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Outline

* Overview of QCD modeling based on Dyson-Schwinger Eqns of QCD
* Emphasis is on small scales (quark-gluon content) as well as large scales
* Model dependence unavoidable; still some exact results

*  Chiral symmetry at the level of quark dynamics---a Goldberger-Trieman
relation, Goldstone theorem, consequences for hadron structure

* Meson and Baryon masses, decay constants......
* Elastic and transition form factors

* Valence quark PDF of pion and kaon, pion distribution amplitude
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KENT STATE

Lattice-QCD and DSE-based modeling

® Lattice: (O) = [ DgqG O(q,q,G) eS¢
s Euclidean metric, x-space, Monte-Carlo

s |ssues: lattice spacing and vol, sea and valence m,,
fermion Det

s Large time limit = nearest hadronic mass pole

® EOMSs (DSEs): 0 = | DgqG 5_;2?) e—Sl0.4.G1+(1.0)+(@n)+(J.G)

s Euclidean metric, p-space, continuum integral egns

s Issues: truncation and phenomenology —not full QCD
s Analtyic contin. = nearest hadronic mass pole

s Can be quick to identify systematics, mechanisms, - - -

4 e»'A'cb

5
Chiral Dynamics |Lab2012 '-@

"‘v“

N



DSE-based modeling of Hadron Physics

® Soft physics: truncate DSEs to min: 2-pt, 3-pt fns

® Should be relativistically covariant—-convenient for
decays, Form Factors, etc

» No boosts needed on wavefns of recoiling bound st.
s oo d.of. — few quasi-particle effective d.o.f.

Do not make a 3-dimensional reduction
Preserve 1-loop QCD renorm group behavior in UV
Preserve global symmetries, conserved em currents, etc

Preserve PCAC = Goldstone’s Thm

Can’t preserve local color gauge covariance —-just
choose Landau gauge [RG fixed pt]

e o o o o

o Parameterize the deep infrared (large distance) QCD

= coupling KR,
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Ladder-Rainbow Model Landau gauge only

® Kpsp — =5 Amaes(q?) Di(q) 7o

> CYCH‘(QQ) % <QC]>M:1 GeV — —(240M6V)3 , Incl vertex dressing

1—loop

< Ofcff<q2) U_>_V Qg (q2)
p-k
) ) fw%%
P = P +
o o

k

® P. Maris & P.C. Tandy, PRC60, 055214 (1999)
M,, My, M+ good to 5%, f,, f4, fx+ good to 10%
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Quenched lattice = m, Depn of DSE Kernel
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Modern Context for Ladder-Rainbow Kernel

Landau gauge, lattice — QCD gluon propagator,
I.L.Bogolubisky etal., PosLAT2007,290 (2007)

DSE Studyw/ modern n — pt fns
A.C.Aguilar etal.,arXiv : 1010.5815 (2010)
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Modern Context for Ladder-Rainbow Kernel

Glun:n Propagator
p=4.3
Lattice p=5.7

B L=64

& L=72

+  L=80

—fit

TTTT[ -T T T TTTIIT|

10 100

Landau gauge, lattice — QCD gluon propagator,
I.L.Bogolubisky etal., PosLAT2007,290 (2007)

DSE Studyw/ modern n — pt fns
A.C.Aguilar etal., arXiv : 1010.5815 (2010)

Identified enough stength for physical DCSB

= m.(k”) mg(0) ~ 0.38 GeV
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Modern Context for Ladder-Rainbow Kernel

Landau gauge, lattice — QCD gluon propagator,
I.L.Bogolubisky etal., PosLAT2007,290 (2007)

DSE Studyw/ modern n — pt fns
A.C.Aguilar etal., arXiv : 1010.5815 (2010)

Identified enough stength for physical DCSB

don

° ' i o " Gluon Propagator
! B p=4.3
7 ad Lattice p=5.7
T m  L=64
6 & L=72
# L=80
—fit
3 4-
O,
o
< 2
2 - : mG (k )
{}— T LR | L | TTTT[
1E-3 0,01 0,1 1 10 100
q [GeV]
A7l (q?)
Kise =
2 2
mG(q ) +4q
Oéeﬂ-‘(O.l) ~ 3 1

0.0
o/ 1

constant mass, unconfined gluon

= n— = SRR e Y

e e, e . T, e

k? (GeV?)
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Summary of light meson results

Vector mesons (PM, Tandy, PRCE0, 055214)

My—g = 3.5 MeV m; =125MeVatji =1 GeV
_ : _ Mo 0.770 GeV  0.742
Pseudoscalar (PM, Roberts, PRCS6, 3369)
— fojw 0216 GeV  0.207
- 5 . 3' M 0.892 GeV 0936
- 0.236 GeV 0.241
99y :;1335 - j L ag ) frs 0.225 GeV 0241
m ] L+ : :
N ) My 1.020 GeV  1.072
0.0924 GeV  0.093
Ix 296 ey - T 0.236 GeV  0.259
My . e :
K Strong decay (Jarecke, PM, Tandy, PRCGE7, 035202)
fx 0113 GeV 0.109
Bprx 6.02 5.4
Charge radii (PM, Tandy, PRCGE2, 055204) 8oKK 464 473
2
rz 0.44 fm 0.45 Bt 4.60 4.1
I 0.34 fm? 0.38 — _
Radiative decay (PM, nucl-th/0112022)
o -0.054 fm’ -0.086
Boxy/ Mg 0.74 0.69
ymy transition (PM, Tandy, PRCE5, 045211) Sy Mes 5 31 507
8yy 0.50 0.50 (gxxy/mr)t | 083 0.99
2
. 0.42 fm 0.41 (xexcy/mz)® | 1.28 119
Weak K3 decay  (PM, Ji, PRD64, 014032) Scattering length  (PM, Cotanch, PRD66, 116010)
Ay(€3) | 0.028 0.027 al 0.220 0.170
[Ks) | 76-10°s~1 738 a2 0.044 0.045
[(K) | 52:10°s71 480 al 0.038 0.036

