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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
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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:
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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Mass Budgets

M, 4~ 0.3GeV

» 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, = 0.775 GeV ~ M, + M,

Proton and rho meson mass budgets are practically identical



mg/my ~ 20

Mass Budgets Fic) fr o MM, ~ 1.2

» The lightest hadrons in Nature, pions EHM HE EHM
and kaons, follow an opposite pattern.

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

HB

EHM+HB

> In fact, the absence of Higgs mechanism EHM+HB
would render these states massless. Pion mass budget Kaon mass budget

> And structurally alike.

HB EHM+HB

> Both are quark-antiquark bound-
states and NG bosons

> Their mere existence is connected

with mass generation in the SM e ehm
Proton mass budget Rho meson mass budget




Mass Budgets

mg/my ~ 20

fi/fo~ Mg/M, ~ 1.2

> Both are quark-antiquark bound-
states and NG bosons

> Their mere existence is connected
with mass generation in the SM

> This is also true for the n meson,
but not for its partner, n".

> The Ua(1) anomaly, another
manifestation of EHM, sets it
apart from the NG-boson family

> Yet, the n—n’ system have tightly
intertwined properties

EHM HB EHM

EHM+HB
EHM+HB

Pion mass budget Kaon mass budget

n mass budget n’ mass budget



ms/my, ~ 20

Mass Budgets fic) fr ~ Mo/ My ~ 1.2

» The examination of all pseudoscalars is crucial in
elucidating the role of the mass generation

P ™ K g n e Mo
mechanisms on the structural properties. o
> An so the emergent features of the :
strong interactions. 2
(confinement, mass generation) -
» Light pseudoscalars hold a special role :
due to their link with symmetries and -
anomalies in the Standard Model. .

> Modern fagllltles are set to scrutinize A .
their properties at unprecedented depth.
Accardi:2023chb  Arrington:2021biu  Chen:2020ijn

% mass fraction



Exponential Representation
Scheme (ERS)

HE (z, A% () = qp(']t: exp qubp(cc



The ERS: GPD

> Let us consider the following representation for the zero-skewness GPD:

HE(z,A%¢) = gp(x;() exp [_525P(:1;; C)]
‘t-PDF’ PDF t-Profile



The ERS: GPD

~ Let us consider the following representation for the zero-skewness GPD:

HY, (2, A% ) = gp(7; () exp [—&2%(1‘; C)]

‘t-PDF’ PDF t-Profile

________________________________

e (0-8%G) * The GM belongs to the factorized-LFWF family.

TN Y

* If the t-Profile is ~(1-x)?, one gets the so-called “Gaussian Model”  raya:20217r7

* This family yields many algebraic outcomes.
— For instance:
L o™ 1 d"F¥(A?)
—— DY(z; = ‘
azn P(Z gﬂ{)lz—[) (:BQ'"’}%H d(ﬁz)n A2—0

________________________________________

________________________________

1 * Factorized models are sound for 1t-K systems.




The ERS: GPD

~ Let us consider the following representation for the zero-skewness GPD:

Hy (z, A% () = gp(2;¢) exp [_‘A%P(m;o]

‘t-PDF’ PDF t-Profile
* Ifthe t-Profile is With the following relation:
: 1 1 1 dwp(z)
f £ l Y E— e 1 —2 ! ! _1’/2 —P
op(@:C) = log ( P(x)) qp(z; () = (1 —wp(z))" “wp(z) oy

-t[GeV?’] 10

> One recovers the LFHQCD representation.
Chang:2020kjj deTeramond:2018ecg Wang:2024fjt

* In this approach, the EFF happens to be an Beta-
function, and exhibits a correct asymptotic fall-off,

* Proton GPDs are expressed in a similar way.




The ERS: GPD

~ Let us consider the following representation for the zero-skewness GPD:

H (2, 4% €) = gp (5 O) exp |22 (50| pata riven
‘t-PDF’ PDF t-Profile /

4

* The t-Profile can be properly selected to parametrize/lapproximate a known GPD.

For example, for that obtained from the PTIR:

q 2 '_-'- Exponential Approx. _ ‘—t/IGe‘V2I= g', 0L2,6_.5., i, ,'g:
HE (2,0,8) ~ N On@)7), (D (1 — ) () + |
M ‘IJ? } A- _JV A AQ LI ) | ]
1-2z 1-2 S - ]
Raya:2021zrz (1 _ 33)2 ﬁfusi /x/
Albino:2022gzs [i>> Qb[) €. <= [ ‘//'
Almeida-Zzamora:2023bgb 1 D ol i
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The ERS: GPD

~ Let us consider the following representation for the zero-skewness GPD:

HE(z,A%¢) = gp(x;() exp [—&2%(-@; C)]
‘t-PDF’ PDF t-Profile

 If the t-Profile is ~(1-x)?, one gets the so-called “Gaussian Model”
* We can also recover the LFHQCD representation of the GPD.

