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Nucleon Properties

® Maris & Tandy ... series of five papers ... excellent
description of light pseudoscalar and vector mesons . ..
basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.
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Nucleon Properties

® Maris & Tandy ... series of five papers ... excellent
description of light pseudoscalar and vector mesons . ..
basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.
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Nucleon Properties

Maris & Tandy ... series of five papers ... excellent
description of light pseudoscalar and vector mesons . ..
basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.

® One parameter model ... parameter specifies long-range
Interaction between light-quarks ... model-independent
results in ultraviolet
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Nucleon Properties

Maris & Tandy ... series of five papers ... excellent
description of light pseudoscalar and vector mesons . ..
basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.

® One parameter model ... parameter specifies long-range
Interaction between light-quarks ... model-independent
results in ultraviolet

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

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 2/42



Nucleon Properties

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

three-quark systems
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Nucleon Properties

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

three-quark systems

® With this problem ... current expertise at approximately
same point as studies of mesons in 1995.
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Nucleon Properties

Another Direction ... Also want/need information about

three-quark systems

® With this problem ... current expertise at approximately
same point as studies of mesons in 1995.

® Namely ... Model-building and Phenomenology,
constrained by the DSE results outlined already.
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Proton Form Factors, Reprise

® SLAC and JLab have Measured Ratio of
Proton’s Electric and Magnetic Form Factors
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Walker et al., Phys.

Proton Form Factors, Reprise
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Proton Form Factors, Reprise
If JLab Correct, then
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Administration’s Milestones

Basic research must be results-oriented

® 2010: Determine all nucleon electromagnetic form factors
accurately to a momentum transfer of 3.5 GeV?
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Administration’s Milestones

Basic research must be results-oriented

® 2010: Determine all nucleon electromagnetic form factors
accurately to a momentum transfer of 3.5 GeV?

» 2014

» Calculate nucleon electromagnetic form factors via
Numerical Simulations of lattice-regularised full-QCD

office of o Carry out ab initio microscopic studies of the structure

Science
MENT OF ENE. Y

and dynamics of light nuclei based on two-nucleon and
many-nucleon forces and lattice QCD calculations of
hadron interaction mechanisms relevant to the origin of
the nucleon-nucleon interaction.

-
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Administration’s Milestones
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» FYO06: Administration’s stated goal was a 10% Reduction in
Force (euphemism for sackings) and Operations
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Administration’s Milestones

FYO06: Administration’s stated goal was a 10% Reduction in
Force (euphemism for sackings) and Operations

®» FYO07: Administration’s commitment to double federal
Investment basic research programs over the next ten years
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Administration’s Milestones

FYO06: Administration’s stated goal was a 10% Reduction in
Force (euphemism for sackings) and Operations

®» FYO07: Administration’s commitment to double federal
Investment basic research programs over the next ten years

® |s planning possible?
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Administration’s Milestones

FYO06: Administration’s stated goal was a 10% Reduction in
Force (euphemism for sackings) and Operations

®» FYO07: Administration’s commitment to double federal
Investment basic research programs over the next ten years

® |[s planning possible? ... Remember FY05: Men on Mars?
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®» That, too, Is a
fair question
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Nucleon EM Form Factors: A Précis

Holl, Kloker, et al.: nu-th/0412046 & nu-th/0501033
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http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6076386
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6099696

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
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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 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 Faddeev Equation

e Excellent mass spectrum (octet and decuplet)
Easily obtained:

< 1/2
L Z [Mle—[p o MI(?IC]Q _ o
-C_A] Osff:ce of Ny [M]e;p] 2 — <70

H
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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 Faddeev Equation

e Excellent mass spectrum (octet and decuplet)
Easily obtained:

< 1/2
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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 Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easily obtained:
1 [ MeXP Mcalc] 1/2 N

i Nide DI -
o BULt is that good?

e Cloudy Bag: M7 '°°P = —300 to —400 MeV!
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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 Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easily obtained:
1 MeXP Mcalc 1/2
(N—H Z | [szp]? | ) =27

H
o BULt is that good?

e Cloudy Bag: M7 '°°P = —300 to —400 MeV!
o Critical to anticipate pion cloud effects
Roberts, Tandy, Thomas, et al., nu-th/02010084

A NATIOMAL LABDRATORY
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#® |s there a viable two-body correlation in
three dressed-quark system?
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Covariant Faddeev equation

#® |s there a viable two-body correlation in
three dressed-quark system?

: . 1
® Look at correlation lengths in diquark channels: £, := ——
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Covariant Faddeev equation

#® |s there a viable two-body correlation in
three dressed-quark system?

: L 1
® Look at correlation lengths in diquark channels: £, := ——
m
q9q
(Burden, Lu Qian, Roberts, Tandy
Thomson, Phys. Rev. C 55 (1997)
2649;

Maris, Few Body Syst. 32 (2002) 41)
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(q9) sr
Mqq (GeV)

(qq) sp
Mqq (GeV)
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(q9) sp
Mgq (GeV)

(99) sr
Anrsonne o (GeV)

(ud)o+
0.74

(uw) i+

0.95

(uu);-

(ud)o-
1.50

Covariant Faddeev equation

#® |s there a viable two-body correlation in
three dressed-quark system?

® Look at correlation lengths in diquark channels: ¢,, :=

(us)o+
0.88

CUS)1+

1.05

(U3>1—
1.53

_ Mgqq
(Burden, Lu Qian, Roberts, Tandy
Thomson, Phys. Rev. C 55 (1997)
2649;
Maris, Few Body Syst. 32 (2002) 41)
(SS)1+

1.13

(55)1-
1.64
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Covariant Faddeev equation

Is there a viable two-body correlation in
three dressed-quark system?

® Look at correlation lengths in diquark channels: £, := ——
m
q9q
(Burden, Lu Qian, Roberts, Tandy
ud us
(qq) sr (ud)o+  (us)o+ Thomson, Phys. Rev. C 55 (1997)

Mmqq (GeV)  0.74 0.88 2649:
Maris, Few Body Syst. 32 (2002) 41)

(99) jp (uw)+  (us)1+  (ss)1+
o0 %ance  mgy (GeV)  0.95 1.05 1.13

<qq)‘]P (uu)l_ (US>1_ <SS)1_ e Octet: 1.0-1.3 GeV,
Mgq (GeV) 1.47 1.53 1.64 decuplet; 1.2-1.7 GeV
(qq) sr (ud)o-

LA T O mqq (GGV) 1-50
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Covariant Faddeev equation

Is there a viable two-body correlation in
three dressed-quark system?

® Look at correlation lengths in diquark channels: £, := ——
m
q9q
(Burden, Lu Qian, Roberts, Tandy
ud us
(qq)JP ( >O+ ( >O+ Thomson, Phys. Rev. C 55 (1997)

Mmqq (GeV)  0.74 0.88 2649:

Maris, Few Body Syst. 32 (2002) 41)
(99) 5P (uu)i+  (us)i+  (88)1+
Cou % mg, (GeV) 095  1.05 1.3

U5 DEFARTMENT OF ENERGY
f

(a9) ;7 (wu)i- (us)i- (ss)1- o oCtet: 1.0-1.3 GeV.
Mgq (GeV) 1.47 1.53 1.64 decuplet: 1.2-1.7 GeV
( ) ( d) e “Energy denominators:”
qq) P ua)p- 0t and 1+
Anrsonne o (GeV)  1.50 are dominant
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Faddeev equation
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Faddeev equation

P
-

#® Linear, Homogeneous Matrix equation

=5 Office of . ) . , .
OZJS&H » Yields wave function (Poincarée Covariant Faddeev

Amplitude) that describes quark-diquark relative motion
within the nucleon

® Scalar and Axial-Vector Diquarks ... In Nucleon’s Rest
Frame Amplitude has ... s—, p— & d—wave correlations

A NATIOMNAL LABORATORY
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Parametrising diguark properties
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Parametrising diguark properties

® Dressed-quark ... fixed by DSE and Meson Studies
. Burden, Roberts, Thomson, Phys. Lett. B371, 163 (1996)
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

