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Jefferson Lab

* Primary Beam: Electrons " el add Hall D
o .88\ (and beam line)
* Beam Energy: 12 GeV
e [0>A>0.1 fm | Ry Upgrade magnets
] o\l and power supplies

nucleon — quark transition
baryon and meson excited states

*100% Duty Factor (cw) Beam

e coincidence experiments

e Four simultaneous Beams with

e Independently Variable Energy and ,
Intensity — 20 cryomodules

ecomplementary, long

experiments cryomodules
* Polarization (beam and ;
reaction PrOdUCtS) Enhance equipment g::: 2::,;“, I;IOV:,JA
. T Max P nergy: 2.2 GeV
e spin degrees of freedom in existing halls Max Enery Hali A-C: 10.9 Gev

Max Energy Hall D: |12 GeV

e weak neutral currents

L> 107 -108 x SLAC at the time of the original DIS experiments!
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The CLAS12 detector

Forward Detector:
-TORUS magnet
- HT Cherenkov Counter
- Drift chamber system

- LT Cherenkov Counter
- Forward ToF System

- Preshower calorimeter
- E.M. calorimeter (EC)

Central Detector:
- SOLENOID magnet

- Barrel Silicon Tracker

- Central Time-of-Flight

Upgrades:

- Micromegas (CD)

- Neutron detector (CD)
- RICH detector (FD)

- Forward Tagger (FD) https://www.jlab.org/Hall-B/clas12-web/
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The CLAS12 detector
fully operational!
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Nudear Inst. and Methods in Physics Res

I I Nuclear Inst. and Methods in Physics Research, A
O m a n C e S 3 journal homepage: www.elsevier.com/locata/nima

The CLAS12 Spectrometer at Jefferson Laboratory m
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' & CLAS12-forward

,M.H. Wood °, A. Yegneswaran “, G. Young ,
. Zhao %, V. Ziegler ©

e :V Reference/Status

SVT M.A. Antonioli et a/, Nucl. Inst. and Meth. A 962, 163701 (2020)
MVT A. Acker et al,, Nucl. Inst. and Meth. A 957, 163423 (2020)
CTOF D.S. Carman et al, Nucl. Inst. and Meth. A 960, 163626 (2020)
CND P. Chatagnon et a/, Nucl. Inst. and Meth. A, 959, 163441 (2020)
HTCC Y.6. Sharabian et al,, @ proof stage
DC M.D. Mestayer et al,, Nucl. Inst. and Meth. A 959, 163518 (2020)
LTCC M. Ungaro et a/,, Nucl. Inst. and Meth. A 957, 163420 (2020)
RICH M. Contalbrigo et a/,, Nucl. Inst. and Meth. A 964, 163791 (2020)
FTOF D.S. Carman et al, Nucl. Inst. and Meth. A 960, 163629 (2020)
ECAL G. Asryan et al., Nucl. Inst. and Meth. A 959, 163425 (2020)
FT A. Acker et al, Nucl. Inst. and Meth. A 959, 163475 (2020)
Beamline N. Baltzell et a/, Nucl. Inst. and Meth. A 957, 163421 (2020)
DAQ S. Boyarinov et a/,, Nucl. Inst. and Meth. A, in press
Trigger B. Raydo et a/, Nucl. Inst. and Meth. A 960, 163529 (2020
Sim M. Ungaro et a/,, Nucl. Inst. and Meth. A 959, 163422 (2020)
Recon V. Ziegler et al, Nucl. Inst. and Meth. A 959, 163472 (2020)
Magnets R. Fair et al., Nucl. Inst. and Meth. A 962, 163578 (2020).
Overview V.D. Burkert et al. (CLAS Collaboration), Nucl. Inst. and Meth. A 959, 163419 (2020)
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CLAS12 Kinematic reach

Beam energy at 10.6 GeV Torus current 3770 A, electrons in-bending, Solenoid magnet at 2416 A.
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Plots based on 200 min. of data taking
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Ha" B thSlCS program = The 3D structure of the

nucleon - from form =

4,@‘&“’,//
= The strong interaction in nuclei F factors and PDFs to
— evolution of quark Bae s o’ GPDs and TMDs
hadronization, nuclear T

transparency of hadrons

= Quark confinement and ...
the role of the glue in <
= LT
meson and baryon
spectroscopy

