NATIONAL LABORATORY

Arg

U.S. DEPARTMENT OF

10N

2

IV

D

ICS

Craig Roberts, Phys




StudentsPostdocs

Asst. Profs

© O NOoO A WDNRE

L e I e e
00 ~N O U~ WNPRFPO

Shi CHAM\anjing U ;

Ming-hui DING PKU);

FeiGAO PKU ;

S. HERNANDBZ Michoacan);
CédriadVIEZRAG (CE3Baclay;
KhépanRAYA (Wichoéacarn);
ChienYeah SENG (UNmbherst) ;
Kurllun WANG PKU);
ShushengXU Nanjing U ;

. ChenCHENUSTC);

. J. JavieCOBOMARTINEZAX . Sonor

. Mario PITSCHMANN (Vienna)

. SkxueQIN(ANL, U. Frankfurt am Main, PKU)
. Jorge SEGOVIA (Salamanca)

. David WILSON (ODQU)

. Lei Chang (U. Adelaige

. lan Cloet(ANL);

. BrunoEFBennich(Sao Paulo);

Craig Roberts: Exposing the valegerrk structure of the pion and nucleon

COLllaporacrors. ZulZ=-rFresent

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

AdnanBASHIRJMichoécar);
Daniele BINOSI (ECT?)

Stan BRODSKY (SLAQO);

Roy HOLT (ANL);

G.Krein(Sao Paulo IFT)
YuxinLIU PKU;

Hervé MOUTARDE (CE2gclay;
JoanniPAPAVASILLIOU.Valencia
Michael RAMSEMUSOLF (UMmhers) ;
Alfredo RAY AU Michoacan);

Jose RODRIGUEZ QINTER®Iuelva)
Sebastian SCHMIDT (IR&J & JARA);
Robert SHROCK (Stony Brook);
Peter TANDY (KSU);

Tony THOMA3J(Adelaidg;
ShaolongVAN USTC;

HongShi ZONG (Nanjing U)

QNP 2015 4 Mar. 2015 (60pp)



Key Questions

U What I1s confinement?
U Where Is the mass of the nucleon?
U Where Is the nucleon's magnetic moment?

U What is the nucleon?

U What is ahadrorf?

i X Examples of
Emergent Phenomena in QCD,
the strong-interaction sector of

Roberts: Exposing the valenerrk structure of the pion and nucleon
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Significant Progress

0 Novel understanding of glucamd quark
confinement and its consequences
IS emerging from quantum field theory gzt

U Arriving at a clear picture of how hadron masses emerge
dynamically in a universe with light quarks

Dynamical Chiral Symmetry Breaking (DCSB)

U Realistic computations of grourstate hadronwave
functions with a direct connection to QCD are now available

U Quarkquark correlations are crucial in hadron structure

U Accumulating empirical evidence in support of this
prediction

Craig Roberts: Exposing the valeqggrk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Dynamical Chiral
Symmetry Breaking

e

S

U DCSB is a fact (CD e

Rapid acquisition of mass is
Jeffect of gluon cloud

_—
-
-

¢ Dynamical not spontaneous |

wAdd nothing toQCD ,
No Higgs field, nothing!

Effect achieved purely through-
guark+gluordynamics. ‘

cLUQa UKS Yzauo”
mass generating mechanism
for visible matter in the Universe.
wvSalLl2yarotsS FT2NI Fdyz 27
wl—llggs mechanlsm iIalnos) irrelevant to lightquarks.
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— m = 0 (Chiral limit)
- m = 30 MeV
- m =70 MeV

M(p) [GeV]
o
N
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Nonperturbative comparison of QCD effective

h A.C. Aguilar, i | J.P ii d J.
RodrigueaQuintero, Phys. Rev. D8O (2009) 085018 Gluons, too,
have a gap equation
u.,lq 5‘4 ’

A;I/l (q) ——— VN VY +- wvxge Q\/\»_H VWMJr '\fva CNV‘ +— WM +_W Q/W
L»w (b) ZL\,‘N W Ol

K (a) (c) (d) () j

Y [T, (q) = Puv(9)11(q)

H/M/(Q) "

Puu(q) = 9uv — 9uv/4q
U Pinchl SOKY AljdzS b o6 O] ANRdzyR FASE
diagrammatic summations in the sahergyc [ . , ensures that
subclustersare individually transverse and gludomop and ghost
loop contributions are separately transverse
ua{¢La b 2D¢La
U Enables systematic analysis and evaluation of truncations and
straightforward comparison of results with thoselQICD

