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New Challenges

» Computation of spectrum of hybrid and exotic mesons

exotic mesons: quantum numbers not possible for
guantum mechanical quark-antiquark systems

hybrid mesons: normal quantum numbers but non-
quark-model decay pattern

BOTH suspected of having “constituent gluon” content

» Equally pressing, some might say more so, is the three-body
problem; viz., baryons in QCD
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E.b Unification of
o Meson & Baryon Properties

» Correlate the properties of meson and baryon ground- and excited-
states within a single, symmetry-preserving framework
» Symmetry-preserving means:

Poincaré-covariant & satisfy relevant Ward-Takahashi identities

» Constituent-quark model has hitherto been the most widely applied
spectroscopic tool; whilst its weaknesses are emphasized by critics and
acknowledged by proponents, it is of continuing value because there is
nothing better that is yet providing a bigger picture.

» Nevertheless,
» no connection with quantum field theory & therefore not with QCD

» not symmetry-preserving & therefore cannot veraciously connect
meson and baryon properties
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Fully-covariant computation
of nucleon form factors

> First such calculations:

— G. Hellstern et al., Nucl.Phys. A627 (1997) 679-709 , restricted to
Q%<2GeV?

— J.C.R.Bloch et al., Phys.Rev. C60 (1999) 062201(R) , restricted to
Q%<3GeV?
Exploratory:

— Included some correlations within the nucleon, but far from the most
generally allowed

— Used very simple photon-nucleon interaction current

» Did not isolate and study G:°(Q?%)/G,,°(Q?)
» How does one study baryons in QCD?

Craig Roberts: Continuum strong QCD (V.83p)
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R.T. Cahill et al.,
Austral. J. Phys. 42 (1989) 129-145

DSEs & Baryons

» Dynamical chiral symmetry breaking (DCSB)

— has enormous impact on meson properties.
L Must be included in description
and prediction of baryon properties.
» DCSB is essentially a quantum field theoretical effect.
In quantum field theory
d Meson appears as pole in four-point quark-antiquark Green function
- Bethe-Salpeter Equation
O Nucleon appears as a pole in a six-point quark Green function
- Faddeev Equation.
» Poincaré covariant Faddeev equation sums all possible exchanges
and interactions that can take place between three dressed-quarks

» Tractable equation is based on the observation that an interaction
which describes colour-singlet mesons also generates nonpointlike
guark-quark (diquark) correlations in the colour-antitriplet channel

Craig Roberts: Continuumstrong QCD (V.83p) SUC(S) 3 ® 3 — 3 @ 6
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R.T. Cahill et al.,
Austral. J. Phys. 42 (1989) 129-145

\

> Linear, Homogeneous Matrix equation

quark exchange Faddeev ECI Uati on

ensures Pauli statis_tics_ |

pq q-.u?ark

diqt__jark composed of strongly-
| dressed quarks bound
by dressed-gluons

< Yields wave function (Poincaré Covariant Faddeev Amplitude)
that describes quark-diguark relative motion within the nucleon

» Scalar and Axial-Vector Diquarks.. . .
¢ Both have “correct” parity and “right” masses

< In Nucleon’s Rest Frame Amplitude has

s— p- & d—wave correlations

Craig Roberts: Continflu strong QCD (V.83p)
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) Faddeev Equation

0,

» Why should a pole approximation produce reliable results?

A

quark-quark scattering matrix
- a pole approximation is used to arrive at the Faddeev-equation

Craig Roberts: Continuum strong QCD (V.83p)

CSSM Summer School: 11-15 Feb 13



Calculation of diquark masses in QCD

G R.T. Cahill, C.D. Roberts and J. Praschifka
Consider the rainbow-gap and ladder-Bethe-Salpeter equations

Phys.Rev. D36 (1987) 2804 D I q uar kS
ffl }lﬂ- )';ﬂ'

Sp) t=iy-p+m+ /{Eﬂ_ﬂ Dw(ﬁ—q}?’mﬂ[ q)— 5 Y la,p),

:1 Ao b
I'(k: P) = —/{i ]ﬁ‘Dw{p 9} WS+ P)I(a: P)S(a) 5w -

» In this symmetry-preserving truncation, colour-antitriplet quark-quark
correlations (diquarks) are described by a very similar homogeneous
Bethe-Salpeter equation

A A2
qq 'I'* -'D C"T — @f ':ij ;.w - j'_#}pS{q Pj' qq{q P}FTS{QT]_’?:;

> Only difference is factor of %2

» Hence, an interaction that describes mesons also generates
diquark correlations in the colour-antitriplet channel

Craig Roberts: Continuum strong QCD (V.83p)
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Survey of nucleon electromagnetic form factors
|.C. Cloét et al, arXiv:0812.0416 [nucl-th],

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

—>S (k; P) u(P) . / d*e ) S(l; P) u(P)
> Al (ks P) u(P)

< scalar diqguark component

axial-vector diquark component

M(k, 0; P) =

Craig Roberts: Continuum strong QCD (V.83p)
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Survey of nucleon electromagnetic form factors
|.C. Cloét et al, arXiv:0812.0416 [nucl-th],
Few Body Syst. 46 (2009) pp. 1-36

bg=0+P/3 k,=k+ P/3, X /
lyg = —L+2P/3, kyy = —k + 2P/3 et

Craig Roberts: Continuum strong QCD (V.83p)
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Survey of nucleon electromagnetic form factors
|.C. Cloét et al, arXiv:0812.0416 [nucl-th],

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

A

» Every one of these entries has 'é'é'iﬁ'\'b'l'é"ﬁi'é_t'r”ix structure

» Similar form for the kernel entries that involve axial-vector
diquark correlations

» Combining everything, one arrives at a linear homogeneous
matrix equation for the amplitudes

S(k;P)u(P), A(k;P)u(P)

Craig Roberts: Continuum strong QCD (V.83p)
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Contact-Interaction

Kernel
» Vector-vector contact interaction
4 IR
&’ Dy(p — q) = 8,0—
mg

mg = 800MeV Is a gluon mass-scale
— dynamically generated in QCD

. dog [ 1
- Mr=m M ls :
> Gap equatlon f :'rnf T fS?T'?TIZG /[] as s s :u’?

» DCSB: M # 0is possible so long as a>a 1t =0.4nt
» Observables require oz = 0.93n

Craig Roberts: Continuum strong QCD (V.83p)
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Symmetry-preserving treatment of vector- N —
vector contact-interaction: series of papers

establishes strengths & limitations. CO ntaCt I nte raCti on

> arXiv:1212.2212 [nucl-th]

Features and flaws of a contact interaction treatment of the kaon

Chen Chen, L. Chang, C. D. Roberts, S. M. Schmidt, Shaolong Wan and D. J. Wilson,
» arXiv:1209.4352 [nucl-th], Phys. Rev. C in press

Electric dipole moment of the rho-meson

M. Pitschmann, C.-Y. Seng, M. J. Ramsey-Musolf, C. D. Roberts, S. M. Schmidt and D. J. Wilson
> arXiv:1204.2553 [nucl-th], Few Body Syst. (2012) DOI: 10.1007/s00601-012-0466-3

Spectrum of Hadrons with Strangeness,

Chen Chen, L. Chang, C.D. Roberts, Shaolong Wan and D.J. Wilson

> 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

> arXiv:1102.4376 [nucl-th], Phys. Rev. C 83, 065206 (2011) [12 pages] ,
nt- and p-mesons, and their diquark partners, from a contact interaction,
H.L.L. Roberts, A. Bashir, L.X. Gutiérrez-Guerrero, C.D. Roberts and David J. Wilson

» arXiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25
Masses of ground and excited-state hadrons
H.L.L. Roberts, Lei Chang, lan C. Cloét and Craig D. Roberts

» arXiv:1009.0067 [nucl-th], Phys. Rev. C82 (2010) 065202 [10 pages]
Abelian anomaly and neutral pion production
Hannes L.L. Roberts, C.D. Roberts, A. Bashir, L. X. Gutiérrez-Guerrero & P. C. Tandy

> arxiv:1002.1968 [nucl-th], Phys. Rev. C 81 (2010) 065202 (5 pages)

Pion form factor from a contact interaction, L. Xiomara Gutiérrez-Guerrero, A. Bashir, I. C. Cloét & C. D. Roberts
Craig Roberts: Continuum strong QCD (V.83p)
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™. Contact
Interaction
¥ e

A2 symmetry-preserving treatment of vectorxvector contact
Interaction is useful tool for the study of phenomena characterised
by probe momenta less-than the dressed-quark mass.