In summary: 31 exptl data @ RMS error of 15%
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Qu-lattice S(p), D(q) mapped to a DSE kernel

S(p) = Z(p)[i p+ M(p)] "

e Old data
l ' ' + New ’improved action’ data

— m_ =0.168GeV
=0.030GeV
=0.225GeV
=0.055GeV
m_ =0.110GeV
=0.0GeV
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Exact Mass Relation for Flavor No'n—Single’r PS Mesons

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

ST i R R R T P RS e S e . - -ro'l'o

— PTG RSP
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11




Exact Mass Relation for Flavor No'n—SinglewL PS Mesons

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

_iP, T5,(k;P) = S} (k+P/2) 5= +75= S ' (k—P/2)—2m,, T'5(k; P)

lul -3

°2

a %
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Exact Mass Relation for Flavor No'n—Single’r PS Mesons

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

_iP, T5,(k;P) = S} (k+P/2) 5= +75= S ' (k—P/2)—2m,, T'5(k; P)

lul -3

°2

LS e Lk
@i — Ol — s — G I‘W(k2;0):ify57-4 f(())()_|_...

i

CNALN
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Exact Mass Relation for Flavor No'n—SinglewL PS Mesons

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

—iP, T'5,(k;P) =S ' (k+P/2) v5-+755 S~ ' (k—P/2)—2m, T'5(k; P)

lul -3

l‘.‘~..-'|‘-l

3trSgt(k)
fo

m

e m,=0P=0 =GTq: I'.(k*0)=ivs T

+ --- ie, Goldstone Thm
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Exact Mass Relation for Flavor No'n—SinglewL PS Mesons

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

—iP, T5,(k; P) = S (k+P/2) 55 +755 S} (k—P/2)—2m, s (k; P)
f P , 1pn
I (kP) P2+;;72T el P) B2
2 _ . 1rSg (K) |
e m,=0P=0 =GTq: I':(k%0)=iysT +--- ie, Goldstone Thm

i

m
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Exact Mass Relation for Flavor No-n—SinglaL PS Mesons:

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

—iP, T5,(k;P) = S~} (k+P/2) §+; S—1(k—P/2)—2m, T's(k; P)
f P , 1pn
Dol P) 5t b b s
) . trSgt(k) .
e m,=0P=0 =GTq: I':(k%0)=iysT 70 + --- 1e, Goldstone Thm

" —_— * 2 4 b [ g® . -
e my+0: = fm;=2mgp;(mg) [forall m,, all ps mesons

e ———— i =S — =




- Exact Mass Relation Fof Flavor No-n—SinglaL PS Mesons:

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

PCAC = (§(x)a(y) (3, Js, = 2mgJs)) = AV — WTI :

—iP, T5,(k;P) = S~} (k+P/2) §+; S—1(k—P/2)—2m, T's(k; P)
f P , 1pn
Dol P) 5t b b s
3trSgt(k)

e m,=0P=0 =GTq: I'.(k*0)=ivs T

. + --- ie, Goldstone Thm

" —_— * 2 4 b [ g® . -
e my+0: = fm;=2mgp;(mg) [forall m,, all ps mesons

o rps(n)=—(0]|G759|ps) _J@:




Gen axial vertex TI'5,(k;P) =15 {7,Fr(k;P)+ ¥k, Gr(k;P) - o,.k, Hr(k;P) }

LT A

. Gen pion BS ampl T, (k;P) =5 {iE.(k;P)+PF.(k;P)+ kPG, (k;P)+o: kP H,(k; P) }

1 chiral+soft pi limits of AV-WTI give: DCSB

- 1
S5() = Fawe 1802

f, E,(k:P = 0) = B(k?)

Fr(k;0) + 2fr Fr(k;0) = A(k?) = g4 (F) ~ 0.81 (RL) + 6%(BRL)
gl Roberts, Chang, Schmidt, 2012

Gr(k;0) + 2f, G, (k;0) = 2A’(k?)
Hg(k;0) + 2f; H,(k;0) =0
: .E.ze‘
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Quark Level “"Goldberger-Treiman” Relations

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

Gen axial vertex TI'5,(k;P) =15 {7,Fr(k;P)+ ¥k, Gr(k;P) - o,.k, Hr(k;P) }

LT A

. Gen pion BS ampl T, (k;P) =5 {iE.(k;P)+PF.(k;P)+ kPG, (k;P)+o: kP H,(k; P) }

1 chiral+soft pi limits of AV-WTI give: DCSB

_ 1
S(k) = a1 80

f, E,(k:P = 0) = B(k?)

Fr(k;0) + 2fr Fr(k;0) = A(k?) = g4 (F) ~ 0.81 (RL) + 6%(BRL)
gl Roberts, Chang, Schmidt, 2012

Gr(k;0) + 2f, G, (k;0) = 2A’(k?)

Hg (k;0) + 2f, H.(k;0) =0

o rﬁ.v,,
(M ¥
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Quark Level “"Goldberger-Treiman” Relations
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Quark Level “"Goldberger-Treiman” Relations

Maris, Roberts, PCT, Phys. Lett. B420,267(1998) — —an exact result in QCD

Gen axial vertex TI'5,(k;P) =15 {7,Fr(k;P)+ ¥k, Gr(k;P) - o,.k, Hr(k;P) }

LT A

. Gen pion BS ampl T, (k;P) =5 {iE.(k;P)+PF.(k;P)+kk-PG,(k;P)+o : kP H,(k; P) }

/’

1 chiral+soft pi limits of AV-WTI give: DCSB

_ 1
S(k) = a1 80

e f, E (kP =0)=DBk?
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Beyond LR

* Deficiencies of ladder-rainbow truncation:
* Axial vector (al, bl) and scalar mesons (L >0) are too light
* This does not bode well for exotic/hybrid hadron states

* Eg, m,(1I"") exotic soln of LR-BSE is at 0.9 GeV. Expected to have L >0, so fix
that.

