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Persistent Challenge

. Infinitely Many Coupled Equations
» Solutions are Schwinger Functions
(Euclidean Green Functions)
s Same VEVs measured in Lattice-QCD simulations

#® Coupling between equations truncation

» Weak coupling expansion —- Perturbation Theory
Not useful for the nonperturbative problems
In which we’re interested
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Persistent Challenge

» Solutions are Schwinger Functions
(Euclidean Green Functions)

s Same VEVs measured in Lattice-QCD simulations

#® Coupling between equations truncation

® “Many-body physics Approach”
» Rainbow-Ladder (~ Hartree-Fock) truncation

Widespread explorati f consequences
Describe this

» Systematic search for improvements,
which are identifiable a priori

Bad Honnef, 2/7/04 — p. 3/29
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Dressed-quark Propagator
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# dressed-quark propagator Gap Equation

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

® \Weak Coupling Expansion
Reproduces Every Diagram in Perturbation Theory
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Dressed-quark Propagator

_w -p+ M(p?) *Q*
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# dressed-quark propagator Gap Equation

1
i - p A(p?) + B(p?)

S(p) =

# But in Perturbation Theory
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Dressed-quark Propagator

Gap Equation

# Enhancement of Gap Equation’s Kernel on IR domain
— IR Enhancement of M (p?)
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Gap Equation

# Enhancement of Gap Equation’s Kernel on IR domain
— IR Enhancement of M (p?)

10’ ; : : —=
o Euclidean Constituent—Quark L
. arE. 92 212 =
Mass: Mt p* = M(p?) 30
7 cg - b—quarll:
£ s —-—- c—quar
(o 0,
o chiral limit
. - MY =p°
10°
07 100 10 10 e
p° (GeV’)

/P ANL Physics Division




Dressed-quark Propagator

Gap Equation

# Enhancement of Gap Equation’s Kernel on IR domain
— IR Enhancement of M (p?)
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Vacuum quark condensate

race of the dressed-quark propagator
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Vacuum quark condensate
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Vacuum quark condensate
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e Mass renormalisation constant
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Vacuum quark condensate

_\0 o
\qq)¢ ‘<=19 GeV

A
q

e Mass renormalisation constant
Ensures finiteness and correct renormalisation group flow

m() (gq); = const.
AND ensures Gauge Invariance
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Vacuum quark condensate
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Vacuum quark condensate

Numerical Value
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Vacuum quark condensate

Numerical Value

A C‘Czw Gev = and K observables
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cf. Quenched lattice simulations
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cf. Quenched lattice simulations
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Dichotomy of the Pion

# How does one make an particle
.................... from two heavy constituents?

# Not Allowed to do it by fine-tuning
Must exhibit |2 o« 1,

The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
reguires an approach to contain
a well-defined and valid chiral limit.

# Requires detailed understanding of Connection
between Current-quark and Constituent-quark
masses ! .7
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Hadrons

e

l» 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

* Bethe-Salpeter Equation

1S
1T 1T
——_— — - 4
13

QFT Generalisation of Lippman-Schwinger Equation.

¥

)

e What is the kernel, K?
or What is the long-range potential in QCD?
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

1
2

1

Py TL(kP) = S'(ky) 2

Neiys + = Aoty S7H(k-)

— M ili(k; P) — ils(k; P) M

QFT Statement of Chiral Symmetry
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

b b ()
Py T5u(k; P) = ST (k) 54507 + 545075
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity

b b ()
Py T5u(k; P) = ST (k) 54507 + 545075

— M ili(k; P) — ils (k; P) M

Satisfies BSE Satisfies DS
Kernels must be intimately related

» Relation must be preserved by truncation

» Nontrivial constraint
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Bethe-Salpeter Kernel

Vi T-vector Ward-Takahashi identity
)\f’]/yt') /\

— M ili(k; P) — ils (k; P) M

P, T, (k;P) ) = S '(ky) N 715+

2 2

Satisfies BSE Satisfies DS
Kernels must be intimately related

» Relation must be preserved by truncation

» Fallure = Violation of Goldstone’s Theorem
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Colour-singlet Bethe-Salpeter
equation

o Coupling-modified dressed-ladder vertex

I (k. p) >W+ E>vm+€§«m+..
C C?

e BSE consistent with vertex

1
- -
o Kernel necessarily non- planar,
Fymp— even with planar vertex
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [iEw(k;P)Jr’y-PFw(k;P)

