Emergence of DSEs
in Real-World QCD

Craig Roberts

EEEEEEEEEEEEEE




(settino rexl

Craig Roberts: The Issue of Substance in Hadron Physics (83)

o KITPC: From nucleon structure ... - 46pgs 2



Charting the Interaction

» Interaction in QCD is not momentum-independent

— Behaviour for Q°>2GeV? is well know; namely, renormalisation-group-
improved one-gluon exchange

— Computable in perturbation theory

» Known = there is a “freezing” of the

interaction below a scale of roughly

0.4GeV, which is why momentum- S Ty aediss Splinilig
. . . oe ete— Annihilation
independent interaction works Bf o o ullidon ;|

= B Heavy Quarkonia

> Unknown

03}

» Infrared behavior of the interaction,
which is responsible for

0,(Q)

» Confinement 0.2f
> DCSB

» How is the transition to pQCD made and o1}
is it possible to define a transition 1 N L
boundary? QIGeV]
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Qin et al., Phys. Rev. C 84 042202(Rapid Comm.) (2011)

ainbow-ladder truncation o
’ e DSE Studies

- Phenomenology of gluon
» Wide-ranging study of m & p properties

» Running gluon mass

» Effective coupling

_ Agrees with pQCD in ultraviolet — Gluon is massless in ultraviolet

in agreement with pQCD

— Saturates in infrared
e a(0)/m =8-15 — Massive in infrared
e a(mg)/m =2-4 e m¢(0) = 0.67-0.81 GeV
* mg(mg?) =0.53-0.64 GeV
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http://link.aps.org/doi/10.1103/PhysRevC.84.042202

Frontiers of Nuclear Science:
Theoretical Advances

2
S(p) = —2)
In QCD a quark's effective mass ,2'},-}# - M (pQ)
depends on its momentum. The
function describing this can be : I ' [ ' |
calculated and is depicted here. 0.4 “;P"t' afq:"s"'°|" °L"‘ass is
Numerical simulations of lattice e S R

QCD (data, at two different bare

masses) have confirmed model 0.3 _
predictions (solid curves) that the = S b
vast bulk of the constituent mass & S TR N
of a light quark comes from a 202

=

cloud of gluons that are dragged
along by the quark as it
propagates. In this way, a quark 0.1
that appears to be absolutely

massless at high energies (m =0,

red curve) acquires a large 0
constituent mass at low energies.

p [GeV]
C.D. Roberts, Prog. Part. Nucl. Phys. 61 (2008) 50
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- oo Lecture IB

< Nucleon Structure
Probed in scattering experiments

» Electron is a good probe because it is structureless

Structureless fermion, or simply structured fermion, F,=1

& F,=0, so that G.=G,, and hence distribution of charge
and magnetisation within this fermion are identical

» Proton’s electromagnetic current
J.(P', P) = iety(P") A, (Q, P) uy(P),

= ?:El’l,_ép(P{) (’}/ﬂpl (QQ) + Q}MU"_LI/ Qy FQ(QQ)) ’Uﬂp(P)

F, = Dirac form factor

2
Co(Q%) = FUQY)~ S5 FaQP), Car(QY) = FI(Q)+Fa(QP)
G, = Sachs Electric form factor G,, = Sachs Magntic form factor
If a nonrelativistic limit exists, this If a nonrelativistic limit exists, this
relates to the charge density relates to the magnetisation density
Craig Roberts: The Issue of Substance in Hadron Physics (83)

F, = Pauli form factor

a
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Nucleon form factors

» For the nucleon & A-resonance, studies of the Faddeev equation
exist that are based on the 1-loop renormalisation-group-improved
interaction that was used efficaciously in the study of mesons

— Toward unifying the description of meson and baryon properties

G. Eichmann, I.C. Cloét, R. Alkofer, A. Krassnigg and C.D. Roberts
arXiv:0810.1222 [nucl-th], Phys. Rev. C79 (2009) 012202(R) (5 pages)

— Survey of nucleon electromagnetic form factors
|.C. Cloét, G. Eichmann, B. El-Bennich, T. Kldhn and C.D. Roberts
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) pp. 1-36

— Nucleon electromagnetic form factors from the Faddeev equation
G. Eichmann, arXiv:1104.4505 [hep-ph]
» These studies retain the scalar and axial-vector diquark

correlations, which we know to be necessary and sufficient for a
reliable description

» |In order to compute form factors, one needs a photon-nucleon
current

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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L. Chang, Y. —X. Liu and C.D. Roberts
arXiv:1009.3458 [nucl-th]
Phys. Rev. Lett. 106 (2011) 072001

must interact with

photon via non’Fr|V|aI B/ B p
current constrained by == %J_XE\ | =
Ward-Takahashi S il -
identities Q

» DSE - BSE - Faddeev  p /7 T—"\ p
equation plus current > —5"_' '_ L| Jj-

nucleon form factors

» In a realistic calculation, the last three Q .
diagrams represent 8-dimensional
integrals, which can be evaluated using
Monte-Carlo techniques

Craig Roberts: The Issue of Substance in Hadron Physics (83)

Photon-nucleon current

Vertex must contain the Q

dressed-quark anomalous

magnetic moment: Lecture 2B ~ ~
l"l |"I i

» Composite nucleon B

B/Y

_-q'_'l.[.-'f

P

a -*’\ B
%Wf'

jaxial vect su:'a.i!:rr'- i
YT

-

e X, P
2] 0]
\ kr}=& 15t

Q
ff
)

Oettel, Pichowsky, Smekal
Eur.Phys.J. A8 (2000) 251-281
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» Owing to momentum-

independence of the
diquark Bethe-Salpeter

and Faddeev amplitudes

using the contact
interaction in “static
approximation”, the
nucleon photon current
simplifies

Comparison between
results from contact-
interaction and realistic
interaction can reveal a
great deal

Craig Roberts: The Issue of Substance in Hadron Physics (83)

Photon-nucleon current

i
N

B/ 7 N\ P
— ¥ | Y=
e A

Just three terms
survive

/Y e

=k ) =
k‘k,b=$\__ﬁ
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arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21

pages|, Nucleon and Roper electromagnetic elastic and
transition form factors, D. J. Wilson, I. C. Cloét, L. Chang and C.

D. Roberts
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. N
Survey of nucleon electromagnetic form factors

I.C. Cloét et al, arXiv:0812.0416 [nucl-th],

Few Body Syst. 46 (2009) pp. 1-36 Nucleon Form Factors

o o . 1[’} T T T T QU T T T T T
Unification of meson . o
— rith TE term with 75 term
and nucleon form 08 | e ter L - = = 107 term _
faCtorS. i + = + = FEmpirical - Kelly 1 ) + = « = Empirical - Kelly
v_g 0.6 1 g
EE- 04 Efr
Very good \
description. 02}
[']. L 1 " 1 N L L 1
Quark’s momentum- 0 : EQE " ’ ! ’
dependent o
, 0 - 0
anomalous magnetic e yyith 75t
moment has 0.04 | - = = 107y term —o5 |
observable impact & __ 002 | » =+ = Bmpirical - Kelly o _
o N S
materially improves < o = -0 f
. LI: ::-?
agreement in all _om | , with 75 term
cases. o4 | =19 = = = np Ty term
‘ + = + = Empirical - Kelly
~0.06 : : - - B
0 l 2 3 4 D iy 1 2 3 4 3
242 a2
Craig Roberts: The Issue of Substance in Hadron Physics (83) Q -'f:lf-\'— Q 'IJJ-"‘"

a KITPC: From nucleon structure ... - 46pgs 10


http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416

Nucleon and Roper electromagnetic elastic and
transition form factors, D. ). Wilson, I. C. Cloét, L.

