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QCD: Emergent Phenomena

> QCD is characterized by two emergent phenomena: Loop = Y Gi[wuDu+myle; + GG,
. . . j=u.d,s....
confinement and dynamical generation of mass (DGM). ey T
D, =0, +igzA"A,
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* Quarks and gluons not isolated in nature. + Emergence of hadron masses (EHM)
> Formation of colorless bound states: “Hadrons” from QCD dynamics

> 1-fm scale size of hadrons?
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QCD: Emergent Phenomena

» QCD is characterized by two emergent phenomena: Loeo = ), GilwDu+msle; +5G,Gh

confinement and dynamical generation of mass (DGM).

Can we trace them down to fundamental d.o.f?
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* Emergence of hadron masses (EHM)
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QCD: Emergent Phenomena

» QCD is characterized by two emergent phenomena:
confinement and dynamical generation of mass (DGM).

Can we trace them down to fundamental d.o.f?
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* Emergence of hadron masses (EHM)

from QCD dynamics
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Mass Budgets

M, 4~ 0.3CeV

» What is the origin of EHM?

... its connection with e.qg.
confinement and DCSB?

> Most of the mass in the
visible universe is contained
within nucleons

> Which remain pretty
massive whether there is

Higgs mechanism or not...

EHM+HB HB EHM+HB

HB

EHM EHM

Proton mass budget Rho meson mass budget

m, = 0.938GeV ~ 2M, + M,
m, = 0.775GeV ~ M, + M,

Proton and rho meson mass budgets are practically identical



mg/my ~ 20

Mass Budgets My~ 0.3GeV  M/M, ~ 12

HB EHM+HB Hg EHM+HB

» What is the origin of EHM?

... its connection with e.g.
confinement and DCSB?

EHM

And Nambu-Goldstone bosons? e
Proton mass budget Rho meson mass budget
» Unlike e.g. proton and p meson, pion and
Kaon would be massless in the absence of ——_—
Higgs mass generation.

EHM

HB

* And structurally alike.

m,; = 0.14GeV # M, + My
myg = 0.49GeV # M, + M,

EHM+HB

EHM+HB
Pion mass budget Kaon mass budget



mg/my ~ 20

Mg~ 03GeV — M/M,~12

Mass Budgets

> What is the origin of EHM? Pion & Kaon

> Both quark-antiquark bound-states

... its connection with e.g. and NG bosons

confinement and DCSB?
> Their mere existence is connected

And Nambu-Goldstone bosons? with mass generation in the SM

» Unlike e.g. proton and p meson, pion and
Kaon would be massless in the absence of a——_
Higgs mass generation.

EHM

HB

* And structurally alike.

m, = 0.14 GeV # M, + M,
my = 0.49GeV £ M, + M,

EHM+HB

EHM+HB
Pion mass budget Kaon mass budget



ms/my, ~ 20

Mg~ 03GeV — M/M,~12

Mass Budgets

» What is the origin of EHM? eta-c mass budget eta-b mass budget

EHM+HB EHI EHM:HB  EHM

... its connection with e.g.
confinement and DCSB?

And Nambu-Goldstone bosons?

» Unlike e.g. proton and p meson, pion and
kaon would be massless in the absence of a——_
Higgs mass generation.

EHM
HB

* And structurally alike.

» The scrutiny of their heavier counterparts
reveals the role of weak mass
generation on the hadron structural
properties.

EHM+HB

EHM+HB
Pion mass budget Kaon mass budget



Continuum Schwinger Methods
(CSM)




Dyson-Schwinger Equations

Example DSEs

Equations of motion of a quantum field theory Quark propagator:

Relate Green functions with higher-order Green functions NI 1, m
m) Infinite tower of coupled equations.
~ Systematic truncation required

Gluon propagator:

AN

No assumptions on the coupling for their derivation.

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

AN

Not limited to a certain domain of current quark masses

AN

Maintain a traceable connection to QCD.

C.D. Robert and A.G. Williams, G. Eichmann, H. Sanchis-Alipus et al.
Prog.Part.Nucl.Phys. 33 (1994) 477-575 Prog.Part.Nucl.Phys. 91 (2016) 1-100



DSE-BSE approach
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Meson BSE

> Relates the quark propagator with QGV > Contains all interactions between the
and gluon propagator.

valence quark and antiquark

* Any sensible truncation must preserve the Goldstone’s Theorem, whose
most fundamental expression is captured in:

“Pions exists, if and only if, f?TE"T(k P — 0) — B(kz)

DCSB occurs.” @ @

Leading BSA “Mass Function”




Unveiling the pseudoscalars



L. Chang et al.,
Phys.Rev.Lett. 110 (2013) 13, 132001

Valence-quark distribution
amplitudes (PDAs)

fudy () = tr / 0, (kar)ysy - nxar(k—, P)

Light-front momentum fraction Written in terms of BSWF

* Analogous with quantum mechanic’s wave function (sort of).
* Clear probe of EHM, related with hard exclusive processes, etc.



Tt-K PDAS

ms/my ~ 20

M, /M, ~ 1.2

v Broad and concave PDAs.

v Mild skewing in Kaon:
strong & weak interplay.

(order of GeVs)
v Dominated by QCD dynamics.
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v Lattice QCD supports those findings:

Zhang:2020gaj Bali:2019dqgc Segovia:2013eca

Pointwise form of the PDA!.



Heavy mesons PDASs

v Largely influenced by
Higgs mass generation.

> Narrow PDAs.

