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Thomas Jefferson National Accelerator Facility (Jefferson Lab)
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Physics Operation

® CEBAF Upgrade completed in = 4 halls running simultaneously since January 2018
September 2017 = Highest intensity tagged photon beam at 9 GeV
— electron beam
—E,, =12 GeV
1. =90 pA
— Pol,,, ~ 90%

» World-record polarized electron beams

= Nuclear experiments at ultra-high luminosities,
up to 103° electrons-nucleons /cm?/s
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CLAS /| CLAS12 in Hall B at Jefferson Lab

L£L=1x10% cm—2s7!

Inclusive electron trigger (all calibration reactions will be analyzed in parallel)

Electrons in the forward detector

vvyyy

Protons in the central detector and forward detector

v

Photons in the forward detector and forward tagger
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Jefferson Lab Experiments for the next decade
« JLab’s primary mission is to explore the fundamental nature of confined

states of quarks and gluons, including the nucleons that comprise the
mass of the visible universe.

—How are quarks confined in nuclear
matter?

hadron spectra
as probes of %
QCD “aﬂs' S“'UCS

of nadro”
long. structure of :
hadrons

—What is the internal landscape of
protons and neutrons?

hadronsandcold
- nuclear matter

— How do the properties of protons and
neutrons emerge from their
constituent quarks and gluons?

—How do the nuclear forces that lead
to nuclei, arise from the basic

12 GeV Physics Program:

interactions?
— Can we discover evidence for A Decade C.)f Approved
Physics beyond the standard model? Experiments
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QCD Science Questions

How are the quarks and gluons, and their intrinsic spins distributed
in space & momentum inside the nucleon?

How can we recover the well-
known characterics of the
nucleon from the properties of
its colored building blocks?

What are the relevant effec-
tive degrees of freedom and
effective interaction at large
distance?

What is the role of orbital angular motion?
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The Incomplete Nucleon: Spin Puzzle

* Proton has spin-1/2

* 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 Quark orbital momentum
Gluon spin Gluon orbital momentum

Classical: ~rx p

Needs a cross-product or something three-dimensional!
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3-Dimensional Imaging Quarks and Gluons

Wigner functions W(x,b,k)

W(x,b,Ky)
2k
Momentum j dsz Id ! Coordinate
space space
f(X,kT) f(XibT)

Spin-dependent 3D momentum space ~ SPin-dependent 2D coordinate space
images from semi-inclusive scattering (transverse) + 1D (longitudinal momentum)
> TMDs images from exclusive scattering

- GPDs

Position and momentum - Orbital motion of quarks and gluons
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Generalized Parton Distributions (GPDs)

e =g o (aab|-an)

Wpr(r, k) = /(dszywp(r, k)

N

Integrate over transverse
momentum space

N/ig|U|L| T \

quark pol.

—

8‘ v Er Generalized Parton . _
- . . Distributions (GPD) H, H, E, E
8 L H Er \l/

U N N

a T | E | F | Hp, Hy 3-D nucleon imaging in

transverse coordinate and
longitudinal momentum space

E‘,r — _-:'ﬁ',r_ET
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Interpretation of GPDs in the kinematic limits

=)

in forward kinematics (£=0, t = 0) : PDF limit

-~

HYz, ¢ =0,t = 0) = Ag(x)

Yo

-

P

E.E? donot appear in forward kinematics (DIS) = new information

m first moments of GPDs : elastic form factor limit

g
41
[1
i
f—i
41

= A2 —1
t=4A +1

-1
%

d'qu(I:‘E:t] — Ff'{t':]

drE%z,&,1) = F3 (1)

drH" (x,£,t) = G% (8)

drE?(x,€,t) = GL(¢)

Dirac FF

Pauli FF

axial FF

pseudoscalar FF
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Study GPDs: Deeply Virtual Exclusive Processes

Deeply Virtual Compton Deeply Virtual Meson
Scattering (DVCS) Production (DVMP)

-

N(P) N(P’) N(P)

B(P")

HTr HT' ETr ET
+ Enables Flavour decomposition of GPDs

+ Clean process + Access to transversity degrees of freedom
described by chiral-odd GPDs

- Distribution Amplitude (DA) is involved
as additional soft non pert. Quantity

- Only sensitive to chiral even GPDs
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A path towards extracting GPDs

poot=o _ Ao &~ Xgf(2%)
k = 4M2

ct+0- 20

Polarized beam, unpolarized target:

Unpolarized beam, longitudinal target:

Unpolarized beam, transverse target:

Unpolarized total cross section:

Y1 x L oz S
\3 = -
Z

AGLy ~ sing {F.H + &(F,+F,)T +kF,E}d} ‘ H(E
Aoy, ~ sing {FUT+EFHR)(H +8(1+0B)e | ) H(G)

Ay ~ COsosin(¢,-OK(FH — FE)}do I]:> E(SY

RE TDVCS
Separates h.t. contributions to DVCS |[|:> ( )
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DVCS Beam Spin Asymmetry

CLAS at 6 GeV CLAS12 at 10.6 GeV
BF 02 .t asig e - extended kinematic coverage
g 0.1 *. 1+B cosd 5 . T
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- . P 0.1} .
_:-;__ﬂmgmm ol neutron target
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DVCS Unpolarized Cross-Sections with 6 GeV CLAS
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Projections for Compton Form Factors at JLab 12 GeV

Dipré-Guidal-Yanderhaeghen-PRD 95 011501 (R) (2017) CLAS12 projections E12-06-119 with DVCS Ay and A

g F F F 2,
2 — xar0.1262 | x=0.1542 & X Y
] 125 F * o'=1.2685 [ + £ f=1.4463 {Q - ( T— }
L, e El H(x,C=x,t _
25 BT 2 Fiyssa , & O T50| lsing sm uatpd dara 1
E r : 7 T " F 1 oazed on W&k model. L
DT‘ 3 ¥yt N T - e
5 B %=0.185 [ ¥y=0.2143 =0.215 [ *ym0.2444 |
E ot0278 O'e1.638 Ghmrsen [ . Q'=1.785 E75 i |
2.5 Fi%e |
3 . ‘—WLJT‘:_?__Q._‘&_ ”‘--..,_-..__ fu i e [
o E R e =311 3. R LN 1
s B r.-nmﬁ E =0 274, 0.2748 [ 0. 3045 A75 ‘
25 \"-4\"‘._&»"‘-.."'--%..1-'-..”..;.
0 250 " ek
3 i
L ol b e mee g
) \.‘_ x_,_\,_‘*-..__.‘x-..;_.;-,;a b, 1~H;;:§§:s
25 '.. I : 1 i B 4
L YR GRS S
. ‘x___.\.‘m__."u.___ﬁ.,,_.h,.,_‘ ks - |
s £ r=0.3646 [ 03085 %=0.3803 [ xm0.4335 H O
o'=20723 [ ¥ O'=2.8146 ~.
25
- "
0 -Ji‘-v-l e N T
01 015 020 027 032 03T d44 ddd BSB ﬂ'ﬂl:x}

b (frmj

courtesy of Z.E. Meziani

Stefan Diehl, JLU + UConn

Hadron Physics workshop, Tianjin, China

08/23/2019



"

Deeply Virtual Meson Production (DVMP)

Meson Flavor
T Au — Ad
Hr.E1 70 2Au + Ad
7 2Au — Ad 4 2As
pT u—d
H,.E pc' 2u+d
W 2u — d
@ g

H‘q Hq Eq Eq parton helicity conserving (chiral-even) GPDs

<1{/% _g; E% E% parton helicity-flip (chiral-odd) GPDs )
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Chiral-odd / transversity GPDs

e Jaffe and Ji have shown that the first Mellin moment of transversity
PDF h{(x) gives us the tensor charge d¢

sa= [ KB = [0 - Bl

—1

@ We can interpret tensor charge as the absolute magnitude of trans-
versely polarized valence quarks inside a transversely polarized nucleon.

o Given the relations between transversity PDF hi(x) and chiral-odd GPD

Hr(x, &, t) one can obtain the tensor charge dq through GPD in the
forward limit:

h(x) = Hr (x,€ = 0, = 0)
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Differential Cross Sections for hard exclusive meson production

Structure Functions
0y=01+e0 Orp Oy

Hadronic Plane

ﬁV

e
Leptonic Plane

y

ep%eparo
[ f( 4o, ﬁ@)\ / Ovr
ddq)(Q’ J.0) = (\4 /0052¢+ 2e(e +1) t cos )
=r P2 4804 W
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CLAS data and GPD theory predictions

400
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o 400 Pl e e b b L b 400 e b L L L L)
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Phys. Rev. D 84, 034007 (2011) e Gev: Gz
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. ] - d -100 [
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sector related with partiy a0 fp L
. . . 0 L1 0.4 0.6 0.8 1 1.2 1.4 1] 4.2 ¢4 0.6 0.8 1 i,2 1.4
relations of the helicity t, GeV? t Gev?
amp”tudes Solid: S. Goloskokov and P. Kroll CLAS collaboration. | Bedlinskiy et al.
Dots: S. Liuti and G. Goldstein Phys.Rev.Lett. 109 (2012) 112001
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Extraction of form factors and flavour decomposition

dop Amaopd, [ o 2 & i
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i ..__.% 5 (ET}|
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7 y