Chang and C. D. Roberts, arXiv:1112.2212 [nucl- N UCleOn FOI"m FaCtOI"S

th], Phys. Rev. C85 (2012) 025205 [21 pages]

Black solid curve =
contact interaction

Blue dashed curve =
momentum-
dependent
interaction

Green dot-dashed
curve =
parametrisation of
experimental data

F1p{x)

Momentum independent Faddeev amplitudes, paired with momentum-independent
dressed-quark mass and diquark Bethe-Salpeter amplitudes, produce harder form
factors, which are readily distinguished from experiment

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Nucleon and Roper electromagnetic elastic and
transition form factors, D. ). Wilson, I. C. Cloét, L.

Chang and C. D. Roberts, arXiv:1112.2212 [nucl- N UCleOn FOI"m FaCtOI"S

th], Phys. Rev. C85 (2012) 025205 [21 pages

Black s(iB

Wil Completely unambigous!

IDirect comparison between
experiment and theory can
¢distinguish between the

momentum dependence of

strong mteract/on theory

KITPC: From nucleon structure
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» Data before 1999

— Looks like the
structure of the
proton is simple

» The properties of JLab

(high luminosity)
enabled a new
techniqgue to be
employed.

First data released in
1999 and paint a
VERY DIFFERENT
PICTURE

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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I.C. Cloét, C.D. Roberts, et al.

| arXiv:0812.0416 [nucl-th] ’up Gg (Qz )

I.C. Cloét, C.D. Roberts, et al.

P 7(0)

// add anom mag mom
// r1; =08 fm
/. - Puckett (2010)
5. Punjabi (2005)
»DSE result Dec 08 Mo 5
/’ ! Qattan (2005)
/ \ SLAC global
>DSE reSUIt /7 a linear fit to data
o . 0] [1,1] Pade’ fit
including the o .
anomalous %DL” Bl
magnetic == T
moment distribution I i
critical importance of L[ 11 TR L o 1'0
DCSB in explanation of 2 >
P Q" [GeV]

real-world observables.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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k k' 2
o GO

» DSE studies indicate p (Qz)
that the proton has a p p' M
very rich internal ) \
tructure | o I | ) | | | J>
struc - Proton plus proton-like resonances -
> The JLab data, 15 % i
obtained using the . -
polarisaton transfer s 1%5@55__&@;_“; _____ % ______ % __________________________ L
method, are an (D - B -
accurate indication of ~3n 0.5k mhﬁ_}. —
the behaviour of this OQ - =+ Poes this ratlo
. = pass through zer@?
ratio OF+ o s Rosenbluth ...................................
> The pre_1999 data - A precig.ion‘ Rosenbluth -
R bl th) ) 05| ® polar}zat%on transfer _
( osenblu . receive I ¢  polarization transfer ]
large corrections from 1 | | | | | | | | |
so-called 2-photon 49 2 4 6 3 10
exchange contributions Q2 [GeVz]

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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I.C. Cloét, C.D. Roberts, et al.

| arXiv:0812.0416 [nucl-th]

) IC Cloét, C.D. Roberts, et al.

> Does this ratio pass
through zero?

> DSE studies say YES,
with a zero t:rossing::&)E
at 8GeV?, as a
consequence of
strong correlations ="
within the nucleon

> Experiments at the

—

o 0.5

- /n progress

1,G2(O")
(o

add anom mag mom

—k
e Y
i

-

r,-= 0.8 fm
Puckett (2010)
Punjabi (2005)
Gayou (2002)
Qattan (2005)
SLAC global

linear fit to data
[1,1] Pade’ fit

upgraded JLab -[:f, 1{ P:JdT, fllt :lzlerol at; 1?G|eV2| I I |\“|"‘* 4
facility will provide 0 2 4 6 8 10
the answer Q° [GeV7]

> In the meantime, the DSE studies will be refined

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Origin of the zero
& its location

» The Pauli form factor is a gauge of the distribution of magnetization
within the proton. Ultimately, this magnetisation is carried by the
dressed quarks and influenced by correlations amongst them,
which are expressed in the Faddeev wave function.

» If the dressed quarks are described by a momentum-independent
mass function, M=constant, then they behave as Dirac particles
with constant Dirac values for their magnetic moments and
produce a hard Pauli form factor. 0 2 4 6 3 10

—h

o O
© B o N

ng/f('pF-|p

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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M(p) [GeV]
e o °
4 S

Origin of the zero

& its location

> N"Eernétively, suppose that the dressed quarks possess a

momentum-dependent mass function, M=M(p?), which is large at
infrared momenta but vanishes as their momentum increases.

» At small momenta they will then behave as constituent-like
particles with a large magnetic moment, but their mass and
magnetic moment will drop toward zero as the probe momentum
grows. (Remember: Massless fermions do not possess a
measurable magnetic moment — lecture 2B)

» Such dressed quarks produce a
proton Pauli form factor that is
large for Q?~ 0 but drops rapidly
on the domain of transition
between nonperturbative and
perturbative QCD, to give a very
small result at large Q.

Craig Roberts: The Issue of Substance in Hadron Physics (83)

ng/f('pF-|p

1.6}
1.2:

0.8: .
0.4:

O_I
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Origin of the zero
& its location

» The precise form of the Q? dependence will depend on the evolving
nature of the angular momentum correlations between the dressed
quarks.

» From this perspective, existence, and location if so, of the zero in
1,Ge,(Q°)/Gy,(Q°)
are a fairly direct measure of the location and width of the
transition region between the nonperturbative and perturbative
domains of QCD as expressed in
the momentum dependence of
the dressed-quark mass function.

» Hard, M=constant
- Soft, M=M(p?)

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Origin of the zero
& its location

» One can anticipate that a mass function which rapidly becomes
partonic—namely, is very soft—will not produce a zero

» We've seen that a constant mass function produces a zero at a
small value of Q°

» And also seen and know that a mass function which resembles that
obtained in the best available DSE studies and via lattice-QCD
simulations produces a zero at a location that is consistent with
extant data.

» There is opportunity here for very constructive feedback between
future experiments and theory.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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|.C. Cloét, C.D. Roberts, et al. Gn (Q2 )
ll’ln E

In progress
What about the same ratio for the neutron? G n )
w(Q7)

I

Quark anomalous magnetic moment has

big impact on proton ratio ' -
06 F —— With 75 term

= = = 10 T; term

But little impact on the
because

. 04 L
neutron ratio ... '

effect is focused near “
Q2=0, at which G,, o

(.I'_fl,'y,r,/ (—"ﬂvl ™

vanishes
0

2 (;C\ 2) 6 .
o]
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I.C. Cloét, C.D. Roberts, et al.

