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OUTLINE

« JLab 12 GeV science program and the role of all Halls

* How the JLab Theory Center can contribute

— Spectroscopy
— Hadron structure and properties
— QCD and nuclei

— Standard Model and beyond

e Summary
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12 GeV CEBAF Upgrade Project is Complete,
On-time and On-Budget!

New Hall

_ ( Upgrade arc magnets
L and supplies

Add 5

\20 cryomodules

Add arc
_/:-- Add 5 1
cryomodules ! ,
[~

{ Enhanced capabilities
in existing Halls

———
-——
-
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Approval
é/ Based on the information presented above and at this review, Critical Decision 4, Approve
Project Completion, is approved.

§ Dbl ann
Dr. J. Stephen Binkley Date
Deputy Director for Science Programs

Office of Science
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12 GeV CEBAF Upgrade CD-4B (CD-4) ESAAB Approval

Project Completion Approved September 27, 2017
All four Halls are in physics operations
JLab 12 GeV Science Era is Here!
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Future Projects

(J MOLLER experiment:
(Possible MIE — FY19-23)

— Precision Standard Model Test

— DOE science review (Sept. 2014) — strong endorsement

— Director’s Cost, Schedule and Technical review held Dec. 2016

— CD-0 approved, Dec. 2016 '
(project paused due to budget)

— Awaiting green light to proceed

] SoLlID:
— Large acceptance, high lumi
— SIDIS and PVDIS
— CLEO Solenoid v
— International collaboration
— Director’s review (Feb. 2015)
- new pre-CDR complete
— Awaiting science review from ONP

4 .ge/ff./egon Lab



Advantage of Lepton-Hadron Facility

O Lepton-lepton collisions:

Hadrons

<> No hadron in the initial-state
<> Hadrons are emerged from energy
<> Not ideal for studying hadron structure

J Hadron-hadron collisions:

. <> Hadron structure — motion of quarks, ...

pb" < Er.n.ergence of hadrons, ... N
< Initial hadrons broken — collision effect, ...

Hadrons

d Lepton-hadron collisions:

Hard collision without breaking the initial-state hadron — spatial imaging, ...

5 .ge/ffe'r:son Lab



Advantage of Lepton-Hadron Facility

O Lepton-hadron collisions:
Q2 —->Measure of resolution

e(ku/)
e k) ; \ Y = Measure of inelasticity
] " X - Measure of momentum fraction
Y (q,
of the struck quark in a proton
> / 2 —
P (p,) * e Q S X y

Inclusive events: e+p/A 2> e'+X
Detect only the scattered lepton in the detector

(Modern Rutherford experiment!)

Semi-Inclusive events: e+p/A =2 e’+h(m,K,p,jet)+X

Detect the scattered lepton in coincidence with identified hadrons/jets

(Initial hadron is broken — confined motion! — cleaner than h-h collisions)

Exclusive events: e+p/A = e+ p’/A’+ h(mw,K,p,jet)

Detect every things including scattered proton/nucleus (or its fragments)

(Initial hadron is NOT broken —tomography! —almost impossible for h-h collisions)
6 Jeff r Lab
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JLab 12 GeV Science Program

O Explore the origin of color confinement:

<> What is the role of gluonic excitations in the spectroscopy of light mesons?
<> Can these excitations elucidate the origin of color confinement?

1 Probe the internal structure of hadrons:

<> Can the 3D landscape of nucleon shed some lights on the confinement?
<> How quark/gluon and their 3D confined motion make up hadron’s mass, spin, ..
< How hadrons are emerged from quarks and gluons — Femtometer detector?

0 Understand the emergence of nuclei from QCD: - -

< What does a nucleus look like if we only see quark/gluon? JefferSonLab
< How nuclear force emerged from quark/gluon interaction?
< What is the origin of short-range N-N correlations?

O Test the Standard Model and beyond:

<> Can the precision measurements at JLab help
discover evidence for physics beyond the
Standard Model of particle physics?
7 Jefferson Lab

Physics Opportunities with
the 12 GeV Upgrade at Jefferson Lab
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JLab 12 GeV Science Program

O Explore the origin of color confinement: Hall-B (CLAS12) & Hall D (GlueX)

<> What is the role of gluonic excitations in the spectroscopy of light mesons?
<> Can these excitations elucidate the origin of color confinement?

