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""" ¢ How does one make an almost massless particle
........... from two massive constituent-quarks?
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What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

PP——=S" Office of
.g,;j Science
US. DEPARTMENT OF ENERGY

.ce of Nuclear PR 5
4

0“\“

Argonne

Covariance, dynamics and symmetries, and hadron form factors
- - - - Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 3/30



What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

Office of
.g 4 Screm:e

e chuCEar Py

Argonne

Covariance, dynamics and symmetries, and hadron form factors
- - - - Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 3/30



What's the Problem?

Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

Differences

Office of
.g 4 Screm:e

e chuCEar Py

Argonne

Covariance, dynamics and symmetries, and hadron form factors
- - - - Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 3/30



What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

® Differences

o Here relativistic effects are crucial
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What's the Problem?

Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom
Determination of hadron’s wave function requires

ab initio nonperturbative solution
of fully-fledged relativistic quantum field theory
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Dyson-Schwinger Equations
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
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® Simplest level: Generating Tool for Perturbation Theory
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» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
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— Generation of fermion mass from nothing
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® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
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Persistent Challenge
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® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

# Not all are Schwinger functions are experimentally
observable but all are same VEVs measured in
Lattice-QCD simulations ... opportunity for

comparisons at pre-experimental level . ..
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# Solutions are Schwinger Functions
(Euclidean Green Functions)

Coupling between equations truncation

#» Weak coupling expansion —- Perturbation Theory

PP——=S" Office of
.é:‘égl Science
U.S. DEPARTMENT OF ENERGY

(e of Muclear py, 5
o R

Argonne

Covariance, dynamics and symmetries, and hadron form factors
- - - - Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 5/30



Persistent Challenge

® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)
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» Weak coupling expansion —- Perturbation Theory
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

H.J. Munczek Phys. Rev. D 52 (1995) 4736

Dynamical chiral symmetry breaking, Goldstone’s
theorem and the consistency of the Schwinger-Dyson
and Bethe-Salpeter Equations

A. Bender, C.D. Roberts and L. von Smekal, Phys.
Lett. B 380 (1996) 7

Goldstone Theorem and Diquark Confinement Beyond
Rainbow Ladder Approximation
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(Euclidean Green Functions)
® There is at least one systematic nonperturbative,
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— Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003
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— Bowman, Heller, Leinweber, Williams: I7\e lat/020911.29
current-quark masses: 30 MeV, 50 MeV 100 MeV—"

Curves: Quenched DSE Cal.

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

» Established understanding
of two- and three-point functions

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
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation
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QFT Generalisation of Lippmann-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 Lippmann-Schwinger Equation.
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What is the kernel, K?
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What Is the Long-Range Potential?
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What is the Long-Range Potential?
Bush Urges Nation To Be Quiet For ___
Minute While He Tries To Think
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In a televised address to the nation, Bush called for “a little peace and quiet.”
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

_ I L. _
P, TL,(k;P) = S 1(k+)§Alfw5+§A;w5 S~ (k)
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QFT Statement of Chiral Symmetry
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Bethe-Salpeter Kernel

® Axial-vector Ward-Taka

nas

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

ni identity

753, o of — M il (k; P) — iTy(k; P) M

e of Nuclear PR <
(o)

Satisfies BSE
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

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

R amea — M iTL(k; P) — il'L(k; P) M,

e of Nuclear PR <
(o)

Satisfies BSE Satisfies DS
Kernels must be intimately related
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

_ | | /\
Pu T4, (ki P) | = 87 (ky) 5 X507 + 5575
73, e ! —Mcily(k; P) — iT'5(k; P) M
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

_ | | /\
Pu T4, (ki P) | = 87 (ky) 5 X507 + 5575
73, e ! —Mcily(k; P) — iT'5(k; P) M
Satisfies BSE Satisfies DS

Kernels must be intimately related
Relation must be preserved by truncation

6 Nontrivial constraint
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

TR
Py Tgu(k; P) = §7H(ky) 50507 + 545075
5% et —Mc iUy (k; P) — il (k; P) Mg
Satisfies BSE Satisfies DS

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

(Maris, Roberts, Tandy & Chiral Symmetry
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e Mass? of pseudoscalar hadron
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Radial Excitations

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

M = travour [M(M) {TH (1" )tH = Mg, + mq,

e Sum of constituents’ current-quark masses
eeg., T =1 (04D
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(Maris, Roberts, Tandy & Chiral Symmetry
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A
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e Pseudovector projection of BS wave functio& atxr =20
e Pseudoscalar meson’s leptonic decay constant
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Radial Excitations
& Chiral Symmetry
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e Pseudoscalar projection of BS wave function at x =0
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Radial Excitations

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

#® Light-quarks;i.e., mg ~ 0

—(qq)?
s fu— & pé_I > 70 < Independent of m,
H
P~=5" Office of 2 _<qq>2 :
o), Science Hence | m%, = mg | ... GMOR relation, a corollary
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
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fu my=— p' Mgy

® Valid for ALL Pseudoscalar mesons
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Radial Excitations

