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QCD: Basic Facts

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

‘Effective Charge’ (figure: D. Binosi’s courtesy!)
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Modern picture of QCD coupling. Cx . Fully dressed valence quarks

express all hadron’s properties

Combined continuum + QCD lattice analysis




Why pions and kaons?: understanding EHM

» 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:

‘ + Dominated by QCD dynamics

Simultaneously explains the
mass of the proton and the
masslessness of the pion

m, == 0.140 GeV

‘Higgs’ masses * Interplay between Higgs and

strong mass generating
mechanisms.

mysq = 0.004 GeV
m, =~ 0.095 GeV my =~ 0.490 GeV




CSM: the DSE approach

* Equations of motion of a quantum field theory

Relate Green functions with higher-order Green functions

:> * Infinite tower of coupled equations.

» Systematic truncation required

<

No assumptions on the coupling for their derivation.

v Capture both perturbative and
:> non-perturbative facets of QCD

<

Not limited to a certain domain of current quark masses

<

Maintain a traceable connection to QCD.

C.D. Roberts and a A.G. Williams,
Prog.Part.Nucl.Phys. 33 (1994) 477-575

Example DSEs

Quark propagator: o,

Gluon propagator:
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CSM: the DSE approach

- BSWEF: sandwich of the Bethe-Salpeter amplitude and quark propagators:

X (k" L) = SR (K™ Py ) Sylh = Py) o KT =k = Py /2.

FE — '”ﬁ! : meson’s mass; [';; BS amplitude; _S'qm quark (antiquark) propagator
- Quark propagator and BSA should come from solutions of:

N > a” [
i {:ﬁ {% = :::
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o 0@ NE
Quark DSE Meson BSE
> Relates the quark propagator with QGV > Contains all interactions between the

and gluon propagator. quark and antiquark



CSM: the DSE approach

> For the ground-state pseudoscalar and vector mesons, it is typical to employ the so

called Rainbow-Ladder (RL) truncation:
Y-Z Xu et al., PRD 100 (2019) 11, 114038.

K. Raya et al., PRD 101 (2020) 7, 074021.

Quark DSE bare Meson BSE

* It preserves the Goldstone’s Theorem, whose most fundamental expression

is captured in:
foEr(k; P =0) = B(k)

“Pions exists, if and only if,
DCSB occurs.” @

Leading BSA “Mass Function”



Parton distributions: energy scales

CH > CH

@ Q Resolution Scale

* Fully-dressed valence  Unveiling of glue and
quarks sea d.o.f.

(quasiparticles) (partons)




Parton distributions: energy scales

(M, = M,)

* Fully-dressed valence
quarks

~ At this scale, all properties of the hadron are
contained within their valence quarks.

> QCD constraints are defined from here
(e.g. large-x behavior of the PDF)

uir(:{:; C) .'T:El (1 — :I;)_:H:‘z-{-r}[g]



Parton distributions: energy scales

CH

@

(M, = M)

* Fully-dressed valence
quarks

~ At this scale, all properties of the hadron are
contained within their valence quarks.

> QCD constraints are defined from here
(e.g. large-x behavior of the PDF)

U™ (z; C) 0~ (1-z)P =2

* CSM results produce:

> EHM-induced dilated distributions

> Soft end-point behavior

Cui:2020tdf




Parton distributions: energy scales

C > CH

PLE000. g
T, B9

* Unveiling of glue and
sea d.o.f.

> Experimental data is given here.

> The interpretation of parton distributions from
cross sections demands special care.

> In addition, the synergy with lattice QCD and
phenomenological approaches is welcome.



Parton distributions: energy scales

Conway:1989fs Aicher:2010ch Sufian:2020vzb
Latiice CS I E615-Original
0.5
[ E615-Rescaled
— []4 (ASV)
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* Unveiling of glue and
sea d.o.f.

00 02 04 08 o.a/“m | »
> Experimental data is given here.
X

> The interpretation of parton distributions from
cross sections demands special care.

r~1 B=2
uﬂ(:a::; (:) i (1 s IL')' +7(¢) > In addition, the synergy with lattice QCD and
phenomenological approaches is welcome.




Parton distributions: energy scales

CH

Resolution Scale

g

Evolution equations

* Fully-dressed valence  Unveiling of glue and
quarks sea d.o.f.

~ At this scale, all properties of the hadron are
contained within their valence quarks.

> QCD constraints are defined from here _ _ o
(e.g. large-x behavior of the PDF) > The interpretation of parton distributions from

cross sections demands special care.

- Experimental data is given here.

.y — > In addition, the synergy with lattice QCD and
uﬂ(:ii:; C) ;ral (] — ;,[;)-d =2+7(¢) phenomenological approaches is welcome.



Parton distributions: energy scales

CH

Resolution Scale

g

Evolution equations

* Fully-dressed valence  Unveiling of glue and
quarks sea d.o.f.

~ At this scale, all properties of the hadron are
contained within their valence quarks.

> QCD constraints are defined from here _ _ o
(e.g. large-x behavior of the PDF) > The interpretation of parton distributions from
cross sections demands special care.

- Experimental data is given here.

.y — > In addition, the synergy with lattice QCD and
uﬂ(:ii:; C) ;ral (] — ;{;)-‘i =2+7(¢) phenomenological approaches is welcome.



EVOLUTION




DGLAP: All orders evolution

Raya:202
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DGLAP: All orders evolution

Assumption: define an effective charge such that

Raya:202lzrz Starting from fully-dressed Sea and Gluon content unveils,
L ozotdt quasiparticles, at (y ) as prescribed by QCD

‘ \ 4 pNS - . 3 |
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DGLAP leasiag=aigias cvolution\equations

> 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

Assumption: define an effective charge such that

Raya:202lzrz Starting from fully-dressed Sea and Gluon content unveils,
L 0zOtd quasiparticles, at (g W) as prescribed by QCD
(m] ;
il ﬂ.{gﬂ} ’}'fl':; 0 } 0 {:i'.' ]>NS(C}
ComalH=—24] 0 35 My (a")s(() | =0
s 0 A A (@)9(C)
Yaq Taq LY
|
. . . '["1" . I - PR
DGLAP leadiag=aisies evolution equations - e L dx x" Pgp(x)

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

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions:
Yh(x) = qu(z) + qu(x )

5 o ¢y dy
CAHETIH{I] = 1 / qu_q( )ffH (1) singlet combination
d a(¢?) dy i i
EE q(x) = A / _1; {E’H—q (E) 2 (y) —Rﬁ—q (E) QH(H}}

d a(®) [ dy ) 5 =
@) = S [P, (2) 2800+ Poey () w0



DGLAP: All orders evolution

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions: ¥4 (z) = qu(z) + gu()
H — EHE H

-2 1 i
z_fiaer{:r] N a(( }f “TEHF_‘! (i) qu(y) singlet combination
dC* an Je U y
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Valence-quark PDF in Mellin space
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DGLAP: All orders evolution

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions:
Yh(x) = qu(z) + f}IH(‘m)

5 d d 4 :
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Valence-quark PDF in Mellin space
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DGLAP: All orders evolution

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions:
Xh(z) = qu(z) + gu(z)

5 d -
¢2 &E_Eer{:’:} - 1 )/ quH;( )ffH (y) singlet combination
i) = 92 [ B {r (2) s ort, () o

(ft:i H =~ A Ly q4=q y H\Y qeg Y gu\y

d a(¢?) [y ; x
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Valence-quark PDF in Mellin space 1.0p:
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Moments’ evolution is controlled by the integrated D'%hm

“strength” of the coupling beyond the hadron scale




DGLAP: All orders evolution

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions:

.-5 ) J Yh(x) = qu(x) + qu(z)
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the required information of the charge {;L}E;:ﬁ N 20



DGLAP: All orders evolution

Implication 1: valence-quark PDF
¢ dz

Ve o JamACE _L:;&’ o _p onN . i @)*ﬁcm
(Z")o, = (X7)5H exp a(z?) | = (x™)H T

2 {_:HE

Direct connection bridging from hadron to experimental
scale: only one input is needed to evolve “all’ the Mellin
moments up and reconstruct the PDF.

Cui:2020tdf
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This ratio encodes the
information of the charge



DGLAP: All orders evolution

Cui:2020tdf

Implication 1: valence-quark PDF

P, | C d,z r
(3:”)5# — (T”)gf exp (— '9q [ —{I(Ej )) — (:1:”)5:' [(2:1:)5?7]

QTTH,?:

i T
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This ratio encodes the

Direct connection bridging from hadron to experimental Information of the charge
and use isospin

scale: only one input is needed to evolve “all’ the Mellin :
moments up and reconstruct the PDF. symmetry (pion case)
LT o S R |
{‘I'}un- o {i};!n T
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DGLAP: All orders evolution

Cui:2020tdf

Implication 1: valence-quark PDF
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This ratio encodes the
Direct connection bridging from hadron to experimental information of the charge
and use isospin

scale: only one input is needed to evolve “all’ the Mellin :
moments up and reconstruct the PDF. symmetry (pion case)
()i = (@) =

L {lr
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Capitalizing on the Mellin moments of asymptotically large order:

(@) ~ (1-2P) (1+0(1 - )
B¢) = Al + 310 T




DGLAP: All orders evolution

Cui:2020tdf

Implication 1: valence-quark PDF

P, | C d,z r
(3:”)5# — (T”)gf exp (— '9q [ —{I(Ej )) — (:1:”)5:' [(2:1:)5?7]

QTTH,?:

i T
,.:rw),r iqq

This ratio encodes the

Direct connection bridging from hadron to experimental information of the charge
and use isospin

scale: only one input is needed to evolve “all’ the Mellin :

moments up and reconstruct the PDF. symmetry (pion case)
LT o S R |
{‘I'}un- o {i};!n T

| =

Capitalizing on the Mellin moments of asymptotically large order:

a(z;¢) ~ (1-2)PC(1+0(1-2))

r—l
e 3. (z(Cu))

Under a sensible assumption at large momentum scale:

a(z;¢) ~, 2% (1 + O(x))

1+a(¢) = 5 (a(¢) In f;fg;? +AC) () + O (;I—%{% )



DGLAP: All orders evolution

Implication 1: valence-quark PDF
T
exp (_7’@'?

