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e Located in Newport News?, Virginia

e James Town: First Settlement
e Yorktown: American+French > British
e Superconducting electron accelerating facility

¢ Simultaneous distribution to 4 experlmental Halls
(We did 1t!) | '

e 12GeV for Hall D
e Hall ABC ~11GeV

e Beam Polarization >85%



CLAS: CEBAF Large Acceptance Spectrometer

Magnet return yoke

Torus Magnet
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Drift-Chambers

e CLAS:
Time-of-Flight
e Momentum Resolutinon

e ~0.1% Cerenkov Counters

e Photon Tagging Range: 20-95%

Electrocalorimeters
e Energy: Up to 5.7 GeV



Hall B Physics Publications
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The 12GeV Upgrade: It’s done

Doubling beam energy New Hall

Upgrade arc magnets
and supplies

New experimental Hall D and beam line

Civil construction including utilities

20 cryomodules

Upgrades to Halls B and C

Maintain capability to deliver lower beam ,
. Add
energies e \ 20 cryomodules

Majority of accelerator and experimental Add 5 cryomodules
equipment are reused

Enhanced capabilities
in existing Halls



CLAS12 Overview

® Baseline Equipments:

Overview

® Torus and Solenoid Magents

Solenoid

HT/LT Cerenkov Counter

Forward/Central TOF

Drift Chambers

e Preshower and EM calorimeters

Silicon tracker

[} / 5
Upgrades | pcaL/ec
) ' =1
Micromegas | | -

® Neutron detectors
e RICH detectors (1 sector) boxes for info

e Forward Tagger




The Beginning of everything: Why Hadron Spectroscopy

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave S"UCfU.l’e
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JLab
strong QCD

' Atomic nuclei Neutron stars

Baryon density

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)

) quark .
e | neutrino 4.4 ion * star
JAeps gluon P »

e Atomic Spectrosopy —> QED 0 o W s g o

il black
& baryon photon hole

tau

The concept for the above figure originated in a 1986 paper by Michael Turner. PO rﬂcle DGT(] GrOU p, I_BNI_ © 20 ] 5 SU pporTed by DOE

e Hadron Spectroscopy —> QCD QGP —>Hadron
10°%9s —>104s




Polarization and Interferences: Key to the CLAS
N* Plrogram

sospin: Need proton/neutron targets

Coupled Channel Analysis:
Maid,Said, Bn-Ga

Many Results published;

e R RS Even More to comelll
Without Polaroid. W|th Polar0|d CLAS analysis still ongoing.

o | T T P E F G H T, T, L, Ly Oy, O, Cu Cy,
Proton targets

p 0 ol v v (V) v < vV

nat ol v v vV v published

P A A A O A A V' acquired or under analysis

pn’ ol v v (V) v v v

pw/¢ v ooV (W) v v v v Tensor polarization, SDMEs

Kt A | v v v v v v v v v v v v v

K+ 30 | v v v v v v v v v v v v

KO =+ v | v v v v < vV v v v v v v v v
Neutron (deuteron) targets

p | v v v

K- xt v v v v v Y

KO A |l v v YOV v v v v v v v v v

KO 50 v | v v v YO O v v v v v v v v v




Polarization Observables (Cx and Cz) in A photoproduction
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cos 6y =» No (point-like) quark-diquark oscillations!
4

R. Bradford et al. [CLAS Collaboration], PRC 75, 035205 (2007)

Fits: BoGa-Model, V. A. Nikonov et al., PLB 662, 245 (2008)
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Beam Asymmetry, ¥

Target Asymmetry, T
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More Polarization Observables: A photoproduction
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— ANL-Osaka, —Bn-Ga14

—Bn-Ga14 Refit: Additional N* 3/2+ and 5/2+ Needed
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Beam-Recoil, Oy

Beam-Recoil, O,

b -0.75 <cos 6, <-0.55

I -0.55<cos 6, <-0.35

-0.35 <cos 6 <-0.15

-0.15 < cos 6, <0.05

0.65 < cos B, <0.85

1 i i | i i 1 I 1 ! T 1 1 I 1 1 I 1 1 I 1 1 I 1
17 18 19 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22

W [GeV]

AS) et al., PRC 93, 065201 (2016)