Craig Roberts: Exposing the valewgerurk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)



Bridging a gap between continuu@CD andb initio

predictions of hadron observablés,Binosj L. Chang,

J.PapavassiligiC.D. RobertsrXiv:1412.4782nuckth], RG I
PhysLett. B742 (2015) 18388 _ ]
U Input to the DSE analysis Running Interaction

=1QCDresult for the ghost
dressing function at a given
renormalisationscaley

i Solve ghost gap equatioffts(®) = 2.77

~ 097, mf,(O) = (0.46 GeV)*
selfconsistently such that 1 -

.m.m.w.ﬂ,;,,,,  r-4.3GeV, a(t3)=0.22 ——
h 6 YeproducedQCDresult 12 | (=3.0GaV. alt )-030 -

U Gluonghost vertex in ghost 1} T e
gap equation is computed . | \
from its own DSE in the : \
one-loop dressed .0
approximation. —

0 Continuumand latticeQCD | RRRO ' fMRBTY ' 0
solutions agree on solution ; | | N )
for the gluon self energy 0001 0D R 10 100

Craig Roberts: Exposing the valemgmrk structure of the pion and nucleon ONP 2015 4 Mlar_l 2015 (60pp)


http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en

Bridging a gap between continuu@CD andb initio
predictions of hadron observablés,Binosj L. Chang,
J.PapavassiligiC.D. RobertsrXiv:1412.4782nuckth],
PhysLett B742 (2015) 18388

U Running gluon mass

a($)

U Gluons areannibals
C a particle species
whose members
become massive by
eating each other!

—

L
O

™

o o
—
~_n

=

Interaction model for the gap equatio8;x.Qin
L.Chang¥-x.Liy C.D.Robertand D. J. Wilson,
arXiv:1108.0603nuckth], Phys. Rev. 84 (2011)
042202(R) [5 pages]
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In QCD: Gluons also

become massive!

4
2 2y = mg‘
mg( ) = 2 2

mg+k

0.20}
= 0.1s)
010}

.05}

T
B
-

L]
L
- 0
i
i
i
L

000t

) perturbation theory

Gluon massquared functio

Powerlaw suppressed in
ultraviolet, so invisible in

‘r‘h
= -
-----
- -
---------------

K2 Gev?|
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Massive Gauge Bosons!

- ? INSIGHT
0 Gauge boson cannibalism |

X | yS¢g LKeéaAroa FNRBRYIASN X
0 Asymptotic freedom means
X dzf (0 N@havio@df GAD is controllable

U Dynamically generated masses for gluons and quarks means
that QCD dynamically generatgs owninfrared cutoffs
¢ Gluons and quarks with
wavelengthx kKl @&Ra + m FTY
RSO2dzLJ S T NP Y Canfia@nem®®B y I YA Oa
U How does that affect observables?

¢ It will have an impact in Electron lon Collider:
any continuum study The Next QCD Frontier
¢ Must play a role in gluon saturation ...

Ly FI OGY LISNKIF LA AGQa | KI ND,;

Craig Roberts: osing the valewcrrk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Bridging a gap between continuurQCD

& abinitio predictions of hadron observablesTop down & Bottom up

D.Binosi(ltaly), L. Chang (Australia)Papavassilio(Spain),

C. D. Roberts (USXiv:1412.4782uckth] , PhysLett B742(2015) 183

U0 Topdown approaclkt abinitio
computation of the interaction via
direct analysis of the gauggector ga|
equations

Bottomup scheme infer interaction
by fitting data within a weldefined &>

=2

5

truncation of the matter sector DSE:S ,

that are relevant to boundtate
properties.

Serendipitous collaboration, concei
at oneweek ECT* Workshop ®@5Es
In Mathematics and Physiclsas
united these two approaches

&’
.
J
o
'
- a
.
a
.
.
]

Modern kernels and
interaction,developed at
ANL and Peking U.

One parameter, fitted to DB
ground-state properties SDE ===
without reference to gauge

sector studies.

Modern top-down and
bottom-up results agree
within 3% !

