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® Complex behaviour arises from apparently simple rules

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon
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® Complex behaviour arises from apparently simple rules

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

a5, omce o o Very unnatural pattern of bound state masses
—~ 4 Science

e of Muclear py, o
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® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.
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.V ENQUIRING

QCD’s Emergent Phenomena

® Complex behaviour arises from apparently simple rules

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

a5, omce o # Very unnatural pattern of bound state masses

>4 Science
DEPARTMENT OF ENERGY

e of Muclear py, o
(8) el 1

® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.

® NSAC - Understanding these phenomena is one of the
greatest intellectual challenges in physics
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Dichotomy of the Pion

How does one make an almost massless particle
........... from two massive constituent-quarks?
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How does one make an almost massless particle

........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,
Current Algebra ... 1968
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Dichotomy of the Pion

How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;

75 omee o €:Q. MASS, decay constant anc_l form factor_s,

~=-o= requires an approach to contain a well-defined and
valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.

l | - | - International Workshop on Relativistic Few-Body Physics — Séo Paulo, Brazil: 1718 Aug. 2006 — p. 4/31



Dichotomy of the Pion

- ' How does one make an almost massless particle
\/" & from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
7559 o e.g. mass, decay constant and form factors,

== requires an approach to contain a well-defined and
valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.

e of Muclear py, o
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# Reguires detailed understanding of Connection

between Current-quark and Constituent-quark
masses
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Dichotomy of the Pion

# How does one make an almost massless particle
........... from two massive constituent-quarks?

#» Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
requires an approach to contain a well-defined and
valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.
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— -4 Science
5. DEFARTMENT OF ENERGY
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(53

#® Requires detailed understanding of Connection

between Current-quark and Constituent-quark
Using DSEs,
Masses We’vsélnpgyrovidescl this.
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Eightfold Way

#® Quantum mechanical models with only @) & @ degrees of
freedom:

s Allowed ... JP¢ =0ott, 0+, 1, 1+—, 1++, 2++
s Forbidden... JP¢ =0—,0t—, 1—+, 2t—, 3—+
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Eightfold Way

#® Quantum mechanical models with only @) & @ degrees of
freedom:
s Allowed ... JP¢ =0ott, 0+, 1, 1+—, 1++, 2++
s Forbidden... JP¢ =0—,0t—, 1—+, 2t—, 3—+
s Everything in row 2 is Exotic
s Can only be constructed from constituents that allow
e one to break the pattern: P = (=)**1, C = (—)¢*s
445 s In constituent-like models, that is achieved by adding
something which acts as a constituent-gluon

0““
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Eightfold Way

#® Quantum mechanical models with only @) & @ degrees of
freedom:

s Allowed ... JP¢ =0ott, 0+, 1, 1+—, 1++, 2++
s Forbidden... JP¢ =0——,0t—, 1+, 2t—, 3=+
s Everything in row 2 is Exotic
s Can only be constructed from constituents that allow
—— one to break the pattern: P = (=)**1, C = (—)¢*s
s In constituent-like models, that is achieved by adding
C something which acts as a constituent-gluon

® Constituent-like gluon & Q & () can also be combined to
produce the Allowed quantum numbers

» Hybrids or glueballs.
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Pseudoscalar & Vector Mesons

® Pseudoscalar mesons are extremely important. “Eightfold
Way” ... Constituent-quark model:
JPC =01, n2stlL; = 115, ... spins-T |
s m(140), K(494),
1n(548), n’(958)
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Pseudoscalar & Vector Mesons

® Pseudoscalar mesons are extremely important. “Eightfold
Way” ... Constituent-quark model:
JPC =01, n2stlL; = 115, ... spins-T |
s m(140), K(494),
1n(548), n’(958)
® \ector mesons are well known. “Eightfold Way” ...
Constituent-quark model.
JPC =17 n2st1L; = 135, ... spins-T 7
s p(770), K*(892),
w(782), ¢(1020)
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Pseudoscalar & Vector Mesons

® Pseudoscalar mesons are extremely important. “Eightfold

Way” ... Constituent-quark model:

JPC =0T, n2stlL; = 115 ... spins-T |« - _

s m(140), K(494), \
1n(548), n’(958) \

® \ector mesons are well known. “Eightfold Way” ... \
Constituent-quark model. \

Z@ Osffr:ce of
"“?"““"u':’:::"‘“ JPC — ]___, n 2S+1LJ — ]_ 3S]_ . e SplnS'T T(‘ -~ < - \

[ h sy

ofice of N -

~N

|
s p(770), K*(892), S
|

\

w(782), ¢(1020) N
Mass difference primarily from hyperfine interactior
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:
JPC = 17—, n2sTL; = 135 ... spins-T1
e p(770), K*(892),
w(782), ¢(1020)
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:

JPC =1—" n?st1L; = 135, ... spins-T 7
s p(770), K*(892),
w(782), ¢(1020)

® There are two types of axial-vector meson:
w55 omes e JPC =11+ n2stlL; = 13P; ... spins-T1
s a1(1260), [K1(1270) + K (1400)],

@ £1(1285), f1(1420)
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:

JPC =177, n2stL; = 135, ... spins-T <~ _

s p(770), K*(892), \\
w(782), ¢(1020) \
\
® There are two types of axial-vector meson: \
. \
55 omee o e JPC =11+ n2stip; = 13P; ... spins-T T<~__ \‘
ok ot s a1(1260), [K;(1270) + K;(1400)], RN
: I
% f1(1285), f1(1420) !