1 Probe the internal structure of hadrons: Halls: A, B, C, D

<> Can the 3D landscape of nucleon shed some lights on the confinement?
<> How quark/gluon and their 3D confined motion make up hadron’s mass, spin, ..
< How hadrons are emerged from quarks and gluons — Femtometer detector?

0 Understand the emergence of nuclei from QCD:  Halls: A, B, C, D

< What does a nucleus look like if we only see quark/gluon?
< How nuclear force emerged from quark/gluon interaction?
< What is the origin of short-range N-N correlations?

O Test the Standard Model and beyond: Halls: A, B, C, D
< Can the precision measurements at JLab help All Halls could contribute to
discover evidence for physics beyond the JLab 12 Science Program
Standard Model of particle physics? Complementarily

8 .ge/ff.;'gon Lab



How the JLab Theory Center can Contribute

 Organized in six thrust areas:

Hadron spectroscopy

— LQCD: Briceno, Edwards,
Dudek, Orginos, Richards

[

Hadron spectroscopy

— JPAC: Doring, Passimar,
Szczepaniak

\

Nuclear structure &

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

\

3D hadron & nuclear
structure — LQCD:

Briceno, Edwards, Orginos,
Richards, Shanahan

A\

3D hadron & nuclear
structure — Global

analyses: Accardi,
Melnitchouk, Prokudin, Rogers

/

3D hadron & nuclear

structure — QCD & EFTs:

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

Jefferson Lab



O Initiatives:

< JLab collaboration with PARTONS — Theory + Hall A/B/C — Data — 3D Images
< Research with HPC: Exascale & Event generators with “n

How the JLab Theory Center can Contribute

Dudek, Orginos, Richards

Hadron spectroscopy
— LQCD: Briceno, Edwards,

[

Hadron spectroscopy
— JPAC: Doring, Passimar,

Szczepaniak

CLAS]

Nuclear structure &

Melnitchouk, Schiavilla,
Van Orden, Weiss

Low energy EFTs: Goity,

\

 Organized in six thrust areas:

a

——

e@(

3D hadron & nuclear
structure — LQCD:

Briceno, Edwards, Orginos,
Richards, Shanahan

A\

3D hadron & nuclear
structure — Global
analyses: Accardi,

Melnitchouk, Prokudin, Rogers

/

3D hadron & nuclear

structure — QCD & EFTs:

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

o’ theory biases, ...
.ge/ﬂ;?son Lab




Hadron Spectroscopy — LQCD

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

(JLab’s Pioneering Work!)

Predicted
Light quark meson + “exotics” & “hybrids” spectrum
- - — Ll =

25000 . = - _ - _

[ - [ | e =

— - . - =
2,000 - - = -

- Exotics |

1,500 =

Mass, m (MeV)

1,000

500+

o+ 1 - 3 4 2+ 4+ 1+= Q++ 1+t  O++  Jt+ 4+ 3 1-+ 0+ 2+ |
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Hadron Spectroscopy — LQCD

U Focus on GlueX & CLAS12 @ JLab & COMPASS, BES, & LHCb
(JLab’s Pioneering Work!)

Light quark meson + “exotics” & “hybrids” spectrum

Mass, m (MeV)

2,500+

2,000

1,500+

1,000

500+

Explored at

. ew

NATURE | REVIEW

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

CLAs'i:S

o+ 1 - 3 4 2+ 4+ 1» 1+= Q++ 1+t  O++  Jt+ 4+ 3 1» 1-+ 0+ 2+

Searching for the rules that govern
hadron construction

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

Predicted

Exotics

Recognized by
Feature review

e 2
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Hadron Spectroscopy — LQCD

O New development:

(Solving old mysteries — scalar sector)

. (0 - / p
1t 77T elastic 4 x(“700")
y & PHYSICAL e @
05 236MeV | - . : ms
3 #‘r*ﬁ‘awr -/ 4 fo80)
\-; 0 » Q —lJ_ % T :P*_——‘_"-__—IM~ e 7’3.;;7, " i ‘ 7 @
S [Tt T e | 3259 9 PG
: T T S o a o o o(*500")/ @0(980)
2 05} N D Q@ &
1 \'—ﬁ\ NI PSR |, R—— G 0
006 003 0 003 006 009 o012
p? [ GeV?
PRL118 022002 (2017)

|A |2 T, KK
coupled-channel

First Lattice QCD calculation
— “discovery” of “a,”, “0”, ...