I 1 o
FO+(k;K) = T H® Ciys ity F(k*/ wg+ ),
| 1 | 7;
T (ks K) = o O iC' Fk?) w2, )
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

I 1 S
FO+(k;K) = T H® Cirys ity F(k*/ wg+ ),
| 1 | 7;
T (ks K) = o e iC' Fk?) W)

5, %ience Colour matrices:
{HY =i\T, H? = —iX>, H7 = iX%} ) €crenes = (H)eyen

office of Nuclear py, i
€

nNa TORY
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

| 1
o (ks K) = A0+ H® Cinys i f(kQ/) 7

iplt 1 a; i
t F}L (k; K) = T H%iv,Ct f(kQ/@)
PP ==" Office of

/J Screnc. TWO parametel’s Wo+, Wi+
=B~ Inverse of diquarks’ configuration-space size

oficce
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Parametrising diguark properties

Pseudoparticle Propagators

1
AY(K) = —  F(K%)w,),
me
K, K 1
AVK) = (6, + =40 F(K?)w?
) = (b T) e Ul

PP =S Office of
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1 — exp(—x)

Cs
4
17)/"”/’: X0 -
¥ Nercloay Matter - Quat® ’ w —

xr
» Absence of a Spectral Representation

» Realisation of Confinement
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Parametrising diguark properties

Pseudoparticle Propagators

AY(K) = F(K?)W2,),
| K,K,
AK) = (0wt 55 ) (o )P
1+

PP =S Office of
- J Scrence

e Two parameters: 1, 17+
~ Inverse of diguarks’ configuration-space correlation length
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
ai? \mz, T /wr) =1 = W =gmyes
K2=0

Accentuates free-particle-like propagation characteristics of the

e JiQuarks within hadron.
-CJ Scrence
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
ai? \mz, T /wr) =1 = W =gmyes
K2=0

Accentuates free-particle-like propagation characteristics of the
e JiQuarks within hadron.
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B ® Two Parameter Faddeev Equation Model of Nucleon
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
ai? \mz, T /wr) =1 = W =gmyes
K2=0

Accentuates free-particle-like propagation characteristics of the
e JiQuarks within hadron.

Sc:ence
Bi: ® Two Parameter Faddeev Equation Model of Nucleon

® Solve Faddeev Equation
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
ai? \mz, T /wr) =1 = W =gmyes
K2=0

Accentuates free-particle-like propagation characteristics of the
e JiQuarks within hadron.

Sc:ence
Bi: ® Two Parameter Faddeev Equation Model of Nucleon

® Solve Faddeev Equation

® Vary my+ and mq+ to obtain desired masses for NV and A
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Nucleon’s self-energy - pion loop
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(27)

X7 (P —k)vs

Nucleon’s self-energy - pion loop

G (k)

3 [ ot v (PE) Ar((P = B

v (P —k)vs

iy -k [AK?) — 1] + B(k?)
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Nucleon’s self-energy - pion loop

o Pseudovector coupling ...« D

| 7 Office of
~ 4 Science

U.5. DEPARTMENT OF B

Schladming, Styria, Austria, 11-18 March, 2006 — p. 10/42



Nucleon’s self-energy - pion loop

3 [ ot (P A((P = k)

x| v (P —=k)vs |G(k) |y (P —k)ys
= iy k[A(E?) — 1] + B(k?)

e Pseudovector coupling

PP ==" Office of

- science COompletely equivalent to pseudoscalar coupling
R | that is treated completely

» Tadpole contribution can’t be neglected
(Hecht, OCettel, Roberts, Schm dt, Tandy, Thomas: nucl-th/0201084)

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 10/42



Nucleon’s self-energy - pion loop

s [ (;f)l g2y (P k) Ar((P — k)?)

x|y (P —=k)vs |G(k)|v- (P —k)ys
= iy k[A(E?) — 1] + B(k?)

65, o . gpv (P, k), wIN vertex function

.., ® Calculated using I'; and ¥

o Always soft: Monopole A ~ 0.6 GeV

NATHIMNAL LABORATORY
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Nucleon’s self-energy - pion loop

3 [ ot (P AL((P = k)

x|y (P —=k)vs |G(k)|v- (P —k)ys
= iy k[A(E?) — 1] + B(k?)

... ® gpy(P k), N vertex function
Sc:ence -

. ® Calculated using I'; and ¥

0.8 r

» Always soft: Monopole A ~ 0.6 GeV
o Corresponds to range ) ~ 0.8 fm =

. pion cloud does not _

L\ ARGONNE penetrate deeply within nucleon. " \

k (GeV)
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Nucleon’s self-energy - pion loop

3 [ ot (P A((P = k)

x| v (P —=k)vs |G(k) |y (P —k)ys
= iy k[A(E?) — 1] + B(k?)

1765, Office of G(k) = 1/[iy-k+ M +3X(P)] Pole Position Not

U.5. DEPARTMENT OF B

= —iy-koy(k®) + os(k?®) Known a priori,

® Mass shift calculated via self-consistent solution -+~

NAS ToORY
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Nucleon’s self-energy - pion loop

NN

x| v (P —=k)vs |G(k) |y (P —k)ys
= iy k[A(E?) — 1] + B(k?)

@omce -+® Obtain Integral Equation Kernels

Scrence

. e of Nuclear pp, 2
/ A f((P —k)*) = = / AzV1 =22 f(P? 4k - 2Pkz)
E.Q. (P — k)? 2m?2
P2 k2 _ /dQ — 1 — 7y
ws(P", k) " (P — k)2 +m2 a-++va2—b2’

a=P?+k>+m2, b=2Pk
---- Schladming, Styria, Austria, 11-18 March, 2006 — p. 10/42
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Nucleon’s self-energy - pion loop

3 [ ot (P A((P = k)

x| v (P —=k)vs |G(k) |y (P —k)ys
= iy k[A(E?) — 1] + B(k?)

: ] — 2 1.2
55,9 ® But gpy = gpv (P k%, P - k)
° Therefore, In General, Kernel only known Numerically

o<

- ® Complicates analysis . ..
locating, incorporating poles in integrand

NAS ToORY
- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 10/42
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® |et's look what happens when m,; — 0

® Minkowski Space
® Pseudovector Coupling
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® |et's look what happens when m,; — 0

® Minkowski Space
® Pseudovector Coupling

® One-loop nucleon self energy

. g° d*k
2(P) = 3i %5 [ orya At m3) ks Go(P — k) K.

This integral is divergent. Assume a Poincaré covariant regularisation,
characterised by a mass-scale A

PP ==" Office of
gj Science

U5 DEFARTMENT OF ENE
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® |et's look what happens when m,; — 0

® Minkowski Space
® Pseudovector Coupling

® One-loop nucleon self energy

g2 d*k
aM? | (2m)4
This integral is divergent. Assume a Poincaré covariant regularisation,
characterised by a mass-scale A

(P) = 3i A(k*,m3) Evs Go(P — k) ks -

Z- e Decompose nucleon propagator Into pOSItIVG and negatlve energy components
-4 Science

U5 DEFARTMENT OF

dace of Nuclear py, - 1 —
¢ GolP) = B3 = Gy (P) + G (P)
T . L+ A(P) S
wn (P) Po — wn (P) +ie Po 4+ wn (P) —ie

A ARGONNE w3 (P) = P2 4+ M? and Ay (P) = (P + M)/(2M), P = (w(P), P)

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 11/42
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® One-loop nucleon self energy
g2 d*k

aM? | (2m)4

=(P) = 3i A (K2, m2) fvs Go(P — k) ks .

PP ==" Office of
~ 4 Science
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® One-loop nucleon self energy
g2 d*k

aM? | (2m)4

=(P) = 3i A (K2, m2) fvs Go(P — k) ks .

® Shift in the mass of a positive energy nucleon nucleon:
oM, = %trp [A+(ﬁ =0)X (P = M, P = O)}

PP ==" Office of
~ 4 Science
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Hecht, et al., nu-th/0201084

® One-loop nucleon self energy

Nucleon Self Energy: Chiral Limit

g2 d*k
aM? | (2m)4

3(P) = 32

A(k?,m2) Evs Go(P — k) K~s .