@ real life
(order of GeVs)

v Narrowness also observedin

heavy-light mesons.
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M. Ding, KR et al.
‘Strange’ PDAS Physl.rl]?gev.D 59?2019)1,014014

v s-quark mass: interplay between 19
strong and Higgs mass-generation. . ;S
X I !
~ PDAs lie near the asymptotic S 06 A
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L. Chang et al.,
Phys.Rev.Lett. 111 (2013) 14, 141802

Electromagnetlc Elastic Form
Factors (EFFs)

K, Fy(Q*) = thl“/ Xu(k+ps, k+pi)Uar(ki; pi)S(k)yar (kg —py)

J dk /

All can be written in terms of propagators and vertices

A %. b
- - . - . . elastic form : -~
* Gives information on momentum/charge distribution. === 7
fm
* Pion EFF highly relevant for contemporary physics. [ S



REACHING FOR THE HORIZON

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE




Elastic Form Factors

B Testing scaling violations...
* Clear probe of the hadron’s 0.6 —
structure. o e e M Monopole fit
_ > B EIC projections |
> Structure manifests 8 0.4}
in F(Q?) != constant = E i F
_ e I 1 CSM prediction
e Connected with the PDA: Fozif T — { HS formula
S I _
83 () g 6x(; ) Ol JLab projections | Asymptotic EFF
TH m == = g R U —— 0 10 20 30 40
Q?/GeV?
S T.T(.e-..rug-’:zn.(cf::r;) HS formula : ) Q2>Q§ o
(at sufficiently large Q?) Q0 > AQCD | Q Fw(@ ) ~ 16’}1’(}53(@ )fﬂ'wgo?

> Factorization is a proof of the
validity of QCD itself. 1 /1 1
0

Lepage:1980f]) w@ 3 x QJ(PW(x) PDA



KR, L. Chang et al.,
Phys.Rev.D 93 (2016) 7, 074017

19O, (l2, 1)

Two -photon Transition Form
Factors (TFFs)

T,uu(kh k?ﬁ) — E#;;aﬁklﬂkﬂﬁ(—;ﬁﬁ.(kls kl : k:?.-.' kﬁ) 3

r:(llil;’)

d
T#,,(kl,kz) — tl‘/ (27'{) LQ)(#(:' fl)l“u (fl fg)%(fg)LQF (fz )

T

All can be expressed in terms of propagators and vertices

* Gives information on momentum/charge distribution.
* Pion TFF highly relevant for contemporary physics.




Two-photon TFFs

* Clear probe of the hadron’s
structure.

> Structure manifests
in G(Q?) != constant

e Connected with the PDA:

i

TA,ME(I.QQ:Q,,-(QQ:):C)
HS formula
(at sufficiently large Q?)
> Factorization is a proof of the
validity of QCD itself.

Q°Gr yn(@¥)217T (GeV)

| HS formula
= CSM prediction
1 Asymptotic TFF

Qz(GeVZ)

3Q0 > Aacp|Q*G5(Q7) o fswy

B PE . @
w@:§/ d/x;gow(x) <“— PDA
0



TWO-phOton TFFs KR, L. Chang, A. Bashir et al.,

Phys.Rev.D 93 (2016) 7, 074017

035 rrrr|yrrrrprrrere e r e
 The CSM prediction satisfies the Abelian § ]
anomaly, while being faithfully recovering _ 0.30¢
the asymptotic limit. g 0.25}
: . & :
 Adilated+concave PDA, at the hadronic o 0-20¢
scale, connects both pion EFF and TFF. T 015
=
* Precise agreement with all experimental '&L; 010
data; except for Babar at large Q2. 0.05 o
P ge Q o — 0.67 fm CSM prediction :
NI R R R

Qz(GeVZ)

~ Q*>Q3
Q0 > Aqep|Q*G5(Q?) - f5 We




Two-photon TFFs

KR, M. Ding et al.
Phys.Rev.D 95 (2017) 7, 074014

- All two-photon TFFs involving ground-state neutral pseudoscalars are within reach:

- Invariably, agreement with the experimental data is found,

with the exception of the large-Q? Babar data for the pion.

G(QVG(0)
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Sy Babar measurements: J.P. Leeset al.

T Phys.Rev. D81(2010)052010. ]

, nrQCD result. Fenget al.
.. Phys. Rev. Lett. 115,222001(2015)
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— — 1, DSE Prediction L, |
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NLO nrQCD result. Fenget al.
Phys. Rev. Lett. 115,222001(2015)
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N NNLO nrQCD result. Wang et al.
.. PhysRev. D97(2018)no.9,094034
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TWO-phOtOn TFFS KR, M. Ding et al.

Phys.Rev.D 95 (2017) 7, 074014

- All two-photon TFFs involving ground-state neutral pseudoscalars are within reach:

- Invariably, agreement with the experimental data is found,
with the exception of the large-Q? Babar data for the pion.
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Muon g-2 endeavors

KR, A. Bashir, P. Roig
Phys.Rev.D 101 (2020) 7, 074021

- With All two-photon TFFs at hand we ventured into muon g-2 related endeavors and become part of

the White Paper appearing in Physics Reports:

‘The anomalous magnetic moment of the muon in the Standard Model’
T. Aoyama et al. Phys.Rept. 887 (2020) 1-166

I, = 0.04 fm

1 0.16(1) f g
ry. = 0. m
!" " ~-)+n.‘H - = G (02)
\ ry = 0.737576 fm Gy (Q?)
N ry = 083705 fm - Gy(CD)
ko r. = 0.67(1) fm Gr (G?)
— T
i gt S -
"““-Mm-q
0 2 4 6 8 10

Q? [GeV]

a PO = (6.14 4 0.21) - 10710,

a) P = (1.47 £ 0.19) x 1077,

all ~Pe = (1.36 + 0.08) x 10710,
al* P = (0.09 £ 0.01) x 10717,
a?~P%' = (0.26 + 0.01) x 107'% .
P = (9.06 £ 0.49) x 107"



Muon g-2 endeavors

A. Miramontes, A. Bashir, KR, P. Roig
Phys.Rev.D 105 (2022) 7, 074013

We continue on this path through the computation of the pion and kaon box contributions, stemming
from their corresponding elastic electromagnetic form factors.