Mass difference primarily from Centrifugal potential’
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:

JPC =1—" n?st1L; = 135, ... spins-T 7
s p(770), K*(892),
w(782), ¢(1020)

® There are two types of axial-vector meson:
w55 omes e JPC =11+ n2stip; = 13P; ... spins-T 1
e s a1(1260), [K1(1270) + K7(1400)],
f1(1285), f1(1420)
s JPC =11t— n2stlL; = 1P, ... spins-T |
s b1(1235), [K1(1270) 4+ K;(1400)],
h1(1170), h1(1380)
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:

JPC =1—" n?st1L; = 135, ... spins-T 7
s p(770), K*(892),
w(782), ¢(1020)

® There are two types of axial-vector meson:

6> et e JPC =17F, n2HL; = 1°P ... spins-1 =~
s a1(1260), [K1(1270) + K (1400)], \
f1(1285), f1(1420) N
o JPC =17 n2HL; = 1P, . spins-T <o 1
s b1(1235), [K1(1270) + K;(1400)], \\\ |
h1(1170), h1(1380) ‘I

\/
Mass difference primarily from hyperfine interactiord
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Axial-vector Mesons

® \ector mesons — “Eightfold Way” ... Constituent-quark
model:

JPC =1—" n?st1L; = 135, ... spins-T 7
s p(770), K*(892),
w(782), ¢(1020)

® There are two types of axial-vector meson:
w55 omes e JPC =11+ n2stip; = 13P; ... spins-T 1
e s a1(1260), [K1(1270) + K7(1400)],
f1(1285), f1(1420)
s JPC =11t— n2stlL; = 1P, ... spins-T |
s b1(1235), [K1(1270) 4+ K;(1400)],
h1(1170), h1(1380)
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Hamiltonian?

® p-QCD
. provides effective coupling on Q? > 100A% > 1 GeV?
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Hamiltonian?

pP-QCD
. provides effective coupling on Q? > 100A% > 1 GeV?

o Namely, for » < 0.2fm ... so that the volume within
which interaction is truly known:
Vo—qQcp = %7‘&'(0.2 fm)3
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Hamiltonian?

® p-QCD
. provides effective coupling on Q? > 100A% > 1 GeV?

o Namely, for » < 0.2fm ... so that the volume within
which interaction is truly known:
Vo—qQcp = %7‘&'(0.2 fm)3

® pionradius... 0.66 fm
755 et s pion volume V; = 27 (0.66 fm)>
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Hamiltonian?

® p-QCD
. provides effective coupling on Q? > 100A% > 1 GeV?

o Namely, for » < 0.2fm ... so that the volume within
which interaction is truly known:
Vo—qQcp = %7‘&'(0.2 fm)3

® pionradius... 0.66 fm
755 et s pion volume V; = 27 (0.66 fm)>

4 Scren:e

of Nuclear gy,
C

0““

® V,_qcp = 0.028 Vi,

# The interaction throughout more-than 97% of pion’s
volume is UNKNOWN.
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Hamiltonian?

® p-QCD
. provides effective coupling on Q? > 100A% > 1 GeV?

o Namely, for » < 0.2fm ... so that the volume within
which interaction is truly known:
Vo—qQcp = %7‘&'(0.2 fm)3

® pionradius... 0.66fm
CH s pion volume V. = 57(0.66 fm)?
® V,_qcp = 0.028 Vi,

# The interaction throughout more-than 97% of pion’s

volume is UNKNOWN.
o Hence, the question: What is the long-range interaction between

Argonne light-quarks; viz., what is the Hamiltonian?
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Hamiltonian?

® Plainly, nonperturbative method is necessary.

® However, is there an answer to the question?

o Possible to obtain or even sensible to ask for a quantum
mechanical description of light-quark systems in a
relativistic quantum gauge field theory, wherein virtual
particles play an essential role?
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Hamiltonian?

® Plainly, nonperturbative method is necessary.

® However, is there an answer to the question?

o Possible to obtain or even sensible to ask for a quantum
mechanical description of light-quark systems in a
relativistic quantum gauge field theory, wherein virtual
particles play an essential role?

4T
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-4 Science
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Hamiltonian?

Plainly, nonperturbative method is necessary.

However, is there an answer to the question?

o Possible to obtain or even sensible to ask for a quantum
mechanical description of light-quark systems in a
relativistic quantum gauge field theory, wherein virtual
particles play an essential role?

® No, it's not. True understanding of the meson spectrum and
decays requires the ab initio nonperturbative solution of a
fully-fledged relativistic quantum field theory
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Hamiltonian?

® Plainly, nonperturbative method is necessary.

® However, is there an answer to the question?

» Possible to obtain or even sensible to ask for a quantum
mechanical description of light-quark systems in a
relativistic guantum gauge field theory, wherein virtual
particles play an essential role?

&5, rrice of ® No, it's not. True understanding of the meson spectrum and
decays requires the ab initio nonperturbative solution of a
fully-fledged relativistic qguantum field theory

U3,

NB. Hadron Physics Milestone, 2012: Measure the
a electromagnetic excitations of low-lying hadrons and their
Argonne  transition form factors.
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Confinement

® Infinitely Heavy Quarks ... Picture in Quantum Mechanics

I integration of the force-3 loops _,.'B) ] 1 2

....... bosonic string o

: - o ~ 470 MeV

7 Necco & Sommer
g . 1 he-1a/0108008

.6=6.92 |
.B=6.4 .
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Confinement

#® lllustrate this in terms of the action density ... analogous to

Iy 1
plotting the Force = Fpo(r) = o + — T

0.00 .
l laction density, groundstate| Ba“, et al

he-la/0512018
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® What happens in the real world; namely, in the presence of
light-quarks?
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Confinement

