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QCD: Basic Facts

» QCD is characterized by two emergent phenomena: Loco= Y GlwDu +msle; + 3G, G,
. . . j=u.d,s,...
confinement and dynamical generation of mass (DGM). e
Dy =0y +igzA"A,,

a a a abc 4b qc
1 1 I,uu = 8#‘4‘:/ + aUAp, - gf A,u“fli/?

* Quarks and gluons not isolated in nature. * Emergence of hadron masses (EHM)
from QCD dynamics

> Formation of colorless bound states: “Hadrons”
> 1-fm scale size of hadrons?
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QCD: Basic Facts

» QCD is characterized by two emergent phenomena: Loop = Y GilwDu+myle; + 3G, G,

Can we trace them down to fundamental d.o.f?

Dynamical masses
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confinement and dynamical generation of mass (DGM).
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* Emergence of hadron masses (EHM)
from QCD dynamics
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QCD: Basic Facts

» Confinement and the EHM are tightly connected with QCD’s running coupling.

UV fall

Y
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Modern picture of QCD coupling. ‘Effective Charge’
Combined continuum + QCD lattice analysis
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CH: Fully dressed valence quarks
express all hadron’s properties




QCD: Basic Facts

» Confinement and the EHM are tightly connected with QCD’s running coupling.

UV fall

Y
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The Effective Charge connects Lattice QCD

and continuum mass functions.
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Same charge we shall use for
DGLAP evolution.
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Why pions and Kaons?

» Pions and kaons emerge as (pseudo)-Goldstone bosons of DCSB.
(besides being ‘simple’ bound states)

@ @ > Their study is crucial to understand the EHM
and the hadron structure:

Qv + Dominated by QCD dynamics

mp % 0.940 Gel @ Simultaneously explains the
m, =~ 0.140 GeV mass of the proton and the
masslessness of the pion
Higgs’ masses @ @ * Interplay between Higgs and
Myyq ~ 0.004 GeV @ strong mass generating
ms =~ 0.095 GeV mpy ~ 0.490 GeV mechanisms.




The light-front wave
function approach

g (z, k1) = tr 0 (kv )vsy - nxm(k—, P)

ak) /

Bethe-Salpeter wave function

* Yields a variety of distributions.
“One ring to rule them all”



Light-front wave functions

- Goal: get a broad picture of the pion and Kaon structure.

> PDAs

AN 4

 LFWFs

Overlap
representation

aPDe e  PDFs

Form /

Factors — / dk

/
—/dw

mm 1 =0,6=0

-

The idea:

Compute everything from the
LFWF.



G (k) = tr f 5 (kar) 957 - 7 xaa (s P)
dkH

LFWFs

- Goal: get a broad picture of the pion and Kaon structure.

/ BSWE ) | Connection with Continuum The idea: .
S === LFWFs Schwinger Methods (csM)  Compute everything from the
Project onto @ LFWF.
the light-front e .
g The inputs:
o 4 h Solutions from quark DSE
p p Z and meson BSE.
Quark DSE > Trunc?‘tlo? v Numerically challenging, but
required! doable
. p* - o = 2 v Already on the market:
______ = - s y PDAs, PDFs, Form factors...
- ' = g P K. Raya et al.,
arXiv: 1911.12941 [nucl-th]

Meson BSE



LFWFs

- Goal: get a broad picture of the pion and Kaon structure.

/ \ / * / \\ The idea:
LBSWFS T LFWFs = L il Compute everything from the
LFWF.
Project onto 1 Overlap
the light-front representation

Ve N

? ? aPDe J—-» PDFs
i Form \/\

Connection with Continuum
Factors

| Schwinger Methods (CSM . .
— k (S The alternative inputs:

PDA and PDF as = @wsm Construct BSWF from
benchmarks realistic DSE predictions.