10 RL—direct RL-direct
— RL-PTIR 1.0 - RL-PTIR
0.8 - BRL - BRL
0.9
— q q
& 0.6 G Al [T
E ‘L’ =08 TN
0.4 N v, .
0.2 T, e, 0.6 ) -:?5;;7"7:‘-'_-':‘_-‘-‘.‘.:‘-1-
m“um..“.____ NI
1 2 3 4 0.0 0.1 0.2 0.3 0.4 05
@ [GeV?] @? [GeV?)
w— —box K+ —box

= —(15.6 £ 0.2) x 10~

= —(0.48 4 0.02) x 10~



M. Ding et al., PRD 101 5, 054014 (2020)
Z-F Cui et al., EPJC 80 11, 1064 (2021)

Distribution functions (PDFs)

¢ 17 rpJd a4 1) ) d aq 1) | ) S

H 17

Propagator Diagrams that contribute to the (valence) PDF

B
parton (q) Y

distributions Y o * Yields information on momentum distribution.

’ * Evolution disentangles valence, sea and gluon contributions.



M. Ding et al., PRD 101 5, 054014 (2020)
Z-F Cui et al., EPJC 80 11, 1064 (2021)

Distribution functions (PDFs)
¢ >Cu

CH
@ @ g\esolution Scale >

|

Evolution equations

B
parton Y

distributions 7(¢) " < * Yields information on momentum distribution.

’ * Evolution disentangles valence, sea and gluon contributions.



m-K PDFs: Hadronic Scale

2.0

------

> As the PDAs, the 1t-K PDFs are dilated.
> The kaon distributions are only-shifted by a few-percentage.

2 QCD’s EHM is still dominant. m/my ~ 20
My /M, ~ 1.2
= The momentum fractions at Cu.
<z >"T=05 <x>=047, <z >F=0.53

» The bridge between PDA and PDF is the
light-front wavefunction:

TR
fpgop(a:,cﬂ):/mﬁ% ($=kL3C5‘f) EHM manifests in

PDAs, PDFs,

P d2kJ_ U 2 2
1 (5 Cor) :/ 63 ‘wp (m,kL;Cﬂ)‘ LFWFs...




Pion PDFs: Lattice & Experiment

=\ 2 ﬁ

Seas

0 At 5.2 GeV,

the experimental
predictions matches that from Aicher et al.

scale, our

Aicher:2010cb

<xgll10_'[l> = 045(1) , <Tsea~~ = 014(2)

0.5;

. XSG

- Xgr(xids)
- xau(: %)
— Lattice CS

O An agreement with novel

Section” results is also obtained.

lattice

G (z)n  (=)% (=°)%
Ref. [34][0.24(2) 0.09(3)  0.053(15)
Ref. [35] [0.27(1) 0.13(1)  0.074(10)
Ref. [36] |0.21(1) 0.16(3)

Herein |0.24(2) 0.098(10) 0.049(07)

O At 2 GeV, the valence DF shows agreement
with lattice moments:

O The Gluon DF profiles matches lattice expectations:

“Cross

Sufian:2019bol

— Cui 2020

Fan 2021

0.4
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X

» At the hadronic scale Cu, one has:

<x>T=05 <ax>1=047, <z >%=053

<x>' = 0.41(4)

> Above ¢ > Cy, there is slightly
more valence content in K.

1
Massiveness of the s-quark is / <X>}? — 0.43(4)

considered in the evolution equations.

-
LTy

CSM
Lattice Lin:2020ssv

A 00 025 050 075

X

(= 5.2GeV

* Ratio is good but
too forgiving!

* Besides, there
are only few data
points




Pion DF vs Proton DF Y Luetal

Phys.Lett.B 830 (2022) 137130

> The (nearly) massless pion DFs differs vastly from A o
the massive proton. For instance: =2 uin proton |
Qﬁ"g 1.5k d in proton |
v The momentum fractions at {: (M, = M,) i ol u in pion
T N P .
(XY = 0.687, (1) = 0313, (x)i = 0.5 = o) ’
14 P> E e TR
EHM-induced diquark correlations 0.0(—*" TS A
= uy (x) # 2dy (x) inside the proton: 00 02 04 06 08 10
> No equitable distribution of momentum! X

v Marked dilation of the pion PDF at (.

20[ = CSM ) -~ 30 X% (1-x)
— SCI i




Pion DF vs Proton DF Y Luetal

Phys.Lett.B 830 (2022) 137130

> The (nearly) massless pion DFs differs vastly from A
the massive proton. For instance:

uin proton |
d in proton |
uin pion

(Mu — Md)

v The momentum fractions at Cy:

————————
~,

fn _ fn _ fn _

(x)up = 0.687, (x)dp =0.313, (x);, =0.5 ‘
EHM induced diquark correlations 0.0—*" = el
= uy (x) # 2dy (x) inside the proton: 00 02 04 06 08 10

> No equitable distribution of momentum! 5 X

v i i _ i v )2 1.0F .
Counting rules_ entail large-x behawors (1-x)? and 9 4 in proton -
(1-x)? for the pion and proton, respectively. = 08 d in proton |

ilati : < 0.6 in b
v Marked dilation of the pion PDF at (. e Tl u in pion
/ = M N,
v Differences are preserved after evolution. 53 0ol 477 N0 N\
X L o' Ty

~
..
S~

5‘.-
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Pion DF vs Proton DF Y Luetal

Phys.Lett.B 830 (2022) 137130

> The (nearly) massless pion DFs differs vastly from
the massive proton. For instance:

v~ The momentum fractions at {: (M, = M,) |
()t = 0.687, (V% = 0313, (0 = 0.5 T

EHM induced diquark correlations
inside the proton:

> No equitable distribution of momentum!