» Whilst this interaction produces form factors which are too hard,
interpreted carefully, even they can be used to draw valuable
Insights; e.g., concerning relationships between different hadrons.

» Studies employing a symmetry-preserving regularisation of the
contact interaction serve as a useful surrogate, exploring domains
which analyses using interactions that more closely resemble those
of QCD are as yet unable to enter.

» They’re critical at present in attempts to use data as tool for
charting nature of the quark-quark interaction at long-range; i.e.,
identifying signals of the running of couplings and masses in QCD.

Craig Roberts: Continuum strong QCD (V.83p)
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Interaction Kernel

» Studies of r & p static properties and it form factor establish
that contact-interaction results are not realistically
distinguishable from those of renormalisation-group-
improved one-gluon exchange for Q°<M?

M2/m 2

RGI gluon 10f ] ;
: [ -""""'F---..._ ]
M 0.37 0.34 sl T—— ]
K 0.24 0.24 o A ]
E AT , i
m, 0.14 0.14 R _:
m, 0.93 0.74 o One-foop RGI-improved :
f 0.10 0.093 1 QCD-based interaction 1

f, 0.13 0.15 B R I B R R R YR

cf. expt. o e

rms rel.err.=13%

(. CraigRoberts: Continuum strong QCD (V.83p)
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Interaction Kernel

- Regularisation Scheme
» Contact interaction is not renormalisable

» Must therefore introduce D. Ebert, T. Feldmann and H. Reinhardt,

regularisation scheme Phys. Lett. B 388 (1996) 154.
. i o No pole in propagator
» Use confining proper-time definition _ DSE realisation of confinement
2 2 2 2 2
22 Tir —(s+M)r2, _ —(s+M)T]
s+ M? 0 2 s+ M?

o nzozice g =un-0sm [

a confinement radius, which is not varied M 0.37
> Two parameters: o —
m 0.14

ms=0.13GeV, A,,=0.91GeV _
. m, 0.93
fitted to produce tabulated results f 010
Craig Roberts: Continuum strong QCD (V.83p) f 0 . 13
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i = el W Regularisation

\

& Symmetries

» In studies of the hadron spectrum it’s critical that an approach
satisfy the vector and axial-vector Ward-Green Takahashi identities.

» Without this it is impossible to preserve the pattern of chiral symmetry
breaking in QCD & hence a veracious understanding of hadron mass splittings
Is not achievable.

» Contact interaction should & can be regularised appropriately

» Example: dressed-quark-photon vertex
» Contact interaction plus rainbow-ladder entails general form

: T 2 L 2
r,k;Q)=y,R(Q%)+y,P(Q)
» Vector Ward-Takahashi identity
Q.r, Kk Q) =S"(k+Q/2)-S(k-Q/2)
» With symmetry-preserving regularisation of contact interaction, Ward
Takahashi identity requires Interactions cannot

PL(QZ):]_ & PT(QZ:O):]_ generate an on-shell

Craig Roberts: Continuum strong QCD (V.83p) Mass fOI’ the phOtOn
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m(:( w< WQT::E: BSE - inhomogeneous
(]4

vector vertex

Fﬁb(Q) — T — §F (2 )4 IHX#(Q—H Q)’}fﬂi
. e

r,(kQ)=7,P(Q%)+7,P(Q")

> Solution: P (Q%) =1
Readily established using vector Ward-Green-Takahashi identity

1 5 1
Pr@)= 1+ K5 (Q2) @7 = 3m2mz,
1 .
w(x,a,z) =X+ 0((1- Ol)Z X /0 dov @.-(1 . CE)QQ Cl (c.u(ﬂ-f{ a, QQ))

> Plainly: P+(Q*=0)=1 because K (Q?=0)=1
Again, power of vector Ward-Green-Takahashi identity revealed

Craig Roberts: Continuum strong QCD (V.83p)
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Craig Roberts: Continuum strong QCD (V.83p)

i1l il / iy = -
WO = Regularisation
& Symmetries
2_0:_r|"'|"|"'|"'|"'|
» Solveql Bethe-Salpeter N PR p-meson pole generated dynamically
equation for dressed- ) - Foundation for Vector meson
quark photon vertex, 1.9 dominance (VMD) i
regularised using : R . Ward-Takahashi identity
symmetry-preserving 4 :
scheme e e e e
L A
% o 105F “Asymptotic freedom” ! !
20 23 BA, paranarzed S ] ' Dressed-vertex - bare
25 | : : at large spacelike Q?
§:2.o-‘ _O_D..l...l...l...l...l. P |
*% eeeeeeeeee _ 0 2 4 6 8 10
I %@%""0--@ N e
10} R 2 2
°l | Q“(GeV?)
ol 2 ------ ro-s==sm--o-----o---k-Renormalisation-group-improved one-gluon exchange
photon mommentum Q" [GeV'] Maris & Tandy prediction of F_(Q?)

CSSM Summer School: 11-15 Feb 13
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__f_rC< _ FCZ: ¢ | IBethe-Salpeter Equations

|

A

» Ladder BSE for p-meson

|

" 2 2
1+ KP(—mj_) =0, K°(P") = 3m2mz

1 |
f doex(1 — cx}PE au(w(ﬂ‘f?: ﬂ:pi))
0

C1 (@) = [(0,M2r2) — (0, Mr2),C*(w) = &C: (o)
w(M?,0,P?)= M? + a(1- o)P?

» Contact interaction, properly regularised,
provides a practical simplicity & physical transparency

» Ladder BSE for a;-meson

1+ K% (-miy) =0, K*(P?) =

1
1 m .
_37r9fmgc; / e (w{ﬂiampg))
: 0

» All BSEs are one- or —two dimensional eigenvalue problems,
eigenvalue is P?= - (mass-bound-state)?

Craig Roberts: Continuum strong QCD (V.83p)
S CSSM Summer School: 11-15 Feb 13 2



. \_____________________ |
H.L.L. Roberts, L. Chang, I.C. Cloét and C.D. Roberts,

arxiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25 M eSO N SpeCtru m
> Ground-state masses -Ground-states

» Computed very often,
always with same result

. m, m, 7w But, we know how to fix that (Lecture IV)
RL 014 093 0.74 109\ Vviz., DCSB — beyond rainbow ladder

} > Increases scalar and axial-vector masses
experiment 014 078 04-1.2 \1.24

= » leaves t & p unchanged

» Namely, with rainbow-ladder truncation
My —m,=0.15GeV = /3 X 0.45

experiment

al 1230 759 885 1230
P 770 644 764 745
Mass splitting 455 115 121 485

Craig Roberts: Continuum strong QCD (V.83p)
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Meson Spectrum
> Ground-state masses -Ground-states

» Correct for omission of
DCSB-induced spin-orbit repulsion m 99 = 1.2 GeV s location of

H.L.L. Roberts, L. Chang, I.C. Cloét and C.D. Roberts,
arxiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25

m,  m, m, Ma, quark core of o-resonance:
RL 014 093 éjé 1.08 * Pelaez & Rios (2006)
3 * Ruiz de Elvira, Pelaez,
experiment 014 078 04-1.2 1.24 Pennington & Wilson (2010)

