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JLab Theory Program

Area 1 - QCD and the structure of hadrons and nuclei
Area 3 - Nuclear structure and reactions
Area 5 - Fundamental symmetries and neutrinos

Hadron spectroscopy

- LQCD: Edwards, Dudek,
Orginos, Richards

Hadron spectroscopy

- JPAC: Doring, Passimar,
Szczepaniak

Nuclear structure &

Low energy EFTs:
Goity, Melnitchouk, Schiavilla,
Van Orden, Weiss

cms’@

O Support JLab12 with six coherent thrusts:

Gu\®

0 Research with high performance computing:

1 Focus on 3 of the 5 Research Areas identified in 2015 NSAC LRP Document:

3D hadron structure
- LQCD: Edwards,

Orginos, Richards, Shanahan

3D hadron structure

— Global analyses:
Accardi, Melnitchouk,
Prokudin, Rogers

3D hadron structure

- QCD & EFTs: Accardi,

Balitsky, Melnitchouk,
Prokudin, Qiu, Radyushkin,
Rogers, Weiss

Lattice QCD, SciDAC4, Exascale computing, software supporting experiments, ...




Hadron spectroscopy - LQCD

d Focus on GlueX & CLAS12 @ JLab & COMPASS, BES, & LHCb

(JLab’s Pioneering Work!) .
Predicted
Light quark meson + “exotics” & “hybrids” spectrum
- . O - - =
2,500 - _ - _
O o _ —_
- - Exotics
2,000 - “ m -
s - —
g —
% 1,500 = Explored at
i 1.000 GLE% @
| - e CLAS12+
or_ l ] 1 | Recognized by
+ 1= 2 3 NATURE | REVIEW 0+ 1++ 2%+ 3++ g+ 3= | -+ o DF

Feature review

Searching for the rules that govern
hadron construction

Matthew R. Shepherd, Jozef J. Dudek & Ryan E. Mitchell

Nature 534, 487-493 (23 June 2016) | doi:10.1038/nature18011



Hadron spectroscopy - LQCD

U New development:

(Solving old mysteries — scalar sector)
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Hadron spectroscopy - LQCD

1 Even newer development:

mt,Kk,nn scattering
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arXiv:1708.06667
[ under review at PRD |

first calculation of coupled
isospin=0 scattering

o as bound state, and
fo(*980’) resonance at KK
threshold
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first systematic exploration
of tetraquark operators in
lattice QCD

meson-meson operators
found to be sufficient in
exotic flavor channels

np scattering
1_"“-\
0 50 100 150 200
0.37 0.38 0.39 0.40 041 arEem

§(*Dy)

(mg+m,) /[ MeV

+
250

0.36

1

5(°S1)

4 S W SR EeNeEe el tEmLE eme I ® o0
- e s em s enE e wimew

arXiv:1802.05580

first explicit calculation using
‘spinning-hadron’ formalism



Hadron spectroscopy - LQCD

1 Even newer development:
Two/ three body systems

First development of formalism for coupled two/three-body scattering
via lattice QCD
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Hadron spectroscopy - LQCD

1 Even newer development: Viewpoint: A Doubly Charming Particle

Two/three body systems Bricefio, Physics 10 (2017) 100
First development of formalism for coupled two/three-body scattering & a,:]o :db:,ya,yo"
via lattice . @ charm quark
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Hadron spectroscopy — JPAC

U Joint Physics Analysis Center:

< Joint efforts between theorists and experimentalists to work together to
make the best use of very precise data taken at JLab and in the world

< Established in 2013 by JLab & Indiana University agreement

< Providing strong supportto CLAS72, GlueX, ... JLab experiments

 Effective Field Theory | Insight on QCD Dynamics

Analyticity+Unitarity
Dispersion Relations
kRegge Theory, Models >

Fundamental parameters
Resonances, new states

(Experimental data
GlueX, CLAS12,JEF,
COMPASS, BES, LHCb

\Lattice

J




Hadron spectroscopy — JPAC

0 Making successful predictions for GlueX:
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Hadron spectroscopy —- JPAC

0 Making successful predictions for GlueX:

.,
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Hadron spectroscopy — JPAC

0 Making successful predictions for GlueX:
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Hadron spectroscopy — JPAC