Craig Roberts & Lei Chang have developed a semi-phenomenological extension of
LR BSE kernel that is a major advance and performs well for L>0 u/d quark
mesons.

* No hadronic decay widths of states--must calc independently

* Any important chiral loop effects have to be added later---(however LR cant be
characterized as purely quenched either)

KENT STATE 3 Chiral Dynamics |Lab2012




DCSB-driven Transv gq-g Vertex & BSE Kernel

'* Three dressed non-pert terms are explored in vertex
* Including Quark Anom color magn mom /(’ 3 U(0)0pw () Fyy (1)

* Zero for massless quarks, but DCSB makes it finite

Standard “Ball-Chiu” 5 Xa) = 20p+9.A08(q)
| F(p?) — F(¢°
term from STI o (1]; 12( :
Anom color mag. mom. term, () = 10,{P—a),Asp,q)
strength comparable to lattice- 1 . !
E G = ayek Y. O ( ksl
QCD: Skullerud, et al., hep-ph/ u(P: ) [€2y - k + iy, 00 p1 _Fl,l(p q) '
0303176 n(p,9) = F(2) |- 'Ap(@, &%) — Da(P?, &)
New term, recovers PQCD“ F(z) = (1 — exp(—2))/z, z = (0} + p} — 2M3) /A%, Ar =1GeV,
Davydyshev, et al., PRDé63, 014022 Simplifies numerical analysis;
(ZOOO) Adds to acm. Mg = {s|s > 0,s = M?(s)} is the Euclidean constituent-quark mass

An Ansatz to build BSE kernel from analytic Ansatz for g9-9 vertex
has been davaiaped and used: Lei Chang, C.D. Roberts, PRL103
ox1601 (009)
KENT STATE o 14 Chiral Dynamics JLab2012




Beyond Ladder-Rainbow Truncation

Full kernel/vertex with quark aem,
(one parameter) '

Meson Spectrum

at 1230 759 885 1128 1270
3 p 770 644 764 919 790
! Mass splitting 455 115 121 209 480

L Chang, C. D. Roberts, arXiv: 1104.4821

Rainbow-Ladder

* Same physics is expected to be important for hybrids/exotics, radial
excitations......

e e e e e Ry e - e e— . e S  ama — SR e - ——— -
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{ i
i iy il g, g B it e ™

]
s iy " il g g [P N — e S T LT L

il A i B i = il

- g

Quark Anomalous magnetic moments
+ Confined quarks do not have a mass-shell

Can not unambiguously define magnetic moments, but can define :
magnetic moment distribution :

0.6

ACM and AEM have
similar magnitude and

opposite sign. {
ME KACM KAEM ;
Full vertex 0.44 022 045 f
. . . ~ Rainbow- 0.35 0 0.048
7 4 I:a_clder
Color P/Mg Potentially important for

transition form factor

-—-Lei Chang, Yuxin Liu, C.D. Roberts, PRL106 072001 (2011)

2 i
:

Sy L — e e - s e——— E oL

= R i S
—"1 ——— - .

AT,
oy Saral
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e e

s
= - - 2-n = - = ey "
- = -

E,
| e Hadron Spectrum

B particle Data Group

® H.LL Roberts et al. nucl-th/1102.4376 _ -
® ERAC o Symmetry-preserving unification

V¥ iiilich of the computation of meson & baryon masses
o rms-rel.err./deg-of-freedom = 13%
o PDG values (almost) uniformly overestimated in both cases

- room for the pseudoscalar meson cloud?!
L  I¥ T 1

DSE contact model

i
e 0 (e ..__....l-.._._h-l..l..._—.-l_ul-l-J-Hu

I I
| 15 ’ - -! = 25' I:I. O ]
E L ' i E * Eu i i & S L " :
) : y 2 1 O d
- : S 7, S
| 4 |
% . % i ¢ E '] ]
m B [ | E : a i [ | .| :
% 5 15F . il
2 >+ 0 » I
mllﬁ‘ - 5
= - o | .T B ]
" 1'_ B —-
0 | I | | | ; | ; ; S S — | '1 - I
* * x x ]
T p fn‘“”’ 9 a m gt p#fﬂm N N"N-N- AAAA- QO Q0O
} Craig Roberts: Opportunities and Challenges of the N* Programime.
t - —— . R . — NG Ca— XAH
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Now Back to Ladder-Rainbow....

PDFs and Form Factors....

r""cb
\/

18 Chiral Dynamics |Lab2012 :@:
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Q°F (Q%) [GeV’]

O O
~ &)
I I I I | I I I I | I I I I | I I I I | I I I

O
&)

O
\S)

0.1

e ——
-
g
e
e
-
-
-
—_
-

e JLab 2001,6,8
— DSE-LR (MT 2000)
----- VMD p pole

+ CERN '80s
o JLab at 12 GeV

—_—
— — —
—_— e e
—_—

pQCD Asym (BL)

L

—_—

e ——

Chiral Dynamics JLab2012 M
19

— WA‘.




- DSE giveé Sum of standard analyﬂ_c Feynman integrals

0
10 - | | | | | | | | L | | | | | L | | | | | L IJ:
- _ J.Cobos-Martinez & PCT 2012 -
n \§ _
-1 AN |
10 B AN 7
| AN _
| \ _
I i AN 1
S [ |— DSE-BSE (LR: M-T 2000) . -
" t|+ CERN'80s N :
I pPQCD (Brodsky-LePage) \\ }
- |« JLab 2001,6,8 N :
| |— DSE-BSE with T (k°, k.P) :
- |— DSE-BSE with T (k%) :
'3 | | | 1 1 11 I| | | | 1 1 11 I| | | | | I | I| | | | 1 1 111
107" ;
107 10" 10° 10’ 10°
Q° [GeVZ]
e o ——————————— e ) $"‘"9
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KENT STATE

v*v* Asymptotic Limit

Lepage and Brodsky, PRD22, 2157 (1980): LC-QCD/OPE =

IIlllIII | l|||ll||

= DSE results
—— VMD dipole

--—— bare vertices
— @3/ Q°

21

Q% [GeV?]
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Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)

Chiral Dynamics JLab2012




Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)
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Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)

J(w
F(Qi,Q3) — 4772f7%{Q§(+()Q§

1 ~(x
éfodx G (X)

1-—w?(2x—1)

Chiral Dynamics JLab2012




Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)
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Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)

J(w Qg

1 ~(x
éfodx G (X)

1-—w?(2x—1)

dA ¢ (0] §(0) v - n 75 q(An) |7(P))

P2V (x) < x(1 —x) A finite size Bethe — Salpeter bound state

LC pQCD (BL) = J(1) = 2




Asymptotic Pion Transition Form Factor
(Brodsky, Lepage...)