2.5

¢ Interaction predicted by modern analyses of QCD's gauge sector coincides \
that required to describe grourstate observables using the sophisticated matte

sector ANIPKU DSE truncation

Craig Roberts: Exposing the valegerrk structure of the pion and nucleon

QNP2015- 4 Mar. 2015 (60pp)
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Bridging a gap between continuur@CD

& abinitio predictions of hadron observablesTop down & Bottom up

D.Binosi(ltaly), L. Chang (Australia)Papavassilio¢Spain),
C. D. Roberts (USXiv:1412.4782uckth] , PhysLett B742(2015) 183

0

v

Modern kernels and

Topdown approactt abinitio interaction,developed at
computation of the interaction via s —ANLandPekingl.
direct analysis of the gauggector gaj | ggiﬁiﬁ;;fgfgggﬁf’ef D —
equations 4r without refe_rence to gauge 7
Bottomup scheme infer interaction | [ o e and

by fitting agree
truncatio

that are 1 = L

roperie 0AFAMeter-free prediction

Serendip i

>eendh - of hadron properties

In Mathematics and Physicisas 2 [Gevz];
united these two approaches

¢ Interaction predicted by modern analyses of QCD's gauge sector coincides \
that required to describe grourstate observables using the sophisticated matte
sector ANIPKU DSE truncation

Craig Roberts: Exposing the valeqerrk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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what is
Confinement/
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L.,.J
Confinement is

dvnamical!
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Craig Roberts: Exposing the valeqemrk structure of the pion and nucleon
QNP 20154 Mar. 2015 (60pp)

0 QFT Paradigm: Confinement
¢ Confinement is expressed througlidematic
change in the analytic structure of propagators
for colouredstates
¢ It can be read from a plot of the dressed
propagator for acolouredstate Confined particle

Normal particle ____ Propagation described by rapidly —— [

s.-q__\'
-
-

I__t;r; lex P 3
SO g

=4 : :
Realaxis masgole splits, =9
=2 moving into pair(s) of complex conjugat_e2 singularities, (or qualitatively

A ahalogous structureshracterisedyy a dynamically generated massale)
15



Electron lon Collider:

The Next QCD Frontier KOUIBIRKEBRIZA G RiFai=leR

y : 'y 9L/ gArftf SylrofS dqob
u A quark beglns 0 _ to fragmentation and insight into reatorld
propagate inspacetime confinement meson

U . dZL] I -F L] S N\] S | é K d "‘J’“'SE‘U‘!"‘ angson
length ", on average, an |

_ . 5 5~ Mmeson
interaction occurs, so Z i,
that the quarklosesits «;og-,wo' Baryon
identity, sharing it with - -

; meson

other partons

U Finally, a cloud of
partonsis produced,
which coalesces into

Reatworld confinements
a dynamical phenomenon,
surrounded by mystery!

Craig Roberts: Exposing the valewgerurk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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AaAnNAailvsSes 1N concinuum uc v
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Maris, Roberts and Tandy
nuckth/9707003 Phys.LettB420(1998) 267273

P 1 o 1oldberger
Ut A 2Bé@eSalpeteramplitude - Treiman relation
Solution of the Beth&alpeterequation
[ e P] = 5 [iEW(k;P)qLﬂ/-PFW(A:;P)
+ 7k k- P Gr(k P) + 0y kP Hy (K P)|
1
iv-pA(P?) + B(p?

U Dressedquark propagator S(p) =

U AxialvectorWardTakahashi identity entails
frEBr(k; P =0) = B(lK)

Owing to DCSB Miracle: two body problem solved,
& Exact in almost completely, once solution of
ChiralQCD
one body problem IS known
Craig Roberts: Exposing the valewcerk structure o theplon and nucleon . QNp 20154 Mar. 2015 (60pp)
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f. E.(p°) = B(p?)

ad
'\
L \__
A .
&

1he most fundamental

expression of Goldstone’s
Theorem and DCSB




B(p?) Enigma of mass

INSIGHT

‘|I
S~

fu Exlp?)

This identity is why the pias
masslessn the chiral limit ’
U The quark level Goldbergdireimanrelation shows that DCSB has a
very deep and far reaching impact on physics within the strong
Interaction sector of the Standard Model; viz.,
Goldstone's theorem is fundamentally an expression of equivalence

between the onebody problem and the twdpody problem in the
pseudoscalachannel.

U Thisemphasiseshat Goldstone's theorem haspintwise
expression in QCD

U Hencepionproperties are an almost direct measure of
the dressedguark mass function.

