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Growing Relevance of Accelerators Worldwide

Accelerators Installed Worldwide
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The Structure of the Proton

Naive Quark Model: proton = uud (valence guarks)

QCD: proton=uud +uu +dd +ss+ é
The protonseahasanon-t r 1 vi al S t
& gluons are abundant
gluon dynamics % &% :: Non-trivial sea structure

CTEQ6.5 parton ’
3.5} distribution functions
Q? =10 GeV?

Momentum Fraction Times Parton Density
- N
. O

0 1
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

C The proton is far more than just its up + up + down (valence) quark structure

C Gluon ;éphoton: Radiates mm(%%ii and recombines: v
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Results Published in 2017/2018 in Nature

nature

6 May

We've measured the pressure inside
aproton andit’s extreme =z COSMOS

International weekly journal of science

A Precision measurement of the weak charge of the
proton, Qweak collaboration,
Published: Nature 557, 2071 211 (2018)

, "M Revealed: the weak charge of a proton

New measurement limits search for as-yet-undiscovered fundamental particles.
Andrew Masterson reports.

A The pressure distribution inside the proton, Burkert,
Elouadrhiri, Girod,
Published: Nature 557 (2018) no.7705, 396-399 =

Weak charge of the proton measured

=l nature

The proton’s weak charge defines the strength of certain interactions between protons and

A A per-cent-level determination of the nucleon axial =~ s syiam
coupling for quantum chromodynamics, Berkowitz . ScienceNews ~ Msovcmes o
et. al., Published: Nature 558, 91-94 (2018) e

mination of this quantity provides a stringent test of the

The inside of a proton endures
more pressure than anything
else we've seen

A Ultrafast Nucleons in Asymmetric Nuclei, M. Duer et.
al., CLAS Collaboration,
Published: Nature 560 (2018) no.7720, 617-621

A A glimpse of gluons through deeply virtual compton
scattering on the proton, Dufurne et. al., Published:
Nature Communications 8, 1408 (2017)



JLab: 215t Century Science Questions

What is the role of gluonic excitations in the excited gluon field
spectroscopy of light mesons? Can these
excitations elucidate the origin of quark
confinement?

Where is the missing spin in the nucleon?
Is there a significant contribution from
valence quark orbital angular momentum?

Can we reveal a novel landscape of nucleon
substructure through measurements of new
multidimensional distribution functions?

What is the relation between short-range N-N
correlations, the partonic structure of nuclei,
and the nature of the nuclear force?

Can we discover evidence for physics beyond
the standard model of particle physics?

- 2
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Detector Requirements: Complementarity

GlueX/Hall D Detector

Hall D Hall B
excellent luminosity energy reach
hermeticity 1035
polarized photons hermeticity precision
E,~8.5-9 GeV 11 GeV beamline RDLD
108 photons/s target flexibility :

good momentum/angle resolution excellent moment

high multiplicity reconstruction

luminosity u &&

particle ID
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INITIATED FOUR HALL OPERATION
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Simultaneous 4-Hall Beam Delivery since Jan 18, 2018
Now operating total 900 kw CW beam power to 4 Halls
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QCD

[
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Asymptoti Freedom Confinement

Small Distance Large Distance
High Energy Low Energy
_ no signature
Perturbative QCD of gluons??? Strong QCD
High Energy Scattering Hadron Spectrum
2000 . . ,
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Hadron Spectroscopy in the 21st Century

Heavy quarks:
XYZ states in the
charmonium sector

Excited Glue

nature International weekly journal of science

Searching for the rules that
govern hadron construction

M. R. Shepherd, J. J. Dudek, R.E.
Mitchell

States with Exotic
Quantum Numbers

Mass, m (MeV)

2,500}

2,000+
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MESON SPECTROSCOPY: THE FUTURE

Quarks A Glﬁzzitlfi?eld m==)  Hybrid Meson
< | N| .. n
gl Fl
L =0 VS 7 =]
-+ ++
JPC -0+ 1 1 1
like p, K |
Exotic

S=1 o - »
1 0
L=0 t JPC:}: .JPC:19

2
T Tere
like Q,r

Gluonic excitation (and parallel quark spins) lead to exotic JPC
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HALL D STRATEGY: COHERENT BREMSSTRAHLUNG

AUse 8-9 GeV polarized photons
(12 GeV electron beam)
AUse hermetic detector
with large acceptance
APerform amplitude analysis

photons out

electrons in

spectrometer

diamond
crystal

This technique provides requisite
energy, flux and polarization

(gain of 10,000 versus existing
photo-production data)
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Gluonic Excitations and the mechanism for confinement

QCD predicts a rich spectrum of as yet to be discovered gluonic excitations -
whose experimental verification is crucial for our understanding of QCD in the

confinement regime.

With the upgraded CEBAF, a linearly polarized photon beam, and
the GlueX detector, Jefferson Lab will be uniguely poised to:

- discover these states

- map out their spectrum

12 GeV electrons

- measure their properties States with Exotic
Dudek et al. Quantum Numbers
- exotics |
] g Excited Glue
eam > 25 2

’VL:: X 3 0t * D w ®
~ ) <]
£ 20 1=+ @ B

N N 15 o1 0.2 03 04 05 m2 | GeV?