First novel post-diction
» Leave n- & p-meson BSEs unchanged but introduce repulsion
parameter in scalar and axial-vector channels; viz.,

2 1
1+ K% (—m2.) =0, K™ (P?) = 550 5 / do C*(w(M?, a, P?))
0

- 3m2myg,
» 0s0=0.24 fitted to produce my —m, = 0.45., ¢iment

Craig Roberts: Continuum strong QCD (V.83p)

s CSSM Summer School: 11-15 Feb 13 2



P
==

Diguarks in QCD

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]
Few Body Systems (2011) pp. 1-25

Maq, 4 Mgq, Maqy_  Magg, _ Maqq> Maq? | TReagn Tiaut.
RL 0.78 1.06 0.93 1.16 139006 1324008 1422005 1334005
RL * ¢3¢ 0.78 1.06 1.37 1.45 1.39+006 13240056 150+0.03 1.5240.02
» “Spectrum” of nonpointlike
quark-quark correlations 15f  H.LL Roberts etal., 1102.4376 [nucl-th] :
: ! Phys. Rev. C 83, 065206 (2011) [12 pages]:
» Observedin 1.0f :
— DSE studies in QCD 5 08 O !
— 0*& 1*in Lattice-QCD % 06} :
» Scalar diquark form factor] 04t G) §
— T =T, 02F e .
. . [:] [:] [, | T T T
> Axial-vector diquarks 'BOTH 3 5 g g 3 10
— I essential P (GeV?)

> Zero relat|on with old notion of pointlike constituent-like diquarks

Craig Roberts: Continuum strong QCD (V.83p)
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H.L.L. Roberts, L. Chang, I.C. Cloét and C.D. Roberts,
arxiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25

P, b, = :
w — v PP

Py

ly-p+ M M
» Static “approximation”

Spectrum
of Baryons

Variant of:
A. Buck, R. Alkofer & H. Reinhardt,
Phys. Lett. B286 (1992) 29.

» Implements analogue of contact interaction in Faddeev-equation

» In combination with contact-interaction digquark-correlations,
generates Faddeev equation kernels which themselves are

momentum-independent

» The merit of this truncation is the dramatic simplifications which it

produces

» Used widely in hadron physics phenomenology; e.g., Bentz, Cloét,

Thomas et al.

Craig Roberts: Continuum strong QCD (V.83p)
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—iu —Iiu

Ci (0) =T'(0,M?r2) —T'(0, M ?r?),C"(w) = wC1 ()
Spectrum of Baryons

B, P, = With the right glasses; i.e.,
A\ P | b P those polished by experience
D Y = o L g with the DSEs, one can look at
d Pl 2 this equation and see that

increasing the current-quark
mass will boost the mass of

> Faddeev equation for A-resonance the bound-state

B [0 [ (. O aPmoma )
@m)* Jo

M -mgqﬁ 27)4 {2+ oa(a,M,meq , ,ma))?

_ 94 "9+ / dex (mﬁqﬁ + (1 = a)’m%)(ama + M)C, (oa(a, M, Mg, MA))
0

M -mgqlJr 22
» One-dimensional eigenvalue problem, to which only the axial-vector
diquark contributes

» Nucleon has scalar & axial-vector diquarks. It is a five-dimensional
eigenvalue problem

Craig Roberts: Continuum strong QCD (V.83p)
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What’s missing’
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H.L.L. Roberts, L. Chang, I.C. Cloét and C.D. Roberts,
arxiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25

>

>

Pion cloud

e . -2 "TD
a) - > e -f
g ~ .”
Kernels constructed in the rainbow-ladder 5
truncation do not contain any long-range % >w~.’

interactions 2

— These kernels are built only from dressed-quarks and -gluons
But, QCD produces a very potent long-range interaction; namely

that associated with the pion, without which no nuclei would be
bound and we wouldn’t be here

The rainbow-ladder kernel produces what we describe as the
hadron’s dressed-quark core

The contribution from pions is omitted, and can be added without
“double counting”

The pion contributions must be thoughtfully considered before any
comparison can be made with the real world

Craig Roberts: Continuum strong QCD (V.83p)
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. \_____________________ |
H.L.L. Roberts, L. Chang, I.C. Cloét and C.D. Roberts,

arxiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25

M.B. Hecht, M. Oettel, C.D. Roberts, S.M. Schmidt, P 10N C I ou d
P.C.Tandy and A.W. Thomas, Phys.Rev. C65 (2002) 055204

Pion cloud typically
reduces a hadron’s mass

» The body of results described hitherto suggest that whilst
corrections to our truncated DSE kernels may have a material
Impact on my and m, separately, the modification of each is
approximately the same, so that the mass-difference, ém, is largely
unaffected by such corrections.

» This is consistent with analyses that considers the effect of pion
loops, which are explicitly excluded in the rainbow-ladder
truncation: whilst the individual masses are reduced by roughly
300MeV, the mass difference, ém, increases by only 50MeV.

» With the educated use of appropriate formulae, one finds that
pion-loops yields a shift of (-300MeV) in m and (-270MeV) inm,,
from which one may infer that the uncorrected Faddeev equations
should produce my =1.24GeV and m, = 1.50GeV

Craig Roberts: Continuum strong QCD (V.83p)
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Pion cloud

,/
-
-
-
-
-
—————
-
-

M All three spectrum parameters now fixed (gs5=0.24)

ly-p+M
» One can actually do better owing to the existence of the Excited
Baryon Analysis Center (EBAC), which for five years has worked to
understand and quantify the effects of a pseudoscalar meson cloud
on baryons

» For the A-resonance, EBAC’s calculations indicate that the dressed-
quark core of this state should have

m 499 = 1.39GeV

» These observations indicate that the dressed-quark core Faddeev
equations should yield

my = 1.14GeV, m, = 1.39GeV, ém = 0.25GeV
which requires g, =1.18, g,=1.56

Craig Roberts: Continuum strong QCD (V.83p)
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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] Baryo ns & d i q u arkS

Few Body Systems (2011) pp. 1-25
» From apparently simple material, one arrives at a powerful

elucidative tool, which provides numerous insights into
baryon structure; e.g.,
» There is a causal connection between m, - my & my,- mg,

(5[ Mg e
% ' T My~ Physical splitting grows
O 10f-—===""""" . rapidly with increasing
> - £ ] diquark mass difference
3 .
5
&

0.00 0.05 010 0.15 0.20 0.25 0.30
my+ — mp-(GeV)

Craig Roberts: Continuum strong QCD (V.83p)
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Baryons & diquarks

» Provided numerous insights
Into baryon structure; e.g.,

> mN~3IVI&mA l\/I+m1+
- R e S SR ]
g 1.6} :
= 415l 1.04F ]
= 2 :
EE. 1.4} = 103 0 ]
g 3] = :
£ g 102¢ '
il I 1.01} :
= qq4p7 ] :
o [fismenry  poiane lomy  spwegeiog  fEbneony  gesigedfon  gemegensy (R speSfi] '1_':":] FL ooy Bibopeosy  pesgeiffon,  jesigwegndt] pesigegiion Fobene g oo T
00 01 02 03 04 05 00 01 02 03 04 05
m2(GeV?) mZ(GeV?)

Fig. 3 Left panel — Evolution with current-quark mass of the: nucleon mass, my (solid curve); the sum
[M + mgqq,, | (dashed curve); and 3M (dotted curve). Right panel — Evolution with current-quark mass of the

ratio my /[3M], which varies by less-than 1% on the domain depicted.

10—
1.00f ]
0.99f ]

0.98}

my/ [M +my: ]

0.97f ]

: - : - - ¥ 0.96L - - - - .
00 01 02 03 04 05 00 01 02 03 04 05

m2(Gev?) m2(GeV?)