= BSM physics: search for light
dark matter

-

H S = ‘ ’ al /Si Rating rou| uil ner
Hall-B physics program organised in ‘Run Groups L —
£12.06-108A xclusive N*>KY Studies with CLAS ] e ] T
u CLAS I 2 E12-06-112 Pm:‘:n'srl;m‘kdy:ar:;h;DlSpiunpwrodudion ( :
E12-06-112A SIDIS A produciiuon in target fragmentafion region -
e RG-A/K: LHj; target, 3D structure functions, MesonEx e g=
e RG-B: Ld, target, as RG-A on n B [ v — e
e« RG-C: NH3/ND3 pol target, L p & n polarized structure functions E1280 | Tl Corgn ot i
o RG-D/E/M/L: nuclear target, hadroniz., color transparency, SRC, v B B =
- . E12-03-007(a) Study of partonic distributions in SIDIS kaon production RICH (1 sector)
e RG-F: BONUS detector, n structure functions — 0 - L - =
* RG-H: transverse pol target, T p & n polarized structure functions I L
e RG-N : 3He polarized target for neutron DIS and TMD program R e S I
- H P S Beam time partial sum 765 (1555)

e RG-I: nuclear target, HPS detector A’ search (LDM)
= PRAD/PRAD-II

e RG-J: H; gas, Primex detector, proton radius

Proposal Count Experiment Days Run Groups RG days
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NUCLEON STRUCTURE
from elastic form factors to GPDs

The Proton and Neutron are
the “Hydrogen Atoms” of QCD

What we “see” changes with spatial resolution

> fm 0.1 — I fm <0.1]l fm
Nicloons Constituent quarks “bare” quarks
and glue and glue
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NUCLEON STRUCTURE
from elastic form factors to GPDs

X.Ji, D.Miller;A. Radyushkin (1994-1997)

Elastic Scattering Deep Exclusive Scattering Deep Inelastic Scattering
transverse quark fully-correlated quark longitudinal
distribution in distribution in both coordinate quark distribution
Coordinate space and momentum space in momentum space
(charge and current densities) (Generalized Parton Distributions) (momentum and

helicity distributions)
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NUCLEON STRUCTURE
Nuclear Femtography

Requires
* High luminosity
* Polarized beams and targets
* Sophisticated detector systems

2

o Major new capability
o . with CLASI2
Parton Distribution Functions Form Factors
Transverse Momentum Dist. (TMD) Generalized Parton Dist. (GPD)
« Confined motion in a nucleon * Spatial imaging
* semi-inclusive DIS * exclusive DVCS
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Studying the Nucleon Structure:
Transverse Momentum Distributions

Semi Inclusive Deep Inelastic Scattering

ep — e hX

do® x Bf9(x, k) ® dod(y) ® DA~P)(z p )

*The nature of the spin of the nucleon
*The nature of transverse motion of quarks and gluons
*3D tomography of the nucleon by using TMDs

X

o E12-06-112

Quark polarisation E12-09-008*
‘ Boer-Mulders for
pions and kaons
S * JLAB12

) E12-07-107
Number Density E12-09-009

Spin-effects for
pions and kaons

CLAS |2 can access all of them through specific
azimuthal modulations (, ) of the cross-section

thanks to the polarized beam and target

E12-09-007
Quark number
and helicities . C12-11-111*
C12-12-009*
Transverse target
| rwm Transversity & friends

) - ~JLAB12 co-spokeperson
h-L Ea - T —

Worm-gear IT ¢) = (e

c
o
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©
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o

2
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=

Probability to find a quark q in a nucleon P

with a certain polarization Pretzelosity.
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Studying the Nucleon Structure:
Generalized Parton Distributions

Exclusive Transverse spatial charge

Deep Inelastic Scattering ™" (\\

ep.— e R (1, 7 -.)