DIRC-based Cherenkov will allow access to decay channels with charged kaons

13 .Le,f_f/egon Lab



J/Q PHOTOPRODUCTION NEAR THRESHOLD

GlueXCollaborationA.Alietald CA NR 0 a S| & duN&hol §7 (exclisie v S
photoproductionz2 FF (U KS LINRUOG2YE | NI AGYMpanp dmny
A Probes gluonic field in the nucleon: measured cross section is larger than expected

A Already cited by: Y.Hatta et al arXiv:1906.008947i c al cul ati on i nvol vi
anomal yo related to the gluonic contribut

A Limits on the LHCb pentaquark BR to J/y p of about 2% at 90%CL
A Already cited by: M.Voloshin arXiv:1905.13156 : Interpretation of the XYZ states
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FY19 HALLS C & BT NATURE OF CHARMED PENTAQUARK

What is the exact nature of the charmed S-quark Hadronic
bound state

pentaquark states discovered by the LHCDb ,C. molecule
collaboration at CERN? o *,(
‘ d

PP Jyp

ol

high
impact

Hall C
E I B e Y I ) B B B Ha” B
= B ° "SIGNAL" Setting (9 days) 7 10 F i
o - o "BACKGROUND" Setting (2 days) B R
3 O Cornell 75 ] I
- m  SLAC 76 (Unpublished) 7 . K e o
| s Jhp with P_ (5% coupling) _ 3 ! T 7,0\)
I # ] e '),0\%\ N
2 | . | ?; Q <
; o i P Jyp. i o o
: X
L ’LQ'\' P 4o E y (‘)QOIO
H u 4 Cornell «
L \)’b(\\ \'e + ‘.. - C ? m SLAC published
L Q \1 Q\e : * — T O SLAC unpublished
1 — 0? O«\ . . — 2 I '+ <= CLASI12 projections for 30 days of running
| Q\z o ’0 (_; _Ié_ H -1 10 - ’,* at luminosity of 10* emZsec’!
- P (4450) cross section from Phys.Rev. D92, 031502 (2015)
| _ 69 :r * - .i-- - - ® CLASI12 projections without P (4450)
I *;‘3* +' -------- I 2-gluon exchange model fit to published data
— . ~ | | | ? | — 3 «woo 3-gluon exchange, normalized at 12 GeV
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Proton Viewed in High Energy Electron Scattering:
1 Longitudinal Dimension

16 .ggfg-?son Lab



MEASURING HIGH-X STRUCTURE FUNCTIONS

REQU”:\)ESZ Projected JLab 12 GeV d/u Extraction
A High beam polarization - + CJ15 PDF + uncert.
. = + 0 Nuclear
A H|gh e|eC'[I‘0n Curl‘ent ] ¢ * ) } 0 Parametrization g(6)
_ o - S W Statistical
A High target polarization L= 041 e ',
] DSE
A Large solid angle spectrometers | b MumontnrreSNE by aco
0.24 ¢ SoLID PVDIS LI
X ¥ DBoNusl2 ,
q_"“g""""'z"" 2 . Q? > 10 GeV2, W > 1.7 GeV -
ol Q=5GeV 0.2 0.4 0.6 0.8 1.0 JBU®
: — NLO(94)E .
08 o Marathon H/°He completed!

0.4/

Oiquark wodeFeyman 36 0 1 1

12 GeV will access the regime (x > 0.3),
where valence quarks dominate

1 .gg@zon Lab



MEASURING HIGH-X STRUCTURE FUNCTIONS

REQUIRES:

A High beam polarization

A High electron current

A High target polarization

A Large solid angle spectrometers

Xq_"1{'|“'|"‘|"- ]
Y Q%= 5Gev? |
0.8 _
~-- NLO(94)]

0.6\

— NLO -
0.4}

0.21%

12 GeV will access the regime (x > 0.3),
where valence quarks dominate

1.2 ———

Hall B: AP
(and A,9)

2;:“0.6
0.4

0.2

HallC: A" .
(from A,>He)

18

0.8 |

T
o Q°=1-2 GeV?

m Q=25 GeV*®

A Q=59 GeV?

Q%> 9 GeV?

0.8 1

*obOb e

HMS+SHMS, DIS, 636 hours
HMS+SHMS, RES, 48 hours
SLAC E142

SLAGC E154
HERMES

JLab Hall A E99117

0



MEASURING HIGH-X STRUCTURE FUNCTIONS

REQUIRES:

A High beam polarization

A High electron current

A High target polarization

A Large solid angle spectrometers

Xq_"1{'|“'|"‘|"- ]
Y Q%= 5Gev? |
0.8 _
~-- NLO(94)]

0.6\

— NLO -
0.4}

0.21%

12 GeV will access the regime (x > 0.3),
where valence quarks dominate

(AQ+AQ)/(g+Qq)

-0.5

19

Combine Hall B A, and Hall C A;"

A extract Du/u and Dd/d
(constrained by knowledge of A;" A
requires polarized *He performance!)