1
e Dressed-guark Propagator: S(p) = -
’ Pa9 ) iy - p A(p?) + B(p?)
e Axial-vector Ward-Takahashi identity
= fxEx(k; P =0) = B(p°)
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [iEW(k; P) + - PF(k: P)
-k - P Go(k; P) + 0, ki Py H (k; P))

1

iy - p A(p®) + B(p?)
e Axial-vector Ward-Takahashi identity

= fxEx(k; P=0) = B(p’)
Fr(k;0) +2 foFr(k;0) = A(k?)
Gr(k;0) +2 frGr(k;0) = 24" (k%)
Hr(k;0)+ 2 frH:(k;0) = 0

e Dressed-quark Propagator: S(p) =
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude _ _ — — — — — —pscidovecio:

—
- -~

- components

7
ij (k;P) — TWj'YS [zlj]qr/(k,P) + - p[é’ﬁ(k;p) necessarily

nonzero

+~-kk- P(g'w(k;P) + o kP Hw(kQP)] \n

/1
/1
1
e Dressed-quark Propagator: S(p) = /)

iv-pA@?) +B®?) 7

e Axial-vector Ward-Takahashi identity R

/7 /

frEx(k; P =0) = B(p®) S
Fr(k;0) +2 frFr(k:0) = A(K>” ///
Gr(k;0) + 2 frGr(k;0) = 24'(K?”
Hgr(k;0)+2 frH:(k;0) = 0

Exact in
Chiral QCD
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QCD mass formula

(Maris, Roberts, Tandy, nucl-th/9707003, Krassnigg & Robe rts)

fir mir=— p' Mg
o -quarks; i.e., m, ~ 0,
H _<qq>8 :
s fu— fl&pd — 70 , independent of m,
T
—(q9)?
Hence \'m; = o2 My
1

® Heavy-quarks = [ and o' o \/my

NG,

Hence, mpg o my,

» Applicable to ALL pseudoscalar mesons,
irrespective of their mass (and that of their constituents).
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Andreas Krassnigg

Future President
...almost Blood
Relative of Arnold

——
——
—
————— g

N RN T T LTI |

/P ANL Physics Division




Arne HOll

/P ANL Physics Division




HsiNg In O

something

/P ANL Physics Division




Radial Excitations

/P ANL Physics Division




Radial Excitations
® Spectrum contains 3 pseudoscalars [I¢(JP)L = 17(07)9]

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

/P ANL Physics Division




Radial Excitations
® Spectrum contains 3 pseudoscalars [I¢(JP)L = 17(07)9]

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

o Thelg\\J

/P ANL Physics Division




Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JP)L = 17(07)9]

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

'y ThePiFor;\J

® Consituent-Q Model: 15t three members of
n 1Sy trajectory; i.e., ground state plus radial excitations

/P ANL Physics Division



Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JP)L = 17(07)9]

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

9 ThePiFor;\J

® Consituent-Q Model: 15t three members of
n 1Sy trajectory; i.e., ground state plus radial excitations

® Radial excitations = Long-range radial wave functions
= sensitive to confinement

/P ANL Physics Division



Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JP)L = 17(07)9]

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

9 ThePiFor;\J

® Consituent-Q Model: 15t three members of
n 1Sy trajectory; i.e., ground state plus radial excitations

® Radial excitations = 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”

, ANL Physies Division



Radial Excitations
& Chiral Symmetry
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Radial Excitations
Holl, Krassnigg, Roberts & Chll‘al Symmetry

nu-th/0406030

® Fundamental properties of QCD
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to the weak interaction except 7r(140).
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® Fundamental properties of QCD

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

to the weak interaction except 7r(140).
» If chiral symmetry is not broken,
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the weak interaction. o2t
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Radial Excitations

Holl, K igg, Robert "
0406030 & Chiral Symmetry

® Fundamental properties of QCD

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

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

then not one single pseudoscalar meson experlences

the weak interaction. 0.2
® All theories
with confinement go-l
exhibit Dynamical NC
Chiral Symmetry Breaking o
0

, ANL Physies Division



ADb-Initio Calculations

/P ANL Physics Division




ADb-Initio Calculations

Peter Tandy

Pieter Maris
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction

o Rainbow-Ladder = First Order
In Truncation Described Above

o Anticipate Accurate for 0~ & 1~ Mesons

Bad Honnef, 2/7/04 — p. 17/29



ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction

One Parameter = Interaction Energy:
E ~ 700 MeV
Dressed-Glue Mass scale:

Characterises DCSB and light-quark Confinement

Both Phenomena Disappear for £ < 200 MeV
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction

One Parameter = Interaction Energy:
E ~ 700 MeV
Dressed-Glue Mass scale:

Characterises DCSB and light-quark Confinement

Both Phenomena Disappear for £ < 200 MeV

e Dyson-Schwinger equations:
A Tool for Hadron Physics
e P. Maris and C.D. Roberts, nu-th/0301049




Pion Form Factor

Procedure Now Straightforward
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Pion Form Factor

# Solve Gap Equation
— Dressed-Quark Propagator, S(p)

/P ANL Physics Division




Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, 1",
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Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, 1",

LS
1T 1T
——_—— — e K
1S

) # Solve Inhomogeneous Bethe-Salpeter Equation for
—— Dressed-Quark-Gluon Vertex, T',,

|

A

/P ANL Physics Division



Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

/P ANL Physics Division




Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

#» Evaluate this final,
three-dimensional integral

/P ANL Physics Division




Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied

0.5}

o
~
T T T 1 T T

N

3

© 03 N

©

o + Amendolia

o 02 o Brauel, re-analyzed ]
i e \Volmer

01l — DSE calculation N
g .-.- VMD p monopole, mp:770 MeV
O e R fr ;
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Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied
Data published in 2004, [T e

+ Amendolia

o Brauel, re-analyzed
e \Volmer

— DSE calculation
.-.- VMD p monopole, mp:770 MeV| 1

Q°F (@) [Gev]
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Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied
Data published in 2003,,f

0.45— ) 7/% _
N 1A
O o3f /j;&? ]
Na i b
Many subsequent = [ + Amendolia
‘o 0'2:_ o Brauel, re-analyzed ]

e Volmer
— DSE calculation
.-.- VMD p monopole, mp:770 MeV| 1

successful applications
.. Again, parameters Fixed

0.1f

Stiftung /Foundation

@ Maris, et al., Phys. Rev. D 65, 076008
e Bicudo, Phys. Rev. C 67, 035201

% Notably = = Scattering Q" [Gev]




12 345 67 8 9101

Maris & Tandy
Relative Error

121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

~0.4 L

Relative Error, Predictions of Maris and Tandy Model
All tabulated quantities in nu-th/0301049

<error> = 1.6%, Sqrt[<error’>]=15%

/P ANL Physics Division

12 245 6 7 8 91011121314 151617 1819 20 21

22 23 24 25 26 27 28 29 30 31

Bad Honnef, 2/7/04 — p. 20/29



7= and p mesons
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7= and p mesons
Mp=0 M= Mp=2 M=o

T, m=0 0 0 0 0
m, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

Bad Honnef, 2/7/04 — p. 21/29



7= and p mesons

/P ANL Physics Division

e 7r massless in chiral limit . ..

NO Fine Tuning-~

M0 M= MP=? M=o
mom =0 0 0 0 -0
7, m = 0.011 0.147 0.135 0.139 // 0.138
p,m =0 0.920 0.648 0.782 | 0.754
p,m = 0.011 0.936 0.667 0.798 /’ 0.770

/

Bad Honnef, 2/7/04 — p. 21/29



/P ANL Physics Division

e 7r massless in chiral limit . ..

NO Fine Tuning

e ALL 7r-p mass splitting present in chiral limit

7= and p mesons

M7=0 M7= M7=2 M=

m,m =0 0 0 0 0~
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754~

p,m = 0.011 0.936 0.667 0.798 0.770

Bad Honnef, 2/7/04 — p. 21/29



7= and p mesons

M7= M7=2 M=o
m,om =0 0 0 0
m, m = 0.011 /0.147 0.135 0.139 0.138
p,m =0 ~0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e ALL 7r-p mass splitting present in chiral limit
and with the Simplest kernel

/P ANL Physics Division



7= and p mesons

M0 Mp=! M= M=o
T, m =0 0 0 0 0

7, m = 0.011 0.147 0.135 0.139 0.138
pym =0 0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
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7= and p mesons

M0 Mp=! M= M=o
T, m =0 0 0 0 0

7, m = 0.011 0.147 0.135 0.139 0.138
pym =0 0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
~—_ e Extending kernel
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7= and p mesons

