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BuiLpinGg BLock oF MATTER

Fermions: spin = 1/2 particles

Quarks

Lept
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LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE
Paysics

These three lines in the Standard Model are ultra-specific to the gluon, the

boson that carries the strong force. Gluons come in the eight types, interact
among themselves and have what’s called a color charge !

_% ng ugﬁ _ gsfabcaugsgzgﬁ _ %gffabcfade
5102 (37 "q7) gy + GUO° G + 9. f 0, GG g
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LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE

PHYSICS

Almost half of this equation is
dedicated to explaining interactions
between bosons, particularly W and Z
bosons. Bosons are force-carrying
particles, and there are four species of
bosons that interact with other
particles using three fundamental
forces. Photons carry
electromagnetism, gluons carry the
strong force and W and Z bosons carry
the weak force. The most recently
discovered boson, the Higgs boson, is
a bit different; its interactions appear in
the next part of the equation >

ParapA (PKNU)

- W0,
MPWW, 10,200, 25 — 5 M2 2020 — $0,A,0, A, — S0, 19,1 —

T 9075 470 b — 5 409 40 00 _ 3 (2017
smpH?—0,6% 06~ —M — 50,90, 0 ¢° — Bn[* 3+

'VECTOR MESONS STRUCTURE FUNCTIONS

AL+ L(H? + %" + 267 97)] + 23§th — igeu[0,Z8(WHW, —
WHWo) — 20, 0,Wy — Wy 8,Wi) + Z0W;a,W, —
W0, )] = igsuld, Au (W W, — W) = A4,(W0,W, —
W, W, ) + Au(W, 0,1, — W, 8,W,)] = LgW, W, WiW, +
LPWAWo W e + g* & (ZOWF W, — Z020W, W) +
ST (A W AW = A, AW W, ) + g sucul A Z0W W, —
WAW2) = 24, 25WFW, ] — galH® + Ho%® + 2Hé* 6] —
29 [H' +(0°) +4(¢7¢7)?+4(¢°) 20t o~ +4H?¢ ¢~ +2(¢")2H?| -
gMWF Wi H — g2 29290 — LigWiF (%06 — 6-0,0") -
W, (6°0,6" — 67 0,0%)| + LglW,F (HO, 6~ — &~ 0, H) — W (HO,o" —
610,39 (Z2(H, 0" — 89, H) —ig = M Z0 (W, 6~ — W,y 67) +
igsu MA, (W™ =W, ¢") —ig (T 0.0 — ¢70,0™) +
i950Au(0T0ud™ — ¢~ 0,07) — TPPWIW, [H?> + (") + 26T T~
1A ZOZOH + (80 +2(25% — 1)°6707] — 3P 200 (W6 +
3i9 e Z0H (W, ¢~ — Wgh) + 39750 A0 (W}

W, 67)+3ig

u
AHW, 6™ =W, 67— g72(2c;, — 1) Z) Aug
g 2 A A0 0

PKNU-Busan, 2020.11.13

10/82



LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE
PHYSICS

This part of the equation describes how elementary matter particles interact

with the weak force. According to this formulation, matter particles come in
three generations, each with different masses. The weak force helps massive

matter particles decay into less massive matter particles. This section also

includes basic interactions with the Higgs field, from which some elementary

particles receive their mass 3

—eMy0 +md)er — v “/81/ — ("/8 +m )ug\
A3 (v0 + my)d} +igs,Au[— (@9 et) + 2(a;7" u} ) 3 (d,)‘ Hd})] +

HE 2R (15 77)0) + (s, — 1= 996 + (@ (12, -

1— 7)) + (7" (1 = 352 — 7)d)] + 25 W, (72" (1 + 77)e) +
(@ (1 +7°)Conds)] + F5 W (@9 (1 + 7)) + (d5Cl (1 +

Parabpa (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS PKNU-Busan, 2020.11.13

11/82



LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE
Paysics

This part of the equation describes how matter particles interact with Higgs
ghosts, virtual artifacts from the Higgs field 4

So-Te[—gt (7M1 — 7°)e) + o (eM1 + 77 ))] —

[H(E¢") 416" (@) + gy ot -mi(B)Ou (1 7)) +

my (1 Crs (14+9°) 5]+ 57250~ [miy () CL, (147 )uf) —mi (2, (1—
]

- o o 0 xF
i (”JA“;\) — %%H(djd?) + %%éo(uy/o“?) —
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LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE
PHYSICS