M arxiv:0812.0416 [nucl-th] U Gg (Qz)
Gy (0°)

! D.E‘ T T 1 T I T T 1 T I T 1 T T | T T T T T 1 T T | T T T T I T T T T I T I. T 1
» New JLab data: A B — « RCQM - Miller . ” .-_'
S. Riordan et al.,, [ e GPD - Diehl ol ,.w""" ]
arXiv:1008.1738 [nucl-ex] ggl- — EE'||Ftﬁ1 s e e 2™ |
Pl —— Galster fit/Kelly 1

Phys.Rev.Lett. 105 (2010) 26230_2_ T — qqq) Faddeev&D%E e

- ’I’:E- el - /_;1’:"’ ; 3
-7 clu 04— 4 S N —
» DSE-prediction (i:: E % 1
» This evolution is g " -
very sensitive to e ” . ]
Y - 5 DSEs predict zero at 11GeV?2 -
momentum-dependence W7 Bets are being placed at JLab |

Of dressed-quark D U 1 1 1 | I | 1 1 | I | | | 1 | 1 | 1 1 | || 1 | | | 1 1 | I | 1 | | I 1 | | 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

propagator QE [GEVE]
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Flavor separation of proton form factors

03 —r .
- i -
Q4F2CI/K i u quark . .
o 02 = .
©or ¢ . ; -
% L .® B -
ZRRF T i =9 ]
G ® -
- P d quark x 0.75 -
Cates, de Jager, g - | | | | | ! | 7
Riordan, Wojtsekhowski, -.:::.::::.::::.::::.::::.::::1::::.::::-
PRL 106 (2011) 252003 bl .
il u quark . ]
O o ° a
b 05— . a =
- s ¥ $ { -
Q4 F1q i o* ’ : ]
[ g% d quark x 2.5 i
00— .ﬂljﬁl - .1.ﬂ. - .'II.E. - JEI.'D. B .2..5. - l3fﬂ. - .315. - .4.0
Q% [GeV?]

» Very different behavior for u & d quarks
Means apparent scaling in proton F2/F1 is purely accidental

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Cloét, Eichmann, El-Bennich, Klahn, Roberts,

Few Body Syst. 46 (2009) pp.1-36

Wilson, Cloét, Chang, Roberts, PRC 85 (2012) Diqual'k corre latiOnS!

045205

W {| » Poincaré covariant Faddeev equation

Ll
Tp
£ ]

— Predicts scalar and axial-vector

I: 1 . v diquarks
Ef _ || » Proton's singly-represented d-quark
= _f-':,,-—;"-.r--hh‘_d__ more likely to be struck in association
0= —r|  with 1* diquark than with 0*
0 | 2 | 4 | 6 — form factor contributions involving
x =Q%/M? 1* diquark are softer

» Doubly-represented u-quark is predominantly linked with harder
0* diguark contributions

» Interference produces zero in Dirac form factor of d-quark in proton

— Location of the zero depends on the relative probability of finding
1* & 0* diquarks in proton
— Correlated, e.g., with valence d/u ratio at x=1

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Nucleon Structure Functions

» Moments method will work here, too.
» Work about to begin: Cloét, Roberts & Tandy

— Based on predictions for nucleon elastic form factors, which,
e.g., predicted large-Q? behavior of G/"(Q?):

Survey of nucleon electromagnetic form factors
I.C. Cloét, G. Eichmann, B. El-Bennich, T. Klahn and C.D. Roberts
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) pp. 1-36

» Meantime, capitalise on connection between x=1 and Q?=0 ...

(k.,{‘ . Craig Roberts: The Issue of Substance in Hadron Physics (83)
SN
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.. N
|.C. Cloét, C.D. Roberts, et al.
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) 1-36

D. J. Wilson, I. C. Cloét, L. Chang and C. D. Roberts NeUtron StrUCtu re
arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages] funCtion at high-X

)
» Valence-quark distributions at x=1  duv(x) where dy(x) e

. . . - ! o m(x)
— Fixed point under DGLAP evolution o (X) [ uy(x) 4 — E"{(x)

— Strong discriminator between models

» Algebraic formula
dy(x) S A T
() [y BT PP 5P 5P

— PP5=contribution to the proton's charge arising from diagrams
with a scalar diquark component in both the initial and final
state

— P,P9=kindred axial-vector diquark contribution

— P,»™M=contribution to the proton's charge arising from diagrams
with a different diquark component in the initial and final state.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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|.C. Cloét, C.D. Roberts, et al.

arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) 1-36
D. J. Wilson, I. C. Cloét, L. Chang and C. D. Roberts NeUtron StrUCture

arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages] funCtion at high-X

» Algebraic formula
dv(_x) B Plp’d B %Plp,a n %Plp’m
() |y PP PP PP 5P

Pp..'i Pp,ﬂ Pp._m dy F_g”'
Contact interaction \ 1 : Hy Fy
N\
M = constant 0.78 0.22 0 0.18 0.41]
0.25 0.15 0.28 0.49

M (p?) P 0.60

“Realistic” interaction

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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|.C. Cloét, C.D. Roberts, et al.

arXiv:0812.0416 [nucl-th]
D. J. Wilson, I. C. Cloét, L. Chang and C. D. Roberts NGUtron StrUCtu re

arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages] Function at high X

. 8 1 | | 1 L | I L

: ﬂ SU(6) symmetry
Deep inelastic scattering i #
— the Nobel-prize winning - y ; o
quark-discovery experiments- y DSE: “realistic
_ 3" -—
_ QCD, uncorrelated ¥
Reviews: L » §
> S. Brodsky et al. - DSE: “contact
NP B441 (1995) ) 2n’ ' 2p
» W. Melnitchouk & A.W.Thomas D—
PLB377 (1996) 11 2~ = Whitlow et al 0" qq only
> N.Isgur, PRD 59 (1999) [ * Hem chodk &nd |
> R.J. Holt & C.D. Roberts - * Podek et e me'”;Ch°;§4efzaéi R
RMP (2010) o YS-TEV.
S I | | I | I I | I I | I | | I | I | | I | I |
0.2 0.4 0.6 0.8Djstrib@tion of neutron’s
X momentum amongst quarks
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Nucleon to Excited-Nucleon
Transition Form Factors

» Return to the Roper resonance.

— High-quality data on nucleon to Roper transition form factor, from
CLAS-Collaboration, is a challenge to theory

» As indicated in the latest Decadal Report and explicated via
preceding transparencies, an understanding of the Roper is
emerging through a constructive interplay between dynamical
coupled-channels models and hadron structure calculations,
particularly the symmetry preserving studies made using the tower
of DSEs

» One must probe and further elucidate the possibility that N final-
state interactions play a critical role in understanding the Roper,
through a simultaneous computation within the DSE framework of
nucleon and Roper elastic form factors and the form factors
describing the nucleon-to-Roper transition.

