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DSE Modeling of Hadron Physics

- Most common: Rainbow-ladder truncation of QCD’s eqns of motion.

Approximation to full BSE kernel now starting to produce results......

- Constrain modeling by preserving AV-Ward-Takahashi Id, V-WTI. [Color singlet]
Naturally implements DCSB, conserved vector current, Goldstone Thm, PCAC...

- RL truncation only good for ground state vector & pseudoscalar mesons, q-qq
descriptions of baryons with AV and S diquarks.

- At the very least: DSE continuum QCD modeling suited for surveying the
landscape quickly from large to small scales; finding out which underlying
mechanisms are dominant. Applicable to all scales, high QA2 form factors, etc.
Do not expect ab initio final-precision QCD results, except in special cases.
[pion, kaon.. ]

- Unifying DSE treatment of light front quantities (PDFs, GPDs, DA) with other
aspects of hadron structure: masses, decays, charge form factors, transition
form factors.....
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Landau gauge, lattice — QCD gluon propagator,
I.L.Bogolubisky etal., PosLAT2007,290 (2007)

8 T T T T T
Gluon Propagator
= p=43
7 Lattice p=5.7
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Bridging a gap between continuum-QCD and ab initio predictions
of hadron observables

Daniele Binosi (ECT, Trento & Fond. Bruno Kessler, Trento), Lei

Chang (Adelaide U., Sch. Chem. Phys.), Joannis Papavassiliou (Valencia

U. & Valencia U., IFIC), Craig D. Roberts (Argonne, PHY). Dec 15, 2014. 6 pp.
Published in Phys.Lett. B742 (2015) 183-188
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» ”!‘lf(ugj -‘:H (@?)p:i GeV = —(24[}MEV)!‘
» culd®) = al-oov(gd)

® P. Maris & P.C. Tandy, PRC60, 055214 (1999)

Y

An Ansatz for the FULL BSE kernel: Chang, Roberts,
PRL103, 081601 (2009), + S. Qin (2015).
Built on explicit qg vertex, incl 3g vertex
contribution, + q act




Flavor Non-Singlet PS Mesons:
Chiral Symmetry & PCAC Dominates over QCD "Details”

PCAC = (q(x)q(y) (0,Jd5,=2myJ5)) = AV - WTI:

1trSgt (k)

AV — WTI:mq = 0,P = 0 = Dreg(k’) =irs+—
m

+O(P) ie, Goldstone Thm

. S N \ ‘
o m; #0: = fim]=2mgp;(mg) [for all mg, all ps mesons|
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pos() = =(0[@r5q[ps) = —-*5’<::®: > K3 1 O(my)  (GMOR)

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

1 /d)\ e P (1(P)] o¢(An) # ¢(0) |7(P))e n=z",k-n—kt

T 4r

qf(X) :—%/ ((2177_1){4 5(k-n—XP-n) tl"cd[i% G(k,P)] leﬁjn&

D

qr (x)

RL DSE:  q(x) From Directly Obtained Moments

= et [Ta(t=3) ()™ 0+ 98(0)] Talt—3) S(—F)

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

X0 = Ny = [§ dzlgs(z) — qp(@)] = 55+ (7(P)|TF(0) |7 (P))e = 1
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Pion Valence PDF
Nguyen, Bashir, Roberts, PCT, PRC 83 062201 (2011); arXiv:1102.2448

- RS S Alichler, ISd;afelr, \l/oglelslcmgl,
0.4 ‘ arXiv:1009.248|
i ¥ 1 . soft gluon resummation
i AT } & \ (1 — x)2+7(Q%) _
! J } DSE, pQCD
03 B /' /' A l'
= /../. N 'l'
=02k / {* 3
e L | ;\ 'l
- DSE-BSE, (Trang et al)) 27 GeV> ‘{\‘
0.1 - —+— DSE (Hecht er al.) 27 GeV’ $
- ¢ E615 nN Drell-Yan 16.4 GueV2 ‘iﬁ
- == EB615 Aicher er al. 27 GeV’ e,
)
e,
O L | | | | | | | | | | | | | | | | | | | | | S |
%.O 0.2 04 0.6 0.8
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CQM, duality.. (1 —x)?

