x) and f;(x) tensor polarized PDFs

of the p-meson. The left panel is result for the model scale @3 = 0.16 GeV/2. The right panel is

respectively the PDFs (xf(x), xh(x), xg(x) and xf; (x)) of the p-meson after evolving at the scale
Q? = 5 GeV/? using the non-singlet DGLAP evolution 7 and Ref.

‘
15 0.35 F z f(x)
030 £ ceel === i)
1.0 025 | Gt T N\ —e = zg(x)
@l 4 : ) h(z)
= b BN N wh(z
5 g 0.20 -,
505 P A Q* =5GeV?
= = o1 ff 2 &
o 005 f .4 P X
(U - Mo
~o - -
—0.05 [ -
‘ ‘ . . ‘ ‘ .
0 0.2 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

7W. Bentz, PRC 96 (2017)

8PTPH, Nam Seung-il and W. Bentz et. al, in preparation (2022)
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REsuLTs FOR THE VECTOR MESON PDFs N THE BSE-NJL. MmoDEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is result for the model scale
Qg = 0.16 GeV2. The right panel is respectively the PDFs of the vector mesons after evolving at
the scale Q> = 5 GeV/? using the non-singlet DGLAP evolution °.

P ) T ] : L . 07— 50
. 0.35 xf(x), Q* = 5GeV’
L5 Faal f(x) e . 1 5 ]
F * “
L S X 0.3
.
F s .
B .
» b . s » 0.25
& 1 r s . 4 [
= , . =
= F . I T 02
2 e N 2
&= L o ‘\ ~ 015
L . ] 3
05 [ . . .
’ i
-
- 0.05
0 . . . . 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
€ x

9PTPH, Nam Seung-il and W. Bentz et. al, in preparation (2022)

Parapa HUTAURUK (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS Jesu Surtes HoteL, 2022.07.11-16 28/36



REsuLTs FOR THE VECTOR MESON PDFs N THE BSE-NJL. MmoDEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is result for the model scale

Qg = 0.16 GeV2. The right panel is respectively the PDFs of the vector mesons after evolving at

the scale @* = 5 GeV/? using the non-singlet DGLAP evolution .
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10PTPH, Nam Seung-il and W. Bentz et. al, in preparation (2022)
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REsuLTs FOR THE VECTOR MESON PDFs N THE BSE-NJL. MmoDEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is result for the model scale
Qg = 0.16 GeV2. The right panel is respectively the PDFs of the vector mesons after evolving at
the scale @* = 5 GeV/? using the non-singlet DGLAP evolution I,

LemT — xf(x) 1 0.35 — xf(x), Q = 5GeV? ]
ot s - f(x) [ ]

0.2 F

Kstar PDFs
—
T
.
L
Kstar PDFs

S 015
05 | »* s, b 0.1 F

X ] 0.05

HPTPH, Nam Seung-il and W. Bentz et. al, in preparation (2022)
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REsuLTs FOR THE VECTOR MESON PDFs N THE BSE-NJL. MmoDEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is result for the model scale
Qg = 0.16 GeV2. The right panel is respectively the PDFs of the vector mesons after evolving at

the scale @* = 5 GeV/? using the non-singlet DGLAP evolution 2.
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- N ] £ o]
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12PTPH, Nam Seung-il and W. Bentz et. al, in preparation (2022)
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REsuLTs FOR TMDs FOR THE p-MESON IN THE BSE-NJL MoDEL
Results for the TMDs (f(x, k2)), helicity (h(x, k2 )), and tranversity (g(x, k%)) of the p-meson.

2
T

h(x, k;
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REsuLTs FOR TMDs FOR THE p-MESON IN THE BSE-NJL MoDEL

Results for the TMDs (hi-(x, k%)), and (g7(x, k%)) of the p-meson.

:

o
A S S S

Ry S -3
~ =
8 &

= ‘ e -
Ry
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REsuLTs FOR TMDs FOR THE p-MESON IN THE BSE-NJL MoDEL
Results for the TMDs (f;; (x,k%)).(f.7(x, k%)), and (fr7(x,k2)) of the p-meson.
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SuMMARY AND OUTLOOK

@ We have presented the parton distribution of the vector meson in the confining NJL. model.

@ We showed our preliminary results on unpolarized valence quark distribution for the light
vector mesons. Unfortunately no data to compare at the moment. Hoping that the EIC and
EicC mayalso measure the light vector meson unpolarized pdf in the future

@ On-going work, we are now calculating the GPD for the pion, kaon and vector-mesons in the
NLChQM model (NJL momentum-dependent). The result for the vector meson GPDs in the
BSE-NJL model is STILL IN PROGRESS...

@ In the future, we are also going to calculate the quasi-PDF for the vector mesons and vacuum
and medium fragmentation functions of vector mesons.
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