M’I’LZO n=1 n=2 N=00
r,m =0 0 0 0 0
r, m = 0.011 0147 0135 0139  0.138
p, m =0 0.920 0648 0782  0.754
p, m = 0.011 0.936 0667 0798  0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
~— e Extending kernel: NO effect on m
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7= and p mesons

M0 Mp=! M= M=o
T, m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
pym =0 0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism

Not constituent-quark-model-like hyperfine splitting
~—, e Extending kernel: NO effect on m
For m, — zeroth order, accurate to 20%
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7= and p mesons

M0 Mp=! M= M=o
T, m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
pym =0 0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
~—, e Extending kernel: NO effect on m
For m, — zeroth order, accurate to 20%
— one loop, accurate to 13%

, ANL Physies Division



7= and p mesons

M0 Mp=! M= M=o
T, m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
pym =0 0.920 0.648 0.782 0.754
p,m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

e 7T-p Mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m,
| For m, — zeroth order, accurate to 20%
— one loop, accurate to 13%

s——" — two loop, accurate to 4%




Epilogue
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Dyson-Schwinger Eqifatians_ ‘-~

-
-

®» Provide Understanding of
Dynamical Chiral Symmetry Breaking:

= 7 IS quark-antiquark Bound State
AND  QCD’s Goldstone Mode

/P ANL Physics Division
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Dyson-Schwinger Eqlfétians, ‘"""

®» Provide Understanding of
Dynamical Chiral Symmetry Breaking:

= 7 IS quark-antiquark Bound State

AND  QCD’s Goldstone Mode
®» Foundation for Proof of

Exact Results in QCD

e.g., Quark Goldberger-Treiman
Properties of Pseudoscalar Mesons
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Dyson-Schwinger Eqlfétians, ‘"""

®» Provide Understanding of
Dynamical Chiral Symmetry Breaking:

= 7 IS quark-antiquark Bound State

AND  QCD’s Goldstone Mode
®» Foundation for Proof of

Exact Results in QCD

e.g., Quark Goldberger-Treiman
Properties of Pseudoscalar Mesons

®» Renormalisation-Group-Improved Rainbow-Ladder

= Practical Phenomenological Tool

/P ANL Physics Division

---- CorreCtlonS Quantlflable Bad Honnef, 2/7/04 — p. 22/29
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DSE Intro
Challenge
Dressed-quark

Vacuum Condensate

cf. Lattice
Pion’s Dichotomy
Hadrons
BS Kernel
Colour-singlet BSE
Goldberger-Treiman
QCD mass formula
Radial Excitations

Contents

Radial Excitations (ii)
Ab-Initiol

Pionl Form Factor
Calc. Pion Form Factor
Maris & Tandy RE
Meson Masses|

Quark mass dependence
Interaction

DIS

Valence Distribution

Handbag Diagrams

General Calc. cf. Data

Bad Honnef, 2/7/04 — p. 23/29



Current-quark mass-dependence of
meson masses
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Current-quark mass-dependence of
meson masses

My,q = 0.01 mgz=0.166 m. = 1.33 myp = 4.62
my — 0.77 meg = 1.02 Mgy = 3.10 my1s) = 9.46
m. =014 m, =063  m, =297 My, = 9.42

#® Fit current-quark masses to
vector meson spectrum

/P ANL Physics Division



Current-quark mass-dependence of
meson masses

me = 1.33 my = 4.62

My,q = 0.01 mgz=0.166
m, = 0.77 me =102 mj,, =310 myngs) = 9.46
my =0.14  m,— =0.63 my, = 2.97 My, = 9.42

#® Fit current-quark masses to
vector meson spectrum

# Predictions m,, = 2.97 and m,, = 9.42
cf. m&Pt = 2.98 and m&P" = 9.30 £ 0.03

expt.
b

s Calc.: 40 MeV
s Expt.: 160 MeV, which is > Expt. m /., — my* *pt.