0 Making successful predictions for GlueX:

Predictions for (0 ,w,®) photoproduction

< Spin Density Matrix Elements: detailed
polarization information — isolation of
exchanges
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0 Making successful predictions for GlueX:
Predictions for (0 ,w,®) photoproduction

Hadron spectroscopy —- JPAC

<> Spin Density Matrix Elements: detailed
polarization information — isolation of

iy

Yp—wp

yp=pp 1§

exchanges
02 VZal | Ré p[l) 1‘ + P(IJ ||l;
BT ool _ %i\

P}1|/1

(1Y S s L GR 3
I e wre— ‘

' ; Re P}U|H
m —
g [ e &
TS
Pools :
Im P%U|l! Im P? e

et
- 2 . A

1
Pialn i;i _
1 et I
ALl 0.2 [lA.-l l)tb 050 02 ILI‘.-I b6 Ox 0D 02 04 0.6 0.8
-t (GeV?) -t (GeV?) -t (GeV?)

et al.

Quasi two-body reactions
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rapidity gap

< Global analysis of world data
< Leading Regge pole theory

< Small number of parameters
< Compatible with data
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Nuclear structure

U Light nuclei spectra from chiral dynamics:

Energy [MeV]
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Hadron structure —JLab12 to EIC

O Form Factors: m m*
H “ 2 1 2
(" |] |7r ﬁ)é _p+p P (@) i i Also for nucleons,
Q* = —q* . and other hadrons
q* = (p2-pv)* <0
0 Landscape of hadrons: ’
kr
Momentum Coordinate
Space Xp — Space
TMDs (3D) Jd?b, [d*k,  GPDs (3D)
Confined / \ Spatial
motion distribution

f(x,kr) f(x,br)

PDFs (1D)
dekT\ fz, p*) A/deb

Probability distributions
O Coherent three-pronged approaches:

Theory, Phenomenology and Lattice QCD - unique strength of JLab



Form factors - LQCD

O Pion EM form factors:

Amendolia et. al.

1.4 } JLAB expt.
JLAB (C J Shultz et. al. Phys.Rev. D91 (2015) no.11, 114501)
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In progress, ... Chakraborty, Richards, ...



Form factors -

O Pion scalar radius:

F7(Q%) = (n" (py)| madd +myiu |7 (i),

LQCD

Q*=-¢"=—(p; — p)*
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V. Gulpers et. al.
Phys.Rev. D89 (2014) no.9, 094503



Form factors - LQCD

O Pion scalar radius:
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Form factors - LQCD

O Strange quark magnetic moment of the nucleon:

(at physical pion mass with domain wall fermions)
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Form factors — Low energy EFTs

d Accurate form factors from chiral EFT:

&
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0s8f
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Developed new ﬁrst—princiEIes method for calculating low-Q2 nucleon form
factors combining chiral EFT and dispersion theory (DIXEFT). Includes T

rescattering in t-channel througth unitaritgl. Alarcon, Hiller Blin, Vicente Vacas, Weiss,
NPA 964, 18 (2017); Alarcon, Weiss PRC 96, 055206 (2017); Alarcon, Weiss arXiv:1710.06430

Controlled accuracy, systematic improvements

Calculated nucleon electromagnetic FFs and transverse densities, scalar FF.
Extending approach to GPDs

Results used in experimental analysis: Low-Q2 electron scattering, proton
radius extraction. Higinbotham et al. 18, Horbatsch et al. 18. JLab12 PRAD experiment



3D hadron structure - LQCD

O PDFs, TMDs, GPDs, ... from Lattice QCD: At
PDFs: o< (Pl (0)U(0,£)w(E) P::'p:u.:}-:u 3
>
Cannot be calculated directly in LQCD! OA £ ‘
New ldea and great potential:
Calculate quasi-PDFs =& Normal PDFs when P, L
0 4

Major challenges:

% Ability to calculate in LQCD TMD collaboration

< Renormalization of quasi-DPFs Ma, Qiu 2014,
: : Phys. Rev. Lett.
<~ Factorization to PDFs 120, 022003 (2018)

J Renormalization:

Complete proof for the renormalization of quasi-DPFs Ishikawa, Ma,
Qiu, Yoshida

~2 e Cilé: IZ IZ lF ~2 Phys. Rev. D96,

Fj (&, 2%, p2) = i/p(&z, A7, Pz) 094019 (2017)

Completely multiplicative - No mix with other flavors or gluon!