Fig. 4 Left panel — Evolution with current-quark mass of the: A mass, ma (solid curve); and [M + mgq, |

(dashed curve). Hight panel — Evolution with current-quark mass of the ratio ma /[M + mg, , |, which does

not vary noticeably on the domain depicted.
Craig Roberts: Continuum strong QCD (V.83p)
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Legend:
B Particle Data Group Had ron SpeCtrU m
® H.|.L. Robertsetal. . L
® RAC o Symmetry-preserving unification
¥ Jiilich of the computation of meson & baryon masses
o rms-rel.err./deg-of-freedom = 13%
o PDG values (almost) uniformly overestimated in both cases
- room for the pseudoscalar meson cloud?!
| | | | | I I I LA I A 1 ‘|l j
15 s - 2.5 ; G 7
. ! F I » ]
< <l . oy s |
;;J I ? u # E : :g') b
B 4 - 0
% | ‘ % [ i ¢ ! ¢ &
© n B S m L] .
= S el . 1
= 31.5_ i 3
3 05 4 ® |
2 m | v &
|
» T ]
o | | | | | | | I I | | | | | I% | I”. | | | |
N N*N-N* A A* A-A*  Q QF Q-Q*
P fO{GOD) ? a1 & a1}I< p* foﬁm} Masses of ground and excited-state hadrons

H.L.L. Roberts et al., arXiv:1101.4244 [nucl-th]

Few Body Systems (2011) pp. 1-25
a CSSM Summer School: 11-15 Feb 13
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Baryon Spectrum

Table 4 Row-1: Dressed-quark-core masses for nucleon and A, their first radial excitations (denoted by “x”),
and the parity-partners of these states, computed with gnv = 1.18, ga = 1.56, and the parameter values in
Eq. (25) and Table [I] The errors on the masses of the radial excitations indicate the effect of shifting the
location of the zero according to Eq. (30]). Row-2: Bare-masses inferred from a coupled-channels analysis at the

Excited Baryon Analysis Center (EBAC) [65]. EBAC’s method does not provide a bare nucleon mass. Row-

3: Bare masses inferred from the coupled-channels analysis descrlbed in Ref. [67], which describes the Roper

resonance as d}rnamma.ll},r genented In both these rows, “...” indicates states not found in the analysis. A
visual comparison of these results is presented in Fig.[7]
/\
mrv T p = “ﬁ'l_ m,\“é_ m A A~ ?HA%_ mﬁ*%_
PDG label *W 1440 1 f\f 153:- Siq N(lﬁaﬂ) Si1 .ﬂ( 1232) Pas /_"'.(1600) Pas .ﬂ(l?ﬂﬂ) Das ./_11(1940) Das
This work | 1.14 1.8240.07 2.22 2.29 4 0.02 1.39 1.85 4+ 0.05 225 2.33-1-10.02
EBAC 1.76 1.80 1.88 1.39 —_— 1.98
Jiilich none 2.05 1.92 1.46 i 225

» In connection Wlth EBAC's analysis, dressed-quark Faddeev-equation
predictions for bare-masses agree within rms-relative-error of 14%.

> Notably, EBAC finds a dressed-quark-core for the Roper
resonance, at a mass which agrees with Faddeev Eq. prediction.

Craig Roberts: Continuum strong QCD (V.83p)
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Roper Resonance

» Consider the N(1440)P,,, )’ = (1/2)* “Roper resonance,” whose
discovery was reported in 1964 — part of Roper’s PhD thesis

» Inimportant respects the Roper appears to be a copy of the proton.
However, its (Breit-Wigner) mass is 50% greater.

» Features of the Roper have long presented a problem within the
context of constituent-quark models formulated in terms of color-
spin potentials, which typically produce a mass of 2 M, and the
following level ordering:

— ground state, JF = (1/2)* with radial quantum number n =0 and
angular momentum | =0;

— first excited state, J° = (1/2) with (n, I) = (0, 1);

— second excited state, J° = (1/2)*, with (n, I) = (1, 0); etc.

» The difficulty is that the lightest | = 1 baryon appears to be the
N(1535)S,,, which is heavier than the Roper!

Craig Roberts: Continuum strong QCD (V.83p)
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- N ]
N. Suzuki et al., Phys.Rev.Lett. 104 (2010) 042302

» EBAC examined the EBAC
dynamical origins of the two & the Roper resonance
poles associated with the
Roper resonance are
examined.

» Both of them, together with
the next higher resonance in TA € o o o e e o e e I O
the P,, partial wave were A(1357.-76) 7 om e
found to have the same 100 F [\ s

”

originating bare state

» Coupling to the meson-
baryon continuum induces
multiple observed resonances
from the same bare state. L

> All PDG identified resonances
consist of a core state and
meson-baryon comgc))nents.

Craig Roberts: Continuum strong QCD (V.83p

2200 F B(1364,-105) .

Im (E) (MeV)

C(1820,-248)

ON @m= =

1400 1600 1800
Re (E) (MeV)

7.\ CSSM Summer School: 11-15 Feb 13 38



EBAC
& the Roper resonance

» Nuclear Physics: Exploring the Heart of Matter
Decadal Report, issued 2012, by
the National Academy of Sciences

— In a recent breakthrough, theorists at the Excited Baryon
Analysis Center (EBAC) at Jefferson Lab

—led by T.-S. H. Lee, Argonne -

demonstrated that the Roper resonance is the proton's
first radial excitation, with its lower-than-expected mass
coming from a quark core shielded by a dense cloud of
pions and other mesons.

— This breakthrough was enabled by both new analysis tools
and new high quality data from the CLAS-Collaboration.

Craig Roberts: Continuum strong QCD (V.83p)
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» One method by which to validate QCD is Recapltu lation
computation of its hadron spectrum and subsequent comparison
with modern experiment. Indeed, this is an integral part of the
International effort in nuclear physics.

» For example, the N* programme and the search for hybrid and exotic
mesons together address the questions:
— which hadron states and resonances are produced by QCD?

— how are they constituted?

» This intense effort in hadron spectroscopy is a motivation to extend
the research just described and treat ground- and excited-state
hadrons with s-quark content. (New experiments planned in Japan)

> Key elements in a successful spectrum computation are:
— symmetries and the pattern by which they are broken,;

— the mass-scale associated with confinement and DCSB;:

— and full knowledge of the physical content of bound-state kernels.
All this is provided by the DSE approach.

Craig Roberts: Continuum strong QCD (V.83p)
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arXiv:1204.2553 [nucl-th], Spectrum of hadrons with
strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson, Few Body Syst. (2012) S peCtru 18 Of H ad rons
DOI: 10.1007/s00601-012-0466-3 -
with Strangeness

» Solve gap equation for u & s-quarks

Table 1 Computed dressed-quark properties, required as input for the Bethe-Salpeter and Faddeev equations,
and computed values for in-hadron condensates [52; 53; 54]. All results obtained with am = 0.937 and (in
GeV) Ay, =0.24 ) A, = 0.905. N.B. These parameters take the values determined in the spectrum calculation
of Ref. 6]; and we assume isospin symmetry throughout. (All dimensioned quantities are listed in GeV.)

m, m, m./m., My M, M. M, /M, Ky kr!” Kyl
0.007 0.17 743 0,30 0.37 0.53 T.43 0,241 0.043 0,216

» Input ratio m,/m, =24 is consistent with modern estimates

» Output ratio M, /M, = 1.43 shows dramatic impact of DCSB, even
on the s-quark

» K =in-hadron condensate rises slowly with mass of hadron

Craig Roberts: Continuum strong QCD (V.83p)

a CSSM Summer School: 11-15 Feb 13 “



arXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson SpeCtru 18 Of M esons

with Strangeness
» Solve Bethe-Salpeter equations for mesons and diquarks

i - ‘ I I
15} -5[1‘[;':5'**' 12

S50 % e . , 1 s 1} _

) L 1 )
o 1 = 1 O 08} . '
o 0.75¢ * _ Efl 0.6t i i _
£ 051 e 1 Eo04 . o o ) _
0.25¢ . @ i l

T K pK*¢ o « a Ki £ ﬂ, K p K'ar @ cl,. ;:: 15.'1 hl’q f;

Fig. 2 Left panel: Pictorial representation of Table 2] Cireles — computed ground-state masses; squares —

computed masses of radial excitations; diamonds — empirical ground-state masses in Row 2; and triangles —
empirical radial excitation masses in Row 4. Right panel: Clircles — computed splitting between the first radial
excitation and ground state in each channel; and triangles — empirical splittings, where they are known. The
dashed line marks a splitting of 0.1 GeV.