NJL (pt 7) : (1 —x)°
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Environmental Dependence of Valence u(x)

Nguyen, Bashir, Roberts, PCT, PRC 83 062201 (2011); arXiv:1102.2448

1.2 I I I I I I I I I I I I I I I I I I I I

0.8

DSE-QCD derivation

u (1) | fr (My\4
uf(l} ~TZ (372)" ~ 0.3

u/u_0.6

® N Drell-Yan, <Q° = 27 GeV’ N N /
0.4 Q° =27 GeV’, Full BSE
——- Q2 =27 GeV’ (I =vy,,vsy-P; q.P=0) |
0.2 —
o+ 1 v ey 1w v 1y Tscale invariant pt
0 0.2 04 0.6 0.8 1

e CERN-SPS data: J. Badier et al, PLB 93, 354 (1980)
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DIVERSION A full DSE calculation
of the true pion valence PDF

TABLE II: Momentum fraction sum rule from this work at
scale @y = 0.630 GeV corresponding to the ASV [13] compi-

lation.
gt |2 g5 (4 git2Y | gluon | Total
()= |0.770] 0.649 |0.04980.300)0.999 B 1 dy N
Qv P(x) ~Pyr(x) = [, 57 Prr(y) Pae(3)
Modern empirical expt parameterization:
Aicher, Shafer, Vogelsang, (ASV) PRL 105, 252003 (2010)
i | | | | I | | | | I | | | | I | | | | I | | | |
2 -
Q,=0.385GeV 1
1.5 -
O -
] =V1-02Tgg +a T
— — —- DSE-RL | CPT: 18% effect
0.5 / DSE-RL + Pi Loop via Convoln _ ™~
/ - — - — ASV (expt) . rd = (1 —a®) rg + 0 r2—lp
,/ DSE-RL + Pi Loop Phenomenology N
1 1 1 1 | 1 1 1 1 | I I I I | I I I I | I { DSE_RL: ]_-2 — 1131 — 1.2 — ]_Sl;}’:l
% 0.2 0.4 0.6 0.8 1 e |
X

r'v.z,
[ Y \

8 . ,.
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Pion Distribution Amplitude (leading twist)

k
_ixP. _ P
fr o) = [ 2 ¢ (016(0) rai a0m) [n(P)) 2GR
k—-P
72N, k-n, P
)y = ot [ (7 90 (800 Tolk— 5P) Sk~ PILY_ 8 Wavern
=2 GeV PRL 110, 132001 (2013) PHYSICAL REVIEW LETTERS 29 N ARCH 13

Imaging Dynamical Chiral-Symmetry Breaking: Pion Wave Function on the Light Front

1 -5 - . 1 0 23 . 45 36 ‘1 7 4
Lei Chang, ]C Cloet,” J.J. Cobos-Martinez, ~ C. D. Roberts,” 5. M. Schmidt,” and P.C. Tandy
1.0 : :
= Broadening of PDA is an
™ expression of DCSB
05} ---long sought after in LF QFT
0.0t -
0.0 0.25 0.50 0.75 1.0
X




Pion Distribution Amplitude

ERBL (~1980): Gr(x;0) =6x(1 —x) {1+ Xp_24.. an(p) Ci/z(Zx -1)}
O ( ,UO) ~(0) /B¢ Evolution to higher scales is
an(p) = an(uo) { } EXTREMELY SLOW
as(p)

Not much change up to LHC energy

Efficient representation of DSE results:

bn(x; 1) = No x*(1—x)* {1+ 55, an(p)Ca/*(2x-1)}

br (x; 1) = No x*(1 = x)* {14+ Zn_24.. &n(n) CRY2(2x— 1)}

+ Ny xP(1—x)f {Zn_1s. An(p) COY2(2x — 1))

10 F""'
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Low Order Truncation of ERBL-Gegenbauer Expn of PDA

dr(x; 1) = 6x(1 —x) {14+ Spoo 4. an(p) CY3(2x 1))

DSE soln

({0, 1.1, {2, 0.233104), {4.0.112135). Ll
18.0.0469145!, il

{6, 0.0683202

{10, 0.0346469
{14, 0.0215933
{18, 0.0150159

{16, 0.0178199), 5

{

{12, 0.0268732),
{

{20, 0.0128672), 06

{22, 0.0111788}, {24, 0.00982438},

{26, 0.00871886}, {28, 0.00780296}, 04)
{30, 0.00703438}, {32, 0.0063823}, 02}

{34, 0.00582279}, {36, 0.00534272}, 0
{38, 0.00493277}, {40, 0.00447911}}  +.....

