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Hadrons seen as Fock States Argonne*

@ Lightcone quantization allows to expand hadrons on a Fock basis:
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Hadrons seen as Fock States Argonne‘)
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@ Lightcone quantization allows to expand hadrons on a Fock basis:

P.x) o S W qg) + 3 wiqg, q7) + ...

3 3
IP,N) o< > Wi qqq) + > Wi qqq,q3) + ...
E 3

@ Non-perturbative physics is contained in the N-particles
Lightcone-Wave Functions (LCWF) WV

@ Schematically a distribution amplitude ¢ is related to the LCWF
through:
d?k,
o(x) W\U(X, ki)

S. Brodsky and G. Lepage, PRD 22, (1980)
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Nucleon Distribution Amplitudes Arggmga
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@ 3 bodies matrix element:

(Ofe¥ uf, (z1)uy (22)df (23)| P)
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Nucleon Distribution Amplitudes Arggmg3

@ 3 bodies matrix element expanded at leading twist:
ijk i ' 1 -
(Ol (z1)ut(22) i (22) P} = 5 [(BC) 5 (3sF)., Vi)

+(P15C) oy (V) AZT) = (0030, C) s (135N F), T(2)]

V. Chernyak and I. Zhitnitsky, Nucl. Phys. B 246, (1984)

C. Mezrag (ANL) Nucleon DA October 17th, 2016 3/34



4
ORATORY

Nucleon Distribution Amplitudes Arggmg3

@ 3 bodies matrix element expanded at leading twist:
ijk i ' 1 -
(Ol (z1)ut(22) i (22) P} = 5 [(BC) 5 (3sF)., Vi)

+(P15C) oy (V) AZT) = (0030, C) s (135N F), T(2)]

V. Chernyak and I. Zhitnitsky, Nucl. Phys. B 246, (1984)

@ Usually, one defines p =V — A
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Nucleon Distribution Amplitudes Argonne“
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@ 3 bodies matrix element expanded at leading twist:
ijk i ' 1 —
(Ol (z1)ut(22) i (22) P} = 5 [(BC) 5 (3sF)., Vi)
+(P15C) oy (V) AZT) = (0030, C) s (135N F), T(2)]

V. Chernyak and I. Zhitnitsky, Nucl. Phys. B 246, (1984)
@ Usually, one defines p =V — A
@ 3 bodies Fock space interpretation (leading twist):

B [dx]
P1) = [ Gamluud) @ [l 2.5 144)

+o(x2, x1,x3)| 111) — 2T (x1, x2, x2)| T14)]
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@ 3 bodies matrix element expanded at leading twist:
ijk i ' 1 —
(Ol (z1)ut(22) i (22) P} = 5 [(BC) 5 (3sF)., Vi)
+(P15C) oy (V) AZT) = (0030, C) s (135N F), T(2)]

V. Chernyak and I. Zhitnitsky, Nucl. Phys. B 246, (1984)
@ Usually, one defines p =V — A
@ 3 bodies Fock space interpretation (leading twist):

B [dx]
P1) = [ Gamluud) @ [l 2.5 144)

+o(x2, x1,x3)| 111) — 2T (x1, x2, x2)| T14)]

@ Isospin symmetry:

2T (x1,x2,x3) = p(x1,X3,%2) + ©(x2, X3, X1)
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Evolution and Asymptotic results Arggm]ga

ORATORY

@ Both ¢ and T are scale dependent objects: they obey evolution
equations
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@ Both ¢ and T are scale dependent objects: they obey evolution
equations

@ At large scale, they both yield the so-called asymptotic DA ¢ag:

2

01 02 03 04 05 06 07 08 09

u(xy)
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Form Factors: Nucleon case Arggmga
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Form Factors: Nucleon case Argonne°
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Some previous studies of DA Argonne‘)
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e QCD Sum Rules
» V. Chernyak and . Zhitnitsky, Nucl. Phys. B 246 (1984)

@ Relativistic quark model

» Z. Dziembowski, PRD 37 (1988)
Scalar diquark clustering

» Z. Dziembowski and J. Franklin, PRD 42 (1990)
Phenomenological fit

> J. Bolz and P. Kroll, Z. Phys. A 356 (1996)
Lightcone quark model

» B. Pasquini et al., PRD 80 (2009)
Lightcone sum rules

> 1. Anikin et al., PRD 88 (2013)
Lattice Mellin moment computation

» G. Bali et al.,, JHEP 2016 02
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Dyson-Schwinger equations Argonnea
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e The gap equation for the quark propagator S(q):
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e The gap equation for the quark propagator S(q):

(@) =(—-

@ It has successfully described the quark mass behaviour:

v

T T T T T _ .
s e S(a)7! = igA(e®) + B(q?)