Craig Roberts: Continuum strong QCD (V.83p)

a CSSM Summer School: 11-15 Feb 13 2



Spectrum of Mesons
with Strangeness

arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with
strangeness, Chen Chen, L. Chang, C.D. Roberts,
Shaolong Wan and D.J. Wilson

» Solve Bethe-Salpeter equations for mesons and diquarks

15| | E Ii J : - . ; . t l 1.2t % Perhaps undgrestimate radial-
S 1.25} ) i . ° e % 11 ground splitting by 0.2GeV
o 1.t . * ] O 0.8} ®
o 0.75¢ * Efl 0.6t i i
g 05f e = 04} c o o x

0.25¢ @ 0ol

T K pK*¢ o « a Ki £ JIKﬂK*thU‘Ka1K1f1
v Computed values for ground-states are greater than the

Fig. 2 empirical masses, where they are known. es —
compn . . les —
empiric v Typical of DCSB-corrected kernels that omit resonant adial
excitat . . - . The
dashed contributions; i.e., do not contain effects that may

phenomenologically be associated with a meson cloud.

CSSM Summer School: 11-15 Feb 13 =



arXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,
Shaolong Wan and D.J. Wilson

1.5¢
1.25¢
1.t
0.75}
0.5}
0.25}

mass (GeV)

E

*
»

$

c

¢

[ud]g- [us]g: {uu}y- fus)y [S5)4 [udlp- [us]y- uuly- [us)y- (ss)

n K p K" ¢ o «x a K| f

Spectrum of Diquarks

with Strangeness
» Solve Bethe-Salpeter equations for mesons and diquarks

splitting (GeV)

1.25

N 2N
SRS IS

e W Wi

[ud]g: [uslg: {uu}ys lusly- [SS) [udly [uslp- (uuly- {ushy- [ss)y

n K p KK ¢ o «x a Ky f

Fig. 3 Left panel: Pictorial representation of Table [dl Diamonds — ground-state diquark masses in Row 1;
circles — ground-state meson masses in Row 2; triangles — masses of diguark first radial excitations in Row 3;
and sgquares — masses of meson radial excitations in Row 4. Right panel: Diamonds — for diguarks, computed
splittings between first radial excitation and ground state; and circles — for mesons, computed splitting between
the first radial excitation and ground state in each channel. The dashed line marks a splitting of 0.1 GeV.

Craig Roberts: Continuum strong QCD (V.83p)
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Spectrum of Diquarks
with Strangeness

arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with
strangeness, Chen Chen, L. Chang, C.D. Roberts,
Shaolong Wan and D.J. Wilson

» Solve Bethe-Salpeter equations for mesons and diquarks

| | g 1.25[ ,
1.5} i £ & P ¥ _ *
S 1.25¢ ¥ . ® v
il * e Q) ®
O 1F LT = 0.75}
2 0.75/ * £ ogls
0y :E ) N
= 0.5} ® ol s ® ©
U 25 i w 025' i i A
|udly- [us]g: {uuly- (us)y- Iss)y+ [udlg- [uslp- (uuly- [us)y- [sS)4 [ud]g: [us]g- luu}ys [usly- [SS)y [udlp- [usly- (uuly- {usly- [ss)y
v Level ordering of diquark correlations is same as that for mesons. 1 h
v" In all diguark channels, except scalar, mass of diquark’s partner meson
Fig. 3 s afair guide to the diquark’s mass: tow 1;
circles - : y ) tow 3;
and squ 0 Meson mass bounds the diquark’s mass from below, puted
splitting o Splitting always less than 0.13GeV and decreases with tween
the first V.

Increasing meson mass

- v'Scalar channel “special” owing to DCSB

CSSM Summer School: 11-15 Feb 13 4
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arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson Bethe-Sa| peter

amplitudes

» Bethe-Salpeter amplitudes are couplings in Faddeev Equation

Table 3 The structure of meson Bethe-Salpeter amplitudes is deseribed in Sect.[L21]land App.[Bl Here we list
the canonically normalised amplitude associated with each of the BSE eigenstates in Table[ll Only pseudoscalar
mesons Involve two independent amplitudes when a vector ¥ vector contact interaction 1s treated systematically
in ramnbow-ladder truncation.

T R mp TIE R = ]'Ttd: Mo e mu_j ??‘nf{i e _r'j

n=_{) Eqq 3.60 3.86 1.53 1.62 1.74 0.47 0.47 0.31 0.31 0.31

r,| "oas  oe s

=
n=1  E 083 076 072 0.70 0.66/ 034 035 028 028 028
Foa 005 118

ki

b

Magnitudes for diquarks follow precisely the meson pattern

Table The structure of diquark Bethe-Salpeter amplitydes is described in Sect.[2.2.2] and App.[Bl Here we
list all chnonically normalised amplitudes that are relevan} to the baryvons we consider. Only scalar diquarks
involve two independent amplitudes.

\t'r-':-'r-"'IJ'EIl IS-.UJE” {u-.u}l' JLS-.u}l' {S:-S}!} \ lﬂrdjﬂ_ lSruJD_ {ﬂ'.u'}l_ {Ssﬂ_}l_ {S:-S}l;
E,| 274 201 130 1.36 142 Y040 039 027 0.27 0.26
Foe| 031 040 Owing to DCSB, FE couplings in %2 channels

are 25-times weaker than in ¥2* 1

s CSSM Summer School: 11-15 Feb 13
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arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson S peCtru 18 Of BaryO NS

with Strangeness

» Solved all Faddeev equations, obtained masses and eigenvectors of
the octet and decuplet baryons.

25} ° ° o® i o o ® |

~ I . o 1~ | °* i
® 2f ‘ 1 @ . 3 1
c ¢ ¢ . ! . o o :
- - . * i - . i

S 15[ ° ‘ 18 [ . . ° _
£ . ” * i = 1_5: ¢ ° . i
i o . ) - h _

. ® » 4 L i

1_ i L * i

E * L1 I R T N B L1 = 1_1 E TR T I T B TR T B [ B B ]

NNaNeN7  AAsAA; EiZsEel; B EsEed AMAAsA; DEEE EEEE Q00:0;

Fig. 4 Left panel: Pictorial representation of octet masses in Table Circles — computed masses; and

diamonds — empirical masses. On the horizontal axis we list a particle name with a subscript that indicates
its row in the table; e.g., N1 means nucleon column, row 1. In this way the labels step through ground-state,
radial excitation, parity partner, parity partner’s radial excitation. Right panel: Analogous plot for the decuplet

masses ip Table [6]

Craig Roberts: Continuum strong QCD (V.83p)
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arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson S peCtru 18 Of BaryO NS

with Strangeness

» Solved all Faddeev equations, obtained masses and eigenvectors of
the octet and decuplet baryons.