2T
Direct connection bridging from hadron to experimental
scale: only one input is needed to evolve “all’ the Mellin
moments up and reconstruct the PDF.
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Under a sensible assumption at large momentum scale:
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This ratio encodes the
information of the charge
and use isospin
symmetry (pion case)
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DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

* Since isospin symmetry limit implies:
(g2 tlyem = . - q(z;Ch) = q(1 — z; Cn)

= i}(” _|_ l}
 Odd moments can be expressed in terms

2n )
) N + 1 . of previous even moments.
W E (—}J ( ( . ) ){:L.J}GH

Tl
§=0,1,... J




DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

¢ En+1f_1 * Since isospin symmetry limit implies:
{-'3-’-3”'1"1}‘?: = HQ:I:;EW) I[] ) : q(z; Cu) = q(1 — z; Cw)
4 n+1l

x Z (-)? (2(”? 1 ) (@)5, ((22)5, )"/

j=0,1,... J

 Odd moments can be expressed in terms
of previous even moments.



DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

Sndl ;. 1 * Since isospin symmetry limit implies:

. ((23;:,’;; Yo /70 . |
{;z,r""*"l}ﬁ — 2{“ ] g(z; Ca) = q(1 — =; (o)
: n+ 1
) * Odd moments can be expressed in terms
s N - | of previous even moments.
3 (P (20D ) (@igg () )R8
i bt b « Thus arriving at the recurrence relation on
j=0,1,...

the left which is satisfied if, and only if, the
source distribution is related by evolution to
a symmetric one at the initial scale .



DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

241 * Since isospin symmetry limit implies:

26 0 / )
(gntye o 1200 )10 TR a(w; Cn) = a(1 — @3 Cr)

2An+1)
* Odd moments can be expressed in terms

2n .
1 Hn4+1 . Y of previous even moments.
< 3 (—)ﬂ( o ))@f}zﬁ({m‘:ﬁw) /%

] e Thus arriving at the recurrence relation on
j=0,1,... the left which is satisfied if, and only if, the
source distribution is related by evolution to
a symmetric one at the initial scale .

_ {mn}iﬁ
Reported lattice moments Ha
agree very well with the Ref. [99] Eq. {:1?}

recursion formula 0.230(3)(7) 0.230
0.087(5)(8) 0.087
0.041(5)(9) 0.041
0.023(5)(6) 0.023
0.014(4)(5) 0.015
0.009(3)(3) 0.009

0.0078

-1 S| | = (oo = | 2

[99] C. Alexandrou et al., PRD104(2021)054504



DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

241 * Since isospin symmetry limit implies:

Y5 Yo /70
(-‘Ir?”'*"l}‘f _ (22)5,) i q(z; Cu) = q(1 — z; Cw)

2An+1)
* Odd moments can be expressed in terms

2n .
1 +1 . Y of previous even moments.
X Y (—)J( v J)(IJ}L((ZI)L) Wi,

] Thus arriving at the recurrence relation on
j=0.1,.. the left which is satisfied if, and only if, the
source distribution is related by evolution to
a symmetric one at the initial scale .

_ {mﬂ.}CE
Reported lattice moments Ha
agree very well with the Ref. [99] Eq. (1?}

recursion formula and so 0.230 3)(7} 0.230

also does and estimate for [:

the 7-th moment from lattice 0.087(5)(8) 0.087
0.041(5)(9) 0.041
(

reconstruction.

0.023 5){6} 0.023
D.D14(4)(5) 0.015
0.009(3)(3) 0.009
0.0065(24) |0.0078

[99] C. Alexandrou et al., PRD104(2021)054504

-1 S| | = (oo = | 2




DGLAP: All orders evolution

Implication 2: recursion of Mellin moments (pion case)

* Since isospin symmetry limit implies:

A8 T
(s = ((22)i,) q(z; Cu) = q(1 — z; Cw)
: 2(n+1)
5 * Odd moments can be expressed in terms
L ¢ : of previous even moments.
: . o 1
IS R PO ) .
_ J’ ﬁ e Thus arriving at the recurrence relation on
j=0,1,... the left which is satisfied if, and only if, the
source distribution is related by evolution to
a symmetric one at the initial scale .
Reported lat (2"
ported lattice moments Moments computed from: P. Barry et al.,
agree very well with the n| Ref. [99] Eq. [:1?} PRL127(2021)232001
recursion formula and so ——
also does and estimate for 110.230(3)(7) 0.230 4 % '
the 7-th moment from lattice 210.087(5)(8) 0.087 x & 58
reconstruction. 310.041(5)(9) 0.041 RS 3 . % f I . iy
. 410.023(5)(6) 0.023 b ¥
Moments from global fits can = vV 5l -
be also compared to the 0 D'D14(4)(5) 0.015 T | # '
estimated from recursion ! 6/0.009(3)(3) 0.009 A
7/0.0065(24) 10.0078 - W
[99] C. Alexandrou et al., PRD104(2021)054504 T 5 9 13 17 21 25 29



DGLAP: All orders evolution

10

Implication 3: physical bounds (pion case). i isospin symmetry, implying:

: Eli a(z; ¢} = q(1 — z;{x)
(@S, ((2a)5, )%
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DGLAP: All orders evolution

Implication 3: physical bounds (pion case). i isospin symmetry, implying:

| L - q(z; Cu) = q(1 — z: Cp)

o < (@ (20} ) 8

on — W Mo  Lower bound is imposed by considering
the limit of a system of two strongly

T massive and maximally correlated) partons:

q(z; ) = 0(z — 1/2)



DGLAP: All orders evolution

10

Implication 3: physical bounds (pion case). i isospin symmetry, implying:

1 . — ] q(z;Ch) = q(1 — z;C)
— ™) (Ol 17N M <
on — e Heor = 1<€=n » Lower bound is imposed by considering
the limit of a system of two strongly
T T massive and maximally correlated) partons:
Q'(IE ﬁH) = IS(T — ]/2) Q(T CH) = | « Upper bound comes out from considering

the opposite limit of a weekly interacting
system of two (then fully decorrelated)
partons:
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DGLAP: All orders evolution

Implication 3: physical bounds (pion case), Keeping isospin symmetry

implying:
4 =q({l — x:
i @ ) (<2L> =% fd 1 g{z; Cy) = ¢q(  Car)
o e = 1<€=n « Lower bound is imposed by considering

the limit of a system of two strongly
massive and maximally correlated) partons:
both carry half of the momentum.

* Upper bound comes out from considering
the opposite limit of a weekly interacting
system of two (then fully decorrelated)
partons: all the momentum fractions are
equally probable.

J00:2019bzr Sufian:2019bol Alexandrou:2021mmi

n [61] [62] [63)]

1 0.254(03) 0.18(3) 0.23(3)(7)

2 0.094(12) 0.064(10) 0.087(05)(08)
3 0.057(04) 0.030{05) 0.041{05)(09)
| 0.023(05)(06)
5 0.014(04)(05)
6 0.009(03)(03)

n Lattice moments verifying the recurrence relation too.



DGLAP: All orders evolution H

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions: E )
, ¢2) J Yh(x) = qu(z) + qu(z)
s _{_qH{:;:] = / ypqd_q ( ) q4(y) singlet combination
G H
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Hard-wall threshold
Quark singlet and glue PDFs in Mellin space Pg = 8({ — M,)
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DGLAP: All orders evolution H

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions: . _
, ¢2) J Y(x) = qu(z) + qu()
& {_qH{:;;] = / ypqﬁ_q ( ) q4(y) singlet combination
G H

2
¥ 1 T
C ) / =2 { i ( ;) X (y) + 2P;,_, (E) QH(y}}
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Hard-wall threshold
Quark singlet and glue PDFs in Mellin space Pg = 8({ — M,)
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DGLAP: All orders evolution H

Cui:2020tdf
PDFs DGLAP evolutions equations, expressed by the corresponding massless

splitting functions: . _
, ¢2) J Y(x) = qu(z) + qu()
& {_qH{:;;] = / ypqﬁ_q ( ) q4(y) singlet combination
G H

2
¥ 1 €T
C ) / = { aq ( ;) X (y) + 2P;,_, (E) QH(y}}

d - d ,
QEQH{IJ = ﬂgi) E’-’ﬂ"{Em_q(y)Ef:u)JrFm_q(’j)JH(J)}

=

—
=

f —
I

Hard-wall threshold

Quark singlet and glue PDFs in Mellin space Pg = 8({ — M,)
d a(¢?)
-2 . 5 Kl
f., dg}{m }EH = o A7t {I'u-u{ }{: +2” :DFE :1]'{;( ?}g”}
>
o d '71"“2}
N = T (- ") |
Sea-quark PDF Full singlet and sea ¢ ¢ ; ;
i) - n n - N
{:1?”‘)%” = (:1?”*}'%:j — {:r”)g” (&0, = Z{I }E*}_, AT )5y = Z{T ;‘3}:!

od H q q



12

DGLAP: All orders evolution

Implication 4: glue and sea from valence M, = Cy, Vq

5 Ee = 216
QE i {‘Lﬂ ) g_}“” — ( n"-::u 2 Hf { ::{j ) {"L”} Ljf'f
¢z \ (a" }gH You Vg (=™

All quarks active



DGLAP: All orders evolution

12

Implication 4: glue and sea from valence

216
g—?iﬂ {'Lﬂ LH = f::u gﬂfﬁluq ) <'=L”}LH
dc }{]‘H i f}{qn r}ﬂg {-\,'E:” qH
L“r v S}‘l + ﬂ” Sﬂ Ey (SE - S:;Ei_)
( Y o (S2—=85%) oZSP+alsh
}kn . A.r
ﬂi = An )‘.”
n . 2”1- -ri:n',r
P = e

% = [S(Cu, OPE/

_ (A = %) (AL — 7o)
2npyg, (AT — AZ)

Bos

R

;"'»'_Irq —_ f;H, ."G’q

All quarks active

(zm)si )
(2™ )si

)



DGLAP: All orders evolution e

Implication 4: glue and sea from valence M,=¢g, Y
ﬂ vl All quarks active
gii {»L LH s, ZTlf’}“q ) {1 )l'_:H
dcﬁ >i]'H Tgu h.fgg {;{:ﬂ ?]'H

II<7|

5, Y1 (@S eanst g (5t-5) | ( G
e ) Umor s arsmvanss )| oo
}'ﬂ _Aur; =- = l 2 (I'™) — De i

B = 2”’f lug

S TS

5% = [8(Ca; L™

on {}‘“ _ f}";;u](}‘.” i ﬁ.’r::u]

R Oy, — 2F)




DGLAP: All orders evolution

12

Implication 4: glue and sea from valence

Ei {_Lﬂ LH
i ) )
( L” ) ( Sn ‘l‘ﬂi“ Sn
(8™

(57 - s1)

Zﬂfhlfuq

Yo

Vo

Tg u

B {:r:”)g-_: I
{mﬂ ;}IH

Ey (SE _Sifi-)

noQn n Qn
a S" + o +S T

||<7|

)(°

,. 1 |

IR St 17 n = -1*1 E: \/ ~Tr2 (I'") — Det (')
= = /\\” )‘.” 2!