® What happens in the real world; namely, in the presence of
light-quarks? No one knows ... but QQ + 2 X ggq

_ _ Bali, et al.
laction density, groundstate|
he-la/0512018

PP—=" Office of
44 Science
ULS. DEPARTMENT OF ENERGY

e of Muclear py, o
(8)

Argonn

NNNNNNNN
LABORATORY

l - - - - International Workshop on Relativistic Few-Body Physics — Sdo Paulo, Brazil: 17-18 Aug. 2006 — p. 10/31




Confinement

® What happens in the real world; namely, in the presence of
light-quarks? No one knows ... but QQ + 2 X ggq

_ _ Bali, et al.
laction density, groundstate|
he-la/0512018

“The breaking of the string appears to be an instantaneous
processh with de-localized light quark pair creation.”
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Confinement

® What happens in the real world; namely, in the presence of
light-quarks? No one knows ... but QQ + 2 X ggq

_ _ Bali, et al.
laction density, groundstate|
he-la/0512018

“The breaking of the string appears to be an instantaneous
processh with de-localized light quark pair creation.”
Therefore ... No
Information on potential
between light-quarks.

0.40
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a; & by Decays

® [ = 0,1 partners
s 17— ... hy1(1170), b;(1235)
s 171 .. £1(1285), a1(1260)
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a; & by Decays

® [ = 0,1 partners
s 17— ... hy1(1170), b;(1235)
s 17T ... £1(1285), a;(1260)

® Dominant decays
® by > wm hy — pm

® a3 — pm, 1 — 4w

&5, rrice of s f1 — pmis forbidden by G-parity
s f1 — wmis forbidden by isospin symmetry

Hence this state is less useful in developing understanding.
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a; & by Decays

® [ = 0,1 partners
s 17— ... hy1(1170), b;(1235)
s 17T ... £1(1285), a;(1260)

® Dominant decays
® by > wm hy — pm

® a3 — pm, 1 — 4w

757, 9ffice of s f1 — pmis forbidden by G-parity

R s f1 — wm is forbidden by isospin symmetry

Hence this state is less useful in developing understanding.

® First three decays have J = 1 meson in both initial and final
states ... they therefore proceed in two partial waves: S, D
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D
o S ratio in a; — pm a; & by Decays

PR D65 (02) 072001 E852: n~p — ntn—7—p @ 18 GeV
ZPhys C75(97)593 OPAL: T — ntn— 7 v,
ZPhys C58 (93) 61 Argus: 7 — Tt T vy

—0.108 4+ 0.016
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D
o 3 ratio in a; — pm a; & by Decays

—0.14 £ 0.04 = 0.07 PR D65(02) 072001 E852:7  p —ntn 7w p @ 18 GeV
—0.10+0.024+0.02 ZPhys C75(97)593 OPAL: T — nmtn—n vs
—0.11 £ 0.02 ZPhys C58 (93)61  Argus: 7 — wr@w~ 7w vy

—0.108 & 0.016 PL B592 (04) 1 PDG

Ackleh, Barnes, Swanson: he-ph/9604355
® |llustrative Constituent-Quark model calculation

® Processes mediated by pair production via same (confining) interaction that
determines the spectrum.

® Nonrelativistic & Harmonic oscillator wave functions
Z Office of

-4 Science
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Ackleh, Barnes, Swanson: he-ph/9604355
® |llustrative Constituent-Quark model calculation

® Processes mediated by pair production via same (confining) interaction that
determines the spectrum.

® Nonrelativistic & Harmonic oscillator wave functions
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0 # One-gluon exchange (vector interaction) alone cannot describe D/S ratio for
any decay

® Scalar confining interaction provides dominant contribution: —0.12

® Modest one-gluon exchange component must be present ... ratio can be
used to constrain coupling parameter
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o 3 ratio in a; — pm a; & by Decays
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—0.108 & 0.016 PL B592 (04) 1 PDG

Ackleh, Barnes, Swanson: he-ph/9604355
® |llustrative Constituent-Quark model calculation

® Processes mediated by pair production via same (confining) interaction that
determines the spectrum.

® Nonrelativistic & Harmonic oscillator wave functions

.g" Office of
:‘?ﬁm::e ® Results
: ' ® One-gluon exchange (vector interaction) alone cannot describe D/S ratio for
any decay

® Scalar confining interaction provides dominant contribution: —0.12

® Modest one-gluon exchange component must be present ... ratio can be
6 used to constrain coupling parameter

Argonn ® Conclusion: D/S ratio is very sensitive to Hamiltonian’s structure
and 3P, model is superior.
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Lattice studies McNeile: he-la/0307027

a; & by Decays

® Defining P-wave meson interpolating fields is difficult because
lattices don’t have a continuous rotational symmetry:
SU (2) — cubic group.
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Lattice studies McNeile: he-la/0307027

a; & by Decays

® Defining P-wave meson interpolating fields is difficult because
lattices don’t have a continuous rotational symmetry:
SU (2) — cubic group.

» P-wave mesons are orbital excitations of S-wave ground states,
which are lighter and hence will dominate the “signal” unless
Interpolating fields are carefully chosen.
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a; & by Decays

Lattice studies McNeile: he-la/0307027

® Defining P-wave meson interpolating fields is difficult because
lattices don’t have a continuous rotational symmetry:
SU (2) — cubic group.

» P-wave mesons are orbital excitations of S-wave ground states,
which are lighter and hence will dominate the “signal” unless
Interpolating fields are carefully chosen.