Craig Roberts: The Issue of Substance in Hadron Physics (83)

KITPC: From nucleon structure ... - 46pgs 29



- N
Masses of ground and excited-state hadrons
Hannes L.L. Roberts, Lei Chang, lan C. Cloét

and Craig D. Roberts, arXiv:1101.4244 [nucl-th] Ba ryon SpeCt ru m
Few Body Systems (2011) pp. 1-25
diquark content

Fascinating suggestion:

nucleon’s first excited state = almost entirely axial-vector diquark,
despite the dominance of scalar diquark in ground state. In fact,
because of it.

my '\." w.j_— m,v__;[_ T A T A= mA%_ ﬂlﬂ__%_
PDG label 1 40) P11 N(1535) S11 N(1650) S11| A(1232) Pss A(1600) Pss A(1700) D3z A(1940) Dagy
This work 1.4 1.8 :I:[] o7 o 2.20 4 0.02 1.39 1.85 +0.05 2.25 233 4+0.02
EBAC 176 1.80 1.88 1.39 — 1.98
Jilich n ne 2.05 1.92 1.46 e 2.25
Diguark content of bound state
/
1+ 23% [ 100% ) 100% 100%
N——
0 51% 43%
1 49% 57% 100% 100%

Owes fundamentally to close relationship between scalar diquark &

pseudoscalar meson & this follows from dynamical chiral symmetry
breaking
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Nucleon to Roper Transition Form Factors

Extensive CLAS @ JLab Programme has produced the first

measurements of nucleon-to-resonance transition form factors

|. Aznauryan et al., 0 1 9 3 4 5
Results of the N* Program at JLab
arXiv:1102.0597 [nucl-ex]

Theory challenge is to
explain the measurements

(o]
=)

|
3
=

Notable result is zero in F,P7N¥,
explanation of which is a real
challenge to theory.

Aip (107 Gev™)
2
=

I
(o]
=)
B I- T

First observation of a zero in
a form factor

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Nucleon to Roper Transition Form Factors

» Extensive CLAS @ JLab Programme has produced the first

measurements of nucleon-to-resonance transition form factors

|. Aznauryan et al.,
Results of the N* Program at JLab
arXiv:1102.0597 [nucl-ex]

» Theory challenge is to
explain the measurements

(o]
=)

Aip (107 Gev™)
2
=

> Notable result is zero in F,P7N*, -20(
explanation of which is a real ' Solid — DSE !
challenge to theory _60 Dashed — EBAC Quark Core {°
' | Near match su'pports | |
» DSE study connects appearance picture of Roper as quark
of zero in F,P?N* with core plus meson cloud

v’ axial-vector-diquark dominance in Roper resonance

v" and structure of form factors of J=1 state
Nucleon and Roper electromagnetic elastic and transition form

factors, D. J. Wilson, I. C. Cloét, L. Chang and C. D. Roberts, Phys. Rev.
C85 (2012) 025205 [21 pages]

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Nucleon to Roper Transition Form Factors

» Tiator and Vanderhaeghen — in progress P =2 N* (1440)
— Empirically-inferred light-front-transverse
charge density
— Positive core plus negative annulus

» Readily explained by dominance of
axial-vector diquark configuration in Roper
— Considering isospin and charge
Negative d-quark twice as likely to be
delocalised from the always-positive core
than the positive u-quark

(@

O
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Hadron Spin

» Relativistic quantum mechanics
10 generators of the Poincaré algebra
rotations = 3, boosts = 3, translations =4
but only two Casimir operators constructed therefrom:

— p2 & Wz
where W is the Pauli-Lubanski operator
ltzykson and Zuber,
W, = €46 JHPr, W2[M,J> = M? J(J+1) Secs. 1-2-2 & 2-1-3

with J26 the Noether charge for rotations and boosts
and Ptis the four-momentum operator
» Hence, Poincaré invariance entails that an isolated hadron is
characterised by two properties; namely, eigenvalues —
— Eigenvalue of P? = Mass-squared, M? } Truly Poincaré

— Eigenvalue of W? = Total angular momentum, J? invariants

States are represented by ket-vectors: |M,J>
» Pion=|m_, 0>, Nucleon = |m,%>

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Hadron Spin

> Questions:

— How is the total J distributed over the hadron’s constituents and
in what form?

» In answering these questions, one must specify a reference
frame because J=L+S, and whilst J? is Poincaré invariant, that
is not true of L2 and §? separately.

— Compare this with nonrelativistic quantum mechanics, where states of
the hydrogen atom are labelled by angular momentum, L, and its
projection on the z-axis, m.

— NB. Spin is truly a relativistic concept and understanding hyperfine
splitting requires quantum electrodynamics

» Consider the pion:|m_, 0>

Here J=0, so what is the question?

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Pion spin

» To study J, one must consider the pion’s Bethe-Salpeter wave
function; i.e., the quantity that can be connected with the
Schroedinger wave function when a nonrelativistic limit is possible

Xx(k; P) = S(k+)la(k; P)S(k-)
= 5 [z(‘:ﬁ(k,P} + o PF(k,P) +’}’ -k k- Pg:-r(k;P) + J,rwk,rxpv H?r(knp)]

» Return to the Pauli-Lubanski operator
W, = €46, /%6 P!
» X_is an eigenstate of W? with eigenvalue J=0.
This is not news.

» However, the pion is a composite, with constituents that
possess spin. Wave function might be nontrivial.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Pion spin

» Consider the rest frame, wherein the Pauli-Lubanski operator for an
isolated hadron simplifies: = |
WP=0,W=% My VWy=%M3Z, = o ~

z., this is the usual spin operator 0 o

» In the rest frame of a composite, particle+antiparticle system, W
separates into a sum of two terms, W=L+S, and in this frame one

can show
— E_, F_correspond to L=0, $=0, L+5=0 ..
— G,, H_correspond to L=1,5=1, L+5=0 ..
» In vector exchange theories with

interactions that possess nontrivial momentum dependence, G,
are necessarily nonzero.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Pion spin

» This means that pseudoscalar mesons necessarily contain P-
wave (L=1) components in their rest frame wave function and
hence in (almost) every frame.

» Indeed, it is impossible for the pion’s spin simply to result
from the sum of the spins of its constituents

— That would violate Poincaré covariance

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Mind the gap - Bhagwat, Krassnigg, Maris, Roberts, nucl-

> Explicit calculation /0612027, eurphys. . 431 2007) 630637 Pion spin

— A Bethe-Salpeter 0, meson mass (GeV)
1.2 1.6 2 2.4

amplitude is canonically S e
normalised. :

-
(=)

— There are sixteen
distinguishable terms in
the associated sum; viz.,
an E_E_contribution
plusan E_F_
contribution, etc.

(degrees)

-
[\ &

n

B1"I:

(degrees)

i‘Il:n=0

0

— In the sum of the
squares of these terms
we associate sin® with 0 2 . o 8 10

_ 0,-, meson mass (GeV)
the nondiagonal
contributions, in which
case sin® gauges the

By this measure, the pion is roughly 25% L=1

Angular momentum component decreases with
increasing current-quark mass — for obvious reasons;

role played by L = 1 viz., the quarks are getting heavier and they can’t orbit
Craig Roberts: The Issue of Substance in Hadron Physics (83) @S €a@sily within the confines of the hadron!
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Proton Spin Crisis
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Proton Spin Crisis

» The preceding observations, so straightforward, make extremely
puzzling the furore that a erupted 25 years ago ...