U Thus, enigmatically, the properties of theasslespion
are the cleanest expression of the mechanism that is
responsible for almost all the visible mass in the univers

Craig Roberts: Exposing the valemgerk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Imaging dynamicathiralsymmetry breakingpionwave function
on the light frontLei Chang, et alarXiv:1301.0324nuckth],

PhysRevLett 110(2013) 132001 (2013) [5 pages] Pl o nmace_quark
Distribution Amplitude

U Last two years, methods have been developed that enable direct
computation of meson lightront wave functions

U . -(X)= twisttwo partondistribution amplitude = projection of the
LIA 2BbMcarécovariant wavedunction onto the lighifront

pr(z) = Zztrcmf (i’; o(n -k —an- P)ysy -nS(k)x(k; P)S(k — P)

U Results have been obtained with rainbéadder DSE kernel,

simplest symmetry preserving form; and the best D@®Boved
kernel that is currently available, which precisely matches gauge

sector prediction
X' (1-x)', withh 0.5

Craig Roberts: Exposing the valemgerk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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P 1 o wabtence-quark
Distribution Amplitude

Imaging dynamicathiralsymmetry breakingpionwave function
on the light frontLei Chang, et alayXiv:1301.0324njuckth],
PhysRevlLett 110(2013) 132001 (2013) [5 pages]

U ContinuumQCD prediction:

marked broadening of - (x), which owes to DCSB

1.5}

*'--I-lq‘_-

DB\‘,.\; ~-***“‘KAsymptotic
_ 10} ”\ y
Z \
o Y
ooy # Real-world PDAg s
i T are Squat ana fat
R INSIGH T 00 025 050 075 1.0
X
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Distribution amplitudes of light

guark mesons from lattice QCD,

J. Segoviaet al, arxiv:1311.1390 Lattice -Q CD & Pl on éqsarkv a

[nuckth] , PhysLett B731(2014)

pp. 1318 Distribution Amplitude

U Isolated dotted curve =
conformal QCD

U Green curve & band
result inferred from the

single pion moment 3 1.0l
computed in latticeQCD 2
U Blue dashed curve =DSIZ | /'~
prediction obtained with € | f -
DB kernel |
i Precise agreement 0.0k - - ' -
between DSE prediction 0 029 0.50 0.75 1.0
& informed analysis of .
IQCDresult
Craig Roberts: Exposing the valegeark structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Explanation and Prediction of Observables using Continuum

Strong QCDan CCloétand Craig D. RobertsgXiv:1310.2651 When |S
[nuckth], Prog Part.Nucl Phys77(2014) pp. £69 [on-line]

asymptotic PDA valid?

U PDA Is a wave function

\ not directly observable Basic features of the pion valengaark distribution
: function,L. Chang et alRhys.Lett. B 737 (2014) pp. 229
but PDF is

U . -3Yx) can only be a good
approximation to the 04}
pion'sPDA when it is %
accurate to write >