® Signal to noise ratio S/N ~ exp|[—(mg — my)]:
o Smaller for P-wave mesons than for ground-state S-waves
because P-wave mesons are heavier;
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. DEPARTMENT OF ENERGY

U3,

» Especially bad for realistic current-quark masses.
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Only one lattice simulation

a; & by Decays

» MILC; he-1a/0104002, 20° x 64, 1/r; = 0.563 GeV
# large errors;

o small minimum distances to get good fits;

» plateaux in the effective mass are short.
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Only one lattice simulation a; & by Decays

» MILC; he-1a/0104002, 20° x 64, 1/r; = 0.563 GeV
# large errors;

o small minimum distances to get good fits;

» plateaux in the effective mass are short.

® Result
® a1(1230 + 20)

® b1(1300 £ 20)
Z Office of

-4 Science
ULS. DEPARTMENT OF ENERGY

NB. The quoted errors are
better than experimental!

e of Muclear py, o
(8)
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# large errors;

® Result
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Only one lattice simulation

» a1(1230 £ 20)
» b1(1300 =+ 20)

NB. The quoted errors are
better than experimental!
However, the figures
presented indicate that
uncontrolled systematic error
much larger than statistical.

o small minimum distances to get good fits;
» plateaux in the effective mass are short.

» MILC; he-1a/0104002, 20° x 64, 1/r; = 0.563 GeV

a; & by Decays

4 T 171 T 171 T 171 T 171 T 171
I | | ]
i g |
- v X O T
e l PRA .
R 0 . |

R I— m —
ISR |
- O: quenched a, .

1— 3%: quenched a;,b; —
- 0. 3—flavor a, .
- ¢: 3—flavor ay,b, .

O 111 1 | 111 1 | 111 1 | 111 1 | 11 1 1

0.0 0.2 0.4 0.6 0.8

(m,/m,)"

1.0
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# large errors;

® Result
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Argonne

Only one lattice simulation

» a1(1230 £ 20)
» b1(1300 =+ 20)

NB. The quoted errors are
better than experimental!
However, the figures
presented indicate that
uncontrolled systematic error

much larger than statistical.
wawe  NB. aqp — pm impossible with

a; & by Decays

» MILC; he-1a/0104002, 20° x 64, 1/r; = 0.563 GeV

o small minimum distances to get good fits;
» plateaux in the effective mass are short.

4 T 171 T 171 T 171 T 171 T 171
I | | ]
i g |
- . % $ eH .
e l 3 %i g & .
e 00 g .

R I— m —
LA :
- o i
- O: quenched a, .

1— 3%: quenched a;,b; —
- 0. 3—flavor a, .
- ¢: 3—flavor ay,b, .

O 111 1 | 111 1 | 111 1 | 111 1 | 11 1 1

0.0 0.2 0.4 0.6 0.8 1.0

(m,/m,)*
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Dyson-Schwinger Equations
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:

&7, 9ffice of - Dynamical Chiral Symmetry Breaking

RN — Generation of fermion mass from nothing

- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?

ofice of N
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&7, 9ffice of - Dynamical Chiral Symmetry Breaking
— Generation of fermion mass from nothing
- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?

e of Muclear py, o
(8) (&

® — Understanding InfraRed (long-range)
...................................... behaviour of as(Q?)
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&7, 9ffice of - Dynamical Chiral Symmetry Breaking
- — Generation of fermion mass from nothing
- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?

e of Muclear py, i
() Co

® Method yields Schwinger Functions = Propagators

NNNNNNNN
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons

s Qualitative and Quantitative Importance of:
&7, 9ffice of - Dynamical Chiral Symmetry Breaking
s, — Generation of fermion mass from nothing
| . Quark & Gluon Confinement

— Coloured objects not detected, not detectable?
Cross-Sections built from Schwinger Functions
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Gap Equation

Perturbative
Dressed-quark Propagator
_ Z(pY) ; >
) = o+ M) ~O== o
F oo
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S(p) =

Z(p?)

Perturbative
Dressed-quark Propagator

D
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iy -p+ M(p?)

® dressed-quark propagator

~O-=

O
Y r

S

Gap Equation
1

i - p A(p?) + B(p?)

S(p) =
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Perturbative
Dressed-quark Propagator

_ Z(p?) ; D
) = o+ M) ~O== o
Y S I

® dressed-quark propagator _
Gap Equation
1

iy -pA(p*) + B(p?)
7o, omeeor @ \eak Coupling Expansion
' Reproduces Every Diagram in Perturbation Theory

S(p) =
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Perturbative
Dressed-quark Propagator

. Z() ; >
) = o+ M) ~O==

S

Gap Equation
1

iy -pA(p*) + B(p?)
g@gﬁ;gg;;.p \Weak Coupling Expansion
e Reproduces Every Diagram in Perturbation Theory

® dressed-quark propagator

S(p) =

=@ ® Butin Perturbation Theory

Gl o p2 m—
o B(p2)2m<1—;lnlml+) _>OO

NNNNNNNN
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Perturbative
Dressed-quark Propagator

-0 =

S

® dressed-quark propagator _
Gap Equation

1 No-DCSB
o) = iy - pA(p?) + B(p?) é;e!\

g@gg;;g;;.o \Weak Coupling Expansion
. Reproduces Every Diagram in Perturbation Theory

=3 # Butin Perturbation Theory

a B =m (1= Tm 7] )

T m?2

NNNNNNNN
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Dressed-Quark Propagator
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Gap Equation
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Dressed-Quark Propagator

