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QCD and hadron physics

» QCD is characterized by two emergent phenomena: Higgs® masses
— confinement and dynamical generation of mass (DGM). @ @ Muja = 0.004 GeV

G’ m == 0.095 GeV

m, ~ 0.940 GeV ~ Pions and

Gluons and quarks have never been seen isolated in
nature; only colorless bound states (hadrons) have.

S Kaons emerge
@ el B as QCD’s
. U €A (pseudo)-
2y Goldstone
i my = 0.140 GeV bosons.

my =~ 0.490 GeV

Emergence of hadron masses (EHM) from Dynamical Chiral Symmetry Breaking (DCSB)
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LFWFs, PDFs and PDAs from DSEs

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

/ i _ The approach:
| | [ ) Compute everything from the
— > PDAs _ .
BSWFs LFWFs | LFWEF, obtained from solutions
Overlap of quark DSE and meson BSE.
Project onto . < Already on the market:
the light-front representation PDAs, PDFs, Form factors. .
p S K. Raya et al., arXiv: 1911.12941 [nucl-th]
p ) Z-F Cui et al., arXiv: 2006.14075 [hep-ph]
wmep  PDFs
GPDs

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

) i _ The approach:
i | > PDAs Compute everything from the
BSWFs > LFWFs LFWF, obtained from solutions
of quark DSE and meson BSE.

Project onto Overlap Alread :
\ . v y on the market:
the light-front representation PDAs, PDFs, Form factors...
p S K. Raya et al., arXiv: 1911.12941 [nucl-th]
a D Z-F Cui et al., arXiv: 2006.14075 [hep-ph]
—— PDFs
GPDs
@ \/ € : hadron scale
Form
Factors u : 1 2 T4 2,
Factorization approximation: o 2 _ % gaid
- f‘”‘" S.-S. Xu et al,. Phys.Rev.D97094014(2018) | Y1, (@, kT :CH) = wiy(@: Cu )vgy, (K1:Cn)
|z | : g d’ky ||+ . sl
f” u'”[.r: Cr) = Hy (x,0,0:(y) = / Hjﬁi ‘L‘_ﬁ” {i- k% : QH]‘)‘J
=) £ =



LFWFs, PDFs and PDAs from DSEs

- Goal: get a broad picture of the pion/Kaon structure.
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The approach:

Compute everything from the
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of quark DSE and meson BSE.
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LFWFs, PDFs and PDAs from DSEs

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

) i | The approach:
i | > PDAs Compute everything from the

BSWFs > LFWFs LFWF, obtained from solutions

of quark DSE and meson BSE.

Project onto Overlap Alread :
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Form
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Factorization approximation: o 2 _ & gaid
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Direct connection between meson PDAs and at the hadronic scale, & 1, grounded

on the factorization approximation, only valid for integrated quantities and not beyond &
due to parton splitting effects.




Beyond factorization: PTIR

Modeling the LFWF: S-S Xu et al., PRD 97 (2018) no.9, 094014.

» Considering the Kaon as a example, we employ a Nakanishi-like representation:

o d
""n"k:r,fj{ﬁﬁ'hi Pr) = Mk Py) / dw p(w]Dk; Py)
o 1

— > eoa——

1
1: Matrix structure (leading BSA): s 3

M(k; Pr) = —=vslv - PeM, 4+ v k(M, — M,) + 0,,k, P,
2: Sprectral weight: To be described later.
3: Denominators:  D(k: ) — A%, M)A((k — Pi)®. MHA(RE [ A% .
where: A(s, ) = [s +1]71 A(s, 1) = tA(s,1) .
> Algebraic manipulation yields: ]

xﬂf}{k-i": Py ) = Ml(k: Pg) / da Iy (a0’ (@), 0 = (k= aPg)* + Q%

> p.(w) will play a crucial role _
) d Scalar function:

in determining the meson’s

observables. N 120 1 | Nl
-~ Realistic DSE predictions will V(o a”) i L dv - dw / o du

help us to shape it. : o
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Beyond factorization: PTIR

Modeling the LFWF S-S Xu et al., PRD 97 (2018) no.9, 094014.
> The pseudoscalar LFWF can be written:
[ t.';g'{.r.ﬁ'ij — trep / d(n -k —an- Pg)vsy-on 133}[#_5': Pyl .
o el
> The moments of the distribution:

3 ) . ] . 1 - jru' m . .
< a" o= dra™ > (x, kT ) = = : ey (k™ P
f P I/.” L. L i I-|I | ! jh' 1 - IF.} I/I.M l” . f}] hE 'r'!-'lll..h [ i) ,:I

! |12 |
/ dovar™ [ f--_:uh-(n;m;.} c Viloo®) = [M,(1—a) + Ma|X(a: %) .