® Shift in the mass of a positive energy nucleon nucleon:
oM, = %trp [A_|_(ﬁ =0)X (P = M, P = O)}

® Focus on positive energy nucleon’s contribution to the loop integral; i.e.,

A (k) Gt (P — k), which we denote: §x Mj_'

Schladming, Styria, Austria, 11-18 March, 2006 — p. 12/42



Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® One-loop nucleon self energy
g2 d*k

aM? | (2m)4

=(P) = 3i A (K2, m2) fvs Go(P — k) ks .

® Shift in the mass of a positive energy nucleon nucleon:
oM, = %trp [A_|_(ﬁ =0)X (P = M,P = O)}

® Focus on positive energy nucleon’s contribution to the loop integral; i.e.,
A (k) Gt (P — k), which we denote: §x Mj_'

® To evaluate ko integral, close contour in lower half-plane, thereby encircling

_C 2 %’ngﬁc"; only the positive-energy pion pole.

d3k wn (k2) — My 1
(2m)%  dwn(k?)  wr(k?) [wr(k2) + wn (k2) — Mo

(9)

@ NATHINAL LABORATORY
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Nucleon Self Energy: Chiral Limit
Hecht, et al., nu-th/0201084

MT — _3g2 Bk wn (k2) — My 1
T (2m)3 dwn(k2)  wr(k2) [wr(k2) + wn (k2) — M)

(10)
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

d3k k2) — M 1
M} = —3g° _on(k) — Mo B _ (14)
2m)3  dwn(K2)  wr(k2) [wr(K2) + wn (K2) — Mo]
® On the domain for which the regularised integral has significant support, assume
that Mp is very much greater than all other mass scales.

wn (k) — M=
~ (k%) 2 M

(15)

PP ==" Office of
~ 4 Science
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Nucleon Self Energy: Chiral Limit
Hecht, et al., nu-th/0201084

MT — _3g2 Bk wn (k2) — My 1
T (2m)3 dwn(k2)  wr(k2) [wr(k2) + wn (k2) — M)

(18)

® On the domain for which the regularised integral has significant support, assume
that Mp is very much greater than all other mass scales.

k<) — M = 19

wn (k) 2 M (19)
d3k k2 1

® Then Sp Mj_‘ ~ —3g° (20)

(2m)3 8 M2 o2 (k2)

PP ==" Office of
gj Science
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Nucleon Self Energy: Chiral Limit
Hecht, et al., nu-th/0201084

MT — _3g2 Bk wn (k2) — My 1
T (2m)3 dwn(k2)  wr(k2) [wr(k2) + wn (k2) — M)

(22)

® On the domain for which the regularised integral has significant support, assume
that Mp is very much greater than all other mass scales.

. e

wn (k?) — M =~ S, (23)

d3k k2 1
® Then SpMT ~ —3g°2 - (24)

- + (2m)3 8 M2 o2 (k2)
Io, Since ‘
= e S0 tha . )
s d2 6F M‘l‘ - 392 d3k k2 B 9 g2 1 (25)
(dm2)2 ©  aM? | (27)3 w8 (k2) 1287 M2 mg

. NATIONAL LABDRATORY
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

FMT =

_|_

d3k k2) — M 1
_ 342 / w (k%) 0 (26)

(27)3  dwn(K2)  wr(k2) [wr(k2) + wn (k2) — Mo

® On the domain for which the regularised integral has significant support, assume
that Mp is very much greater than all other mass scales.

wn (k%) — M =~ k= 27)
N oM
Bk k2 1
® Then Sp Mj_‘ ~ —3g° = W (28)
PP==" Office of (27‘-) 8 M wkz(k )
.Q_AJ Science
i, Sothat N )
s d2 6F M‘l‘ - 392 d3k k2 B 9 g2 29)
(dm2)2 ©  aM? | (27)3 w8 (k2) 1287 M2 mg
+ 3 9% 3, ot 2 | ot
£ Namely 5FM_|_ - - 32—71_ Wmﬂ' + .f(l)(>\19 >\2) My + f(o) (>\13 >\2)

A ARGONNE where the last two terms express the necessary contribution from the regulator.
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| 7 Office of

~ 4 Science

U5 DEFARTMENT OF ENERGY

. NATIONAL LABDRATORY

Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

Schladming, Styria, Austria, 11-18 March, 2006 — p. 14/42



Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

® Nucleon’s self energy
3 g2
5FM__||_- = — ?)z—wmmi + f(_li)(AlaA2) mﬁ. + f(_l(_))(AlaA2)
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

® Nucleon’s self energy
3 g2
5FM__||_- = — ?)z—wmm?r + f(—;)(A19A2) mf, + f(—|(_))(>\1a>\2)

® Giventhat m2 oc 7 in the neighbourhood of the chiral limit, the m3 is
nonanalytic in the current-quark mass on this domain.
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084
® Nucleon’s self energy

5FM__||__ = — ?ﬂ—wmmi + f(—;)()\l,)q)mfr + f(—I(_))(Ala)Q)

® Giventhat m2 oc 7 in the neighbourhood of the chiral limit, the m3 is
nonanalytic in the current-quark mass on this domain.

® Thisis the Leading Nonanalytic Contribution much touted in effective field
theory.

® |ts form is completely fixed by chiral symmetry and the pattern of its
dynamical breaking.

r;: =" Office of

— : : 1
" Science NB. Contribution from negative energy nucleon is o Ve
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

® Nucleon’s self energy

3 2
SpMf = — = Tomd 4+ £l (On de) m2 + £ (A, A2)

® Giventhat m2 oc 7 in the neighbourhood of the chiral limit, the m3 is
nonanalytic in the current-quark mass on this domain.

® Thisis the Leading Nonanalytic Contribution much touted in effective field
theory.

® |ts form is completely fixed by chiral symmetry and the pattern of its
dynamical breaking.

=" Office of L . . 1
Zﬂ Science NB. Contribution from negative energy nucleon is oc Ve

U5 DEFARTMENT OF ENE 3

® The remaining terms are regular in the current-quark mass. Their exact nature
depends on the explicit form of regularisation procedure.

THOMAL LABORATORY
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

® Nucleon’s self energy

3 2
SpMf = — = Tomd 4+ £l (On de) m2 + £ (A, A2)

® Giventhat m2 oc 7 in the neighbourhood of the chiral limit, the m3 is
nonanalytic in the current-quark mass on this domain.

® The Leading Nonanalytic Contribution is a somewhat magical model-independent
result.
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Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

® Nucleon’s self energy

3 2
SpMf = — = Tomd 4+ £l (On de) m2 + £ (A, A2)

® Giventhat m2 oc 7 in the neighbourhood of the chiral limit, the m3 is
nonanalytic in the current-quark mass on this domain.

® The Leading Nonanalytic Contribution is a somewhat magical model-independent
result.

® Unfortunately, it is not of much relevance in the real world. The actual value of the
pion loop contribution to the nucleon’s mass is completely determined by the

r: Office of regularisation dependent terms.

-4 Science ) ) . . ;
m——— ® |[tis essential for a framework to veraciously express the leading nonanalytic
O \Ce 'S4,

contribution ... it serves as a check that DCSB is truly described.

® However, beyond that, one must accept that the world is messy.
£ The pion has a finite size. So does the nucleon.
& These sizes set the mass-scale which determines the nucleon’s mass
shift.

@ NATHINAL LABORATORY
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Model pion-nucleon coupling

| 7 Office of

~ 4 Science

U5 DEFARTMENT OF ENERGY

ARGONNE

. NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 15/42



Model pion-nucleon coupling

gpv(Pk) = 510 exp(—(P = k)*/A%)

B-Kernel

2
2mz

/dﬂkg%"/((P_k)Q) 1— (P—k)2+m

Clearly the sum of two independent terms.

PP ==" Office of

,_J Scrence
.5, MENT OF EN
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Model pion-nucleon coupling

gpv(P,k) = 517 exp(—(P — k)*/A?)