O—r T Q T T T
1000 1050 1100 1150 1200 1250
. .e

e o

—O
1300 B MeV

PRD93 094506 6)
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Hadron Spectroscopy — LQCD

Motivation: GlueX looking for exotic hybrid mesons in photoproduction
(to theorists) Might appear as enhancement in i ~ 1rp, 110, 1f0(980)...

U First LQCD resonance identification via flavor tagged decays:

n JF =0 m i S
191 Mel ||| . 391 Me\
17- Uh - | [)l\’ e ",/ l ||
0.6F i 0.6 ‘.‘
-~ = - "l ‘\l ||
=~ 04 / x 04F ."‘ || |\
f f
02f | 02} o
!' /"
/\}l | ! Ok 1 o oV N el |
800 1000 1200 1400 Ecr [ MeV 800 1000 1200 1400 1600 ., / MeV
=0 T "m; Qr —0—0r T -l
' My oo, f,]o I ‘r‘
100 | . 50 F 2§
'r 20 -i - |’ 100 - ra ;_ vé.
1 200 F - R 150l ‘,_;@ T 8
300 F —| =140) 200 - i
In return:

“Editors” Suggestion

Used as motivation in GlueX PID upgrade proposal
HadSpec: Phys.Rev.D97, 054513 (2018)

GlueX actively calibrating in this channel

14 .ge/ff.;l%on Lab



Hadron Spectroscopy — LQCD

O Even newer development:

Two/ three body systems

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

= =
o BN AN
-t e : = =
4ot +
ML = | rerveveevrvrvrrrvevvuvev e ; :v_-":vov-t: ----------- :-o-vvoovcvv--l:.v_.':.; -----
o By = A S = 2
7 =4, N
oot : ot
AT XK AT HEK
et R
| [Phys Rev. D95 (2017) Hansen, Sharpe] |

Multi-Hadron Systems from Lattice QCD
Organized workshop

INT Workshop INT-18-70W

Thomas Jaffarson Naticnal Accalarator Multi-Hadron Systems from Lattice QCD
Facilty

rhricenoyaborg February 5 -9, 2018

Resonances in experiment

Sux

T application Geadiine has pessed, Gu cusiz @ M BESII

| Seminae schaduie

Viewpoint: A Doubly Charming Particle
Bricefio, Physics 10 (2017) 100

doubly
charmed baryon

@ charm quark

{3 enticharm quark

T LHCb (2017)
3.62F
')
3.6
-
@
]
~. 3.58} L
o
f‘
3.56
3.54F
SELEX (2002)
3.62F

ce 2
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Hadron Spectroscopy — JPAC

U Joint Physics Analysis Center:

; 0.4 B ‘\‘11.,(1320)
/ = . a,(12 ';",’i : @
.\g ) ',/I , al T, —
* Experimental or lattice signatures =.. [ com | osm——ne
(real axis data: cross section bump ., ’ \ ‘ ="
and dips, energy levels) A | T -
.5 | 1.5 Zchwrll.S . B
Reaction amplitudes -

* Theoretical signatures (complex
plane singularities: poles, cusps)