0.5

— CcaM(Aqy/qy)
- LSS(BBS)
- --- BBS+0AM

% Du/u
O HERMES
¥ Hall A E99117
O CLAS
@® Projected CLAS12 (p) + Hall C (n, 2010 update) Dd/d
A Projected CLAS12 (p) + Hall C (n, 2006)

01 02 03 04 05 06 07 08 09
X

— D
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HALL A TRITIUM (and Argon) RUNNING COMPLETED

First tritium target used
for electron scattering in
three decades!

0.9

0.8

Neutron to Proton Structure Function Ratio
MARATHON from "’H/lll

MARATHON from *H/*He (No Normalization)
MARATHON from *H/?*He (With Normalization)

Kulagin-Petti Model

MARATHON
preliminary results
presented at April

$¢ ¢
_ 0.5 a UL b
2019 APS in Denver ’ Mﬂrmh_iii__
Spectral Function Momentum Distribution (VMC) 04
— — CDA & Kaptani Ay18+Ux
— = Bubwr & Panchavipande  —— NLO £1 (1.94m) 06102 03 04 05 06 07 08 0.9

NLO Ex (1.0 tm)

BjOI‘Ron T

JLAB-PHY-18-2656
SLAC-PUB-17200

First Measurement of the Ti(e, ¢')X Cross Section at Jefferson Lab
. Dai,' M. Murphy,' V. Pandey,’ * D. Abrams.? D. Nguyen,” B. Aljawrneh,® S. Alsalmi,* A. M. Ankowski, 5"

J. Bane,® 8. Barcus,” O. Benhar,® V. Bellini,? J. Bericic,'’ D. Biswas,'! A. Camsonne,'” J. Castellancs,**
-.P. Chen,'’” M. E. C r,'! K. Craycraft,® R. Cruz-Torres,'® D. Day,? S.-C. Dusa,'? E. Fuchey.'* T. Gautam,"!

1~  Momentum Distribution (HH) 3
.- NLO N‘LO \. Giusti," J. Gomez,'" C.vCu." T. Hague,* J-0O. Hansen,"” _F. Hauenstein,'® D. W. H'11;1'111:01_!1;1(11,"‘:| C. Hyde,'®
. C. M. Jen,! C. Keppel,' 8. Li,'” R. Lindgren,'® H. Liu," C. Mariani,’ R. E. McClellan,'” D. Meekins,'”
NIO: CDBonn/TM R. Michaels,'® M. Mihovilovic,® M. Nycz,* L. Ou,’® B. Pandey,"! K. Park,'® G. Perera,’s A.J.R. Puckett,'t
N'Lo S. Sirca,?™2 T. Su,* L. Tang,'! Y. Tian,** N. Ton.'® B. Wojtsekhowski,"” S. Wood,'¥ Z. Ye,*® and J. Zhang'®
-~ - - ! - 1 {The Jefferson Lab Hall A Collaboration)

300 400

$__| MeVrc]

Short Range Correlation (e . ¢ gulplication
submitted, arXiv:1902.06358v1

100 200

Phys. Rev. C 98 (2018) no.1, 014617
Phys.Rev. C99 (2019) no.5, 054608
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https://arxiv.org/abs/1902.06358v1

Proton Viewed in High Energy Electron Scattering:
1 Longitudinal Dimension

21 .ggfg-?son Lab



Proton Tomography: 2 New Dimensions Transverse to
Longitudinal Momentum

Structure mapped in terms of
b, = transverse position
k; = transverse momentum

Nuclel!

Goal:
Unprecedented

215t Century Imaging
of Hadronic Matter

Direction of longitudinal
momentum normal to
plane of slide

Valence Quarks: JLab 12 GeV
Sea Quarks and Gluons: EIC

22 .ggff/erjson Lab



Nuclear Femtography 1 Subatomic Matter is Unique

C Localized mass and chargecentersi vast fnopeno sp

Molecule' Crystal: Nanomaterial:

FULLERENES

@ i
Hydrogen
Hydrogen Oxygen
@

nWat er 0 Rare-Earth metal : * Carbon-based

Interactions and structure are mixed up
In nuclear matter: Nuclear matter is made (; Not soO In proton structure!
of quarks that are bound by gluons that also
bind themselves. Unlike with the more
familiar atomic and molecular matter, the o,
interactions and structures are inextricably -
mixed up, and the observed properties of
nucleons and nuclei, such as mass & spin,
emerge out of this complex system.

c 2
Jefferson Lab



Nuclear Femtography - Imaging

In other sciences, imaging the physical systems under study
has been key

to gaining new L position
understanding.

Structure mapped

In terms of

b+ = transverse position

K; = transverse momentum

.Lgtiggon Lab



Exploring the 3D Nucleon Structure

A After decades of study of the partonic structure of the nucleon we finally
have the experimental and theoretical tools to systematically move beyond
a 1D momentum fraction (Xg;) picture of the nucleon.

