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Facts and Challenges

» Color degrees of freedom (quarks and gluons) are not
observable (confinement).

- Dynamical mass generation for massless quarks:
(dynamical chiral symmetry breaking).

* Both these phenomena are emergent and owe themselves
to large coupling strength in the infrared.

- How do we study physics beyond perturbation theory?

- Studying QCD: lattice, Schwinger-Dyson and Bethe-
Salpeter equations, chiral perturbation theory,
effective quark models.



Pions and Chiral Symmetry Breaking

In October 1934, Hideki Yukawa predicted the existence of
a "heavy quantum”, meson, exchanging nuclear force betweer
neutrons and protons.
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It was discovered by Cecil Powel in 1949 in cosmic ray

tracks in a photographic emulsion.

Pion was nicely accommodated in The Eight Fold way of
Murray Gell -Mann in 1961.

Yoichiro Nambu associated it with CSB in 1960.




Pions and Chiral Symmetry Breaking

Pions are the lightest of hadrons. They do not have zero
mass.

A typical meson like a p has a mass of 770 MeV while the
nucleon has a mass of 940 MeV. This is consistent with a
constituent u,d, mass of around 300 MeV.

However, pions only weigh about 140 MeV, which is 1/5th of
the mass of the p.

This cannot be an accident.

The connection of pions with chiral symmetry breaking was
present in the Gell-Mann-Oakes-Renner relation.



Pions and Chiral Symmetry Breaking

Dynamical chiral symmery breaking yields large effective
quark masses and the existence of Goldstone bosons: pions.
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It is suggested that the nucleon mass arises largely as a self-energy o€some primary fermion fieldxhrough

the same mechanism as the appearance of energy gap in the theory of supercond

Nobel Prize 2008:
"for the discovery of the mechanism of spontaneous

broken symmetry in subatomic physics”

We consider a sxmphﬁed model géhonlinear four-fermion interaction
which allows a -ya—g'mge group. An interesting Jalil: gpMmetry is that there arise wtomatlcally

pseudoscalar zero-mass bound states of@ucleon-antinucleon pairwhich may be regarded as an idealized pion.
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Chiral Symmetry and Its Breaking

7 3% DARK ENERGY

98% of visible mass is due to
dynamical chiral symmetry
breaking.

2% of visible mass
is due to Higgs.



Chiral Symmetry and Its Breaking
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Chiral Symmetry and Its Breaking

Nucleon
And its
Parity
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Schwinger-Dyson Equations
Schwinger-Dyson equations in covariant gauges

The inverse quark propagator:

Quark propagator:

The quark-gluon vertex:

Quark-gluon vertex:
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Schwinger-Dyson Equations

Gluon propagator:

The inverse
gluon propagator:




The Quark Propagator

The quark propagator:
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The Quark Propagator

The quark
propagator:

my=4.18 GeV
m.=1.18 GeV

0.1 m,=95 MeV
0.01
My /d

0.001 =3.74 MeV
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K. Raya, Ph.D. Student, University of Michoacan

“Bridging a gap between continuum-QCD and ab initio predictions of hadron
observables” , Binosi,, Chang, Papavassiliou, Roberts, Phys.Lett. B742 183 (2015).



The Gluon Propagator
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', Massive Confined Gluon

Massless Prturbative Gluon
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Several SDE and lattice
results support decoupling
solution for the gluon
propagator. b T
Momentum dependent gluon

momentum dependent quarkemdsgskfurchiofhys. Lett. B676 69 (2009).
|. Phys. Rev. D86 074512 (2012).

. |
It is in accord with the improved GZ-pictuEe. .. cumtore.

q* + g*(m? + M?) + 2¢g° N ~v? + M?*m?



The Quark-6Gluon Vertex

K=



The Quark-6Gluon Vertex

Quenched Lattice
DSE--Lat (quenched)

QCD 1-Loop a0 =0.118
The Quark'eluon _ .+« = Abelian Ansatz (WI)

Vertex: N —— QCD 1-Loop o

One of the 12
form factors
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AB, L. Gutiérrez, M. Tejeda, AIP Conf. Proc. 1026 262 (2008).



