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The science program at JLab @ 12GeV

= Quark confinementand the role of the glue in
meson and baryon spectroscopy

= The 3D structure of the nucleon — from form
factors and PDFs to GPDs and TMDs

= The strong interaction in nuclei — evolution of
quark hadronization, nuclear transparency of
hadrons

= Search for science beyond the Standard Model —
precision and intensity frontiers
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Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab, J. Dudek et al., EPJ A48 (2012) 187
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12 GeV Experiments by Physics Topics

Updated PAC40, June 2013

Topic HallA | HallB | HallC | HallD | Total
The Hadron spectra as probes of QCD
(GlueX and heavy baryon and meson spectroscopy) 2 2 4

The transverse structure of the hadrons
(Elastic and transiion Form Factors) 4 3 3 1 11

The longitudinal momentum structure of the hadrons
(Unpolarized and polarized parton distribution functions) 2 2 6 10

The 3D quark structure of the hadrons
(Generalized Parton Distributons and Transverse Momentum
istributions) 5 14 4

Hadrons and cold nuclear matter

(Medium modification of the nucleons, quark hadronization, N-N

correlations, hypernuclear spectroscopy, few-body experiments) 4 2 6 12
Low-energytests of the Standard Model and Fundamental

Symmetries 3 1 1 5
TOTAL 18 23 19 4 64

PAC fully and conditionally approved experiments: 64
More than 7 years of parallel running experiments.
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DIS structure functions and d (x)/u,(x)

From F,"/F,P measurements
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d(x)/u(x) poorly constrained at x > 0.5
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Neutron structure and quark distributions

1) Measure F,"/F,P by tagging almost unbound neutrons using detection of low
momentum protons in a radial TPC. 2) Other experiment will measure *H/3He.
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First model-independent measurement of F,"/F,P
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Polarized PDFs on p/d at 12GeV

Precise information on A;(x, Q2) with flavor tag can reduce

uncertainties in parton helicity distributions. The Q2 dependence

and QCD evolution can provide model-independent AG(x).

Ny

1 _ (){5(Q2> 0] (QQ) 5CG 0.002
2 _ = 2 s
91(2,Qpacn = 3 Y el(Ag+Ag) @ (1+ — 00 += NG N—f},
I 0.000
I 2‘ 2‘ 1 °'<'_ L ep—e'h*X 0,002
o P=12GeV ] 1 1.
i pQCD! | O HERMES (")
1F w@i=25GV* T | @ CLAS12(s) 0,004
N e 7] A cLas12k’) O
[ Q =59Ge 0_8 B
0.8+ * Q>9GeV* i i
| i a®
a6 | SU6) 0.6 ’ 045}
< ] ‘ 010t
i 0.4
04r . g?(b 0.05
i 0.00
[ 0.2
02 i %} a0s
I T | 010}
0 ﬁfﬁ“\“«\?ﬁm\ PR N 0 ! | ! | |
002 04 06 08 1 0 025 05 075 °°
. X
E12-06-109 E12-06-110 E12-09-007

Improved PDFsfrom NLO analyses

T

T T L] v T

— LS§S10
——CLAS12 DIS
—— CLAS12DIS+SIDIS | |

Q' =25 GeV’

XAS errors

0.4 0.6 0.8 1.0
X

L) v T v T v -I
— L8510
——CLAS12DIS

—— CLAS12 DIS+SIDIS

Q'=25GeV' |

xAG errors

0.2

0.4 0.6 08 1.0

X

—@A— WHSS, Erlangen, Germany, July 22-24, 2013 EEEEEZTTSEER’ ‘%fggﬁ c°; —

U.S. DEPARTMENT OF ENERGY



Flavor-tagged polarized PDFs
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Generalized Parton Distributions

(Quantum phase-space quark distribution in the nucleon)
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Polarized DVCS directly probes GPDs Integrate over transverse
momentum space

Sensitivity to GPD \
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Structural content of GPD E & H

Nucleon matrix element of the Energy-Momentum Tensor of q flavored quarks:

el 1) = 0ow) [ 2 4 gy WEaee LTIy g Do el
M,(t) : Mass density in the nucleon
J () : Angular momentum density pyr) | (o3 Ja(t)
d(t) : Pressure and shear forces JIN e
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related to “D-term” [ '
To determine J(t), measurements of the x 0 VAR T R —
and t dependence of GPDs are needed. 0 0.5 1 1.5 rinfm