Non-perturbative description of the
quark mass

v

M(p) [GeV]

v

Dynamical mass generation

Figure from Bashir et al. (2012)

v

p[GeV]
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Faddeev Equation Arggmgé

@ The Faddeev equation provides a covariant framework to describe the
nucleon as a bound state of three dressed quarks.
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nucleon.
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nucleon as a bound state of three dressed quarks.
o It predicts the existence of strong diquarks correlations inside the
nucleon.

@ Mostly two types of diquark are dynamically generated by the Faddeev
equation:
» Scalar diquarks, with mass roughly 2/3 of the nucleon mass,
» Axial-Vector (AV) diquarks, with mass roughly the same as the nucleon
one.
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Faddeev Equation Argonne‘)
@ The Faddeev equation provides a covariant framework to describe the
nucleon as a bound state of three dressed quarks.
o It predicts the existence of strong diquarks correlations inside the
nucleon.

@ Mostly two types of diquark are dynamically generated by the Faddeev
equation:
» Scalar diquarks, with mass roughly 2/3 of the nucleon mass,
» Axial-Vector (AV) diquarks, with mass roughly the same as the nucleon
one.
@ Can we understand the nucleon DA in terms of quark-diquarks
correlations?
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The Nakanishi Representation Argonne‘)
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Propagator: Amplitude:
o Complexe conjugate poles: @ Nakanishi representation:
a;
S(p) = —l— tece dz PVJ( z)
2 g N re .

g /\2}
@ The parameters m;, «j, v; and A; are fitted on the numerical solution
of the DSEs.

@ Both have been successfully used in the case of the mesons
DSE/Bethe-Salpeter equation.

@ The Nakanishi representation will be at the center of the following
work.
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@ Operator point of view for every DA (and at every twist):

(0l (ui(21)Cyiu](22)) i (23) P, A) = () = O,
(Ol ((ui(z1) Cir 10" (22)) 7 idk (23) P, A) = T(x) = O,

Braun et al., Nucl.Phys. B589 (2000)
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@ Operator point of view for every DA (and at every twist):

(0% (uh(2)Cpu(22)) ok (25)1P,A) = o(x) = O,
(Ol ((ul(z1)Cir 11" ](22)) 7 idk(23) P, ) > T(x) = O,

Braun et al., Nucl.Phys. B589 (2000)

DA

Op

@ We can apply it on the wave function:
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@ Operator point of view for every DA (and at every twist):
(O™ (ui(z) Chv](22)) pdf(25)|P. \) = (x) = O,
(0] (u4(zl)C/aL,,nvt4(zz)) v hdk(z3)| P, ) = T(x) = Or,

Braun et al., Nucl.Phys. B589 (2000)

@ We can apply it on the wave function:

E)% _ .f)@»a +.;>Ov +. /e
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@ Operator point of view for every DA (and at every twist):
(O™ (ui(z) Chv](22)) pdf(25)|P. \) = (x) = O,
(0] (u4(zl)C/aL,,nut4(zz)) v hdk(z3)| P, ) = T(x) = Or,

Braun et al., Nucl.Phys. B589 (2000)

@ We can apply it on the wave function:

E)% _ .f)@»a +.;>Ov +. /e

@ The operator then selects the relevant component of the wave
function.
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Scalar diquark contribution Arggmga
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@ In the scalar diquark case, only one contribution remains (¢ case):

o o

0y Oy
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Scalar diquark contribution Arggm]ga
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@ In the scalar diquark case, only one contribution remains (¢ case):
Yo _ (=D
o} o}

@ The contraction of the Dirac indices between the single quark and the
diquark makes it hard to understand.
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Scalar diquark contribution Argonnea

@ In the scalar diquark case, only one contribution remains (¢ case):

- -

@ The contraction of the Dirac indices between the single quark and the
diquark makes it hard to understand.
@ The way to write the nucleon Dirac structure is not unique, and can

be modified (Fierz identity):
F 0, FOA
- ) y-n
O,
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Scalar diquark contribution Argonnea

@ In the scalar diquark case, only one contribution remains (¢ case):

- -

@ The contraction of the Dirac indices between the single quark and the
diquark makes it hard to understand.
@ The way to write the nucleon Dirac structure is not unique, and can

be modified (Fierz identity):
Ow
) 7

We recognise the leading twist DA of a scalar diquark J
Nucleon DA October 17", 2016 11 / 34
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Scalar diquark [: the point-like case Arggmga

o)