This last part of the equation includes more ghosts. These ones are called
Faddeev-Popov ghosts, and they cancel out redundancies that occur in
interactions through the weak force 3

XH(02 — M2)X+ 4+ X (02 — M)X~ + X°(0? —
MO XY QY +ige, Wi (0,X°X 8, X X) +igs, W, (9,Y X~ —
0,1X+Y ) +igeo W, (0, X~ X%~ 9,X°X+) + igswW, (0,X7Y —
Y XH) +ige, Z)(0, XX+ — 9, X X7) +igs, A, (9, XX —
0, X X7) = LgM[X*X*H + X X H+ £ X"X"H] +

D20 jg MIX X% — X~ X% ] + 7 igM[X"X ¢+ — XX +¢] +
‘ igMs,[X°X~¢" — XXt~ + LigM[X*X¢° — X~ X ¢'] .
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LLAGRANGIAN OF THE STANDARD MODEL OF PARTICLE
PHYSICS

+Rgf V(@)

We concentrate on Quantum Chromodynamics (QCD)
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We focus on the interaction quarks inside hadrons with scale around. I fm
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QuanTtum CHrROMODYNAMICS (QCD)

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

perturbative QCD strong QCD

"
E]
S
o
s
8
o
F]
2

1075 =QCD  «(MZ)=0.1189£0.0010
distance [m]

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

e 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 = applicable

Parabpa (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS PKNU-Busan, 2020.11.13 16/82



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,
& Ref. 7

4 6
Q* (Gev?®)
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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

» From experimental side, next experimental data for the hadron will be
coming soon from JLAB (expected to be available soon), J-PARC as well
as (CERN-SPS) COMPASS and future experiment Electron-lon Collider
(EIC)

Ficure: In an EIC, a beam of electrons (e~) would scatter off a beam of protons or
atomic nuclei, generating virtual photons (\) — particles of light that penetrate the
proton or nucleus to tease out the structure of the quarks and gluons within.

Parapa (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS PKNU-BusaN, 2020.11.13 18/82



MoTtivaTiON: MESON PROPERTIES

» The properties of vector meson from quark model

Vector mesons
Particle Particle _ | Antiparticle uark Commonly decays to
B - of & Restmass (MeVic?) & y Mean lifetime (5) el
name symbol symbol content (>5% of decays)
Charged tho meson®” 0'(770) ) I 775114034 (4.41£0.02) 1024 7
Neutral tho meson/27) 0°(770) Self i 77526 £0.25 0 o 0 (4.45 £0.03) x 1024™ e
= e+ or
Omega mesor w(782) self e 76265 £0.12 (7.75:£0.07) x10 o
ey
K +K or

Phi meson/2?! $(1020) 1019.461 £0.019 (154 x0.01) x 102" Kg+ K or

Ipsii® ay 5 3096.916 £0.011 (7.09:2021) x10°21"
Upsilon meson® 946030 £0.26 (122 40.03) x10°20" decay modes 3
=

Kaonl*2 8916 026 (2:26£0.06) x10° See K* (892) de

Kaon'®2 3 895814019 A (1:39£0,02) x105" e K
D meson®1 0*'@o10) | D" (2010) 201026 £0.07 Y (789 £0.17) x102" RO
on
Cp
s ) 5 o - o +n’or
D meson! 0*%007) | 5"(2007) 2006.96 £0.10 Y >31x10% o
Y
=) . 2 0" +yor
Strange D mesori 21121204 >3.4x10°72 o U5
o* 4
8 meson®! b 53252404 Unknown 8 ry
8 meson®! 53252404 y 1 Unknown 8 +y
Strange B meson® 2 L ] 54154724 1 Unknown By

Charmed B meson’ Unknown Unknown

1A PDG reports the resonance width (). Here the conversion = is given instead.
191 A The exact value depends on the method used. See the given reference for detal.
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MoTtivaTiON: LIGHT MESON MASSES

» We believe that meson mass depends on the constituent quark mass, i.e.
Mk (u3)(0.495 GeV) > m,_,5,(0.140 GeV)

» However, this does not happen for

(ua)(O 776 GeV) > m(ua —)(O 140 GeV)

» This is because of the difference quark spin orientation (spin-spin
1nteract10n§) ie. 5 51 + 52 and then
5.5, = 2[52 52] = 2[52 — 2

« For vector mesons 52 =5(5+1)= 2 ==> 5.5, = +1/4 and for
pseudoscalar mesons 2 =0==> 51 52 —3/4
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MESONS PROPERTIES IN THE BSE-NJL. MODEL

