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JLab Electron Accelerator Site

Continuous Electron Beam Accelerator:

- Continuous wave electron beam

- Simultaneous beam in all halls

- Beam energy up to 11 & 12 GeV
- Beam current |; = 100pA - 100pA

- Electron beam polarization > 85%
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12 GeV Upgrade Project

priority in the 2007
NSAC Long Range Plan.

Completion of the Upgrade is designed to build on existing facility:
12 GeV CEBAF Upgrade vast majority of accelerator and experimental
was ranked the highest equipment have continued use.

New Hall
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Enhanced capabilities

in existing Halls U

Maintain capability to deliver lower
pass beam energies: 2.2, 4.4, 6.6....

cryomodules

pgrade arc magnets
and supplies

Add 5

TPC = $338M
ETC = ~$8M

cryomodules

Project Scope (~98% complete):

*Doubling the accelerator beam energy - DONE
*New experimental Hall D and beam line - DONE
*Civil construction including Utilities - DONE
*Upgrades to Experimental Halls B & C - ~96%
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2015 NSAC Long Range Plan

NSAC = Nuclear Science
Advisory Committee

e Advise DOE and NSF on future
of Nuclear Physics program every
S5-7 years

e Four recommendations

e Two initiatives

* Recommend modest budget
growth at 4.5% per year

LONG RANGE PLAN
for NUCLEAR SCIENCE

—JA
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12 GeV Scientific Capabilities

Hall B - understanding nucleon structure via Hall D - exploring origin of confinement
generalized parton distributions by studying exotic mesons
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Hall A - form factors, future new Hall C - precision determination of valence

experiments (e.g., SoLID and MOLLER) quark properties in nucleons/nuclei
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The CLAS12
Science Program

Outline

Gluonic hadrons
Nucleon structure
Nucleon tomography
S Summary
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CLAS12 Technical Scope

Forward Detector (FD)
- TORUS magnet (6 coils)
- HT Cherenkov Counter e
- Drift Chamber System
- LT Cherenkov Counter

- Forward ToF System

- Pre-Shower Calorimeter CTOF

- E.M. Calorimeter
Central Detector (CD) ST

- SOLENOID Magnet
- Barrel Silicon Tracker
- Central Time-of-Flight <

Beamline
- Targets

- Moller Polarimeter
- Photon Energy Tagger
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Upgrades to the baseline - —
- MicroMegas o F T @.
- Central Neutron Detector lg-
- Forward Tagger ! ITCC

- RICH Detector (2 sectors)
- Polarized Target (long.)
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The science program with CLAS12

" The 3D structure of the nucleon - from form
factors and PDFs to GPDs and TMDs

"The strong interaction in nuclei - evolution of
qguark hadronization, nuclear transparency of
hadrons

" Quark confinement and the role of the glue in
meson and baryon spectroscopy

.Jefferson Lab



Kinematic coverage of DVCS

-1 0 .E T I T T T
H1, ZEUS Study of high x, domain
N requires high luminosity
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: The 12 GeV Upgrade is well
> : matched to studies in the
e valence quark regime.

.Jefferson Lab



CLAS12 and GlueX

Meson spectroscopy is one of the main topics that will be
studied with the Jlab 12 GeV upgrade. Key elements are:

* High intensity tagged photon beams
* Detectors with large acceptance and good particle identification

capabilities

GlueX in Hall i

barrel time-of
calorimeter -flight

forward drift
chambers

central drift
chamber

superconducting
magnet

.!efferson Lab



Meson Spectroscopy with CLAS12

Quasi-real photoproduction on

proton target:

* Detection of multiparticle final state from
meson decay in the large acceptance
spectrometer CLAS12

* Detection of the scattered electron for the
tagging of the quasi-real photon in the
novel Forward Tagger

Physics goals:

* Detailed mapping of the
meson spectrum up to 2.5
GeV

* Search for exotics

.Jefferson Lab



Meson spectroscopy & Forward Photon

Generated/reconstructed waves

a, = pn (D-wave) a, = pn(S-wave) L a, — pn(D-wave)
Forward - - =
» Qﬁguer . '
" CLAS12 - - i3