The Quark-6Gluon Vertex

Schwinger-Dyson equations are the fundamental equations
of QCD and combine its UV and IR behaviour.

Transition

Quantities of Interest
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Elastic and Transition Form Factors of Hadrons

Studying the transition of hadrons from them being made
of a sea of quarks and gluons to valence quarks alone can
be studied naturally through SDE.



The Bethe-Salpeter Amplitudes
Bethe-Salpeter amplitude for the pion:

Fr(k;0)

Goldberger-Triemann  [REAGEMRIEMERECIGS
relations: Hp(k;0) + 2f Hy(k;



Pion Electromagnetic Form Factor




Pion Electromagnetic Form Factor

VMD p pole

+ CERN '80s
¢ JLab, 2001
o . Jlahat 12 GeV

F(Q" )= 1L




Pion Electromagnetic Form Factor
Whith pra e aihbdwr bd deenntedng divem kitlge débdsties the
cletizuhayrdeperpenctooh ¥fluz tkastic pion form factor.

— Contact

—- Maris-Tandy
a JLab, 2006
e JLab, 2007

Experiments on pions indicate a contact like interaction?
L. Gutiérrez, AB, I.C. Cloet, C.D. Roberts, Phys. Rev. €81 065202 (2010).



Pion Electromagnetic Form Factor

LONG RANGE PLAN
for NUCLEAR SCIENCE




Pion Electromagnetic Form Factor

The most important achievements of last 7 years




Pion Electromagnetic Form Factor

10 15
Q?%(GeV?)

L. Chang, I.C. Cloét, C.D. Roberts, S.M. Schmidt, P.C. Tanday, Phys. Rev. Lett.
111, 14 141802 (2013)



Pion to yy* Transition Form Factor

Quark-Photon Vertex

Tagged electron emits Pion Bethe-Salpeter

a highly off-shell photon /Amplitude

Untagged electron is
scattered at a small angle
on interacting with an

almost real photon = Full Quark Propagator

UIV(klv k2) — EMVOfﬁ kl&k2ﬁG(kla k23 kl k2)
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Pion to yv* Transition Form Factor
The transition form factor:

O rtTes—Cri T RoT B B

Lo ’ Pl == cenetan! 1 B 3| QQF(QQ) = \/if7r ~ (0.185 GeV

haves as a point-like particle. The
theoretical analyses can be divided into two groups: N6 B
those that can explain the BaBar Wsult (e.g., [6, 9])

and those that cannot (e.g., [10, 11]).
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24l Lo R. Auvert et. al., Pnys. kev. D80 052007 (2009). 4.0 - 40.0 GeV?
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Belle S. Uehara et. al., Phys. Rev. D86 092007 (2012). 4.0 - 40.0 GeV?




Pion to yv* Transition Form Factor
The transition form factor:

Models

K. Raya, L. Chang, AB, J.J. Cobos-Martinez, L.X. Gutiérrez-Guerrero,
C.D. Roberts, P.C. Tandy, e-Print: arXiv:1510.02799. (2015)




Pion to yv* Transition Form Factor
The P transition form factor:

- Belle IT will have 40 times more luminosity.

Vladimir Savinov:
Belle measurement 51.h Wor‘kShop Of the APS
in 2012 Topical Group on Hadronic
Expected error size for PhYSiCS, 2013 .

Q! dependent (stat. and
a part of sys. errors)
component at Belle |l
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Precise measurements at large Q? will provide a stringent
constraint on the pattern of chiral symmetry breaking.



Challenges within Standard Model

Pion after 80 years.

First excited states of nucleon after 50 years. Inverted
hierarchy in lattice.

Gluon mass in the infrared. Last 10 years.
BRST symmetry breaking?

Dynamical diquarks within baryons.

Elastic and transition form factors at large virtualities.