Credit: Derek Leinweber, CCSM, University of Adelaide
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Mgesons iN THE BSE-NJL. MobpeL

The three flavor NJL Lagrangian 8— containing only four fermion interactions

8
L = Plip— Mgl + G Y [(?Z)\a@b)z + (@Z_’Aa%w)z}
a=0
8
= G Y [(@rar ) + (Prar s0)?]

EE]

—  Gu(¥y ) (1)

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

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

® )1, - -, \g are Gell-Mann matrices in flavor space and \g = \/g 1

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

8PH, Ian Cloet, and A. Thomas, PRC94 (2016), 035201
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Mgesons N THE BSE-NJL. MobeL

# 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

e d G O(k*~A?)
Z(k*)
2

* 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
- - d (n—1) ,—7Z
2 (n— 1)!/0 e
/\2
5 o1 / YR 1) g )
(n =1y,

where A\jg ~ Agcp ~ 0.24 GeV and Ayy is determined.
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Mgesons iN THE BSE-NJL. MobpeL

» NJL Gap Equation is determined using quark propagator in momentum

space S, 1 (p) = p— Mq + ie

3G, [ e ™™
Mq = mq + Mq 7‘(’2 / dT 7_2
= 2G, (1))
7 TM2
» Chiral quark condensates is defined by (1)) = 27r2 i [dre

» Mass is generated through interaction vacuum — (¢/1)) # O
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NJL Gap EQuaTiON

NJL ? and DSE gap equations ©

e The NJL constituent quark mass is a constant up to certain p ~ 0.6 GeV
and it drops in higher p region

e The NJL model can be used for low momentum p and low energy E
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NJL Gap EQuaTiON

e In the chiral limit (mg ~ 0), the constituent quark mass has non-trivial
solution where M £ 0, provided G; > Ggyiticaj- This corresponds to
DCSB and the Nambu-Goldstone phase. The Nambu-Goldstone phase
occurs when the chiral has been dynamically broken

» when mg = 0, the critical coupling has a form Gcitica) = %
3(AUV_AIR
 From gap equation figure, we also clearly that when M # mg then
(1) # 0. This indicates that the dynamical mass generation is also

associated with the generation of a non-zero chiral condensate.

o The chiral condensate are zero when G, < Ggiticar- This is well know as
the Wigner-Weyl phase
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BETHE SALPETER EQUATION FOR THE MESONS

Mesons in the NJL. model are quark-antiquark bound sates whose properties
are determined by solving the BSE

» In the NJL model, .7 -matrix is given by
d*k
7(@) = A+ [ e Sla+ KT (@S(K)

# The solution to the BSE in the mesons

T @aved =[Malsp [N o+ T=Ds0"080) @
e The reduced t-matrix in this channel take a form
B —2iG,
1+ 2G,MNx(q?)
—21 q“q’/
t5"(q) = (Q”+2Gﬂ(f) ) (5)
E 1+26G,Mg(q?) P q°
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BETHE SALPETER EQUATION OF THE MESONS
» The bubble diagrams appearing read
) [ d%
N(?) = 61 [ 35 To DsSi(kpsSitk + )l

Nk(a®) = 61'/d4k770 [v5S1(k)5Ss(k + q)],

(2m)*
M,(e?) <gw—ng’u) - o f (;’;’){4 Tro [ Sa(K)r” Salk + q)16)

» The meson masses is given by the pole of the t-matrix
1+2GNe(k*=m2) =
142G, Nk(k* =m%) =
14+2G,M,(k*=m) = 0 @
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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

S [ -
T M Gy (m2)
5 (ms m 1 2
= | -4+ —| —+ (M, - M
% = |5+ ) G () T (M= M
> 'm} 2
m, = |—|—=—7=5; (8)
& _MI prﬂll(m%)

where Z;; and Zjs in the proper time regularization scheme are defined by

Iab(k2 _ / / (x(x—1)kK24+xM2+(1—x) M?2) )
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THE MESON-QUARK-QUARK COUPLING CONSTANTS AND
MESON DECAY CONSTANTS

The residue at a pole in the gg t—matrix defines the effective
meson-quark-antiquark coupling constants:

Rl ( 2)
2
Ly = 8rqq — 8(] |q2:
_dNk(q?)
Lk = g}2<qq = aq ’q2:mf(
on,(q?)
Zp = gpqq = —75q2 ‘qzzm% (10)