3” = 2“-1' 'r“ﬁ'

L Ey — )E:!'_ ‘:l,li

St = [S(Ca, Q)2 T

on {}‘“ _ f}";;u](}‘.” i ﬁ.’r::u]

Mg T mn ﬁﬂg{)“n }

i"»i{q —_ CH, ."G’q

All quarks active

{ n)CH
0
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DGLAP: All orders evolution

Implication 4: glue and sea from valence M, = Cy, Vq

¢ ¢ All quarks active
gﬂi {:E”}EH — ( ﬁu’{::u Zﬂff}iu,r ) <:E”)EH
‘ - T g
dcﬂ <$T1>EH Tgn r}ﬂ:-‘] {mﬂ ;}]'H
( a S* + o S%
|JI-.. g

s (57 - 1)

n\Ch In terms of the moments for the
E {z }q sum of all valence-quark
q distributions at hadronic scale

n__ o~ ) 1 ) n

ﬂ’i = :I:}‘- -’ur: :!:=-l11 I{:F ] \/—_’ETI Ii]._' }—DLT(F )
/\\” )‘.”
3” = 2”1- 'ri“?
Mg T /\n. An

St = [S(Ca, Q)2 T

on {}‘“ _ f}";;u](}‘.” i ﬁ.’r::u]

Mg T mn ﬁﬂg{)“n }




DGLAP: All orders evolution e

Implication 4: glue and sea from valence My = Cu, Vg
All quarks active
ggi {:I:n}g:H ( ¥ Zﬂff}“ff ) {:I:”)éﬁ
g2\ (o) oy You Vg (=)o

e

H—-&

R

Hﬁ

=
| «<— |l

T it n o
ﬂ—I—b— 25 {*’-—S—k n\C In terms of the moments for the
E ( } sum of all valence-quark
q

(I")g” Bex (5% = S5T) distributions at hadronic scale
" 1 [ |
n :I:}‘ﬂ - .f“:r; z!r: — Trl11 {Fu] - J—le [F”} = Dl:"t {l_l”)
ayp = /\\” - )l.” 2 4
Compute all the moments i T
L p— 2nsYy SEadiiag and reconstruct: = glue DF 1
/\n A 25t ]
s ] sea DF
1'” )"--t-,{_ruu h:"? 3
= [S(CH, Q)] X 15
(' (f TE TE % 1[’-
gn., — {}‘ - Tuu](}‘u - ﬁ.’rme] 5f
TR T gy, O - AT) of T me—
0.001 : : 1.0




DGLAP: All orders evolution e

Implication 4: glue and sea from valence My = Cu, Vg
All quarks active
ggi {:I:n}g:H ( ¥ Zﬂff}“ff ) {:I:”)éﬁ
g2\ (o) oy You Vg (=)o

e

H—-&

ok

Hﬁ

s
| <« |

n gon n on
ﬂ_|_b_ o {TE_S_,, Z( H}C In terms of the moments for the
q

p sum of all valence-quark
(I")g” Bex (5% = S5T) distributions at hadronic scale
o 1 I |
ol = i}m” — L =5Tr (%) + \/ 7 T2 (T%) — Det (B%)
/\\” —. )l.”
Compute all the moments i ]
3n 2n Yy 2y and reconstruct: e glue DF 1
b ¥ /\n ;,kn 257 '
A% [y s [ sea DF
A I
St = [S(Car, QP = | X 15/
{I}EH E i
qH < 10}
7l 71 Tt ol .
f HE _ {}‘ - "]’uu](}‘u - .’me] of
o el AAT —AZ) of, Al i —
The only required input is the the momentum fraction at the 0.001 , : 1.0

probed empirical scale!! X
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DGLAP: All orders evolution

i"»i{q —_ CH, .‘I'n_l'(q

Implication 4: glue and sea from valence
All quarks active

CE d {:E”}éH e ( ﬁu’{::u ZH'ff}iﬂj ) <EL )if—f
d¢? CL'“}gH i T;ﬁ r}ﬂg {iﬂﬂ 9H
(:}:”}%” ﬂ'ﬁ_SE + EF-T_}'SE; n\¢y N terms of the moments for the
— y (133' } sum of all valence-quark
ny ¢ 2T n . q
(:.17 ')g” Mgz (S_ = S+) q distributions at hadronic scale
AL =7 r = STy () + \/ ~Ty2 (P) — Det (%)
ay = ikn_;!‘ il 1 ’“
M n=1 case e 3 4 /4
.'.iﬁﬂ — n 'l “‘1 ny =4 {i}}:” = Z{ }rm + (1}.,” - = 75 = (S(¢H, C)]
/\ e q
.4 A
Atk i _ T/

St = (8w, 1%/

. = {}‘“ - T;;u](}‘i B ﬁ.’r-::-u]

R ongyn, (N - AR)
The only required input is the the momentum fraction at the
probed empirical scale!!




DGLAP: All orders evolution e

Implication 4: glue and sea from valence M, = Cy, Vq
¢ ¢ All quarks active
QE d {:E”>EH = ( Af::u Zﬂf’}“q ) <:E”)¥H
i T
g2\ (o) oy i You  TVgg (=)o
(33“}%” "fh'-"—|—*5’E T ﬁf—lsi n\¢y N terms of the moments for the
¢ — = . ” Z( } sum of all valence-quark
(:.17”)5,” 5> (S_ = S+') q distributions at hadronic scale
AL — Yuu r = STy () + \/ *Ty2 (") — Det (I')
B = - /\\” —\n = 4
2147, 2ngYug n=1case HE 92:}6 XL 3 4 7/4
T — L = A - + —
By = o | @5 =28+ :u,, i ?[ (¢, <)
¥ Ly - f':;lrfj'lrﬂlff‘f = CH (: "llllll
S = (SEERE/™ —» = [(2ag] (1 )
- G | @ <x>:; (2%,
aa . AR =15 AR =905) Ref.[55] [}412{_5&) 0.449(19) 0.138(17)
i 2n 5y, (AT — M) Herein | 0.40(4)  0.45(2)  0.14(2)

The only required input is the the momentum fraction at the

bed rical el Z-F. Cui et al., arXiv:2006.1465
probed empirical scale!!



DGLAP: All orders evolution e

Implication 4: glue and sea from valence M, = Cy, Vq
¢ ¢ All quarks active
CE d {:EH>EH = ( f:’f::u 2?’1_‘{’}“1”’, ) <:EH)EH
‘ T
de? \ (=75 i You  Vgg (@™)5u
(33”}%” "5"'-"-|-*5E T 51’-1—1531 n\¢y N terms of the moments for the
G — s . . Z( } sum of all valence-quark
(:.17 ’*)gH Mgz (S_ = S+) q distributions at hadronic scale
o 1 1
"'—Ti = :I:}‘.n _ .’u:r: }kl = ETI (F”] b \/ETIE []_-'ﬂ} — Det {Fﬂ]
}JI —. )k”
n 2n i Y| @ leag + @ =2+ —'[ S(ae)"
Byy = )\” )’{” ny =4 S I 7
",H
: AR fop - f'.;-'f;f'r“lrr-rf == CH (:
St = [SEHE " —» = |22} 7 (1- )

o G | o <w>:; ()50
aa . AR =15 AR =905) Ref.[55] | 0. 412{_35) 0.449(19) 0.138(17)
TOE T dnpym (N — AT) Herein | 0.40(4)  0.45(2)  0.14(2)

The only required input is the the momentum fraction at the

bed rical el Z-F. Cui et al., arXiv:2006.1465
probed empirical scale!!