Microscopic Models
—_— @

* What is the interpretation
(constituent quarks, molecules, ...) ? b

Mesonic-Molecules
Tetraquarks

16 .ge/ffe'r:son Lab



Hadron Spectroscopy — JPAC

0 Beam asymmetry: Successful predictions for GlueX!
, P
5_IL7O0_ lp+w|?—|b+h? Separation meson from
oL+ |p+w+b+h? baryon resonance
A 1-4_"(')1"'l"'l"'l"'l"'l"'l"'l"'l"'_ AT I T T T T T T T T
G ] C (b > ]
12 vp — pr° GuueX© - 1-2:—( + P — P71 E
1: . 1#_ """ A i
E ] 0.8F, § -=Laget [5,6] 7
0sE _— = —JPACI7,81 A
- & 06 * 4 -Donnachie [9T]
06}~ o = 0.4F .« Goldstein [4] =
0.4 —f 0.2 —f
- ¢ GlueX 8.4<E <9.0 GeV . 03 :
0.2 _ 3 - -
E :1) SLIAC EI’=10 IGev | | | | _ | E -0‘2} -:”"- _:
00I I b2l I I04: I lOé ‘ I08. - 1I I I1 é I I14: I .1 6I l ‘1 8I I .2 _0'4 :I paod v v by b v v v a by |""'| Lo v lag a
-t [(GeV/ 0)2] 0 02 04 06 08 1 12 14 16 18 2

-t [(GeV/c)]

H. Al Ghoul et al. [GlueX]
Phys. Rev. C95 (2017) no.4, 042201

First paper from GlueX
and JLab12 upgrades

JPAC prediction e ' .
V. Mathieu et al,, PRD92 (2015) 074013 Possible tension between

J. Nys et al, PRD95 (2017) 034014 GlueX and SLAC data?

17 .ge/ff_e'r:son Lab



Hadron Spectroscopy — JPAC

=

O mwA-photoproduction: -

------- B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV) (;~> ° Stﬁngent test of one-
“l i + 7% norm, ;:___'-" T
é | G L %\/ uncertain [\" A )
E - 3 5. a e Possible to make
2 Preliminary ! P, aa
o ¥p omat b parameter-free
T (-8.5Gev) predictions
- m
0; J.Nys et al. (JPAC) Phys.Lett. B779, 77 (2018)
A
050" ; Natural exchange
,—\ favored ((le.g. p,a;z) o
7 J.Zarling (GlueX): preliminary
9) ~Unnatural exchange favored (e.g. m) l |
b oz 04 o8 o8 1

1.2
-t (GeV*2)

Comparison with preliminary GlueX results

< Confirmation of interference pattern

< High —t: natural, Low —t: unnatural Sap < 2 GeV
< Mismatch: oddly behaved 1T exchange _ _
= on-going analysis — theory/experiment Lukasz Bibrzycid i al. (Cracow.JEAC)

18 .ge/ffe'r:son Lab



Nuclear structure — EFT approach

4 Light nuclei spectra from chiral dynamics:

Energy [MeV]

20 1 - 20
] ___2+___1: - _2* - [
20 770" ——-0+2Z24, - -0 [ _
ST O =
] 6Ll oo 12" H?__3+ ':_%: loHe [
—40 - “320 =E2=117TE s - 40
5 L ey e T ;
=50 . °Li - 50
] -=-2 ) [
] —o ——-g;%‘ 2 i 60
60 - -327 - .
: Be  °Be 12 .y :
~70 _ IOBe IOB _ 70
] . _=3/2"
304 GFMC calculations TP
-9 . m—— AVI8+IL7 - -90
! = EXP -_o+ [
3 — NV2+3-la 2c
=100 1 - —100
19 ero
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Internal Structure of Hadrons

O Structure — “a still picture”

Crystal Nano-

Structure:

NacCl, FeS2,
B1 type structure C2, pyrite type structure Fullerene, C60

Motion of nuclei is much slower than the speed of light!

0 No “still picture” for hadron’s partonic structure!

Atomic O::?’?‘tgg:‘ Gluon
World: proton p
’
A0 Quantum
Motion of quarks/gluons inside hadrons is relativistic! Fluctuation
Partonic . _ No still
Structure: Quantum “probabilities” (P, S|O(y,y, A*)|P,S) Picture!
e 2

20 Jefferson Lab



Internal Structure of Hadrons

O Landscape of hadrons: In probability distributions

Momentum f Coordinate
Space TMDs Space
3D Confined 2D Spatial
motion distribution
ldt
Parton Distribution Functions Form Factors
= Q’=10 GeV?

— HERAFDF1.7

B cxp.uncert.

3 model uncert.