—ig+M
- q2_|_M2

@ Quark propagator:
5(q)
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Scalar diquark [: the point-like case Arggm]ga

o)

—ig+M

@ Bethe-Salpeter amplitude (1 out of 4 structures):

@ Quark propagator:

% (g, K) = ins CNOF
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Scalar diquark [: the point-like case Arggm]ga

o)

—ig+ M

@ Bethe-Salpeter amplitude (1 out of 4 structures):

@ Quark propagator:

Mpi(g, K) = ins CNO
@ This point-like case leads to a flat DA:

dpL(x) =1
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Scalar diquark II: the Nakanishi case Arggmga

o)

—ig+M

@ Quark propagator:
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Scalar diquark II: the Nakanishi case Arggm]ga

o)

—ig+ M
S@)=
q2 + M2
@ Bethe-Salpeter amplitude (1 out of 4 structures):

er(q, K) = ins CNF /1 dz 0= 222)
(a5 4 g

@ Quark propagator:
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Scalar diquark Il: the Nakanishi case Arggmg;g

= O

—ig+ M
S@)=
q2 + M2
@ Bethe-Salpeter amplitude (1 out of 4 structures):

% (g, K) = ins CNOF /1 dz c _222)
(a5 4 g

@ Quark propagator:

@ The Nakanishi case leads to a non trivial DA:
M2 In [1 + A’;—zx(l - x)}
I
9(x) K? x(1—x)

C. Mezrag (ANL) Nucleon DA October 17", 2016

13 / 34



Scalar DA behaviour Argonne‘5
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M2 In 1+ %X(l — x)}

ox) =1 K2 x(1—x)
Scalar diquark

— Asymptotic
-—- KA2 = 4MM2
e KA2 = 16 MA2
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M2 In 1+ %X(l — x)}

o(x) =1 K2 x(1—x)

Scalar diquark

— Asymptotic .
—-- K2 = 4M%2 z
- KA2 = 16 MA2 <
X
Pion figure from L. Chang et al.,, PRL 110 (2013)
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Scalar DA behaviour Argonne‘5

M2 In 1+ %X(l — x)}

o(x) =1 K2 x(1—x)

Scalar diquark

— Asymptotic .
—ms KA2 = 4MA2 5':
e KA2 = 16 MA2 <
X
Pion figure from L. Chang et al.,, PRL 110 (2013)
This extended version of the DA seems promising! J

October 171, 2016 14 / 34



Faddeev Amplitude

o Faddeev Amplitude:

si(K,P) =Ny /_11 dz[

C. Mezrag (ANL)

Arggmga

@ Quark propagator:
—ig+ M
S(g)= 222
qg-+ M
@ Diquark propagator:

1

MO e

(1-2)
(K~ 152P)* + A%

Nucleon DA October 17", 2016

ORATORY
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Results in the scalar channel Argonne°
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R R R M
Asymptotic DA Extended case: T

R T : o
Point-like case: ¢ Extended case: ¢
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Comparison with lattice

nnnnnnn

< Xj ><P: /DX XiSO(X17X27X3)

nnnnnnnnnnn

Pointlike | Extended | Lattice
< X1 >y 0.354 0.427 0.358
< X2 >y 0.323 0.286 0.319
< X3 >, 0.323 0.286 0.323
<Xy >T 0.338 0.357 0.34
< Xo >T 0.338 0.357 0.34
< Xx3>T 0.323 0.286 0.319

Lattice data from G. Bali et al., JHEP 2016 02
Nucleon DA October 17, 2016
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Comparison with lattice

Argonne‘)

AAAAAAAAAAAAAAAAAA

< Xj ><P: /DX XiSO(X17X27X3)

Pointlike | Extended | Lattice
< X1 > 0.354 0.427 0.358
< Xp >y 0.323 0.286 0.319
< X3 > 0.323 0.286 0.323
<xy>1 | 0.338 0.357 0.34
<x>7 | 0.338 0.357 0.34
<x3>7 | 0323 0.286 0.319

4

Lattice data from G. Bali et al., JHEP 2016 02

How are these results modified by the AV component? J
Nucleon DA October 17", 2016 17 / 34



Vector Meson DA ArgonneQ

o Leading twist chiral-even DA:

™. ! |
(0[a(0)y"d(2)lp" (P, A)) = Pufp.,,nfpmp/o dudy (u)e™ """

o Leading twist chiral-odd DA:
(0[a(0)oud(2)lp™ (P, X)) =
1
i(Cp = pu) £ /0 dug (u)e P