2%

A double-humped PDA is almost ruled out by

10% q)n(x)o' !

u=2GeV

— — = DSE-RL result, Cn3/2(2x—1) projection
Project DSE, stop at a,

Project DSE, stop at a,

V. Braun, 1. Filyanov, Z. Phys. C44, 157 (1989)
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One Lattice-QCD Moment Almost Determines Pion DA

week ending

PRL 111, 092001 (2013) PHYSICAL REVIEW LETTERS 30 AUGUST 2013

Pion Distribution Amplitude from Lattice QCD

I.C. Cloét,' L. Chang,” C.D. Roberts," S. M. Schmidt,” and P. C. Tandy"*

DSE beyond RL P*V™M(X) = (x5 10 —> 00)
or P (x; 1 =2) = Nx*(1 —x)°
o =0.35+0.32 — 0.24 1.5} e =2 GV

T 1.0:

(2x — 1)2)E9F°P = 0.27 4 0.04 % .
V. Braun et al., PRD74, 074501 (2006) 05 . ‘§
Lattice-QCD
0.0L¥ - - - k|
0.0 0.25 0.50 0.75 1.0
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Pion Distribution Amplitude

14 : EE}"H]]}tI]tiE L . vt . ].El-l--l-i{-,{.. ':EI:“ID )
1.2 | E - ;
1.0 | )
e =
Foost :
q. i
0.6 | . - i
M .' "__,_.’-"I":':" =
0.2 . DCSB improved "\
0 i L ! ! I ! I | | |
0 0.2 0.4 0.6 0.8 1

£
((2x — 1) >5320 ooy = 0.2361(41) (39) V. Braun et al., arXiv:1503.03656 [hep=laf]

DSE prediction: 0.251
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Kaon Distribution Amplitude

C. Shi, L. Chang, C.D. Roberts, S.Schmidt, PCT, H-S. Zonqg, PLB738, 512 (2014)

H=2GeV | DSE-DB B bl LT 8 _
1.0f -
K skewness implies only 14% NS,
e i ! flavor symm breaking due to \:1‘ _
S~ DCSB \

0.5} :

: (e —ul ~ 66%

mg +my/J 2 GeV
0.0 - ' '
0.0 0.25 0.50 0.75 1.0
U
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Kaon DA Moments

Table 1
Moments (ua = 2u — 1) of the K-meson PDA computed using Egs. (11) and

p= 2GevV (12), compared with selected results obtained elsewhere: Refs. [40,41], lattice-QCD;
Ref. [ 10], analysis of lattice-QCD results in Ref. [41]; Refs. [42-46], compilation of re-
sults from QCD sum rules; and Ref. [47], holographic soft-wall Ansatz for the kaon's
light-front wave function. We also list values obtained with ¢ = ¢®¥, Eq. (14), and
¢ = @ms. EqQ. (16), because they represent lower and upper bounds, respectively, for
concave distribution amplitudes.
(u't) m=1 2 3 4 5 6
DSE-QCD: RL 0.11 0.24 0.064 0.12 0.045 0.076
DB 0.040 0.23 0.11 0.063
: ~40] 0.027(2) 0.26(2)
Lattice-QCD: 1, 0.036(2) 0.26(2)
[10] 0.036(2) 0.26(2) 0.020(2) 013(2) 0.014(2) 0.085(15)
QCD Sum Rules: [42-46] 0.035(8)
[47 ] 0.04(2) 0.24(1)
@ = @ms 0.33 0.33 0.2 0.2 0.14 0.14
= 0 0.2 0 0.086 0 0.048

Shi Chao, L. Chang, C.D. Roberts, P.C. Tandy, PLB738, 512 (2014)
"v
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Other Pion & Kaon DAs

p=2GeV Bo-Lin, L. Chang, F. Gao, C.D.Roberts, S.M.Schmidt, H-S., Zong,
Phys. Rev. D93 114033 (2016).