B-Kernel
2m2
/dﬂk g%’V((P o k)Q) [1 o (P _ k)Q +m2
e First term can be evaluated exactly
X0 SCionce 2 12 2 2
e gpy (P2 k%) = /ko gpy ((P —k)7)
2

N I, (4Pk/A*
42" 2y, APK/AT).
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Model pion-nucleon coupling

gpv(P,k) = 517 exp(—(P — k)*/A?)

B-Kernel

/dﬂk g%’V((P o k)Q) [1 o (P - k);r—l— m2

e Second term can be approximated

5, Seiance P k)
L e Er::,, ¥ wg2 <P27k2) — 2m /dﬂ gPV ) )
gish oy R
~ gy (1P — k) 2’”7?
a+ Va? — b2

e Reliable when analytic
ARGONNE structure of gpy IS not key to that of solution
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Model pion-nucleon coupling

gpv(P,k) = 517 exp(—(P — k)*/A?)

B-Kernel

2
2mz

/ 4% gy (P~ 1)) |1~ 5=

e Total Kernel:

2 1m/2
o =2 2 1.2y 2 2 1.2 =
Dyl > Ipy (PR R = gpy (1B = KD e —=
wce O uclear S"CS 2 m2
. =2 2 1.2\ =2 2 12 =
= gpy(P", k%) — gpy (P, k )>a+ o

e Analytic structure is transparent
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Nucleon’s self energy and mass shift
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Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MpA*(—Mp) = [M+ B(—M3p)]?
SM = Mp— M

| 7 Office of
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Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MpA*(—Mp) = [M+ B(—M3p)]?
SM = Mp— M

Vector self energy

| 7 Office of

~ 4 Science
3 PA NERGY

U.5. DEPARTMENT OF B

Schladming, Styria, Austria, 11-18 March, 2006 — p. 16/42



Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MpA*(—Mp) = [M+ B(—M3p)]?
SM = Mp— M

Scalar self energy

| 7 Office of

~ 4 Science
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Solve DSE Nonperturbatively

Nucleon’s self energy and mass shift

MpA*(—Mp)

AARGDNNE
NATHIMNAL LABORATORY

SM Mp — M
(Aa AN) (Aa AN) (Av AN)
(0.9, 00) (0.9,1.5) (0.9, 2.0)
o Sciende — 0 M (MeV) 222 61 99

Schladming, Styria, Austria, 11-18 March, 2006 — p. 16/42




Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MpA*(—-Mp) = [M+B(—Mp))’
SM = Mp—M

(Aa AN) (Aa AN) (Aa AN)
(0.9, 00) (0.9,1.5) (0.9, 2.0)
o Sciende — 0 M (MeV) 222 61 99

® No suppression for nucleon off-shell in self-energy loop;
e, gpv<(P — kz),P%{k{Z

™ — e e —

—
il .

NATHIMNAL LABORATORY
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Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MPA*(—M37) = [M+ B(—M3))”?
SM = Mp—M
OxrAAﬁ OxrAAﬁ OKrAAﬁ
(0.9, 00) (0.9,1.5) (0.9,2.0)
60, SCiande — 5 M (MeV) 222 61 99

gpv (P?, k%, P - k) = ﬁ o~ (P=k)2 /A2 —(P2+M2+k2+M?) /A,

® Correct on-shell limit;
gpv (P2 = —M? k2 = M2, (P — k)? = 0) = S0

A\ ARGONNE 2M
NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 16/42




Nucleon’s self energy and mass shift

Solve DSE Nonperturbatively

MRA*(~MB) =

oM = Mp—-M Range from meson
_ - —~ “exchange model phen)
aav)|  waAY] WA
(0.9, 00) (0.9,1.5) (0.9,2.0)
5% Sciende — 5M (MeV) 222 61 99

gpv(P?,k*, P - k) = 2LM o~ (P=k)2 /A2 (—(P?4+M?+k>+M?) /A,

® Ay — oo = pointlike nucleon

Schladming, Styria, Austria, 11-18 March, 2006 — p. 16/42
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® Nonpointlike wN-loop
reduces nucleon’s mass by ~ 100 MeV
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Pion loop’s effect

® Nonpointlike wN-loop
. reduces nucleon’s mass by ~ 100 MeV

® There’s also a wA-loop
. reduces nucleon’s mass by not more than 100 MeV

PP ==" Office of
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e ofNudlear pp
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Pion loop’s effect

® Nonpointlike wN-loop
. reduces nucleon’s mass by ~ 100 MeV

® There’s also a wA-loop
. reduces nucleon’s mass by not more than 100 MeV

9o —0Mpyn ~ 200 MeV

PP ==" Office of

~ Scrence
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e ofNudlear pp
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Pion loop’s effect

® Nonpointlike wN-loop
. reduces nucleon’s mass by ~ 100 MeV

® There’s also a wA-loop
. reduces nucleon’s mass by not more than 100 MeV

9o —0Mpyn ~ 200 MeV

® Qualitative effect of this?

PP ==" Office of

~ Scrence

U.5. DEPARTMENT OF ENE

e ofNudlear pp
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Too much of a good thing

Refit Faddeev model parameters,
allowing for heavier “guark-core” mass

PP ==" Office of
~ 4 Science
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Too much of a good thing

Wo+ Wi+t My  Ma Weo W R
0+ 0.45 - ’r1.44 - 036 0.35 2.32
0t &1% 045 1.36| *1.14 1.33 044 0.36 0.54
0+ 0.64 - ~1.59 - 039 041 1.28
0t &1*| 0.64 1.19 L0.94 1.23 049 0.44 0.25

750, % ® 50% reduction in role of axial-vector diquark
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Too much of a good thing

MA wfl wf2 R

0F 045 - 1.44~ - 0.36 0.35 2.32

0t &17 045 1.36| 1.14 ,1.33| 0.44 0.36 0.54
/

0F 0.64 - 1.59« - 0.39 0.41 1.28

0" &17| 0.64 1.19 0.94 1.23 049 0.44 0.25

750, % ® 50% redu in role of axial-vector diquark

of Nuclear py, »
'/

) ® 10% increase in role of scalar diquark

ot
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Too much of a good thing

2.32
0" &17 0.45 1.36 1.14 1.33 044 0.36 0.54
0" 0.64 - 1.59 - 0.39 041 1.28
0" &17| 0.64 1.19 0.94 1.23 049 0.44 0.25

176, Ofice of Unsurprisingly:

. Requiring Exact Fit to N, A masses
with only g, (qq) ;» Degrees of Freedom

= Forces 17 to mimic, in part, effect of =
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Results: Nucleon
and A Masses

1F You JSeg
ANYTIHING

Mflffﬂl_uus
OR hﬂu_fqn[_
Just Entoy
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You ¢an
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Results: Nucleon
and A Masses

f0F You JSeg

ANYTIHING '
Mflrfﬂiouj ;
oR UNLSuAL
Jusr Emtoy
| 1T whilg

ale parz meters (in GeV) for the scalar and axial-vector
' 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 “w-cloud” contributions

set MN MA mo+ MM+ W+ Wi+

| 7 6)- Office of
-g/d Science
U5, DEPARTMENT OF EN

I A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33fm)
B 1.18 1.33| 0.79 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31fm)

® myy — ool Mi =1.15GeV; ME = 1.46 GeV
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Results: Nucleon
and A Masses

PP, o %
I itF You feg

ANYTIHING -
MYSTER [0y y -
oR UNLSuAL
Jusr Emtoy
| 1T whilg

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 “w-cloud” contributions

set MN MA mo+ MM+ W+ Wi+

| 7 67 Office of
-g/_"d] Science
U5, DEPARTMENT OF EN

I A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33fm)
B 1.18 1.33| 0.79 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31fm)

® myy — ool Mi =1.15GeV; ME = 1.46 GeV

® Axial-vector diquark provides significant attraction
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dtF You feg
ANYTIHING '
Mflrfﬂiouj ]
oR UNLSuAL
Jusr Emtoy
i |17 WHiLg