I

Uniqueness of

. 1
L 12
Mellin moments —) i.-'}l_— (2, K |} = —

2 e
Y L)

~ Compactness of this result is a merit of the algebraic model.

- The explicit form of p, (w) controls the shape of PDAs, PDFs, GPDs, etc.

)~ [t




Beyond factorization: PTIR

Modeling the LFWF:

> Asymptotic model:

5 J o(z) ~ x(1 — x) Asymptotic PDA
Prlw) ~ (1 —w™) — - | )
I g(x) ~ |z(l — z)|° Free-scale PDF
C. Mezrag et al., PLB 741 (2015) 190-196.
C. Mezrag et al., FBS 57 (2016) no.9, 729-772

> Experience and careful analysis lead us to the following flexible parametrization
intended to a realistic description of meson DFs:

> Employing PDFs and PDAs as benchmarks:

Pl mp M. M, Ap b wh vp
0.14 0.31 M, M, 0316 123 0
Kl 049 031 12M, 3M, 0.1 0.625 0.41

=\

Typical values of constituent quark masses, from realistic
DSEs solutions.




Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure.
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The approach:

Compute everything from the
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from quark DSE and meson BSE.
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PDAs, PDFs, Form factors...
K. Raya et al., arXiv: 1911.12941 [nucl-th]
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Off-forward extension of PDFs
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure.
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Off-forward extension of PDFs
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure.
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:

; iy
Hy(z,E.t: () = _”_”(.r “Hi'.:H) u-”('rﬂ_c:u:)ﬂ}” —_”I _ d.] s CH
W) 41 Ly '[. | £ | + £ ; M (1 E,}J
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:

J

T | A "'-i : A\ J":'f: ) i —f[l —.4']3
If.‘lfl:.‘r"s-"ll: ':-”}_ ll.l. e (] .;';I"-”) e (l P E”‘”)q}.” “—I:,‘::J:'::”
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“ITFE
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Realistic (CSF) FF prediction gy

0
Realistic (CSF) PDF Realistic GPD ¢ . :
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:

f : i g i ~1(1 _-']3
Hyi(x, &t y) = 'l... H”(] f:l..H) ””(I : E:m)ﬂ}_”(ﬁ:{:”)
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I
2k (
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s 4 L T
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e Only the first derivative implies: [combining quark and antiquark GPDs]
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— ZGH = : &
Be M - a2 + 2(1 + S x2)3

'/
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:

- L 2=t 24+€ \au f—H1—2)?
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e Only the first derivative implies: [combining quark and antiquark GPDs]
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d 2 in terms of the meson’s EM charge radius
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e The impact-parameter GPD
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Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:

YT T+E —t(1 — z)?
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e Only the first derivative implies: [combining quark and antiquark GPDs]
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s 4 L T

z =1}
=

ad . r"'ff! in terms of the meson’s EM charge radius
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e The impact-parameter GPD reads (within this approximative framework)

N SO 0
Me 12, | EHET sids _u 2 by
il {.r : -!IIJ_‘.‘I?H] —fl — ,g'jg i —jﬂ_ ';I}.'h’("‘: i -[':” ]I.IU [ — o
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Compact expressions in terms of the PDF and @y,



Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:
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Pion’s case
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Compact expressions in terms of the PDF and @y,



Off-forward extension of PDFs

- Goal: get a broad picture of the pion/Kaon structure from the factorization assumption:
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Pion’s case
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e The impact-parameter GPD reads (within this approximative % 1.0

it J {r -!Ijilf” ] =

(b3 (z:Cn)) = [f#h_: b% u™

Compact expressions in terms of the PDF and @y,

" (2 ()

(1—x)2

~ F
sds _uw . o by =
[ > Parls™:¢u)Jo 3 &
Jopo =T l—-=x ¥ 0.5
> Cy T 5 54 R I
t_ b Ca)= 2rel(1 — z)*lu™ (z; Cu =
Ly U = e — :
3 N {2) e 0.0
A

- PTIR
= (Gausgian
= Sealp-froe

Mean-squared transverse extent

0.8




Inputs: PDFs and PDAs from CSF

Symmetry-preserving DSE computation of the

Dilation

owing to CSB and
hence to the EHM

i i i i i i i i i

L ] 1 1 1 1 L | ] L L 1 1

valence-quark PDF: 1'2:

[L. Chang et al., Phys.Lett.B737(2014)23] 1.0t

[M. Ding et al., Phys.Rev.D101(2020)054014 0.8 -

':‘ L) = N TI/ I{'ﬁ"ra}ff(;"r;r;:ﬁ} E’HJJC} E b

E 0.6}

S i

i x {n- - [II (kqa; €)S(kni €)]} 0.4}

0.2+

{ECH = 15.2712(1 — x) []-
x [1 —2.9342\/z(1 — ) + 2.2911x(1 — x))'/? D

r:'”[.."; Crr) = Hyy(2, 0,05 () oc |;:{r[d‘:{”}|2

PDA computation using the BSA obtained with >

the DB kernel:
[L. Chang et al., Phys.Rev.Lett.110(2013)132001]

o erg(z:Cn) = NetrZa(Ch, -'”[

¢ ok

o8 () = 20.227 2(1 — )
x [1 — 2.5088 /(1 — z) + 2.0250 z(1 — z)]

A
|: rj'}l' Y ”h‘l!{'ﬁ':,n,l I (,-H}

0.4 0.6
X

uP (x; Cor) = npa?(1 — z)?

o = 2
X [1 +ppz® (1 —2)F +pz®(1 —:a:]lﬂ"]

T Cui et al., arXiv:2006.14075

ne pe §is ap e
x| 37153  -251 203 10 1.0
K 209.2 5.00 -5.97 0.064 0.048

Both computations scale-independent, albeit describing properly the hadronic degrees of freedom
only at the hadronic scale, at which they can be successfully comparable with each other!




GPDs from LFWFs 7

2 ; — 1-xA 1-xA;\?
Pion GPD: & (z.¢t:¢n)= f{ml;ﬁr-’#: (T_Er(kl"i‘l_i‘;f) f-’.’n) n.;(I+E-(k.'.— x—l) =Cu)

1+ £ 1+£ 2
£=0: Valence-quark overlap GPD and forward PDF limit
f.!*? H (%,0,8%84) ” i
'I :' -1 ; wa (R | X = n
fé}# 2?:* : =% = - DSE
wf E 3
£ 1.5
g : =
r 5
1 Z 1,0
1 5
0.5
¥
. rern R AR RN A
0 0.5 1
0.0
=" 0.0 0.2 0.4 0.6 0.8 1.0
15 ;

Factorized gaussian ansatz:

» : 2 Z2=EY L [2+E _ —trz(l -z}
HI(x, £.t:{y) = Mz — &) u (l—-{)u (I'E'E) "IKT-'( E{IE}E"{I—EE})

The only (additional) input needed to fix an approximated
i compact result is the pion charge radius
| &

0.0 e O 0.6 08 10 PDG: r,=0.659(8)fm  DSE: r,=0.69fm|[PTIR]

Hi(6,0,-87:430)
=

0.5




GPDs from LFWFs

. 2k ? — g [T, Uk 1-xA;%?
Pion GPD: & tx.a-r:cnzl=f‘ vl (“ : (k_L+ "‘—L) :::n)u-L‘u(“E (k_. = l) =CH)

1=z 1=% 2 LEE*'Y ™ L1FE T

Valence-quark overlap GPD and forward PDF limit

E.ﬂ vy (%) = Hrain
- DSE

0.0 0.2 0.4 0.6 0.8 1.0

Factorized gaussian ansatz:

sresscn - we-ofe (20 (59 (%)

The only (additional) input needed to fix an approximated
compact result is the pion charge radius

0.0 e O 0.6 0.8 10 PDG: r,=0.659(8)fm  DSE: r,=0.69fm|[PTIR]




GPDs from LFWFs

d*k
Kaon GPD: #; etcn - [ s

ool

i = Makanishi
| == {(3gussian

Hig(x,0,:5y)

-tr2=0,2, 5,10, 20

1.0

R 1-xA; EI 1 -T-+-E( I—KQL)E_
1-5’(RL+1-5T) ":”)“-ﬂ"(l_-h{' ki_mT oH

Valence-quark overlap GPD and forward PDF limit

of —ew -
15
>
'z,;m |
os| //

[t | <ok aty aby \
0173

CDSE | 0471 0.270
0 Herein | 0468 0. 266G 0.170
'g.ﬂ 0.2 0.4 0.6 0.8 1.0

Factorized gaussian ansatz: A

Hylz&t4n) = ﬂ{:ﬂ—&}\/uﬁ(?:i) “h(fié)

—tri (1 -z)?

xexp | —
( (498 + 201 +9)e2in) (1 - )