General parton distributions:
correlations of longitudinal momentum and
transverse position. “Bidimensional
version” of elastic form-factors

PHYSICAL REVIEW D 95, 011501(R) (2017)

DV_CS aF leading order ., Accessible via Deep Inelastic exclusive processes: DVCS and TCS

e (k) e (k')

eDVCS: e N — e N GPDs appear in DVCS / TCS through the Compton Form Factor: the
' T two processes are sensitive to different parts of it.

e TCS: YN — e~ Nete * Imaginary part: DVCS spin asymmetries
* Real part: DVCS cross-section / TCS angular distribution

H=) & {’P |7 (6 1) [ - L] +im[HI(E €, 1) - HY(=€,€, t)]}
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CLAS12 data taking

= CLASI2 data taking
= from Feb 2017 (KPP) to Spring 2019 (physics runs)

— Run Group A:
* |3 experiments
* 10.2-10.6 GeV polarized electrons
* Liquid-hydrogen target
* ~300 mC, ~50% of approved beam time

— Run Group K:
* 3 experiments
* 6.5,7.5 GeV polarized electrons
* Liquid-hydrogen target
» ~45 mC, ~12% of approved beam time

1

c
o]
=)
@
14

*

=
B
®

— Run Group B:
 / experiments
* 10.2-10.5 GeV polarized electrons
* Liquid-deuterium target
e ~|55 mC, ~43% of approved beam time

2nd N* Region
3rd N* Region

— Run Group F (BONUS):

| experiments
* 10.2 GeV polarized electrons (+2.2 GeV for calibration) TR R Y R Y R Y R TRy
* Gas-deuterium target + BONUS RTPC W (GeV)

* ~92% of approved beam time (Run concluded!)

A+(1232)
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Run Group A experiments (LH2)

Comprises |3 different experiments [Propossl —— [phyms ]
 E1206-112 | Proton's querk dynamics n SIDIS pion production__
121005 | Hodron spockioscopy with orwardtogger
12110054 | Photoproduckon ofthe very strangestbaryon |
1212001 | Tmeike Compion Scatt & Jy productoninete

* TMDs

* GPDs

* Fracture functions

* Form Factors

* hard exclusive meson production
* baryon and meson spectroscopy
* nucleon resonances

* strange baryons

* J/psi | E12-12001A | Jiy Photoproduction & study of LHCb pentaquarks
° exotics

* Different experiments have different patterns in CLAS|2

Trigger decision based on PMT detectors and DC, configured for 3 sets of experiments:“electrons”,“MesonEx”,“muons”

* Original DAQ requirements: 10kHz event rate, |00MB/sec data rate, LT= 0.9

* Production rates at 50nA beam, FT=ON: | 2kHz event rate, 5560MB/sec data rate, LT=0.94%
Electron trigger 5kHz (40%), muon trigger 2.7kHz (20%), MesoEx trigger 4.5kHz (40%)

* Data Reconstruction: 342 of the accumulated statistics ready for physics analyses (cooked data)
60G triggers, 1.2 PB raw data — 160TB DST — 100TB DST (16M core/hours processing time, 62.5M jobs processed)

* Preparing a better version of data cooking (Pass2) to recook the entire data set

Pass| data suffer from CD mis-alighment and other issues solved in the new cooking
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= “irst multidimensional, high precision measurements of somi-inclusive = beam singl
spin asymmetrics from the proton over a wide range of kinematics
I I S I e S u S L Dbl M5 A Kim® G Angelivs, ' K. Joo,f 5. Adhikasi,!! M. Amaryan® M. Arrstin® H. Atac,® H. Avkins,
: 2 e
T

. A G ! NA. Baltodl ¥ L. Harics, ™ 5. B f M. Bat
yerbe Gayomy o o, s tnglier

1 luu..k;l-.’ F. Hemmokbis

5 5. Baelli® M. Bondi,'” F. Bowes,? 5. Boirisaw,* K-T. Brinkmuen® W, Brisxoe,™

W. Hrocks,® D. Bubsmlia™® V1. Burket,* DS, Corman ™ 1.C. Cormjud,™! A C P. (}..ugrm,"
T30 Gl L Claek® BA. Qary,* PLL. Cale,™ M. Co g timi, T X

° ° ° ° ° o O ° \T((wi A D' Angelo, 3 N Dushyas,®? R De Vita,!” M. Defurne,? A B C. Djahhi
First multidimensional, high precision measurements of semi- R e e g

inclusive it beam single spin asymmetries from the proton R & L S
over a wide range of kinematics AT e .