Goloskokov, Kroll
Transversity GPD model

1

(Bpyn[* = k' Q®16m?doly
! T draupi t dt
(Hpy™n|? = 2k’ Q° 1 [dop"  dopy
drapi 1 — €2 | dt dt

i° Generalized Form Factors
Q*=2.2 GEVZ, XB=0.27

|(Hr)|

VK, arXiv:1601.04367

0 02 04 06 08 1 12 14 16 18 2
-t GeV?
L ]
E; > H;

* t-dependence is steeper for E; than for H;
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T 32

1
d
[ZH; — HT]

G
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Hy,

|

Hy,

Hj

. 3
24/2
3
V2

GPDs appear in different flavor
combinations for x° and 1

[HF + V3H]]

[HF — V/3H{]

<HT>

" quaréks

+ @8 quarks

} Q

0 02 04 06 08

1.2 1.4 1.6 1.8 2
-t GeV?

g quarks

o

! .dquarks
[ i

ool G NG IS O i
0 02 04 06 08

1

1.2 1.4 1.6 18 2
-t GeV?

VK arXiv: 1601.04367 [hep-ex] 2016

* <H>Y and <H>¢
have different
signs for u and
d- quarks

e |<E;>|9 and |<E;>|
have the same signs
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GPD and TDA based descriptions

[ colinear factorization theorem ]

4/ \
GPD based description TDA based description > probe partonic
large Q%? and s large Q2 and s correlations between
small t channel contribution small u channel contribution states of different

baryonic charge

=>» access to non-minimal
Fock components of
baryon light-cone
wave functions

= Femto-photography
of hadrons from a
new perspective

=» Spatial imaging of
the structure of the
pion cloud inside
the nucleon

T in forward region T in backward region
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Extraction of 4;7” for the hard exclusive T* channel
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CLAS12 DVMP program just started ....

6.4 GeV

9‘ I nl p(é,e’n*)X 1

8F

7t
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5F o
ep—>ern' X 7 8

4 2

3f -

15‘ J )
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5| 5 &

L - ™

s — = ! S

: 88 | L 2
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5} W’\” 5

0.5 1.0

Exclusive ¢ from epK*'K’

Exclusive ® Production o

160
140~
120"
100+
80
60"
40-

. A _— Egr_s y

B. Clary (Uconn)

1 12 14 16 1.8

clog"ﬁ .

i epKK

ol
2 22
IMK'K (GeV)

o Exclusive ® production probes
gluon GPDs

o Transverse spatial distribution
of gluons

x < 0.01 measured at HERA, FNAL
x> 0.1 practically unknown
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Transverse Momentum Distributions (TMDs)

» Spin-dependent 3D momentum space images from semi-inclusive scattering

quark pol.
* TMDs in black survive
U L f transverse - momentum integration
é Ul A hLl \ * TMDs inred are T - odd
5 hi * All colored TMDs vanish if there is
g L g1 1L \ no quark orbital angular momentum
s | T v | gir | Ay Aty |\ ° Any quantitative statement about the total

orbital angular momentum is model dependent

Azimuthal asymmetries generated by correlations

between quark transverse momentum and
the nucleon transverse spin the parton transverse spin

(e ALr(sten | (F) - (&) oortion
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Semi-Inclusive Deep Inelastic Scattering (SIDIS)

do
dr dyds dzdgy dP?,  Four(z,z, P, Q%)

; T
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Longitudinally polarized beam and unpolatized target

do
— K 2 { F F,
de sz dz deh dp’QLL (CU, Y, Q ) vu, T + € UU,L
+1/2e(1 + €) cos o FEo3 P + e cos (20, ) FLo3 20" 25 1 —¢)sin (bhFSi(rJl(bh}
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e Q My, v 4 ! | M L VIS
X | \ _
| c ” twist-3 twist-3
- ofins FF o3 1 Boer- FF
twist-3 FF  unpolarized dist. twist St qdd Mulders
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P function

= \MD and
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Azi(r}(m measurement for 1, -, ° and K* with CLAS
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0,10+

F lei?(m measurement for 1, - and ° with CLAS12 (E
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Past, Present and Future 3-D Experiments
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Summary
® TMDs and GPDs provide a unifying framework to study the
3-D quark and gluon structure of the nucleon
s 3-D imaging of nucleon will uncover rich dynamics of QCD

® Exciting time has just started with CLAS12 high precision
and high statistics measurements with large kinematic coverages!
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