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

fu myp=— p' My

® Valid for ALL Pseudoscalar mesons

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

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

fu my=— p' Mgy

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

® ‘“radial” excitation of m-meson,

u 2 2 _ . . . .
X Sciance mz o >mg =0,in chiral limit
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Radial Excitations

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

fu my=— p' Mgy

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

® ‘“radial” excitation of m-meson,

Office of - 1 : : :
X9 Sciance mﬂ_n;t0 > mZ2 _ =0, in chiral limit

(0] A sibusies ar Ph S,

® = fg=0
ALL pseudoscalar mesons except 7w (140) in chiral limit
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Radial Excitations

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

fu my=— p' Mgy

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

® ‘“radial” excitation of m-meson,

Office of - 1 : : :
X9 Sciance mﬂ_n;t0 > mZ2 _ =0, in chiral limit

(0] A sibusies ar Ph S,

® = fg=0
ALL pseudoscalar mesons except 7w (140) in chiral limit

®» Dynamical Chiral Symmetry Breaking
— Goldstone’s Theorem —
Impacts upon every pseudoscalar meson

Covariance, dynamics and symmetries, and hadron form factors
- - - - Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 14/30

Argonne


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+5899605

McNeile and Michael
he-la/0607032

V; =" Office of

— 4 Science

U.S. DEFARTMENT OF ENERG

Argonne

NATIONAL
LABORATORY

Radial Excitations
& Lattice-QCD

Covariance, dynamics and symmetries, and hadron form factors
Exclusive Reactions at High Momentum Transfer, 21-24May/07, — p. 15/30



Radial Excitations
hela/607032 & Lattice-QCD

® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.
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Radial Excitations
hela/607032 & Lattice-QCD

® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

® CLEO: 7 — 7(1300) 4 v,
= fr, < 8.4MeV

Diehl & Hiller
he-ph/0105194
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Radial Excitations
he 0607032 - & Lattice-QCD

® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

® CLEO: 7 — 7(1300) + v, |
= fr, < 8.4MeV 08|~ i
Diehl & Hiller i &
he-ph/0105194 o
® Lattice-QCD check: o, il
| 163 x 32
PP==" Office of !
%f:i?ff;‘fe a ~ O 1 fm, 021= O notimproved |
two-flavour, unquenched - | | . Etvoma |
fﬂ_ 0% — o|.5 ' I1 ' 1|.5 ' I2 ' 2|.5 ' :Is ' 3|.5 T4
= — = 0.078 (93) (tom,’
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McNeile and Michael
he-la/0607032

Radial Excitations

& Lattice-QCD

When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: 7 — w(1300) 4+ v, |

= fr, < 8.4MeV 08
Diehl & Hiller i
he-ph/0105194 °r

E

=
Y

Lattice-QCD check: .|
163 x 32,
a~ 0.1fm, 02

O notimproved
O NPimproved

two-flavour, unquenched | ] ~ Exptbound | ]
‘fﬂ_ % — o|.5 | 1|.5 > 2I5 — 3|5 4
= — = 0.078 (93) (tom,’
Tt

Full ALPHA formulation is required to see suppression, because
PCAC relation is at the heart of the conditions imposed for

nt (determining coefficients, of.irrelevant operators)
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Radial Excitations
he 0607032 - & Lattice-QCD

® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

® CLEO: 7 — 7w(1300) + v, |
= fr, <8.4MeV I
Diehl & Hiller [ o |
he-ph/0105194 o
® Lattice-QCD check: o, il
3
765, e 173
MENI a~ 0.1 fm’ 02 ool
e o ar Py O NPimproved
two-flavour, unquenched | ] — Btbound | ]
fﬂ'l 7 ( ) 0O | 0|.5 | Il | 1|.5 | I2 ZI 2|.5 | i|3 | 3|.5 | 4
= = 0.078 (93 (foMy)

® The suppression of f,, is a useful benchmark that can be used to
Argonne tune and validate lattice QCD techniques that try to determine the
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® Orbital angular momentum is not a Poincareé invariant.
However, if absent in a particular frame, it will appear in
another frame related via a Poincaré transformation.
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® Nonzero quark orbital angular momentum is thus a
necessary outcome of a Poincaré covariant description.
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® Pseudoscalar meson Bethe-Salpeter amplitude
Xr(k; P) = 75 i€, (k; P) +v - PFr, (k; P)
v-kk-PGr (k;P)+ou kP, Hx, (k; P))
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Pseudoscalar meson Bethe-Salpeter amplitude
Xr(k; P) = 75, (k; P) + v PFr, (k; P)
v-kk-PGr (k;P)+ou kP, Hx, (k; P))

® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and 'H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always
765, offics of contains both S- and P-wave components.
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® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and H terms are associated with L = 1. Thus a

pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.
Introduce mixing

angle 6. such that
X~ ~ cos 6. |L = 0)
Office of _l_ Sin 97T|L — 1>
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® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and ‘H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.