“The European Muon Collaboration made a startling discovery: only
a portion of a proton’s spin comes from the quarks that make up
the proton.

The revelation was a bit of a shock for physicists who had believed
that the spin of a proton could be calculated simply by adding the
spin states of the three constituent quarks.

This is often described as the “proton spin crisis.”

» Perhaps the high-energy physicists should have asked a nuclear
physicist? Correlations have long been known in nuclei — but that
would have meant a particle physicist thinking about something
other than perturbation theory ...

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Proton Spin

» Faddeev wave function for the J=% nucleon is expressed through
eight scalar functions

— no more are needed, no number fewer is complete.

» Two are associated with the 0* diquark correlation: S, ,, and six with
the 17 correlation: A; ..

)y

» In the rest frame, one can derive the following “good” angular
momentum and spin assignments, which add vectorially to give J=%

Two types of P-wave: D-wave: all quark spins
S-wave: quark carries with L either aligned or are antiparallel to that
all nucleon spin opposed to nucleon spin of nucleon
L=0S=1L=1,S=1|L=1,5=3|L=2,8=2
St Ay By | S ALBs, Co | Ci

1, 2 1, 2
Bl — 5443 + Efl.ﬁ ) BQ — §f—1—1 + gfl@z
Cp = A3—45,. G = Ay—Ag.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Proton Spin

Dynamics, symmetries and hadron properties.
I.C. Cloet, A. Krassnigg, C.D. Roberts
arXiv:0710.5746 [nucl-th], MENU-2007 eConf C070910

» To exhibit the importance of the various L-S correlations within the
nucleon’s Faddeev wave-function, one may report the breakdown
of contributions to the nucleon’s canonical normalization, which is
equivalent to it’s Dirac form factor at Q?=0:

51 AQ Bl SQ Al Bg Cg Cl
S 0.62 —0.01  0.07]0.25 —0.02
As | —0.01 —0.06 0.05 0.04] 0.02]—-0.16
B 0.07 —0.06 —0.01 0.0  0.13 ] —0.01
So 0.25 0.06
Aq 0.05  0.01 —0.07 | =0.07 | 0.02
B 0.04  0.13 —0.07 —0.10| —=0.02 | 0.13
Co 0.02 —0.01 —0.07 —0.02 | —-0.11 0.37
Cy | —0.02 —0.16 0.02 0.13] 0.37]—=0.15

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Dynamics, symmetries and hadron properties.
I.C. Cloet, A. Krassnigg, C.D. Roberts

arXiv:0710.5746 [nucl-th], MENU-2007 eConf C070910 P rOto n S pi n

> Largest single entry is associated with S; ®S,, which represents the
quark outside the scalar diquark correlation carrying all the
nucleon’s spin. That is the u-quark in the proton.

» However, it is noteworthy that a contribution of similar magnitude
is associated with the axial-vector diquark correlations, expressing
mixing between P- and D-waves; viz., C; ®C, + C,QC,.

— With G, all quark spins are aligned with that of the nucleon and the

unit of angular momentum is opposed, whilst with C, all quark spins
are opposed and the two units of angular momentum are aligned.

— This contribution is more important than those associated with S,;
namely, scalar diquark terms with the bystander quark’s spin
antiparallel.

» Finally, one single number is perhaps most telling: the contribution
to the normalization from (L = 0) &) (L = 0) terms is only 37% of the
total.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Dynamics, symmetries and hadron properties.
I.C. Cloet, A. Krassnigg, C.D. Roberts

arXiv:0710.5746 [nucl-th], MENU-2007 eConf C070910 P rOto n S pi n

» The first EMC result was that the proton’s spin received zero
contribution from the quark spins

— That was a bit extreme

» Modern experiments indicate that, in the light-front frame, quarks
contribute approximately 33% of the nucleon’s spin

» The rest-frame result described previously as 37% provided by the
dressed-quarks, with the remainder expressed in correlations
within the nucleon’s Faddeev wave function

— More to be done in order to establish quantitative connection with
the light-front result

» Notwithstanding this, qualitatively and semiquantitatively there is
not and never was a proton spin crisis

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Weak interactions of strong-
interaction bound-states

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Weak interactions of strong-interaction
bound-states: nucleon’s axial charge

» The prototypical weak interaction is nuclear B~ decay, which
explains the instability of neutron-rich nuclei and proceeds via the
transition

n-> p+e”+anti-v,
» Fermi made first attempt at its explanation, using a contact current-
current interaction, modulated by a constant
Gr=1.166 x 10> GeV=2.
» Electroweak gauge theory replaces the contact interaction by
exchange of a heavy gauge boson and expresses
G:~ g’/ My,
where M,,, ~ 80 GeV is the gauge-boson's mass and g is a universal

dimensionless coupling; namely, it is the same for all interactions
between gauge-bosons, leptons and current-quarks.
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Nucleon’s axial charge

Dressed-quarks and the nucleon's axial charge,
L. Chang, C.D. Roberts and S.M. Schmidt

» Neutron B~ decay and kindred processes play a crucial role in many
domains, e.g.:

— Big-Bang nucleosynthesis, constraining the abundance of deuterium;

— supernovae explosions, producing a vast amount of energy through
neutrino production;

— testing the Standard Model, placing constraints on extensions via low-
energy experiments;

— and in many real-world applications, such as *C-dating and positron
emission tomography.

» Notwithstanding this widespread importance, a connection
between the coupling, g, that describes weak processes involving
current-quarks and that between weak bosons and the dressed-
quarks produced by nonperturbative interactions in QCD has not
been elucidated.
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Nucleon’s axial charge

» Neutron B~ decay may be studied via the quark-based axial-vector
matrix element:

A5, (s, pi) = (p(ps, Ap)| @ysyud In(pi, Ai))
where Pip A,-,fare, respectively, initial/final momenta and helicities
associated with the initial-state neutron and final-state proton.

» If one assumes isospin symmetry, then Poincaré covariance entails
this matrix element is completely described by two form factors:

1
2My

where g=psp;; G4(q°) is nucleon's axial-vector form factor, Gp(q?) is
its induced pseudoscalar form factor; M, is average nucleon mass.

m GP (q2) Up (Pu Ar,)

AL (pf, pi) = y(ps, Af) |75 Gald®)+ 175

» Nucleon's nonsinglet axial charge

gy = A(q2=0)
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Axial charge & spin physics
» Given assumption of isospin symmetry, then

(p(pfw /\f)l ﬁr}/5r}fud |?’1(p£a AL)) =2 (p(pfw Af)l ﬁr}%r}fuu_({r}%r}fud |P(P£a Aa))

» In the forward scattering limit; i.e., ps=p;=p, With A,=A;=A and
Aep =J5, then in the infinite-momentum (or light-front) frame

2Mn Ay (qr) = (P, N)| qvs7uq PP, A))

e o= [ (8q@) + Ag(o)

Aq(x) = q4(x) - g (x)
is the light-front helicity distribution for a quark g carrying a fraction
x of the proton's light-front momentum.