- 14 — r 31'[) :
u, O E U(X) F;;OQZ"
ki [ 4 |— . — - lllustrative model X+X=0.40

0.1 ,’ <  E615 =N Drell-Yan (rescaled)

~~~~~~ Aicher et al.
-------- Nguyen et al.

N IR RN R EE R
QP=27Ge\? L
This is not (x)!

lllustrative model x s+xg=0.34

for the pion'svalence e
guark distribution

function. 0'80' '.".".'OT';?“‘f“‘.’- e
U This is far from valid at ' ' X ' '

currently accessible scales

Craig Roberts: Exposing the valeqgark siucture of the pion and nucleon ONP 20154 Viar. 2015 (60pp)
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Explanation and Prediction of Observables using Continuum

Strong QCDan CCloétand Craig D. RobertsgXiv:1310.2651 When |S
[nuckth], Prog Part.Nucl Phys77(2014) pp. £69 [on-line]

asymptotic PDA valid?

U When isasymptopiareached?

: BBy 0.25F
u Ifu, o“E U(x),fher! - 205 <_JLathev
f E Bgldxxug (x) =0; 20 LHC16TeV i
i.e., the lightfront A 045 :

momentumfraction carried V g1gf Evolutionin QCD ISOGARITHMIC
by valenceguarks is ZERO -

3
i1 1 1

\  Asymptopiais reached 0'055 B INSIGHT g !
when<x>h & aavYlrh %% ¢ &
U As usual, the computed Log[¢]
valencequark distribution U NLO evolution of PDF, computation of <x
produces { =u+d,,) i Even at LHC energies, lighant fraction of
2<X>3c0~ 44% the ™ momentum:
U When is<x>small? <XZressed valencquarks_zj-%
_ _ _ <X>g|ue_ 54/0 <X$.>a uarks ~ 25%
Craig Roberts: Exposing the valengark sructure of the pion and nucleon QONP2015- 4 Mar 201,600
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: N
Lepage& Brodsky, Phys.ett. B87 (1979) 359365;

Phys. Rev. P2 (1980) 21572198.
Efremov& RadyushkinPhysLett. B94 (1980) 245250 PDAS &

Hard Exclusive Processes

U Inthe theory of strong interactions, the cressctions for many
hardexclusivenadronicreactions can be expressed in terms of the
PDAs of the hadrons involved

U Examplepseudoscalameson elastic electromagnetic form factor
2.2

Q
3Qo > Aqep | Q2Fp(Q?) & 16mas(Q?) fEur?.
1

Wy = ! f dx 1@%4), It was promise_d tha.t
3SX JLabwould verify this
fundamental
] . . .
0 h4@)is the strong running coupling, orediction

o.-(WAa GKS Y SwoaleraquaikPDA
o fpis the meson'septonicdecay constant

Craig Roberts: Exposing the valeqggrk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Pion electromagnetic
form factor

0.4f 4-[
U In2001¢ seven years after —~ |
beginning operations, r\é’, : j‘ JLalData
Jefferson Lab provided the % 02l"
first high precisiompion I

Result imagined by many]
to be QCD prediction i

.-
t o vemanm
P e e w thamaeeme

electroproductiondata for : Evaluated with - = 6X(%x) |

F between@? values 0f0.6 Ol s = & o & & & o

and1.6 (GeVc)2. 0 5 10 15 20
@ (GeV’)

U 2006 & 200% new result, atQ?=2.45(GeVc)?

U! dziK2NB 27F OKS dtiba fromdhe iakstighd & G |
to the @’ region where thepionlooks like a simple quark
antiquarkLJlF A NE

U disappointmentand surprise

Craig Roberts: Exposing the valewgerurk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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Pion electromagnetic
form factor -7

 d
 d

U Year ZOOQ)redicti?)nfor
F(Q)

ke
. u
¢ P.Maris& P.C. Tandy S
Phys.RevC62 (2000)
055204

Ut NRBOof SY X-foded SR
O2Y LIzl GA2Y I €
unable to compute for
Q>4GeV

i j‘ JLatDatg—
B : Result imagined by many]

Factor of three
discrepancy

|
0

e
|
'

m.'“]l o §

to be QCD prediction

. .-
- -y
TS A st -
.- “ -

Evaluated with - =6x(1-x) ]

1 1

14

Y96 KR

< 10 15
Q (GeV’)

U Shape of prediction suggested to many that one miggtersee
parton model scaling and QCD scaling violations
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New Algorithm
New Insiehts
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Pion electromagnetic form factor
i Solutiong Part 1 I~ s

¢ Compare data with the 0.4-‘ {1 ” Tmemenies
real QCD prediction; i.e. ~_  [9*¢ ¢ ¢¢¢ ey
the result calculated using né% : ? Real QCD predictianobtained
the broadpion PDA L 0217 withReslitieagimedicy rﬁ%—
o st I to be QCD prediction

predicted by modern g

analyses of continuum Evaluated with - = 6x(1x) ]

QCD 0 o 1 1 1 1 1 1 1 1
0 5 10 15 20
2
@ (GeV*)