LFWF: PTIR approach

> A perturbation theory integral representation for the BSWF:

nixie (65, Pe) = M(k, P) / dw prc (w)D(k, P)
/ —1

(Kaon as example) 1 2 3

CEE—

1: Matrix structure (leading BSA):
-’M (k- Pff) — — 75 [F; ’ Pfij'fu + Y- k‘(j‘{u o 41"[’:-) T guuk#Pf{U] 3

Equivalent to considering the leading Bethe-Salpeter amplitude:

(from a total of 4)

FM (q - P ) — ?/'}/5 EM (q , P ) (others can be incorporated systematically)

S-S Xu et al., PRD 97 (2018) no.9, 094014.



LFWF: PTIR approach

> A perturbation theory integral representation for the BSWF:

nixie (65, Pe) = M(k, P) / dw prc (w)D(k, P)
/ —1

(Kaon as example) 1 2 3

CEE—

1: Matrix structure (leading BSA):

-’M (k- Pff) — — 75 [F; : Pfij'fu I Y- k‘(j‘{u T 41"[’:-) T guuk#Pf{U] 3
2: Spectral weight: Tightly connected with the meson properties.

3: Denominators: D(k: Px) = A(k*, MHA((k — Py )*, MAA(K2 |, A% |
where: A(s, t) = [s + 1]}, A(s, t) =tA(s, 1) .

S-S Xu et al., PRD 97 (2018) no.9, 094014.



LFWF: PTIR approach

> Recall the expression for the LFWF:

1
Uiy (o 2) =tr [ 20k)rsy - nxu(ko, P)  <ot= [ deauiie )

dk
~ Algebraic manipulations yield:

+ Uniqueness of
Mellin moments

o)

= Yy (@, kL) ~ / dw py(w) - -

“ Compactness of this result is a merit of the AM.

- Thus, p,,(w) determines the profiles of, e.g. PDA and PDF: (it also works the other way around)

| d°k,
Sady(@: Cr) = / lﬁﬂé@ii(x:ki;CH)

gm (s Crr) = 16W3|wm($, ki;Cu)l




LFWF: Factorized case

> |In the chiral limit, the PTIR reduces to:

Y, k15 Car) ~ f L) (@s Cr) ~ f ) lagn (sG]

“Factorized model” “ Sensible assumption as long as:
2 2 2
2 myy ~ 0 Mz — M7 ~0 Ch
[gbil (x; CH)] ~ M (37 CH) ) M h q

2> Produces identical results

> Therefore as PTIR model for pion

(k2 + M?

(meson mass) (h-antiquark, g-quark masses)

M — Singl ter!
J. 1/2 ingle parameter!
(@, k15 Cr) = [q" (25 ()] / [4\/§7T 1 )2|

-1
ﬂr’jq ~ Tfﬂ

(charge radius)

No need to determine the spectral weight !



LFWF: Factorized case

> |In the chiral limit, the PTIR reduces to:

Y, k15 Car) ~ f L) (@s Cr) ~ f ) lagn (sG]

“Factorized model” ” Sensible assumption as long as:
2 2 2
q . QN | . mMEO A{E—A’fq ~ () CH
[ng (563 CH)] Al (LU: CH) E (meson mass) (h-antiquark, g-quark masses)
> Produces identical results
> Therefore as PTIR model for pion
M? — Single parameter!
q 2 | _ [, My, 1/2 q glep -
?'//M(xv kJ_a CH) — [q (x; CH)] |:4\/§7T 5 9\ 2
(kT +MZ)" ||| M, = 0.31 GeV

& r. = 0.66 fm




1673

LFWFs and PDAs s o) = [ Ttk
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) ~ (1 — @)t
~ Smooth fall at the endpoints

” Broad and concave functions of x
> Consequence of DCSB
v Higgs induced asymmetry for Kaon:
> Moduled by the difference M_ - M,



LFWFs and PDAs b (@) = | ZEgt ks o)
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LFWFs and GPDs | LFWFs | === [ GPDs |

> In the overlap representation, the valence-quark GPD reads as:

Hﬁa(%“):/mﬂ v (@7 (kD)%) o (=7, (kD)7) C

0.0

“ Valid in the DGLAP region

<

Positivity fulfilled

AN

Can be extended to the
ERBL region | < €

Chavez:202111q
Chouika:2017dhe

“ Analytic in our
factorized models.