Meson decay constant in the proper time regularization is given by

f NC\/ M/ / dT k2 X —X)+M2)
f LC 2K [(1—x)M> + xl\//1]/ dX/dTe_T(kQ(X2—X)+XM22—(X—1)Mf)
472 0 T

(1D

30/82
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THE NJL PARAMETERS RESULT
The parameters of our NJL model are:
© The Coupling constants in the NJL Lagrangian G, and
® The regularization parameters, A;zr and Ayy. In QCD the confinement

scale is set by Agcp and therefore we fix Ajr = 240 MeV and choose the
dressed light quark mass as M, = 400 MeV

® The u/d and s dressed quark masses (current quark masses)
© The remaining parameters are then fit to the physical pion

(m; = 140 MeV), kaon (my = 495 MeV and p (m, = 776 MeV)
masses, together with the pion decay constant (f; = 93 MeV)

© This gives G, = 19.04 GeV ™2, = 11.04 GeV 2, Ayy = 645 MeV,

and Ms; = 611 MeV. Note that for the ¢ mass we obtain
my = 1020 MeV. Results for Z,, f, and the quark condensates:

Z7r ZK Zp Zw Z¢ fK <Du>1 3 <§S>1 E
17.85 20.89 6.80 6.63 12.08 0.097 -0.171 -0.150
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PARTON DISTRIBUTION FUNCTIONS IN THE
BSE-NJL MODEL
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PARTON DISTRIBUTION FUNCTIONS

The valence quark distribution functions of the mesons are given by the two
Feynman diagrams

./ N

The operator insertion , where I?’q is the projection
operator for quarks of flavor g:

& 1/2 1
'Du/d = (31:':)\3+\/§)\8>

P, = 21— —-)g (12)
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PARTON DISTRIBUTION FUNCTIONS

The valence quark and anti-quark distributions in the mesons are given by

4
= iZa/ d’k § (kT —xp™)

(2m)*
X Tr [1sMS (k)7 PaS(k)yyshaS(k — p)]
d*k
Gu(x) = —iZa/(27T)45(kJr —|—xp+)
X Tr [152a (k)7 PaS(K)ysALS(k + p)] (13)

To evaluate these expression we first take the moments
1
Ap = / dxx"1 (14)
0
where n = 1,2, 3, - - - is an integer.
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PARTON DISTRIBUTION FUNCTIONS

Using the Ward-like identity S(k)y*TS(k) = 7';‘:&” and introducing the
Feynman parameterization, the quark and anti-quark distributions can then be
straightforwardly determined. For the valence quark and anti-quark

distributions of the K+ we find:

QK(X) _ 3ZK /dT 7T[X(X 1)m2 +xM2+(1—x M2]
1 2
X }x(l — x) {mK — (m; — Ms) H
= 4 —7|x(x— 54 =5%
) = 4777}2(/d7—e [x(x—1)m2 +xM2+(1—x)M2]
1
x| 2x( = %) [ = (= M| (15)

Results for the 7T are obtained by Ms — M, and Zyx — Z,, giving the
result u,(x) = dr(x)
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PARTON DISTRIBUTION FUNCTIONS
The quark distributions satisfy the baryon number and momentum sum rules,
which for the K™ read:

/dx[uK+ 59 = Ty /[SK+ J—se(x)]=1  (16)

for the number sum rules and at the model scale the momentum sum rules is
given by

/Oldxx[uK+(X)—|—L7K+(X)+§K+(x)+sk+(x)] -1 an

Analogous results holds for the remaining kaons and the pions.
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MEesonN PDFs REsULTS

Results for the valence quark distributions of the meson evolved from model
scale to @2 = 16 GeV? using NLO DGLAP equations!! and compared
empirical data for the pion meson valence PDF.

I I Tl 16Cev?

&

III[
T ug (r) HH

pion & kaon valence PDFs

li1
\ L
1
J.S. Conway et al., PRD 39, 92 (1989) "~ %z |

0 0.2 0.4 0.6 0.8 1
i

At model scale, the momentum fraction by the u and s quarks in the K™,
< xu >=0.42 and < xs >= 0.58

The flavor breaking effects of [< x5 > — < xu >]/[< x5 > + < xu >] ~
16% which is similar to that seen in masses [Ms — M,]/[Ms + M,] ~ 21%.

11
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MEesonN PDFs REsULTS

Results for the valence quark distributions of the 7+ and K™, evolved from
the model scale using NLO DGLAP equations.