3D hadron structure - LQCD

. . Radyushkin, 2017
0 Pseudo-PDFs = generalization of PDFs:

% Definition: &% <0
M (v =p-£,E) = (pl(0)y* @, (0,€,v - A)p(E)p)

—2p0‘/\/l (v, ) £ (p* V)M (v, €%) = 2p° M, (v, €7)
dv

2\ — T ixv T +
<> Interpretation: with &4 = (07,67,0,)
Off-light-cone extension of PDFs: f(z) =Pz, 52 = 0)
1 Quasi-PDFs:
&H=(0,01,&,) No longer Lorentz invariant
dv ... 1
~ 2 . T _ixv z — 2
q(x,,u 7p2> T 27‘(‘ € 2pzM (V ng?w fz)
3 TMDs: at () = 2.15 GeV
fﬂ — <O+7 S_a f.l.)

7P TMDs with a straight
2\ 2 k.- 2\ &—
Pz, =€) = /d kie™ gL]:(xakL) gauge link




3D hadron structure - LQCD

d Pseudo-PDFs:

<~ Lattice calculation with a = 0:

Radyushkin, 2017

M (v =p-£&) = (plv(0)y*®,(0, é" v A)Y(€)|p)
= 2p" My (1,€%) + £ (p* V)M (v, %) = 2p* M, (v, €7)

dv

7)(37752) = Q_GWVMP =p (Vf )/Mp =p o (0, f ) <
n Remove UV!

<> Model quasi-PDFs: with & =1(0,0.,&,)
O First numerical results:
3 T ' ' ' Orginos, et al,
_ \\ NPDEE Uy () — dyy () PRDO6. 004503 (2017)

This work

at Q = 2.15 GeV |

02

04

One-loop matching recently
Completed!

A. Radyushkin, arXiv:1801.02427



3D hadron structure - LQCD

. . ] Ma, Qiu 2014,
O Lattice “cross sections”: Phys. Rev. Lett.

< Go beyond quasi- or pseudo-PDFs 120, 022003 (2018)

<- Any single-hadron matrix elements satisfies: o'n(§27w) P2) = (P|T{0,(£)}|P)

Lattice calculable, reliable continuum limit, pQCD factorizable PDFs
- 5 N dx T . 0 1]
0Lattice<x7Q7PN \/g) NZ ?Cf %7@7&8<M>7P f(x,,u ) O @

T / ~ ]

Key: controllable hard scale! DGLAP-Evolution ‘




3D hadron structure - LQCD

] Lattice “cross sections”:

< Go beyond quasi- or pseudo-PDFs

Ma, Qiu 2014,
Phys. Rev. Lett.
120, 022003 (2018)

<- Any single-hadron matrix elements satisfies: o'n(fQ,w) P2) = (P|T{0,(£)}|P)

Lattice calculable, reliable continuum limit, pQCD factorizable

~ - dz
TLattice(T; Q, P ~ V/s) & Z/ ?Cf
f

1

Key: controllable hard scale!

0 Many choices for the operator:
< Doing experiments on the lattice!

Oj1j2 (’5) 5d31+d32_2 Z Z ]1
jvi(€) = €2y Wﬂl 5% ](5)

Oq(&) = Zq—1(§2)aq(€)fy L ED(E,0) 10, (0)
B(£,0) = Pe9Jo £ACG A

(_

PDFs

2 -
Top . 2 L
ijQQ?OéS(:u)?P f(ajhu ) O[Q2_

~
DGLAP-Evolution ‘

i

dw e 1w

w 4w

0q(w, &%, P?) =fg(z, 1)

Module O( « ) corrections
And HT corrections

—[€]|P| cos(6)



3D Hadron structure — Global analyses

O First global QCD analysis of transversity distribution
— using Monte Carlo methodology with lattice QCD constraints

SIDIS| 11 h 0.4- 1(1)
only [~ 1 ZHl(fav)
0 ——— 0.2 1
_]_4| 0
] —0.2
—2 1(unf)
g e 0 e
0 0.2 0.4 0.6 ¢ 0.2 0.4 0.6 ~
Transversity PDF Collins fragmentation function

BN SIDIS+lattice
- [ ] SIDIS

(@)

isovector
tensor charge

normalized yield
(V) =~

Lin, Melnitchouk, Prokudin, Sato, Shows
PRL (2018, to appear)

o




3D Hadron structure — Global analyses

O First MC global QCD analysis of pion PDFs:

0.6
B valence
0.5} B sca
B clue
~—~ 04 DY model dep.
S DY +LN by
0.3
b DY+LN
8 2|
DY DY +LN
0.1t
0.001 0.01 T, 0.1

DY = «N Drell-Yan

LN = leading neutron

Barry, Sato, Melnitchouk, Ji
(2018, to appear)

—> significant reduction of uncertainties on sea quark and gluon
distributions in the pion with inclusion of HERA leading neutron data

— implications for “TDIS” (Tagged DIS) experiment at JLab

Using Fermilab DY data and HERA leading neutron production data



3D Hadron structure — NNLO

1 SIDIS at JLab:
do
dz, dy di dzdén dB2,

a? y2
1 —~— F; F; 1 FCOS¢h
7,yQ? 2(1_6)( '*‘2 ){ vur +€Fpun +/2e(1 +¢) cosoy, Fiyy;

B

+ £cos(2¢p) FE52 4 A\ \/2(1 — ¢) sin ¢y inll}¢h}
4 Hall B (E12-06-112):

0.06
0.06 - —
- y 5 0.04
0.04 | S |
‘§ 50.02 |- ' _ oy | 0.02 -
o 4%1{ ot
- S - R
0.02 TN v 002}
0.04 | : e 004 | | | , |
0 025 05 075 1 125 15 01 02 03 04 05 06

P, (GeV) y

Sensitive to Boer-Mulders functions & Collins FFs — how does spin influence hadronization?



3D Hadron structure — NNLO

QCD graphs needed for a good
phenomenological description
of SIDIS

Stay tuned ...

Rogers, et al.



3D Hadron structure — NNLO

[ TMD factorization at 15t power correction level:
do ;

W - Z/dsze (q’b)lDf/A(xA,bJ_a U)Df/B(XB,bJ_,n)a(ﬁ — H)
f

+ power corrections + Y — terms

Rapidity factorization: ) p=aps+ BPp+pL

“Projectile” fields : || < o,

“Central”fields

“Target™fields : |a| < o}

We integrate over “central” fields in the background of projectile and
target fields.

Kinematical region is s = (pa + pp)* > m% > ¢4

Stay tuned ... Balitsky, et al.



neutron X
pole
d
1
\/’
t =(p, -ps)?

Impulse approximation

Hadron structure - EIC

FSI

Final-state interactions

Free neutron

08 r

06 r

04 ¢

Deuteron spectral function / (pole Factor)

€— Kinemat. limit

N .

IA
IA + FSI

-~
-.-
-
---.

A

0

0.1 0.2

> >
Neutron virtuality M, -1 [GeV7)

Developed theoretical framework for DIS
on deuteron with spectator nucleon tagging
atEIC,e+d->¢e” +p+ X

Strikman, Weiss arXiv:1706.02244

Calculated final-state interactions in new
approach based on space-time picture

of hadron formation in DIS. Appropriate for
EIC kinematics.

Extension to polarized deuteron DIS and

small-x diffractive scattering in progress
Strikman, Weiss, Cosyn, Sargsian

Enables precise measurements of neutron

structure with EIC: On-shell extrapolation
EIC simulations performed in 2014/15 LDRD
project, Pl Weiss, https://www.jlab.org/theory/tag/

Weiss et al



Nuclear and hadron structure + machine learning

Hadron Structure

¢ Gluon structure of hadrons and
nuclei and predictions for EIC

®  Gluon generalised form factors
[PRD 95, 114515 (2017)]

Proton-proton fusion and tritium B-decay
[PRL 119,062002 (2017)]

Machine Learning

Double B-decay
[PRL 119,062003 (2017), Synopsis: Strong Force Calculations for ¢ First application of machine
PRD 96, 054505 (2017)] Weak Force Reactions

learning to accelerate numerical

|||||||||

studies of SM

Baryon-baryon interactions

[PRD 96, 114510 (2017)]

@  Machine learming action parameters in lattice quantum
chromodynamics

Gluon structure of light nuclei
[arXiv:1801.05784 ]

[PRD 96,094512 (2017)]

Nuclear modification of scalar, axial tensor charges
[arXiv:1712.03221]

P. Shanahan et al.



Summary and outlook

Theory Center Mission:

O Help motivate, promote, stimulate, support and contribute
to the JLab12 program

0 Support with leadership to the national nuclear theory
research effort
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