LFWFs and GPDs

[ LFWFs } " [ GPDs }
> In the overlap representation, the valence-quark GPD reads as:

d*k w /e
Hy(o,6.0) = [ Togolh (07, 000%) v (o, (cD)?)

CH

r “ Valid in the DGLAP region

“ Positivity fulfilled
A “ Can be extended to the
i — HEwE0G) [ ERBL region z| < €
,,,,,,, Chavez:202111q
” Analytic in our
==\ factorized models.
0.5




GPDs and PDFs

[GPD }_;[ PDF }

> The PDF is obtained from the forward limit of the GPD. q(xz) = H(z,0,0)

ool = @0 =3022(1 - x)? = o
------------- Uk (X36H)
1.5} J.;.sr"f" e
8 P ,":.‘ * _\.\. ....‘
S10  SF
7/ /7 Dilation
0 : 5 | ‘;’J ""',.' “_‘:::\\
".r" ,-,-' 1 ) 2 =+ 5f 7 g 3
/.~ Smooth fall ~ (1 — ) N |
0-0 /. ; ; : ; ; i : ; | : ; : - : ; : : "
0.0 0.2 04 0.6 0.8 1.0

X

<x>" = 0.50 <x>p = 0.47

> (- meson properties determined by the
fully-dressed valence-quarks.
> Broad + Higgs-induced asymmetry



All orders evolution...
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DGLAP: All orders evolution

Idea. Define an effective coupling such that:

“All orders evolution” Starti_ng frc_)m fully-dressed Sea and Gluon content unveils,
quasiparticles, at C H - as prescribed by QCD

Raya:2021zrz

p Cui:2020tdf / s \
NS [T
< Qdfldué(_y_f) B Q(CQ) fl @ qu (y) 0 > ( JI_:\IS,'F(y?t;Q) ) — 0
dCQ 0 ) t 47 T Yy 0 PS (E) H?r(ya t:, C)
: \ v) )
\ > Not the LO QCD coupling but an effective one.

> Making this equation exact.

> Connecting with the hadron scale, at which the fully-
dressed valence-quarks express all of the hadron’s
properties.

(thus carrying all the momentum)




DGLAP: All orders evolution

Implication 1:  The QCD PI effective charge is our best candidate

(n)

47

(x"(Cr))g = exp (%q S(CH:Cf)) (@"(Car))q 10F

¢ 0.8;

<
S(C ) /Ql“(Cf/AQC(?) ( ) i‘* 06_
5 = ta(t
0 Cf 21In (Q]/;\Q(_‘D) <\8/ 04 i
Explicitly depending on the effective charge 0.2
0.0

1
@G = [ dea" P60

to accommodate our all orders scheme.

Cui:2020tdf

01 110

k / GeV

1 .
n T _, e kz -
Vs = _/ dz 2" Pip() " 1 [
; n

] =) [ ¢ = 0.331 GeV




1

DGLAP: All orders evolution @GO = [ doa" Pt

Implication 1:

(n) Yia /74d
n g > - (¢
(@(C1))q = exp ( & S(cﬂ,cf)) (e = (oGl (1)
| |
S(Co.C) = / S L (0 This contains, implicitly, the
b SinCfhgun) information of the effective charge

> No actual need to know it. Assuming its existence is sufficient.

