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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:
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



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”




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

Valence-quark distribution
amplitudes (DASs)

A
feep(;C) = tI"CD/ O p(K)y5y - n(k; P)xp(k—; P)
/ * N
Light-front momentum fraction Expressed in terms of BSWF

* 1-dimensional projection of the light-front wavefunction.
* Clear probe of EHM, related with hard exclusive processes, etc.



Tt-K DAS

ms/my ~ 20

j}{/{fﬁ e jt{é/jbfﬁ ~ 1.2
v Broad and concave DAs. @ real-life scales . .
. . . 1.5+ 3 (Pu
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v Lattice QCD supports those findings:

Zhang:2020gaj

Bali:2019dqgc Segovia:2013eca

Pointwise form of the PDA!.



‘Heavy’ mesons DASs

“ In systems with heavy quarks, the DAs become narrow.
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v Unlike the Kaon, heavy-light systems DAs are markedly skewed
+ The peaks located at: g B DB — 0.5, 0.4, 0.18, 0.1

max



Drawing boundaries

v Systems with ss-bar components draw the line
between strong and weak mass generation being
dominant.
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L. Chang et al.,
Phys.Rev.Lett. 111 (2013) 14, 141802

Electromagnetlc Elastic Form
Factors (EFFs)

P.FE(Q° )—trcm/ X5 (K + Do, k + pi)T'p (ki; pi) Sh(k) e (Ko; —Po)

i /

All can be written in terms of propagators and vertices

. . . . . . elastic form
* Gives information on momentum/charge distribution. ==

* Pion EFF highly relevant for contemporary physics. S



Elastic Form Factors

B
* Inthe large-Q? regime, QCD 0.6F ]
connects the EFF and DA: N || v e G — Monopole fit
> . EIC projections
' [
6 (:0) ; 6r(4;C) Q 0.4 P}
| S I e 1 CSM prediction
D T lfO.Z-: """"""""""""""""" 1 HS formula
4 e O | ]
N Trlt o Dt ae (025 C) HS formula 0 _l: JLab prOjectionS - AsymptOtIC EFF
(at sufficiently large Q?) . . . . : . .
0 10 20 30 40
* At leading-order: Q%/GeV?2
2 2 Ve 2\ £2 .2 ()2 The asymptotic behavior is weighted by
F ~ 167« w >
Q" Fp(Q7) s(@Q7) fpwp(Q7) f>, @ measure of EHM.

1
1
wWp = %/ dm;tpp(:ﬁ;Qz)
0

PDA > > Factorization/scaling violations are

proof of the validity of QCD itself.



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

19T, (l2, 1)
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Two-photon Transition Form

r;,(/lilg)

Factors (TFFs)

(‘J

ﬂu(kla k?) — ’171' FpuuﬁklakQﬁGP (kln kﬂ} kl ’ kQ)

Tow (k1 ko) = e*Optr /E ixL(1,1)Cp(ly, 12)S(la)ilE (Ig, 1)

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

0.35r
* Inthe large-Q? regime, QCD
connects the EFF and DA: 030 —
[aY]
- 0.25! _%—
= 0.20/ e il A
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R O
VACHE : Re} 0.10;
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HS formul U9
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* Atleading-order:

Q*>m;
QGH@) R 127 1 e} w,(Q*)

1
1
wp:%f da:$<pp(x;c22)<— PDA —»
0
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- HS formula
— CSM prediction
- Asymptotic TFF

> The asymptotic behavior is weighted by
fe, @ measure of EHM.

> Factorization/scaling violations are
proof of the validity of QCD itself.



Two-photon TFFs

0.35r
* Inthe large-Q? regime, QCD
connects the EFF and DA: 030 —
o] ]
- 0.25 —— :
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= 2 [ : ......."._.'|:,""Tf'.'.f.'.'..'.T.'."'._'."..'.' RRIRTRRT ] H H
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(D‘a; 0.15 - Asymptotic TFF
O () T % 010 :
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Q'GH(Q%)  ~ 127" ff g w,(Q7)

* In the opposing end, the chiral

anomaly entails:

2fpGpo(Q* =0) =1

Q% [GeV?]
> Thus EHM (via DCSB) sets the infrared

scale as well.

> Any deviations from this result are a
measure of EHM+HB interplay.



Pion TFFS KR, L. Chang, A. Bashir et al.,

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

. . . . . 035IIIIIT T
* The CSM prediction satisfies the Abelian :
anomaly, 0,~0 2 0.30}
y 2JCITGTG(Q —0)— 1 %“ 025;
... while faithfully recovering the 2 7
asymptotic limit. S 0.20f
 Adilated+concave DA, at the hadronic T 015
scale, connects both pion EFF and TFF. s 010
B = 0.
15 e = 372 o O-G:I t\g 0.05
- oa o =067 fm CSM prediction |
gl C.ODL v
£ O 5 10 15 20 25 30 35
° (l) I 1IO ‘ 2|O I 3|O I 4|(-) Q2 (G ev2 )
X Q%/GeV?
* Precise agreement with all experimental ) Q*>m;
q 2 —~ 7 2 pq 2 2
data; except for Babar at large Q?>. QGp(Q) = 121 fp e w,(Q7)




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

Ne—No TFFs

~ Studying the heavy quarkonia provide a complementary perspective.
(recall the narrow DAS)

1 ! T ' T ' T d T ' T ' lp— T T T T T T T T T T
™ Babar measurements: J.P. Leesetal.
NLO nrQCD result. Fenget al. g Al =T 1
0sl-%  Phys. Rev. Lett 115,222001(2015) ] ) Ry, e 8120100052010,
/ | | "“--.._._h_-h le
S 0.6} R . S 0.6kL S
) 0 NNLO nrQCD result. Wanget al. 5 ' nrQCD result. Fenget al.
S | N, PiSAey DI7(2018)60.9,094054 = .. Phys. Rev. Lett. 115,222001 (2015)
5 041 e/ . S 0.4 N g
0,2 -"""'-----'-.-.;.-..-..-_EH_;I]E'___— 0,2} |- - n, DSE Prediction ) Tlc -
DSEPrediction ---- NLO nrQCD
Ty = 0.17 fm [ |— n, DSE Prediction Ty, = 0.04 fm
0 " ] ] I A I . l ] . 1 ] . 1 . | .
0 10 20 30 40 50 60 % 10 20 30 40 50 60
Q™ (GeV") Q’ (GeV?)