o6t/
0.4

5 = 0.2}
0.5 Q) :
= 0.0¢

= i

D'D{io 025 050 075 1.0 S -0.2]

: 0.4}
| A ~06F  Lf
' 00 02 04 06 038 1.0

(kT —xP™T)

u 'y
V5
FIG. 3. Psendoscalar two-particle, twist-three PDAs, com- — i I"}r':
puted at (3. Upper panel — pion: solid curve (black), pre-
diction in Eq. (35); dot-dashed curve (dark green), QCD sum

rules estimate [29]; and dotted curve (indigo), wp" in Eq. (26).
Lower panel — kaon: solid curve (black), DB result; dot-

Chao Shi, C. Chen, L. Chang, C.D.Roberts, S.M.Schmidt, H-S., Zong,
Phys. Rev. D92 014035 (2015).
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The Pion Charge Form Factor:
Transition from npQCD to pQCD

1 1
F.(Q*=uv) :/0 dx /0 dy ¢%(x; Q) [Tu(x,y; Q)] ¢-(y;: Q) + NLO/higher twist.....
---LFQCD, Brodsky, LePage PRD (1980)

Q* >> Ajop + QF(Q?) ~@6r £ au(@D2(Q7) + 01/QY

N L ek
at Q° ~ 3 —4 GeV?, ;‘/ %(Q2):§/0 ax £ (X =

—1, Q*—oco but deathly slow

JLab expt, Theory = 0.45

But, recent DSE theory = ¢, (x;u =2 GeV) = w?b =3.3

week endin

PRL 111, 141802 (2013) PHYSICAL REVIEW LETTERS 4 OCTOBER 2013

Pion Electromagnetic Form Factor at Spacelike Momenta

L. Chang,' I.C. Cloét,” C.D. Roberts,” S. M. Schmidt,” and P. C. Tandy"
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week endin

PRL 111, 141802 (2013) PHYSICAL REVIEW LETTERS 4 OCTOBER 3013

Pion Electromagnetic Form Factor at Spacelike Momenta

L. Chang,' I.C. Cloét,” C.D. Roberts,” S. M. Schmidt,” and P. C. Tandy”

i VMDoppole ...-="""" A
U Dsmm\ ;
> I T —— ]
(2. : UV-QCD(I) 2GeV(X) ----- :
—~ 0.3 —
NG| - e JLab 2001,6,8 10 Gey ]
P + CERN '80s uw-QED ¢, = () :
w02l T T :
___confm-QCD . (%)
O.1F  JLab 12 GeV T
t ¢+ ¢ ¢ ¢4 :

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
OO 5 10 15 20

2 2
Q [GeV]
Jab data: G. Huber et al., PRC78, 045203 (2008)
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Kaon Elastic Form Factor """ @@ iore@ie@

2 2 2
Wi =€y ws +eswi —1,Q% = o0

wa = § fo dx P52 # wp =3 [y dx G

For discussion see
/Qeview: Horn, Roberts,
J. Phys. G43 073001 (2016)

LATT(x) At 2 moms

DSE (2016) Gao, Chang, Liu, Roberts,
near completion

—_ RSE(x), ((2x — 1)2) inc 10%

— (%)

' . (%), (conformal QCD)

DSE (2000) Maris, Tandy, PRC62, 055204

0
0.0 2 4 6 8 10

Q%(GeV)

"‘"9
4

P
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Hard Scattering Kaon Elastic Form Factor

HS/UV : Q?Fk(Q?) — 16 7 as(Q?) 2 wZ (Q?) wE =eywitesw?Z —1,Q%2 - x

on= b S x2S = xS

Expt (su = 17.4 GeV? timelike) : T4 =0.92(5) K. Seth et al., PRL110, 022002 (2013)

=143 Fi(ou) — 1.16 (¢9PSF); 1.16 + 50% (¢“2CP)

C. Shi, L. Chang, C.D. Roberts, S.Schmidt, PCT, H-S. Zong, PLB738, 512 (2014)

CALN
INPC 2016 Adelaide r-“
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Pion Transition Form Factor