A High luminosity, large acceptance experiments with polarized
beams and targets.

A Theoretical description of the nucleon in terms of a 5D Wigner
distribution that can be used to encode both 3D momentum and
transverse spatial distributions.

Z

A Deep Exclusive Scattering (DES) cross sections give sensitivity to S
electron-quark scattering off quarks with longitudinal momentum fraction g
(Bjorken) x at a transverse location b. =

g

A Semi-Inclusive Deep Inelastic Scattering (SIDIS) cross sections depend o]
on transverse momentum of hadron, P, but this arises from both intrinsic | Q
transverse momentum (k;) of a parton and transverse momentum (p;) £
created during the [parton A hadron] fragmentation process. 2

25 Jeffégon Lab




3D IMAGING OF THE NUCLEON

TMDs: Longitudinal GPDs: Longitudinal
momentum fraction x and momentum fraction x at

transverse momentum k R transverse location b

Transverse Momentum Imaging Transverse Spatial Imaging

Parton Distribution Functions Form Factors

= Q%=10 GeV?

—— HERAPDF1.7
@ cxp.uncert.

[ model uncert.
[ parametrization uncert.

xu,

...... HERAPDF1.6

[ 2 (x005) X

26 .ggt/fé;gon Lab



New Paradigm for Nucleon Structure

E TMDs
T Confined motion in a nucleon
(semi-inclusive DIS)

E GPDs
I Spatial imaging
(exclusive DIS)

E Requires

T High | uminosi:t
Pol ari zed bear
T Sophisticated

Form Factors

=) Major new
capability
with JLab12

27 .ggf_g-?son Lab



3D Imaging With JLab @ 12 GeV

Generalized Parton Distributions (GPDs) and
Transverse Momentum Distributions (TMDSs)

A CEBAF Large Acceptance Spectrometer
(CLAS12) in Hall B: general survey experiments,
large acceptance and medium luminosity

A SHMS, High Momentum Spectrometer (HMS) and
Neutral-Particle Spectrometer (NPS) in Hall C:
precision cross sections for L-T studies and ratios,
small acceptance and high luminosity

A Super Bigbite Spectrometer (SBS) in Hall A :
dedicated large-x TMD study
medium acceptance and high luminosity

A Future: Solenoidal Large Intensity Device (SoLID)
In Hall A: large acceptance and high luminosity

28 .Lg’,égon Lab



TOWARDS THE 3D STRUCTURE OF THE PROTON

Simplest process:e +p A e 6 +g (PVCS) DVCS ; ,

APolarized beam, unpolarized target: H(z-) t

AUnpolarized beam, long. polarized target: H(31)

/X

AUnpolarized beam, transv. polarized target: E(3) t

Hall A data for Compton form Hall B beam-spin asymmetry and cross
factor (over limited Q? range) section data show potential for imaging
agree with hard-scattering studies from analysis in x, Q2 and t

12 GeV projections: confirm formalism 12 GeV projections: transverse spatial maps

3.5

= 12 GeV

o - ™~
ol B35 x,=036
0 C
O
£ 1.5?— v
C 0.6
1 .___.___.__.__.__x5=0.50 0.4

0.5 0.2

0:...|...|..‘\...|...|...
0 2 4 6 8 10 12

29 .Jre,f,fggon Lab



Deeply Virtual Compton Scattering @ 11 GeV

~k
‘:11‘»':"(:12 IargE ’.-’ l t= ﬂz
Mueller, Ji, Radyushkin
{94-96) X+ £
P-4/2 GPDs (x, £,1)

low -t process :

1<< Ohardz

P+A72

Mostly H for unpolarized proton target

Mostlv H for polarized proton target

CLAS DVCS data sample at 6 GeV

»g 0.015

>

[0}

)

%_ 0.01 REPULSIVE

o ' PRESSURE
0.005

CONFINING
PRESSURE

I AITETRINEIEE RN IR ERERERERENERERERENEE
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2

Accepted for Nature "™

oz, T

xp ;
b\

Hall AIDVES
scalingceheck
completed

Hall BIDYESon
H 50%:complete

CLAS12 (projected)

- t t

- A AVAVEER AW

= AN\

AV A A A AN A AN A e S I e

S AVAVAN SN VAN AN SN S SN SR

:— AVANAEN N O o N AN ¢

E | (lp (Ip | | |

15 02 025 03 035 04 045 05 055 06 065
XB
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TOWARDS SPIN/FLAVOR SEPARATION

Exclusive Reactions: g* N- ™M +B Deep Virtual Meson
Production (DVMP)

pointlike?