The only (additional) input needed to fix an approximated
compact result is the pion charge radius

PDG: r,=0.560(31)fm  DSE: r,=0.56fm[PTIR]




GPDs from LFWFs i

2 . B 2 - 2
Kaon GPD: HE {ir~£-f=(fr:|=/-d.kl1"T+* (‘l : (k.L+ - xﬂ) '-f-fn) t."}fu (i'IE (k_ : xﬁl) =CH)

16w Ke\1-¢° 1=% 2 LEE*'Y ™ L1FE T
t=0: Valence-quark overlap GPD and forward PDF limit
i Hi (x,£,0:¢u) 51 ool = @M iy s
£ 057 L ? T 7 e - DSE
1.5
1.0_{_: ,&
- <10
- 3
L i /f
) & fofn | <y <oof <o 3
ol ) DSE | 0471 0.270 0.173
':'a" Y i Herein | 0468  0.266  0.170
2.0, ; ; 'g.ﬂ 0.2 0.4 0.6 0.8 1.0
[0 S e AN 20 Factorized gaussian ansatz: X
| == (3aussian
1.5
E 4 u . = e K T — { K T+ E)
E ;..-"' Hh-{I.vE,t-.{H} ﬂ{:ﬂ E}J“ (1 _E) u (1 s
= 1.0 BT, i TR, .
__‘% [ — Erg(l —a)
5 | (48 + 21 +5)2)§ ) (1 - €2)
The only (additional) input needed to fix an approximated
compact result is the pion charge radius

PDG: r,=0.560(31)fm  DSE: r,=0.56fm[PTIR]



GPDs from LFWFs

Valence-quark overlap GPD and the EM form factors Kaon form factors:

Fu(—t) = euFiy(—t) + eg Fy(—t)

0.7
Fit (—t) = /1 deH (z,€,t:Cxr) _08
M J A M % 0.5
S,
- 0.4
: a0,
Pion form factor: ﬁ;ﬂ 2
Woe
=]
0.1
0.5
ﬂ.ﬂr
0 1 2 ] 4 g 6
T s A% | [GeV?)
@O
S, 0.3}
)
< 0.2
w g
'i"\lld M
0.1 — Gaussian —
=2
0.0 ] =
0.0 0.5 1.0 1.5 2.0 2.5
A? [ [GeV?

A% | [Gev?]
PDG: r,=0.659(8)fm DSE: r,=0.69 fm|PTIR] PDG: r,=0.560(31)fm DSE: r,=0.56fm|PTIR|
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GPDs from LFWFs

o e'f.":'l.l

Pion IPS GPD:  «™(z.b%:¢k) =L —= A Jo(brAy) Ha (& t:Cn) g

2.0

The probability of finding the pion’s u-quark (x>0)
or d-antiquark (x<0) at a distance b, away from
the CoTM peaks up at a small but non-zero value
and at |x| near 1.

1.5
2mb, quix.b, %) ry

32
2.8
2.4
2.0
1.6
1.2
0.8
0.4

This probability density at x=cte. peaks around a
maximum at non-zero by ; the larger is x, the
smaller b, and the narrower the distribution.
The larger is the momentum fraction carried by the 0.5
parton, the more it bears on the CoTM definition.

21 B, Qnl(%,0, )5

35
3.0 x=0.85,0.60,035,0.10 | "0 05 0.0 05 10
X
25 = PTIR Factorized gaussian ansatz:
== Gaussian 2 _ : _
2.0 g™ (z B2 ) = Y (Cu ) a™ (|z): Ch) f'xll(— Yl(Cr) h;j )
1.5 ;
3z )
il T (Gr) = LS (q=ulx=0],d[x=0])
02 The only (additional) input needed to fix an approximated
0.0 compact result is the pion charge radius

PDG: r,=0.659(8)fm  DSE: r,=0.69fm|[PTIR]

b, Ir;



GPDs from LFWFs

Pion IPS GPD: ™ (w.b%:¢k)

f-’:’ ve'f.':'l.J_
o 27

The probability of finding the pion’s u-quark (x>0)
or d-antiquark (x<0) at a distance b, away from

the CoTM peaks up at a small but non-zero value
and at |x| near 1.

(|z]. bL /r=)=(0.91,0.065)

This probability density at x=cte. peaks around a
maximum at non-zero by ; the larger is x, the
smaller b, and the narrower the distribution.
The larger is the momentum fraction carried by the
parton, the more it bears on the CoTM definition.