K. Raya, L. Chang, A. Bashir, J.J.Cobos-Martinez, L.X. Gutierez-Guerrero, C.D.Roberts, P.C.Tandy,
PRD93, 074017 (2016)

From unified treatment of DA, elastic FF and transition FF

0.35—m™mm—m—m—m—mr—————r———rr——r 7T
0.30} DSE Prediction ] no log evolution
' : ¢ 1/ of BSE ampl
TS e e i e
1 -'\wi’rh log evolution
of BSE ampl

20 29 30 35
KENT STATE QZ(Ge\/Z) 2] INPC 2016 Adelaide
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Summary

- DSE approach works extremely well for pion & kaon due
to symmetry dominance. Time to declare we understand
the pion and kaon in QCD ?

- Parton DAs (pion, kaon) & PDFs. DSE approach shows
good contact with available LQCD moments. Flavor
sum breaking & DCSB evident and quantitative in the
shapes. Empirical PDF data fits reproduced by DSE-RL
g-qbar + empirical pion loop analysis. Connection with
QCD ultraviolet /hard scattering form factors reconciled.

+ QCD mechanisms being revealed: DCSB, PDF ~ (1-x)A2+,
HS behavior of Fpi/K(Q”*2) & ERBL evolution, constit. to
partonic evolution in FFs, explicit gq, 3g couplings...

. <"“V.‘:
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The End
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To help lattice-QCD be more applicable to hadron
PDFs and GPDs than just the first 3 moments ?

PRL 110, 262002 (2013) PHYSICAL REVIEW LETTERS e
Parton Physics on a Euclidean Lattice
Xiangdong Ji'~
Standard light-cone correlator, leading twist: x=k-n/P-n = k"/P* ¢ [0,1]
=L [ an e PR (2(PY] B\ 0) |7 (P
ar(x) = — e (m(P)] ¢¢(An) 9t 1¢(0) |7(P))c
n”=0; z =Mn ; z"=0=12,

Ji: Take large Pz limit of frame-dependent equal-time correlator: x=kz/Pz ¢ [—o0, +]

G (x; Pz) = — / dz e *P* (x(P)| 01(2) 1, U (0) [7(P))e

47

— qf(x) as Pz — o0 How fast?
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Back to: Spacelike Correlator Approximation
for PDFs

Model-exact PDF & Quasi-PDF @ Pz=10 GeV

1.5
////
1.0
05+  /
/1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 \
0.2 0.4 0.6 0.8 1.0

KENT STATE 26 INPC 2016 Adelaide




10°E ' | ' | ' | ' | ' =
- valence m toy model, quasi-pdf moments -
- <X5> .
10°E 'S -
- ° o <x> =
1L _
10 = \\ o -
— \ =
- ‘ 7]
B N ° i
0 . o N B
rel err 10 = \\‘\\ ° . §
B Y \\“\\ .
— \\ ‘\\ -
T T e-_ _
10 E 5% * TTme—
- —— TTTe——
i ° ———— 3
107 E * _
- [}
-3 I | I | I | I | I
9% 2 4 6 8 10
PZ
KENTMSDA\TE 27 INPC 2016 Adelaide
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q,(xP)

KENT STATE

Pz Dependence of quasi-pdf of u-ubar “pion”

1.6

P =05
P =1
P =2
P =3
P =5

True pdf (P =)

---I.Cloet, Lei Chang, PCT, in progress (2015).......

28
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Fit numerical DSE-BSE solns to PTIRs (Nakanishi)

EG: .(q%q-P) =175 {Ew(q2,q -P)+ PF.(.)+dq-PG,(..)+0:qP HW()}

Use Nakanishi Repn (or PTIR) (1965) :- F =E, F, G, or H

pr(a; A) puv(a; A)
P) d dA
Fla'sa: / O‘/ (@ +aq- P+ AZm | (@ +aq P+ AB)

MPQL."D info is in the variables and constants that are nok momenta

-——Wick rotation is brivial as in Per& Ehj.

Works for u-, d-, s-, ¢-, b-quarks.
) Also for lattice-QCD propagators.