X", xXg” (G3) x10 >

= uy (x) # 2dy,(x)

v Counting rules entail large-x behaviors (1-x)?> and Jd N
(1-x)? for the pion and proton, respectively. ot o o !

v Marked dilation of the pion PDF at (.

v Differences are preserved after evolution.

> which results in different profiles of glue and sea PDFs.

0.0 :
% 0.001 0.01 0.1 1



Huelva Team. In preparation

Gravitational FFs (GFFs)

P
A;,L..U(P! Q) = NC/dk 1r [P?T (-’1‘1 - %P - %) S (k - 5) [z (k+ %’P_i_ %) + beyond LLA.

P Q@ P ) P_Q
(b0 24 Dfr (v 2 (k4 - 9))

AN

Quark-tensor vertex

* Yields information on mass and pressure distributions.

* Evolution disentangles valence, sea and gluon contributions.



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 .
Ny (P.Q) = 2P, P02(Q%) + 5 Q9 — QuQu) 01(Q%) + 2m2g,,7Q7)
——
| With: P = [Py + F;]/2 and Q = Py — P,
<Pf‘Tﬂr/(0)‘Pl> d
» Such that 91:2(Q2)? E(Qg) define the so called gravitational form factors (GFFs).
(these are extracted by sensible projection operators)

[dS_?, TL?O(I_') — m,09,,(0) :> QQ(QQ) Is connected with the mass

distribution inside the hadron

.l'rp ; ':f' 5

: 1
T 2 ) 0;; + S,(T o S O 2 s connected with the mechanical
( ( i 2p§§ ) 2 q( ) ( 2 3 J) :> 1(Q ) properties of the hadron

p(r) : pressure
s(r) : shear forces



Gravitational form factors

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

Nur(P.Q) = 2PuPL051Q%) + 5 Qg — Qu ) 01(Q2) + 220, 81Q)
H_/

<Pf‘Tﬂy(O)‘Pi> With: P = [Py + F;]/2 and Q = Py — P,

> Such that 91?2(622), E(Qg) define the so called gravitational form factors (GFFs).

» Energy-momentum conservation entail the > While, in the chiral limit, the soft-pion
following sum rules: theorem constraints:
) " 65(0) =1 Y ety =0 > 01(0) =1
4.9 4.9 9.9
At the hadronic scale, all is contained within Deviations of this results are due to the

the valence quarks mass of the pseudoscalar.



Quark-tensor vertex

- The interaction of a quark with a spin-2 probe is encoced in the QTV, [ *¥

-~ As the quark-photon vertex (QPV), the QTV obeys a DSE:

it (P,Q) = iT}" (P, Q) + / K®(P,Q|P',Q)il" (P',Q) + A" (P,Q)

& J
Y Y Y

Tree level QTV IA kernel Symmetry restoring term

J

iry"(P,Q) =iy P! — " Sy (P)



Quark-tensor vertex

- The interaction of a quark with a spin-2 probe is encoced in the QTV, [ *¥

-~ As the quark-photon vertex (QPV), the QTV obeys a DSE:

iT" (P, Q) = il (P, Q) + / K®(P,Q|P',Q")iT* (P',Q") + A" (P,Q)

~ Again, as the QPV, symmetry principles (WGTIs) partially constraint its structure:

QI (P,Q) = PYS™(Py) — P S~ (D) (QTV WGTI)



Quark-tensor vertex

- The interaction of a quark with a spin-2 probe is encoded in the QTV, [ *¥

-~ As the quark-photon vertex (QPV), the QTV obeys a DSE:

iT" (P, Q) = il (P, Q) + / K®(P,Q|P',Q")iT* (P',Q") + A" (P,Q)

~ Again, as the QPV, symmetry principles (WGTIs) partially constraint its structure:

QI (P,Q) = PYS™(Py) — P S~ (D) (QTV WGTI)

> Thus, the QTV can be expressed as:

Y LV Y Hv-
Y (Q,K) = il (0, K) + il (0, K) Qul'm =0
el AN
Further related with the QPV, but Transverse part containing the

with an axial-vector pole scalar pole, thus fixing ¢,(0)



Gravitational form factors

» The produced gravitational form factors:

1.2 ] 1.2}
1ol = 0,7 [CSM] -- 6;" [AM] 1ol = 6, [CSM] -- 6,7 [AM]

- 0,X[CcSM] - 8K [AM] | = 8, [CsM]  -- 8, [AM]
0.8 - 0,% [CSM] - 6;Ks [AM] 0.8 — 8, [CSM] -- 6,°[AM] |

- g,k csMm] -- 6K [AM] - g%V [CSM] -- 8,V [AM]

0.0 | | | | | ] 0.0 |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
(Q/GeV)? (Q/GeV)?
One finds:

r},,6'1/,},,?r — 117) TQQ/T;,T — 075 :> T?‘R&Ch > Tch_a;i“ge > TTTMISS
0 0 The radii hierarchy indicates how mass, charge and
! Kk = 1.17, r7? TK — 0.7 the impact of mechanical properties spatially extend.
?