3 H h [ I I ‘ > L 16GeV?
fut Ny
Iy,
Bo2 hif
E @ Ty
“: 0.1 (@) 1
) z5(@) 4

o ‘ . JS COIA\‘V(I_V et al. l’l‘{D 39, 92 (lﬁ‘lé‘)] 3

0 0.2 0.4 0.6 0.8 1

@

SU(3) flavor breaking at the model scale uy(x) peaks at x, = 0.237 and
Sk peaks at the x; =1 — x, = 0.763

This implies flavor breaking effects of around [xs — x,]/[xs + xu] ~ 53%.
For the pion the peak at x = 0.5 when m, = my.
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MEesonN PDFs REsULTS

The ratio of the v quark distribution in the K™ to the u quark distribution in
the 7, after NLO evolution to @* = 16 GeV?>

12 - - - — 5
E Q? = 16 GeV?

0.8 [ [
uk (z)/ux(z) ‘

02 () /sx(z)
J. Badier et al., Phys. Lett. B 93, 354 (1980)

PDF ratios

The ratio of uk /ur — 0.434 ~ M, /M; as x — 1, which is in a good

agreement with existing data.
The x-dependence differs from much of data in the valence region. This

may lie with the absence of the momentum dependence in the NJL Bethe
Salpeter vertices, or with data itself.
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MEesonN PDFs REsULTS

12 - - - - 5
E Q* =16 GeV?

PDF ratios

t al., Phys. Lett. B 93, 354 (1980)
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@

The ratio ux(x)/sk(x) approaches 0.37 as x — 1. It is evident that the
flavor breaking effects have a sizable x dependence, being maximal at large x
and becoming negligible at small x where the perturbative effects from
DGLAP evolution dominate.

The Drell-Yan-West (DYW) relation, F(Q?) ~ gz >
q(x) ~ (1 — x)?"~1. For the pion, F; ~ 1/Q? and the DYW relation implies

g=(x) ~ (1 — x). Kaon PDF do behave as the pion.
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MEesonN PDFs REsULTS
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As reflection of the expectations of may be expected by DYW like
relations, uk/sk < lasx — land | F4/F5 |< 1for Q% >> Agcp.
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MEesoN PDFs resuLTs FRoM NLCHQM

PDF of the pion and kaon in the nonlocal chiral quark model 2
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MEesoN PDFs ResuLts From NLCHQM

A ratio of the PDF of the pion and kaon in the nonlocal chiral quark model 3

13
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FORM FACTOR IN THE BSE-NJL MODEL

n or neutron
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ForM FacTor IN NJLL MODEL

Diagrammatic representation of the electromagnetic current for the pion and
kaon 14
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Feynman diagram for quark [left] and for the anti quark [right]
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ForM FacTor IN NJLL MODEL

The matrix element of the electromagnetic current for a pseudoscalar mesons
reads

JPp) = (p/“ - p") Fo(Q%), a=mK (18)

where p and p/ denote the initial and final four momentum of the state,

¢ = (p — P)? = —Q? and F,(Q?) is the pion or kaon form factor. The
pseudoscalar meson form factor in the NJL model are given by the sum of the
two Feynman diagrams, which are respectively given by

Halpp) = 2o [T [N S+ ) S(p+ kshaS(6)
Bapp) = IZ/ Tr [1sXaS(k—p)  S(k— p')1sALS(K)]
(19)

where the Tr is over Dirac, color and flavor indices. The index « labels the
state and the \,, are the corresponding flavor matrices
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ForM FacTor IN NJLL MODEL

We will focus on the quark sector and total form factors for 7+, Kt and KO,
we find

FOr @) = (e, — eq)f(@?)
Fr(Q@?) = euflf(Q?) — esfT(Q?)

Fe' (@) = eaflf(@) ~ &fR(@) 0)
The results are denoted as "bare” because the quark-photon vertex is
elementary result, that is, . The quark-sector form factors for a
hadron « are defined by
Fo(@) = eFY(Q%) + edFI(Q%) + esF3(Q%) + - - - 21)

therefore the " bare” pseudoscalar meson quark-sector form factors are easily
read from the total form factor equation above
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ForM FacTor IN NJLL MODEL

The first superscript on the body form factors, £2°(Q?), indicates the struck
quark and the second the spectator, where

(@) = 4772 % [ o [ Lerhortione

1—x
+ /dx/ dZ/dT

—7((x+2z)(x+z=1)m2 +(x+2) M2+ (1—x—2) M2 +x2Q?)