R.S. Sufian et al., arXiv:2001.04960
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DGLAP: All orders evolution

i"»i{q —_ CH, .‘I'n_l'(q

Implication 4: glue and sea from valence
All quarks active

gﬂi {:’EH} %H = ( Af::u 2’."1]"}1”‘, ) <T‘ )E«H
dg¢? CL'“}gH i T;ﬁ r}ﬂg {iﬂﬂ gH
(33“}%” 035~ +al Sy n\¢y N terms of the moments for the
¢ = an o = 2(33' }q sum of all valence-quark
(:.17”)5,” 5> (S_ = S+') q distributions at hadronic scale
AL — Y A W \/ L T2 (Pn) — Det (T%)
I (A —_— ¥ —_ e - & n
ar = + /\\” i )l.” * 2 |
2 (A" n=1 case s 3 4 ST/
"'EEQ — )IL?E!- f .f;:-:: ”'J" — ._1 {‘E }E” —= g{ }"HJ' & 5 {1} Sy — 7 = 3 7 [S((H (:}]
e . 4
1 AR Mun Vaa !/ Yaq T R _ T/
ST = (SO " —» = (@23 (2%, = = (1 - 18Ca, ON™")

Qan_ {}‘“ - T;;u](}‘i B ﬁ.’r-::-u]

| —

R ongyn, (N - AR)
The only required input is the the pion momentum fraction at
the probed empirical scale (assuming charge universality)!!
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DGLAP: All orders evolution

Implication 4: glue and sea from valence M, = Cy, Vq
¢ ¢ All quarks active
QE d {:ET!.}%H = ( Af::u Zﬂf?ﬂq ) <T‘ )LH
E TL
de \ a%)es i You Vg (=)o
(:};'“'}CE” ﬂiSE + {"FES-TZ n¢yy [N terms of the moments for the
¢ = e " i Z(ﬁ?’ } sum of all valence-quark
i Pgx (S_ = S_F) q distributions at hadronic scale
A?! - .-:r e 1r111 {l—li'!] :|: Jl .1-.12 (l_.”‘} D "'t {F”)
ay = ikn_;}” il 1 ’“
T 2”1- -’ur n:1 case 1 ll" Pt €T |'., — ﬁ
-"-iiy - ,\n }.;:z ng =4 @5y (2—o0 5, (200 T
4

1 . . Yaq. {:r}f'” = =
5:|: =i [S(gﬁﬁ iy)]iifm“ > [(21}4}-] : (=00 T

Asymptotic limit: G. Altarelli, Phys. Rep. 81, 1 (1982)
T T T ol
{}‘ - f}'uu](}‘— - .’me]

=T
|
T Ingyn (0% — %)

The only required input is the the pion momentum fraction at
the probed empirical scale (assuming charge universality)!!
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DGLAP: All orders evolution

Implication 4: glue and sea from valence M, = Cy, Vq
¢ ¢ All quarks active
QE d {:ET!.}%H = ( Af::u ZHJFF}H{; ) <T‘ )LH
d T
di? | {2%)54 i You Vg (&™) gu
(33“}%” ﬂiSE o5 ﬁf—lsi n\¢y N terms of the moments for the
¢ — = . ” Z( } sum of all valence-quark
(:.17”)5,” 5> (S_ = S+') q distributions at hadronic scale
e » = Ly (I'™) + \/ Ly (I'") — Det (I')
T — (T — = LF - | = — e (I
ay = == /\\” - )l.” * 2 1
a 210 Vo n=lcase | e o et . 3
-'-iiy - ,\n }f:: ny =4 %y (200 )5 (200 7
4

1 . Yaq. {:r}f” = =
‘S:I: = [S(gﬂra Q}]Aj‘fm“ —p [{El}q_] g 200 T

Asymptotic limit: G. Altarelli, Phys. Rep. 81, 1 (1982)

R [ | ] .
‘ HE _ {}‘ ?uu](}‘n -’me] (:r”}f,” = {x”} S o= AT on = D, forn>1
Mo = “H (2400 oo UH 02 g
* g”’f Iﬂg{}‘i . }'Ej

: : : owingto A% =10
The only required input is the the pion momentum fraction at J *

the probed empirical scale (assuming charge universality)!!
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DGLAP: All orders evolution

Implication 4: glue and sea from valence My = Cu, Vg
All quarks active
2d (@5, (T 2ty ) (0 Y
de? \ Bk You Vg (=™

e
H—-&
R
Hﬁ
=
| «<— |l

n on n on
ﬂ—I—b— 25 {*’-—S—k n\C In terms of the moments for the
E ( } sum of all valence-quark
q

(‘Tﬂ')gn £ ;1E (SE = Si) distributions at hadronic scale
okt 3 = 5T @ & /7102 (0 - Det (%)
ﬂZI.: = :|: /\\” — )l.” % 2 4 ¥
2n A" n=1 case
an o Ty : =
Prg = XA ng =4 | Sole) = 34(x)
"ﬂ )ﬁ, .'( ﬂ:flr_rj'lrﬂlfn'-"f 'I::"—]"C::' ? X
= (B " — = S 5z
46(x)
T | Tt Tl 9H (I) ,.J: ? =
an {}‘ - Tuu]l(}‘u i ﬁ."ru-u] (<—r00 -

f —
T Ingyn (0% — %)

The only required input is the the pion momentum fraction at
the probed empirical scale (assuming charge universality)!!



DGLAP: All orders evolution

13

Implication 5: correlating glue and sea

(xﬂ-)g:” o} 8% +a28F py, (52— S%)
(e ) N\ G(R—87) of5R-ons?

)

(mn}gjrif

(2" s

;"Urq —_ f_.:H, 1'5'([]

All quarks active

|
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DGLAP: All orders evolution

Implication 5: correlating glue and sea My = (g, Vg

All guarks active

( o [SE]T + on [S31 a5, ([S21T - [s31) ) ( (@)%, ) _ ( (=")5, )
«:

grs ([5217! - [5217")  om[s2]7! +oz (s3] / \ @) (255

GH

The equation can be easily inverted
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DGLAP: All orders evolution

Implication 5: correlating glue and sea My = (g, Vg

All guarks active
o [S2]7° +on [S3]7Y a2, ([S2)7° - [3]) ( (2™, ) B ( (2§ )
g (8207 - [827Y)  on 8217t +onsB)T ) \ @

The equation can be easily inverted and, relying on the hadronic scale definition, delivers a
constraint for all Mellin moments of glue and sea at any experimental scale:

{In}i (I”}Qgﬂ o {Q:FH.}E“ HESE e ﬂigi
{:{?”)gl_r (:1?”}5# [ ;,:E (SE — Sfﬁ)
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DGLAP: All orders evolution

Implication 5: correlating glue and sea My = (g, Vg
All quarks active

nj—:— [Su]—l +am [Su]—l ‘E-q ([Sn] [Sn]—l) ( (:1'”)%}{ ) _ ( {IL‘“}%;{ )
g ([2] 7 = [5217")  en 2] +a 57 ) \ (a5 0

The equation can be easily inverted and, relying on the hadronic scale definition, delivers a
constraint for all Mellin moments of glue and sea at any experimental scale:

{Ing‘w _ (:1?”}":5 + {21”%1“ ol ST Foal 5t
(g, g s (S2 = 5%)
g = 4
v 4 » . (E:B}{E,J {ﬁ)‘%ﬂ} {m}%ﬂ} (:c}?;} {:B}EEL’ ]
3 ¢ NLO [0.53(2) 0.14(4) 0.34(6)|1.15(14) -0.14(13
@, _ @6, +@n, _ 7+ (225 NLL-Cos |0.47(2) 0.14(5) 0.39(6) |1.11(16) -0.11(16)
()5 ()5, . ({gx}i )”‘* NLL-Exp|0.46(2) 0. 16(5} 0.38(6)|1.15(12) -0.14(13)
¢ NLL-dM |0.46(3) 0.15(7) 0.40(5)|1.12(22) -0.11(18)







Pion PDF: from CSM (DSEs) to the experiment

14

Symmetry-preserving DSE computation of the
valence-quark PDF:

[L. Chang et al., Phys.Lett.B737(2014)23]
[M. Ding et al., Phys.Rev.D101(2020)054014

4" (@:¢) = Notr [ 62 (k) T (e €) S (ks ©)

of e
i
i s {” j.lil [F |:: :r;:; (: L:J ‘:} }

q6(x:Ch) = EI.I,.EE.:-EU — x)?

L x [1 — 2.9342¢/2(1 — z) + 2.2911 z(1 — )]

a(z:Q) ~ (1-2/O (1+0(1 - 7))

B(Cp) =2
Farrar, Jackson, Phys.Rev.Lett 35(1975)1416
Berger, Brodsky, Phys.Rev.Lett 42(1979)940

* The EHM-triggered broadening shortens the
extent of the domain of convexity lying on the

neighborhood of the endpoints, induced too by the trM

QCD dynamics

|t cannot however spoil the asymptotic QCD
behaviour at large-x (and, owing to isospin
symmetry, at low-x)

2.D [Hl llr't.] |J"~| |"r4r|:cl1ur|
Bl gl At -;’,ﬂ-hﬁﬂ‘
—_— 15_ J"J \\‘h
I !
L
E i .
> 7 Dilaton—
0.5¢ owing to CSB and *
hence to the EHM
D‘n -l i i i i i i i i i ;
0 02 04 06 08 10
1.0;
= :z:iig: CSM output
0.8} ... pse :
0.6/

ASV data

0.2|

0.0 0.2 0.4 0.6 08 1.0



Pion PDF: from CSM (DSEs) to the experiment

14

Symmetry-preserving DSE computation of the
valence-quark PDF:

[L. Chang et al., Phys.Lett.B737(2014)23]
[M. Ding et al., Phys.Rev.D101(2020)054014

¢"(2:€) = Netr / 5% (k) TP (kg €) S (ki €)

)
i x {n- ke [F (ks Q)S (ky: 0]}

q6(x:Ch) = EI.I,.SE.:-EU — x)?