C Nucleon structure described by 4 (helicity non-flip) GPDs:
i H, E (unpolarized), H E (polarized)

C Quantum numbers in DVMP probe individual GPD components selectively
I Vector : } °/} +/K* select H, E N
i Pseudoscalar: “ ,d,K select the polarized GPDs, H and E

C Need good understanding of reaction mechanism
I QCD factorization for mesons
I Can be verified experimentally through L/T separated cross sections

31 JefferSson Lab



Factorization Tests in p* and K* Electroproduction

S= Siz¢e€ §+ ecog2f )Sr + [e(e+ Y2]V2cosf )S 1)
Y4q) « | L pe,mn

HLLL% ete. "IN

Hard Scattering

/

N(p) N(p’)

B Projected Errors -
— 1a° ]

ey
o

do, /dt (ub/GeV?)
] "q

A One of the most stringent tests of
factorization is the Q2 dependence * ;- Sasaalecanlesselonty
of the p and K electro-production
Cross section

i 0, scales to leading order as QS

A Experimental validation of factorization essential for
reliable interpretation of results from the JLab GPD
program at 12 GeV for meson electro-production

do, /dt (ub/GeV?)
3

-2
10 v b e by b e by Iy

=
-t
(3]
N
N
o
w
w
(3]
F =Y

A K and p together provide quasi model-independent study

32 Jgf;gon Lab



TOGETHER STRONGER: 3D MOMENTUM IMAGING

ACLAS12in Hall B

General survey, medium lumi

A SHMS, HMS, NPS in Hall C

L-T studies, precise p*/p/p° ratios

A SBS in Hall A
High x, High Q?, 2-3D

A SOLID in Hall A

High lumi and acceptance i 4D

33
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Features of 3D Distributions/TMDs

fo(@, kg; Q

)

Ex. TMD PDF for a given
combination of parton and

nucleon spins

guark polarization

IC

L

nucleon polarization

Boer-Mulder$

-4

g,

helicity

worm-gear

Sivers

917

worm-gear

;,

S =Y e f(N®D(2)
9 I
|
fo(x, k7; Q%)

transverse position and momentum of partons
are correlated with the spin orientations of the
parent hadron and the spin of the parton itself

transverse position and momentum of partons
depend on their flavor

transverse position and momentum of partons
are correlated with their longitudinal momentum

spin and momentum of struck quarks are
correlated with remnant

guark-gluon interaction play a crucial role in
kinematical distributions of final state hadrons,
both in semi-inclusive and exclusive processes

) 7.
transversity pretzelosity

34
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PROBING THE FLAVOR-DEPENDENCE OF K-DISTRIBUTIONS

“““““““““““““““““““

Higher probability ~ N w02 ——
to find more sea» §‘ L
& d-quarks at 5 101 |
large k- S
—~ 10~
N ; 3
Measurements of hadronic 103 | o
T . : e, E
multiplicities provide a - P.Schweitzer et al. arXiv:1218.126 7%
crucial input for studies of 107 o 05 10
k; dependence of spin kr(GeV)

HERMES, PRD 87 (2013) 074029

independent distributions COMPASS, £PJC 73 (2013) 2831

_ Hall-C: Phys.Rev. C85 (2012) 015202 :

Z -+ . ..

& n from H ] ’Jt+ from D - COMPASS Preliminary

2 — h* from D

% 2 I

Q B % C 0.30<z<0.6

< 1 C ¥ 1 & A > B <x>=0.054

~ s - P 1L 252457

-',?- : f : < g 10 :\\ <Q >

g I - s
- B 2L

3 < 10

g . 3

EIO 1L111lellllll%lkll10-l|11111111|111|1|111 10-?““““‘~T\““|
0 005 0.1 015 0o 005 0.1 015 0 1 2 2

P2 (GeVic)

p2 [(GeVic)]

There are indications from both theory (lattice, chiral constituent quark model)
and experimental data of the k; dependence of quark flavor distribution.

35
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MOMENTUM TOMOGRAPHY WITH TMDS @ 11 GEV

JLab/12 GeV Goal A Precision in 3D Momentum Imaging of the Nucleon!

Sivers function for d-quarks extracted from model .
simulations with a transverse polarized 3He target. © ~os

0

d-quark momentum tomography for Sivers
function. The d-quark momentum density
shows a distortion and shift in k,. A non-
12 GeV ~ Valence Quark zero Uk, value requires a non-zero orbital
Region (x > 0.1) angular momentum.
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LONGITUDINAL CROSS SECTIOS|/ &4\ SIDIS

AR, < is in the naive parton model related to the p a r t toanséesse momentum:
R = 4(M2x2 + <k;2>)/(Q? + 2<k%>).

AR < A 0at QZA b is a consequence of scattering from free spin-% constituents

0.5 ¢ Cornel |l 70060s examsp) ng
0.4 JLab 12-GeV projected (H and D, p* and p’)
03 ¢
02 AKnowledge on Rg,ps is non-existing
0.1 F AR o may (willl) vary with z, and with p;
0t (JLab E12-06-104 will scan versus p; too)
0.1 F
02,41y S s s Anowledge on Ry s needed for any
Q* TMD-related asymmetry
1 ¢
s = Rpis (Q2 =2 GeV?) 'T AEven if one can relate Rg, s to a flavor-
i E dependent average transverse
02 | b momentum in a naive parton model
L S | I H ------------------------------------ (W. Melnitchouk et al, in progress),
i l Rsipis €an not easily be integrated
001 02 03 04 05 06 07 08 05 1 In a global TMD analysis as it is
Z sensitive to gluon and HT effects.
D
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The Incomplete Nucleon: Spin Puzzle

A Proton has spin-1/2
A Proton is a composite system consisting
of spin-1/2 quarks and spin-1 gluons

This implies that the sum of angular momentum of quarks and gluons together must
amount to 1/2. Can be due to:

Quark spin ~0.25 Quark orbital momentum

Gluon spin ~0.25 Gluon orbital momentum

Classical: ~r x p

Needs a cross-product or something three-dimensional!
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THE INCOMPLETE NUCLEON: SPIN PUZZLE

Needs a cross-product or something three-dimensional!