X

[(x + 2)m2 + (My — Mp)2(X + Z) + 2Mp(M, — Mb)}
(22)

X

Importantly, these expression satisfy charge conservation.
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ErAsTic ForM FAcTOR RESULTS

Results for the kaon form factor — from the bare quark-photon vertex

We find that our results are not excellent agreement with the perturbative
2
QCD that predicts Fx(Q?) ~ %
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ForMm FacTor IN NJL MODEL : MobDIFY THE QUARK-PHOTON
VERTEX

The limit @*> >> m? of the body form factors can be obtained by noting
the Feynman parameter domains which dominate the integrals giving

3Z dr 2> 3Z dr 2
2 cabr N2 _ (e} —TM? @ . a7 _rm
QAP = 35 [ e MMy~ My) [T
X [7e + log(M3T) + log(@?/M3))| (23)
Therefore the form factors receive log correction at large Q2 only if M, # M,
In general the quark-photon vertex is not elementary ( ) but
instead , with this dressing given by the inhomogeneous BSE. The

general solution for the dressed quark-photon vertex for a quark of flavor g has
the form

n
= e+ (1= L) Fol@?) =1 Fial@) (9
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ForM FacTor IN NJLL MODEL

where the final result is used because the 2 7 ¢ term cannot contribute to a
hadron electromagnetic current because of current conservation
The dressed u, d and s quarks are expressed by

1
2
Fupl@) = e3¢ mmen
1
1120 N5(Q)

Fis(Q%)
(25)

where the explicit form of the bubble diagram is

2 1
ne(Q?*) = ‘302 / dX/CITX(l—x)eT[M3+X(1X)Q2] (26)
72 Jo T
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ForM FacTor IN NJLL MODEL

The dressed quark form factors obtained as solutions to the inhomogeneous
BSE:

=
=Y
L

<
2
L

<
=
L

Fu(@Q) A
[Fip(@?)] ]
[Fis(@)]
0 1 2 3 4 5 6 7 8 9 10 11 12
@ (GeV?)

Dressed Quark Form Factors

<
=

=}

In the limit Q%> — oo these form factors reduce to the elementary quark
charges, as expected because of asymptotic freedom in QCD. For small Q?
these results are similar to expectations from vector meson dominance, where
the dressed v and d quarks are dressed by p and w mesons and the dressed s
quark by ¢ meson.
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ForM FacTor IN NJLL MODEL

The complete results for the pseudoscalar meson form factor — with a dressed
quark-photon vertex — read

Fer(@®) = [Fu(@®) - A m} (@)
Fie (@) = Fu(@)fE(Q) — Fs(@)fR (@)
Fro(@) = Fup(@)fR(Q) — Fis(@)f (@) @7)

f1(@?), £J(Q?) and £ (Q?) are the same as the BARE form factor

expressions
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ErAsTic ForM FAcTOR RESULTS

Results for the pion form factor — the dressed quark-photon vertex

10— T T~ T T T T 1
g NJL
08 | DEY
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01 | ]
0 0 0 0 0 0 0

Q@ Fr(Q%)

We find that excellent agreement with existing data and the modest
difference with the DSE result for Q2 < 6 GeV?>

Parapa (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS PKNU-BusaN, 2020.11.13 54/82



ErLAsTtic ForMm FacTOR RESULTS
Results for Q?F(Q?)

0.5 F e
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0 1 2 3 4 5 6 7 8 9 10 11 12
Q?

Our result for Q?F(Q?) is very similar to the empirical monopole result
but begins to plateau for @* > 6 GeV>, where @?F(Q?) ~ 0.49. This
maximum is almost identical to that obtaining using the DSEs, which is not
surprising because in both approaches it is driven by DCSB.

Parapa (PKNU) VECTOR MESONS STRUCTURE FUNCTIONS PKNU-BusaN, 2020.11.13 55/82



ErAsTic ForM FAcTOR RESULTS

Results for the KT form factor and the quark sector components — each

including effects from the dressed quark-photon vertex

FK*(Q2>
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we find an excellent agreement with the data and the empirical monopole

=1
Fx( Q2) = {1 + /?22} determined by the charge radius.
K
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ErLAstic KAoN ForM FacTOR RESULTS

Results for the KT form factor — each including effects from the dressed
quark-photon vertex — compare with the available experimental data
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ErAsTic ForM FAcTOR RESULTS