* The t-Profile can be properly selected to parametrize/lapproximate a known GPD.

> With some information (say PDF and charge radius),
one can build a suitable t-profile.

= What'sthe . | - Can be done beyond the hadronic scale.

pomt? > Without specifying the t-profile, there is a number of
algebraic outcomes.




Connecting the Dots
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GPD



Connecting the Dots
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Connecting the Dots

Vp (2, k1;¢) =87
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Connecting the Dots
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are the Key quantities

HY (2, A%) = go (5 ) exp | ~A%p (23|

X-k correlations here




Pseudoscalar mesons
‘_/*\ (Some examples)




Setting the stage H (2, A% C) = go (a3 C) exp | ~A2p (a:0)]

A\

For the NG modes, consider t-profile that produces a

factorized LFWF: llght 9 /A D » Several examinations have shown
( CH) (1 - T) /AP the validity of this assumption for

those systems.

= : _ e, 2
ap (33’ CH) — g [L’OP(:B’ CH)] * In fact, x-k correlations depend on
the masses of the bound-state
- For heavier systems, we consider the following t-profile instead: and its constituents.
th = 1 if m; # my and zero otherwise Raya:2021zrz Albino:2022gzs
2
heavy( CH) (1_33) 1 - S I
AL (I+adg)—o(l—3) =% e o

o™ s o)
71+ xéqh) —z(1 —x)

= g (1 ) =

v

So, with the prior knowledge of the DA, the DF is constructed.

A4

A is fixed via charge radius (we use CSMs and lattice inputs) i N o
0.0 0.2 0.4 0.6 0.8 1.0



Setting the stage H (2, A% C) = go (a3 C) exp | ~A2p (a:0)]

A\

For the NG modes, consider t-profile that produces a

factorized LFWF: llght 9 /A D » Several examinations have shown
( CH) (1 - T) /AP the validity of this assumption for

those systems.

= : _ e, 2
ap (33’ CH) — g [L’OP(:B’ CH)] * In fact, x-k correlations depend on
the masses of the bound-state
- For heavier systems, we consider the following t-profile instead: and its constituents.
th = 1 if m; # my and zero otherwise Raya:2021zrz Albino:2022gzs
2
heavy( CH) (1 _ T) 1 YT ——
5 — Gl - Ug
Ap (14 xdgp) —z(1 —2) | =
B (@3 C)]? | - o

heavy . _ 3

v

So, with the prior knowledge of the DA, the DF is constructed.

A4

A is fixed via charge radius (we use CSMs and lattice inputs)

Quarkonia



Setting the stage

H (2, A% ¢) = qp (3 O) exp [~ A2p (; )|

A\

A\

v

A4

For the NG modes, consider t-profile that produces a
factorized LFWF: llght.( CH) (1 - T)Q/A%)

m) qp(z;Ca) = nyleh (2;Ca))?

For heavier systems, we consider the following t-profile instead:
th = 1 if m; # my and zero otherwise

heavy (1 _ .’1’3)2 =
(z;Cn) == A (14 z64) —z(1 — )

* Several examinations have shown
the validity of this assumption for
those systems.

* In fact, x-k correlations depend on
the masses of the bound-state
and its constituents.

heavy / . o [ heavy(x C )]2
=) qp (@3 CH) = P11+ ad,) — a(l — z)

So, with the prior knowledge of the DA, the DF is constructed.

A is fixed via charge radius (we use CSMs and lattice inputs)

Raya:2021zrz Albino:2022gzs
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EFFs & GFFs

7r+,K+
TE

Fp(Q?)

= 0.65(2), 0.58(2) fm
= o

- Fy

.__GEc

0 1 7 3 4
@ [GeV?)
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- 6

e
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* 0, GFFs are harder than EFFs

* This translates into the following
mass-to-charge ratios:

x+ F :
™ =0.67(2), Ry =0.66(2)
Ry = 0.71(12) REe = 0.92(11)

* The Tts FFs lie above those of the
Tt*, but are comparable to the K*.

* Conversely, the FFs of heavy
systems are visible above the 1ts's.