E’f ey _l"’ L MR R e N T R e, O e ot Mows O]

n, = pxn (P-wave) , | T, > px (F-wave) | n, = f, n(S-wave)
. . . _ o _C* 8-l = Iimtent Mise V) " mnv:-nu--rr-m "3 invartant Mass (Gevic]
High luminosity - equivalent flux N,~5%10% % = f,x(D-wave) | | ™ (pe:r)c(cftlzc\;vave) {m All waves

on 5cm IH, target L=10%*cm™s™ ] - 3

Events generated in specific partial waves, tracked
through detector system and reconstructed, retain
their initial partial wave contents..
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DIS structure functions and d (x)/u, (x)

Hland ZEUS
% 1
: Q*= 19GeV? %
0.3
Xa 0.8
¥ Mawe HUIE| Cuark Modeal
o = 142 —— o7
T
i ¥
. " L 0.6 a
“ki11 1 i 05 M=
[] Helicity —m U-.N
oonservatine 0.4
JAC Data (Fermi coer.) i du=15 0.3
w
_AC Data (oifshed] com.) l./ 0.2
AC data (FLC 1-gluon exchange | 0.1
ppression correcton) diu=0
§ . . — 0
02 03 04 05 06 07 08 08 1
d(x)/u(x) poorly constrained at x > 0.5 due F,r e
to uncertainty in nuclear corrections Fp 4+ du
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Neutron structure and quark distributions

F,"/F.? ratio by tagging almost unbound neutrons using detection of low
momentum protons in a radial TPC.
E12-10-102 d/u
eD-epX

A 11 08 | | - Fr/Ep

0.9 [

o 4 F ‘_':uﬂ J.r'llr F zp = 1

S i
0.7 =

> i |
) 0.6 | -
y i SU(6)
4 p, >70MeV/c 05| . e

5 Tesla = : B! b
mag. field _ |

d/u=|0
e | | } C g E ; i | i ™ |
0 01 02 03 04 05 06 07 08 0.9 1*
X

First model-independent measurement of F,"/F.?
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Generalized Parton Distributions (GPDs)

D. Mueller, X. Ji, A. Radyushkin,(1994-1997),...
M. Burkardt, A. Belitsky (2000)...

T -

L.
v
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The size and structure of proton.
Proton form factors, transverse charge
and current distributions

Nobel prize 1961- R. Hofstadter

Internal constituents of the nucleon
Quark longitudinal momentum and
helicity distributions

Nobel prize 1990 - J. Friedman,

H. Kendall, R. Taylor

GPDs connect the quark distribution in
transverse space and longitudinal
momentum

.Jefferson Lab



Deeply Virtual Compton Scattering & GPDs

Deeply Virtual Compton Scattering (DVCS)

hard vertices

O\

X - longitudinal quark
momentum fraction

2€ - longitudinal
momentum transfer

\ft - Fourier conjugate
to transverse impact

- t parameter

GPDs depend on 3 variables, e.g. H(x, &, t). They describe
the internal nucleon dynamics.

.Jefferson Lab



Link to DIS and Elastic Form Factors
Form factors (sum rules)
deZ[Hq(x,ﬁ,t)] =F, (t) Diracff

DIS at §=t=0 j‘-dxz x, &, t) ] =F, (t) Pauliff.
Hq(X’O7O) :q(X) 1 !
ﬁq(X,0,0) :AQ(X) deﬁq(x,ﬁ,t)=GA,q( t), Jldx E'(x,Et)=Gp.( t)

)
l Angular Momentum Sum Rule

ja =L —jo= LT x x[He(x,E,0)+ E4(x,5,0)]

X. Ji, Phy.Rev.Lett.78,610(1997)

.Jefferson Lab



Generalized Parton Distributions

(Quantum phase-space quark distribution in the nucleon)

[ e i),

Wp (I‘, ]C) — WMy

Wr(r,k) = / b W k)

(2m)
N

Polarized DVCS directly probes GPDs Integrate over
momentum space

Sensitivity to GPD \
2\
i Generalized Parton
= UP H, H, E Distributions (GPD) H, H
.O -~ E, I
S5 1p H, H, E v
N
S & > 3D nucleon imaging in
= 2 transverse coordinate and
TP E, H longitudinal momentum
space