> Unambiguous definition of the hadron scale:

(@G = 0.5 = (2"((1))y = (2" (G |(22(C)) ™ ¥

(pion case)



DGLAP: All orders evolution @GO = [ doa" Pt

Implication 1:

(n) * Details of the effective

(2"(Cr))q = exp (f}/qq S(Ca; Cf)) (x"(Ca))g = (" (Ch))q (M)ﬁ;%;? charge are encoded in the

Am (x(Car))q ratio of first moments.
\ J

) Y * Natural connection with the
Information on the charge is here hadron scale.

Implication 2:

8 ~ « Sea and gluon determined from valence-
(25E(Cf)>q = €xp (_Q_GTS(CH Cf)) ) q= w;d: quark moments

(@(Cfsea = (2(C))s, qva — ((Z(Cp)u + (2(p))a) 5

(x(Cr))g =




DGLAP: All orders evolution @GO = [ doa" Pt

Implication 1:

(n) « Can jump from one scale

- N
(2"((7))q = exp (’if; S(Ca, m) (& (Ca))a = (&™) (%) o th oter (cven
\ J

) Y * Natural connection with the
Information on the charge is here hadron scale.

Implication 2:

8 ~ * Sea and gluon determined from valence-
(22((f))q = exp (—9—5 H,Cr) ) = Tk ; quark moments
ColCr) gen = (a:(qf))zqu — ((2({e))u + (=(CF))5) « Asymptotic (massless) limits are evident.

(x(Cr))g =




DGLAP: All orders evolution @GO = [ doa" Pt

Implication 1:

(n) « Can jump from one scale

- N
(2"((7))q = exp (’if; S(Ca, m) (& (Ca))a = (&™) (%) o th oter (cven
\ J

) Y * Natural connection with the
Information on the charge is here hadron scale.

Implication 2:

8 - « Sea and gluon determined from valence-
(2z(Cr))g = exp (—Q—WS(QL Cf)) q=u,d; quark moments
(@(Cf)sea = (2(Cr))s, q+a — ((2(Cr))u + (2(CF))a) - Asymptotic (massless) limits are evident.
3 4
- 7T ?(Qm(gf))j;/ﬁl — (22(¢f))u - And, of course, the momentum sum rule:
N CUNP SN /A
(ZI?(Cf»g - 7 (1 (2 (Cf»Z 4) 3 <2$(Cf)>q 20 (l;(gf)>bed 1 (fB(Cf))Q — 1




Evolved GPDs

CQ = 2 GeV
- Starting with valence distributions, at hadron © OXH(xUﬂzcz)
scale, generate gluon and sea distributions via g ¥ ™ AN
all orders evolution equations. v 4t
Glue and Sea GPDs !!! o478 =
0.2
W’{.@ 20~
4(1,#
of

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o

Cy = 0.331 GeV




Evolved PDFs GPD  mmmmp PDF

1.2}

40
10 2321
) 9 I — Cui 2020
535 0.8 % 24: ----- Fan 2021
ax
=06 E:“>'<’ I
=« Gluon 33 8f
0.4 — u-quark ~ 0; | | | I I )
0.0 0.2 0.4 0.6 0.8 1.0 0.001 0.01 0.1 1
X X X
0.5 - .
= v * In agreement with:

e Gluonin pion:  Chang:2021uty
v Lattice MSU Fan:2021bcr

<

ASV analysis Aicher:2e10ch

. Sufian:2020vzb
Lattlce CS Sufian:2019bol

i i vikov: n val __
xFitter fits Novikov:2020snp <x> =0.41(4)
DSEs Cui:2020tdf

<

<

<

<x>% = 0.43(4)




Going Off-forward...

q _ d°ky * (= (k= \2) ap? (+ (1cT)2
Hy(z,§,t) = = ar (27, (kD)%) vy (27, (k1)7)




Electromagnetic FFs [ GPD } —_— L FFs }

- Electromagnetic form factor is obtained from the t-dependence of the 0-th moment:

. 1 1.0 : : .
L (=A%) = f dx Hi (z,¢,t
JU( ) . J‘»I( f ) = PTIR
0.8} gL M
Can safely take §=0 CS
“Polinomiality” 08}
_ _ - F
Fi(A%) = eu Fyp (A®) + efFl (A% * 04|
Weighed by electric charges 0.2/
r- = 0.68 fm !
_ %% 1 2 3 4
> Isospin symmetry _Y[GeV?]
> _pu
F”“'Jr (_t) o 77+( t) Data: G.M. Huber ef al. PRC 78 (2008) 045202

CSM: L. Chang et al. PRL 111 (2013) 14, 141802



Kaon EFE [ GPD } . [ FFs }

- Electromagnetic form factor: charged and neutral kaon

0.7}
0.6}

CSM - K*: Gao:2017mmp, Eichmann:2019bqf

T— <wwem  CSM - K% Gao:2017mmp

£
> 0.5,

G
-~ 4}

- il - - @ Lattice: pavies:2018zav

o
< 0.3

X
L0.2f
<

0.1¢

0.0}

rg = (0.56 fim
0 1 2 3 4 5 6
A? | [GeV?]

Kaon is more ?"f;( ~ 0.89 T:fr
compressed

| = mech, charge, mass A? [ [GeV?]



Pion Gravitational FFs [ GPD } — L e }

- Gravitational form factors are obtained from the t-dependence of the 1-st moment:

1
Ju(t,€) = / dx Hy (2, €,t) = 63 (t) — £°67 (1) 1.0y

oy Fn(r)

]_ 3
Y | 0.8 1\ Y
“ Directly obtained if § =0 e B (D)
‘ i i _ 06 \\
Only DGLAP GPD is required S rﬁl — 0.7% fm
%" ERBL GPD needed 0.4 NN\ S (meCh radius)
- N . T ¥,
> Sophisticated techniques exist.
-~ But a sound expression can be constructed: 0 1 2 3 4 5

P P p ~t[GeV?]
6,"(A*) = ¢,"6,"(A?) “Soft pion theorem”
r2 = 0.68 fm , 2 = 0.56 fm

I
+ | dxx |[HI(x,1,00Py (A*) — HI(x,1,-A> i
_[1 [ pl ) M“’( ) pl )] (charge radius) (mass radius)

Zhang:2021mtn



Charge and mass distributions

1 [ ) . ..
pp(b) = _/ dA AJy(A b)Fp(A?) Intuitively, we expect the meson to
21 Jo be localized at a finite space.
FPJ?(AQ) — pg (b) > Charge effect span over a larger domain than mass effects.
: N More massive hadron » More compressed
05 (A?) — pil(b) P
2 P
1.0~ - - - _ 1.4~ : ;
TN Charge — pZ(r) | 12l Charge — Pic ()
0.8} ',f' ‘\\ Mass — ,o:f(r) 1 ;" \ Mass — ,O:L("(r)
-' \ _ 100 | |\ , _
£08 r- = 0.68fm | <Sos| | r ~ 0.85 r
5 04 r?2 = 0.56 fm E 08|
~~~~~ 0.4}
o2tf | TG | >
~~~~~~~~~~~~~~ : 0.2} "“n..,_‘__‘“-
0.0t ; . . , o : 0.0 , , . T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0



Pressure distributions

I ]- 0 & . 2 Ku )
Pr(n) = — ﬁ dA 57y SIANIATE (A7),
) = — f Tan L b (Ar) [A%67"(AD)]
Sk Q2 0 2E(A) )2 1 ,
IRTA DK B
E 0.0} [ -
?9; 0.04/ ' *g;
= 0.02// =
E 0.00 n‘f
-0.02]
-0.04; - | |
0.0 0.5 1.0 1.5 2.0
r [fm]

Raya:2021zrz

0.4t

o
w

o
N

o
—

“Pressure”

“Shear” L Deformation QCD forces

Quark attraction/repulsion

CONFINEMENT ﬁ,

== §=in=-K *= u-in-K
P=K = Pogr

0.5

1.0 15

20



Impact parameter space GPDs ;lgebraic derivation!