3 -
S@)=>" °k
(9) ( g‘—l—mk zg‘—l—m}:

N. Souchlas, PhD thesis KSU, (2009), J. Phys. G37, 115001 (2010)

R k V‘an k
\\Pion form factor /
S(kt — xP+ b ~
. (k™ — xP7) EX(Q) , - .
5 X

z/,‘ T e T,
ARATN
w '4

29 :
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Topics

Parton distribution amplitudes and PDFs— mesons as
an example. DSE-model calculations with direct
connection to QCD. Comparison to LQCD.

Some applications to uv physics (Form Factors, HS
behavior of exclusive processes)

PDFs including X. Ji's space-like correlator
approximation for LQCD —a model investigation.
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UV-QCD is not Asymptotic QCD

Q% >> Adcp : Q’F.(Q?) — 1677 a5(Q%) w3 (Q?) + 0O(1/Q?)

0-
ERBL evolution
—10¢t
S :
e :
3 —207 — Wy (") % decrease
N [
S |
<1 —30;
— 40} | - -
10 20 50 100 200 500 1000
p [GeV] 1 TeV

Bt

31 :
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Ladder-Rainbow Model Landau gauge only

S
1T 1T
g e K
1S

® Kpgg — ’)/MAG 477@eff<q2) D/ffz(je(q) fy’/>\2_a

1 true phen N
param:fer 9 Cveff(qz) TR <qq>M:1 GeV — —(240M9V)3 , Incl vertex dressing
o CVeff(qz) U—>_V Oz;—loop(q2)
p-k
) ) M
p = p +
@ @ N
modern m, K qDSE-BSE strategy: Maris & Roberts, PRC56, 3369 (1997)
® P. Maris & P.C. Tandy, PRC60, 055214 (1999)
M,, My, My~ good t0 5%,  f,, f4, fi+ good to 10%  [fit : mr, my, fr], fx (27)
An Ansatz for the FULL QCD kernel: A more modern RL kernel: S. Qin, L.
L. Chang, C.D. Roberts, PRL103, Chang, C.D. Roberts, D.J. Wilson, PRC84,
081601 (2009), + S. Qin (2015). 042202 (2011).
KENT STATE 32
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Convolution Model for g(x) from virtual pi loop

g_lp(X) Npq/T(X):f ‘y‘ 7Dw/T( )Pq/w(ﬁ)a

r+ BSE wavefn

T = target = 7 here

Pr,r(y) should strongly favor y < 2Mq+mw ~ 0.2,

Pq /W(ﬁ) is self — consistently determined

Q=0.630 GeV

qx)

Result is strongly constrained

0.3 0.4
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Estimate 1-Pion Loop Contribution to Pion PDF

(k) = / dx X {U + Taen + d + duca + 8(X)} ~ 2(x (%) + 4(X Guea()) + (x8(x)) = 1

U=1U, +Ug,, d=d, + asea Empirical GRS/ASV = universal q,(X), gsea(x) at = 0.630 GeV

L, =vV1-a2Tg% + algg
A 7mqq Fock comp
CPT: 18% effect N ., in the 7™ BSE wavefn

2 2 2 2 .2
rch_(l_a)rRL—l_a rw—lp

DSE-RL: r3; =12 = o = 18%

PDF Consequence:
av(x) = (1 —a®) g (x) + a7~ P(x)

with (@7 P(x)) = a® = 0.18 "
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Simple model for pion PDF & Quasi-PDF

S(k)=1/(if+M), M=0.4 GeV K/ Hon\ K

1
B p(a) _
I‘ﬂ'(qap)_f)%NW‘/_ldaq2_|_&q.P_|_A2’ p(&)_even k k
fkﬁf

I, j————e .
Euclidean to Minkowski:- 40 &

©.@)

Evaluate q(x) directly using Cauchy Residue Thm for / dk™

— o0

dk* dk~ d?k
ga(x) = iNgtr / 27 = §(kT —xP*) tr[l, S (iyt) ST, S|
(0

©.@)

Evaluate q(x;P,) directly using Cauchy Residue Thm for / dk®

dk® dk, d?k |

273 d(k, —xP,) tr[l'; S (iy*) ST, S|

ga(x) = iNctr /
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valence m toy model, quasi-pdf moments
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B e model exact pdf ]
o e quasi-pdf Pz=3 GeV
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