{2 ENERGY | s (’FJ A Jefferson Lab



Physical content of GPD E & H

Nucleon matrix element of the Energy-Momentum Tensor of QCD
contains 3 scalar form factor:

M.,(t) : Mass distribution inside the nucleon

J (t) : Angular momentum distribution

A graviton-proton
d,(t) : Forces and pressure distribution

GPDs are related to these form factors through 2" moments

1 1
JUL) = % f_ dzz [HY(z,6,1) + B, 6,1)] Mq(t)—i—idl(t)fz _ % / dzzH(z, €, 1)

(Ji’s sum rule) i

% ENERGY | scionce (FJ A Jefferson Lab



Accessing GPDs Through DVCS

> GPDs are universal, they can be
determined in any suitable process

d‘c
dQ2dx dtd¢

DVCS

~ | TDVCS + |2

(do/dX ,/dQ*/dt/do nbGeV/c™
~
S

/X

‘given by elastic form factors
Toves: determined by GPDs

10

BH-DVCS interference generates
beam and target asymmetries that carry
the nucleon structure information.

10

'
[\%)

Cross section of ep—epy at Q=2 GeV/c? and X5=0.35

T

E, = 4 GeV

E, =11 GeV E, =6GeV

! -

20
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Accessing GPDs through polarization

A c"— 0" AGC
- o'+0 T 96

Polarized beam, unpolarized target:

Aoy, ~ sinolm{F,H + E(F,+F,)H +kF,E}dg mp H
f f _
Kinematically suppressed S = Xgl(2-Xg)
k = t/4M?
Unpolarized beam, longitudinal target:
AG,, ~ sin¢|m{F1ﬁ+§(F1+F2)(H +E/(148)E) - }d# Iy H
I I I
Kinematically suppressed
Unpolarized beam, transverse target:
Acyr ~ cosoim{k(FH - FiE) + ... }do ||~ H, E

Kinematically suppressed

.Jefferson Lab



First observation of DVCS/BH beam asymmetry

2 : 7 I CLAS
< .l HERMES < 04 I
| 27 GeV SR 4.3 GeV
02 0.2 |
0 o 7
-0.2 i
! -0.2 |
04l Q2=25GeVz ‘w i )
04 1 Q=1.5GeV?
0 -180 o(deg) +180 S R R
0 100 200 300
d(deg)
Early GPD analysis of CLAS/HERMES/HERA data in LO/
NLO shows results consistent with handbag mechanism A((I)) — OCSin(I) + BSiﬂZ(])
and lowest order pQCD. A. Freund (2003), A. Belitsky, et
al. (2003) B/on << 1— twist-3 << twist-2
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DVCS Unpolarized Cross-Sections (6GeV)