0 paramectrization uncert. xu,

------ HERAFPDF1.6




Form factors — Low energy EFTs

J Accurate form factors from chiral EFT:

1of B e . : N ]
: Neutron — c&a .
08F L * LQCD = @a\lv
[ 0.15F - (1L
[ ] [ ¢ Exp. H N T
- oer 1o | B DIXEFT t>4M? I=7=1
o I 1 © o10p 1
04 3 1 i
02 E E 0.05 : i ; - 15 mmam °*
[ [ 3 l I 1 ] = = ,0" higher
[ ! [ AL 1 : = - + ., tO
oof. ) ) ) ! E ooof | ) ) ) R - s *, +EFT
0.0 02 04 0.6 08 1.0 0.0 0.2 04 06 08 1.0

@ (GeV?) Q? (GeV?)

« 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

e 2
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Form factors — LQCD

Q Scalar, axial and tensor currents of e
light nuclei (Halls A/B/C): o T T
Chang, Orginos, Gambhir, Shanahan, Winter et al., ““E $ ' %
Phys. Rev. Lett. 120, 152002 (2018) o o |
R (4) = 0¥ (4)/9 () By tic |
QO Nucleon charge radius through N
coordinate-space moments oonf j
(Hall B/Prad): o] % g
Bouchard, Chang, Orginos, Richards, PoS LATTICE2016 (2016) :003 .
- o 1
§ 4 state fin _ oot}
. =l *
| Pttt |] S
5 | % ‘
| RN - O Pion Form Factor at High Momenta and
J .~ Pion Parton Distribution Function
| N it (Prad/Hall C): Lattice/QCD Phenomenolog
0.5} . L P i ozrg—goingjoint effort .!/ef_f/e?son Lab



Form factors — LQCD

U Strange quark magnetic moment of the nucleon:

(at physical pion mass with domain wall fermions)
I I I I I I SYuS
0.00 1 N
-0.02}

-0.04

5—-0.06 -‘}‘
—0.08 H-

 (0)

i Ci‘ (0) |phv5i(~_a[’ 12 /d.O.f. “‘0.6
I 24], Gij (Qz =0: mr)

S

T 321, G} (Q* =0, m)

Global Analysis (Q?=0.1 GeV?)[17] .

S 2 _
~0.10} 4 321D, Gy (@7 =0, m,) - o Global Analysis (Q%=0.1 GeVA)[18]
| | 1]: 481, Gy, (Q° =0, m) A Leinweber ef al. [25]
-0.12 : : : wA  Leinweber et al. [26]
0.15 020 025 030 035 0.40 ~A+  Shanahan et al. [28]
m_(GeV) v S. J. Dong et al. [30]

~¥- Doietal.[31]
w  Green etal.[29]

» Ratio 3pt/2pt method

° Z-eXpanSion o This work ( xQCD)

= This work (xQCD) (@%<0.1 GeV?)

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Raza Sufian et al, Phys. Rev. Letts. 118, 042001 G,/(0)
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Hadron structure — JLab webfitter

JLab webfitter

I e L @ e

Setap Cats 13 §ions T resats

imtarnal senpe |60 Nt crance tal |

S Faad g | BA ber BTR b gt AR Phtpackt e g (8]

). cea] ceiemsi 1of)

O ke wke

- et prn—— - wp———

User friendly setups

With Jupst

Progect Jupytir cssated JepyterHuD 15 sugp

JupyterHub CA.
[ R oo S .- PR - P oo (o] cocce WY -5 oes |

b you Gan oreate a muRiuser Hub which spawrs, manages. and proies mullipie nsiances of the siagle-user J u pyte r

v

corparote data soenco wokgroup, B seentfic resarch peosect, o o high porfsrmance compating group .

axA. set xlabel s (pl)s’ sie=2
axA. zaxis . swl_Label cosreh (€95, -0.03)

ay-tight Layeut()

- 4 >

Vinssamis A1 0

*rp.Lisspacel -4,

prand {52, 51
i

- Lotgte PO
1 In 1261

Ar.ACL XLiCRLODEIRLL
ax.set xlabel(r $x {

V.43 LT V.U )

1 5
. xaxis.set label cosrds{E.95,

(.00 om 0.1 T

Easy data visualization tools
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Hadron structure — JAM - Global analysis

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

0
= SIDIS (a) % BN SIDIS+lattice (b)
[ «= 6r 3 siDIS
|
b A :
-0.4 . — Isovector Isovector
- g4 Tensorcharee tensor charge
0.8} %' -
— | = of H.W. Lin et al, PRL 120,
| SIDIS+lattice =y & 152502 (2018)
- e ol =
-1.2 ; . . ' . 0 ' ' '
0 0.2 0.4 0 0.5 1
ou ar

O Impact of a future SolLlID, ...