Charge and Mass distributions

2 T diA > Charge effect span over a larger domain
Plonrr(B) = fo - AMo(AD)(Fr g, 65}(A%)|  than mass effects.

T
> More massive hadron
> More compressed
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m-K: Pressure profiles

o

9
S.?T,K(b) =T,

167th

_ L o L 2 A4m K A2
Pr(b) = L A S T MDA (8]

” l 241K A2 _2
fﬂdamhmb)m@ (W)~ 5

“Isotropic”
Quark attraction/repulsion

CONFINEMENT J

r.k (D)
Prk( ) L Deformation QCD forces
Shear

b, pe(b,) [GeV/fm]
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KR, Z-F Cui et al.,
Chin.Phys.C 46 (2022) 1, 013105

Light-front wave
functions (LFWF)

U (1’: ki) = tr 0y, (kv )5y - noxm(k—, P)
ak Val

Bethe-Salpeter wave function

e Intrinsic of the hadron’s nature.

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




the dots

ing

: Connect

LFWFs

The idea: Connect everything through the LFWF.
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LFWFs: Connecting the dots

The idea: Connect everything through the LFWF.

A dk?
~ T
TMDs l Overlap representation:
/ | q d’k a* (= (1=)2) oh? [+ (1eT)2
GPDs Hy(z,6,t) = 1673 ' M (37 (k) )le (55 , (k7) )
= Valid in the DGLAP region
Sufficient to sketch “ Positivity fulfilled
charge, mass and < Can be extended to the ERBL
— /dl‘ — /dl@_ Spatial distributions... region Chavez:202111q

mm {=0,=0



LFWFs: Connecting the dots

The idea: Connect everything through the LFWF.

P : d h k2
LFWFs 1-—-—' PDAs feop(x, Cy) = / 16;3 vp (@, k7 Cy)
) . Overlap I
TMDs representation

p

PDFs are understood as the forward
limit of the GPD

GPDs 1
‘ \/ qg(z) = H(z,0,0)
Form
Factors > Providing another connection with the PDA.

d2k
Blstd :/ L1y (2,52 Cor) |
—/dx —/dkl

1673
mm f=(,6 =0

--P:/ PDFs \




LFWFs: Connecting the dots

The idea: Connect everything through the LFWF.

o dk?
» LEWEs ==> PDAs frop(x, (o) = f 6 U (2, k15 Cor)
Overlap _ I PDFs are understood as the forward
TMDs representation limit of the GPD g(z) = H(z,0,0)

GPDs PDFs unr (2 Crr) ”/dg"ﬂ@*@

Form / Form factors are expressed as sum
1 rules of the GPD
{FaCth FEA%) = [ dwHg(0,-8% )
—1

Electromagnetic FF

1

— /d:lc — /dkl / d:B:I:Hg(IB,g, —AZ (n) = 95(&2) _ 5295)(&2) Gravitational FFs
—1

mm 1 =0,6=0




GPDs

1
2, (k

LFWFs

d’k |
1673

LFWFs & GPDs

m-K

)*) ¥ (27, (k1)°)

L
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Y1

]

(@, &51)
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Impact parameter space GPDs }lgebraic derivation!

) - 2 n B972
u”(x, b1 Lo) = f g—AJo(bLA)H (x,0, =A% £ ) BTy = 3 = B = 1]
’ B L) = 0-71rK,<bi(z;m>f§ ~ 05872

A B Mean-square I
fransverse extent
271 b, q(x,b,%) 1y 27 b, qe(x.b,?) rx
3.2 |

Y B34

Ho4 28

2.0 g22

i 1.6

0.8 1.0

0.4 0.4

210 Z05 0.0 05 1.0 1.0 ~05 0.0 0.5 1.0
X X

~ Likelihood of finding a valence-quark with momentum fraction x, at position b.



Evolved IPS-GPDs Cu— ¢ =2 GeV

uP(x,b%;¢y) = f EAJU(bJ_A) Hp(x, 0, —A%; {yy)
0

~ Valence-quarks become less dressed:
> Peaks broaden and maximum drifts.

277 b, q (X1 {2) 277 buqk(x,bu;d2)rk

0.6
0.5
0.4
0.3
0.2
0.1

0.5
0.4
0.3
0.2
0.1

by
b./r¢

-1.0 -0.5 0.0 0.5 1.0 .-1.0 -0.5 0.0 0.5 1.0
X X

~ Likelihood of finding a valence-quark with momentum fraction x, at position b.



Pion GPD: Empirical
determination



Pion GPD: Empirical determination

> Question:

From the empirical knowledge of 1-dimensional distributions (EFF and PDF), can we obtain the 3-

dimensional GPD?

uﬂ(xr Cﬁﬂ) ) F?T(‘&Q) —> H?r(x: 5: _&2; C)

?2??

> A :
e u"(z; ()

DGLAP GPD All orders evolutioy

Hy(z,&,— A% ¢r) = O(z_)/u™(z_; C)u™(xy; Cor) 7 (225 Cor)

v
Factorized LFWF / \ Sum rule

1
H (0, €, — A% () ~ / 5 F(A%) = [ o HY(e,0,-0%)
0

ko
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Pion GPD: Empirical determination
. . 1.0¢
» The connection of GPDs with PDEs and EFFs enable us to use \ EFF
existing data on those guantities to reconstruct the pion GPD.  os %i
. . e ) o 0.6 2
» Using a chi*2-based probabilistic selection procedure, an 3 | ]
ensemble of representations for the pion GPD is generated. 0.4 |
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Pion GPD: Empirical determination

» The connection of GPDs with PDEs and EFFs enable us to use
existing data on those quantities to reconstruct the pion GPD.