(&) JT_ 3 2 -
uP(x, b2 o) = f C;—AAJg(bLA)H (x.0,~A%: £0)) B2 (o)) r (B (L)
” PGS ~0T1 B G = 03587

20 I
A Mean-square
transverse extent
1:5 1
277 b, q(x,b.%) rc

S 3.4

<10 28

g 22

1.6

1.0

0.5 0.4
0'0 . - \, B - ;
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

X X

» Likelinhood of finding a valence-quark with momentum fraction X, at position b.



Evolved IPS-GPD: Pion Case

(n — (=2 GeV

“ dA
uP(x,b%;¢4) = fo 5 Mo(b.A) H(x,0,-A%; Zyp)

2.0f

1.5

R
o
-5'1'0

0.5 -1.0 -0.5 0.0 0.5 1.0

* Peaks broaden and maximum drifts:
0.0 ==

ey max : 3.29 — 0.55
* Likelihood of findi t ith LF
momentum x at transverse posion b (2], 0) = (0.88,0.13) — (0.47,0.23)




Evolved IPS-GPD: Kaon Case

(n — (=2 GeV

“ dA
WP B L) = fO S Aol &) HACY, 0,-8% L)

1.5

2.0

1.0

277 b, Gk (X, by;{H)rk
35 0.5

1.5

b_._l'r;(

< 1.0

0.0} IS
-1.0 -05 0.0 0.5 1.0
X

max(,,, : (3.61,2.38) — (0.61,0.49)

N o | (2,b), = (0.84,0.17) — (0.41,0.28)
* Likelihood of finding a parton with LF
momentum X at transverse position b (:r:.}. b)s — (_0.87’ 0_13) - (_0.4& 0_22)

0.5

0.0} w— '
10 205 0.0 0.5 1.0




Transverse Momentum Dependent PDFs

#343733140



Summary and Highlights

0.0

|J°ud' need
the“main idea;

N 0

2.0




Summary

> Focusing on the pion and Kaon, we discussed a variety of parton distributions:

Light-front wave function - Parton distribution amplitudes ¢ Inputs from Continuum

(encodes many properties) (momentum distribution) Schwinger Methods
ﬂ (PDF, PDA)
Generalized parton distributions == Impact parameter space GPD
(leads to many other objects) (spatial distributions)
@i » Parton distribution functions The role of evolution:
(momentum distribution, valence-sea-gluon) Generate sea and glue ﬂ

v Electromagnetic form factors

(charge and momentum distributions)

v Gravitational form factors

(mass distribution, mechanical properties)

from pure valence

- Pressure distributions
(spatial distribution, mechanical properties)



Highlights

- QCD’s EHM produce broad 1t-K distributions.

> Interplay between QCD and Higgs mass generation:

> Slightly skewed Kaon distributions.

- The ordering of radii: f,ril > ?f-f > qf-i? i

> Gluon and sea revealed through evolution.

> Definition of (y ‘All orders’ scheme

Valence Picture > QCD effective charge.

EHM-induced broadening

> Mass, gluon/sea, pressure, charge distributions B
addressed through LFWFs and GPDs 0.3

T 5 Arrington:2021biu
... TMDs are within reach 0.0
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On the Radii: Factorized Models

&R o 0
(w60 = [ Toa ol (a7 (60)?) ol (o, (c)?) | <o QveTIED

representation

Factorized

LFWF | (2, k15 C) = [¢" (= CH)]UQ (k25 Car)

(recall PTIR ~ Factorized in Chiral Limit) 1 PDF controls (mostly) the x-dependence

Hij(z, &, Cr) = 0(x-) [¢" (2—; o) g (245 Chr)) oz ¢ar)

d*k, ~ ~ r+¢
(I)M(Z;C}{i: / 16;?_)%1(1625 Cr)om (k1 —s1)% ) T T
—t(1 — x)?