-0 =

S

Gap Equation
# Gap Equation’s Kernel Enhanced on IR domaln

— IR Enhancement of M (p?) | \:
10° &
g Office of — \
4 S:ren:e >
(&)
e of Mutlea ar ppy 910 1 B
R —— b—quark
=2 c—quark
=102 L s—quark
i u,d—quark ]
I O chlral I|m|t |
10 _ M (p) p _
10~ 10 10
p (GeV)
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Dressed-Quark Propagator

-0 =

S

Gap Equation
# Gap Equation’s Kernel Enhanced on IR domaln

— IR Enhancement of M (p?) MR R S
o Euclidean Constltuent—Quark 10" soooo00mnmmg s
Z@%ﬁ::ﬁ:& E 2 2 > 1
= Mass: My p p? = M (p?) 80 |
K | ——— b-quark
\% i c—quark
wou | wa | o | o | b T i
ME T 102 |~ N N [ O chiral limit
M= |~ 102 | ~10 | 15 |~ 1 ol o
107 10" 10 100 10
P’ (GeV)
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Quenched-QCD
Dressed-Quark Propagator
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Quenched-QCD
Dressed-Quark Propagator
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» “data:” Quenched Lattice Meas.
— Bowman, Heller, Leinweber, Williams: he-lat/0209129
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Quenched-QCD
Dressed-Quark Propagator
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Quenched-QCD
Dressed-Quark Propagator
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— Bowman, Heller, Leinweber, Williams: he-lat/0209129
current-quark masses: 30 MeV, 50 MeV; 100 MeV

» Curves: Quenched DSE Cal.
— Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003
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Quenched-QCD
Dressed-Quark Propagator
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(8)

— Bowman, Heller, Leinweber, iIIiams:/He-Iat/OZO 29
current-quark masses: 30 MeV, 50 MeV; 100 MeV

Curves: Quenched DSE Cal.

Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003
“lhe Linear extrapolation of lattice data to chiral limit is inaccurate
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Hadrons

Established understanding
of two- and three-point functions

o What about bound states?
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible
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Hadrons

* Without bound states,
Comparison with experiment Is
Impossible

* They appear as pole contributions
to n > 3-point colour-singlet
Schwinger functions

T Yrenet

MNucls
ot of h Sice

NNNNNNNN
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Hadrons

* Without bound states,
Comparison with experiment Is
Impossible

* Bethe-Salpeter Equation

1=
, I I
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QFT Generalisation of Lippman-Schwinger Equation.

¥

)
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Hadrons

* Without bound states,
Comparison with experiment Is
Impossible

* Bethe-Salpeter Equation
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QFT Generalisation of Lippman-Schwinger Equation.

¥

)

e \What Is the kernel, K?
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Hadrons

* Without bound states,
Comparison with experiment Is
Impossible

* Bethe-Salpeter Equation

1=
1 T
’;6)- Office of
-4 Science _——— — - 4
U5, DEPARTMENT OF ENERGY
e of Nuclear pg,
o Bie, N—
. 1=
hé"N"dl-drManul ~guats? w
e
S

QFT Generalisation of Lippman-Schwinger Equation.

¥

)

e \What Is the kernel, K?

S or What is the long-range potential in QCD?
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

1., 1.,
P, TL, (ks P) = S '(ky) §Alfw5+ 5)\9:@’75 S~ (k)
Zgj”oss;f::;fo; _MC Zré(k7 P) R ZFZS(k7 P) MC

e of Muclear py, o
(8)

QFT Statement of Chiral Symmetry
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

b b ()
Py Tgu(k; P) = §7H(ky) 50507 + 525075

765, Office of — M iré(lﬁ P) — iFé(k; P) M

Satisfies BSE Satisfies DSE
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

Ty
Py Tgu(k; P) = §7H(ky) 50507 + 525075
75 2t — M ili(k; P) — ils(k; P) M
Satisfies BSE Satisfies DS

Kernels must be intimately related
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

Ty
Py Tgu(k; P) = §7H(ky) 50507 + 525075
Zgzosf::ﬁ:; _MC ZF%(]‘C, P) R ZFZS(k7 P) MC
Satisfies BSE Satisfies DS

Kernels must be intimately related
» Relation must be preserved by truncation
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Bethe-Salpeter Kernel

Axial-vector Ward-Takahashi identity

Ty
Py Tgu(k; P) = §7H(ky) 50507 + 525075
Zgzosf::ﬁ:; _MC ZF%(]‘C, P) R ZFZS(k7 P) MC
Satisfies BSE Satisfies DS

Kernels must be intimately related
» Relation must be preserved by truncation
o Nontrivial constraint
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

P, T (kP) = 8_1(k+) )\ #is + )\fzfy5 /\
CRE — M iUk (k; P) — iUy (k; P) M
Satisfies BSE Satisfies DS

Kernels must be intimately related
» Relation must be preserved by truncation
» Fallure = Explicit Violation of QCD’s Chiral Symmetry
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

Office of
.g < S:rence

e of Muclear PL -
B e,
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

e Mass? of pseudoscalar hadron

r’; =" Office of
éz Science

e of Nuclear pp, i
B e,
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

e Sum of constituents’ current-quark masses
eeg., T =1 (04D

r’; =" Office of
éz Science

e of Muclear py, o
(8)
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

A
[ pp = Zz/ %tr{(TH)t%w S(g+) ' (q; P)S(q-) }

e Pseudovector projection of BS wave functio& atxr =20
e Pseudoscalar meson’s leptonic decay constant

office of - S
5, Arice o |

(e of Muclear PL i
(8)