B Nogo P11 Niaao P11 Nis35511 NiesoS11 Q123233 Ar700 D33
Tablel6] (DSE)|1.14 1.820.07 2.30 2.350.01 1.39 2.33

M2 ailich  ])[1.24 2.05 1.92 1.46 2.25
MP eBac ) 1.76 1.80 1.88 1.39 1.98
= — = = = v
= *® « : 1.5: . : *
> As with mesons, computed baryon masses lie uniformly above the ™
Fie empirical values. "
fff?iﬁ » Success because our results are those for the baryons’ dressed- _

radial  quark cores, whereas empirical values include effects associated  iplet
=2 with meson-cloud, which typically produce sizable reductions.

Craig Roberts: Continuum strong QCD (V.83p)
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arXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson StrUCtu e Of BaryOnS
» Baryon structure is flavour-blind with Strangeness

Table 7 Contact interaction Faddeev amplitudes for each of the octet baryons and their low-lying excitations.
The superscript in the expression s or a' is a diquark enumeration label associated with Eq. (31)), except for

[2, 3] and [6, 8], which are the I = 0 combinations in Eq. (49]). Diquark content

st g2 gl2:9] {1‘11 a% a,? ag a? ag a[lﬁ"B] a,[QG’E] a? ag P;_g

(P=+,n=0) N 0.88 -0.38 0.27 -0.06 0.04 78%
A 0.67 -0.27 -0.45 -0.09 79%

X 0.85 -0.45 0.26 0.12 0.02 2%

= 0.91 0.14 0.08 0.39 0.0 82%

(P=+,n=1) N| -0.02 0.52 -0.37 -0.63 0.44 0%
A 0.03 0.06 -0.78  0.63 0%

X 0.00 -0.04 0.02 0.83 -0.55 0%

= 0.00 0.01 -1.00 -0.02  0.06 0%

(P=—n=0) N 071 -0.41 0.29 0.41 -0.29 50%
A 0.64 0.44 -0.47 0.42 61%

2 0.61 -0.47 0.23 0.55 -0.21 38%

= 0.76 -0.34 0.35 0.33 -0.2§ 58%

(P=—n=1) N| 0.66 -0.41 0.29 0.45 -0.32 44%
A 0.60 0.43 -0.48 0.47 55%

2 0.57 -0.47  0.23 0.58 -0.24 33%

= 0.73 -0.34 0.37 0.33 -0.31 54%

Craig Roberts: Continuum strong QCD (V.83p)
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arXiv:1204.2553 [nucl-th], Spectrum of hadrons with strangeness,

Chen, Chang, Roberts, Wan and Wilson & Nucleon and Roper em

elastic and transition form factors, D. J. Wilson, I. C. Cloét, L. Stru Ctu e Of BaryO ns

Chang and C. D. Roberts, arXiv:1112.2212 [nucl-th], Phys. Rev.

- (2%2) I%Zglzfglsc;ﬁg%qrﬁcture IS flavour-blind with Strangeness

Table 7 Contact interaction Faddeev amplitudes for each of the octet baryons and their low-lying excitations.
The superscript in the expression s or a' is a diquark enumeration label associated with Eq. (31)), except for

[2, 3] and [6, 8], which are the I = 0 combinations in Eq. (49]). Diquark content

s & 29 4l a3 a7 a3 a5 b av Y &) a] Pro

R N D= Joq=0 content of J="2 baryons is almost ;232
80% 2 Independent of their flavour structure o
P-+n-1 N » Radial excitation of ground-state octet ox
0% ; possess zero scalar diquark content! g?j;j
T — = > This is a consequence of DCSB 53;’2
50% ; » Ground-state (1/2)* possess unnaturally géﬁ;’z
= large scalar diquark content | 589

| o v > Orthogonality forces radial excitations to | sw
0% > possess (almost) none at all! gzjﬁ

Craig Roberts: Continuum strong QCD (V.83p)
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arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson S peCtru 18 Of H ad rons

with Strangeness

» Solved all Faddeev equations, obtained masses and eigenvectors of
the octet and decuplet baryons.

2.5] . . *® I o o® ]

I °® P/2)- °® X 25} . .o ® !

— i . ] — B . i

> 2l ¢ 1>} i

@ . (1/2)+ i [V _ ¢ _

S ¢ A 1 S 2 ¢ » °* :

E : * L ¢ ¢ : E B ¢ * ® T

E 150 _° ° : E Lt . ° . I

I (1/2)+ e > i 150 ° . 1

i o . . - h _

L ® » N L . i

1 : * L1 L1 1 L1 1 [ R B : 1_1 E T R | I R N | T R | [ R B =
NNaNeN7  AAsAA; EiZsEel; B EsEed AMAAsA; DEEE EEEE Q00:0;

Fig. 4 Left panel: Pictorial representation of octet masses in Table Circles — computed masses; and

diamonds — empirical masses. On the horizontal axis we list a particle name with a subscript that indicates
its row in the table; e.g., N1 means nucleon column, row 1. In this way the labels step through ground-state,
radial excitation, parity partner, parity partner’s radial excitation. Right panel: Analogous plot for the decuplet

masses ip Table [6]

Craig Roberts: Continuum strong QCD (V.83p)
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arxXiv:1204.2553 [nucl-th], Spectrum of hadrons with

strangeness, Chen Chen, L. Chang, C.D. Roberts,

Shaolong Wan and D.J. Wilson S peCtru 18 Of H ad rons

with Strangeness

» Solved all Faddeev equations, obtained masses and eigenvectors of
the octet and decuplet baryons.

» This level ordering has long been a

251 e 4e °°- problem in CQMs with linear or HO

[ °® P1/2)- i : .

o f . o 1 confinement potentials

E I ’ ¢ (1/2)+ 1 » Correct ordering owes to DCSB

7 1 55 F R o . : » Positive parity diquarks have

E ¢ (1/2)+ e . ' Faddeev equation couplings 25-
[ e : ¢ i times greater than negative parity

T, I diquarks

TNNNN, AAA; BrTaTeT; EiEyE.E . L
P TR A TR % Explains why approaches within
Fig. 4 Left panel: Pictorial representation of octet which DCSB_CannO_t be realised
diamonds — empirical masses. On the horizontal axis (CQMS) or SlmU|at|OnS WhOSE
its row in the table; e.g., N1 means nucleon column, r .
radial excitation, parity partner, parity partner’s radial pal‘ameters Suppress DCSB will both
masses in Table(6 have difficulty reproducing

Craig Roberts: Continuum strong QCD (V.83p) expe rl m e ntal O rd e rl n g
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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- Sk Doy balle Bonlliiig

oe efe— Annihilation

iIndependent interaction works o Hadron Collisions

= ® Heavy Quarkonia

> Unknown

» Infrared behavior of the interaction,
which is responsible for

» Confinement 02f
> DCSB

» How is the transition to pQCD made and
IS it possible to define a transition 1 - -
boundary? Q[GeV]

Craig Roberts: Continuum strong QCD (V.83p)

03F

o, (Q)

=

== QCD a(MZ)=0.1189 £ 0.0010
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- - \ ]
Qinetal., Phys. Rev. C 84 042202(Rapid Comm.) (2011)

Rainbow-ladder truncation DSE StUdleS

- Phenomenology of gluon
» Wide-ranging study of nt & p properties
> Effective coupling » Running gluon mass

— Agrees with pQCD in ultraviolet - Qluon IS massleés in ultraviolet
— Saturates in infrared In agreement with pQCD

e a(0)/m=8-15 — Massive in infrared
e a(mg2)/m=2-4 e mg(0)=0.67-0.81 GeV
e e mg(mg?) = 0.53-0.64 GeV
14 F T
12t 0.6F"
— 10} 50
N_h: : !
— B¢ AF
~Tw B af
af ;
2t :
[ T T T S S S S S S H PP s ] ' E
|:||:| DE D-q- DE DB 1':' 12 1‘q' DD:' ) L, T L L1 e L T
2 GE"'-.-"Q] 0 1 2 3 4
Craig Roberts: Continuum strong QCD4V.83p) ."".’2 [15 E"'-.-"QJ
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In QCD a quark’s effective mass
depends on its momentum. The
function describing this can be
calculated and is depicted here.
Numerical simulations of lattice
QCD (data, at two different bare
masses) have confirmed model
predictions (solid curves) that the
vast bulk of the constituent mass
of a light quark comes from a
cloud of gluons that are dragged
along by the quark as it
propagates. In this way, a quark
that appears to be absolutely
massless at high energies (m =0,
red curve) acquires a large
constituent mass at low energies.