L x [1 — 2.9342/2(1 — z) + 2.2911 (1 — )]

a(z:Q) ~ (1-2/O (1+0(1 - 7))

B(Cp) =2
Farrar, Jackson, Phys.Rev.Lett 35(1975)1416
Berger, Brodsky, Phys.Rev.Lett 42(1979)940

* The EHM-triggered broadening shortens the
extent of the domain of convexity lying on the
neighborhood of the endpoints, induced too by the
QCD dynamics

|t cannot however spoil the asymptotic QCD
behaviour at large-x (and, owing to isospin
symmetry, at low-x)

I

LA

i 4

- S
E

o

2.D [Hl llr't.] |J"~| |"r4r|:rlmr|
Bl gl At -.-JI_.-*-'-__‘H
15|
1.0t L
{ Dilation N
0.5¢ owing to CSB and *
hence to the EHM
00t% . N
0 02 04 06 08 1.0
3.0
Glue DF
2.5
E 2.0F — CSM20
X 5 —  MSU21
E’i 15
2 1.0}
0.5}
0.0, , . . : :
0.0 0.2 0.4 0.6 0.8 1.0



Proton PDF: from CSM (DSEs) to the experiment "

An analogous symmetry-preserving DSE
computation of the valence-quark PDFs within
a proton, based on diquark-quark approach:
[L. Chang et al., Phys.Lett.B, arXiv:2201.07870]




Proton PDF: from CSM (DSEs) to the experiment °

An analogous symmetry-preserving DSE
computation of the valence-quark PDFs within
a proton, based on diquark-quark approach:
[L. Chang et al., Phys.Lett.B, arXiv:2201.07870]

Producing an isovector distribution in fair
agreement with lattice results
[H-W. Lin et al., arXiv:2011.14791]

[Wy-dV1(&3)




Proton PDF: pion and proton in counterpoint n

ngn-xzﬂpl:{ﬂhﬂﬂ p=

B 42 L

= | <

S |

& 1%

| %504 1%

| % &
T R R R T

5 X
pion u" dr gq" S¥ 54 A S
{xh 24.0(1.1) 24.001.1) 41.0(1.2) 3.3(3) 3.3(3) 2.65(22) 1.33(5)
(2 9.5(7) 9.5(7) 3.7(1) 0.27(1) 0.27(1) 0.21(1) 0.092(2)
{xtye 4.7(4) 4.7(4) 0.92(6) 0.057(1) 0.057(1) 0.044(0) 0.018(1)
{x)% 22.1(1.0) 22.1(1.0) 42.9(1.0) 3.7(3) 3.7(3) 3.002) 1.83(6)
(x5 8.4(6) 8.4(6) 3.5(1) 0.27(1) 0.27(1) 0.22(1) 0.120(3)
(Y 4.003) 4.003) 0.82(5) 0.056(0) 0.056(0) 0.044(0) 0.022(1)
proton uF dr g° 55 35 Sq Sy

(X} 32.9(1.4) 15.000.7) 40.9(1.1) 2.9(2) 3.7(3) 2.64(22) 1.32(5)
{xty 8.7(6) 3.6(2) 2.4(1) 0.14(1) 0.21(1) 0.13(0) 0.059(2)
{x}yé 2.9(3) 1.1(1) 0.39(2) 0.019(0) 0.030(1) 0.019(0) 0.008(0)
{x} 30.4(1.3) 13.8(0.6) 42.8(1.0) 3.3(3) 4.1(3) 3.002) 1.82(6)
(2 77(5) 32(2) 2.2(1) 0.15(1) 0.21(1) 0.14(0) 0.075(2)
() 2.5(2) 0.9(1) 0.35(2) 0.019(0) 0.028(0) 0.019(0) 0.010(1)




Reverse engineering the PDF data

'Iilj
-y & ¥y 3
J’ SNy
[

30V :




Pion PDF
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> Let us assume the data can be parameterized
with a certain functional form, i.e.:

u™ (23 [oi]; €) = nSa®i (1 — 2)%3 (1 + afz?)

/ {afi =

Normalization

1,2,3)

Free parameters

015; f DM NLL

: $ Asv !

= Dtk !
Lo [ilhiiﬂ}#ﬁzi;n |
< 0'2? i EIHI ]
0.1 i’h::“..._

M Y S VR T PR

» Then, we proceed as follows:

1) Determine the best values a. via least-
squares fit to the data.

2) Generate new values a,, distributed
randomly around the best fit.

3) Using the latter set, evaluate:

\ Data point with error

4) Accept a replica with probability:

P(x2: d) (1242 .
p=\X3® pe.py S dfe-1,—yf
P(x2:d) (v:d) r@m Y
5) Evolve back to C_,.II Repeat (2_5).
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Pion PDF: ASV analysis of E615 data

> Applying this algorithm to the ASV data yields:

(average)
'D E Hean values (of moments) and errors
) CSM 8.5, 2.7T5144 = 18 o p 18.299833, B.BRLATALS ], [9.1950587, 8. 9ATI544E8 ) |B.147895, B.0DGEEID ),
'DE B.187374, B.BBGBESSY], (8.8835108, B.BBS3d834 |, [8.9068711, B.6padsad |

00547511, ©.00409628) , (0.0456496 , 0.00360041] , (0,6386394, 0,00320660

v The produced moments are compatible with a
symmetric PDF at the hadronic scale.

v It seems it favors a soft end-point behavior just
like the CSM result.



Pion PDF: ASV analysis of E615 data
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> Applying this algorithm to the ASV data yields:

Hean valugs (of moments) and érrars

v The produced moments are compatible with a

symmetric PDF at the hadronic scale.

v It seems it favors a soft end-point behavior...

just like the CSM result.

B.2199833, B.eaE4TEES,

8.5, 2. 75144 107V,
0.0835168, 0.00532834),

B.187d74, 0.0B0EEST ],
Q0547511 ©. 004809028 , (0.0456496, 0.00360041], (0.8

9.199987, 9. 80735448,

B.142895, B.BBGEEIL],

6. 8668T1L, B.BB48596 ),

JB6394, 0. 00320660

v Then, we can reconstruct the moments produced by
each replica, using the single-parameter Ansatz:

u"(r:(y) = nmpn(l + x

esM e

*(1-z)*/p%)

”X‘i;sfti ) |

0.4

0.6



Pion PDF: dM NLL analysis of E615 data
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> Applying this algorithm to the original data yields: (average)
lean values (of moments) and errors, oy
0.4 . .

0.5, 252187« 10°17), (0.331527, 6.00803273), (0.247615, 6.0110893
(8,19784, 8.0121977), (9.165066, 0.6124911}, {0.141928, 0.0124198),

'8.124755, 8.8121811], (8.111521, 6.8118683), (8.181821, 6.8115275],
(8.8924926, 0.8111824 ), [0,085431, 0.018845), (0.0794897, 8.0105214),

(SCI)

lements from SCI, O

8.5, 9,332885, ©,245317, ©.199231, ©.165865, 0., 142056, 0,124215, 0,11935,
B8.0952657, 0.0907203, 6.0826552, 0.0T62T21, 0.6TBL035, 0.0660661, 0.0619225)

v The produced moments are compatible with a
symmetric PDF at the hadronic scale.

X But also exhibit agreement with the SCI results.

gsci(z; Cg) =1 0.0L . . . , Y

(8.0744232, 0.0062142), (0.8700521, 0.00992435], [0.0662432, 6.00965182) |



Pion PDF: lattice data
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» An analagous procedure, similarly based on the
all-orders evolution, can be applied to the lattice
data for Mellin moments. Here, the moments
obtained at the lattice scale are evolved down to
the hadronic scale and up to the experimental
one.

> Both (ASV) experimental and lattice data yield
hadronic scale PDFs exhibiting soft end-point
behavior and EHM-induced broadening.

> The results are compatible, although current
precision of the lattice moments still leaves us
with a somewhat wide band of uncertainty.

> Lattice results, analyzed on the basis of all-
orders evolution, are clearly inconsistent with
those resulting from the dM NLL analysis of
EG15 data.

UEI{KEH}
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GPDs from PDFs and form factors
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Light-front wave functions

» Many distributions are related via the leading-
twist light-front wave function (LFWF), e.qg.:

o i
istribution | fpon(x, () =

b (z, k2 1 C.
amplitudes : lﬁﬂ'ﬁp( e {:'Hr)

Distribution | p A 2 9
functions | % (ZiCy) = f 1673 |¢-‘|J:- (,L L:l;gﬂ”

» In the DGLAP kinematic domain, this is also the
case of the valence-quark GPD:

d’ky .. . - ,
Hg{l €= t: C:H] - /. lﬁnJ-'; .{"""Ié' {.‘i‘:_. ki— F*::H’) '{-'"I;' (;1:4_, ”‘ri+: gH}

“One ring to rule them all”

zx = (@ FE)/(1FE),
kig =k (AL/2)(1-2)/(1F¢)
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LFWF: Factorized models

Raya:2021zrz

» Many distributions are related via the leading- \ > If the x-k dependence is factorized, then:

twist light-front wave function (LFWF), e.qg.:
2, 1/2
leF*u[:T! kJ.J CH) wP'H( }[‘i’L €L (H ] i

o dﬁu‘g
Distribution | fpolt (2, (yf) = L'”(t h C;lr}

amplitudes 167

> The x-dependence of the LFWF lies within
the PDF or, equivalently, the PDA:

167

. 2
Distribution | p d kJ_ 2 9
functions | & (3 Car) :[ |1 I, A'JJC:J{)I

P(x; Ca) = [ep(a; Ca)] f/ dz|pp(@; ()

» In the DGLAP kinematic domain, this is also the
case of the valence-quark GPD: y,

dERL :

H (0,6t Gn) = [ o8 (o= K600 U8 (24,2 5

zz=(xFE)/(1FE),
kiz=Fkix(AL/2)(1-x)/(1F¢E)
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LFWF: Factorized models

Raya:2021zrz

» Many distributions are related via the leading- \ > If the x-k dependence is factorized, then:
twist light-front wave function (LFWF), e.qg.:
Tl 1/2
leP*u[: J.JCH) l:"ﬂ('Iii }[H €L (H ] L

o r dk?
Distribution | fpolt (2, (yf) = L'”(t h C;lr}

amplitudes 167

> The x-dependence of the LFWF lies within
the PDF or, equivalently, the PDA:

o 2
Distribution | p d°k 2 2
functions i (x;Car) = fl[] |1 Ly 'I'*'JJ(?{)I

(2 C) = [op(: Car)] f/ dz(pp(z; Cur))?