1T i (T/2)Y"' Vs

W

1S
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Radial Excitations
& Chiral Symmetry

ip! =74 /qA %tr{(TH)t% S(q+)'u(g; P)S(q-) }

(Maris, Roberts, Tandy
nu-th/9707003

e Pseudoscalar projection of BS wave function at x =0

r’; =" Office of
éz Science

e of Nuclear pp, i
B e,

NNNNNNNN
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

—(qq)2
s fu— & pé_I > 70 < Independent of m,
H
W% Office of 2 B <qq> 2 I
O Siance Hence | m4, = my | ... GMOR relation, a corollary
S o B
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

g —(qa)¢
s fu— f&é&p > < Independent of m,
G fO
P>=5" Office of 2 _<qq>2 I
K6 Science Hence m%;, = mq | ... GMOR relation, a corollary
e (9)2

® Heavy-quark + light-quark
1
and p? X /M ET

VT

=>fHOC

Hence, mpy o< mq

... QCD Proof of Potential Model result
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons

r’; =" Office of
éj Science

e of Nuclear pp, i
e
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

[ mig=— p Mpy

® Valid for ALL Pseudoscalar mesons

® ;= finite, nonzero value in chiral limit, My — 0

Office of
.g 4 S:rem:e

of Buzear By

oS
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,

- 2 2 _ - . . .
X2 Sciance mz o > my =0, inchiral limit

e of Muclear py, o
(8)

NNNNNNNN
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fimomyg=— p- Mpy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,

Office of - 1 : : :
X2 Sciance mﬂ_n;t0 > mZ2 _ =0, in chiral limit

ot of Besiear 21 i

® = fg=0
ALL pseudoscalar mesons except 7w (140) in chiral limit
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HOll, Krassnigg, Roberts
nu-th/0406030

Radial Excitations
& Chiral Symmetry

Valid for ALL Pseudoscalar mesons
o = finite, nonzero value in chiral limit, Mgz — 0
“radial” excitation of m-meson,

m > m?2 — 0, in chiral limit

TTn#£0 TTn=0

ALL pseudoscalar mesons except 7w (140) in chiral limit

Dynamical Chiral Symmetry Breaking
— Goldstone’s Theorem —
Impacts upon every pseudoscalar meson
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

r’; =" Office of
éz Science

e of Muclear PL -
B e,
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Piron\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

r;/, Office of

-4 Science
. DEPARTMENT OF ENERGY

U3,

. e of Nuclear 73
OR\L

NNNNNNNN
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg\\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

50 %Cience @ But w(1800) is narrow (I' = 207 £ 13) & decay pattern might
indicate some “flux tube angular momentum” content:
SQQ=1@LF=1:>J=0

&Lr =1= 35, @ 3S; (QQ) decays suppressed?
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg\\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

50 %Cience @ But w(1800) is narrow (I' = 207 £ 13) & decay pattern might

B Indicate some “flux tube angular momentum?” content:

ot of N

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg\\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

50 %Cience @ But w(1800) is narrow (I' = 207 £ 13) & decay pattern might
indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement

® NSAC Long-Range Plan, 2002: ... an understanding of
confinement “remains one of the
greatest intellectual challenges in physics”
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

r’; =" Office of
éz Science

e of Nuclear pp, i
B e,
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» |If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind
to the weak interaction except 7 (140).

|~ Office of
.g,,gj Science
U5, DEPARTMENT OF ENERGY
. e of Nuclear Phic.
0("“ S5,

o 02 04 06
Argonn m, [GeV]
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» |If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind

to the weak interaction except 7 (140).
» |If chiral symmetry is not broken,

then NO pseudoscalar meson experiences the weak

_ Interaction.
Z Office of
-4 Science
ofee of Nuclear pg, o
B Ry a— T
. A4 .
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First DSE stud 1 & bl Decays

» Bloch et al., nu-th/9906038

# Rank-2 separable model for the Bethe-Salpeter Kernel

# Based on gap and Bethe-Salpeter equation connection
described in preceding

# Guaranteed to preserve Goldstone’s theorem.

|~ Office of
.g,,gj Science
ULS. DEPARTMENT OF ENERGY

e of Muclear py, o
(8)

Argonn

NATIONAL
LABORATORY
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First DSE stud 1 & bl Decays

®» Bloch et al., nu-th/9906038
# Rank-2 separable model for the Bethe-Salpeter Kernel

# Based on gap and Bethe-Salpeter equation connection
described in preceding

# Guaranteed to preserve Goldstone’s theorem.

® Utility of sep. model ... Simplified Bethe-Salpeter amplitudes

I'"(k; P) = 75 (ieir — el - ]5) G(z),
gé%ﬁfce of
i - I’fb(l_c; Py = 7 l_che’l’ F(x) + iegfyu G(z) — ze3fy5e>\umfy>\k,/P F(:c))
" h“'"""ﬂwanu--W“ws‘y le (l;:; p) — 7?[_{‘.5 75 (Il’e?l - 631’7 ’ p) F(ZU),
FZl (k; ]5) - 7 (i*yyyffecf G(z) + ’1,62 EMWG’)/)\k F(:I;))
1 _ 1. i
F(x) := - [A(z) — 1], G(z) := 5 |B(z) —m],

from gap equation, a = 0.129, b = 0.0877
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a; & by Decays
First DSE stud 1 1 y
®» Bloch et al., nu-th/9906038
# Rank-2 separable model for the Bethe-Salpeter Kernel

# Based on gap and Bethe-Salpeter equation connection
described in preceding

# Guaranteed to preserve Goldstone’s theorem.

® Utility of sep. model ... Simplified Bethe-Salpeter amplitudes

Office of Fﬂ-(l;.; p) - 7?75 (Zeir N 657 . p) G(ZB),
.44 Scren:e / . L (=T _ ) T ~ ) - A —
e st by // be(k7 P) = 7 <k,u 6‘{ F(.CU) + 2657u G(.CU) o ’Leg’)’u’)ekul/of)’)\kvpa F(CU)) )
S TRk P) = 7R (ie}t = ehty - P) F(a),
,.I' ) = I / 3 .