NB. m'r(ls) —

s Unlikely

, ANL Physies Division



Current-quark mass-dependence of
meson masses

N
o

meson mass (GeV)
=
(&) N
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[ERN

0.5

/—g 0é,,,é..|.....|.....|.....I..§.

e B i O 03 06 09 12
current-quark-mass (GeV)
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Current-quark mass-dependence of
meson masses

® Form< (g

me- = 1.33m _*°

N

=
[

meson mass (GeV)

[ERN

0.5

/’g 0||||

e B i O 03 06 09 12
current-quark-mass (GeV)
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meson mass (GeV)

N

o
&

0.25

0.125

Current-quark mass-dependence of

Meson MassSes

—
— —
— — —
e —— —— — —

L=t

— .
— :
p—

0.1 1
current-quark-mass (GeV)

Bad Honnef, 2/7/04 — p. 24/29



Current-quark mass-dependence of
meson masses

® Form> G :
mMo—- = M+ 4:
3 2
e
M — 2
s —— — 1504
o= m=mc é 05
splitting 130 MeV |
0.25
0.125 ' : |
II(;.Ol | | IIIIII0.1 |'<I I Illllll'
current-quark-mass (Ge
# Drops to 40 MeV at my, " e

just 5% of its chiral limit value

, ANL Physies Division
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ladder - full (GeV)

0.2

©
[N
(&)

o
)

0.05

Current-quark mass-dependence of

Meson MassSes

——
—~—
~
-~
~
-~
—~—
. — :
. — :
. —— .
: — :
——
——
— —
——
— —
——— —

current-quark-mass (GeV)

Bad Honnef, 2/7/04 — p. 24/29



Current-quark mass-dependence of
meson masses

® Form> ¢
Ladder-Rainbow-—%fg"""g"'l'---u----.--..
Completely Consistant Calculation

©
[N
(&)

o
)

ladder - full (GeV)

0.05

current-quark-mass (GeV)
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Current-quark mass-dependence of
meson masses

® Form > (G
Ladder-Rainbow £ =~ "
Completely Consistent Calculation

® \ector Mesons |
s 20%atm,= |

s <4% atmz

r - full (G

0.1

0.051~

current-quark-mass (GeV)

/P ANL Physics Division

Bad Honnef, 2/7/04 — p. 24/29



® Form>(

Current-quark mass-dependence of

Meson MassSes

# \ector Mesonsﬁm_;
s 20%atm,s |

s <4% at mg

er - full (G

0.1

® Pseudoscalar M%*son,s
Axial-Vector WTI! /

Ladder-Rainbow £ =~ " B
Completely Consastﬁ nt Calculatlon .

——
—~—
~
-~
~
-~
—~—

. — :

. — :

. —— .

: — :

—— -

——
— —
——
— —

——— —

, ANL Physies Division

» 0% in Chiral lift——"

o Max err. 3% at 4 m,

current-quark-mass (GeV)

Bad Honnef, 2/7/04 — p. 24/29



® Form>(

Current-quark mass-dependence of

Meson MassSes

® \ector Mesons

m015—§

s 20% at m, =

s <4% at mg

0.1

Axial-Vector WTI! /

Ladder-Rainbow £ =~ " B
Completely Consastﬁ nt Calculatlon .

® Pseudoscalar M%*son,s

——
—~—
~
-~
—
-~
—~—
. —~—
. — :
. —— .
: — :
—— -
— —
—
—
— ——
——— —

, ANL Physies Division

» 0% in Chiral lift——"

o Max err. 3% at 4 m,
Explains Pattern of Maris-Tandy Success

current-quark-mass (GeV)

Bad Honnef, 2/7/04 — p. 24/29



Interaction

Kernel of
Bethe-Salpeter
Eq UatIOn 3:_ Nonperturbative|IR Enhancement

K(p, /{,’7 P) ~ £=720 MeV

a'((p—Fk)?)
(p— k)2 I

Perturbative evolution

o
L I B |

q” (GeV?)
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Kernel of
Bethe-Salpeter
Equation

K(p, k; P) ~
o ((p — k)?)

(p—Fk)?

Prescribes Gap
Equation’s Kernel
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Interaction

- Nonperturbative\IR Enhancement

£=720 MeV

Perturbative evolution

q” (GeV?)

Bad Honnef, 2/7/04 — p. 25/29



Kernel of
Bethe-Salpeter
Equation

K(p, k; P) ~

o ((p — k)?)
(p—Fk)?

Prescribes Gap
Equation’s Kernel

with Observables.

/P ANL Physics Division

Interaction

- Nonperturbative\IR Enhancement

£=720 MeV

Perturbative evolution

0

1 2
q” (GeV?)