* Notably, Ri* ~ RE = 3/4

> Drawing a boundary




Mass & Charge
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* The hardeness (softness) of the FFs translates into a ’ Dfesr,]pltg:ts smalleé_mgss,.the ||)_eaks
compression (dilation) of the corresponding distributions. of the D" meson distributions lie
Th h  of the ch , _ closer to the CoTM that the 1t.’s.
BB s g oS PO VT || s revesed by the D i i e
9 ' to the marked flavor asymmetry.
* It also reveals that the heavier systems are visibly more « The heavy quark plays a major
compressed. role in determining the CoTM.




IPS GPDs
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As expected, isospin-symmetric
systems have symmetric IPS-GPDs.

With only light-quarks, this symmetry
is marginally violated in the Kaon.

Conversely, it is quite noticeable
in the heavy-light case.

> The heavy quark determines
the CoTM, with the light one
effectively orbiting around it.

In light systems, the distributions are
broad. With peaked IPS-GPDs, this
pattern is reversed in the heavier cases.

Clearly, the heavy quarkonia state tends
to its point-like (NR) profile.

(@™ [bL [M**) — (1/2,0)




Evolved PDFs

@

EVOLUTION



Hadronic Scale

~ We define our PDFs at the so-called hadronic scale,
wherein fully-dressed valence quarks encode all the
hadron’s properties.

N
@ @ Resolution Scale
- 4 —
* Fully-dressed valence quarks * Unveiling of glue and sea d.o.f
(quasiparticles) (partons)




Hadronic Scale

> The produced DFs are found compatible with (ongoing) e I P A
CSMs predictions. 18
P| @) | @) ) | & 5‘ £
o 0.500 | 0.300(4) ( (7) | B
K | 0472(2) | 0.269(3) ( (4) 004
m | 0500 | 0.291(3) ( (5) | o0 )
s 0.500 | 0.289(3) ( (5) | ™ Tal 1 1 o
me | 0500 | 0.286(3) | 0.178(4) | 0.119(5) | : e
m | 0.500 | 0.283(3) | 0.174(3) | 0.114(4) R 7 e S - u
nt | 0.500 | 0.282(3) | 0.173(3) | 0.112(4) x 50
D |0.257(11)| 0.084(6) | 0.032(3) | 0.014(2) 1
D, | 0.274(9) | 0.094(5) | 0.038(3) | 0.017(2) o} A
me/ne| 0500 | 0.265(1) | 0.147(1) | 0.085(2) CSM - Huelva o 02 o4 06 0810
B [0.147(11) | 0.029(4) | 0.007(1) | 0.002(1) mP | s e b
B. | 0.152(9) | 0.030(4) | 0.007(2) | 0.002(1) 1104992 05002  0.5003  0.5003
B. [0.2705(4)| 0.083(3) |0.0279(3)| 0.010(2) 2| oas Daso ater 2o
m/me| 0500 | 0.258(1) | 0.137(1) | 0075(2) | | 4 | 01466 0.1172 0.0874 0.0732




Hadronic Scale

Then we evolve using the all-orders scheme.

We define our PDFs at the so-called hadronic scale,
wherein fully-dressed valence-quarks encode all
hadron’s properties.

the

(Pepe’s approach)

d
' d§2<x>
é’ d§2< )ﬂH:_

0415(( )
4

_0415(52) ’

4n

0’15(52)
4

Vi,
iV + zpégy;gu"g,,] ,

Z S a5

> The evolution incorporates mass
dependence and hard-thresholds.

> For the time being, we neglect Pauli-
Blocking.



Flavor Symmetric

> The produced DFs for flavor-symmetric systems
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Flavor A-symmetric

> The charm and bottom valence-quark PDFs at the hadronic scale:

5

T

- Nc 6t e
D, B,
5.
S
gy B
%
< 3}
2.
1.
L Md "l 0 . ., .'.
0.0 1.0 00 1.0

> Inside the Bc meson, the bottom quark takes 73% ! of the total

~ The charm quark effectively behaves as a light one.




Flavor A-symmetric

> The charm and bottom content in D, B and B¢ mesons.

0.6 ' ' ' E 0.6
- e
g 0.5 g 0.5}
T «©
[T w
1 0.4} 1 0.4
— r c Tu
2 2 )
8 0.3 @ 0.3}
£ £
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=] o]
=01 = 0.1}
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-~ Larger variation of charm-quark content among different systems Bc behaves like a

. . -Li 2
- Bottom quark clearly overwhelms its lighter companions Heavy-Light system?