Results for the @2 Fy+ (@) form factor and the quark sector components —
each including effects from the dressed quark-photon vertex
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ErAsTic ForM FAcTOR RESULTS

Results for the form factor and the quark sector components ratio
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ErAsTic ForM FAcTOR RESULTS

Our model prediction compares with other model predictions/calculations >

Model predictions for F(Q?). The red line is the best fit and pink shaded
area is the 68% CL range and 1 (full black):The 3 forms of relativistic
kinematics model; 2(dashed black):DSE 2000 model; 3 (dot-dashed black):
NIJL 2015 model, 4(full gray):BSE-NJL model, 5 (dot-dashed gray): DSE
1996 model; 6 (dashed gray):CGNPSS model, 7(dotted gray):LF model;
8(dotted black):RQM model and Points with error bars are projected
uncertainties of the E12-09-011 JLAB experiment[27]

15
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ELAsTic ForM FAacTOR RESULTS FRoM NLCHQM

A form factor result in the nonlocal chiral quark model (NLChQM) !6

A nonlocal contributions turn out to be crucial to reproduce the
experimental data and (r?),+ = 0.455 fm? and (r?),+ = 0.537 fm.
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LINKING TO ELECTRON-ION COLLIDER (EIC)

€

Incident
electron
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PARTON DISTRIBUTION FUNCTION OF THE MESONS LINKING TO
EIC

» Using DSE model, they include the gluon and sea quark distribution in
the pion and kaon 7, but there is no experimental data for the gluon and
sea quark distributions. Therefore, we need a data from EIC or
CERN-SPS COMPASS to fully understand the pion and kaon structures

, s
! l B H Py,
L)
I s
CQ‘

LN

*%e0eses

» How large the valence, gluon and sea quark carry the pion momentum?
or in the other word, how large the non-local contribution affect the
structure of the pion and kaon?

17
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PARTON DISTRIBUTION FUNCTION OF THE MESONS LINKING TO
EIC

» For the valence quark distribution in the pion and kaon, we still need
more data to explain the discrepancy (tension) among theoretical models,
where DSE model predict (1 — x)? at x — 1, whereas the newest result
from global data analysis for the quark distribution of the pion at x — 1
behaves (1 — x)! which is similar as our BSE-NJL model. They also
include the gluon which contributes by 30% and sea quark contributes by
15% 18

e From Drell-Yan-West (DRW) relation, the relation between form factor at
Q? = o0, Fr = ﬁ and pdf at x — g has (1 — x)"=1), where n is the
number of quark inside the pion. We also need the EIC data to answer
this discrepancy.

18
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VECTOR MESON IN THE BSE-NJL. MODEL

n or neutron
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

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

_/ 7

» p-meson Bethe-Salpeter vertex function is given by
=)y (A, ) o . y
F(%) lrgﬁ? (R [IZpT,-’yl‘eM} - liZyTiy eky]aﬁ (28)

# Operator insertion has a form ') (x — %) , where
M= {77 ys, vt v%s, 7 s}
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

The valence quark distribution functions of the p-meson in the NJL model are
given by the two Feynman diagrams, where in the NJL. model, the valence
antiquark distribution are the same as the valence quark distribution so we just
calculate for the valence quark one

_3iZp? [ dktdk™ Kkt
- 5 [y 5<X‘p+>
x  Trp [Y*S(k)Iv"S(k — p)] (29)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

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 ()" as

1 1
(MY (k) = /0 dx x"™ , (30)

» The coefficient functions that contribute at leading-twist are

1
(1§ (xkr) = 5T [y oM (k7))
1
(7)) (. kr) = 2" [77 5005 (x, k7))
. 1 )
(78)s” (xkr) = ST [—ioT oM (xkr)] (3D
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

The coeflicient functions that contribute at leading-twist are

(D (k) = €iyale) (7 (xkr)e(p),
(758 (G kT) = €hayu(P) (Y s)™ (x,kr)eay (p),
() (okr) = €hulp) (7T s)™ (. kr)epy(p)  (32)
where,
1 H Y i\
h(Pe(p) = 3<—gﬂ”+”m§ )—Z,j,vhewﬂpasg(m
B =2 1 ptp
_ 12 v _
5 [5 (p)S”(p) 3< g" 2 )] €X)

with S¥(p) = (%SL, S, 5—‘;50 and spin projection A = +1,0 for ST =0
and |S;| = 1as well as for S, = 0 and |S7| = 1, there are A = £1,0
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