* The ncprediction shows agreement with available experimental data.

* In both n and n cases, there is compatibility with nrQCD..



n-n’ TFFs

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

~ In addressing the n—m" properties, interaction kernels need to
consider the non-Abelian anomaly.

[Fﬂm’(P)hlb —

~ The strength of the non-Abelian anomaly dictates the

A

Ladder kernel Anomaly kernel

Bhagwat:2007ha

1
KL+ KN]zilj (P)[xn,n (g; P)]lfllé

n-n" mass splitting, and the degree of mixing.

Pure ggbar states
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~ Masses, decay widths and TFFs are
sensitive to the effects of the anomalies.

Meson This Work Experiment [5]

7_[_0

n
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L
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0.2562 (170) 0.2736 (60)
0.3495 (60) 0.3412 (76)
0.0705 (40) 0.0678 (30)
0.0038 (2) ——
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4{‘}(} Raya:2019dnh
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M. Ding, KR et al.
Phys.Rev.D 95 (2017) 7, 074014
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~ The produced TFFs meet the expectations of the

chiral anomaly

F(0,0) =

Meson This Work  Experiment [5]

0
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AT
2 3
TaZ, msi, ?7!
n

0.2753 (31) 0.2725 (29)
0.2562 (170) 0.2736 (60)
0.3495 (60) 0.3412 (76)

- Are plainly compatible with the experimental data, in
both low and large-Q? regions.

0.4+

T

Domain of interest for muon
g-2 HLbL contributions !

a7 P = (6.1440.21) x 1071
al P = (1.47+0.19) x 1071
all P = (1.36 +0.08) x 101

Q% [GeVY

Raya:2019dnh

- TFFs also feature the trends expected from pQCD.



Two-photon TFFs

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

0.001 ku

- 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.

- Clearly, the shape of M(k) echoes in TFFs and DAs. mm=)
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Exposing the impact of the mass
generation mechanisms
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Final Highlights

Pion GPD: Empirical determination

(

* The connection of GPDS with PDES and EEES enable us [0 use o, 5%
existing data on those quantites (o reconstruct the pion GPD. sy
+ Using a chi*2-based probablisic selecton procedure, an
ensemble of representations for the pion GPD s generaled.
. m s
previous CSM predictions LT ye
gVt once again, that faisharder s f

. s 5 lhantheEEE: ;
7% = 0.79(3) e

. the
Compact than the charge one.

‘The physical boundaries:
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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 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.
* Modern facilities are capable to address the properties of NG bosons
and it's connection with QCD’s emergent phenomena.

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

> TFFs are valuable as they encode symmetries, their breaking,
scaling violations, and the transition between soft and hard scales.
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T]—’r]' BSE M. Ding, KR et al.

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

-~ In addressing the n—n" properties, interaction kernels need to f f
consider the non-Abelian anomaly. Bhagwat:2007ha 2

"1
For (Pt = [ VCa + NP Do a: P

AN

Ladder kernel Anomaly kernel

Ky =&(s) [‘3052 95[2’)’5]@31 2751y, + sin’ Oc2757 - P]Jggi (2757 Pl /Msz]

2 2 .
£(s) = S%Dge‘sf"“‘é z = diag[1, 1, M; /M|

a 0o o1 02 03
D}*IGeV
I 5 ] "
¢’ = 42.8”? fﬂ f-q f.qr fﬂ,
f'{ 0.101 GeV = 1.08 f herein - direct 0.072 —0.092 0.070 0.104
— . T p— . 3 - .
s Ie herein - Eq. (28) | 0.074 —0.094 0.068 0.101
fr=0138GeV =149 fr, Then. 36, 81, 82]| 0.090(13) —0.093(28) 0.073(14) 0.094(8)




Quark-photon Vertex KR, L. Chang et al.

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

> The QPV should fulfill (at least) the following: - We adopt the following Ansatz:

Longitudinal WGTI Nllops by =12,

Free of kinematic singularities _ g g wme g _
Recover the point-particle limit sy Rpyuy ki + 57 kiyuy - krlAoy
Produce the abelian anomaly + [8 (o Bpvn + vy v i)

+5(v-kive + v - kr)] iAoy
- Where: Ap = [F(k‘%) - F(kf)}/[h% - k«?]

v
4
v
v

> Should expedite the computation of the TFFs

~ The transverse pieces makes it possible ~ The value s is fixed so that the TFF is properly

to recover the Abelian anomaly, via: normalized in line with the predicted decay width:
s =1+ soexp(—Ex/ME) 8102 o
]_’!;i‘]f i - le, b Tle b 4PTT
o e, b Tn'!,» "
& =0 12 le. Fr(0,0) = 4 —5 M —

mx m‘M

2 em
Mg = {plp* = M*(p?),p > 0} ry, = S [ LA f]

R/ 6473
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