J(w Qg

1 ~(x
éfodx G (X)

1-—w?(2x—1)

dA ¢ (0] §(0) v - n 75 q(An) |7(P))

P2V (x) < x(1 —x) A finite size Bethe — Salpeter bound state

LC pQCD (BL) = J(1) =2 [ DSELR = I x 2]




The 2009 BaBar data




The 2009 BaBar data

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
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The 2009 BaBar data

¢.(X) = constant

¢7Z'(X) ~ X(1 _X)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
Chiral Dynamics JLab2012




The 2009 BaBar data

¢.(X) = constant

¢7T(X) ~ X(1 _X)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
Chiral Dynamics JLab2012




The 2009 BaBar data

O (X) = COnStant(p'I' pion)

¢7T(X) ~ X(1 _X)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
Chiral Dynamics JLab2012




The 2009 BaBar data

O (X) = COnStant(p'I' pion)

monopole fit to QCD-DSE calc (MT) = 7/8 pQCD

| 10 ”15” 20 25 30
@ (GeV?)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
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The 2009 BaBar data

O (X) = COnStant(p'I' pion)

monopole fit to QCD-DSE calc (MT) = 7/8 pQCD

| 10 ”15” 20 25 30
@ (GeV?)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
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The 2009 BaBar data

O (X) = COnStant(p'I' pion)

monopole fit to QCD-DSE calc (MT) = 7/8 pQCD

pt pion 7V5E only

| 10 ”15” 20 25 30
@ (GeV?)

| 20 25 30
Q' (GeV?)

k-indepn gluon propagator : H.Roberts, C. Roberts, A.
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067

(point-pion)
Chiral Dynamics JLab2012




Pion Charge Form Factor

— Contact
—- Maris-Tandy

s JLab, 2006
e JLab, 2007

=
o0

=
o
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Pion Charge Form Factor

— Contact
—- Maris-Tandy

s JLab, 2006
e JLab, 2007

=
o0

=
o

QCD-based
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Pion Charge Form Factor

— Contact
—- Maris-Tandy

s JLab, 2006
e JLab, 2007

=
o0

=
o

QCD-based

>
)
9,
g :
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Pion Charge Form Factor

— Contact
—- Maris-Tandy

s JLab, 2006
e JLab, 2007

=
o0

=
o

QCD-based

>
)
9,
g :

asympt pQCD
Farrar-Jackson
167f2 ag(Q?)

~ 0.15 at 10 GeV?2

F

— 20:(Q%) [gr2p2 | 2]




Pion Charge Form Factor

— (Contact
—- Maris-Tandy

s JLab, 2006
e JLab, 2007

=
o0

>
o)

QCD-based

>
)
9,
g :

asympt pQCD
Farrar-Jackson
167f2 ag(Q?)

~ 0.15 at 10 GeV?

F

— 20:(Q) (8722 ~ M2

VMD : F(Q?) ~ M2?/(Q? + M?) — M2?/Q?; M?2>>0.15

Chiral Dynamics JLab2012 4INSFRY
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Nucleon Form Fac’rofs

Coupling to exchange quark

Photon-diguark coupling

— With 7= term

= == == N0 Ty tErm

S Cloe’r e’r al (2011)

L e—— ]

25

Seagull terms: coupling
to diquark amplitudes

[ L '| | I | L L I [ I A | LB B | I‘I LI | T T T=1
RCQM A .
—— GPD 7w -
———- VMD F g il
—— DSE /_-..‘": _..-"‘“J#f =1
_5.-—"" r,...--"‘f'#.# —_
~ // -~ pQCD, A = 150 MeV &
7 - pQCD, A = 300 MeV 1
—— OQuwr Fit :

| TN NN R NN Y SN TN N (NN N T NN (NN N TN Y W I TN Y WY SN [T TN B NN T NN OEN W

0.5 1.0 1.5 2.0 25 3.0 3.5

Q° [GeV?]

3. Riordan, et al Phys. Rev. Lett. 105, 262302 (2010)

'1
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3
; DSE-Faddeev Result for Neutron Form Factors
-3
D.E I L B | L L L '| L] LN N I L] LI | I.I | |" | Gl LA
_ RCQM _ /_, u
s GPD / i, ol
D6~ ---- VMD E ¥
e | ——- DSE /,’ ¥ |
© el | gz ——— Cloet, Roberts, et al (2010)
— LU 0.4 _ﬁ"“;"#; i "'(-' ==
O_ v O 4
ol 2 f,""/{_ - |
0.2 P o // - == pQCD, A = 150 MeV i
i / - pQCD, A = 300 MeV i
i — OQur Fit ]
N B g 4o s by by e by e b g by
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Q° [GeV?]
v
1.4 N
S. Riordan, et al Phys. Rev. Lett. 105, 262302 (2010) — i el | FDSE / Fomtact ]
1: :Q 1.0 - FOFE [ progntact i tg 1.0 - FRFE/ Fogrtact ]
i En 0.8 ' Et 0.8 \
: = o = | '
§ =06 | o 06 .
Running mass effect on FFs S 5 __/ |
; fhey Fa“ Faner‘: T P E::" 02 | E;f 02 |
.. 0 [ . . 0 - ! L
: 0 1 2 3 4 5 0 1 2 3 1
3 Q? Q°
1,_...._........,.._...u.h-._, R T ——— - r—— e"‘e‘
26 Chiral Dynamics JLab20I2 v "
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Pion Distribution Amplitude
fr ¢r(x) = [ 52 e7>F 71 (0] §(0) 754 q(An) [7(P))