t-dependence, evaluated analytically v=5] = 1—¢2



On the Radii: FM

I I

Hi(@, &, t: Cr) = 0(a_) [u(z—; Ca)ul (ws: ()] " Op (2: Cir)

* |n the factorized models:

: 1 A" F" (&2) ﬂ

u 3 0z
Op(z;{a)|._ = )

BHZ P |N—U <x2n >g¢’f d(AZ ); A2=0 ﬂ
/ 0z

PDF moments Derivatives of EFF

2

Ohclw)| =t
i I 4%5(Lap)
- )
Vp(zido)| = (1= do) o Dbz o)
4-,:0 e ZZO

*

Asymmetry term = 0 for pion

GPD can be built from:

* Distribution amplitude / Distribution function

* Derivatives of the electromagnetic form factor

Reminder:

$li(@; )] ~ qui(: Car)




On the Radii: FM GPD |

__..[FFs}

Hi(@, &, t: Cr) = 0(a_) [u(z—; Ca)ul (ws: ()] " Op (2: Cir)

* |n the factorized models:

0
1 A" F" AZ — O (23 {ap)
0"z z=0 <x2n>‘-§i’f d(AZ)H A2=0 a i
= h
h + a—szp(z;é'a{)

PDF moments Derivatives of EFF

* |In the Chiral M1 model:

Clear connection:

’}‘“PQ - ‘ 0 g;)nstituenc';-mass M
— . arge radius
2 f y 2
6 <‘CE )CH 5J[G e PDF moment

(at hadron scale)

2

_ T
=0 A2 (L)
a Uy _,
0 = (1 - L{P)a_Z(DP(Za 5}{) 0

*

Asymmetry term = 0 for pion

Sensible values

M, = 0.31 GeV
& . = 0.66 fm




On the Radii: FM

I I

a i
=(1- cfp)a—szp(z;é{)

_ 1/2
Hi(x, &, Cn) = 0(x_) [u" (z_; Cp)u (x4 Cu)] " Pp(; ()
* In the factorized models: 5 ,
r
N A2 — P e _ P ,
el (I}I’I;(Z; é’j{)| - 1 d FP(A ) az P(Z [}{) 0 4?(_}3((?{)
4"z =0 yamyor d(AD) |2 P
Y 2 A i a—z®§(z;{ﬂ)
. z=0
PDF moments Derivatives of EFF *

* Therefore, the mass radius:

Asymmetry term = 0 for pion

PI!

2(1 .

PP = ﬁ<xz(1_x)>P_ AN
p

m

2
<Z >§

g
$)>CH N (
q o

H

4

D

;

“*;2 (1—cfp)<x (1= X)),
2%

Determined from PDF moments!

z=0






LFWF: Spectral weight

> More explicitly:

(e, kT Car) = 12[My(1 — @) + Mya] Xp(z;07)

o =k + 0

12z 1 1 1 2
MW A
Xm(z; Ji) = / dw/ dv —I—/ dw/ dv| 2 () 1;4
| 1+ 2L 12z w Al nn 07
2 2 9 > Model parameters:
Qy = vM,; + (1 —v)A T T A T T
9 9 1 7 | 0.14 | 0.31 M, | M, ]| 0275|123 |0
‘|‘(M,T;., - jwq) (55 - i[l - w}[l - ’UD K | 049 | 031 | 1.2M, | 3M, | 0.1 | 0.625 | 0.41
1 2 2 — WP + WP
zlx —1 =1 — vl||1 — w?|) my, _ltwvp | oW W (Wt w,
_|_( [ ] T 4[ H D M pp(w) = 2anE [sech Zb{F; + sech Zbg