Or': meson mass (GeV)

Introduce mixing
1.2 . 1.6 . 2 _ 2.4

angle 6., such that T i
X ~ cosOr|L=0) 6
o [72]
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® J=0... butwhile £ and F are purely L = 0 in the rest

frame, the G and ‘H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.
|ﬂtl’0dUCe m|X|ng 0:' meson mass (GeV)

1.2 1.6 2 2.4
T I T T T I T T T I T T T I

angle 6., such that :

Xr ~ cosO.|L =0)
+sin0.|L=1) |

L is significant in

the neighbourhood

of the chiral limit,

and decreases with

Increasing

Argonne  current-quark mass. T R T
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New Challenges
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New Challenges

® Next Steps ... Applications to excited states and
axial-vector mesons, e.g., will improve understanding of
confinement interaction between light-quarks.
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New Challenges

Next Steps ... Applications to excited states and
axial-vector mesons, e.g., will improve understanding of
confinement interaction between light-quarks.

® Move on to the problem of a symmetry preserving treatment
of hybrids and exotics.
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New Challenges

® Another Direction ... ‘want/need information about

three-quark systems
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New Challenges

Another Direction . . . _Also Wa‘ntfnaed iInformation about
three-quark sys)e/ms
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® Namely ... Model-building and Phenomenology,
constrained by the DSE results outlined already.
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Nucleon EM Form Factors: A Précis

loker, etal.: nu-th/0412046 & nu-th/0501033
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Nucleon EM Form Factors: A Précis

loker, et al.: nu-th/0412046 & nu-th/0501033
erpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
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Nucleon EM Form Factors: A Précis

HGll, Kloker, et al.: nu-th/0412046 & nu-th/0501033

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
1 MeXP . Mcalc 2
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exp calc]2
o et Nu 4 [IMyp')

(Cettel, Hellstern, Alkofer, Reinhardt: nucl-th/9805054)
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HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—>- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
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» Cloudy Bag: M} °°° = —300 to —400 MeV!
o Critical to anticipate pion cloud effects
6 Roberts, Tandy, Thomas, et al., nu-th/02010084
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Faddeev equation
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Faddeev equation
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»# Yields wave function (Poincaré Covariant Faddeev
Amplitude) that describes quark-diquark relative motion
within the nucleon

e

® Scalar and Axial-Vector Diquarks ... In Nucleon’s Rest
Argonne Frame Amplitude has ... s—, p— & d—wave correlations
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Diquark correlations
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» Same interaction that

Diquark correlations

describes mesons also
generates three coloured
guark-quark correlations:
blue—red, blue—green,
green-red

Confined ... Does no
escape from within ba

Scalar is isosinglet,
Axial-vector is isotriple

DSE and lattice-QCD
Myd] , = 0.74 — 0.82

m(uu)1+ — m(U'd)1+ o m(dd)1+

......

QUARK-QUARK
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Harry Lee
Pions and Form Factors
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Harry Lee
Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)
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Ratio of the M1 form factor in yN — A

Solid curve is G%,(Q?)/G p(Q?) including
pions; Dotted curve is G/ (Q?)/Gp(Q?)

without pions.
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Harry Lee

Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

® Pion cloud effects are large in the low Q2 region.
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2
1
Bare ........
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Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab

data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

® Pion cloud effects are large in the low Q2 region.
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Ratio of the M1 form factor in yN — A

(6o, Yhee of  transition and proton dipole form factor G .
g, Solid curve is G, (Q?)/Gp (Q2) including
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without pions.

Quark Core
® Responsible for only 2/3 of 0 0 1 2 3 4
result at small Q2 QA(GeVic)
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Results: Nucleon
and A Masses

ftF You Seg I
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o Mass-scale parameters (in GeV)

a R "”“fHﬂL
JusT EpToy

Voo @ for the scalar and axial-vector
diguark correlations, fixed by
fitting nucleon and A masses

Set A — fit to the actual masses was required; whereas for
Set B — fitted mass was offset to allow for “mr-cloud” contributions
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Results: Nucleon
and A Masses
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OETTEL, HELLSTERN, ALKOFER. AND REINHARDT

Nucleon: 1=0, s=1/2 -~ Scalar Diquark
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PRC 58

Angular Momentum
Rest Frame

M. Oettel, et al.
nucl-th/9805054

Crude estimate based on
magnitudes = probability for a
u-quark to carry the proton’s
spinis P, ~ 80 %, with

P, ~ 5%, Py ~ 5%,

Py ~ 10 %.

Hence, by this reckoning ~ 30%
of proton’s rest-frame spin is
located in dressed-quark
angular momentum.
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Nucleon-Photon Vertex
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex

for on-shell nucleons described by Faddeev Amplitude
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex

for on-shell nucleons described by Faddeev Amplitude
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Form Factor Ratio:

0  Rosenbluth

- A precision Rosenbluth
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Form Factor Ratio:
® Combine these elements . .. GE/GM
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Form Factor Ratio:

® Combine these elements ... GE/GM
o Dressed-Quark Core
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o Dressed-Quark Core

» Ward-Takahashi

|ldentity preserving

current

® Combine these elements ...

Form Factor Ratio:
GE/GM
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» Ward-Takahashi
|ldentity preserving

current =

Y

» Anticipate and
Estimate Pion
Cloud’s Contribution

p
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Form Factor Ratio:

® Combine these elements ... GE/GM
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