» Aqg(x) measures difference between the light-front number-density
of quarks with helicity parallel to proton and the density of quarks
with helicity antiparallel.
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Axial charge & spin physics

» Connection between axial matrix element & helicity won’t be
surprising, given relationship that may be drawn between matrix
structure ygy, & Pauli-Lubanski four-vector W=2 M y*> 2y =2% M 2

> Follows that

ga = /0 dz [Au(z) + Au(z) — Ad(z) — Ad(z)]

» Namely, nonsinglet axial charge measures difference, in light-front
frame, between u- and d-quark contributions to proton's helicity
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Goldberger Treiman Relation

» The induced pseudoscalar form factor, G,(g?), holds its own

fascinations, owing particularly to its connection with pion-nucleon
interactions.

» Fundamental to the character and strength of such interactions is
DCSB, the phenomenon responsible for both

— 98% of the visible mass in the universe Recurrent themes

— and masslessness of the chiral-limit pion throughout

» The existence of such a pion entails pion pole saturates

qﬁ form factor
2M N

where f % is the pion's leptonic decay constant and g°_, is the pion-

nucleon coupling constant. (The superscript 0" indicates a

quantity evaluated in the chiral limit.)

2
~0
GP(*’IZ) =72 gggww
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Goldberger Treiman Relation

» Using the equations of motion for on-shell nucleons — Gordon
|dentities , then chiral-limit axial-vector current conservation at the
nucleon-level; viz.,

qy/\5/,1pn(pflpi) = 0
delivers the Goldberger-Treiman relation:
0 0 —-F£0AH0
My" 94" = 9 nnn
» This identity has some curious implications

— In the absence of DCSB, f . = 0 and hence no pseudoscalar meson
couples to the weak interaction. Lecture 2A

— Follows then from GT relation that if a nucleon exists with a nonzero
mass in a universe without DCSB, then g,° =0 for that nucleon;
i.e., such nucleons, too, decouple from the weak interaction.

» In these circumstances then g,° appears to serve as an order
parameter for DCSB and a nonzero value of g, signals the presence
of in-hadron quark condensates
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g, and dressed quarks

» What is the connection between g, and the strong physics of
dressed-quarks, which are described in QCD by the gap equation?

» Axial-vector Ward-Takahashi identity and its consequences are
obviously relevant

_ L., L, _
P, L. (k:P)| = S '(ky) §A§cg..f}.s5+§/\}z.f}f5 S7(k)

Axial-vector vertex describes how
dressed-quark couples to axial-

vector current — M, ’szs (k; P) — szS (k; P) M;

» In particular, these three quark-level Goldberger-Treiman relations
Fr(k;0) +2 [ Fr(k:0) = A(l;z)

Gr(k:0)+ 2 f,Gr(k;0) = 214"([;2) Lecture 2A
Hp(k;0) +2 frHx(k:0) = 0

Craig Roberts: The Issue of Substance in Hadron sics
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Axial charge of a dressed quark

» These three key identities involve elements from the dressed-quark
— axial-vector vertex, which has the general form

Csu(k; P) = 75 [’h + kv - kG r(k; P)

with the possibility of a pion — owky Hg(k; P)] + Ts,(k; P)
ole made explicit.
" . " + {,P‘” 2f“[‘“(k P) .
> In this vertex, only F(k;P), P2 +m2

the function associated with the Dirac structure y. yu, possesses an
ultraviolet divergence in QCD perturbation theory; and in Landau
gauge the renormalised amplitude F, = 1, up to next-to-leading-
order perturbative corrections

— One-loop corrections vanish.

— All other functions in the axial-vector vertex are k? power-law
suppressed in the ultraviolet.

» In perturbation theory, therefore, the distribution of a current-
quark's axial-charge is expressed by gAq(kz) := Fo(k;P=0)
It remains close to unlty g,9(k?) = 1
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Axial charge of a dressed quark

» Nonperturbatively, however, the situation is very different!
» Consider the contact interaction.

With a,,/t = 1, DCSB does not occur, so f.?= 0 and hence, from the
quark-level Goldberger-Treiman relation,

8%cn =1
On the other hand, with a,/rt = 1; one obtains
A%(k?)=1, M°(k?) = M° =0.358GeV, f,° = 0.1GeV, F,°(k;0) = 0.46,
and hence,

0

Ghen = Fr(k;0) =1 2275512 (k;0) = 0.74

Thus the quantity associated with the current-quark's axial-charge

is markedly suppressed in the infrared owing to the
nonperturbative phenomenon of DCSB.
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Axial charge of a dressed quark

Is this result model specific? N O

Use best rainbow-ladder interaction available, then o, ctal phys. rev. c 84

042202(Rapid Comm.) (2011)
aq =
g ARL 081 Rainbow-ladder truncation

Use best kernel available, with many features of DCSB built into the

Bethe-Salpeter equation, like dressed-quark anomalous magnetic
Lei Chang & C.D. Roberts,
moment, arXiv:1104.4821 [nucl-th], Phys.
g = — q Rev. C 85, 052201(R) (2012) [5
9" aps 0.87=1.06 9" ARt pages], Tracing massess of

. . . ground-state light-quark
The infrared suppression is thus seen to be esons

a generic feature of the axial-vector vertex.
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Vector charge of a dressed quark

» NB. This contrasts markedly with the effect of dressing on the
vector vertex, which is bounded below by unity at (k=0;P=0) owing
to the vector Ward-Takahashi

. . 35
identity. — BSE solution
] 35 L @ - - BC Ansatz, Ssolution of DSE |
» Indeed, with a momentum- | St DA, PR e S
dependent interaction 25 |
the vector vertex is always 5
1 2.0
enhanced ~ _ i
T~ * 15 e oe
h S~ -— 60% . R B o
- 10 F----L M. ._-f:f}__?____? _____ O G )
g
0.5
0.0 L
0 2 4 3] 8 10

photon momentum o [Ga\(’]
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Elucidating the
Connection with DCSB

» NB. Poincaré covariance demands that the general form for a
pseudoscalar meson Bethe-Salpeter amplitude possess four

components. Cas(i P) = 7795 [iBx(k; P) + 7 - PFx(k; P)

FningingtObe Fede i JPU bR T e gt 0. e
nonzero in (almost) every framel T 7 FE w(k; P) + O KBy Hy(k; P)

» Inspection of the Bethe-Salpeter equation for pseudoscalar mesons
shows that a nonzero value for E__is the force behind F_ # 0, with
the coupling fixed by the DCSB mass-scale

— To be clear, M # 0 in the chiral limit entails E.. # 0, and together these

results require F_# 0. [ E(P)| 1 [ Kee Ker ‘ ‘ E.(P) ]
» Contact interaction, 7 (P) 3n2me, |(KFEJRFF Fr(P)
m=0=pP? Kpr=COM* 7. 73) . Kpr =0,

Q}CFE—Cl(JIQ T ’T2 ), K:FF:—QICFE
Craig Roberts: The Issue of Substance in Hadron Physics (83) Cl - MZ C (MZ) > 0
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Elucidating the
Connection with DCSB

» General result.
— Independent of the function chosen to represent the dressed-gluon
and the Ansatz for the dressed-quark-gluon vertex in the gap equation
» Explains why appearance of F_# 0 is a necessary consequence
of DCSB.
— Given an interaction with nontrivial momentum dependence, then G,,
and H_are also necessarily nonzero for the same reason.
» Demonstrates that a complete expression of DCSB is not
achieved merely by producing nonzero values for the in-pion
condensate and pion leptonic decay constant.