3.5
=0.85, 0.60, 0.35, 0.1
3.0 EEn U, Urdos (k10
25 = PTIR
= (Gaussian

rn
o

n

2 B, Gn (%0, )5

=k
=]

=
n

=
o

b, ir,

Ay JalthrtAy) ”;-,r-'{="~£= £ ':H:'lg—n

2.0

1.5
2mb, quix.b, %) ry

32
2.8
2.4
2.0
1.6
1.2
0.8
0.4

-0.5 0.0 0.5 1.0

Factorized gaussian ansatz:

10

o 12~ _ Yr€u) a™ (|Jzl;Ch) (_"J?T('::H] b1
a" (&,01;¢n) = ard (1 - |z))? S — |z])? r&
2 2N C
Yo () = XN (q=u[x=0],d[x=0])

)

The only (additional) input needed to fix an approximated
compact result is the pion charge radius

PDG: r,=0.659(8)fm  DSE: r,=0.69fm|[PTIR]
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GPDs from LFWFs

= di

. { = d"i.'_ | / | a
Kaon IPS GPD: uh (z, hi:{:”] =‘/[; = Ay Jalbi L) Hh,-{.r:.{.i:t:u:lli_” Gaussian LEWF

The flavor asymmetry is made manifest by the

comparison of u-quark (x>0) and s-antiquark (x<0)
probability densities: the heavier parton, carrying a 1.5
larger momentum fraction, is more probably found

close to the CoTM, to the definition of which it

armr b;. ﬂx.’{x-fhe] i

tad
contributes more than the lighter. " B
= 1.0} s
(] by /ra)=(0.84,0.17) 5 &
(x|, by /rx)=(0.87,0.13)

Same picture: qualitative and semi-qua
agreement!

3.5
0.0 ]
3.0 x=0.85,0.60,0.35,0.10 | =10 -0.5 0.0 0.5 1.0
X
25 - PTIR Factorized gaussian ansatz:
5 == Gaussian

= b3

v (Cr) af (|zl;Ch) (_ TriCH) b
w2 (L=la? \ (G-l
e 1+4, .

’Iﬂh"{(:ff.]:{”'z}:}”‘*' ;(I'E:'f;" (g=u[x=0],s[x=<0]

gh (z,b7:Cn) =

)

:;.IJ

S——

The only (additional) input needed to fix an approximated
compact result is the pion charge radius

PDG: r,=0.560(31)fm  DSE: r=0.56fm[PTIR]

'b.l. F-r K



Meson gravitational Form Factors

> Gravitational form factors connect with Energy-momentum tensor and are obtained
from the t-dependence of the GPD’s 1-st Mellin moment:

]
O, (—t) = O3 (—t) + 0)'5 (—t)

1
[ :J’.e'.i‘HE,I{',x'.E. Lty )= H;ﬂg{_f} = Egﬁ:ﬂ?(_f} Owing to GPD’s polynomiality:
J-1

mass distribution

1
[ r.lr.r-rHE.' (£,0,f; () = I'rT";I'l‘1 (—1)
|




12

Meson gravitational Form Factors

> Gravitational form factors connect with Energy-momentum tensor and are obtained
from the t-dependence of the GPD’s 1-st Mellin moment:

M
O (~t) = 015 (—t) + 615 (—1)
1 v 2My Owing to GPD’s polynomiality:
0, " (—t)|— €76, " (—1) :

ff.e'.rHE,.I{,x'. bt )=

1

mass distribution L
1
[ r.!".r-rHE.lI{-r, 0,t; () = ﬁ:‘i(—fj
J=1

Define the mass-squared radius:

Ak 0 d
' — {L} _f
[FM} om0 A=) 2"V

Pion case
_ 22?2
=T {EE};:TH < I,

22®(1- )i _ 1/2- (@) (@1-2))fx _
(x2)3% (22)3 (x2) 3

Also true for the kaon: i 0
et I v [T

0.81 | 0.78




Meson gravitational Form Factors

> Gravitational form factors connect with Energy-momentum tensor and are obtained
from the t-dependence of the GPD’s 1-st Mellin moment:

]
O, (—t) = O3 (—t) + 0)'5 (—t)

1
[ :J’.e'.i‘HE,I{',x'.E. Lty )= H;ﬂg{_f} = Egﬁ:ﬂ?(_f} Owing to GPD’s polynomiality:
J-1

mass distribution L \pressure distribution

1
[ r.lr.r-rHE.lli-r, 0.8: () = H;ﬂ"(—;‘j One needs both DGLAP (|x|> &) and ERBL (|x|<&) GPD to
. 1

derive the pressure distribution. . .
‘ Radon transform inversion

ERBL completion ——»—
‘ J-L. Zhang et al., arXiv:2101.12286

. 32":'-'
8,"
-__l\_-h_ __‘——___\_\_\____
0.2 R e o Y

12
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Meson gravitational Form Factors