Quark orbital momentum

—

Longitudinal momentum fraction x Longitudinal momentum fraction x
and transverse momentum images and transverse spatial images

Q%=2.4 GeV?

Up quark Sivers Function

x i (x, k)

12 GeV projections: valence quarks well mapped
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TOMOGRAPHY OF “HE NUCLEUS @ 11 GEV

Deep-Virtual
Production pt

/]

[ ] CLAS-EG6: xg= 0.17, @°= 1.5 GeV? o 1
~ HERMES: x,= 0.07, @°= 1.8 GeV? 8 £
0.5 Off-shell: xg= 0.14, Q%= 1.2 GeV? N 10-"
= L
E
_ 2.2
° - 107°F
=2 £
N’
2o 10°F
‘F:<J 0_ ____________________________________________ r
Soos<xg<017 Gy G h Y ¢ § Jjlab DVCS|Beam-Spin 104k
S oa7exg<023 © & GO & & § Asymmetry projections :
- 0.23<x <050 § & & O & & & 105k
—0.5 ‘10_1 b 108 L
-t [GeV?] Spin-0 “He Nucleus makes for
much simpler extraction of GPDs
R A Tomography in terms of g and g
(\g’,\\\l ° 0.2t Impulse Appr. Model
A ° A 015E Projected uncertainties (R. Dupre and S, Scopetta,
2 . j
m\(\GQ EPJA 52 (2016) 159)
A E}Q'
0.2: @s‘f
_20.15: 3 015 0.25}
plfm™] | & 02
0.1f £
C 0.2 = 0.157
0.05[ 0.1
L 0.25 XB 0_05f
0- r
%
XB Xv‘/
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TN AN SNENI FEETI SNNNE NN (N1 RNEEI RENE N INE
0 0102030405060.70809 1

Exclusive f
ojections

V-t
0.25 <Xy >=0.165
0.2 <%y >=0.215
I < x, >=0.265
0.15
0.1 F y
0.05C
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PARTON DYNAMICS AND N-N CORRELATIONS

_EI\/IC effect_: quark momentum N-N Correlations: pairing due to tensor
In nucleus Is alteredQ force and strong repulsive core

L0 05 ‘
1.15 3 Q = ® b
: He ™ = . 1975, 6 | He
whideasda i, % :—__ 3 Lv.’. B e —
_ 085 - ; akak
N n L 0 i
U e N
< 085 | 0 hdE N a
t;(1.15 120 ) - GE-’ZC .
= 1 N ‘“k Lz) 0:— ; K] 9
T | @7 Luminosity, nuclei @ L 5
= I S ST R i S O 0 e — ]
0 1 2 3 ] . 6 08 12 16 19
N-N correlated pairs x; O 1 . 4,(A/d) X
B

12 GeV science quest: HallCBe,911B dataiin
Aisospin dependence: 3H, 3He, 67Li, °Be

10,118’ 40,48Ca
Ainitial spin dependence ("Li)
Af t a g g e direlastioeseafiering off 2H

O Single nucleons

with both slow and fast protons M., Moo O
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g.(A)inPol ari zed EMC Ef

ACalculations indicate larger effect for polarized structure function ratio than for
unpolarized: scalar field modifies lower components of Dirac wave function
ASpin-dependent parton distribution functions for nuclei nearly unknown

1.2 1.20
o --NNM ~ —S\M
ey
.1 © 110 —QMe M
nd = Q2=1-2 Q2=2-4
_ . 4 Q2=4-10  Q2>10
5 1 <— 1.00 —
= £
m 0.9 - 090
O o |\ T T
E 08 F ¢  Experiment: °Be 1 & ow S ‘ t
. ©
e s Unpolarized EMC effect Q W
U.T o /o A - 0.70
Polarized EMC effect: R(i/ 2l QQ 5 oV 8 \
L i =olxeV
Bin L e Polarized EMC effect: Ri/f S | % 0.60
1 1 1 1 1 1 1 m
0 02 04 06 0‘8 1 020 o] 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 0‘7 0.8

AAfter 30 years, still no universally accepted model of the EMC-effect

ASpin degrees of freedom access specific nuclear orbitals and dynamical mechanisms

APart of four-pronged EMC effect attack at 12-GeV: precision (while varying n/p ratio),
extraction of F,", tagging, polarized