The full structure of the Goldstone mode must also be
described.
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Fulki0) +€F-£00) — AW Elucidating the

Connection with DCSB

» Finally, positivity of f ° guarantees that of F_(k;0), and hence
the second term on the right-hand-side of Goldberger-
Treiman relation is positive.

» This means that

— F,(k?;P=0) is bounded above by A°(k?)
— F,_(k?;P=0) approaches A°(k?) from below as k*-infinity.

» However, does not, however guarantee F,(0,0)<1.

— That is a consequence of the dynamics which produces the
Goldstone pion and sets the mass-scale for DCSB.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Fr(k; 0) = A Elucidating the
Connection with DCSB

Y

Now a propos to reconsider the role of g, in connection with DCSB.

Y

In chiral-limit DSE studies, chiral symmetry restoration and
deconfinement are coincident, no matter which control parameter
is varied: temperature, density, number quark flavours, etc.

» This supports a view that DCSB and confinement are intimately
related

— In the presence of some agent which undermines the interaction
strength required for DCSB, confinement is also lost.

» In these circumstances none of the interactions in the Standard
Model is strong — one is within an essentially perturbative domain
of the theory —and £, °=0.

» Consequently, F,(k?,0) = A°(k?), and both functions are unity up to
perturbative corrections.
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g, and DCSB
- an order parameter?

Mn° 3,° =12 8%

» Chiral symmetry restored, so f, =0 and hence

M\’ g,°=0

» But we’ve just seen that a connection between the restoration of
chiral symmetry and g, vanishing is not driven by changes at the

level of the axial-vector dressed-quark vertex because this vertex
dressing is perturbative as chiral symmetry is restored:

— Fi(k?;0) = A°%(k?), and both functions are unity up to perturbative
corrections.
» In the chiral limit, the relationship above must therefore be
connected with dissolution of the nucleon bound-state at a point of
coincident chiral symmetry restoration and deconfinement:

— No nucleon survives this limit

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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Axial charge and spin physics
gA = /0 dz [Au(z) + Au(z) — Ad(z) — Ad(z)]

» A vanishing of g, entails that the right-hand-side of this
expression is zero.

» This expression is normally described as expressing the
difference in the light-front frame between the u- and d-
qguark contributions to the proton's helicity.

> How can that vanish?

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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1 Axial charge and spin physics
gA = /0 dz [Au(z) + Au(z) — Ad(z) — Ad(z)]

» One is here considering the chiral limit.

— Absent a DCSB mechanism, a chiral limit theory with massless quarks
separates into two distinct, non-communicating theories: one for
positive helicity states and another for negative helicity.

— Each sub-theory has identical interactions and hence each will
produce the same quark number distributions, labelled, however, by
opposite helicities.

— Since there is no mechanism in the total theory that can flip helicity,
the number of positive helicity states will always match the number
with negative helicity.

» Hence the result g,=0 is achieved because each of the four terms in
the above expression vanishes individually, irrespective of whether
or not they are associated with a bound-state.
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9hen = FR(E;0) =1 - 2—7?}7‘0(14;; 0) =0.74
Quark models and g,

MO T
99,r = 0.81
g%,p5 = 0.87=1.06 g%,4

» Related to constituent-quark model phenomenology, these results
are curious.

» Textbook knowledge that constituent-quark models with spin-
flavour wave-functions based on SU(6) symmetry produce

5 1
ga = %gf/ d*x {uz(:r:) - Eb‘z(iﬂ)]

5 4
_ %gg {1 — E/ dB:r:fuz(:r:)] ;

where g,9is the axial-charge of a constituent-quark, and u(x), v(x)
are, respectively, the upper and lower components of the nucleon's

constituent-quark wave-function.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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0
Ghon = Fr(k;0) = 1= 225517 (k;0)

07 = 0.81 Quark models and g,
99p5 =0.87=1.06 g9,
gffdgzr: {ug(:r:) - %1)2(:!:)]

gA
1
g9 {1 - Ef dB:r:fuz(:r:)] :

» In a nonrelativistic model, v(x)=0 so that

ga = (5/3) gAQ
» Hence, reproducing the empirical value of

(VY |

Lo Ot

g,=1.27
requires
g,%r=0.76

» Of course, the origin of the empirical value of g, is more
complicated but nonperturbative dressing of g,? plays a part.

Craig Roberts: The Issue of Substance in Hadron Physics (83)
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QiCN = Fp(k;0)=1- 2—2F0(k; 0)=0.7
uark models and g,

MO T
99,r = 0.81
g%,05 = 0.87=1.06 g%,4

» A full explanation is suggested by elucidating the nature of the
terms in this expression, which has two key features.

» As described above, the first is dressing of the axial-vector vertex,
an effect that modifies the strength with which a dressed-quark
couples to the W-boson.

» The other is indicated by the second term within the parentheses:
[d3x V?(x)
This represents the appearance of P-wave quark orbital angular

momentum in a relativistic constituent-quark model; namely, the
presence of correlations in the nucleon’s wave function.
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Correlations and g,

» As we’ve seen, in QCD the nucleon is properly described by a
Poincaré covariant Faddeev equation. (Lecture 3A)

> In this context, v(x) may be interpreted as signifying the impact of
correlations within the nucleon's Faddeev wave-function, which
possesses S-, P- and D-wave dressed-quark orbital angular
momentum components in the nucleon's rest frame.

» In the presence of DCSB, such correlations are strong; e.g., the S-
wave-only contribution to the nucleon's normalisation is just 37%

» Thus empirical value of g, embodies the outcome of interference
between dressing the quark—W-boson vertex and angular
momentum correlations within the nucleon's Faddeev amplitude.

» Not too surprising given the connection between g, and the u- and
d-quark helicity distributions

» NB. The magnitude of the suppression of g,? and the strength of
orbital angular momentum correlations in bound-state wave
3 JZunctions are both driven by DCSB.
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. N
T - dependence of pseudoscalar and scalar correlations,

P. Maris, C.D. Roberts, S.M. Schmidt, P.C. Tandy, nucl-

th/0001064 [nucl-th], Phys.Rev. C63 (2001) 025202 Correlations and gA

» The strength of orbital angular momentum correlations in bound-
state wave functions is driven by DCSB.