0.0

' ' T ' "f,»' Euéi(x.kf;ihik;;-“-q“_h”'
s = i - TR

-
-
-
-
-
e
i -
o 2 L
L e —

210 ~05 0.0 05 1.0
w

> Model parameters:

P np M, My, Ap bg wg vp
0.14 | 0.31 M, M, | 0275|123 |0
049 | 0.31 | 1.2M,, | 3M, | 0.1 0.625 | 0.41

1 + w—w" W+ W’
pp(w) = e sech?| ——2 | + sech?| ——=2
Zapbg

=N




More General: DGLAP

In Mellin space, the all orders evolution prescription entails:

T u 2 u 2 FYHIF}:I
(" HE) («rH Y ) "

(@ HE) S~ \ (aHE)A
(a"HE)E (z"HEY2,
N — (W B W ] o cn |, (64a)
( @ H)" (o HEYE,
(cHY)2’ A% /7
fe " 0
E—n — [(IHu>?H] j (64b)

A /g
" [ (aH)E ] e
(@HE)2,



More General: DGLAP

In Mellin space, the all orders evolution prescription entails:

s
(@ HE)S" ((xﬂg)?g)% h(’. The particular case for PDFs:
n pyu\A2 u\ A2 ? LA
<CE H >CH <$HP>CH {J"“::'i { ':.':” ({2 1;)}":.];32. ([‘;Td]
— - ({:f'“‘f?; =W, ([2-r'}’ﬁ]‘—”"“"]* 0 )
v" Hp E i 5 0 92V 1A% /4
(< an>g ) (WnZn W, (< an><A% ) , (64a) g =)l
@ Hele / " Ho g, x W (ur;;; i ) . (67b)
2 AT/
(zHY)E ] * 0
(zH)&
En — { CH

0 {( H;‘)?ﬂ]/\nm‘% v 1R <21’(Cf)>q e (‘B(gf)>bed -1 (‘B(Cf»g = |

uw 2
(zH) S



More General: DGLAP

In Mellin space, the all orders evolution prescription entails:

n ryu 2 U 2 FYH/ ,}..1
(2 HP)CA . ((xﬂp)? ) ’ D.

@\
NI A2 o HS A
<qn F;)gQ - [Wn‘zn’Wn—l (I:n Z)i}é ’ (64&)
(z HP)g (z HP)gH
(cHY)2’ At/
: 0
_ Lxﬂw??]
Ty = = . e | (64b)
0 (zHE)e E
(@HEYE

The particular case for 0,

205 (M%) + 05 (A%
- 207 (8% ) |+ 3((2019)
03%(A%C)

= 22001 (A% (x) [1 — ((22)3)

=11

i
|

]~

205 (A% Q) + 037 (A% () + 0,7 (A% ()
= 25 (A% Cy) = (D).




More General: DGLAP

In Mellin space, the all orders evolution prescription entails:

1.0l .. el gy — Y (t0)*2 ] .
\ TR i The particular case for 8,
0.8 - G (40)

2054 (A% ) + 03 (A% )
- 207 (8% ) |+ 3((2019)

055 (A% C)

=11

|

oo = 207 (A% ) |1 - (20)9)F ]
¢ = mass-squared fraction
u h g sea
m2  0.24(2) 0.24(2) 0.41(2) 0.11(2) 2051 (A% ¢) + 0572 (A%;¢) + 05° (A% ()
m2  0.23(2) 0.27(2) 0.40(2) 0.10(2) = 2071 (A% ¢yy) = 05 (A?).

ma 05 (A? = 0) = m3



More General: DGLAP

2.0

The particular case for 0, 15
ZIGeV]
205 (A% C) + 05 (A% C)
— 25 (A% ) |3+ H(2DF
03 (A% ()

— 4905 (A2 ) [1 _ (<2x>§i)i] .

=1~

Valence

/[GeV]
1.0,4

2057 (A% C) + 037 (A% Q) + 05° (A% ()
— 207 (A% Gy) = 03 (A?).
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