Sy : You AN

s ST

Results: Nucleon
and A Masses

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 “w-cloud” contributions

’;67 Office of
~ 4 Science
U.5. DEPARTMENT
. ce Of

o Nuclear py, Sic

set MN MA mo+ MM+ W+ Wi+
% A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33 fm)
B 1.18 1.33| 0.79 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31 fm)

W\
A NATIONAL LABDRATORY

® myy — ool Mi =1.15GeV; ME = 1.46 GeV

® Constructive Interference: 1++-diquark 4 9,7

Schladming, Styria, Austria, 11-18 March, 2006 — p. 19/42



HOll, et al., nu-th/0510075 Slgma Term
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HOll, et al., nu-th/0510075 Slgma Term

® o-term for hadron, H, obtained from the isoscalar matrix element

(H ()l Jo ()| H(y)), Jo(2) = Q(2)T°Q(2),
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Sigma Term

Holl, et al., nu-th/0510075

® o-term for hadron, H, obtained from the isoscalar matrix element
(H(x)|m Jy(2)|H(y)), Jo(2) = Q(2)7°Q(z),

$» Simple counting of field dimensions =
# Mesons, amputated matrix element has mass-dimension two,
# Fermions, it has mass-dimension one.
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Sigma Term

Holl, et al., nu-th/0510075

® o-term for hadron, H, obtained from the isoscalar matrix element
(H(x)|m Jy(2)|H(y)), Jo(2) = Q(2)7°Q(z),

$» Simple counting of field dimensions =
# Mesons, amputated matrix element has mass-dimension two,
# Fermions, it has mass-dimension one.

® For all hadrons the o-term vanishes in the chiral limit.
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Sigma Term

Holl, et al., nu-th/0510075

® o-term for hadron, H, obtained from the isoscalar matrix element
(H(x)|m Jy(2)|H(y)), Jo(2) = Q(2)7°Q(z),

$» Simple counting of field dimensions =
# Mesons, amputated matrix element has mass-dimension two,
# Fermions, it has mass-dimension one.

® For all hadrons the o-term vanishes in the chiral limit.

o Therefore ... keen probe of the impact of explicit chiral
Z' Office of ) . . ,
" Science symmetry breaking on a hadron, in particular, on a hadron’s
mass.
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HGll, et al., nu-th/0510075 Sigma Term

® o-term for hadron, H, obtained from the isoscalar matrix element
(H(x)|m Jy(2)|H(y)), Jo(2) = Q(2)7°Q(z),

$» Simple counting of field dimensions =
# Mesons, amputated matrix element has mass-dimension two,
# Fermions, it has mass-dimension one.

® For all hadrons the o-term vanishes in the chiral limit.

o Therefore ... keen probe of the impact of explicit chiral
Z' Office of ) . . ,
" Science symmetry breaking on a hadron, in particular, on a hadron’s
mass.

office of Nuclear py, i

® Important for numerous reasons, some of longstanding.
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Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian
# All wN-interactions are derivative couplings
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Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian

# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses
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Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian
# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:

u(p') on(t) u(p) :== m (P(p")|uu + dd|P(p)) , t = (p' — p)°

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 21/42



Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian
# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:

u(p') on(t) u(p) :== m (P(p")|uu + dd|P(p)) , t = (p' — p)°

® Derivative couplings vanish at zero pion 4-momentum (chiral limit)
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Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian

# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:

u(p') on(t) u(p) :== m (P(p")|uu + dd|P(p)) , t = (p' — p)°

® Derivative couplings vanish at zero pion 4-momentum (chiral limit)

Office of
Science
MENT OF ENE. Y

» Therefore non-derivative coupling can be isolated by
extrapolating (dispersion relations) isospin-even wIN-scattering
amplitude to the Cheng-Dashen point:
s=u= Mpy,t=2m2
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Longstanding: «IN Scattering

® Commonly used chiral effective Lagrangian

# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:
a(p') on(t) u(p) == m(P(p')|au + dd|P(p)), t = (p' — p)’

® Derivative couplings vanish at zero pion 4-momentum (chiral limit)

Cp Yy = on(t = 2m3)
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Longstanding: «IN Scattering

Commonly used chiral effective Lagrangian

# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:
a(p') on(t) u(p) == m(P(p')|au + dd|P(p)), t = (p' — p)’
® Derivative couplings vanish at zero pion 4-momentum (chiral limit)

Cp Yy = on(t = 2m3)

To get from t = 2m?2 to t = 0, use; e.g., higher order chiral
perturbation theory ...
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Longstanding: «IN Scattering

Commonly used chiral effective Lagrangian

# All wN-interactions are derivative couplings
» Except that one which is related to current-quark masses

® Determined by o-term: scalar form factor of the nucleon:

u(p') on(t) u(p) :== m (P(p")|uu + dd|P(p)) , t = (p' — p)°

® Derivative couplings vanish at zero pion 4-momentum (chiral limit)
55, mce f Yy = on(t = 2m3)

-

U5 DEFARTMENT OF ENERGY
f

To get from t = 2m?2 to t = 0, use; e.g., higher order chiral
perturbation theory ... Modern Experiment ...

O‘NIO'N(t:O):EN—15MeV:67:|:8

A NATIOMAL LABDRATORY
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Return to Pion Sigma Term

The pion’s o-term is defined by
2My 0 = 5:(Q°=0)

d*¢
= trCDF/(QW)4 8(6—1,0)mFTO(g—l,O;O)S(K—l,O)
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Return to Pion Sigma Term

The pion’s o-term is defined by

2My 0 = 5:(Q°=0)
= tr /‘W S(U_10)mT0(l_10:0)S(_1)
— CDF (27r)4 —1,0) M 1 r0{£—-10; —1,0

XFW(K_%,O; —P) 5(5) FW(K_%’O; P)

$ Symmetry preserving truncation

o
Office of = om(¢) S(k) = —S(k)'ro(k;0) S(k)

-

,_J Scrence
.5, MENT OF EN
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Return to Pion Sigma Term

The pion’s o-term is defined by

2My 0 = 5:(Q°=0)
= tr / af SU_10)mT0(l_10;0)S(l_1)
= troor [ Gz Sl-to +0(£_-1,0; ~1,0

l05P)

29

xT(0_1 0i —P) S(O) T (t_

$ Symmetry preserving truncation

0
- ———S(k) = —S(k)T0(k;0) S(k)
s 9™
Hence

- d*0 OS(l_
&, 0. = —m(C) trops / oo 0571(50) T(f_y0i=P) S(O) Tr(l_y 3 P

29
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Return to Pion Sigma Term

The pion’s o-term is defined by

2My 0 = 5:(Q°=0)
= tr / af SU_10)mT0(l_10;0)S(l_1)
= troor [ Gz Sl-to 70 (£—1,0; ~1,0

XFW(K_%,O; —P) 5(5) Fw(f_l 03 P)

2
Canonical normalisation condition for Bethe-Salpeter amplitude

A
2P, = trepp [ Tale;—P >8%8<q+cz/z>r (¢: P)S(q — Q/2) + sym

Hence

4
d* OS(0_1 o) Tr(f_10;=P) SO Tr(l_1 o3 P

=B )0, =—m(()t
Mz O m(¢) rCDF/(Qﬂ.)AL om(¢) —2

| OP di a8l
ARGONNE =— 171(() m“ trCDF/(Qw)4 épl’o) Pr(l_1,0;=P)S()Tr(€_y1 o; P
7
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Return to Pion Sigma Term

® The pion’s o-term is defined by

2My 0 = 5:(Q°=0)
= tr / af SU_10)mT0(l_10;0)S(l_1)
= troor [ Gz Sl-to 70 (£—1,0; ~1,0

XFW(K_%,O; —P) 5(5) Fw(f_l 03 P)

2
® Canonical normalisation condition for Bethe-Salpeter amplitude

A
2P, = trepp [ Tale;—P >8%8<q+cz/z>r (¢: P)S(q — Q/2) + sym

ot om(c) Uk 2
_ orP? om?2
=~ ™O5m© = ™Y amic
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Return to Pion Sigma Term

The pion’s o-term is defined by

2My 0 = 5:(Q°=0)
= tr / af SU_10)mT0(l_10;0)S(l_1)
= troor [ Gz Sl-to 70 (£—1,0; ~1,0

XFW(K_%,O; —P) 5(5) Fw(f_l 03 P)

2
Canonical normalisation condition for Bethe-Salpeter amplitude

A
2P, = trepp [ Tale;—P >8%8<q+cz/z>r (¢: P)S(q — Q/2) + sym

Hence

d40 OS(0_1)

=& 0, 0, = —m(() trcpp/

@yt om(Q) T 50
_ orP? om?2 - OMmy
~— "0 ~ " Yang " amg
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Feynman-Hellmann Theorem

om

om(¢)

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

® Inderiving|o, = m(() , | have depended heavily upon
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Feynman-Hellmann Theorem

om

om(¢)
the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

® Inderiving|o, = m(() , | have depended heavily upon

® Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.
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Feynman-Hellmann Theorem

® |Inderiving | o 7 (C) Y= (C) , | have depended heavily upon

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

® Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.