Y.C. Sharnbean ™ U Sheotba @ 0. Soto, & N. Sparverin 5. Stepanyss 4 P Stoer,® 11, Strakoveky,
3 Stranch P K Teggin® A Thomton ™ N Tyler,® 1 1'5.,..," M. Ungeen,* L. Vesturdhi, % H. Vodanyse,
A. Vose,” B Voutier, ™ DP. Wattn™ K. Weil® X. Wei ™ 5.5 X B. Yake*' N. Zacharion,® snd J. Thaeg™

* So far, good mapping of |D PDF (longitudinal momentum dependence) e

* Are the g carrying an orbital angular momentum? how is it connected to the spin of the nucleon?! q correlations!?
* 3-D structure accessed trough Transverse Momentum dep. Distributions (TMDs)

* Semi Inclusive DIS (SIDIS) to study the transverse structure of the nucleon

* Single Spin Asymmetries (SSA) sensitive to TMDs and Fragmentation Functions (FF)

* Beam SSA: twist-3, subleading, O(M/Q), accessible in fixed target, medium energy (~10 GeV) experiments

do™ —do~

do* + do—

SSA(Z,PT,d),IB, Qz) -
_ ALY sin ¢
1+ A5 cosd + Af?? cos 26

hadronic plane

....................

)
004
- 0.03
To0.02
electron scattering plane _ 21— ¢) inLrgcb 0.01
V=N LU

J ) E
(b) Fyur +€Fuur _0-0(:;

-0.02!

* xg= proton momentum fraction carried by the struck q ’gg_

* z =Y,y energy fraction carried by TT 0.055 bbb cebo o Bl
e PT = 11 transverse momentum 0[]
* FLu = g-g correlation (genuine tw-3) = Convolution {Collins, Boers-Mulders, tw-3 TMD pol and unpol FF}

ferd 15
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12 N g e 3008 Pl CLAS12
> g = 008 i :
3 10 : 08 : 25006f 1 i !‘ ! CLAS
1 i = 10 L 1 1 I !
o~ 8 ' 004K 1 et "t Pwf ST wteiem e =) HERMES
o, °e ¥ PG R :: : Ll compass
" 04 ‘ ot LR —— l —
4 ' ik i T 1 / I '
2 " 020 | -0.02}
-0.04/
G % 02040608 1 1p2 16: 1V6 :
0 01 02 03 04 05 06 01 02 03 04 05 06 0.7 0.2 0.4 0.6 0.8
r [GeV] Xg z P, [GeV]

P; =083 GeV z=0.33

Fiy

Good kinematic coverage necessary for multi-D
mapping

Existing data are sparse and limited in kinematics
CLASI2: Ee=10.6 GeV, Pe~86% 0ALU~6%
Models:

|) active q + spectator di-q (scalar)

R

P; =0.57 GeV

PN I Y N I 0 Y T PPN PR (PP B AR R A e

LA AR AR R R R L R RN LR LR LRR RN RN RERY RARN

RN ALY AR AR RLRE L' LN LRy RRRN L)

2) active q + spectator di-q (ax-vector) (best fit) ;

3) H (parametrized) + e (chiral soliton)

Model-dep extraction of Collins (dashed) and
TMD tw-3 (dotted)

P; = 0.36 GeV

LN ALY AR LRI RARE L AR AR ERRR LA
L LA RN AR RN RN L RARY RRRE LR

2

B
P

H—=t L B B B B B i I o o o s o o o e

P;=0.15GeV z=0.33

* First multi-D measurement over a wide
kinematic range
% Extraction of Collins and TMD functions

=
=
=
H
i )
i
=
5

AN RRLR RN LR LRR ERRE LIS RARY RRRE LRAR LR}

LA LRE LRLE LA LA LR RN AR RELN LN LA

' ¢ ! :

01 02 03 04 05
X
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Observation of Beam Spin Asymmetries in the Process ep — ¢/t~ X with CLAS12