bin2 0.13<-t<0.18 GeV? " bin5 0.13<-t<0.18 GeV? bing 0.13<-t<0.18 GeV? 4 bin13 0.13<-t<0.18 GeV?
Q%=1.2656 GeV? Q%=1.6269 GeV? Q%=1.7945 GeV? s Q%=2.5846 GeV?
10 Xp=0.1541 x5=0.1849 x5=0.2442 - x5=0.3044
-t=0.1526 GeV* -1=0.1527 GeV? 3 t=0.1532 GeV? r -t=0.1536 GeV*
o
1F L 3
107 10 NS
o 5.0 1(‘10 1;0 2(;0 2;0 3(‘)0 3%0 0 5‘0 1(;0 1;0 21;0 2;0 3&0 3;? 0 :;0 1(1)0 1;0 2[;0 25‘»0 360 3;[0‘ o 5‘0 1(‘)0 1;0 2(;0 2;0 3(‘)0 3:‘:{3
bin2 0.23<-t<0.3 GeV? bin5 0.23<-1<0.3 GeV? bing 0.23<-1<0.3 GeV* bin13 0.23<-1<0.3 GeV?
Q%=1.2665 GeV? Q%=1.6279 GeV? Q2=1.7950 GeV? L Q%=2.5834 GeV?
xg=0.1542 x5=0.1850 x5=0.2444 X=0.3046
” . -
=0.2615 GeV* -1=0.2616 GeV* 1 -t=0.2621 GeV* L -t=0.2622 GeV* .
1 1 A ; ®
10" 10'F
10-1 1 L 1 1 1 | 1 10" ki 1 1 1 1 L L 1 1 1 |{ 1 1 i 1 [ 1 1 1 1 1 1 1
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bin2 0.39<-t<0.52 GeV? bin5 0.39<-t<0.52 GeV? bing 0.39<-t<0.52 GeV? bin13 0.39<-t<0.52 GeV?
Q?=1.2671 GeV? Q’=1.6281 GeV? 1k Q?=1.7954 GeV? Al Q%=2.5810 GeV?
xg=0.1544 xg=0.1851 xg=0.2445 x5=0.3046
' -t=0.4465 GeV” . 1 -1=0.4466 GeV’ 4=0.4472 GeV? : -t=0.4476 GeV*
1 i e
L] -1
10'F
§ r
4 10" F [
10'F T [
102
1 L ' 1 1 L A '] 1 1 L L L ' A1 E
0 50 100 150 200 250 300 3?;] 0 50 100 150 200 250 300 3?]0 35[0‘ o
T :
f d4 g \ -t 1.45—
ep—epy o - 8 4 12F
5 (nb/GeV--)_ £
dQ2dxgdtd® e :
B | o
—— BH  —— V66 (H only) ook 1
r 0.4}‘ 3
e KMI0 --- KM10a D T
T e et b i Sl S B il T T e W S IS i L
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DVCS Longitundinal Target (6GeV)

AUL X F]_ II‘T‘I?::{ ALL OC F]_ RE?:E

-t (GeV/c)
( © C) 2.00

2
t(GeViey |

0.08 0.18 0.30 0.70 0.08 0.18 0.30 0.70

-
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0 ¥ T

02F - }
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A,, projections for JLab@12GeV

AG,, ~ Sino {F,H + E(F,+F.)H
+kFEFdo
SN
03[ 045 |06
Q? Ay
— + f\/\/
- —
6;:— 02 ’0.%0.45 0.6
L O
5 | =
B 02 {03 [045 |06
FSERAVAVAVAVAVAYAVAVAS AVAN _
- - _b,=10b,,=10
o DO S I
- /\/N\\’\/\/\\%’\\F\ ¢ P (doaree
2— N ¢ E12-06-114
- 0 0 E12-06-119
7||||||||||||||||||||||||||||||||||||||||||||||
&]5020.5030.5040.45050.5050.&
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A,, projections for protons

~
Ac,, ~ sino {F,H + &(F,+F,)H
+kFZEFdo
0.45 2 : ‘
.. ./.’. -
E=11GeV £ - s
e Q‘- LR g e . BPTE
-..Q.x b o .\‘? P 2 ?:0
NG . B
Q’=22 Q’=2.6 - Q?=3.5 Q?=4.5
-0.05 Lxa=025 %, =0.25 %x,=0-25 | %5=0.25
0.12 1.50.12 1.50.12 1.50.12 1.5
0.45 .
.j?;‘ LT T T T e
g’ o ! Q’ ./’6‘.‘“/ > i‘i’:,-,‘ ¢ ;
w3 oo, i B ) i . T i i
< ..'o e
) \\.:.‘\‘ , .“.““ ‘ +
Q’=2.2 Q?=3.5 Q?%=5.5 Q=7
-0.05 Lxa=035 %,=0.35 Xo=0.35 %g=0.35
0.12 1.50.12 1.50.12 1.50.12 1.5
0.45
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A, projections for protons