TP = (577 €5 G(a) + e expvoraku P F(2)) |

Orbital angular momentum excitation
_ 1, - _ 1. _
F(z) := - [A(z) — 1], G(z) := > |B(z) —m],

from gap equation, a = 0.129, b = 0.0877
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a; & by Decays
First DSE stud 1 1 y
®» Bloch et al., nu-th/9906038
# Rank-2 separable model for the Bethe-Salpeter Kernel

# Based on gap and Bethe-Salpeter equation connection
described in preceding

# Guaranteed to preserve Goldstone’s theorem.

® Utility of sep. model ... Simplified Bethe-Salpeter amplitudes

D"(ksP) = 745 (ie] —efy- P) Gla),
Z’ Office of
O - 2 L (1T p £ o T A - L
LI rfb(k7 P) = T <k,u €1 F(.CU) -+ 262’7/“ G(.CU) o 1’63756>\/,LV0"Y>\'I{‘.1/P0' F(CU)) )
/
2>, o b .. D =7 . b b a —
n“'""'-wanu--ﬂ“““w // Pl’l’l (k; P) — T kz; 75 (2611 - 621’7 . P) F(x)7
- , o ) -
/- JFZl (k;P) = T (i’y5'y;{ecflG(:E) + ie5! EAMVO-’)/A]{VPUF(ZE)) :
Orbital angular momentum excitation
_ 1, - _ 1 - _
F(z) := - [A(z) — 1], G(z) := > |B(z) —m],

Argonn

NATIONAL
LABORATORY

from gap equation, a = 0.129, b = 0.0877
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First DSE stud 1 & bl Decays

® Separable model results ... isospin partners degenerate in
rainbow-ladder-like truncations:

Mexp(GeV) m(GeV) e1 €2 es3
| 0.139 0.139 0.9973 —0.0732

0.783 0.736 —0.2270  0.9610 —0.1580

p | 0.77 0.736 —0.2270  0.9610 —0.1580
hi | 1.17 £ 0.020 1.24 0.9708  0.2400
55 omee o b1 | 1.2295+0.0032 1.24 0.9708  0.2400
he Sciance fi | 1.2818 +£0.0006 1.34 0.1991  0.9800
a1 | 1.23 4 0.040 1.34 0.1991  0.9800

,
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First DSE stud 1 & bl Decays

® Separable model results ... isospin partners degenerate in
rainbow-ladder-like truncations:

Mexp(GeV) m(GeV) e1 €2 es3
| 0.139 0.139 0.9973 —0.0732

0.783 0.736 —0.2270  0.9610 —0.1580

p | 0.77 0.736 —0.2270  0.9610 —0.1580
hi | 1.17 £ 0.020 1.24 0.9708  0.2400
55 omee o b1 | 1.2295+0.0032 1.24 0.9708  0.2400
he Sciance fi | 1.2818 +£0.0006 1.34 0.1991  0.9800
a1 | 1.23 4 0.040 1.34 0.1991  0.9800

» Notes
® No free parameters ... all fixed elsewhere

® a; hases > e1 &eg’ ~ € ... thus model predicts a; is predominantly
orbital excitation, analogous to constituent-quark model.
NB. In point-meson field theory models, egl =

LABORATORY
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® Results

First DSE study nu-th/9906038

a; & by Decays

Obs. | I

D/S|y, —pr = Ry 081  0.25
D/S|q, —pr = Ray  -0.140.028 -0.092  -0.075

D/S|, _pr= Ry,  0.2940.04 097 031

Ra, /Ry, -0.34 + 0.11 -0.095  -0.25

Ry, /Ry, 0.84  0.83

Gorr 6.05 + 0.02 9.58  8.18

w55 omee o T - 0.151 + 0.001 0.356  0.259
DRl Tuy—pn 0.25 - 0.60 0.402  0.385
R . .. 0.142£0.009 0308 0.146
| 0.360 + 0.040 0.573  0.301

o) 0.203 + 0.018 0.121  0.221

7 0.216 + 0.005 0.189  0.223

fr 0.1307 4+ 0.0004  0.136  0.148

Argonn 30%

NATIONAL
LABORATORY

Decay constants are
broadly acceptable.

D/ S ratios have the
correct sign.

Widths are too large.

Results are very
sensitive to the details
Bethe-Salpeter
amplitude, which in
turn are are
determined by the
infrared behaviour of
the interaction.
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® Results

First DSE study nu-th/9906038

a; & by Decays

Obs. | I

D/S|y, —pr = Ry 0.81  0.25
D/S|q, —pr = Ray,  -0.140.028 -0.092  -0.075

D/S|, _pr= Ry,  0.29£0.04 097  0.31

Ra, /Ry, -0.34 + 0.11 -0.095  -0.25

Ry, /Ry, 0.84  0.83

Jprn 6.05 + 0.02 958  8.18

w55 omee o Ir - 0.151 + 0.001 0.356  0.259
DRl Tuy—pn 0.25 - 0.60 0.402  0.385
R . .. 0142 £ 0009 0308 0.146
| 0.360 + 0.040 0.573  0.301

far 0.203 + 0.018 0.121 0221

i 0.216 + 0.005 0.189  0.223

fr 0.1307 + 0.0004 0.136  0.148

Argonn 17%

NATIONAL
LABORATORY

Is there a form for the
long-range interaction
that can provide a
better description?