V5T u : C
— I—

£, br (x) = Za treq / 5(k-n—xP-n) 757 [Su(k) I‘W(k—g;P) Sq(k—P)]

k

P
BS wavefn y,.(k — 5)

_ZzNC k-n

f ()= gt [ ()™ et SO Talk = 25P) S(k— P)

| ERBL pQCD evolution  ¢(x) = 6x(1 —x) {1+ By 24 an(p)Cy/*(2x—1)}

R AT
o/ Ahvg

e . &
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Pion Distribution Amplitude

fr ¢r(x) = [ 52 e7>F 71 (0] §(0) 754 q(An) [7(P))

V5T u : C
- —
P
BS wavefn y,.(k — 5)
fr pr(x) = Zztl‘cd 0(k-n—xP-n) y5 Qk_— p D

fw<xm>¢=fffftr/k ()™ gt [S(K) Toll — £+ P) S(k — P)]

| ERBL pQCD evolution  ¢(x) = 6x(1 —x) {1+ By 24 an(p)Cy/*(2x—1)}

- [P N %y
by g

e . X
Chiral Dynamics JLab2012 '3@"
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Pion Distribution Amplifude

2 | | | | | | |
-7 TN
/ N
I N i
// \
/ \\
1.5+ // \ —
y/ N\
/ \\
/
X - \ _|
o _(X) 1 g \
/ \
I / \ _
/ \
/ \
{ ASY \

T )T 6 (0 =6x(1-%) AN 7

7 | — DSE-LR (E+F, Dynamical quark) \
- — - DSE-LR (E+F, Constituent quark, 400 MeV) ]

O ] | ] | ] | ] | ]
0 0.2 04 0.6 0.8 1

X

J. Cobos-Martinez, C.D. Roberts, L. Chang, PCT, 2012, in progress

- —— s . A S e — S = & - -
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To Leading Order in OPE

1

ar(x) = 5= [ dX &P (x(B)] Gr(an) o r(0) n(P))e

qf(x>_—1/ R L P

An infinite subset of Fock space components
enter via use of LR dressed objects

s —%trcd / T, Su(0)T"(£:X)Su(l) Ty Sa(l — P)

\

So ® i d(k-n—xP-n)=S(¢) I'"(4;x) S(¥)

/

T2(x) =i 6(f-n—xP-n) + -

= 5= (n(P)TF(O)]m(P))e = 1

- PraY¥s
by vy
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Nguyen, Bashir, Roberts, PCT, PRC 83 062201 (2011); arXiv:1102.2448

B 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 |
- 04 Aicher, Schafer, Vogelsang, |
: . . arXiv:1009.248 |
: i hid 1 soft gluon resummation |
. - . g ~ 3 (1 o X)2.03 -
i AR DSE, pQCD
0.3 /' / \ (1 — x)2+(@Q@)7]
- 4 ' PDF expt ]
i . P prev expt parm |
. 8 ./ ? (1 _ X)1.5
_:. :> O 2 i /. {‘ _
i < T **\ QM, NJL, duality.. _
; — “ﬁ (]_ — X)l -
": ' DSE-BSE, (Trang et al) 27 GeV> h '
01 - — - — DSE (Hecht ez al.) 27 GeV” ¥ B
i ® E615 nN Drell-Yan 16.4 GeV’ '}zi\ ]
-— = E615 Aicher et al. 27 GeV’ ‘ij\ T
e, T
'. O | | | | | | | | | | | | | | | | | | | | | |
] (8) 0 0.2 04 0.6 0.8 1.0
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Environmental Dependence of Valence u(z)
Nguyen, Bashir, Roberts, PCT, arXiv : 1102.2448 (2011).

1.2 I 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
. )
0.8 " DSE-QCD derivation
- . uk () fr (Muy4 (-
uuo6f | e g )~ 03
_'. K "n 06 __ —_
I ® 7N Drell-Yan, <Q™> = 27 GeV~ N - 1 /
0.4 Q° =27 GeV’, Full BSE
| ——- Q'=27GeV’ (I'=Y,,7.v.P; q.P=0) !
02F =
O - 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | Scalé invariant Pt
0 0.2 04 0.6 0.8 1

e CERN-SPS data: J. Badier et al, PLB 93, 354 (1980)  (valence is not isolated)

e i e — P N

KENT STATE

n— = = SRR e e — PR NSE - T
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Valence PDFs via direct calcn of moments |

---with K. Khitrin, C.D. Roberts, J. Cobos-Martinez z 1?15 &

Euclidean, ladder — rainbow

unamputated vertex: T',({)~ —|(/-n)™0,S(/ € E

E — e [Ta( - ) ()™ 0a8(8] T(e~ ) SE-P)

-1l

! Only trivial analytic continuation needed : (k - n)™ = (—iky + k3)™

Method can easily exceed the Lattice — QCD practical limit : m = 3

1
1+ m

Note point limit : I'; — const = < x™ > =

AR
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Results for Pion PDF moments

Valence q only

Rainbow-ladder results are good for valence-dominated x > 1/2
Some deficiencies of pure rainbow-ladder truncation show up
Not enough strength at low x: u(x=0) = dbar(x=0) = O

Too much momentum in valence q: 2<x> = 2x0.47 = 94%
Brings to mind an analogy with the pion charge form factor