P.Ball and V. Braun,Nucl.Phys. B543 (1999)
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Vector Meson DA Arg?.@ﬂ?.a

ORATORY

o Leading twist chiral-even DA:

A)

E( -n

1
fpmp/ dud)H(u)e_’”P'”
n 0

(0la(0)y*d(z)[p™ (P, \)) = P*
o Leading twist chiral-odd DA:
(0l2(0)a,, d(2)|p™ (P, A)) =
1
i(Cp = pu) £ / dug (u)e P
0
P.Ball and V. Braun,Nucl.Phys. B543 (1999)

Same structures appear in the Axial-Vector diquark. J
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Selecting the AV components Arggm]ga

(01 (uh(2)Cpe(22)) ok (25)1P,A) = o(x) = O
(05 (64(22)Cir 0 (2) 7" el ()], ) — T(x) — O
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Selecting the AV components Arggmgg

(017 (ui(z1) i (z2) ) pdf (25) P, ) = 9(x7) = O,
(017 (ul(z1) Ci 10"t (22) ) 7 id(23) | P, ) = T(x) = O

EDO .fy .;y .@)0
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Selecting the AV components Arggmgie

(01 (uh(2)Cpe(22)) ok (25)1P,A) = o(x) = O
(05 (64(22)Cir 0 (2) 7" el ()], ) — T(x) — O

EDO .f)@ F)o MDO

Two chlral even DAs One chlral odd DA
(longitudinal) (transverse)
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Selecting the AV components Arggmgie

(01 (uh(2)Cpe(22)) ok (25)1P,A) = o(x) = O
(05 (64(22)Cir 0 (2) 7" el ()], ) — T(x) — O

Yo _ .f) +.;>of N .@)0

Two chiral-even DAs One chlral odd DA
(longitudinal) (transverse)
) or ) ()T ) ()T ) Op
Or
One chiral-odd DA Two chiral-even DAs
(transverse) (longitudinal)
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Selecting the AV components Arggmgie

(01 (uh(2)Cpe(22)) ok (25)1P,A) = o(x) = O
(05 (64(22)Cir 0 (2) 7" el ()], ) — T(x) — O

Yo _ .f) +.;>of N .@)0

Two chlral even DAs One chlral odd DA
(longitudinal) (transverse)
) or ) ()T ) ()T ) Op
Or Or
One chiral-odd DA Two chiral-even DAs
(transverse) (longitudinal)

2T(X17X27X3) = 90(X17X37X2) + SO(X27X37X1)
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AV diquark DA ArggmgA
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S OIS o

@ Quark propagator:
—ig+ M
(@)=—""7pr
qg-+M
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AV diquark DA Arggmga

ORATORY

S OIS o

@ Quark propagator:

—ig+ M
@)=
P+ M
@ Bethe-Salpeter amplitude (2 out of 8 structures):
1 2
1—
M (@ K) = (Nor 4 Nord) c/ dz—172)
+ [(a-152K)" A
o= <7“ - K“;é) — Chiral even
K.
o= 9 (—irl'g + igrl) — Chiral odd

2 2 2
q*(K — q)*VK
Nucleon DA October 17, 2016 20 / 34
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Comparison with the p meson

AV diquark p meson

-=- 1, DA
— 7 (Asymptotic) DA I~

longitudinal part
transverse part
transverse part with only a,
pion B
-asymptotic A

0.0 0.2 0.4 06 08 1.0

p figure from F. Gao et al., PRD 90 (2014)

21/ 34
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Comparison with the p meson Argonnea

NATIONAL LABORATORY

AV diquark p meson

16+

--- 1, DA
— 71 (Asymptotic) DA e 08l 1/ N
/A AR
06} //~ longitudinal part BAT
04 R - — transverse part A
MR —-— transverse part with only a, -\
0.2l ~--=pion
g - - - -asymptotic
0.0 h n n N
0.0 0.2 0.4 06 08 1.0
X

p figure from F. Gao et al., PRD 90 (2014)

@ Same “shape ordering” — ¢, is flatter in both cases.

e Farther apart compared to the p meson case.