» In the absence of DCSB,

— the amplitudes F, G,, H, in the pion’s Bethe-Salpeter amplitude
vanish identically in the chiral limit,

— as does M(p?) in the dressed-quark propagator

» It follows that any correlation which survives is described by a
Bethe-Salpeter wave-function:

X (k;P) =S(p) I, (k;P) S(p) = ys * scalar-function
This is a purely S-wave structure in rest-frame kinematics.
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frEr(k;P=0) = B(p?) \

Fﬁ(k;0)+2waw(/;;2; A Faddeev equation and g,

Gr(k;0)+ 2 frGr(k; — 2/—1’(};2)
HR(hO)—i_QfﬂHﬂ(k;O) =

» It is known that Faddeev equation models can be constructed to

reproduce the empirical value of g,, unifying it in the process with

other nucleon observables. Aspects of hadron physics, C.D. Roberts, M.S. Bhagwat,
A. Holl, S.V. Wright, arXiv:0802.0217 [nucl-th], Eur. Phys.

J. ST 140 (2007) 53
» However, such studies employed axial-vector vertices that do not

respect the last three quark-level Goldberger-Treiman relations

» This is mended in Eichmann & Fischer, arXiv:1111.2614 [hep-ph],

which solves all elements of the problem:
— gap, Bethe-Salpeter and Faddeev equations
— rainbow-ladder truncation.

» That study, however, produces g, 5, = 0.99(2), underestimating the

empirical value by 22%.
— Naturally, with M,? and f.° near to their experimental values, the
Goldberger-Treiman relation entails that this study underestimates

by a similar amount. _
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Faddeev equation and g,

» The magnitude of the error is typical of rainbow-ladder truncation
in those channels for which it is known and understood a priori to
be adequate.

— In the sector of light-quark vector and flavour nonsinglet pseudoscalar
mesons, over an illustrative basket of thirty-one calculated quantities,
the truncation delivers a standard-deviation of 15% in the relative
error between experiment and theory

» Part of the remedy to this quantitative error lies in going beyond
the leading-order truncation when solving the gap and Bethe-
Salpeter equations.

» This is now possible in a symmetry-preserving manner, as described
in Lecture 2B.
— lllustrate that now ...
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F5,u.(k; P) = s [,h_l_ k“_’}f - N
— owkflr(k; P + 15,6 ) Transverse part of

P,
pr oz 2fn Lalki P). axial-vector vertex

_|_

"

|

|

' » Only part that contributes to directly to g ,°

L (k: P) = v [ 7B - ivty - Pl - PFy + Too kFs )
+[kiy - P+ ivita,,k, P Fy —ikick - PFy
|

|

|

\

thiy- Pk PFy+kby 1@

+ky; 04,k Pok - PF]

— {F; | i=1,...,8} are scalar functions of (k? k.P,P?) that are even under
k.P-> (- k.P);P*?>=1; T, =[5,-P,P, /P T, +L,=6,, and alf =T,a,

» Since the transverse vertex may simply be obtained from this
' ,general form through contraction with T, one has the following

correspondences
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Transverse part of
» Given that a dressed-quark axial-veCtOI" vertex

anomalous chromomagnetic moment produces a large dressed-
guark anomalous magnetic moment (Lecture 2B), one should at
least expect that F;, with its similar tensor structure, is significantly
altered when proceeding beyond rainbow-ladder truncation.

» In fact, all the scalar functions
are materially modified on a
domain 0< [k[/M. <5, where
the Euclidean constituent
quark mass is
M ={Vs | s=M?(s), s>0}:

111

enhanced, with F also
changing sign;

—4MZF;, 2MgF;, F,

- F,, magnitudes are 0 | 2 | 4 | 6
suppressed. k/ Mg
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Transverse part of
axial-vector vertex

» With at least eight quantities reacting markedly to improvements in
the DSE kernels, it is natural to seek a single measure that can
illustrate the plausible consequences for g,

> Consider w(ps)Ts,, (k; P)u(p;)

where, at each value of p? > 0, the Euclidean spinors
satisfy y-pu(p) = g u(p), a(p)y-p = u(p) §p, 5p = M (p?)

» Focusing on the case (k.P=0, P°=0) and using the appropriate
Euclidean-Gordon identities, one obtains an axial-charge

distribution .
gt (k) = Fy(s2;0) + i F5(c7:0)

With this kinematic arrangement, no other functions from the
transverse vertex contribute.
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Transverse part of
> This single measure axial-vector vertex

confirms the result

: : : 1.08F
described previously; viz.
DB/RL = 1.06

» Suggests DCSB-kernel will
improve Faddeev equation
result

g, =1.05(2)

» Modest size of the
improvement is good 1.04 0 | 2 | 4 l 6
because the utility of k/ M
rainbow-ladder truncation

would have been much FIG. 2. With the elements defined in association with

reduced if the Eq. (33), the ratio |g%"" (k*)|/|g%™*" (k*)| (solid curve). The
f, i ; straight line with dotted outliers represents the band 1.064 +
magnijication were too  (.os.

large.

Craig Roberts: The Issue of Substance in Hadron Physics (83)

E
94| DB/RL
o
-

a KITPC: From nucleon structure ... - 46pgs 77



Faddeev equation and g,

» One should bear in mind, however, that correcting the gap and
Bethe-Salpeter equation kernels is not the complete picture.

» The Faddeev equation kernel and associated interaction current
should also be modified.

» Such modifications must also affect g,. y
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must both be modified, too. - B/ 3 *_,f
—i,l "["'f 1 i
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Faddeev equation and r,

Improvement of the gap and Bethe-Salpeter kernels should also affect the

result for the nucleon's axial radius, r,:
— quite simply because the rainbow-ladder truncation is unable to explain the
location of the a;-meson pole in the axial-vector vertex, whereas the DCSB-
corrected kernels resolve this longstanding problem (Lecture 2B)

In underestimating the mass of the a, meson, the rainbow-ladder

truncation overestimates the contribution to r, from the associated pole.
— Likely, therefore, to overestimate this radius or, equally, understate the mass-
scale, m,, that characterises evolution of the nucleon's axial form factor in the
neighbourhood of P?=0.

Curious, however, because RL produces m,ft=1.28(6), which is already at
the upper limit of values inferred from experiment. (This corresponds to a
value of r, at the lower limit of experiment.)

NB. Corrections to the Faddeev kernel and associated interaction current
can plausibly magnify correlations within the nucleon and their impact on

interactions.
— We know they do for quark-antiquark systems.

Such effects would serve to increase r,.
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DSEs: A practical, predictive, unifving
tool for fundamental physics

o Exact results proved in QCD, amongst them:
v Quarks are not Dirac particles and gluons are nonperturbatively massive

v’ Dynamical chiral symmetry breaking is a fact.
It’s responsible for 98% of the mass of visible matter in the Universe

v’ Goldstone’s theorem is fundamentally an expression of equivalence between the
one-body problem and the two-body problem in the pseudoscalar channel

v’ Confinement is a dynamical phenomenon

It cannot in principle be expressed via a potential McLerran & Pisarski

v’ The list goes on ... arXiv:0706.2191 [hep-ph]
(J DSEs are a single framework, with IR model-input turned to advantage,
“almost unique in providing an unambiguous path from a defined
interaction - Confinement & DCSB —> Masses - radii - form factors -
distribution functions - etc.”
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