» In the DGLAP kinematic domain, this is also the
case of the valence-quark GPD: ), » Our experience with CSM have
revealed correlations proportional to

u I°k b - i 2
Hp (2,6, t:Cn) = / Erllﬁ SUp (@, k1 Cor) ¥p (@4, k143 Cor)
M'P, ﬂff— — ﬂff‘
z=(xFE§)/(1FE), > So it should be a very good Ansatz

for the pion, and fairly good for the

kixz=ki £(AL/2)(1-2)/(1F€) kaon.
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LFWF: Factorized models

Raya:2021zrz

9 9
> Starting with a factorized LFWF, ”(,E)F,”l::'r, ki; () = ﬂ)P,“ [u ]”
» The overlap representation for the GPD entails: \
This one shall be obtained as
ff‘lﬁj_ - , in the first part of the talk

Hp(z,8,t;(y) = 1[r.r (‘- 'I‘ :‘::H') Up (-’"+-'I"i-+-:€:H')

= e(xu}\/uf'(ﬂ:_; Cr)u” (x4 Cr)@p(2:Cn)
f

Heaviside Theta This dictates the off-forward

behavior of the GPD

> Where z = 5% = —#(1 — 2)%/(1 — . .. will be driven by the
- { } H E } and: / electromagnetic form factor

1673

55 (2 o) = / Pk 5, (&35 ¢ar) 9 (ks — 1) 5Cnr)




The GPD model
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Raya:2021zrz

> The factorized LFWF motivates the following GPD model:

Hp (2,6, Cor) = S(E_}\/HP(I; Cr)u* (z4; C)@p(2; Car)

* The PDF might be inferred from
data, as described before.

* Thus, parameterized by:

U™ (23 Cn) = mpIn(1 + 22(1 — 2)%/p?)

\ ! Huberetal

5 b Aemandoks o ol

il

l:lsllllil 11 02 na 04 {5

- [

 The GPD connects ®(z) with the EFF via:

1
= A dz u” (z; () Pr(2; Car)

08 28 * A useful parametrization is:

1+ (b — 1)r2/(6<2®>)z

fl'lﬂ_[:.E'; ':H} =

1+ byr2/(6<x?>)z + by2?

« Where r_is taken from PDG and b, , are
parameters to be fitted to the experimental data.
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The GPD model

Raya:2021zrz

> We have a 3-parameter model for the GPD: {401 bli bi}

Hp(z,£,t;Cy) = 9{33—)\/“F(1’—1 C)u® (24 Ca)Pp(2; Ch)
14 (b — 1)r2/(6<2®>)2
1+ bir2/(6<2>)2z 4 bo2?

u™(z; () = mpIn(1 + (1 — )/ p*) ‘I’w(?ﬁ. (H) =

> The strategy is as follows:

10

1) Following the described procedure for the PDF, generate a replica I\ I Huber otal.
“i”, storing the value p,, and its probability of acceptance P(p)). 03 ey ——
~0B 'h"“.' .
2) Using such replica, integrate the GPD (for {&=0) using random 2 '
values of b , and varying randomly r_ within the range 0.659 +/- i '
0.005 fm (in agreement with its PDG value).
06|
3) Compute the X2 by comparing with the EFF experimental data P00 01 0z 03 04 05

[Amendolia:1984nz, JeffersonLab:2008jve]. =0 [GeV']
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The GPD model

Raya:2021zrz

> We have a 3-parameter model for the GPD: {1‘01 bli bﬂ}

HE(x,6,t;Cy) = e(x_)\/uf(s:u; Cr)ut (z4; Ca)Pp(2; Car)

| o 14 (by = 1)r2/(6<a®>)z
u”(x;(y) = npIn(1 +.-1"E[1 - ﬂ?}zf’ﬂzj ‘I’n-(z?. CH) = 1+ fi;g/(ﬁ')-iﬂé:(?)ﬂ + hjzg

> The strategy is as follows:

9 Use o caleulate P({1, 1} AN Sl
Subsequently, accept the set of parameters with probability: -*QD'E' F""‘*--I
) 1) ) 100 “o7
P({s b, 5'}) = ({8, b2 } o) Pl
Repeat. o1 0z 05 04 05

=A% [Gav]
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u™(z;Cn) = moIn(1 + 2%(1 — z)*/p?)

Hy (2.6, t; (o) = e(m_)\/ uP (z_; C)uP (24 Car)Pp(2; ()

qﬁr(ﬂ ()

L4 (b = 1)r2/(6<a®>)z
1+ byr2/(6<x?>)z + by2?

~ Combining pion PDF data (ASV) and pion EFF data, one arrives at:

p=0.07=x0.03, b, = 0.46 £ 0.40, by = 18.67 £ 4.38

A

X
0.0
I T
T s

-----
""""

H” H? {I.ﬂ,ﬂg;fﬂ} P
i - dd,a"

(with proper mass units)




Numerical Results

Hp(z,&,t;Cy) = e(m-)\/uP(I-; Ca)uP (z4; Car) e (2; ()
oy L4 (b= 1)r2/(6<a®>)z
a7 ) = 14 birz/(6<2>)z + by2?

u™(z;Cn) = moIn(1 + 2%(1 — z)*/p?)

~ Combining pion PDF data (ASV) and pion EFF data, one arrives at:
p=0.07£0.03, b =0.46 1+ 0.40, by = 18.67 + 4.38

A R
h (with proper mass units)

]
-
“““
o
LR

111111 u_ﬂ':,.................................................-----__.
e HY (K E0H)

1 i
- s d‘-
e La
] o
[} -
ﬂ\ I TR e .
* ] [} Il. :
I, : ::1.5 o
Il k] E DIE-‘- i
: £ :

/N .
{ £\ i' 1.0
: "!g. : 1.0£-.
.. s ™
3. ,"g‘ - i 4
'E“--._:' ‘Elﬁ,ﬂ"' -‘;5 Jﬂﬂ 1« /
L] Yo~
i : ] y
e T [l "
% T os |
X
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Numerical Results

Hp(z,£,t;Cy) = B‘(I-)\/”P(I-é Cu)u* (z4; Crr)Pp(2; Car)
14 (b - 1)rE/(6<a?>)z

Pl Car) = 1+ bir2/(6<z?>)2z + bo2?

u"(x;Cy) = myIn(1 ‘H'JEU = ﬂ?)gf’ﬂgj

~ Combining pion PDF data (ASV) and pion EFF data, one arrives at:
p=0.07£0.03, by =0.46 £ 0.40, by = 18.67 £ 4.38

A X 00
ﬂ.ﬁ q__.-f';',’""----__lq_
1;?,.1'1-1"" : 2 (with proper mass units)
L T ; H:'{x:n:ﬂ ;KH} _d.-"d‘: 21[} 20
“i-‘*‘ i ...... N g % ;I' = . . __,_...-.._
. 4 i“ - : -;::1.5
': / 3 15
N B 1.0 _
NN i 3
E .'.' y :" }*‘.i . 'E -:E‘- 1 l:}
L ¥ TS o b
1'-.I'.':h : -] " .l'- .. " - _'; 05 .
[ el .
2 0.0 \\ |
5 0.0 0.2 0.4 0.6 0.8 1.0
X

- . -
[
-, N



Numerical Results

H (2.6, ) = O )y [uP (—; G P (.45 i) B (25 i)

B, il 14 (b — 1)r2/(6<z*>)z
oG 1+ byr2/(6<x?>)z + by2?

u" (23 () = moIn(1 + 2%(1 - 2)%/p?)

~ Combining pion PDF data (ASV) and pion EFF data, one arrives at:

A X
05 St p=0.07+0.03, by = 0.46 % 0.40, by = 18.67 + 4.38
'1r£__1,1-1'r" | (with proper mass units)
DT HR(x04A%g) 320 A*/GeV?
115 40 2 < 1 v
I £\ 10 gl
5 : ;t' '~. -.-,;-"'“ i -‘I:EE , Uﬁ L
LT ."ll " :: ‘;' W " " '-'||I i
R ' Y 00 0.4
e e '
Nl - i
A? [GeV] T - —
U . §
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Numerical Results

Hy (2,6, Cy) = 9(3;_.)\/ u (z—; Car)ut (243 Car) P (2 Ca)
14 (b - 1)rE/(6<a?>)z
14 b2/ (6<a?>)z + by2?

0"(@;00) = (1 + 221 - 2)/pY)  Bu(2;Ca)

~ Combining pion PDF data (ASV) and pion EFF data, one arrives at:

A X
05 St p=0.07+0.03, by = 0.46 % 0.40, by = 18.67 + 4.38
'1r£__1,1-1'r" | (with proper mass units)
T HR(08%G) 720 A%GeV?
!: :'n l-l'd-.:".‘; II f ‘! I:l 0.8 :
IBE 8 39 o5 06
.:-.i'_{:l .l: "‘-ﬁ":: = 3
0 i) ; 00 '04
e 0.2
A? [GeV?) g i
0.



Gravitational form factors




Gravitational form factors *

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

a a 1 a a s %
A (P, Q) = 2P, P,0:(Q%) + 5 (@9 — QuQy) 07(Q7) + 2m2 g, Q)
—— |
) With: P =Py + B;|/2 and Q = Py — P,
(Pf|T,(0)| P) Fr+ Rl !

> Such that {5'1_2(@2)? E(Q‘E) define the so called gravitational form factors (GFFs).

They can be extracted with the appropriate projections.
Particularly:

012(Q%) = P{5A..(P,Q)
With:

3P pv i Q'Q" — Q*g"
4P _hu'.!{d‘p'.’
PP 3(QQ" - Q™) 2"
P2()? ' Q1 - ()2

E#
P =

p | L
f] —




Gravitational form factors

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

a a ]- a 3 -
A;m (P QJ = QP;HPMHE (QE) T 5 (Qzﬂjm a Q;LQ!;) ﬂl(Q') ¥ g?nig;wf-i(b)?)
—— |
. With: P =Py + B;|/2 and Q = Py — P,
(PIT,(0)|P) Fr+ Bl /

> Such that {5'1_2(@2)? E(Q‘E) define the so called gravitational form factors (GFFs).

They can be extracted with the appropriate projections.

: p(r) : pressure
Particularly: s(r) : shear forces
2 _ pBY o, i il 11 5
012(Q%) = P{5Au(P,Q) TJ3(7) = pg(r) bij + 8,(r) (;_ - ?a”-) ) 0,(Q)
With: Is connected with the mechanical
properties of the hadron
., 3PrPr QrQY - Qg [ f.'i : I-ﬂﬂ '—_'} = m.Gs (0 i 2
prv — n . g Gl Mz8a 4(U) ths
2 = p 1P?Q? | @)
: pr pv 3(O*O" — O2gM" .17 o connected with the mass
Pl = - P07 © Jf‘;-n ¢9") ;;_, distribution inside the hadron

M. Polyakov, Phys.Lett. B555 (2003) 56-62

M. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A 33 (2018) 1830025



Gravitational form factors

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

a a ]- a q - ]
A (P,Q) = 2P, P,05(Q%) + 5 (@9 — QuQy) 07(Q7) + 2m2 g, Q)
H_/

With: P — iy _p_p
(Pf|T,,,(0)|P;) P=[Ps+P]/2and Q = Pf - P,

> Such that {5'1_2(@2)? E(Q‘E) define the so called gravitational form factors (GFFs).