Craig Roberts: Continuum strong QCD (V.83p)

M(p) [GeV]
o
X

0.4

o
w

0.1

0

Frontiers of Nuclear Science:
Theoretical Advances

Z(p*)
iy -p+ M(p?)

S(p) =

1 ' I I 1 I
Rapid acquisition of mass is
_ ,~ffect of gluon cloud

-
- /,/

~— m = 0 (Chiral limit)
— m = 30 MeV
- m =70 MeV

0

P [GeV]

C.D. Roberts, Prog. Part. Nucl. Phys. 61 (2008) 50
M. Bhagwat & P.C. Tandy, AIP Conf.Proc. 842 (2006) 225-2267
5
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Proton

N
Lecture IB

Nucleon Structure
Probed In scattering experiments

B

» Electronis 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) = ieuy(P") A, (Q, P) uy(P),

= ?:Eﬁp(P{) (’}/ﬂpl (QQ) + 2;\«[ Oy Qv FQ(QQ)) up(P)

F, = Dirac form factor F, = Pauli form factor

. Q> . .
Gp(Q?) = Fi(Q%)— a2 (Q%), Gu(Q7) = Fi(Q*)+F(Q?)
G¢ = Sachs Electric form factor Gy, = 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: Continuum strong QCD (V.83p)
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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
arxXiv:0810.1222 [nucl-th], Phys. Rev. C 79 (2009) 012202(R) (5 pages)
— Survey of nucleon electromagnetic form factors
|.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

— 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: Continuum strong QCD (V.83p)
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L. Chang, Y. —X. Liu and C.D. Roberts
arXiv:1009.3458 [nucl-th]
Phys. Rev. Lett. 106 (2011) 072001

Vertex must contain the

dressed-quark anomalous Q
magnetic moment: Lecture IV ~ -~
i, |

B, O— "\ p
> Composite nucleon == \ TjE
must interact with
photon via nontrivial P P
current constrained by %’%% (v =
Ward-Green-Takahashi A Jﬁf
identities Q

equation plus current > —:H' '_
nucleon form factors )

> Inarealistic calculation, the last three Q.
diagrams represent 8-dimensional
Integrals, which can be evaluated using
Monte-Carlo techniques

Craig Roberts: Continuum strong QCD (V.83p)

» DSE - BSE - Faddeev p D{ﬁ‘\ P
\

s CSSM Summer School: 11-15 Feb 13

Photon-nucleon current

Pi‘r i ,f“F%.P-.

iu‘Ff | ' =

W i) ."f—\‘. -
=y, [y =
II'R_ -"a:.m:r{ verd soalar '-,'J

&
9~
o
BV ST\ B
== ¥ | (wE=
h D=/

Oettel, Pichowsky, Smekal
Eur.Phys.J. A8 (2000) 251-281
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Photon-nucleon current

- hs :
> Owing to momentum- B/ ™ i .

Independence of the S
diquark Bethe-Salpeter

T -"'f-w ."f—\‘. :
and Faddeev amplitudes % wf? . %
using the contact R e e
Interaction in “static E&

approximation”, the
nucleon photon current
simplifies

» Comparison between

results from contact- |

) ) d listi > arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21
!nteract!on and realistic pages] , Nucleon and Roper electromagnetic elastic and
interaction can reveal a transition form factors, D. J. Wilson, I. C. Cloét, L. Chang and C.

great deal D. Roberts

Craig Roberts: Continuum strong QCD (V.83p)

Just three terms
survive

S CSSM Summer School: 11-15 Feb 13 %0



- \._______________ |
Survey of nucleon electromagnetic form factors

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

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

Unificationofmeson [ " " 20 .
——rith 75 term with 7 term

and nUC|eOn fOrm ne - = = 10 T term 15 = = = 0 T; term ]
faCtorS i + = « = Empirical — Kelly 1 . « = « = Empirical - Kelly

'_g 0.6 1 g

04 F S
Very good \
description. 02 |

0 b - L =
Quark’s momentum- ! : EQE e ’ ! ’
dependent - ce
anomalous magnetic i
moment has M - wntem ] _os |
observable impact & _ 002 | ot e
materially improves N 3 -10 |
. LJ: ::-f'l
agreementin all i | , S
cases. _o.04 | =13 = = = N0 T5 term
+ = « = Empirical - Kelly
~0.06 S S T ~2.0) : .
0 1 2 3 4 g N 1 2 3 4 3
5 e
Craig Roberts: Continuum strong QCD (V.83p) Q_-'f‘u-%" Ql / ‘U%
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- - \_____________________ |
Nucleon and Roper electromagnetic elastic and

transition form factors, D. J. Wilson, I. C. Cloét, L.

changand C. D. Roberts, anxiv:1112.2212 nue- ~~ NUCle@on Form Factors

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: Continuum strong QCD (V.83p)
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: : \______________________________________ |
Nucleon and Roper electromagnetic elastic and

transition form factors, D. J. Wilson, I. C. Cloét, L.

changand . D. Roberts, arxiv:1112.2212 o~ NUCI@oON Form Factors

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

Black s

contac A Syl = oo ]
Blue d :

mome |
dependd DNNAE 0 @) DE o)5 -
interac .

Green dga. D D 1e06 i
curve
param
experir

M
d 0 Z Q) 20
fa ,

2

i Craig Roberts: Continuum strong QCD (V.83p)
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» Data before 1999

— Looks like the
structure of the
proton is simple

» The properties of JLab

(high luminosity) 5
enabled a new g ?
technique to be OQ
employed. =

» First data released in
1999 and paint a

VERY DIFFERENT
PICTURE

Craig Roberts: Continuum strong QCD (V.83p)

2 1 I 1 I 1 I 1 I 1 (L
1.5 % g
| [Fge ngmﬁg """ % """ % """""""""""""" o
5 -_ | 2 m% Which is correct? _
0. i I_I_||-|OW IS the difference
[ to be explained? I
0 - Tm._._._._._._._.] ........................... -
-0.5F -
_1 ] I ] | I | I |
0 2 6 3 10

|
4
Q
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B orXiv:0812.0416 [nucl-th]

|.C. Cloét, C.D. Roberts, et al.

|.C. Cloét, C.D. Roberts, et al.