Final Highlights

o
— A glimpse onto the T,

Hi(r,8% Q) = aplai ) exp | - A%p(x:()

* Lelus consider Ihe CSM DA:

+ We adopt he folloving L-profile
o

- Einaly, #

* The IPS-GPD favars a dressed valence-

P L
R N e ) auarklocaied e (1, [, ) 1,11

Bu,
Misanaisc g, features to additional regions.




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 an ideal platform 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. ot |

* Many facets of the ground-state pseudoscalars, and other mesons, can .
be address in the amicable ERS.

| Tr(x,by) [GeV]

> Theory has evolved to the point where all sorts of parton Eos
distributions of pseudoscalar mesons are within reach.

> GPDs, PDFs are valuable as they expose the partonic structure of the |,
hadron, and its connection with the mass generation mechanisms.

0.0/ !






Limiting cases
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qu(:f;;CH) = (1 —x)*/A%



LC: SCI H (2, A% () = qp (2 Q) exp | ~A%p (20)|

> Consider the hadronic scale, and a t-profile that produces
a factorized LFWF:  §p(z;Cy) :== (1 — z)%/A%

2
Hﬁ®¢9):®@MN1—$MH4_§%ﬂ—mV}

- Adopting a flat-top DF: ¢ci(z) := ©(z)O(1 — x) —> ; )
' 1 : — A AL e
with moments: (2"}, = | dea”ai(x) = T s = g Eloalenw |- |
0 n + 1
> The produced EFF and GFFs: - Charge & mass distribution read:
VT A2 Aci 1a.
Fm-(AQ) = % A erf AZ | |bL| 10, |\/_erfc Aglbol]
cif A2 oy, A% [ _azjaz PS5y (z, |bL]) = lp”.(|bL|) + AgzEl ——Az b1 |?
BQ(A):QFci(A)+&(e ) (@ 5 PE . e
2 : 1 1 -~ IPS-GPD maximal at: (z™a% | |™?*) — (1,0)

=) (1§)° = 53 (52 = 7 = RE =

This profile, typical of the contact interaction,
is characterized by hard form factors.




LC: Infinitely Heavy H (2, A% C) = go (a3 C) exp | ~A2p (a:0)]

- Consider the hadronic scale, and a t-profile that produces o _ _ o
factorized LEWE: 3 P (The large-A limit is consider, as this profile is
a - op(x;Cy) = (1 —x)° /A% characteristic of and infinitely heavy system)

Npr —
- Adopting a delta-shaped DF: ¢,,,.(z) = §(x — 1/2) :§O Ha,(z,A%) = 6(x —1/2)

! (x — 8(x —1/2)6(|t
With moments: (mn)an _ / dr anRr(-'E) _ 2% In'.r (I: |bJ_|) (J’ / ) (l U_I)
0
~ The produced EFF and GFFs: - Charge & mass distribution read:
nr _ : 1 —Afw bJ_ 2 l
For(A?) = 057(A%) =1 = (P ) = 0; Ry =1 PEMm([bL]) = A%liﬂ_ioo ;A?”-e ol — mmbi\)
Constant form factors ! Point-like charge and mass distributions !
4r . —
- IPS-GPD maximal at: (™%, |b|™**) — (1/2,0) g " ey

An infinitely massive system ultimately
approaches a (non-relativistic) point-like limit.




LC: Parton-like HY (2, 4% €) = gp ;) exp [~A%p (2:0)|

-~ Consider the hadronic scale, and a t-profile that produces Pasy (@) := 62(1 — z)
a factorized LFWF: (bp( () = (1— I) /A2 =
H%(z,A%) = 302%(1 — 2)%exp |——(1 — )2
- Adopting a parton-like DF: ¢u(z) = 30z%(1 — z)? :> P [ Ap ]
i g™ = il Tou(w, [by]) = 152*A2)|by | exp [—A—’z"wﬁ]
With moments: (z"),,, = TR L L 4(1 — z)2
~ The produced EFF and GFFs can be obtained > Charge&mass distribution read:
analytically and exhibit a smooth fall-off. PL(Jb, ) = _,,,{ B (12
> The derivefIQcharge & ma:)ss radii: , + b [(zb — 3)/merf[b] — 36Ei[—52}” ;
TRl S 1o A = 5752 (e 1 -7

(right in the middle between the SCI and NR results) i [(852 B 4)ﬁcrf<:[5] 4 (53 B 65) Ei[—??]] }

> Drawing a boundary | . |pS.GPD maximal at; (=™, [b7™]) = (2/3,v2/(3A))
The broadening is modulated by A
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