The coeflicient functions that contribute at leading-twist are

A
OV (0 kr) = F(x k) + Sifis(x, k)
SLT-kT kT-STT-kT
+ ThfLT(X7k2T)+TfTT(X,k2T),

A S
e i) = A[ngL(x,k%) Ik ST g7,k %]

Y)Y (6 kr) = A

ST h(x,k%) + Sl_ hL(X k?) ]

1
502 <2kaT St — Sik% ) h(x, K )] (34)

where S, = (3A2 — 2)(% — 357), Si+ = (3\2 — 2)5,S¥ and
SE_— (3)2 — 2)(Si-St — 15260)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE

BSE-NJL mobpEL

. . A A i (A
By integrating (v)§” (x, k). (7"75)§” (x. k7). and (y+75)5” (x, kr)
over k. it gives the four PDFs for spin-1 target

MY () = () + Sufux),
(7)) (x) = ASig(x),
(s (x) = ASEh(x) (35)

The relations between the TMDs and PDFs for spin-1 target is given by
flx) = / ok f(x, k2),
gx) = / d’krg(x, k7),
h(x) = / Ak h(x, k2,

fLL(X) = /dszfLL(X,k%—) (36)
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PARTON DISTRIBUTION OF THE VECTOR MESON IN THE
BSE-NJLL MODEL

The f(x), g(x), h(x), and f; in the proper-time regularization scheme are
written as
Z2 rdr
— P _ —
fx) = 25 / [+ x(1 — x)[L + 2x(1 — x)]m7]
7T(M2 —x(1— X)mp)

) = 3Z2/d [2X —l—X(l—x)mﬂ

—7' (M2—x(1— X)mp)

X

o) 322M/d[+21 )2]

X = X — X
471°m), Mp
e T(ME-x(1xm).
372 [dr
fii(x) — _47;/ T [1 = 6x(1 = x) + x(1 — x)(1 = 2x)%m27]

« efT(Mng(lfx)mf,) (37)
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REsuLTs FOR THE VECTOR MESON PDFs 1N THE BSE-NJL
MODEL

Results for the unpolarized (f(x)), helicity (h(x)), tranversity (g(x)) and
f11(x) tensor polarized PDFs of the p-meson. The left panel is result for the
model scale Qg = 0.16 GeV/?. 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 ! and Ref. 20
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REsuLTs FOR THE VECTOR MESON PDFs 1N THE BSE-NJL
MODEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is
result for the model scale Q(z) = 0.16 GeV/?. 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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REsuLTs FOR THE VECTOR MESON PDFs 1N THE BSE-NJL
MODEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is
result for the model scale Qg = 0.16 GeV/?. 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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REsuLTs FOR THE VECTOR MESON PDFs 1N THE BSE-NJL
MODEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is
result for the model scale Qg = 0.16 GeV/?. 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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REsuLTs FOR THE VECTOR MESON PDFs 1N THE BSE-NJL
MODEL

Results for the unpolarized (f(x)) of the vector mesons. The left panel is
result for the model scale Q(z) = 0.16 GeV/?. 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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REesuLTs FOR TMDs FOR THE p-MESON IN THE BSE-NJL
MODEL

Results for the TMDs (f(x, k%)), helicity (h(x, k%)), and tranversity
(g(x, k%)) of the p-meson.
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REesuLTs 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.
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REesuLTs FOR TMDs FOR THE p-MESON IN THE BSE-NJL
MODEL

Results for the TMDs (f1; (x,k%)).(fi7(x, k%)), and (fr7(x,k3)) of the
p-meson.
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SuMMARY AND OUTLOOK

We have presented the form factor and parton distribution of the kaon
and pion in the confining NJL. model. Our results on FF and PDF of the
kaon and pion are in excellent agreement with the available experimental
data (need the data from EIC to see our prediction to valence quark pdfs)
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 also may measure the light
vector meson unpolarized pdf in the future

We have to consider the nonlocal terms (the momentum dependence of
the effective quark mass) in our PDF and FF calculations, namely the
NLChQM model or other satisfactory QCD model

On-going work, we are now calculating the GPD for the pion and kaon in
the NLChQM model, where we are eager to consider the momentum
dependent or nonlocal contribution. The result for the pion and kaon
GPDs are STILL IN PROGRESS...

In the future we are also going to calculate the quasi-PDF for the vector
mesons and fragmentation functions of vector mesons.
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THANK YOU VERY MUCH FOR ATTENTION

10,

THARK® Lr’OU

Any questions or comments ??
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