» Energy-momentum conservation entails the > While, in the chiral limit, the soft-pion
following sum rules: theorem constraints:

Y 05(0) =1 Y e(t) =0 ) 61(0)=1

g4 q.4 .




Gravitational form factors: CSM *

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

]
A (P,Q) = 2P, P,0:(Q%) + > (Q* g — QuQy) 61(Q°) + 2m? g, E(Q°)

H—/ In pion’s case, both u- and d-in-t valence-quark contributions are the same

'HU{FEJ_T[ Tr !1 (A—Q P—Q)H(k—f)[ (a*—éﬁ J)

ik 2 2 &

Q P Q P P Q
5('{1—54'?) I“(ﬂ-l-—fg‘) (L+§_E)]

+ beyond LA.
k+ 5+

—

9
J.riurg

w3l



Gravitational form factors: CSM *

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

1 2 _ i 2
A (P,Q) = 2P, P,0:(Q%) + 5 (Q* g — QuQy) 01(Q°) + 2m2 g, E(Q°)

H—/ In pion’s case, both u- and d-in-xt valence-quark contributions are the same

HH{FEJ —'1:/ Tr !l (ﬂ—g P—g) ‘3’(ﬁ_£)[ (L___J P+ J)

i 2 2 9

Q ;} {J ‘[J ;} {J
“‘*(*-m) “*(“‘Q) (’“*E‘E)l

+ beyond LA.
k+ 5 + EM conservation implies:
Q,A(P,Q) =0

—

9
P+g

w3l



Gravitational form factors: CSM *

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

1 2 _ i 2
%uﬂm=2aa@w%+§waw—@@gmwﬁ+mﬁmﬂwﬁ

H—/ In pion’s case, both u- and d-in-xt valence-quark contributions are the same

Aw(P.Q) = '.'Il':f"/. Tr !1 (ﬂ i P = %) S (ﬁ'— g) L' (h + v P+ J)

ik &

% 9 P Q p P o0
50_§+2) (“~*ﬂ 0*5‘5”

‘\i Eeyon d iA>
k+ 3 + EM conservation implies: Also note:
Q,\.(P.Q) =0 QM (P.Q) ~ Q)

Q
Thus restricting the structure of contributions
P“" 3 beyond L.A.

Ih:'I"'.'.I



Gravitational form factors: CSM *

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:

1 2 _ i 2
%uﬂm=2aa@w%+§waw—@@gmwﬁ+mﬁmﬂwﬁ

H—/ In pion’s case, both u- and d-in-xt valence-quark contributions are the same

Aw(P.Q) = '.'Il':f"/. Tr !1 (ﬂ i P = %) S (ﬁ'— g) L' (h + v P+ J)

ik &

% 9 P Q p P o0
50_§+2) (“~*ﬂ 0*5‘5”

~ +beyond LA, -
k+3+3 EM conservation implies: Also note:
{J.r“ﬁ."”“'{‘”. !?]] -_— U Egiril‘.l.f”,-{p. fj) P {([‘33}

Fﬂ—h—

Thus restricting the structure of contributions
P+$ beyond L.A.

2

Ih:'I"'.'.I

Remark: the graviton-quark vertex obeys a tensor - /g —
WGTI making it to rely on the quark propagators !Q_u I (P Q’] P {Pf} - Pf 5 (P:]
and such that &@Q°) is irrespective of it.




Gravitational form factors: CSM ingredients
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, 8o ale Bin (.85 0
Q H{F(J_ij.mhll (A——P—E)‘:(A z)[ (a P

/\“*

9
J.riurg

Ih:'I"i:l

)

s o | 'l
*'(‘*‘m)'“( “) (*ﬁ)l

+ beyond LA.



Gravitational form factors: CSM ingredients
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Q

A

Ih:'I"'.'.I

E

“,{F{J _"«./Tr e
% L

9
Purg

Solutions of the quark gap equation in RL
with a realistic quark-gluon interaction.

|
___,.__.___,._
*

+ beyond LA.

é@@ﬂ q.

)
@ [,
0@



Gravitational form factors: CSM ingredients *

ol s ¢ G\l - P (¢ )
I A T R | ﬂ——P—— Slk-=II'; #.*—J”
o o [ of (- 3o Dhs(e- g (G )
F,up ) _EQ f _._E_g
f:r(.f. E+E_)Im,( + Q)S(L ; ‘2)]

+ beyond LA.

Solutions of the quark gap equation in RL |
with a realistic quark-gluon interaction. = . e

Solutions of the Bethe-Salpeter equation
with the corresponding RL kernel, derived P
from the realistic quark-gluon interaction.

The interaction parameters are properly fixed such that: m,=0.14,m,=0.49,f ,=0.095,f,=0.116[GeV ]
but one can also consistently compute with an effective interaction relying on the PI effective charge.
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Quark-tensor vertex

E T r_g _9 y r_E h . 9 Q
-“tm,{F..fJ}—:uL_Tlllﬁ(a ? p E).ﬁ(a E)I;(£+4.F+E)

(ke P (e P oMefk B0
5(£+E+Ejlm,(ﬂ+gQ)&(L"FE E)]

g k+§+§ + beyond LA.

Quark-tensor vertex (QTV): The brand-new ingredient
encoding the interaction of a quark and a spin-2 probe.

— - I'x =—— | To be determined by its DSE, but also its Ward-Green-
; = g k — g P+ % Takahashi identity (WGTI) and other symmetry

properties.

As the quark-photon vertex (QPV), QTV obeys its own DSE:
iT™(P,Q) =T (P,Q) + f KO(P,QIP, Q)™ (P, Q) + A™(P,Q)
H_/ A ~ J H_/

Tree-level |IA Kernel Symmetry-restoring term

iTh"(P,Q) = iy" P! - g" S (P)
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Quark-tensor vertex

R AT AT Y
-“tm,{P..fJ}—:uL_Tlllﬁ(a ? p E).ﬁ(a E)I;(£+4.F+E)

'~-I.-£ 9" E ‘1-2_9
f:r(!..E+Ejlm,(ﬂ+g.f))5(£-rg z)]

g k+§+§ + beyond LA.

Quark-tensor vertex (QTV): The brand-new ingredient
encoding the interaction of a quark and a spin-2 probe.

— - I'x =—— | To be determined by its DSE, but also its Ward-Green-
; = g k — g P+ % Takahashi identity (WGTI) and other symmetry

properties.

As the quark-photon vertex (QPV), QTV obeys its own DSE:

iT™(P,Q) = T4 (P,Q) + f K®(P,QIP, Q)i (P,Q) + A" (P.Q)
\ ) A\

J
~ H_/
Tree-level |IA Kernel Symmetry-restoring term
frf: b { P Q J = ?-__}.p Ps” = ﬂ'WSJ] ( Fr‘) I.C;.rziarlnccilllailtzsc?wn WGTI, constraining its structure from symmetry

Q. (P.Q) = P's”\(Py) - PyS™'(P)




Quark-tensor vertex

29

A symmetry preserving quark-tensor vertex can be minimally built as:

i (P,Q) = iT% (P,Q)P! - ¢"S™(P) +iT%4(P,Q)P! +iI%(P,Q)

QL™ =0



Quark-tensor vertex

29

A symmetry preserving quark-tensor vertex can be minimally built as:

it (P,Q) = ilY,(P,Q)P! - 9§ [P}HI“(PQ]P’W ™ (P,Q)

-;Tj,‘j’(F. Q)
This part being fully determined by the quark-propagator and QPV,

— TH I i

=0 +I7, Q7=
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)
QI (P.Q)=S"(P) - S(F)

14

Ty (P.Q)= )Y F(P*.Q*P-Q) 7" (P.Q)

=1

QI =0
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Quark-tensor vertex

A symmetry preserving quark-tensor vertex can be minimally built as:

i (P,Q) = Ty (P,Q)F - ¢S (Fs} Filp(P, Q)P +iT'p (P, Q)

;m
;]'-'L (F Q} Qr;rf;-“ = i
This part being fully determined by the quark-propagator and QPV,

This, a priori unknown,
H = I"E 4 Il Q“r“ can be obtained from
’ solving the
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)

iQ, " (P,Q) = §~Y(P;) - S™Y(P)

14
Ty (P.Q)= )Y F(P*.Q*P-Q) 7" (P.Q)

f=]
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Quark-tensor vertex

A symmetry preserving quark-tensor vertex can be minimally built as:

i P _s]“{P Q)P’ - ¢"'S~Y(P) + r[“(PQ]P” HI (P, Q)

: ;w
'ITL (F Q} Qr;rf;-“ = i

This part being fully determined by the quark-propagator and QPV,
This, a priori unknown,

[# = r{,: - T'f;, Q“r“ can be obtained from
’ solving the
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)
i PP =58P =8(F v
WlL(P Q) (Fp) () setting ' = I'"is sufficient to produce a

sensible result for #(()*) , it is convenient do not
spoil this outcome.
14

7' (P.Q)= ) F(P*.Q*P-Q)7"(P.Q)

1=1
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Quark-tensor vertex

A symmetry preserving quark-tensor vertex can be minimally built as:
i (P9 _sl“{P QP -¢"s [P} b r[“(PQ]P"} i (F.Q)
i *;j’(F. Q)

QI =0

This part being fully determined by the quark-propagator and QPV,
This, a priori unknown,

[# = I"E 4 Il Q“r“ can be obtained from
’ solving the
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)
i PP =58P =8(F
WlL(P Q) (Fp) () setting ' = I'"is sufficient to produce a

sensible result for 4’;:{3 | , it is convenient do not
spoil this outcome.
14
;T’”’{P. Q) = Z F-[F!. E'JE. P.Q) T-""{F. Q) Capitalizing on the latter, we propose the following
- = ; “ minimal representation:
1=