4 5

Connects Ansatz for long-range part of QCD’s interaction

Bad Honnef, 2/7/04 — p. 25/29



Deep-inelastic scattering
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Deep-inelastic scattering

# Looking for Quarks

/P ANL Physics Division




SCATTERED
THRGET Lows EnEREY
- freTen FLECTRuN
& -
INCon~G
HIGH ENERET
ELECTREN JeT oF
NEW HAPRNS
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Deep-inelastic scattering

Looking for Quarks

Bad Honnef, 2/7/04 — p. 26/29



Deep-inelastic scattering

SCATTERED
THRGET Lows EnEREY
- freTen EFLECTRUN
& S
INCotn G
HIGH ENEREY : SR
ELECTRUN Jer a::ar.-.twf
MEL -
# Looking for Quarks

# |/ Signature Experiment | for QCD:
Discovery of Quarks at SLAC
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Deep-inelastic scattering

SCATTERED
THRGET Lows EnEREY
- PreTews FLECTRuN Tt
¥ 2 = ” » _
INCoriniG oy N <
HIEH ENERLT .;1 e
ELECTRe Jer o E&Dﬂoﬁf
NEL :
# Looking for Quarks

# |/ Signature Experiment | for QCD:
Discovery of Quarks at SLAC

5 ® Cross-section: Interpreted as Measurement of
e Momentum-Fraction Prob. Distribution: ¢(z), g(z)

/P ANL Physics Division




Pion’s valence quark distn
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Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD

» However, NO 7 Targets!

/P ANL Physics Division




Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD

» However, NO 7 Targets!

® Proved recently
(22/July, ANL)

/P ANL Physics Division



Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD

» However, NO 7 Targets!

®» Existing Measurement Inferred from Drell-Yan:
TN — pu~ X
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Pion’s valence quark distn

7 1S Two-Body System: “Easiest” Bound State in QCD

e

However, NO 7 Targets!

®» Existing Measurement Inferred from Drell-Yan:
N — utpu~ X

® Proposal (Holt & Reimer, ANL, nu-ex/0010004)

e-aeyv — P25 cev Collider — Accurate “Measurement”

1.15
1.1 — T
W\A/\/\/r< 105 —
B —_ T I
Y / Tt Lo mm%
4 095 —
, L
/ 09 L
P / n Dol b b bbb b b |
085 1 1 I O
> . > 0O 01 02 03 04 05 06 07 08 09 1

Xy

/P ANL Physics Division




Pion’s valence quark distn

® Proposal at JLab
(Holt, Reimer, Wijesooriya, et al.,

0.3 : . : .
JLab at 12 G eV) o E615 7N Drell-Yan 4GeV
m Hall A with 11 GeV at Q° = 3.0 (GeV/c)’
@ Hall A with 11 GeV at Q* = 1.5 (GeV/c)’
Semi-inclusive HERA off by a factor of 2
—— Fit to Drell-Yan data
W\/\/\/\//.<
% /T 0.2
/
4 2
/ “u_u
P / n
> ¢ >
01 F
0.0
0.0

/P ANL Physics Division
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Handbag diagrams

— %Im [T+( . P) +Tﬂ_,/(q;P)]
— tI‘/ (;17:;4 T_fﬁ(k_%; —P) S(k_()) ieQF,/(/C_O, /C)

x S(k) i€QT(k, ko) S(k—o)7s Talk_1; P) (k)

& Arw. Physics Division



Handbag diagrams

Bjorken Limit; ¢? — oo, P-q— —0o0

q2

2P g fixed.

but x := —

Numerous algebraic simplifications

W (g P) = %'m T (¢;P)+T,,(q¢: P)]

4
T;/(q, P) — tI‘/ (;TI;L T_Fﬁ(k_%; —P) S(k_()) ieQFV(k_O, k)

x S(k) ieQT(k, ko) S(k—o)m+ Talk_1; P) S(k—-)

& Arw. Physics Division




Extant theory vs. experiment

Krishni Wijersooriya, Paul Reimer
and Roy Holt, soon to be submitted

04

0.3 I .
A
)
=Ll _
= 0.
>

o E615 N Drell-Yan 4GeV 5
NLO Analysis of E615 ... B=1.87 OP
0.1 F —  DSE... (= 2.61 5 .
—— NJL..B=127 j%\%
S
0.0 L | L | L | L | L N O
0.0 0.2 0.4 0.6 0.8 1.0
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