To separate M,(t) and d,(t) measurements
at small and large &(xg) are needed.
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DVCS and Bethe-Heitler Process

Cross section of ep—epy at Q%=2 GeV/c? and X=0.35
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TEH:given by elastic form factors
TPVCS: determined by GPDs

107 F
BH-DVCS interference generates
beam and target polarization
asymmetries that encode the nucleon 3 |
structure content. HA P 20

ew*, degree
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CLAS DVCS/BH cross sections

Large kinematical
range in Q?, xg, t

Target Asymmetry Ay, (preliminary)
Differential cross section (preliminary)
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Extracting CFF/GPDs from DVCS

Extraction in leading twist with:
* Preliminaryresults from CLASon Ay, A,
* Crosssections ¢
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GPD dependencies versus xg mirror their respective ordinary PDFs
H and H < Agq(x) and q(x)
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Kinematic coverage of DVCS @ 12GeV

10

Probing the high xg domain
requires high luminosity

Q’ (GeV?)

The 12 GeV Upgrade is well |
matched to studies in the
........ valence quark regime.
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A, projections for JLab@12GeV
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A, projections for protons
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A, projections for protons
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A, projections for 12GeV
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Ayt and A1 are sensitive to the u and d-quark helicity content of the proton spin
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GPD H from projected CLAS12 data

Review article: M. Guidal, H. Moutarde, M. Vanderhaeghen, Rept.Prog.Phys. 76 (2013) 066202

LO fit to all observables: o, A y, Ay, AL Aue Auy A Al

@) H(x,E=x,t)

7.50

o

5.75

ang | |

3.75 nrofilezp: H
T
2.50 L }::a
L T ENSREERS
Freee Bl Mo ccScScSSo
8

1.75

ImH|

i For corrections see
BRI talk by H. Moutarde

1+ .
I I |||||||

0.11 015 0.20 0.27 032 0.37 044 049 0.50 0.57 (x

’ Office of
I \WHSS, Erlangen, Germany, July 22-24, 2013 - [
_(§§ . g Yo Y . 4 Science
- U.S. DEPARTMENT OF ENERGY

1.35




CFF E from projected CLAS12 data
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Projected quark densities in impact parameter
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Beam asymmetries A, for neutrons
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A,y is highly sensitive to d-quark helicity contribution to nucleon spin.
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Time-like Compton Scattering (TCS)
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Also measure threshold behavior of J/{ production, E12-12-006.
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Transverse Momentum Structure of Nucleon — TMDs

(Quantum phase-space quark distribution in the nucleon)

Wit~ | e o] -

Wp(r, k) = / (CQU:T ;2 W (e, k)

i

Integrate over Quark spin polarization

spatial dimensions N4g| U L T
S =l
/ % U f, b
Transverse Momentum-dependent ‘—E - h
Distributions (TMD) : L 2 L
(]
o 1
y S| £ O o

3D imaging of the nucleon
In momentum space JLab has planned a complete SIDIS
program with /K to access quark TMDs
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SIDIS and Transverse Momentum Distribution

SIDIS cross section in leading twist:

do a? y

dx dy dz dgs dgn, dP2, ~ xQ2 2(1- €) e
X {FUU,T + 5005(2%)&%82% @Qn(Z(ph) Fo0®

— .
@e 1-e?Fu + @ lsin(cph - @s) Fgry %)

+ € sn(en + @s) FS?(%HPs) + £ sin(3o, — @) FSin(S(ph—cps)

N
+ @)\e [ 1- g2 COS((ph — ¢S)ﬁ(¢h_¢5)] } ’

The 8 structure functions factorize into TMD parton
distributions, fragmentation functions, and hard parts:

Fuu o<| f1(X,k1)D1(zn, pL)Huu (Q?) Integrals over transverse
Fie o< | g (X, K1) D1(zZn, p ) HiL (QZ) momentum of initial and
Fui o |hi (x, ko )Hi (20, pL)HuL (Q2), scattered parton

A full program to access L.T. TMDs from measurements requires separation of the structure function using polarization,
and coverage of a large rangein x, z, P; along with sensitivity to Q?, and the flavor separationin u, d, s quarks.
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JLab TMD Proton Program @ 12 GeV

Leading twist TMD parton distributions:
information on correlations between
qguark orbital motion and spin