42 Jﬂf;gon Lab



MOLLER PARITY-VIOLATING EXPERIMENT: NEW PHYSICS REACH
(EXAMPLE OF LARGE INSTALLATION EXPERIMENT WITH 11 GEV BEAM ENERGY)

2 2 3 e
€ e eL € JLab Mgller v q e
R I° L e -«{ LHC
e el |e e L., ~ 27 TeV Z' >
New Contact Interactions e-/} q e

0.235

l'll[

j023s  Known Higgs mass now

] fixes the SM curve A
Jo.234 Not Ajust
E158¢ measur e me A@QP
—0.233

measured allowed

NN

0.234

0.233 AAz(b) measures the

: product of e- and b-Z

3022 couplings

: AA -(had) measures

0.231 EE R R ................... —20.231 purely the e-Z couplings
AProposed A, (b)

| Jo.230 measures purely the

e e E e-Z couplings at a

10 P e different energy scale

World average
central value

2eeﬁ(e)

0.232

sin

APV (C
A5 Ruled out d
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USE PRECISION JLAB DATA TO UNRAVEL THE C 4 & C,o COUPLINGS

‘) A v A Al g = Apy =904 9 ~iveak L
\/ \/
e e e e Gr" G* AY 410
I N o x(@ 2Gy, 1 Cigl +b[2G,C G)
V
1 2¢8g C, ! 2gtg Nature 506, 671 70 (06 February 2014)
\_ G o i A The Jefferson Lab PVDIS Collaboration
Vector quark couplings  Axial-vector quark couplings See also News & Views, Nature 506, 43i 44 (06 February 2014)
[2 geu-l_il'm],W 2C2U | C2d - 0.145 +/' 0.068
0-52 """" T
—
02? I a!l published
0.12 I SolLID (proposal) 6 Ge\/ -

0 120 0"

0.1E

la:lu- cld]

PVDIS is the only
way to measure

0.2

°3 - the small C,
'0'45 " -0.76 -0.74 -0.72 0.70 -0.68 _ .
0.5 ol Composite model
1 09 -08 -0.7 -06 -05 -04 -03 -02 -01 O . . o _
6 GeV mass limits (g2 = 4p)
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HEAVY PHOTON SEARCH

Universe content
visible matter 5%

Search for a U(1) Heavy
Gauge Boson following
up on cosmological
observations
(PAMELA, AMS)

HPS (Hall B)

2015 Engineering Run =
1.7 PAC days @ 1.05 GeV

2 GeV data taken in 2016,
under analysis

Displaced decay — |
vertex search

w— 4 \Weeks @ 2.2 GeV
m— 4 \Weeks @ 4.4 GeV
= 1.1, 2.2 and 4.4 GeV Vertex Reach

- —— 2015 Engineering Run - 1.7 PAC Days
10742

10~ 102 0!t

A’ mass (GeV)

100

45

APEX (Hall A)
Search for 50-500

MeV A0 de
promptly to e*e” pairs

2019 Program:
HPS (upgraded),
APEX
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WHY SHOULD YOU BE INTERESTED IN PIONS AND KAONS?

Protons, neutrons, pions and kaons are the main building blocks of nuclear matter

1.2
1) The pion, or a meson cloud, explains light-quark asymmetry in the
nucleon sea 1
2) Pions are the Yukawa patrticles of the nuclear force 1 but no evidence 0.8
for excess of nuclear pions or anti-quarks
0.6
3) Kaon exchange is similarly related to the L N interaction T correlated :
with the Equation of State and astrophysical observations 041
4) Mass is enigmai cannibalistic gluons vs massless Goldstone bosons 0.2
1.3 —T T T T T T T T 0
2 L C/*H [ ca/H ]
o | 3§ -} 11 | i
o T3 t 1 &% s e } { ]
S 09 - T 1 il e
T 1 1 P T m—g
& 08 | + 2 20 e
= Aldeet al (Fermilab E772) Phys. Reett. 64 2479 (1990) W of ,/.. : E
:E o | Fe/H 7 1Y -Em2wen ] sefrt i ! AN+ANN() | |3
__é . . /// ] $ — EMC Sn/?H (DIS) ] UE_J = o DJ,:,,,C,': YE =
R B R - = A
P 1] 'ﬁ s & }$I l 1l “ 4
1.0 I il [ !% 4.1} J.[ l 1 ) a6 | sl
09 F _ + - / : :
o gho;rfﬁzzier T !% %0 0.1 0.2 03 04 05 06
0.8 r’__ Rescaling T % ) p (tm?]
0.7 1 ' 1 n " 1 n 1
0.0 0.1 0.2 0.1 0.2 0.3
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E866/NuSea Peng et al.

HERMES Meson Cloud

------- Alberg, Henley
and Miller
Meson Cloud

Pobylitsa et al.
Chiral Quark Soli.
- *l{ Dorokhov and
Kachelev
Instanton

E866 Systematic Error

005 01 015 02

025 03 0235

......