> Gravitational form factors connect with Energy-momentum tensor and are obtained
from the t-dependence of the GPD’s 1-st Mellin moment:

]
My (—t) = ' (—t) + 60,5 (—t)

1
/ :‘f.e'.i‘HEﬂ{,x'.E. Lty )= H;ﬂ“‘{_f} = Egﬁl:ﬂ‘?(_f} Owing to GPD’s polynomiality:

1
mass distribution L \ pressure distribution

1
] .:.!’_:-_;-H,a(_r, 0,t; () = ﬁ;d“(—rj One needs both DGLAP (|x|> &) and ERBL (|x|<&) GPD to
-1 derive the pressure distribution

'J Radon transform inversion

ERBL completion 4»1

J-L. Zhang et al., arXiv:2101.12286

-

e

— 91 Kz == 31 Ku
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Meson gravitational Form Factors

> Gravitational form factors connect with Energy-momentum tensor and are obtained
from the t-dependence of the GPD’s 1-st Mellin moment:

M'H Ml.
0o (—t) = 0)5(—t) + 6, 5(—t)

1
/ f'!’.t'.rHE,l{,x'.E. Lty )= H;ﬂ“‘{_f} — Egﬁl:ﬂ‘?(_f} Owing to GPD’s polynomiality:

1
mass distribution L \ pressure distribution

1
] .:.!’_:-_;-H,a(_r, 0,t; () = ﬁ':""(—rj One needs both DGLAP (|x|> &) and ERBL (|x|<&) GPD to
-1 derive the pressure distribution

'J Radon transform inversion

ERBL completion ——»—
1 J-L. Zhang et al., arXiv:2101.12286

— 91’” == E1Hu
- g,K - Gy

9 [ra | 7% /7
1.18(6) | 1.19(6)

0.0 ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Meson gravitational Form Factors

Thus, the normal pressure can be sketched viathe | ~ _- S ’ : i
Fourier transform of the GFF: 0.08 e L
= 0.06 ! - P=K = Pz
g U ]
1 - A : 2 a 3 /
— = ¥
Px(r) Eﬂﬂrﬁ d&EE[&] sin (Ar) E.n"l th {.ﬂ ]I] .:E 0.04! [
= 0.02}f
Q 0.00}
Cy
-0.02
-0.04 1
0.0 0.5 1.0 1.5 2.0
r [fm]
0.4 f_\ T . And a shear pressure as:
- P=K s P=jT
£03 =i/mdﬁia‘ Ar) [A20, (A2
902
&
L 01 -
0.0t
0.0 0.5 1.0 1.5 2.0
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Meson gravitational Form Factors

Thus, the normal pressure can be sketched via the
Fourier transform of the GFF:

1 - A :
pelr) = = L d&EE[ﬂi} sin (Ar) E.&EE?] {.ﬂi]]

which displays a zero crossing lying around 0.5 fm
for both pion and kaon, indicating where forces
switch from “repulsive” (positive pressure) from
“confining” (negative).

L — F-in-K == u-in-K
- P=K = P=m

0.3
S
=0.2
&
L 0.1 R,

0.0l

0.0 0.5 1.0 15

0.08 \ -— F=in=-K == y-in-K
- P=K = P=m

 pe(r) [GeVim]

| R |

o o o

gDD
[ i TR

o
o
o
en

1.0 1.5 2.0
r [fm]

And a shear pressure as:

3 = A .
() = 27 A A sy Ain(Ar) [A%, (42)]



Meson gravitational Form Factors

Thus, the normal pressure can be sketched via the
Fourier transform of the GFF:

1 e A )
p=(r) = == L daEE[ﬂi} sin (Ar) E.&EE?] {.ﬂi]]

which displays a zero crossing lying around 0.5 fm
for both pion and kaon, indicating where forces
switch from “repulsive” (positive pressure) from
“confining” (negative).

i ___\“\ —~ T-in-K == u-in-K
Jrg - PsK = Pem

0.3 / / N
= /Lt
© =
Soa TR
|/ "
"L 0.1 R

0.0t

0.0 0.5 1.0 1.5

¢ [fm]

0.08 \ -— F=in=-K == y-in-K
- P=K = P=m

 pe(r) [GeVim]

B

i =t

® g8 8
NS

o
o
o
en

1.0 1.5 2.0
r [fm]

And a shear pressure as:

3 = A .
() = 27 A A sy Ain(Ar) [A%, (42)]

that peaks up roughly where the normal pressure
takes its zero, indicating that “repulsive” and
“confining” forces maximally interfere with each
other.