CLAS12 Hall C || Hall A
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The TMD program will map the 4D phase space in Q?, x, z, Py
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SIDIS /K on unpolarized protons/deuterons
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CLAS12 A, on longitudinally polarized target

N 4 U L T . . .
| £ .l The Kotzinian-Mulders function measures the
R momentum distribution of transversely polarized
gl h”_ . . . .
= quarks in a longitudinally polarized nucleon.
T flJ:F ¢ | h hq
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= Only leading twist azimuthal moment for longitudinally polarized target.
The sin2¢ moment is sensitive to spin-orbit correlations.
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A,; on transverse polarized proton
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JLab TMD D, Program @ 12 GeV

CLAS12
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JLab TMD Program @ 12 GeV

Leading twist TMD parton distributions:

information on correlations between

quark orbital motion and spin

Quark spin polarization

Hall A
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Momentum Tomography with TMDs

< Ok,

-
Sivers function for d-quarks extracted from model 0
simulations with a transverse polarized 3He target.
05
x>o
B } Q= 2.4 GeV’ o 05
xfhGk) 0
e : 0.45
- 0.4 05
0.35

-0.5 0 0.5 I(x

d-quark momentum tomography for
Sivers function. The d-quark
momentum density shows a

K, (GeV) distortion and shiftin k,. A non-zero
6k, valuerequires a non-zero orbital
angular momentum.
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12 GeV UPGRADE REBASELINE SCHEDULE

FY 04 | FYO05 | FY 06 | FY 07 | FY08 | FY 09 | FY 10 FY1‘1|FY12 FY 13 | FY 14 | FY 15 | FY 16 | FY 17
3|4(1(2 'I23412341234'I2‘3|4
|
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— L February 2014
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Summary

e JLab 12 GeV upgrade has a broad science program covering many facets of
hadron physics.

e Extending knowledge of PDFs to high x in measurements of (un)polarized
structure functions using tagging. Addresses part of the nucleon “spin-puzzle”
and extend knowledge of quark density distribution at high x.

e Precision studies of DVCS in polarization measurements give access to GPDs
and enable quark spatialimaging. They relate to the quark spin, mass and
force distributionsin the nucleon (confinement?).

e Precise measurements of SIDIS improve access to TMDs and quark momentum
tomography, and relate to the quark orbital angular momentum.

e Many topics not discussed, hadron spectroscopy, high precision parity
experiments, nucleon e.m. form factors, dark matter searches, QCD and nuclei,
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Preliminary Plans for
First Years of Beam in Hall B

* Highly rated experimentsin first 3 years of running
* PCR, HPS, pDVCS, nDVCS, pSIDIS, g,*/g,"
* High discovery potential during first year

11 GeV beam experiments
————————————————————————————————— )
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Exclusive J/y production near threshold

cc produced in small-size configurations E12-12-001 | ,
- probes small distances ~ 1/MJ/llJ E12-12-006
10
J/y production at high W Vo1 Jiy 3
& c ©
Access to gluon GPDs at small x. & E
N —— GPDW—-— M
- ) 10
r
J/Y production near threshold
. . P ,
Large t,,, implies large skewness Y v ﬂﬂéﬂ_ﬂ_{’*jﬁ_u—* J Iy o
X1%s | f,? ERR
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More natural interpretation in /V"’\{\\ g’"
terms of a gluonic form factor /)\“‘“‘—/\ E
sensitive to non-perturbative . A 10
gluon field.
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Gluonic d.o.f. in meson excitations

Isoscalar mesons from LQCD

-

—

- [T
- gt— ..

ss-bar
I vu-bar + dd-bar
isovector

My = 396 MeV

J. Dudek et al., arXiv:1208:124
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exotic

?’\/\/T I:-fx
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N— N
produced hybrids

can be exotic

Real photons may be a good
probe of exotic mesons.

Large program is in preparation
with the GlueX experiment.



Extracting an exotic JP¢ signal in GlueX

" E12-06-102

§ 40000 e

% p— a,(1320) YP->TUTUTUN | |

S i Amplitude analysis of MC
- generated data shows that a

,(1670) very small exotic 1,(1600)
signal can be isolated from the
much larger signals of
ordinary mesons.
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CFF H from projected CLAS12 data

M. Guidal, H. Moutarde, M. Vanderhaeghen, Rept.Prog.Phys. 76 (2013) 066202
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