0.4 . ’ v . v : v v : .
——+——  Pitschmann et al (2015)
SOLID | SOLID 11l SOLI D ] -+ Gockeler et al (2003)
~s-  Bhattacharya et al (2013)
) proton target neutron target proton + neutron 5 ——  Aokietal (2010)
0‘2 1 targets - Ii.n“im <« Greenetal (2012)
) «  Pheno <+ Baliet al (2015)
~ +  Pheno —e—  Guptaet al (2014)
N~ i ——  Bhattacharya et al (2016)
8 OU Gamberg, Goldstein (2001)
J Anselmino et al (2013)
| KPSY15(u) ] Radici et al (2015)
2 ,,2 KPSYlS'd] ——+———  Kangetal (2015)
—0.2} Q° =24 GeV | T scceprance 1 == After SoLID | et B %HD
0.5 1.0 1.5

Hall A + Theory, Phys. Lett. B767, 91 (2017) o

26 Jefferson Lab



Hadron structure — JAM - Global analysis

O First MC global QCD analysis of pion PDFs:

0.6
B valence
0.5} B sca
B glue
~—~ 04} DY model dep.
S DY+LN Y DY
i’ 0.3
o DY+LN DY = N Drell-Yan
= 02 LN = leading neutron
DY DY +LN E
0.1
0.001 0.01 T 0.1 1 Barry, Sato, Melnitchouk, Ji
T

(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

fard,

27 Jefferson Lab



Valence Quark Structure — Global Analysis

O Inclusive DIS at large x:

Unique JLab strength!

Fundamental, most sensitive to confining structure, beyond SM search, ...
< d/u — 1/2 SU(6) Spin-flavor symmetry 0.5

N d/u — 0 Scalar diquark dominance

> d/u—1/5 pQCD power counting
dpg [z — 1
/'['11,/:“])
&> dju— 1 2 /1,2 Local quark
— B/ Hp -hadron duality

A€
~ (.42
8 [ [ | 8
A A B b + +
- N b e t, .
g, 4] . _
; A A B 7 * + + [
| ¢ ¢ I 4 t . + +
4 — + * — 4 — —
| an/sz ’ + i | F2n/F2p
.2 — A Frankfurt and Strikman — 2 — —
e Melnitchouk and Thomas e JLab Projected Data
m Bodek et al i i *H/°He DIS
B o o o e o e e N B B I i o o o o o o o e o B
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
X X

28

0.4}

0.3+

d/u

0.2}

0.1}

0.0

DIS only
BN+ BONuS (JLab) |
B + ¢ asym (& Z rap)
B + W asym

| {osE]

4€— helicity

CJ15

<«— scalar qq

03 04 05 06 07 08 009

Newly extracted ratio at x=1:

d/u — 0.09£0.03
Does not match any models!

CTEQ-]Jefferson Lab collaboration
(rec Juan http://www.jlab.org/CJ

e 2
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Hadron structure — LQCD

O PDFs, TMDs, GPDs, ... from Lattice QCD: \ At
PDFs: o< (Plw(0)U(0,&)w(&) P.-"s’:u.i} =0 ¢ \
= —>
Cannot be calculated directly in LQCD! OA £ ‘
New ldea and great potential:
Calculate quasi-PDFs = Normal PDFs when P, = L
0 Z

Major challenges:

< Ability to calculate in LQCD
<> Renormalization of quasi-DPFs
< Factorization to PDFs

(J Renormalization:
Complete proof for the renormalization of quasi-DPFs
ﬁ;f/?p(fz’ ﬁ'Q,pz) _ e—cfle:|Z';ilzv—z_1pib/p(£z_‘ﬂzﬁpz)