# Present case: theorem states that response of an eigenvalue

Z—é](;fffce of of the QCD mass?-operator to a change in a parameter in that
cience
ey operator is given by expectation value of the derivative of the

mass2-operator operator with respect to the parameter.

OEnz <8M2 >
A Z2)
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® |Inderiving| o, = m(()

om

om(¢)

Feynman-Hellmann Theorem

, | have depended heavily upon

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

® Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.
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At Derived by Feynman, when 21, in his final year as an
undergraduate. Has played an important role in theoretical
chemistry and condensed matter physics.
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Feynman-Hellmann Theorem

om

om(¢)

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

® |Inderiving| o, = m(()

, | have depended heavily upon

® Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.
OF p 2 OM?
N < A\ >

5 Office of
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~ 4 Science
ME
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® The resultis valid in this form for all mesons: i.e.,

om?2 0
M = oy = m(() T

(<) om()

NB. The o-term is a renormalisation point invariant, in general and
A ~rsonne  also in the explicit calculation, so long as a RGI ra nbow-ladder

- - ﬁ* used. Schladming, Styria, Austria, 11-18 March, 2006 — p. 23/42

2mprong = sp(0) = m(Q)




Constituent-Quark
Sigma Term

Wright, et al., nu-th/0512048
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Constituent-Quark
Sigma Term
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Constituent-Quark
Sigma Term

nu-th/0512048

Wright, et al.,
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Constituent-Quark
Sigma Term

Wright, et al., nu-th/0512048

0.8
Ratio: oo /M}, is os
renormalisation point = |
invariant, and a measure of © g4
the current-quark-mass-
dependence of dynamical
chiral symmetry breaking: a
57, SCience zero value indicates

smimen. complete dominance of
" dynamical over explicit chiral
symmetry breaking; and a

value of one, the opposite.

0.2
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Constituent-Quark
Sigma Term

Wright, et al., nu-th/0512048

0.8
Ratio: oo /M}, is os
renormalisation point = |
invariant, and a measure of © g4
the current-quark-mass-
dependence of dynamical

chiral symmetry breaking: a

0.2

0 1 L1111 1 [ |
Office of - 1
-C 4 science 7er0 value indicates 10 - [%;OeV] 10
.CeofNuclearph R Z
x complete dominance of
“ dynamical over explicit chiral E
y P Ou.d My,qa(¢) OM, 4

symmetry breaking; and a = 0.023

& ME,T ME, amua(C)
value of one, the opposite. ’ ’
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Baryon Sigma Term

® Baryon o-term ... determined from scalar form factor

s5(Q%) = (B(P")|m J-(Q)|B(P)), Qu = (P' — P),
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Baryon Sigma Term

® Baryon o-term ... determined from scalar form factor

s5(Q%) = (B(P")|m J-(Q)|B(P)), Qu = (P' — P),

» Dimension counting = sg(Q?) has dimension one.

opB .
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Baryon Sigma Term

® Baryon o-term ... determined from scalar form factor

s5(Q%) = (B(P")|m J-(Q)|B(P)), Qu = (P' — P),

» Dimension counting = sg(Q?) has dimension one.

OMp
om(Q)
® Apparent in context of Feynman-Hellmann theorem because

fermion fields have mass-dimension 3/2 and their spectrum is
described by a mass-operator , not a mass-squared operator.

oB = s(Q? =0) = m(¢)
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Baryon Sigma Term

® Baryon o-term ... determined from scalar form factor

sp(Q%) = (B(P")|m J-(Q)|B(P)), Qu = (P’ = P),

» Dimension counting = sg(Q?) has dimension one.

OMp
om(¢)
® Apparent in context of Feynman-Hellmann theorem because
Z OcaET fermion fields have mass-dimension 3/2 and their spectrum is

o | Sc:ence

oo or described by a mass-operator , not a mass-squared operator.

O“ e of Nuclear r Pp .

oB = s(Q? =0) = m(¢)

® o-terms of the nucleon and A can thus be determined in any
framework that provides for a calculation of the
current-quark-mass dependence of My and M.
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Baryon Sigma Term:
Quark-core input
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Baryon Sigma Term:
Quark-core input

® Current-quark mass-dependence of Faddeev Equation’s kernel
» dressed-quark propagator
# diquark “masses”
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Baryon Sigma Term:
Quark-core input

® Current-quark mass-dependence of Faddeev Equation’s kernel
» dressed-quark propagator
# diquark “masses”
® Fixed or well-constrained by DSE input
OM¥E
om(¢)
® mgg(m) =my, + mogg
$ 049 = (1.0-1.2) o [tF

s og :=m(() = 6.2 MeV
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Baryon Sigma Term:
Quark-core input

® Current-quark mass-dependence of Faddeev Equation’s kernel
» dressed-quark propagator
# diquark “masses”
® Fixed or well-constrained by DSE input
OM¥E
om(¢)
® mgg(m) =my, + mogg
$ 049 = (1.0-1.2) o [tF

s og :=m(() = 6.2 MeV

PP ==" Office of
.Q_AJ Science

U5 DEFARTMENT OF

office of Nuclear py, i

Set Mn Mna ON oA
0.94 1.23 0.046 0.042
1.18 1.33 0.047 0.042
1.18 1.33 0.057 0.051
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ITS A
Been pone
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Baryon Sigma Term:
Pion cloud

N — wIN — N-loop correction to nucleon’s mass

—

2 d3k k2 u? (k?)

(SMN — — 6T pry = =
mz ) (27m)% we(k?)[wr (k?) + wn (k?) — MN]
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Baryon Sigma Term:
Pion cloud

Been pone
BEFoRE

—

e [ A3k k2 u?(k?)

(SMN = — 67 = = —
mz ) (27)% wr(k?)[wx(k?) + wn(k?) — MN]

$ Input...

» f]2VN7r — gleNwm?r/(lﬁﬁM]%I)’
(fNN=/MnN) = (ga/fr) = 13.6 GeV~1

TG e wa(R) = By m2
o u(k?) =1/(1+ k2/A\2)

A NATIOMNAL LABORATORY
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Baryon Sigma Term:
Pion cloud

Been DoNe
PEFORE

—

e [ A3k k2 u?(k?)

(SMN = — 67 = = —
mz ) (27)% wr(k?)[wx(k?) + wn(k?) — MN]

$ Input...

$ fRine = N2/ (16T MZ),
(fNN=/MnN) = (ga/fr) = 13.6 GeV~1

s we(R2) =[R2 + m2
o u(k?) =1/(1+ k2/A\2)

’g‘ﬁ" Office of
>~ 4 Science
U5 DEPARTMENT OF ENERGY

office of Nuclear py, i
€

® And... Calculated results:

~ T
» m,72r=—2m,<qqz>

Uy

AARSONNE o ME =113+ 9.20m, m € [0.0045,0.0055]
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Baryon Sigma Term:
Pion cloud

—

2 d3k k2 u? (k?)

(SMN — — 6T pry = =
mz ) (27m)% we(k?)[wr (k?) + wn (k?) — MN]

A 0.30 0.40

07N | 0.0037 0.0058

A NATIOMAL LABDRATORY
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Baryon Sigma Term:
Pion cloud

®» N — wIN — N-loop correction to nucleon’s mass

—

e [ 43k k2 u?(k?)