» Using a chi*2-based probabilistic selection procedure, an
ensemble of representations for the pion GPD is generated.

> The produced ensemble turns out to be in agreement with

previous CSM predictions.

A%/GeV?

1.0

0.8}
< 0.6f

(A

S 0.4}

0.2}

1 2 3 4 5
r?2 =0.79(3)r,; |

* Proving, once again, that 8, is harder
than the EFF:

l.e. the mass distribution is more
compact than the charge one.

The physical boundaries:

1 7
E S’f'ﬂ.z/?”ﬂ- é 1

Xu, KR et al.
Chin.Phys.Lett. 40 (2023) 4, 041201
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Pion GPD: Empirical determination

~ With the EFF determined from experimental data, and further validated by a completely independent
observable (the PDF), we can safely rely on the produced ensamble to derive other quantities.

» Such is the case of the pion-box contribution to the
muon’s anomalous magnetic moment:

P—boxr ﬂm

Yu T 322

I~ (QF, Q3. Q) =
> An exploratory calculation yields:
—(15.1) 15

In fair agreement with modern estimates.

(with P. Roig)

m—box __
"

x 1071

[ZT (Q1, @2, T °2(Qy, Q. 7),

Fp(Q1) Fe(Q2) Fe(Q3) X T,

0
1.0
0.8\
Nq 0.6:

us 0.4}

0.2}
ok

1
F(A?) = / dz H'(z,0,—A2?)
0

Eichmann:2019bqgf

U . .
Miramontes:2021exi Hﬂ‘ (wa £5 — A aCH) —

VU (@ Ca)um (w5 Car) 7 (27

s CH )
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Final Highlights

> The emergent phenomena in QCD produces unique outcomes:

* The degrees-of-freedom are not directly accessible, we get to observe hadrons (confinement).

e Through their own mechanisms, dynamical mass generation is present in both matter and
gauge sectors of QCD; the later yielding a running coupling that saturates at infrared momenta.
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Final Highlights

> The emergent phenomena in QCD produces unique outcomes:

* The degrees-of-freedom are not directly accessible, we get to observe hadrons (confinement).

e Through their own mechanisms, dynamical mass generation is present in both matter and
gauge sectors of QCD; the later yielding a running coupling that saturates at infrared momenta.

> Pseudoscalar mesons and nucleons are crucial to inquire on these facets of QCD:

* Their mere existence and properties are connected with the mass generation in the Standard Model

and, potentially, confinement.

* Modern facilities are capable to address the properties of NG bosons
and nucleons, and it's connection with QCD’s emergent phenomena.

> JLab, EIC, EicC, Amber@CERN, etc.

J. Arrington et al. A. Accardi et al.
J.Phys.G 48 (2021) 7, 075106 2306.09360 [nucl-ex]
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Final Highlights

> The emergent phenomena in QCD produces unique outcomes:

* The degrees-of-freedom are not directly accessible, we get to observe hadrons (confinement).

e Through their own mechanisms, dynamical mass generation is present in both matter and
gauge sectors of QCD; the later yielding a running coupling that saturates at infrared momenta.

> Pseudoscalar mesons are crucial to inquire on these facets of QCD:

* Their mere existence and properties are connected with the mass generation in the Standard Model
and, potentially, confinement. A X

0.0
05 o

* Modern facilities are capable to address the properties of NG bosons 1;;3:_*5?fff He (k085G 20

and nucleons, and it's connection with QCD’s emergent phenomena. & il

' 1.5

-~ Theory has evolved to the point where all sorts of parton 10
distributions of pseudoscalar mesons are within reach. i

> The same level of sophistication for the nucleon is oL d | TSI 00

yet to be achieved... B

£ [GeV?] 3






What is left in the inkwell?




QED3: A toy model of QCD




QED3: General Features Phys.Rev.D 85 (2013) 9, 096003

- As QCD, planar quantum electrodynamics (QED3) exhibits °°"

non-perturbative features: confinement and DCSB. QEDS3 ]

0.05 -

> There is no critical coupling for DCSB to arise. :_E’cjx
> In fact, the coupling sets the mass scale of all _()_(15;_.
quantities. '

1076 107 0.01 1 100

> An obvious application in a physical system is graphene.

> In this case, the speed of light is replaced by the

Fermi velocity; 1

c~3x10°ms™ ! 5 vp~1x10°ms™

> Thus, the interaction strength is strong enough to
produce DCSB-induced solutions.

62 1 62 00 Graphene \\

A= — R —— = Qeff = S '
Olivares:2021svj hc 137 h’Ueff 10—8 1()—6 10_4 0.01 1




Muon g-2 endeavors




Muon g-2 endeavors

- With All two-photon TFFs at hand we ventured into muon g-2 related endeavors and become part of
the White Paper appearing in Physics Reports:

‘The anomalous magnetic moment of the muon in the Standard Model’
T. Aoyama et al. Phys.Rept. 887 (2020) 1-166

~ We continue on this path through the computation of the pion and kaon box contributions, stemming
from their corresponding elastic electromagnetic form factors.

- What’s left to do? (via CSM framework)

> Axial-vector mesons HLbL contributions.

> Analogous for the excited 1, n and n’ cases. + ongoing PDF-based Data-
Driven analysis

> e*e” - 3 1T HVP contribution.