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Pion electromagnetic form factor Agreement within 15%

U Solutiong Partl g maximun\
sl o o \7

¢ Compare data with the 04 . e
real QCD prediction; I.e. o B AREER (9 AR -
Q P ke Real QCD predictionobtained
with realistic, computed PDA 1

the result calculated using = |
the broadpion PDA L5 ol
predicted by modern © - 2
analyses of continuum : .

QCD 0: 1 1 1 L 1 1 1 |
U Solutionc Part?2 0 5 10 15 20
¢ Algorithm used to @ (Gevz)

compute the PDA can also (1 Predictions:
be employed to compute

F () directly, to U JLabwill see maximum
arbitrarily largeQ? U Experiments to 8Ge\will see
partonmodel scaling and QCL
Pionelectromagnetic form factor atpacelikenomenta scalingviolations for thefirst

L. Chang, I. Cloét C. D. Roberts, S. M. Schmidt and P. C. Tanrgrl%/, .
arXiv:1307.0026nuckth], Phys. Reett 111, 141802 (2013) tIme in ahadronform factor
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Implications

I Verify the theory ofactorisationin hard exclusive processes,
with dominance of hard contributions to th@on form factor
for @>>8Ge V..

I Notwithstanding thatnormalisationof F (@) is fixed by a
pion wave-function whose dilation with respect to
, -3 (X)=6x(1x)Is a definitive signature of DCSB

¢ Empirical measurement of the strength of DCSB in the
Standard Modek the origin of visible mass

I Paves the way for a dramatic reassessment of pictures of
proton & neutron structure, which is already well underway

Craig Roberts: Exposing the valewgerurk structure of the pion and nucleon QNP 2015 4 Mar. 2015 (60pp)
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GPDsounify & extend

0 GPDs unify PDFs and elastic form factors, and extend both
INnto a new domain

Retuming to the definition in Eq.(2), it is plain that if one
considers the forward limit: £ = 0, ¢ = 0, then x i1s Bjorken- x
and the GPD reduces to a PDF: viz.,

, - gx), x=10
H;{_u}.m_{ G-, x<0 ° (5)

Mormreover, irrespective of the value of & the electromagnetic
pion form factor may be computed as

l
F.(A%) = f dxle, H.(x, & —A") + e HYL (x,E,-AD)]  (6)
-1

=t e, F" (A7) + eqFL (A7) = FL.(A), (7)

where ¢, 4 are the quark electric charges in units of the positron
charge and we have used Eq. (3) to show F i{ff} = —F", (A%,
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GPDs & TMDs

U Principal problem with phenomenology
¢ If one wishes to use measured GPDs as a means by which to
validate our basic perception of strong interactions in the
Standard Model, then data fitting is inadequate.
U Instead, it is necessary tmmputeGPDs using a framework
that possesses a direct connection with QCD.

U This observation is highlighted by experience drawn from the

simpler case of the pion's valengeiark PDFL. Chanegt al,
Physlett. B 737 (2014) pp. 229)

¢ Databased phenomenology contradicted QCD predictions

¢ Many claimed QCD was challenged
¢ Until nonperturbativecontinuumv / 5 LINBRA OU A 2 y ¢

¢ DatareanalysedX y2¢g (UKS t5C Aa assSy
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Sketching the pion's valencgiarkgeneralisegarton distribution,
C.Mezraget al.,, arXiv14116634[nuckth], PLB741(2015 pp.190c196

U GPD in impact parameter
space:

S dIA, | 5
0 (X |b.)) = f > —|AL [ Jo(bL AL DH(x,0, —A%)

T

U A true quantum mechanics
RSyaArAage X .
X RSaONAROGSa 0
of finding a parton within
the lightfront at a
transverse positionbpe,|
from the hadron'scentre of &
transverse momentum

(CoTNV
0/ 2YLMzi SR NI A& dzf
X y20 | 3dzSaa
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Sketching the pion's valencgiarkgeneralisegarton distribution,
C.Mezraget al.,arXiv:1411.6634nuckth], PLB 741 (2015) pp. 10106

Pion valence
-quark GPD

U GPD in impact parameter space:

S dIA, | 5
0 (X |b.)) = f > —|AL [ Jo(bL AL DH(x,0, —A%)

T 0.

U Peaked atx,™, |bper|=0) X Electron lon Collider: &
peak becomes sharper as The Next QCD Frontier [HEEEEES
resolving scale, increases SO o s

U Broad af b, | =0, becomes
even broader asincreases

UblNNRogAY3I | a
Ay ONB IxApy/aT v Yt 5k
6302Y8a SOSy yIgNgkD
0§ KSNBE Ol yatonso S Y