QCD evolution

DGLAP leading-order evolution of forward and non-skewed GPDs:

5 d a(C? L dy T
1@ = 5 [ P (3) aw

2.4 gy o) [ = 2Y o0,
{: {.JI{J__:_I'SI:I'] == ._1?1_ /:,- y {-Flr.li—t_r (”) S{_}j + ? lfﬂﬂ—ﬂ (U) g{_}:'}

! al(c?) [dy xr -
¢ =2 [ lp,(2)s0)+ P (2) m.u}}
d¢? dar J. v |7 \v T\ S

@= )

g=ti.d,...

Let’s illustrate with pion PDFs (forward limit)

Su@)= > alx)+a(x)

gq=t.d,...

14
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
5 d
2

o |al¢?) [ dy x
f_‘- dcg !'_ﬂ::ﬂ} = "’1?? L ?Pf-ﬁ—lj' (E) {.l‘{y:]

2 d_ - E”:':;_"}] l dy x i 2\ et
o o= ['B g (Y sty (2) o)

28 oy @) favfp (2 (2
'::-d{;.zg{i]_ A T I_rn—r; v 5(.U2|+jg1—g v

)Q(y}}
S = Y S@= Y 4@ +i)

g=ti.d,... gq=t.d,...

Approach: a charge is defined such that the leading-order evolution kernel gives all-orders
evolution.



QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)

ﬂl[(:E

Ef.ﬂ

dc2 {:““}i} = A fw{i }g
B
2 d T - _“'{Ch} { n T }
S fj[’;z {I } o 4 '*""{ } S Enf I'*”"{I }” Anomalous dimensions from splitting
o functions: 1
2 d n e ”'(C_} R S AT f TG o T L
{!{:3{; }:,r - _T { ll_l'jf;('!" }H I ij_n!’j{';" )_:;} fij — _. % dzz Fij(2)

Approach: a charge is defined such that the leading-order evolution kernel gives all-orders
evolution.

14



QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)

2
?—{E {1-“}"’5 — “{C n {1 }C Non-singlet (valence-quark) sector
2V Iq Yaq i
d( 4
b
2 d “'(CH} { m SRS KT }
Bog = Yaa '\ )& +2n r
¢ rft:‘:‘r{ } 4 'rr‘""{ }5 Sty I‘”{ }r" Anomalous dimensions from splitting
9 fd ¢ “.{C?} ; 2 functions: 1
T - : T o O P ey
ﬂr‘;—;:_r {'i’ }H - A { .’,rjr;{'L }H I .’,rj_f;{'!" }_:;} Iig — I/“ “Ilw- JFM:—_;[“"}I

Approach: a charge is defined such that the leading-order evolution kernel gives all-orders

14

evolution.

C : “experimental” scale

n A
(@) = (&™) ((2m)5) ™"

i

1 ¢
(22)5, = exp [””” / d—ya{y:v]

€, : hadron scale
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)

g g s n'{C? ¢
E{I }q o q{,r L }q
g d s ; - Singlet (sea and glue) sector
(j(ﬂ'g {I } 4 { IW{ }"' ot Ifm{r }”} Anomalous dimensions from splitting
] { functions: 1
..E ( T e vk AT f TG oy X - T O
dg:-:-'{ }n:,r - A { .f.r;r;{'L }H 5 -’gr,r_f;{'!’ ;J_:;} hij — ./u dzz H“_J[”}I
Approach: a charge is defined such that the leading-order evolution kernel gives all-orders
evolution. j . .y
C: “experimental” scale
A
Oyt /32
(™) = (=™)e ((2x)3) "
(@")s | _ g, ( (@2 Y e Jwct [ @R
(™5 " 0 [(22)§)A" /0 0
A 200 v (X0 - €  hadron scale
You Voo I W P

Modal matrix for the diagonalisation of the anomalous dimension array



QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)

2 O , ave_ “'{‘fg}n,n IV

'“!CE {‘I’ }q o A L L }q

2
.3 d . “'((,- } { Tt n }
i = — g o 2n (e
(jcg{ } dar IW{ } ot If”{ }” Anomalous dimensions from splitting
] (C? } functions: 1

.E [ n B ¥ Y. TR CA L AT f TG P P, - 5« (Y %

,r;'g:-:-'{ }n:,r = A { .’,r,fr;{“i’ }H + -’gr,r_f;{'!’ }_:;} 1 ./u dzz H“_J[”}I

Approach: a charge is defined such that the leading-order evolution kernel gives all-orders

14

evolution.