Iy (P.Q) = Fy(P:Q%P-Q)rfs(P.Q) =il (Q°¢" - Q"Q") Fis(P*,@*, P-Q)
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Quark-tensor vertex

A symmetry preserving quark-tensor vertex can be minimally built as:

it (P,Q) = il (P,Q)PY - ¢"S (F‘} TGP, Q)P 4T (P,Q)

: ;m
iy, (P,Q) QLY =0

This part being fully determined by the quark-propagator and QPV,
This, a priori unknown,

H = I"E 4 Il Q“r“ can be obtained from
’ solving the
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)
i PP =58P =8(F J—
WlL(P Q) (Fp) () setting ' = I'"is sufficient to produce a

sensible result for #;(()°) , it is convenient do not
spoil this outcome.
14
T (P,Q) = z F(PLQ*P-Q) 7" (P.Q) Capitalizing on the latter, we propose the following
- = ; ) minimal representation:
1=

L (P.Q) = Fis(P*,Q°.P- Q)75 (P.Q) =il (°¢" - Q“Q") [Fis(P*,Q". P~ Q)

Then we proceed to solve the
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Quark-tensor vertex

A symmetry preserving quark-tensor vertex can be minimally built as:
i (P9 _sl“{P QP -g"'8 [P} - rl‘“(PQ]P“} i (F.Q)
;' *;j’(F. Q)

QI =0

This part being fully determined by the quark-propagator and QPV,
This, a priori unknown,

H = I"E 4 Il Q“r“ can be obtained from
’ solving the
Obeying its vector WGTI: (the transverse part resulting from the QV IBSE.)
i PP =58P =8(F J—
WlL(P Q) (Fp) () setting ' = I'"is sufficient to produce a

sensible result for #;(()°) , it is convenient do not
spoil this outcome.
14
T (P,Q) = z F(PLQ*P-Q) 7" (P.Q) Capitalizing on the latter, we propose the following
- = ; ) minimal representation:
1=

L (P.Q) = Fis(P*,Q°.P- Q)75 (P.Q) =il (°¢" - Q“Q") [Fis(P*,Q". P~ Q)

Then we proceed to solve the
i(@¢ —"Q") ®fl, -0, y- K, G‘wﬁKﬂQH}\ Can also consider more general
with similar results
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m;_x[rh[l (A-QP-Q)H(;._E)[ (£+2.p+9
Q Ik 2 2 2

T

9
J.riurg

Ih:'I"i:l

)

& o ; P Q
(k4349 1w (k+5.0)3 (k43 -3)

+ beyond LA.



Gravitational form factors: Algebraic Model

30

A (P.Q) _1/11 I (
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¢

ket pe

¢

7

s(g

P
i it o
2

Q
2

)

‘[.i
|1;m (ﬂ. T E{g)

/\*

S(p) = (—iv-p+ M)AM(P?), Am(p?) = (P* + M?)™!

9
P+g

Ih:'I"'.'.I

) ., 0
(H—f E)
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+ beyond LA.
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¢

e @QVafs F
l(ﬂ o E)‘J(A E)

s(g

S(p) = (—iv-p+ M)AM(P?), Am(p?) = (P* + M?)™!

]" -
Lxik; P) =ivs /—1 dw p(w)Anm (k3) , {

ko =k + (w/2)P

FJ‘

'+ =+

2

Ap(8) = M2Ap(s)

2)

[.-(Iw—"JP J)I

‘{J
ﬂ+—fJ

I

+ beyond LA.
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i | i (k=2 P2 elp-S . (142 P4 2
§o bl @ = [ 1] (k-2 2-2)s(k-E)r 1+ 2p+9)

/\“*

+ beyond LA.

E

9
Purg
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Results: Pion’s GFFs

- Recall the GFFs are extracted from: Aw(P.Q)=2P, P,05(Q%) + ; (Qzﬂuu ' Q,gf,’,,] 01(Q*) 4 E”?iﬂaww

. 0
> H._}{Qlj |s well described by the part of the QTV that satisfies its WGTI alone:

ey Vg _pvro-lip
QT (P,Q) =FS (Pf} Pf'5 (Pi) \ Which is fully determined by the

QPV and the quark propagator
1.0

- 8,(CF)

iT™(P,Q) = iT%(P,Q)PY - g"S™\(P) +iT}(P,Q)P!

J

0.8 L
iT¥ (P.0)
0.6
Overlap: Result obtained via the
0.4 computation of the pion LFWF and GPD
0.2 Herei l q P P
& = Herein , ;!:
/ drx Hp(z,£,—-A% () =0;(A =g EI' (A%)
we Qverlap =1
0.0 Raya:2021zrz
0.0 0.5 1.0 1.5 2.0 2.5

O° [GeVF
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Results: Pion’s GFFs

- Recall the GFFs are extracted from: Auw(P.Q) = E’ﬂ,ﬂﬁ?{fg!} + ; (Qzﬂuu : Q,JJ,,] 01(Q*) 4 E”?iﬂaww
0

) (QE} Requires the inclusion of fully transverse pieces in the QTV; our minimal extension:

Ty (P,Q) = Fs(P%,Q%P-Q)fs (P,Q) =il (Q°%" - Q"Q") Fis(P*,Q* P-Q)

20 Rescaled to account for soft-pion theorem: Z{-}I[ﬂ) = ]
1 : St FIE
e = Fys (res.) A/ - The complete result: 14
1.0
§ 10 = &(d)
g 0.8
0.5
0.6
0.0
0.4
0300 0.1 0.2 0.3 0.4
CF [Gev?) 0.2
== COverlap
0.0
0.0 0.5 1.0 1.5 20 25

o [GeV]



31

Results: Pion’s GFFs

s : T . ; . ;
Recall the GFFs are extracted from: A (P.@) =2P, Hﬂz{ﬁ'}} + : (szw : Q,gfjr,] Hl(({ﬁ] r E”’iﬂaww
g H._}{Qij Is harder than ¢, (QE} (and than the pion electromagnetic form factor): 0

> |n fact, one finds: ry, ~= C'.ST'T;, '?".5'2{ 'Pﬁ{ d,

1.0 - o /

08 - 8(d) Not an accident! Can be proven via GPD
Raya:2021zrz
06 L
- 6(0)
0.4 0.8 - F|| [ﬂz}
0.2 = Herein 0.6
o Overlap
0.0 0.4
0.0 0.5 1.0 1.6 2.0 25 |
UE
@ [V 0.2
Overlap: Result obtained via the == Qverlap
computation of the pion LFWF and GPD [;..3
0 0.5 1.0 1.5 20
O° [GeVF)




Results: Mass distribution %2

- Recall the GFFs are extracted from: Aw(P.Q) = gﬂ‘ﬂ,ﬂ?{ff} + ; (Qzﬂ;w - Quty) h(Q%) + E”F-Iiﬂaww

. 0
- 9._}{(23) Is harder than f, (Ql} (and than the pion electromagnetic form factor):
1.0 > The charge and mass distributions:
= &(0) y |
08 = Fa(@) p(r)=— [ dAAJ(Ar)Fp(A%)
i {]

0.6
)
0.2 = Henein

= Qverlap
09

0 0.5 1.0 15 20
& [GeV*]

Overlap: Result obtained via the

computation of the pion LFWF and GPD

Raya:2021zrz




Results: Pressure profiles
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> Pressure and shear forces are obtained from 91 (QE)

pp(r) = | / xn’ﬁ i sin(Ar)[A%0) (A?)]
[

2E(A)

G2y

1'

= Qverlap I
: Herein |
J

00 05 10 15 20 25 30
(QGev):

|

AM: Ingredients from Overlap but using the
diagrammatic approach discussed herein.

Raya:2021zrz

.

J

sp(r) = 82 [ﬂ b oo J2(Ar) EMHT(&J]

2E(A)

0.20 -
= Fp(r)

[ imi)

0.0 0.5 1.0 1.5 20
r [im]

Shear forces are maximal where the
pressure shifts sign, i.e. where confinement

forces become dominant.




Results: Kaon’s GFFs and profiles
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Results: Kaon’s GFFs and profiles

1.0
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Results: Kaon’s GFFs and profiles
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QKE
H IR
Q
Fiu-'
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Z i S S 2 %
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Results: Kaon’s GFFs and profiles >
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Summary and scopes

- The EHM is argued to be intimately connected to a Pl effective charge which enters a conformal

regime, below a given momentum scale, where gluons acquiring a dynamical mass decouple from
interaction.

~ Capitalizing on the latter, two main ideas emerge: (1) the identification of that decoupling with a
hadronic scale at which the structure of hadrons can be expressed only in terms of valence
dressed partons; and (ii) the reliability of an all-orders evolution scheme to describe the splitting of
valence into more partons, generating thus the glue and sea, when the resolution scale decreases.

~ Key implications stemming from both ideas have been derived and tested for the pion PDFs.
Grounding on them, Lattice QCD and experimental data have been shown to confirm CSM results.

» The robustness of the approach based on all-orders evolution from hadronic to experimental scale
has been proved with its application to the pion and proton case; and used to produce, via reverse
engineering, results for pion GPDs and mass density distributions from data.
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Summary and scopes

We have described a CSM based computation of the pion GFFs, the new-brand ingredient for which
is the QTV entering the game.

The obtained results expose the robustness of the framework and the importance of symmetries:
- Both QPV and QTV obey their own WGTI
- This is sufficient to produce a sensible result for 4'3':[:{2

- Beyond |.A., additional diagrams are crucial to ensure ¢(t) = 0, but not needed for the two

other form factors. 04

> Physically meaningful pictures are drawn:
> Charge effects span over a larger domain than mass effects
~ Shear forces are maximal where confinement forces become dominant

> Other hadrons are within reach:

~ we can analogously proceed with heavy quarkonia
~ and, capitalizing on Faddeev amplitudes, compute proton GFFs

To be continued...
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