T.B. Hayward,! C. Dilks,? A. Vossen,? HA'nkiamSAdhl}.:m GAgehm M. An'nl:L HAL:AC CAvc-rhc
Cyuw N.A. Baltzell * L. Barion,’ lcn -

- AS. Biselli,'¥ M. nomn F. Boss,!* S, ri
DS. :mn:m *ic. Can:npl 22 BA. Cla
P.L. Cole,™ M. Comnlbng G. ‘2 A an?’ fita ?
Defurne,'® A. Dear,’ S Diehil, * £,30, 18
. i'IQ i 12 3
X. Girod* oA t l\A Griffioen,! 15 i
S - a1
0 0 nBD

\I Hlmp DG

First Observation of Beam Spin Asymmetries in
the Process e p = e’ Tt* - X with CLAS12

(Th CLAS Cnlhboml ]

* SIDIS ingredients: q in the nucleon (PDF), hadronization (Fragmentation Functions)
* Fragmentation in 2h is sensitive to several TMDs and Dihadron Fragmentation Functions (DiFFs)

* Spin-momentum correlations in hadronization

* Access to PDF e(x) (transv polarized q in a unp nucleon, tw-3) and Dihadron FF Gl-perp (helicity of fragmenting q)
* Complement single-hadron SIDIS, with the advantage of another degree of freedom

dihadron plane q X P, plane

Ph = P| + P2 pions 3-mom
RT is the component of R perpendicular to Ph

Rr = ZzPiL—'z]P%— /2

1 N*(on, @R, ) — N~ (¢n,Or,) _
pbeam N+(¢ha¢R.L) + N_(¢hr¢R1)

Aziz'(éh o) sin(¢p —

ALL'Y —_—

®h = azimuthal angle of q X Ph plane

®R L = azimuthal angle of di-hadron plane
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sin(ér, )
LU

0.06
dory o (4) 0.04
) 1 - —_ 1l ¥ 1
W e sin(or, ) (xe(:c)Hf (2, Mp) + - f(z)G7(=, J\Ih)) > oo f ! {
3 0,00 S P
g5 e b
< -0.02 {. | +
}l} { {
-0.04— -
—0.06 | | | | |
jlj 02 04 06 08 10 12 14
: H{ | { | M, (GeV)
009l + {+{ :{| + o daLUocC)\esin(th—qul)I[flGl]+...E
I}I 1 0.06
0.01 004l {
|| N NN M TS R —— * Change of sign around p mass s * } {
* First measurement of TMD L 000_l+
-0.01 | ' ' ' fragmentation in 2TTs i3 B Py
0.0 02 03 04 < -0.02 } ]
X —~0.04]
~0.06 | | | |
i : 000 020 040 060 080 1.00
* e(x)# 0 in valence region PL (GeV)
* From known H-function, e(x) can be extracted 0.06

% First measurement of BSA in di-h production
% Sub-leading PDF e(x) different from 0

* First helicity-deg FF G|+ observation
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CLAS12 preliminary results B NCes

SiIicigg‘g £

Typical DVCS event:

* Electron in the forward detector (torus, DC, ToF
Cherenkoyv, Calorimeter)

* Photon in the forward tagger (calorimeter)

* Proton in the central detector (solenoid, Silicium,
Micromegas and ToF)

. Forward Tagger Calorimeter

DEEPLY VIRTUAL COMPTON SCATTERING

RG-A RG-K
' Beam Spin Asxrr:met‘[!m 2

°
8

i 2 y2 |Prelimi

0.2: + Q°=3.5GeY reliminary

0 r//"\\ Xg =0.25 results of the
; N

o DVCsS
ot using \V,//
02 1+ fcose

03~~0 120 180 240 300 360

°
-]

3
Asymmetry

b o
8

o
am Spin
b b b
8 3 8

<aniSpin Asymmetry

I3
pa

100

i N U O T T O [ 200 200 200
o*=20 F220 ¢ @ [deg] @ [deg] @ [deg]

P e e R e W 4 avs-tatxB =025 avs-tatxB =025 a vs -tat xB = 0.250
E » . E 2 H3 H3 3
\‘.,4’ " 1 f i Q7= 1.1Gev? ) Q*=1.1Gev? : Q*=1.1GeV?
i 3 Q" = 2.0 GeV? 02‘1. i Al e o ¥ ot boe o

300 ° 100 300 o 100 300

Q=15 | Q’z15

e 0) || '.il, DVCS ANALYSIS RG-B

; 4
= oi;'ﬁi NS PETY SaN— Pt T PreY :
'\\ -,:o.oa;f/».}'\.‘ X3 =012 1 =017L Xs = . 3 . ‘ : ) 2 o | .