—
1, Gg (Q7)

In progress G 0 (QZ)
~~~~~~~~~~~~~~~~ M
; S N add anom mag mom
// = r1; =08 fm
-~ Puckett (2010)
,,,, Punjabi
> DSE result Dec 08 , Pl {00
/ I,’ Qattan (2005)
»>DSE result 2 SLAG glabal
o . ) [1,1] Pade’ fit
Including the & -
anomalous ol il
magnetic e -
moment distribution _ I i
critical importance of B I2 - «!1 - é - é L ey 1'0
DCSB in explanation of
P Q° [Gevz]

real-world observables.

Craig Roberts: Continuum strong QCD (V.83p)
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Y

- .
L o =

. ﬂ
:quE (Q )

g, l l q,
> DSE studies indicate GP 2
that the proton has a p p’ M (Q )
very rich internal ) \
1 I \ 1 I I I I I I
structure - Proton plus proton-like resonances J»-
> The JLab data, 1.5 } L
obtained using the » i
polarisaton transfer s |[®%ee ‘:‘:ﬁ“?i‘é'-’f““g _____ % ______ % __________________________ -
method, are an cp L U
accurate indication of -3z 0.5k s 1 PY :
the behaviour of this  ©_ | =3 s;gtihzﬁzém?
ratio =. [lracsiscciccpenoenecioncsmnmnuns p ......... g ......
O  Rosenbluth
> The pre_lggg data in A preci§ioq Rosenbluth -
(Rosenbluth) receive 05| 5 Xitiion wramter .
large corrections from I i
-called 2-photon " e
So-called 2-p 0 2 6 8 10

]
4
exchange contributions Q2 [GeVz]

Craig Roberts: Continuum strong QCD (V.83p)
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M 1.C. Cloét, C.D. Roberts, et al.
L arxiv:0812.0416 [nucl-th]

|.C. Cloét, C.D. Roberts, et al.
In progress

—
1, Gg (Q7)

Gy (Q°)

add anom mag mom
. R 1 1 1 1 1 1 r,.=08 fm
> Does this ratio pass B | | T v Puckett (2010)
through zero? v, P Ny
> DSE studies say YES, - e e
with a zero crossings, = T PR
at 8GeV? as a g -
Ll
consequenceof (3 0.5 . ~
strong correlations =" e % |
within the nucleon g, I ]
> Experiments at the Linear fit to data = zero at 8GeV? \\h l |
0 [1’1] Padé f|t = 7810 at 1OGeV2 ............... “.;.\.‘;.h ................. ol
ngraded Jl.ab I R T N TR TR T NN T NN T NN MY TR |\“|"‘* -l pl
facility will provide 0 2 4 6 8 10
the answer Q° [GeV7]

> In the meantime, the DSE studies will be refined

Craig Roberts: Continuum strong QCD (V.83p)
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Origin of the zero

& 1ts 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 5 4 6 8 10

c o =
- = oo N
/

!

Craig Roberts: Continuum strong QCD (V.83p)
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Origin of the zero
& 1ts location

> Atternatlvely, 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 V)

Such dressed quarks produce a

proton Pauli form factor that is Les) j
large for Q>~ 0 but drops rapidly a 12}, -
on the domain of transition & gl '
between nonperturbativeand & | [ —— _
perturbative QCD, to give avery  0.4; ~Ilmmaoo
Small result at large Q2 of -

CSSM Summer School: 11-15 Feb 13



Origin of the zero

& Its location

> The precise form of the Q2 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
IJ'pGEp(QZ)/ GMp(QZ)
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: Continuum strong QCD (V.83p)
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Origin of the zero
& 1ts 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 Q2

» 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.

|.C. Cloét & C.D. Roberts
In progress

Craig Roberts: Continuum strong QCD (V.83p)
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|.C. Cloét & C.D. Roberts " —
In progress ,unGE (QZ)

What about the same ratio for the neutron? G n 2
v (Q7)

Quark anomalous magnetic moment has
big impact on proton ratio S e .

06 k L \\'ith ‘{‘5 tcrnl

= = = 10 T3 term

But little impact on the

neutron ratio ... because ¥ |
effect is focused near 0

0.2 |

Q2%=0, at which G,
vanishes

4
GQ\»‘?) 6

Q*

Craig Roberts: Continuum strong QCD (V.83p)
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|.C. Cloét, C.D.

M 2rXiv:0812.0416 [nucl-th]

Roberts, et al.

1,Ge (Q%)

| / 0.8
> New JLab data:
S. Riordan et al., A L
arXiv:1008.1738 [nucl-ex] g

Phys.Rev.Lett. 105 (2010) 262302

_ - —_= T
» DSE-prediction e
> This evolution Is
0.2

very sensitive to
momentum-dependence
of dressed-quark
propagator

0.0

Craig Roberts: Continuum strong QCD (V.83p)

Gy (Q%)

IIII|IIII|IIII|III.-“'I

— + RCQM - Miller
===+ GPD - Diehl

— Kelly fit

— Galster fit/Kelly G"

—— q(qq) Faddeev&D’%E

-—
-~~
—
—
—
—

DSEs predict zero at 11GeV?2 -
Bets are being placed at JLab :

0.5 1.0 1.5 2.0 2.9 3.0 3:0 4.0
2 [GeV?
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Flavor separation of proton form factors

DT ;
- i -
Q4F2CI/K T u quark ' y
02 ® i
%‘ I ¢ . . -
.:‘u' : I. :
IJ,'l_— -.' __
. d quark x 0.75 =
Cates, de Jager, 7 i 5
Riordan,Wojtsekhowski, -.::::::::::::::::::::::::::::i:::::::.:-
PRL 106 (2011) 252003 10— . _
i u quark . i
i . )
b ﬂ.ﬁ-— . ; —-
4 - $¢ ¢ i -
Q% F,“ o " §
C w ™ d quark x 2.5 ]
00— .ujs. - .I.IJ. - .1'.5- - azl.ul B .2._5. - lafu. - .315. B 40
Q% [GeV?)

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

Craig Roberts: Continuum strong QCD (V.83p)
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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) qu Uark corre I atl OHS'

045205

fompmr e 4| » Poincaré covariant Faddeev equation
T . — Predicts scalar and axial-vector
[ 1 g = U - diquarks
i > Proton's singly-represented d-quark
[ > R g more likely to be struck in association

0= —|  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* diquark 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: Continuum strong QCD (V.83p)
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o &, CraigRoberts: Continuumstrong QCD (V.83p) : -fi'" 5} " i

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
|.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 Q4=0 ...

CSSM Summer School: 11-15 Feb 13



. 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] fu N Ctl on at h | g h - X

Fx)
> Valence-quark distributionsat x=1  dv(x) here dy(x) _ 4o — |
— Fixed point under DGLAP evolution  #v(*) lx—1 uy(x) 4 — ijp‘;;

— Strong discriminator between models
> Algebraic formula
dy(x) pP PP+ 1Pl
() [y~ PP P PP P

P,PS=contribution to the proton's charge arising from diagrams
with a scalar diquark component in both the initial and final

State
— P,Pa=kindred axial-vector diquark contribution

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

Craig Roberts: Continuum strong QCD (V.83p)
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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 StrUCtU re

arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages] fu nCti on at h | g h-X

» Algebraic formula
dv(.x) B Plp’d B %Plp*ﬂ + %Plp’m
() [y PP PP PP 3P

P P P @ -7

Contact interaction
N
M = constant 0.78 0.22 0 0.18 0.41
M(p?) 060 0.25 0.1

“Realistic” interaction

Craig Roberts: Continuum strong QCD (V.83p)
s CSSM Summer School: 11-15 Feb 13
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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

Neutron Structure

arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages] Fynction at h|gh X

L1 1 |

)
Deep inelastic scattering i $
— the Nobel-prize winning B ¥4
quark-discovery experiments- '
Reviews: ol
> S. Brodsky et al. -
NP B441 (1995) y Foil F o
» W. Melnitchouk & A.W.Thomas
PL B377 (1996) 11 2 - = Whitlow
> N. Isgur, PRD 59 (1999) & PASVEIETOUE
> R.J.Holt & C.D. Roberts | ©* bedecet e
RMP (2010) 1

SU(6) symmetry

DSE: “realistic”

CD, uncorrelated ¥
DSE: “contact”

_

0* gq only

et al

Melnitchouk et al.
Phys.Rev. D84 (2011) 117501

0.2 0.4

‘ ‘ Craig Roberts: Continuum strong QCD (V.83p)

0.6 o.8Distribwtion of neutron’s
- momentum amongst quarks
on the valence-quark domain
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DSEs: A practical, predictive, unifying
tool for fundamental physics

0 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]
 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 U[unct/ons - etc.”

Craig Roberts: Continuutn strong QCD (V.83p)
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