C: “experimental” scale

9T /32 All the information from the charge is encoded in the A
) valence-quark momentum fraction at the experimental
scale

@5 ) oy, (L@EPHe 0 1 [ (2am)r
( {.TH}E ) =Wa ( 0 {Ex}i]ﬂf‘rr'. ) Wn : ( 0 )

(a™)s = @")¥ ((22)s

M 2007, Y _ g (X3 0 - €  hadron scale
Vo  You 0 Am

Modal matrix for the diagonalisation of the anomalous dimension array
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)

e
o d {1"}‘: iy _“{C ) n ,I.n}f:
di2¥ 9T T gy e ia
E d T { { TG T }
i = — i 2n r
(j(;?{ } dar IW{ } ot Ifm{ }r" Anomalous dimensions from splitting
] (C? } functions: 1
g C ¢ U I N AT f TG oy T 2
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

14

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:
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Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-oreer evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution
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DGLAP teading-order evolution of forward and non-skewed GPDs:
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Let’s illustrate with pion PDFs (forward limit)
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14
QCD evolution: sea-quark flavor content

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP leading-order evolution of forward and non-skewed GPDs:
Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP leading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP teading-order evolution of forward and non-skewed GPDs:

Let’s illustrate with pion PDFs (forward limit)
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QCD evolution

DGLAP {teadirg-order evolution of forward and non-skewed GPDs.
Reconstruction of DFs from their evolved Mellin moments:
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QCD evolution
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Pion IPS GPD:  «(.t2:w) = [ S
The probability of finding the pion’s u-quark (x>0)
or d-antiquark (x<0) at a distance b, away from
the CoTM peaks up at a small but non-zero value
and at |x| near 1.

(], b /rs)=(0.91,0.065)
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QCD evolution
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Pion IPS GPD:  «"(.tt:¢w) = [ 5

The probability of finding the pion’s u-quark (x>0)
or d-antiguark (x<0) at a distance b, away from

the CoTM peaks up at a small but non-zero value
and at |x| near 1.

(], b /r=)=(0.53, 0.21)

The peaks clearly broaden, the maximum clearly
decreases and drifts towards lower values of the
momentum fraction, implying that the dressed
guasi-particles share the momentum with the
“interacting cloud”, losing identity!
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QCD evolution

*dAy

Pion IPS GPD:  «"(.tt:¢w) = [ 5

The probability of finding the pion’s u-quark (x>0)
or d-antiguark (x<0) at a distance b, away from

the CoTM peaks up at a small but non-zero value
and at |x| near 1.
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_ 217 b GuiX.b.i {2l
The peaks clearly broaden, the maximum clearly
decreases and drifts towards lower values of the 0.5
momentum fraction, implying that the dressed 0.4
guasi-particles share the momentum with the 0.3
“interacting cloud”, losing identity! 0.2
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QCD evolution

e 2 L 4
U X, b L — f

Pion IPS GPD:

The probability of finding the pion’s u-quark (x>0)
or d-antiguark (x<0) at a distance b, away from
the CoTM peaks up at a small but non-zero value 1.5
and at |x| near 1. o
(||, by /rz)=(0.53, 0.21)
The peaks clearly broaden, the maximum clearly
decreases and drifts towards lower values of the Rt
momentum fraction, implying that the dressed 3
guasi-particles share the momentum with the
“interacting cloud”, losing identity!
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Epilogue

Pion and kaon Bethe-Salpeter wave functions have been modeled, with the help of
either factorization approximation or PTIR representation, on the ground of a realistic
DSE estimate of PDAs and used to obtain LFWFs.
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Pion and kaon GPDs are then |
estimated, within the DGLAP
kinematic domain, from the overlap
representation of their LFWFs

| = e
------
] -]

Electric FFs, IPS GPDs and GFFs have been also obtained and
displayed, thus featuring the spatial distribution of the partons inside
the mesons.

Mass and pressure distributions have been also derived and, from

them, mass-squared radius that can be compared to electric charge
one. -
e All-orders evolution have been then applied and either with an

é + I empirical input or invoking the Pl charge, we accounted for
o RS reanalysed E615 data and delivered sea-quark and glue Dfs.
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Preliminary: owing to mass-dependent corrections for the
e i evolution kernels, evaluate flavor-separated sea-quark DFs and
contents.
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