MUEC physics

participants

before collision after collision



M U EC phySiCS A. Ayala, L. A. Hernandez, KR, R. Zamora

Phys.Rev.D 104 (2021) 3, 039901

~ Collisions of heavy nuclei at high energies produce deconfined strongly interacting matter, dubbed as
the quark-gluon plasma (QGP).

> When these collisions are off-center, the inhomogeneity of the matter distribution in the transverse
plane causes the colliding region to develop an orbital angular velocity.

~ From first principles, a.k.a. the Dirac equation in a rotating environment, we derived the
corresponding fermion propagator.

: Oj: e

S(p) = [po+ /2 —p. +ipi]yo + m(9+ = %
)= oo+ /22— F —m2 +ie

o —Q/2 +p: —ipi ]y + W

(po — §2/2)? — p? — m? +ie

[1 + z'fylf*;f?’]

b | =

o .

> The overall goal is to perform an analogous calculation for the gauge boson case, and the fermion-

boson vertex. . : : : L . :
(aiming at, inter alia, estimate the relaxation time required for the alignment

between the spin of quark/antiquark and the thermal vorticity.)
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PARTON DISTRIBUTIONS

Resolution Scale

* Fully-dressed valence quarks * Unveiling of glue and sea d.o.f
(quasiparticles) (partons)



Pion PDF: hadronic scale

* Fully-dressed valence quarks 20} = csm - 30X%(1-x)2

o 2 A S~

(M, = M,) CH: hadronic scale

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

Cui:2020tdf

> Equally massive quarks means a 50-50

share of the total momentum: 056" 53 32 05 Y =
<x(Cy)>,=0.5 X

> This implies symmetric distributions:
q(x;Cr) = q(1 — z:Cn)



Pion PDF: hadronic scale

* Fully-dressed valence quarks 20

@ @ (quasiparticles)

(M, = M,) CH : hadronic scale gm
K VT
- At this scale, all properties of the hadron are N
contained within their valence quarks. 05l
“Physical” boundaries:
1 () (i) 1 2060
on S <Tn>§i.? < X
2™ 1+n
* ¢ > Equally massive quarks means a 50-50
Produced by Produced by @ share of the total momentum.
q(x; CH) - (5(:17 - 1/2) q(a:; CH) =1 > This implies symmetric distributions.
(infinitely heavy valence quarks) (massless SCI case)




Pion PDF: experimental scale

T}

NA

-

S

=

x

0.0

Conway :1989fs

Aicher:2010cb

Sufian:2020vzb

0.5
— 0.4
< 0.3
S 02
0.1:
0.0;

Lattice CS

g il {f fﬁzzz

Cra = 5.2 GeV

I E615-Original

E615-Rescaled
(ASV)

02

04

06

* Unveiling of glue and sea d.o.f
(partons)

- Experimental data is given here.

~ Lattice QCD results are also quoted beyond
the hadronic scale.

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

Barry:2021osv



Pion PDF: energy scales

@ Q\ Resolution Scale
\m_// Evolution equations
* Fully-dressed valence quarks * Unveiling of glue and sea d.o.f
(quasiparticles) (partons)
~ Theoretical calculations are perfomed at > Then evolved via DGLAP equations to

some low energy scale. compare with experiment and lattice.



Pion PDF: energy scales

(’ @ Q Resolution Scale

\\,\ Evolution equations
* Fully-dressed valence quarks * Unveiling of glue and sea d.o.f
(quasiparticles) (partons)
~ Theoretical calculations are perfomed at > Then evolved via DGLAP equations to
some low energy scale. compare with experiment and lattice.

* Following our all orders evolution, we can go either way.
* Besides, the hadronic scale becomes unambigously determined.




EVOLUTION

SUMMER




DGLAP: All orders evolution

Idea. Define an effective coupling such that:

“All orders evolution” Starting from fully-dressed Sea and Gluon content unveils,
quasiparticles, at C H — as prescribed by QCD

o

o N
=

| [ ps (f) 0 \
% /ldué(yf) - [ fl ) M ( ES#(%EC))
0 -

¢ Jo i | /e v\ Ps(f) H3(y, t: ()
¥ o

> Not the LO QCD coupling but an effective one.
> Making this equation exact.
> And connecting with the hadron scale.

Raya:2021zrz Cui:2020tdf



DGLAP: All orders evolution

Implication 1: « The QCD PI effective charge is our best candidate
) to accommodate our all orders scheme.
n Y n
(x"(C5))q = exp (— i S(CH:Cf}) (@"(Cr))q 1.0f;
T i Cui:2020tdf
i 0.8}
S ﬁ
S(C ) /21I1((f/.-\QC(]iJ) ( ) i“ 06_
. e talt
0,Cf 2 n (¢ fAgon) & 0.4:
Explicitly depending on the effective charge 0'2:
0.0, L b P
0.01 0.1 1 10

1
(@™ () F _/0 dxz" F(z,t;()

1
T L C
,},‘(J“% _ _/0 dx x" Pig(x)

k/GeV

" [259] =) | ¢r = 0331 GeV




DGLAP: All orders evolution

Implication 1:
(@G = exp (—’ﬁ)su:g,cf)) (b = (" (G (12 )qéw (@ @
| | =

(GG = / HntrtacD) ) This contains, implicitly, the
v 21n (Go/Aqep) information of the effective charge

> No actual need to know it.

> Unambiguous definition of the hadron scale:

@(C))a =05 = |(@"(C)a = (@"(Ca)hy ({22(C)a)™ ¥

(flavor symmetric case)




DGLAP: All orders evolution

Implication 1:

(n)  Details of the effective

) A _
(x"(C;))y = exp (—%S(CH,Cf)) (@™(Crr))y = (&"(Car)), (( (Cf»q) charge are encoded in the

(x(Cr))yq ratio of first moments.
N J
. Y * Natural connection with the
Information on the charge is here hadron scale.