(SMN = — 67 — = —
mz ) (27)% wr(k?)[wx(k?) + wn(k?) — MN]

A 0.30 0.40

07N | 0.0037 0.0058

orice of @  Shift in M owing to 7A self-energy has same sign and is no

Science
MENT OF ENE. Y

larger in magnitude = do ' "2 ~ 7MeV

Shift in M owing to 7N and A self-energies is approximately
one-half of correction to My = dox" ™ ~ 3 MeV

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 27/42
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Sigma Terms:
Result

® Putting everything together

| 7 Office of
~ 4 Science
U5 DEPARTMENT OF ENERGY

office of Nuclear py, i
s

&, &

(P, S

O”"gN . o 5\}
Uclear Matter - QU

ARGONNE

. NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 28/42



Sigma Terms:
Result

® Putting everything together
o oil?~53MeV, o}!? ~ 47 MeV
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Sigma Terms:
Result

® Putting everything together
o oil?~53MeV, o}!? ~ 47 MeV
s oVt ~ TMeV, oRN T ~ 3MeV
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Sigma Terms:
Result

® Putting everything together
o oil?~53MeV, o}!? ~ 47 MeV
s oVt ~ TMeV, oRN T ~ 3MeV

® | o ~60MeV, oa ~ 50MeV Error < 15%
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Sigma Terms:
Result

® Putting everything together
o oil?~53MeV, o}!? ~ 47 MeV

s oVt ~ TMeV, oRN T ~ 3MeV

® | o ~60MeV, oa ~ 50MeV Error < 15%

® Experimenton = 67 + 8 MeV

PP ==" Office of
~ Scrence

ARGONNE

NATHOMNAL LA
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Sigma Terms:

Result
® Putting everything together
o oil?~53MeV, o}!? ~ 47 MeV
® o N TTA ~ T MeV, o N T4 ~ 3MeV
® | o ~60MeV, oa ~ 50MeV Error < 15%
® Experimenton = 67 &= 8 MeV
5mH (o =4 om
‘@Ofﬁce ofsummary — — —
A | Scrence Mg myg m
73 T o p w N A
o
— 1 0.498 0.017 0.013 0.021 0.034 0.064 0.041
mpy

A NATIONAL LABDRATORY
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Nucleon-Photon Current

® Now have Poincaré Covariant Wave Function for Nucleon
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Nucleon-Photon Current

® Now have Poincaré Covariant Wave Function for Nucleon

® How does this nucleon couple to a photon?
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Nucleon-Photon Current

®» Now have Poincaré Covariant Wave Function for Nucleon
® How does this nucleon couple to a photon?

® Nucleon’s e.m. current:
JM(P’,P) = teu(P') A(Q,P)u(P), Q= P —

= z'eﬂ(P/) (’YILLFl(Q2) 2]1\4 O puv Qv FQ(Q2>> (P)

Office of Q2

Science
ENT OF ENE. Y

<2

Gp(Q?) = F(QY) 5 2(Q7), Gu(Q?) = F(Q)+2(Q7) .

4M?
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Nucleon-Photon Current

Now have Poincaré Covariant Wave Function for Nucleon
How does this nucleon couple to a photon?

Nucleon’s e.m. current:
JM(P’,P) = teu(P') A(Q,P)u(P), Q= P —

= z'eﬂ(P/) (’YILLFl(Q2) 2]1\4 O puv Qv FQ(Q2>> (P)

Office of 2
Stemd () = Fl(QQ)—ijz(QQ), Gu(Q%) = Fi(Q%)+F(Q?) .

Question: ... Whatis A ,(Q, P)?

o 1)
‘@.
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Nucleon-Photon Current

Now have Poincaré Covariant Wave Function for Nucleon
How does this nucleon couple to a photon?

Nucleon’s e.m. current:
JM(P’,P) = teu(P') A(Q,P)u(P), Q= P —

= z'eﬂ(P/) (’YILLFl(Q2) 2;\4 O puv Qv FQ(Q2>> (P)

Office of 2
Stemd () = Fl(Q2)—4§\242F2(Q2)7 Gu(Q%) = Fi(Q%)+F(Q?) .

Question: ... Whatis A ,(Q, P)?

. ()
T@.

Extensive Expertise in Nuclear Physics Community
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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

| 7 Office of
~ Sc:ence

U5 DEFARTMENT OF ENE
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex

-
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Parameters: Nucleon-Photon Vertex
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® Photon—Axial-vector-diguark coupling

Parameters: Nucleon-Photon Vertex
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Parameters: Nucleon-Photon Vertex

Photon—Axial-vector-diguark coupling

Three Form Factors
Two parameters .. Q
GE'(0) = 1, GI4(0) = s » G (0) = —x11 -
Charge correctly normalised

omiceor  Magnetic (i, +) and Quadrupole (x;+) Moments

Science
MENT OF ENE. Y
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Parameters: Nucleon-Photon Vertex

Photon—Axial-vector-diguark coupling

Three Form Factors
Two parameters .. Q
GE'(0) = 1, GI4(0) = s » G (0) = —x11 -
Charge correctly normalised

Magnetic (p;+) and Quadrupole (x;+) Moments

pointlike axial-vector: p{+ = 2;and x;+ =1
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Parameters: Nucleon-Photon Vertex

Photon—Axial-vector-diguark coupling

Three Form Factors T
Two parameters .. ‘\é\\
GE'(0) = 1, GI4(0) = s » G (0) = —x11 -
Charge correctly normalised

omiceor  Magnetic (i, +) and Quadrupole (x;+) Moments

Science
MENT OF ENE. Y

.
f@,

pointlike axial-vector: p{+ = 2;and x;+ =1

PQCD ultraviolet constraint:

GL'(@%): GIL(@%) : G5 (@) 7

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 31/42



Parameters: Nucleon-Photon Vertex

® Axial-vector-diquark < Scalar-diquark Transition coupling

B B P,
W W,
axial vecto scglar \

Q
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Parameters: Nucleon-Photon Vertex

® Axial-vector-diquark < Scalar-diquark Transition coupling

®» One parameter ...

TL% (01, 0y) = —T70%(0y, 65)

PP ==" Office of
~ Scrence
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Parameters: Nucleon-Photon Vertex

® Axial-vector-diquark < Scalar-diquark Transition coupling

®» One parameter ...

F7?4<€17€2> —

06, Sience P DSE-based calculations yield: k7 = 2

Scrence

U5 DEFARTMENT OF

\ce of Nuclear py, o,
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Parameters: Nucleon-Photon Vertex

Axial-vector-diquark « Scalar-diquark Transition coupling

B B w P,
One parameter e LIJf axial vector _scalar \ i
) = THRGE) S
2
= MN RT Efyap)\glpZQ)\

orice of @ DSE-based calculations yield: k7 = 2

Science
MENT OF ENE. Y

. ()
T@.