¥2 I ndf 35.53/10 : »2 / ndf 10.86/9
a 0.1213 £ 0.0018 a 0.05228 = 0.00737
b -0.4256 + 0.0156 ’
Pass1-spring data Pass1-spring data
No n” subtraction No =’ subtraction

| Raw Beam Spin Asymmetry (BSA asin @

Fit function:
1+bcose

>
Xe

Requires understanding of the tracking/PID in Central tracking
Requires understanding the photon/pi0 reconstruction in the calorimeter
Requires understanding physics background in particular the pi0

<Q2> = 2.29 GeV?
<-t> = 0.42 GeV? +

<xg>=0.19
CLAS12 preliminary

<Q?> = 2.35 GeV?
<-t> =0.71 GeV?
<xg> = 0.21

Note: Common problems to all run groups (A, B and K) and the groups are worl

LLRRNLLLAN RRRRNRARLS RARRS n.r'rr‘rr* ﬂTTT‘TTTTTTTT

lIIIIHH!HIIIIIIIIHIII III IIIIIHIIIIYIIII”

Incoherent pDVCS on deuterium nDVCS with RGB data
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Short Range Correlations

CLASI2 FY21 schedule

RG-M status

* Scheduled for 30 PAC days: October-
December 2021

« D,4He, C, [O,] 40Ar, 40Ca, 48Ca, Sn

* Targets designed and under development
Standard liquid target cell
Short 0.5-cm Ar liquid target cell
Solid target C, Sn insertion mechanism
Special Ca target holders

e [1,]2,4,6 GeV
* Outbending at 2 GeV

* Standard CLASI2 plus BAND,
no FT or LTCC

 Simulations underway to
optimize
* Trigger
 Torus field

.ge/ff./egon Lab 20

* Build on the tremendous success of
the CLAS6 data mining SRC program
(Science, several Nature, ...)

n)/c,
c,(e.e'p)c,

(e,e’pNN) data on a wider range of
nuclei
* Three nucleon SRCs?

» Constraining the NN interaction at
short distances

» Understanding factorized effective
theories

» SRC formation mechanisms
» SRCs and the EMC Effec

* Take (
vector-current part of
neutrino-nucleus event
generators

* Energy reconstruction
techniques

* Event generators key to

reconstructing
oscillation parameters

Present and future of JLab CLASI2 physics program

c,lee

1.8~ n(k)
High

k‘ k "“‘u“‘, !

1. \“'\""
o8

High-Momentum %

Pb

12 14 16
Neutron Excess [N/Z]
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Conclusions

* A comprehensive hadron physics program just started with CLASI2 at JLab

* Nucleon structure (GPD, TMD), light-quark meson spectroscopy (hybrids, exotics,
penta-q), nuclear structure (correlated pairs)

* Reach and long (~10y!) physics program exploiting CLASI2 excellent resolution and
particle ID paired to high luminosity e-/y and beam/target polarization available in Hall-B

* A significant kinematic coverage

3 - Hall-B operations
assessing many final states will cover

a parameter space that will be e o

fU rt h er | nvest | g ate C| b y fu ture : gﬁﬁiﬁiﬁ"??ikff’dllfﬁ '&Tﬁlﬁﬁ”iffhidﬁﬂt (T;r;]/o.: :Eiu:;r) ?iii'?oﬂlfﬁ? 3”252 of allocated RG-F PAC days
initiatives (EIC) b

* The CLASI2 detector is A AT T J
performing well providing the first T e
physics results Dediaced squipment (BONUS RTpG) o o e erers

- Decommissioning started, RTPC to EEL building (?), will be stored at ODU/HU

First CLASI12 results

ready for publications,
many more to come!

Despite COVID-19 CLASI2 accomplished the planned physics program
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