Implication 2:

- * Sea and gluon determined from valence-
(2z(Cr))g = exp (_Q_WS(CH: Cf)) , q=u,d; quark moments

<5E(Cf)>sea — <37(§f)>zq q+q — ((m(Cf»u I (m(CfDJ) 3
= S S - e
@@y = = (1 @eeNT) ;




DGLAP: All orders evolution

Implication 1:

(n) e 175
n _ _ Taa_ n _/om (z(Cr))q e Can jump from one scale
(#"(C)g = exp ( 47 S(CH’Cf)) (@Gl = (=" (Ca))g ((ac(CHDq to another (both ways)
N J
] \ * Natural connection with the
Information on the charge is here hadron scale.

Implication 2:

8 - * Sea and gluon determined from valence-
(22(f))q = exp —Q—S H:Cr) ) = s : guark moments
(¢ Nsea = (@5, ara = (2 + (=) « Asymptotic (massless) limits are evident.

(x(Cr))g =




DGLAP: All orders evolution

Implication 1:

(n)

(a"(C1))g = exp [ —LLS(Car, Cr) | (&"(Car))g = {2"(Car) (@())g | Can jump from one scale
o P\ T o B0\ (2 (Ca))q to another (both ways)
N J

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

Implication 2:

8 - * Sea and gluon determined from valence-

(2z(Cf))q = exp (_Q_WS(CHeCf)) , g=w:d; quark moments

(@(Cf)sea = ()5, qva — ((2(Cr))u + (2(1))a) « Asymptotic (massless) limits are evident.
3

- 77 ?@m(cf))z/'ﬁl —(22(67))u * And, of course, the momentum sum rule:
4

@y = = (1- (22(¢e)I) 5 (22(Cr))q + (x(Cr))sea + (2(Cs))g = 1




DGLAP: All orders evolution

Implication 1:

(n)
(2"(Cr))q = exp (—19—7('; (CH,Q))

Y
Information on the charge is here

(@(Ca))g = (" (Ca))e (

\

M) S (0

« Can jump from one scale
to the another (even
downwards)

J

* Natural connection with the
hadron scale.

Implication 3: Recurrence relation

2n+1 ;1
<,I:2n—{—1>§ _ (<2$)§:ﬂ)7" /o
' e 2(n + 1)
2n .
. Z (=) (2(?1-+ 1) ) (-’Ejﬁﬁ(@m)iw)_?é/% _
e J
§=0,1,...

* Since isospin symmetry limit implies:

q(z; Crr) = q(1 — ;)

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

* Thus arriving at the recurrence relation on
the left.



DGLAP: All orders evolution

Implication 1:

(n)
(x"(Cr))q = exp (—% (Ca, Cr)

NN
)<x”(cﬂ}>q — (@"(Ca)s (%)
L Y

Y
Information on the charge is here

« Can jump from one scale
to the another (even
downwards)

* Natural connection with the
hadron scale.

Implication 3: Recurrence relation (m”)ﬁi
7| Lattice input  Recurrence relation
2n41 1 - - ]

(22 yC ((2z)5 )% /o 1]0.230(3)(7) 0.230

' i 2(n + 1) 2(0.087(5)(8) 0.087
2 ( ) | 30.041(5)(9) 0.041 |

[ 2(nt+1 ' e 4(0.023(5)(6) 0.023

o Z ()3( - )<TJ>§LW(<2T>1€W) Yo/% : .

e J 15]0.014(4)(5) 0.015 |

6(0.009(3)(3) 0.009
| 7 0.0078 |




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 .
Ny (P.Q) = 2P, P02(Q%) + 5 Q9 — QuQu) 01(Q%) + 2m2g,,7Q7)
——
| With: P = [Py + F;]/2 and Q = Py — P,
<Pf‘Tﬂr/(0)‘Pl> d
» Such that 91:2(Q2)? E(Qg) define the so called gravitational form factors (GFFs).
(these are extracted by sensible projection operators)

[dS_?, TL?O(I_') — m,09,,(0) :> QQ(QQ) Is connected with the mass

distribution inside the hadron

.l'rp ; ':f' 5

: 1
T 2 ) 0;; + S,(T o S O 2 s connected with the mechanical
( ( i 2p§§ ) 2 q( ) ( 2 3 J) :> 1(Q ) properties of the hadron

p(r) : pressure
s(r) : shear forces



Gravitational form factors

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

Nur(P.Q) = 2PuPL051Q%) + 5 Qg — Qu ) 01(Q2) + 220, 81Q)
H_/

> Such that 91:2(692)? E(Qz) define the so called gravitational form factors (GFFs).

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

Y 6:(0) = 1 Y e(t) =0 > 61(0) =1

9.9




Gravitational form factors

» For a given parton class, the spin-0 energy-momentum tensor (EMT) can take the following form:
A (P = 2P, P,0,(Q? Lo _ 0:(02) + 2m2a.. 7502
u..u( aQ) - put v Z(Q )+ 9 (Q Guv Q“Qy) l(Q )+ mﬂgﬂ,pc(Q )

> Such that 81:2(622); E(Qg) define the so called gravitational form factors (GFFs).

» Energy-momentum conservation entail the » While, in the chiral limit, the soft-pion
following sum rules: theorem entails:
) " 65(0) =1 Y () =0 > 01(0) =1
4,9 7,9, q.9

» At the hadronic scale, CH all properties of the hadron are contained within the valence quarks.
Here we shall work...
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