All other couplings fixed through experience with DSE
studies of mesons

seagull terms fixed by current-conservation
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Exegesis
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Exegesis

® Dressed-quark propagators
... fixed in calculation of meson observables
no free parameters
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ITs A
Been pone
BefFore

(€ Exegesis

® Dressed-quark propagators
. fixed in calculation of meson observables
. ho free parameters

® Diquark propagators and Bethe-Salpeter-like amplitudes
. two parameters, fixed in fitting desired N and A masses

... ho free parameters (. )

g Office of 'nternal
A Science  compare Set A cf. Set B ¢ 0
oy, \ structure )

A NATHOMNAL LABORATORY
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WRONG way
ITs AL

Been pone
BeFore

Exegesis

® Dressed-quark propagators
. fixed In calculation of meson observables
. ho free parameters

® Diquark propagators and Bethe-Salpeter-like amplitudes
. two parameters, fixed in fitting desired N and A masses

... ho free parameters (. )
g Office of internal

i Science  compare Set A cf. Set B { %

structure
\ y,

 ® Nucleon's electromagnetic vertex

. three free parameters

. all tied to e.m. properties of axial-vector diquark
. explore sensitivity to 17T parameters

- - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 33/42
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Exegesis

® Dressed-quark propagators
. fixed in calculation of meson observables
. ho free parameters

#® Diquark propagators and Bethe-Salpeter-like amplitudes
. two parameters, fixed in fitting desired N and A masses

... ho free parameters (. )
g office of internal

moclence . compare Set A cf. Set B < >

structure )
\

 ® Nucleon's electromagnetic vertex
. three free parameters

. all tied to e.m. properties of axial-vector diquark
. explore sensitivity to 17T parameters
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Magnetic Moments

® “On Nucleon Electromagnetic Form Factors,’
Arne HOll, et al., nu-th/0412046, has many tables

Schladming, Styria, Austria, 11-18 March, 2006 — p. 34/42



Magnetic Moments

® |llustrate results with magnetic moments

Set A (no 7 cloud) Set B (room for 7 cloud)
Hit X1+ RT| Fp Ufp | on| Ufzn| Fp Ufp | on| Uﬁn|
1 1 2| 1.79-15.31.70-5.1 | 2.24-21.92.00 -6.2
2 1 2| 2.06 1.79 2.63 2.13
& e o 3 1 2| 233154188 51 | 3.02 21.92.26 6.1
O Scionce
2 0 2| 206 0.0179 00 | 263 0.0 2.13 0.0
2 2 2| 206 00179 00 | 263 0.0 2.13 0.0
2 1 1| 191 -84164-84 | 245-10.1195 -85
2 1 3| 221 84185 83 | 2.82 10.12.31 8.5

ARGONNE
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Form Factors

Comparison

- —- fitF.W.

0.08 .= .- fit Galster
L — St A u1:2 ]
PP =5"Officeof | | stA =l
gﬁ Science  0.06 A ui=3 ]

U5 DEFARTMENT OF ENERGY

. Nucl .
oS i,
0.04
R <5

Vi,
& Nucle, er - Quatk® ™

— setB;p =2 |
..... setB;p=1
-—-setB;p=3

-— —

T~
~ -

Q" [Gev] Q? [cev]
A ARGONNE Variations in g1+ = 1,2,3;, x1+ = 1, k7 = 2
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Form Factors

Comparison

- = fitEW.
0.08- <=~ fit Galster |

| — setA ;X7 |
V=" Oofficeof | | setA; x,=0
gﬁ Science  0.06 . stA: Xi:g -

U5 DEFARTMENT OF ENERGY

— set B X7
..... setB; x,=0
-—-setB;x=2

¢ of Nuclear py, . W
Cs

O]

ofie

0.04

&, &
/o e
Vg o
UClear Matter - QU3

~ -
~ -
-
—_—
——

.~ y——

=~
_——
e .

Q" [Gev] Q? [cev]
A ARGONNE Variations in x;+ = 0,1,2; py+ = 2, k7 = 2
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Form Factors

Comparison

0.08 - it F.W. T

. 05+ /iR -

’: Office of A4 |

~ 4 Science  0.06 ! 7 e

U5 DEFARTMENT OF ENERGY _l | - , — I . \ . ~ ]
Kice of Nuclear py, i, Sl c S 0 l.-. (4 // — setA; KT—2

° s O 0.04 -l.',’// ..... set A K =1

b, 4 ' 15 'I’II ——- et A K =3

"’/o,.,-,,g 'VudearMancr-Qua"‘s‘osv | /1 H B ; KT:2 -
0.02f# L e setB; k=1

'2071‘7 - —- setB;K=37

0 [ 1 | 1 | 1 | 1 | 1 | 1 i

0 0 1 2 3 4 5 6

Q* [Gev?]
) ARCONNE Variationsin k- = 1,2,3; g+ = 2, x1+ = 1
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Form Factors

® Behaviour of Form Factors is primarily determined by

iInformation expressed in Poincaré Covariant Faddeev

Amplitudes

» Differences between Set A and Set B outweigh
dependence on electromagnetic parameters of
axial-vector diquark

» No sensitivity to diquark parameters for Q% > 4 GeV?

X0 SCionce ... construction respects pQCD limit
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Form Factors

® Behaviour of Form Factors is primarily determined by
iInformation expressed in Poincaré Covariant Faddeev
Amplitudes
» Differences between Set A and Set B outweigh
dependence on electromagnetic parameters of
axial-vector diquark
» No sensitivity to diquark parameters for Q% > 4 GeV?
U Science ... construction respects pQCD limit

2
officee

® Cannot readily tune model to uniformly good account of
nucleon electromagnetic properties

# Something more than dressed-quark and -diquark
degrees of freedom is required

NATHOMNAL LABORATORY
- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 35/42
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Chiral Corrections

® Thus far, omitted pion cloud contribution to current
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Chiral Corrections

® Thus far, omitted pion cloud contribution to current

#® Include loops following method of

. Ashley, Leinweber, Thomas, Young, he-lat/0308024
. finite-range regularisation of loop corrections

. A = regularisation mass-scale

Office of
.g < Scrence

ace of Nuclea PhSI'c
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Chiral Corrections

® Thus far, omitted pion cloud contribution to current

#® Include loops following method of

)

1—loop™
fb NA

2 1—loopR

NA

:I:

_|_

. Ashley, Leinweber, Thomas, Young, he-lat/0308024
. finite-range regularisation of loop corrections
. A = regularisation mass-scale

&

2

1+ 5931 ( m2 )
n
3272 f2 m2 + \277
1+ 597 .
- + gA 1n< mw )
3272f2 T \mZ A2
2My 1 2 A
JA N — arctan( ),
9124 MN 2 )\3

:I:

472 f2

— arct
My — aIc an(m3 ),
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Chiral Corrections

® Thus far, omitted pion cloud contribution to current

#® Include loops following method of
... Ashley, Leinweber, Thomas, Young, he-lat/0308024

... finite-range reqgularisation of loop corrections

1 2
. — = —Tfm
A 3

u 7
T'p T'n T'p T'n Hp —Hn S

] q-(qq) core 0.595 0.169 0.449 0.449 3.63 2.13| 0.39
” +m-loop correction 0.762 0.506 0.761 0.761 3.05 1.55| 0.23

experiment 0.847 0.336 0.836 0.889 2.79 1.91

NATHOMNAL LABORATORY
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Chiral Corrections

® Thus far, omitted pion cloud contribution to current

#® Include loops following method of
. Ashley, Leinweber, Thomas, Young, he-lat/0308024

. finite-range regularisation of loop corrections

1 2
— = —fm
A 3

® Complements nucleon mass considerations
. veracious understanding of all nucleon properties
. Impossible without intelligent incorporation
of chiral corrections

Office of
.g _AJ Sc:ence
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Form Factor Ratio: GE/GM

Rosenbluth and Polarization-Transfer Extractions of
Ratio of Proton’s Electric and Magnetic Form Factors

1 1 1 | 1 1 1 | 1 1 1
1'55%:2 ) § § % %{ ;{ -9
i £ e 2 §I % I .
o = i I-E-I il
O - Hg i
ow - % -
=i 0'5__ + __
| 7 ice o +
%,;f.‘f;%ﬁﬂf; - i Er%cs?gitc):# tlgosenbl uth | ‘ i
| | = polarization transfer i
¢  polarization transfer
1 1 1 | 1 1 1 | 1 1 1
% 7 4 6
Q2 [Gevz]

A NATIONAL LABDRATORY
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Form Factor Ratio: GE/GM

Walker et al., Phys. Rev. D49, 5671 (1994)

Qattan et al., Phys. e B B ? T 1
Rev. Lett. 94 142301 I

118 5 ? % ;% ol
(2005) B LI EPR R T
Jones etal.,, JLab Halg | @@4 e ]

A Collaboration, Phys;, | @%1 _
Rev. Lett. 84, 1398 . 0.5F 1
-

(2000) [ [ o Rosenbluth + ]

- | a  precision Rosenbluth .
Gayou, et al., Phys. |y Poriodion e +
Rev. C 64, 038202 A T
(2001) 0 2 4 0

2 2
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