e p— epy Acy, ~ sind {FH+E(F,+F,)(H +E/(1+E)E)}do

X=024 X;=036 X=
1
. L = 1x103%°cm2s? R
Dynamically _ %
! A T= 2000 hI’S IﬂH_HH TtIﬂHH‘H
polarized target ° uL AQ? = 1GeV? L i
NH,, ND, Ax = 0.05
1
;
- - AT 13
o E12-06-119 . %ﬁfm’ 2y iﬁfﬂi}l}rgiiiliﬁiﬁﬁl i 0
1
: - iy ATy gy ﬁ'
0 S T TR S TR e ¢
1 Q
L e B " N S i S iy
Oaf‘w‘ﬂffn?’%mﬁ;’%%fxi:ﬁf &Ilmr‘ PIII[]EEHHI‘ illnglx liIHIHI ) é
1 Q
— - = e i 1T
°k;:-"ﬁi;;"”‘&fx;’f""!ﬁr;;—””“%;fﬁ%;:j%; ’Eﬁfn};%km“mﬁié;};’" Iﬁiﬁ"}m %
1
-~ . N e . ity 1] Q,
L %;;;’3*»;;’E"‘%:.:;**’“s,;:f”s,;_;*E&f%;"%‘ﬂnﬁ;}mzﬁmﬁf mlmﬁfﬁggﬁ"HHH’H’IIXI’I’IHH &

+02 +03 4+05 +07 +02 +03 +05 -+07 03 405 +07
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A, projections for 12GeV