Another class of diagram, eg chiral loop contribution to r"2

Chiral Dynamics JLab2012




aqi ™ glly

]
T ey N

Chiral loop contribution to charge radius”2

| | | | | | | | | | | | |

05F ] N
i Need 82% RL-DSE result _
B / ° Ladder-rainbow DSE _
04 ] i Expt i
I >N ——- C/ fn2 ]
Ly i hd —— 1--loop Ch PT i
E 0.3 — — Ch PT contact/core term 12 Lgr/fn2 .
—_ [ ]
o\ - il
B i il
T 02k .
“l" Chloop=18%r",,, _
0.1 _
O i I | I | | I | I | I | I | I |

0 0.2 04 0.6 0.8 1 1.2 14 1.6

m_ [GeV]
T R A A PR S A P A A GO SN it e (T R R T B e N,

fa

S
R
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Pion Loop in Pion Charge Form Factor

F QU= 2 FP{QY )+ F, - (Q%

F.(Q%)=(1-2)(1-

e s
Chiral Dynamics JLab2012




Analysis of Pion Parton Momentum Sum Rule

uy(x) = (1-2) uy (%) + 2 uy" (x)

Preserve (x°),

e /0 dx x {uy(x) + us(x) + Gs(x) + (u —

[ ] () [ ] m
=1, minimize (x™)¢x, m > 0

Pion Parton Momentum Sum Rule

d) +g(x)}

using z = 20%

Analysis Valence q | Sea q ' | Gluon | Total
DSE RL+ (2012) 071 (0.026) | (0.264) | 1.00
ASV (2010) 0.649 (0.052) | 0.300 | 1.00
GRS (1999) 0.559 0.141 0.300 | 1.00

not well determined

Chiral Dynamics JLab2012




- YRR [P g .

<x >/ pt

B

KENT STATE

Feyn In"re’gral' Method: z=20%, q0 = Md(O)zO.S‘GeV

zwt-RL Fit C-mod , Apr 26, 2012

z=0.2, E+F, imp mom sum rule

14- | | | | | | | |
[ m m —
0.9 valence <x' > /<x >
081 T pt _
S ¢ DSE (I-2)RL +zEX at 0.5 GeV | _
' e ASVat52GeV
06 ¢ e DSE (1-2RL+zEX at5.2 GeV| _|
0.5 . _
o
04+ g ¢ _
IS
03} . . _
o
0.2_ ® ‘ ’ ]
o o N
0.1 o : ]
s
0 | | | | | | ? ¢ b
0 1 2 3 4 5 6 7 8 9

I ———— e ., il

=" g SeS e | [ ——— e I _ -, i
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ifz Py = (0lq¥syuqlm)
Ad4q . .

(5)

= Z(¢, A)trcnf

ipy = —(0lgiysq|m)

A

d4q

Gy 135@ )T (a: P)S(a-).

(6)

driven by chiral UV behav
fr Ex(k?) = B(k?) ~ ¢/k*[In(k?/A2)1~7m]




Two In-Hadron Quantities within QCD:

:
{ ifaPu=(01g¥syuqlm) .
. A g4g _Wifﬂ T
) — Zg({,A)II‘CD/ % )41‘)/5)/#5(,(]-;_)1—‘;,((]2P)S((]_), Y
| LT
1 (5)
ipx = —(0lgiysqlm) #
A d-l»q ’}5
— Z4(§.A)II'CD/ (,)n)4}/55(,CI+)F;T((]ZP)S(_(]_). - =
{ (6)
3 ® Both are order params for DCSB. Chiral pion has a finite domain of qq support.
: driven by chiral UV behav
'. f B, (k2) = B(k2) ~ ¢/k2[In(k2/A2)1 =]
:
e e P o————— e T e et e SO U
KENT STATE 58 Chiral Dynamics JLab2012 o
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i Two In-Hadron Quantities within QCD:

’f’r P,u = (OléVSyﬂ(IIﬂ)

. V5V
A 4 | 1L
d - | I —
=Tl A)lrcD/ > (])4iy5yllS(qf)F_-,(q: P)S(q_), —~ B
b 4

(5)

—(0lgiysq|m)

A d-l»q F}#E'I
=LAl X) II'CD/ 4y55(q+)l“,7(q: P)S(q_). - =
(27)

(6)

[P

® Both are order params for DCSB. Chiral pion has a finite domain of qq support.

e Both cease to exist more than a strong interaction length from host meson

driven by chiral UV behav

fr Er(k?) = B(k?) ~ c¢/k?[In(k?/A%)1 =]

NAJ
Y

. 3 & - - ;
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i Two In-Hadron Quantities within QCD:

lf*r P,u . (Ol(?VS)/;L(IIJT)

. V5V 1
A 4 I
d - I')y——
— Z;((.A)trcof 3 (])41')/5)/“5((]*)[‘_7((]:P)S(q_). — Y
)T

(D)

ipr = —(0lgiysqlm)

A d4( ﬁ}fﬁ
7 U - S
=Zall; IX) II'CD/ 1 vsS(g )l 'x(q: P)S(g-).
(27)

(6)

® Both are order params for DCSB. Chiral pion has a finite domain of qq support.

e Both cease to exist more than a strong interaction length from host meson

A 4
: E d*q iriven by chiral UV behav
® b ds dim) aes sl &) “’cd/ amya SO(%H) 1) = BO) ~ e k22 /A7)
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i Two In-Hadron Quantities within QCD:

’f’r T (Ol(?VSV;L(/l’T)

. V5V
A 4 IH
g - - I' ——
— Zg({:.A)IrCD/ 3 (I)4iy5yllS(qf)F_T(q:P)S(q_). Y,
)T

(5)

—(0lgiysq|m)

A g4 V5
Z4(C, A) ll'CD/ 1 v53(g)l'x(q:. P)S(g-). - —*
(2m)

(0)

[P

® Both are order params for DCSB. Chiral pion has a finite domain of qq support.

e Both cease to exist more than a strong interaction length from host meson

A 34
: e d q driven by chiral UV behav
2 r%llino £ (Olaysalm), = —Za(p, A) trcd/ (2m)4 Sola; 1) 1, Eﬂ(kEL B(k2) ~ ¢/k2[In(k?/A2)1 =]