carrying ¢ 1; i.e., all the
K I R NRjhf-foat momentum
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A

DArvon pouna=>iates
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P Baryon Structure
- /
’ INSIGHT

U P0|ncarecovarlantFaddee\equatlonsums all possible
exchanges and interactions that can take place between thre

dressedquarks
U Confinement and DCSB are readily expressed

U Prediction strongdiquarkcorrelations exist within baryons as
a dynamical consequence of DCSBdD

¢ The same mechanism that produces an alnmoasslespion from
two dynamicallymassive quarks forces a strong correlation
between two quarks icolourantitriplet channels within a baryon

U Diquarkcorrelations are nopointlike
¢ Typicallyyy,~r & ry,~r (actually 10% larger)
¢ They have soft form factors
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P Baryon Structure

MBa INSIGHT

“acovariantFaddeewequationsums all possible

: /I/l/
C/eo % ~nd interactions that can take place between thre

ey, Yo

U Con..t/Ono l/e/i/,, " are readily expressed

U Prediction ~f/71/c/ Q'/b,} ~tions exist within baryons as
| eoo Co,) e
anisn, '0/'0 6@ ~agslespion from

nassive quk'oe,. ) CO/C -relation
Arks iolour-antiu ., /Qy 7

. QO haryon
/
s are nopointlike So o
- 0 ss/.é
& ry,.~r (actually 10% lary. /e
sun form factors
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I.C.Cloét C.D. Roberts, AW. ThomRgvealing dresseguarks via

the proton's charge distribution,

arXiv:1304.0855nuckth], Phys. Re.ett 111(2013) 101803 VI Sl b I e I m paCtS

M(p) (GeV)

Hp GE}J//GAI]J

0.4

0.3

0.2

0.1

1.0 -
0.8 —
0.6 —
0.4 —

0.2 -

—0.2 -

— = 2.0)

1]

4

D W 00
1 1 1

-----

Q* (GeV?)
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| S(p) =

= of DCSB

Apparently small changes in M(p)
within the domain 1<pgGe\j<3
KIgS Aa0NART1TAYy3I ST
electric form factor

The possible existence and location
the zero is determined blgehaviour
of PRP(Q}),LIN2 1 2y Q& t |
Like theLJA 2BDRG@F.P(Q?)
measures the rate at which dressed
guarks becomearton-like:

V EP=0for bare quarkpartons

V ThereforeGPOl y QU 0 S

the barepartondomain
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I.C.Cloét C.D. Roberts, AW. ThomRgvealing dresseguarks via

the proton's charge distribution,

arXiv:1304.0855nuckth], Phys. Re.ett 111(2013) 101803 VI Sl b I e I m paCtS

M(p) (GeV)

Hp GE}J//GJJP
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1% Follows that the

v’ possible existence

v and location
of a zero in the ratio of proton elastic
form factors

[1,Gn(Q)/ G Q)]

are a direct measure of the nature of
the quark-quark interaction in the
Standard Model.

H -
: L s -
. - =

1 i 1 i 1 i 1 i »-"'_- . &\
2]

2 « 6 s 10 INSIGHT

Q? (GeV?)
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J. Segovia, I.Cloét C.D. Roberts, S.M. Schmidt:
Nucleon andgh Elastic and Transition Form Factors

arXiv:1408.2919njuckth], Few Body Sysb5 (2014) 1185dn-line] E I eC'[I‘i C C h arg e

U Proton: if one accelerates the
rate at which the dressequark
sheds its cloud of gluons to
become gparton, then zero in
G,,is pushed to large@”

U Opposite for neutron!
U Explained by presence of

U These featuregntail that at
xF p 0UKS Sf SO
of the neutral neutron will
become larger than that of
the unit-charge proton!

U JLali2 will probe this

. . rediction
diguarkcorrelations P
Leads tdPredictionneutron:proton
G Q) >G(Q) at F>4Ge¥
zw | s, .
n | W |
= . P .
=
4 6 8 10 12
2
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Flavor separation of proton form factors

Y
— Q —
Q4F2CI/k i u quark . .
o . "
% i ¢” i
0.1 o -
s ° =
- P d quark x 0.75 -
Cates, de Jager, ER 5
Riordan, WOjtsekhOWSki ’ -::::,::::,::::l::::,::::,::::.::::.::::-
PRL 106 (2011) 252003 ol .
i u quark B :
L [ . :
-1 - o -
C 05— o B —
- 3 ; $ { -
Q*Fy1 i * o
o
[ 5 ¥ d quark x 2.5 i
oo PR VA LY WEY Wl T At a d s s s a1 s s o a1 s s a2l A
05 10 15 2.0 25 30 35 40
Q? [GeV?

U Very different behavior for u & d quarks
Means apparent scaling in proton F2/F 1 is purely accidental