Separable model . ..
relax constraints ...
allow one parameter
variation in
Bethe-Salpeter
amplitudes.

by b5 B
0.60 0.60 0.13
0.86 0.89  0.69

bf egl
2.90 0.24
3.43 —0.67
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N a; & by Decays

» nu-th/9906038 remains the “best” study available.

PP——==" Office of
~—-4 Science

U3, DEFARTMENT OF ENE.

Argonne

NATIONAL
LABORATORY
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a; & by Decays

» nu-th/9906038 remains the “best” study available.

» More modern studies using “realistic” interactions in
rainbow-ladder truncation. . .
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N a; & by Decays

» nu-th/9906038 remains the “best” study available.

» More modern studies using “realistic” interactions in
rainbow-ladder truncation. . .

» Alkofer, Watson, Weigel; hep-ph/0202053 & Jarecke, Matris,
Tandy; nu-th/0208019

Calculated masses only; they are far too small: 800 — 900 MeV.

PP—=" Office of
.g,gj Science
ULS. DEPARTMENT OF ENERGY

e of Muclear py, o
(8)

Argonn

NATIONAL
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a; & by Decays

» nu-th/9906038 remains the “best” study available.

® “Realistic” interactions beyond rainbow-ladder truncation. . .
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» Watson, Cassing, Tandy; he-ph/0406340
& Only masses calculated
& One-loop correction to gap and Bethe-Salpeter equations
& Qualitative confirmation of structure of Bethe-Salpeter
amplitudes in separable model
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» nu-th/9906038 remains the “best” study available.

® “Realistic” interactions beyond rainbow-ladder truncation. . .

» Watson, Cassing, Tandy; he-ph/0406340
& Only masses calculated
& One-loop correction to gap and Bethe-Salpeter equations
& Qualitative confirmation of structure of Bethe-Salpeter
amplitudes in separable model

® mg,, = 0.99 — 0.96 & mp, = 0.95 — 1.23

o Science :
e @) \f@rtex corrections . . .

& apparently important to masses.
» (uite likely important to decays, too.

# only alter interaction significantly at long-range.

A ® These states are a contemporary challenge for theory.

w8 EXp. g, = 0.25 — 0.60 & D/S ratios not known better than 10%
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® Key Part of the 12 GeV upgrade of JLab.

One of the International Efforts to search for Exotics and Hybrids.
FAIR at GSI will also have this capacity
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» Web page contains much about Flux Tubes. That need not be
taken seriously. Questions to be answered are much more
challenging than the authors have conceived.
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» Web page contains much about Flux Tubes. That need not be
taken seriously. Questions to be answered are much more
challenging than the authors have conceived.

® Photoproduction?

o “Clean” source ... hopefully least model-dependence

# Pseudoscalar and scalar hybrids notionally have Sz, = 1 and
hence hybrids/exotics should be accessible via photons.

X2 Sciance » Moreover ... haven't seen too many hybrids with other

beams, so seems sensible to try with photons.
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# Pseudoscalar and scalar hybrids notionally have Sz, = 1 and
hence hybrids/exotics should be accessible via photons.
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truly predicts them because we can’t solve QCD. Nonetheless, no
symmetry prevents their existence. Establishing (non-)existence is
a strong test of dynamics.
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http:/Avww.jlab.ora/Hall-D/ Hall D

Web page contains much about Flux Tubes. That need not be
taken seriously. Questions to be answered are much more
challenging than the authors have conceived.

Photoproduction?
» “Clean” source ... hopefully least model-dependence

# Pseudoscalar and scalar hybrids notionally have Sz, = 1 and
hence hybrids/exotics should be accessible via photons.

QCD allows hybrids and exotics. We can't yet tell whether QCD
truly predicts them because we can’t solve QCD. Nonetheless, no
symmetry prevents their existence. Establishing (non-)existence is
a strong test of dynamics.

That is what we're after ... essentially nonperturbative dynamics
. only Emergent Phenomena in QCD can support the existence
of hybrid/exotic mesons
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® Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena
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® Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

® On the surface, Pion is peculiar
» dressed-quark-antiquark bound state
O SCience » and QCD’s Goldstone mode
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Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

On the surface, Pion is peculiar

» dressed-quark-antiquark bound state
X2 Sciance » and QCD’s Goldstone mode

of Nuclear gy,
C

0““

® Dyson-Schwinger equations provide fundamental
understanding of these particularities

» Dynamical Chiral Symmetry Breaking

# How this connects current-quark with constituent-quark
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® Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

® Existence of systematic, symmetry preserving DSE

truncation
_4 Agf:ggg » foundation for proof of exact results e.g.
s mass formula;
s leptonic decay constants for excited pseudoscalars
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® Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

® Existence of systematic, symmetry preserving DSE
truncation

T, Prent » foundation for proof of exact results e.g.

4 S:ren:e
s mass formula;
s leptonic decay constants for excited pseudoscalars
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» Dbasis for practical phenomenological tool
& quantifiable corrections
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® Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

» Excited states
o radial;

X2 Sciance s angular momentum

. e of Nuclear 73
OR\L
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Physics of hadrons is dominated by qualities that are not
apparent in QCD'’s action; namely, Emergent Phenomena

Excited states

o radial;

X2 Sciance » angular momentum

of Nuclear gy,
C

0““

® Experimental and theoretical programme
# map out interaction between light-quarks at long range.
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