® There is no reason to interpret either one as a mass scale that fills the vacuum
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i Two In-Hadron Quantities within QCD:

lf*r P,u . (Ol(?VS)/;L(IIJT)

. V5V
X /1
Ad - = I'D)—
= zgq,A)u-CDf Sgi¥sYuS(@+)n(q: P)S(g-), P
)T

(5)

—(0lgiysq|m)

A d4( ﬁ}fﬁ
7 U - S
=Zall; IX) II'CD/ 1 vsS(g )l 'x(q: P)S(g-).
(27)

(6)

[P

® Both are order params for DCSB. Chiral pion has a finite domain of qq support.

e Both cease to exist more than a strong interaction length from host meson

A 4
: E d*q iriven by chiral UV behav
® b ds dim) aes sl &) “’cd/ amya SO(%H) 1) = BO) ~ e k22 /A7)

® There is no reason to interpret either one as a mass scale that fills the vacuum

® But,does (0|qv5q|7) play a role in hadron physics? Yes, because........

e
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New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

 pole residues of AV-WTI exactly give:
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New Concept of In-hadron Condensates

Maris, Roberts, PCT, Phys. Lett. B420,267(1998)

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

pole residues of AV-WTI exactly give:
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New Concept of In-hadron Condensates

Maris, Roberts, PCT, Phys. Lett. B420,267(1998)

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

| pole residues of AV-WTI exactly give:

oo M. = 2ma(1) oo [ 5 ymy

pps(it) = —(0[q s q| ps)

— PSR = 5 - -
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{ New Concept of In-hadron Condensates

Maris, Roberts, PCT, Phys. Lett. B420,267(1998)

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

| pole residues of AV-WTI exactly give:

: : » 2 I i \ T
' Forall mq s M5, = 2mg (1) pps(pt, mg) . +J@_

Chiral limit pps(1) = (0| @75 @ | PS)
f h_'[ﬂ __ 9 \ {_1{1:::.141 [ 2 C-h[OR . 1 7
ps ' ps ...1].1,:] [J“ | f _I_ ':. '._11].{1,:' . [ . | - LOC tl"r
ps
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New Conc:ep1L of In-hadron CondensaTes

Maris, Roberts, PCT, Phys. Lett. B420,267(1998)

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

pole residues of AV-WTI exactly give:

- : . L) £ ; -~
EFOI' all my t]:-:-i. j'"fII-m = 2 111|:]\r4'!-‘-'1.:I Pps L}rf-. 111|:;;| _ _‘_‘}@__

Chiral limit pos() = —(0 G5 4| PS)

(aq 1

fos M2, = 2mg (1)

ps

+0O(mg) , ["GMOR?”,today]

ps

In-pion condensate:

E
(@q),, =i fr tres [1.: 75 Xr(k; —P) = £ (0] q(0) 5 q(0) |7(P)).
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New Conc:ep1L of In-hadron CondensaTes

Maris, Roberts, PCT, Phys. Lett. B420,267(1998)

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rey, C82,
022201 (2010); + 3 other papers

pole residues of AV-WTI exactly give:

- : . L) £ ; -~
EFOI' all my t]:-:-i. j'"fII-m = 2 111|:]\r4'!-‘-'1.:I Pps L}rf-. 111|:;;| _ _‘_‘}@__

Chiral limit pos() = —(0 G5 4| PS)

(aq 1

fos M2, = 2mg (1)

ps

+0O(mg) , ["GMOR?”,today]

ps

In-pion condensate:

E
(@q),, =i fr tres [1.: 75 Xr(k; —P) = £ (0] q(0) 5 q(0) |7(P)).

v f — T i \
Im (qq), = (44)u
Mg—0
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A Note of Caution:

Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436
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Does this contradict GMOR Relation? No.

: A Note of Caution:

Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436

Today's useage : f2 m? = 2mg(p) (0/qql0),

m

J— - mr e  —— ——— ———— . ——— L

e - - e .
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Sl

® Derives m?2 o (r|Hg, |7) Prior to Lqgcp(x), concept of current quarks, - - -
5
A Note of Caution:
Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436
N . 2.2 vl =0 OV
Today's useage : fZ mZ = 2mgq(p) (0/qq|0),

e S e e e R e R, o ML [ ————————— 8 S e e [ —— S et = - ——— e —
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m?2 o (r|Hg, |7) Prior to Lqcp(x), concept of current quarks, - - -

e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra

A Note of Caution:

Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436

! . . "2 2 —_ & .-'- T "-.
Today's useage : fZ mZ = 2mgq(p) (0/qq|0),
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m? o (r|Hy, |7) Prior to Lqcp(x), concept of current quarks, - - -
j e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra

® Used soft pion arguments: (7 |Hg|7) ~ (gs|Hg|gs) ~ (0 |Hg| 0)

A Note of Caution:

Chiral Magnetism (or Magnetohadrochironics)

A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m? o (r|Hy, |7) Prior to Lqcp(x), concept of current quarks, - - -
j e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra
® Used soft pion arguments: (7 |Hg|7) ~ (gs|Hg|gs) ~ (0 |Hg| 0)
e InQCD: Hy = /quq: /mq (Qrar + qr qr)
A Note of Caution:
Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436
Today's useage : f2 m? = 2mg(p) (0/qql0),
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m? o (r|Hy, |7) Prior to Lqcp(x), concept of current quarks, - - -
j e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra
® Used soft pion arguments: (7 |Hg|7) ~ (gs|Hg|gs) ~ (0 |Hg| 0)
e InQCD: Hsb:/qmqqumq(QLQR+QRQL)
® BUT, (0| qq|0) was meant to approximate a hadron matrix element, not VEV
A Note of Caution:
Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436
Today's useage : f2 m? = 2mg(p) (0/qql0),
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m? o (r|Hy, |7) Prior to Lqcp(x), concept of current quarks, - - -
e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra
® Used soft pion arguments: (7 |Hg|7) ~ (gs|Hg|gs) ~ (0 |Hg,| 0)

e In QCD: Hsb:/qquZ/mq(QLQR+QRQL)

® BUT, (0|qq|0) was meant to approximate a hadron matrix element, not VEV

® A Note of Caution:

Chiral Magnetism (or Magnetohadrochironics)
A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436

Today's useage : f2m?2 = 2 mgq() (0/qq|0),
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Does this contradict GMOR Relation? No.

Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

® Derives m? o (r|Hy, |7) Prior to Lqcp(x), concept of current quarks, - - -
e (m|Hg,|7m) was then a mass scale of internal 7 dynamics inferred from current algebra
® Used soft pion arguments: (7 |Hg|7) ~ (gs|Hg|gs) ~ (0 |Hg,| 0)

e In QCD: Hsb:/qquZ/mq(QLQR+QRQL)

® BUT, (0|qq|0) was meant to approximate a hadron matrix element, not VEV

The spontaneous breakdown of chiral symmetry
in hadron dynamics is generally studied as a vac-

. . uum phenomenon.! Because of an instability of the
® A NO‘i'e OF CdU"'IOFI . chirally invariant vacuum, the real vacuum is
~p e . 4 - “aligned”-mtc a chirally asymmetric iguration.
L‘km‘QL M&SMQELS m (OT' MQSV\EEOD\Q&?OﬁhLT’OV\LCS) n the other hand an approach to quantum fiel

theory exists in which the properties of the vacu-
um state are not relevant. This is the parton or

A. Casher and L. Susskind, Phys. Rev. D9 (1974) 436

' Today's useage : f2m? = 2mg(u) (0|qq|0), me.” A number of |
e g S . s - —— KA
e e e e - - ' é@e"
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In-hadron Condensate and Scalar Charge

Recall Behavior of current divergences under SU(3) x SU(3), i Infr x {m|Hgp |7)

Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199
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In-hadron Condensate and Scalar Charge

Recall Behavior of current divergences under SU(3) x SU(3), — In?r x (m| Hgp |m)
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Expanding the concept of in-hadron condensates
Lei Chang, Craig D. Roberts and Peter C. Tandy
arXiv:1109.2903 [nucl-th], Phys. Rev. C85 (2012) 012201(R)

3(my) = 2my ((P) [ga|7(P)) = 2mq o m? = 2m, 5,(0)

T

o Vmy~0, m;

om,,

e Scalar charge: S,(0) = (7n(P)|qq|#(P)) = Qlim Fs.(Q%)
2_.,0
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Recall Behavior of current divergences under SU(3) x SU(3),
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Expanding the concept of in-hadron condensates
Lei Chang, Craig D. Roberts and Peter C. Tandy
arXiv:1109.2903 [nucl-th], Phys. Rev. C85 (2012) 012201(R)

e Vmg~0, mi(mg) = 2mgy(7(P)|ga|r(P)) = 2my

Q2

In-hadron Condensate and Scalar Charge

m? o (mw|Hgp |7)

9 m? = 2mg S;(0)

om,,

e Scalar charge: S,(0) = (7n(P)|qq|n(P)) = 11m Fs..(Q?)

e Canshow: lim f?S,(0) = Zy(u, A) Tra So = —(qq),

mq—0
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In-hadron Condensate and Scalar Charge

Recall Behavior of current divergences under SU(3) x SU(3), — In?r x (m| Hgp |m)
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Expanding the concept of in-hadron condensates

Lei Chang, Craig D. Roberts and Peter C. Tandy
arXiv:1109.2903 [nucl-th], Phys. Rev. C85 (2012) 012201(R)

9 m? = 2mg S;(0)

T

e Vi, ~ 0, mi(mq) = 2mq<7T(P) laq|m(P)) = 2mg P
q

e Scalar charge: S,(0) = (7n(P)|qq|#(P)) = Qlém Fs.(Q?)

e Canshow: lim f?S,(0) = Zy(u, A) Tra So = —(qq),

mq—0

® Thus (qq), describes internal dynamics of the chiral 7, not the vacuum
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In-hadron Condensate and Scalar Charge

Recall Behavior of current divergences under SU(3) x SU(3), — In?r x (m| Hgp |m)
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Expanding the concept of in-hadron condensates
Lei Chang, Craig D. Roberts and Peter C. Tandy
arXiv:1109.2903 [nucl-th], Phys. Rev. C85 (2012) 012201(R)

9 m? = 2mg S;(0)

T

e Vi, ~ 0, mi(mq) = 2mg (7(P)|qq | 7(P)) = 2m4 A
q

e Scalar charge: S,(0) = (7n(P)|qq|#(P)) = Qlém Fs.(Q?)

e Canshow: lim f?S,(0) = Zy(u, A) Tra So = —(qq),

mq—0

® Thus (qq), describes internal dynamics of the chiral 7, not the vacuum

e Today's useage: f2m? = 2mg(p) (0/Gq|0), invites unjustified conclusions
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In-hadron Condensate and Scalar Charge

Recall Behavior of current divergences under SU(3) x SU(3), — In?r x (m| Hgp |m)
Murray Gell-Mann, R.J. Oakes, B. Renner, Phys.Rev. 175 (1968) 2195-2199

Expanding the concept of in-hadron condensates
Lei Chang, Craig D. Roberts and Peter C. Tandy
arXiv:1109.2903 [nucl-th], Phys. Rev. C 2012) 012201(R)

9 m? = 2mg S;(0)

T

e Vi, ~ 0, mi(mq) = 2mq<7T(P) laq|m(P)) = 2mg P
q

e Scalar charge: S,(0) = (7n(P)|qq|#(P)) = Qlém Fs.(Q?)

e Canshow: lim f?S,(0) = Zg(u,A)Trp So = —(qaq),

mq—0

® Thus (qq), describes internal dynamics of the chiral 7, not the vacuum
e Today's useage: f?m? = 2mq(p) (0/qq|0), invites unjustified conclusions

e Can be extended to scalar charge of vector and scalar mesons, baryons
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