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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) quual’k COrl’e|atIOnS'

045205

U PoincarécovariantFaddeewvequation

¢ Predicts scalar and axdagctor
diguarks

U Proton's singhiyrepresentedd-quark

more likely to be struck in associati
with 1* diquarkthan with O*

¢ form factor contributions involving
1* diquarkare softer

U Doublyrepresentedu-gquark is predominantly linked with harder
O* diquarkcontributions

U Interference produces zero in Dirac form factordedquark in proton

¢ Location of the zero depends on the relative probability of finding
1* & 0" diquarksin proton
¢ Correlated, e.g., with valencé/u ratio at x=1
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J. Segovia, I.Cloét C.D. Roberts, S.M. Schmidt:

Nucleon andgh Elastic and Transition Form Factors

arXiv:1408.2919nuckth], Few Body SysB5(2014) 1185dn-lin€] D | q § ark corre | atl ons

U u-quark = solid 2 OF ]
U d-quark = dashed
) q_ 2 Complete 0& 1" |
u Plainly, w .
C presence of axial X 10¢f ™ 3
vectordiquarkis -GU:S '&"“*-.---m-..__.
crucial to agreement « . Jie—— Y N
with data and is the ™ .‘.___T__*'*n-—.%‘l”'L
. . . -__——ﬁ
origin of zero in P 0.0 C o TTTEmmmmenT
¢ scalardiquarkalone o 1 2 3 4 5 6 7
i : 2,042
w cannot describe dat: x=Q*/Mf;
wdoes not produce a
Zero
J. Segovia et al., in progress
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Nucleon spin structure at very high

Craig D. Roberts, Roy J. Holt and Sebastian M. Schmidt

arxiv:1308.1236nuckth], Phys. Lett. B 727 (2013) pp. 2284 ~@r valence domain
, xel
U Endpoint of the far valence domaingéxl, is especially significant
¢ All familiar PDFs vanish at x=1; but ratios of any two need not
¢ Under DGLAP evolution, the value of such a ratio is invariant.
U Thus, e.qg.,
G limg ryfl(x)/uy(x)
IS unambiguous, scale invariangnperturbativefeature of QCD.

\ keen discriminator between frameworks
that claim to explain nucleon structure.

U Furthermore,Bjorkenx=1corresponds strictly to the situation in
which the invariant mass of theadronicfinal state is precisely that
of the target; viz., elastic scattering.

\ Stucture functions inferred experimentally o 1
are determined theoretically by target's elastic form factors.
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|.C.Cloét C.D. Robert®t al.

arXiv:0812.0416nuckth], Few Body Syst. 46 (200986
D. J. Wilson, |. Cloét L. Chang and C. D. Roberts Neutron StrUCture

arXiv:1112.2212nuckth], Phys. Rev.&5(2012) 025205 [21 pagesFynction at h|gh -X
. . . . 4F£“(I] 1
U Valencequark distributions ak=1 dv(x) where D) _ TH®
¢ Fixed point under DGLAP evolutic “v(¥) =1y uy(X) 4 — B
¢ Strong discriminator between theories
i Algebraic formula Mea;ures relative strength
of axialvector/scalar
dy(x) Plp’d %Plp’a + %Plp’m /diquarksin proton
() [y PP PP+ %Plp’a + %Plp’m
P,P-s= contribution to the proton's charge arising from diagrams
with a scaladiquarkcomponent in both the initial and final

state
¢ P,P2= kindred axialectordiquarkcontribution

¢ P,P™M= contribution to the proton's charge arising from diagrams
with a differentdiqguarkcomponent in the initial and final state.

N
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Neutron Structure

Function at high -x
x>0.9

| | | L | | | Il L

Deep inelastic scattering ]
i the Nobel-prize winning -
guark-discovery experiments-
Reviews: L
U S. Brodsky et al. :
NP B441 (1995) )

i W. Melnitchouk & A.W.Thom:
PL B377 (1996) 11 2 -
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symmetry breaking. Using this foundation, we deduce a collection of simple formulae, expressed in terms
of diquark appearance and mixing probabilities, from which one may compute ratios of longitudinal-
spin-dependent u- and d-quark parton distribution functions on the domain x ~ 1. A comparison with

Editor: A. Ringwald predictions from other approaches plus a consideration of extant and planned experiments shows that
the measurement of nucleon longitudinal spin asymmetries on x 2 1 can add considerably to our capacity
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