epT —> epy AG; ~ cososin(¢.-¢){k(F,H — F.E)}do
A polarized HD |

C12-12-010

P =0.60 | 6 -
S 2505 [
g Dilution = 0.8 - 0.25,
P BT T 041 5 *HERMES Q=2 GeV?
i t=-0.55 GeV/?2
~~~~~~~~ 03 | 4,
i W06 -06
0.2 j'l ‘ A6 0
R : Y .06 06
0'1] o 80 0.6
0 F < 0 0
0: Ao 06
- = 006 -06
0. 06 0
0.2 %06 06
03| ++++¢¢++H
_0.4 L P T - P | I

0 02 04 06 08 1 12 14
t

A ; and A; are sensitive to the u and d-quark helicity content of the proton spin

Office of E&—J“A
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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, Ay, Ay, Ay Ay A A

@ H(x,E=x,t)

7.50

: B
g 0 Al

. Projection for the corresponding ’ RS

5.75

3.75

e R Ei B T

2.50

NNNNNNNN
ﬁﬁﬁﬁﬁﬁﬁﬁ

rrrrrrr

175 &

i A9 | Forcorrections see
s Rk L V. talk by H. Moutarde
i o ] s s

011 015 0.20 027 032 037 044 049 050 0.57 (x

.Jefferson Lab



Projected quark densities in impact parameter

px(x,b1) :/

N polarization ——>
1

E B
L
0_ ............. ............ 4
0.5 e
£=0. 1
-1 Bl
-1 0.5 0 0.5 1
b, (fm)
8

Q,(x, b)) ()

1 -0.5 0 0.5 1
b, (fm)

Contribution of H+E

phk Office of

d2A |
(27)2
N polarization —>
1 I0.2

0.15

[H(x._ 0.t) —

(fm)

Y

©h

0.1
0.05

E contribution only

-1 -0.5 0 0.5 1
b, (fm)

. a (x,by) (fm?)
o

o
¥

Contribution of E

E(x.0,t) O

2M

Oby

|

—

i

-b

1

" Fourier transform of GPDs
give access to the quark
densities distribution in
impact parameter space.

" GPD E probes the u- and d-
quark separation in impact
parameter space. Transversely
polarized proton shows flavor

dipole.

A U3 DEPARTMENY OF —
2/ ENERGY | science \\_‘_J A
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DVCS with CLAS12 at various beam energies

HIC ) = Z [%fr{m [H;(&,€,t) — Hp(—=E,&,1)] <— Imaginary Part of CFF
f

+7D/_1 dx L_x = £+$] Hf(x7§7t>} < Real Part of CFF

1 1 D(x, t)
dx{[H(x,x,t)+H(—x,x,t)][E_X— E"‘X] +2 1—x }

1

Re[H (5, 1)] = /

-1

rzp(r) in GeV fm™!
1111 ¢ The D-termis the least known part of the
0.01 | / dr Pp(r) = 0] conventional GPD H
[ /o .
0005 F + 1 + t-dependence of the D-term encodes the form
factor associated with the distributions of

0| \_/,/— forces on partons inside hadrons

-0.005 | 71 * May shed light on the mechanism of
confinement

% ENERGY | scionce \'—J A Jefferson Lab



Accessing GPDs through DVCS

CVES o Bethe-Heitler {(EH) 0, G~ |TDVCS _I_TBHF
C_eaihs , ! AG=6G'—G —oC I(Dvcs. BH)
= A= Qo I(DVCS-BH)

26 |BH|2+DVCSJ]2+

PDS(x,&E, 1) o
oy ax+ inGPDS(xEE,D+ ...

.&ﬁ \/

Compton Form Factors

Fovs f D850 sy .o
Xt&+ e

H(x,£,0)
10 0.2
7.5 P Only € and t
5 i are accessible
2.50 .6 | experimentally
2.5 R R S
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DDVCS with CLAS12 in Hall-B - LOI

Two main challenges in DDVCS measurements:

* cross section is two to three orders of magnitude smaller than the
DVCS cross section
* decay leptons of the outgoing virtual photon must be
distinguishable from the incoming-scattered lepton
Both challenges can be solved with by studying di-muon
electroproduciton, en— Epuu”
CLAS12 FD will be blocked with heavy shielding/absorber
from electromagnetic and hadronic backgrounds to be able
to run at luminosities ~10% cm=2s?, and will be used as
muon detector

Scattered electrons will be detected in a compact PbWO,
calorimeter that i&parpeﬁzgtheg)lgiq ding
1044 i )

(ol

Electron calorimeter
and shield/absorber

S=rnl[(tt? (30°)- i (7°)]= 3600a17; | = 60am

ocation of
HTCC mirrors

PbWO, modules with APD readout - ~ 1500 modules

% U.S: DEPARTMENT OF Office of ("_J A
Y '

ENERGY | science .gefferson Lab



Expected results on beam spin of DDVCS asymmetry

The beam spin asymmetry (BSA) in DDVCS is proportional to
the imaginary part the, i.e. in a concise notation:

This allows the mapping of GPDs along each of the three
axis ( , &€ and t) independently

Prediction of the “handbag” formalism is the sign change
of BSA in transitioning from “space-like dominated” to
“time-like dominated” regime

BSA for 100 days of running with CLAS12 at luminosity of 10%” cm™? s™!
ep— eu'n (p)

0.25 = 0.25

Electron kinematics: 2-Space-like dominance 0.

015 015

M

“Time-like dominance

01 01

0.05%— I P 0_05;
&3 IR f g f !
ferred @ ! [ | o |
Transferred momentum oosf L1 1 oo | o
squared: ot off
_0_152— 2 2 .0_15;— 2 >
02F Q = Zi 0-4 GeV 02 Q = 2-8i0-4 GeV
From Boer, Paremuzyan _0_2%: S T I P U I TR '”-2%:""5'0"'%t':d"ia'd"éu';d"'zs'd"b.éd"'ss'd'
d‘LdEg ¢|_de‘.;
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Extraction and Validation Framework

* The main goal is to develop a framework for extraction and validation of 3 D PDFs
from experimental measurements of hard exclusive and semi-inclusive production
of photons and mesons through:

— Developing multidimensional MC-simulation

— Implementing self consistent QED radiative corrections in the cross sections for a
complete set of structure functions needed for the extraction framework and MC
simulations

— Developing capabilities, within the extraction and validation framework, to provide
persistence and data visualization tools

— Robust strategy to propagate and control uncertainties to the extracted 3D PDFs

* The analysis framework to be used in 2 ways: from measured observables to 3D
PDFs, and from models of 3D PDFs to predictions of observables.

Office of E&—J“A

science {3 Jefferson Lab
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Summary

* CLAS12 with JLab 12 GeV upgrade has a broad science program
covering many facets of hadron physics.

* 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.

* Precision studies of DVCS in polarization measurements give access to
GPDs and enable quark spatial imaging. They relate to the quark spin,
mass and force distributions in the nucleon (confinement?).

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

* Many topics not discussed, hadron spectroscopy, nucleon e.m. form
factors, dark matter searches, QCD and nuclei, ....
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