Completely multiplicative - No mix with other flavors or gluon!
29

TMD collaboration

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

Ishikawa, Ma,
Qiu, Yoshida
Phys. Rev. D96,
094019 (2017)

e 2
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Hadron structure — LQCD

Radyushkin, 2017

4 Pseudo-PDFs:
< Lattice calculation with o = 0:
M (v =p- &) = (plv(0)y" 2, (0, &v A)(&)lp)
= 2p" M,y (v, €%) + £ (p° /)M (v, ) = 2" M, (v, €7)

dy ’LQZI/
P(x7f2)5 2_6 M= p(”ﬁ)/Mp p(of)
T Remove UV!
<> Model quasi-PDFs: with &% = (0,0,,¢&,)
4 First numerlcal results
| NNPD Orginos, et al,
osl \ B “v(l) — d (I') PR[I)96, 094503 (2017)
' at Q = 2.15 GeV
o

One-loop matching recently

This work
= wor Completed!

A. Radyushkin, arXiv:1801.02427
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Hadron structure — LQCD

: : Ma, Qiu 2014,
O Lattice “cross sections”: Phys. Rev. Lett. 120,

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

<> Any single-hadron matrix elements satisfies: 0n(§2,w, P2) = (P|T{0,(¢)}|P)

Lattice calculable, reliable continuum limit, pQCD factorizable

PDFs

Oattice (7, % P /s) » Z/_Cf <~7Q27 s(u); P fl@,u®) } O [i_

= QQ‘

Key: controllable hard scale! DGLAP-Evolution ‘

O Many choices for the operator:

< Doing experiments on the lattice! I j * l %

Ojljz (5) £dh+d32 2 Z Z .]

Jvi (&) = €2y [y - wq](s) du, e—izw
— ) P? ' I
() = €2 [—iFﬁyFsy]@) o a8 P ~laoi)
B Module O(a,) corrections
Oy(8) = Z (), (&) v - E(E,0) 10q(0) And HT corrections
O — P9 Jo &ANE) A — _|€||P 0
&0 =P 31 N ’£|| | COS( J>ef1£'r7$on Lab
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3D hadron structure — TMDs

[ Confined motion:
© U(P T)A intrinsic
motion Kkt

e Y* /> /

~Aqep ~0 PT
Halls A/B/C '

Non-perturbative confined motion!

4 JLab strength & efforts:

< Theory: Match the measured hadron to QCD quarks/gluons
< Phenomenology: Extract the physics of “confined motion” from data
< Lattice QCD: Calculate the role of the non-perturbatives
32 Jef@?son Lab
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3D hadron structure — TMDs

4 SIDIS at JLab:

do B
dz, dy di) dz do, dP2,
o” Y 1+ g Four+eFyur +1/2c(1 +¢) cos ¢p Fo3on
xByQQ 2(1 —6) QIB vu,T UU,L h+ Uu

+ £c0o8(20n) FE52 + Ao \/22(1 — €) sin ¢y inlj'3¢“}
4 Hall B (E12-06-112):

0.06 —
0.06 - I = =28
i A = 0.04
0.04 - B __‘f_ - i
g 30.02 | v ..-. A t * 0.02 / _.--.-_'—_--__
8<: [ } [ -
0 ‘-_—w_’-_____-__‘-__ - - _.+.___ _+ ,_+—""_‘- 0 B
L. . - 002
-0.02 L e 002 |
-0.04 | | e -0.04 : \ ) \ !
0 025 05 0.75 1 125 15 0.1 0.2 0.3 04 0.5 0.6
P, (GeV) .

Boer-Mulders functions & Collins FFs — how does spin influence hadronization?
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Global Effort on TMDs — TMD Collaboration

Coordinated Theoretical Approach to Transverse Momentum
Dependent Hadron Structure in QCD (TMD Collaboration)

Co-spokespersons: W. Detmold, J.W. Qiu

QTMD

Collaboration
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Washington Vermont
Massachusetts . Maine ~
Montana North Dakota pinnesota
\
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Idaho Wisconsin \
a \
South Dakota S— = New York o
Wyoming ] -.\ \ Rhode Isand

i \
Nevada R lowa Pennsylvania ] \ Connecticut

Ohio —
Utah Ilinois AR

Colorado Indiana N \ Delaware
California Kansss Missoust eIy Virginia._ \ Maryland
“-._ Washington, D.C.
North Carolina \
i Oklahoma Tennessee ~ West Virginia
Arizona ) Arkansas South
New Mexico i
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Alabama
Texas
Louisiana
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Hawaii 1pe °o xom
1 :f( 1porm [€ 100 200 30
0 oo 0 100
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3D hadron structure — GPDs