PSR J0348+0432

AN + ANN (Il PSR J1614-2230 |
\N e
1 12 13 14 15
R km]



PION FORM FACTOR AND STRUCTURE FUNCTION

[T 1 5F : :
4N srectorgoncioud 4 DSE S — Conformal
30'3 = ﬁfg‘;(x:’al limit)| | 1 D B
2 — m=70MeV *';:“
§o.2 E i ff RL T
8 D.5 B a-': “‘i- “‘ |
0.1 . — - Real-world PDAs
N |/ are squat and fat %)
— ' 0.04 - - :
’ varcmomentum Gy 0.0 025 050 0.75 1.0
X

- monopole
— 0.4 B -
o | Tl
g | Hard Q
I~ I the PDA appropriate to the
c!‘,'L 0.2t scale of the experiment |
o 7
I Hard QCD obtained with-2sY(x)]
0 » . . . E
0 5 10 15 20
Q* (GeV?)

Pion FF T first quantitative access
to hard scattering scaling regime?

Implications if so: two

longstanding puzzles

could be solved

1. Magnitude of pion
form factor in hard
scaling regime

2. Power of pion parton
behavior at large x

Also implications for nucleon
and N* form factor interpretation
(not shown here).

and kaon

47

{ * E615pNDrell-Yan

| ® Projection
| — GRV-P parametrization
— Dyson-Schwinger Eq.

Pion SF T (1-x)! or (1-x)2p
dependence at large x?
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THE INCOMPLETE HADRON: MASS PUZZLE

AnMass withc~

Higgs mechanism

‘ Dynamics of gluons ‘

S
Quarks

Mass ~1.78x10% g

' Proton
\ Mass =168x10%°g
',

\ ~99% of prot
~ 1% of proton mass ° Of proton mass

Bhagwat & Tandy/Roberts et al

I ! I ! I
Rapid acquisition of mass is
_ ,ffect of gluon cloud
—=mT

Proton: Mass ~ 940 MeV TN

preliminary LQCD results on mass budget,

or view as mass acquisition by DcSB %0'3 — iy |
Kaon: Mass ~ 490 MeV L
at a given scale, less gluons than in pion 3

Pion: Mass ~ 140 MeV 01l

mass enigma 1 gluons vs Goldstone boson

Quark momentum [GeV]
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THE INCOMPLETE HADRON: MASS PUZZLE

né The vast majority of the nucleonds- mass
antiquark pairs, the gluons, and the energy associated with quarks moving around at

close to the speed of Il ight. éo
(; Proton mass: Relativistic motion Quantum fluctuation
1 Mev ( ‘(/\ ——
f/ . M = Eq + By + Xm, + 1
nucleon Quark Energy Gluon Energy Quark Mass Trace Anomaly

C Preliminary Lattice QCD results:

O Trace
Anomaly O Quark
20% Energy . ] ] .

29% Not unambiguous: Physical interpretation of the
proton mass decomposition has to be done with
care, as one seemingly treats gluons in the trace
anomaly and in kinetic and potential energy as
separate entities (C. Lorcé, Eur. Phys. J. C 78

O Gluon m Quark (2018) 120).
Energy Mass
34% 17%
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MASS OF THE VISIBLE UNIVERSE

| AMass wi t h o ucluonmass-sqiaréd function

M(pg) o D.ED?'-:‘ ng

o — — — e o e e =
—
_—

[GeV] 100~ 7 T T T T e ;

_—-————.-...___--

10" £ 350 MeV

“h—
— a
e _|

_2_

10 F
- =====: Charm e
3[ ===+ Strange
10" 5 ——- up/down
[ = Chiral limit
AE il el el
10 -2 -1 0 1
10 10 10 10

p® [GeV?]

The strange quark is at the boundary -
both emergent-mass and Higgs-mass
generation mechanisms are important.

O
o Emergent mass of
(T the visible universe
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G

ORI GI' N OF MAS SPSEBBEDOQECADARS

GOLDSTONE MODES

The pion is responsible for the long-range part of the
nuclear force, acting as the basis for meson exchange
forces and playing a critical role as an elementary field
In nuclear structure Hamiltonians

The pion is both the lightest bound quark system with a
valence qq structure and a Nambu-Goldstone boson

There are exact statements from QCD in terms of current

guark masses due to PCAC
(Phys. Rep. 87 (1982) 77; Phys. Rev. C 56 (1997) 3369; Phys. Lett. B420 (1998) 267)

Pseudoscalar masses are generated dynamically

ke

frm2 = (m$ + mfﬂﬂi’;

Fremie = (S, ml)

U The mass of bound st ates increas'émp2~am§1ém

U In contrast, in quantum mechanical models, e.g., constituent quark models, the mass of

bound states rises linearly with the mass of the constituents

U E.g., with constituent quarks Q: in the nucleon mg ~ my, ~ 310 MeV, in the pion
mqg ~%¥2m, ~ 70 MeV, in the kaon (with one s quark) my ~ 200 MeV T This is not real.

U In both DSE and LQCD, the mass function of quarks is the same, regardless what hadron
the quarks reside in T This is real. It is the Dynamical Chiral Symmetry Breaking (DcSB)

that makes the pion and kaon masses light.
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