C. Mezrag (ANL) Nucleon DA October 17, 2016 21/ 34



Faddeev Amplitude for the AV case Arggm]ga
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@ Quark propagator:

—ig+ M
S@=
q2 + M?2
@ Diquark propagator:
v | KKV
A/’“’(K) _ 5” + 52
K2 + M?
e AV Faddeev amplitude (2 out of 6 structures):
(1-2%)

AYK, P) = (757# - i75ﬁw) /_11 dz [(K 1—ZP)2+A2]
-7 N

C. Mezrag (ANL) Nucleon DA October 17, 2016 22 /34



Preliminary results for the AV contributions | Arggm]go
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Do

Op

DA

Op

DA

Op

u(xy) u(xp) u(xp)
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Preliminary results for the AV contributions

ArgQﬂﬂ.‘?.o
wav(x1, X2, x3)

ORATORY

Tav(x1, X2, x3)

01 02 03 04 05 06 07

u(xy)

08 09

01 02 03 04 05 06 07

08 0.9
u(xy)

Nucleon DA

=

October 17th, 2016
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Complete results for ¢

Argonne°
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@ We use the prediction from the Faddeev equation to weight the scalar

and AV contributions 62/38:

01 02 03 04 05 06 07 08 09

u(xy

C. Mezrag (ANL)

o

u(x) o " d(xs)

01 02 03 04 05 06 07 08 09

u(xy)

Nucleon DA October 17th, 2016
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Complete results for ¢ Argonne°

NATIONAL LABORATORY

@ We use the prediction from the Faddeev equation to weight the scalar
and AV contributions 62/38:

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

@ which can be compared with LCSR results:

0010 00a 10

figure from |
Anikin et al., PRD

88 (2013)
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Argonne°

Complete results for T

00 s e e o T T A T W e e 0 e 0 on
u(xy) u(xy) u(xy)

100% Scalar 62% Scalar 100% AV

o Like ¢, T received both contributions from the scalar and AV

diquarks.
@ Both contributions are similar and thus contrary to ¢, T is hardly

modified.
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Comparison with lattice

nnnnnnn

Scalar SHAV Lattice Relative
(62/38) Discrepancy
<xy >, | 0.427 0.368 0.358 ~ 3%
<x2 >, | 0.286 0.294 0.319 ~ 8%
<x3>, | 0.286 0.339 0.323 ~ 5%
<x; >71 | 0.357 0.353 0.34 ~ 4%
<xp >71 | 0.357 0.353 0.34 ~ 4%
<x3>7 | 0286 | 0204 | 0319 ~ 8%

C. Mezrag (ANL)

nnnnnnnnnnn

Lattice data from Bali et al., JHEP 1602, 2016

Nucleon DA

October 17, 2016

27 / 34



Comparison with lattice

ArgQ.QﬂEQ

Scalar SHAV Lattice Relative
(62/38) Discrepancy
<xy >, | 0.427 0.368 0.358 ~ 3%
<x2 >, | 0.286 0.294 0.319 ~ 8%
<x3>, | 0.286 0.339 0.323 ~ 5%
<x; >71 | 0.357 0.353 0.34 ~ 4%
<xp >71 | 0.357 0.353 0.34 ~ 4%
<x3>7 | 0286 | 0204 | 0319 ~ 8%

Quark-diquark correlation seems able to explain the nucleon DA.

Lattice data from Bali et al., JHEP 1602, 2016

C. Mezrag (ANL)

Nucleon DA

October 17", 2016

27 / 34



Extension to the Roper Arggm]ga

ORATORY

e Everything done before can actually be extended to the Roper case.
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Scalar and AV components Argonne°
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Complete results for vg Argonne°
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Complete results for Tg

01 02 03 04 05 06 07 05 09

R 1T ) S u(xy)
100 % Scalar 100% AV

01 02 03 04 05 06 07 08 09

u(xy)

62% Scalar

iy B October 174, 2016 31/ 34
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Both nucleon DAs ¢ and T can be described using a quark-diquark
approximation.

@ We show how the diquark types and diquarks polarisations were
selected.

@ The comparison with lattice computation explains how the different
diquarks contribute to the total DAs, and the respective sensitivity of
the latter to the AV-diquarks.

The comparison with the lattice data is encouraging.

It is possible to extend the work on the nucleon to the Roper case.

In the Roper case, the results of individual diquarks contributions
seems to be consistent with a n = 1 excited state.
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Outlooks Argonne‘)
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@ Adding the full Dirac structure may help to correct the discrepancy.

@ The use of the numerical solutions of the DSE-Faddeev Equation will
certainly modify the previous results, and improve our understanding
of the physics of the nucleon.

@ From Distribution Amplitudes to observables: the computation of the
form factor at large momentum transfer within this framework is one
of the future goals.

@ On a longer time scale, this work also opens the door to the
computations of nucleon PDFs, GPDs and TMDs within the DSE
framework.
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Thank you for your attention...
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.. and if you have a position available in 2017, | am looking for a job!
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