O Confined spatial imaging:

< Generalized version of Form Factor

()

N A N’ F.T. of t-dependence

‘ Hadron EM charge radius
N I A
< F.T. of t-dependence mm) Spatial imaging!
Halls A/B/C Hadron radius of

0 Theoretical progress: quark/gluon distribution

<> GPD parametrizations, evolution, power corrections
in hard processes (virtuality distributions)

<> Peripheral 3D nucleon structure from chiral EFT:
Charge/current densities, GPDs

< 1/Nc expansion of GPDs: Spin-flavor structure

Radyushkin PRD93 (2016) 056002, ...
Granados, Weiss, JHEP 1606 (2016) 075, JHEP 1507, 170 (2015), PRC92 (2015) 025026
Alarcén, Hiller Blin, Vicente Vacas, Weiss, NPA 964, 18 (2017). Schweitzer, Weiss, PRC94, 045202 (2016)
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3D hadron structure — GPDs

O Initiative: JLab — PARTONS collaboration — 3D imaging:

<> DOE approved the ICRADA for JLab — PARTONS collaboration
< Theory — C. Weiss — is the point-of-contact between JLab and PARTONS
< He also coordinates JLab effort with all experimental Halls

d First video meeting — took place today (8:30-12:30):

DVCS p,n CLAS12 GPDs H,E,H.FE
p, n(L pol)
p, var. E Hall A
p Hall C

DVMP =% g CLAS12 transversity GPDs
70 var. E Hall A
0 Hall C

nt,var. E  Hall C Pion FF/L-T

K*,var. E Hall C L-T

1) CLAS12 Gluonic radius
TCS p CLAS12 Re(Amp)

<> What JLab experimental halls need, and what PARTONS can deliver?

<> How to extract physics results from JLab12 data quicker and less theory biased?
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Emergence of hadrons

O Production of light hadrons (All Halls):
— high p; photoproduction of mesons

<> SIDIS (Halls A/B/C):

7

Impact TMD extraction!

<> Photo-production

(Hall D):
Similar phenomena
ﬁ Vs ( appeared in heavy
quarkonium production

 Heavy flavor physics (All Halls):
— production of charm mesons, J/¥, P¢, ... near the threshold

Challenge to Theory for developing a reliable prediction near the threshold!
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Emergence of Nuclear Phenomena

U Short-range structure of nuclei (Halls A/B/C):

No one is actively

(@) (®) () . . . .
Ll I : N rea investigating this
1 o 5| O ] | : phenomenon in
t ® b saba 2O E0ers 1)
%2'?2 onusennid 4 . o Theory Center now
15 Fog, 6 | % ]
S e ] R (man power)
< 085 | - |
= e D e 0 fF——+——+—+ .
& 115 Fogg - L 6 | 12 4 Reaching out
1 L Diddddiiiiiiiiii 0P 2 3 o= |
ves | et ] _r ! experts to get
. ¢ 0 N ! L ot f ]
02 04 06 08 0.2 0.6 1 14 %8 12 16 10 support (visits)
XB XB XB

1.1

. r
os fLI
0.8
07 F
0.6
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z
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<> Probing color neutralization by
medium effect of color propagation

< Color transparency, ...

Theory Center does have expertise on
nuclear medium effects, ...
(Andres, Accardi, Qiu, ...)

Similar situation for physics BSM effort!
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Summary and outlook

O All four Halls are in operation, and have had the successful data taking runs
0 JLeb 12 GeV Science era is started, and will be exciting for many years to come
O Theory Center is fully engaged with JLab12 GeV program,
having the sense of the urgency and working with experimental colleagues
to help analyze and interpret the data to publish physics results, ...
O Theory Center is lack of man power for some science goals of JLab12 program,
reaching out expertise in the field to establish a strong network to provide
the necessary support to for reaching these goals

O Theory Center is a part of the JLab12 science program, and will continue

< Help motivate, promote, stimulate, justify, and support the
JLab12 experimental program

< Help analyze, interpret, and model JLab12 experimental data

Thank you!
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