From PDG 2004 to 2018: What changed

Decay modes of nucleon resonances >k >k >k %k Existence is certain.
The impact of photoproduction black: PDG 2004 * >k Existence is very likely.
on baryon resonances red: PDG 2018 * >k Evidence of existence is fair.
blue: BESIII resonances * Evidence of existence is poor.
overall N~y N7 A No Nn AK 3K Np Nw Nn”n/ Niggo7w™ Nis207™ Ni15357 IN168S80 7
N 1/2+ > ok ok ok
N (1440) 1/2+ skokosksk skoskoskosk  skokosksk  skkskok  skosk sk
N (1520) 3/27  skskskok skoksksk  skoksksk  skokokosk  sksk skokokok
N (1535) 1/27  skskskosk skoksksk  skoksksk  skokok * sk >k sk ok
N (1650) 1 /27 skskskok skoksksk skoksksk  skokok & sk oskk sk sk sk *
N (1675) 5B/27  skskskok skokoksk skoksksk skoksksk  skokok * * * * >k *
N (1680) 5/2+ sookokok skokokok  kokokok  kokkok ok ok * sk sk sk sk
N (1700) 3/27 sk sk >k sk >k sk >k >k sk >k >k sk * s >k * *
N (1710) 1/2+ sockoskok  skokokk ok ok osk ok * sk sk >k sk * sk *® * > *®
N (1720) 3/2+ skokskok skokskosk  skskosksk skokok * % sk >k >k 3k & sk >k *
N (1860) 5/27T * %k * sk 3k * *
N (1875) 3/2 * >k sk sk sk sk sk sk sk sk * sk s * * * *
NN (1880) 1/2_'_ * % % * % * * % * * >k * >k sk >k *
N(1895) 1/2_ skoskok sk 3k >k >k sk *k *k *k >k sk >k >k >k sk >k sk % * > >k sk ok *
N (1900) 3/2+ sk okok sk ok ok ok * %k * >k * * * %k * >k * * * >k
N(1990) 7/27F s sk * sk * 3k * * * * *
N (2000) 5/2F * >k * >k * >k * % * * * * *
N (2040) 3/27F * *
N (2060) 5/27 >k 3k sk >k 3k sk >k 3k >k >k * * * * * * < *
N (2100) 1/2+ * >k >k * % * >k >k * % * % * * * * * % ok ok
N (2120) 3/27 > ok 3k > ok sk > ok sk * ok * sk * ok * sk k& sk * *
N (2190) 7T/27  sksksksk skokskok skokskok  skokskok  skok * * sk * * *
N (2220) 9/2+ seskoksk skok skokok ok * * *
N (2250) 9/27  skskkx  skk kokokok * * *
N (2300) 1/27F * *
N (2570) b/27™ * *
N (2600) 11/27 sk >k >k % ? ? ?
N (2700) 13/27FT % ok

Based on results from CLAS, ELSA, MAMI ....
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More Precise Measurements: A photoproduction
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Ph.D Thesis of Shankar Adhikari (FIU 2018)
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CLAS6 Cascade Polarization results
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® Results VS prediction: Limited by statistic:

R~0.3
vs R~1 for A results

¢ Unable to distinguish models

¢ (K or K* exchange? Higher-mass
hyperon contribution)
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J. Bono (CLAS) et al.,PLB 783, 280 (2018)
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CLAS 6 (g12) results: yp—=2n it

—r Entries 600925

RS r 11m1nary Phase difference between
> 20000 | pre 1++1+S and 2++1+D waves
S - Equal population of both e ‘
< parity eigenstates . f
o 15000 - no observation in M=0 wave % ‘ D
) < 2 -
€ 0000 & o
g g o— “M\ - -
/ 'g o . ’f?.' ¢ t ole —
LAl l Ll l LAl l LAl l LAl l Ll S L . e
8.8 1 1.2 14 16 18 2 : 2.,2 ) 2 P | ! ot LR ]
+ o+ - GeV/c* - kR -
MGSS(nnn) ‘E“IA 6;2”'152'"1.%4'“1.{6"“1?8“.;;
. _Intensity of 2++ D waves M(3x) (GevIc)
1200 : : ++ M= 135120001
oo ['=0.108+0.002 - i Inten:?lty of 1++ SI wavc?s ]
S X/DoF = 4 T ++ M- 11690004
< soof— I =0.29+0.02
: ?/DoF = 2
] a,(1320) s
g oo 3
2 a,(1260)
& 400
> +
w . ”
‘ ?
L A .'0.00. ¢ 133148,
0 .’ 1 - | Q,'“.,.*.’..‘.. .1 +.*++? .‘
f 12 14 16 1.8 2 50 “é ¢ ;
M(3x) (GeV/c?) ) £ » '12 L ' A&&,ét ‘q; Yn L ‘8 o 02
A. Tsaris (2016 FSU Dissertation) M(3x) (GevIc?)

No exotic wave required;

Results under review
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CLAS 6 (g12) results: Scalar Mesons
and Glueball candidates

8000

4000

Combinations/15 MeV

ZEUS Collaboration: S. Chekanov, et al, Inclusive K’ K’

-

[ f,(1270)/a3(1320)

e

£,(1525)

1,(1710)

ZEUS
———

L] [ Ll Ll L
® ZEUSO0.5fb"
—— 4 B-W + Background

signal

background

(a)

2.3
M(KZKS) (GeV)

2.7

resonance production in ep collisions at HERA, Phys.Rev.Lett.

101:112003,2008, arXiv:0806.0807v2
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Why choose
strange decay?

M.Chanowitz suggests in PRL
95, 172001 (2005) that glueballs
are more likely to decay to

-strange-channels

Why choose
KK .7

Ensure that the final state has
the same PC =++ as the

lightest glucball

K:o

fo/f2
./K;O
n
!
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CLAS 6 (g12) results: Scalar Mesons
and Glueball candidates

- [y EE
- M'H*'”M” "

L HHMW

o i

g %H%

1 12 14 16 1.8 2 2.2

RU/A=\ (ATIA2

¢ Angular distributions analyzed
and compared with stmulaton

* S-wave dominates; No glueball
evidence.

S. Chandavar et al. , Phys. Rev. C 97,025203 (2018)
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Mass Bin
(MeV)

S-wave fraction

(S+B region)

S-wave fraction

(Sidebands)

1000-1050

1.000 £ 0.045

1.000 £ 0.031

1050-1100

1.000 = 0.031

1.000 = 0.029

1100-1150

0.973 = 0.025

0.982 &+ 0.018

1150-1200

1.000 + 0.023

1.000 = 0.015

1200-1250

1.000 + 0.022

1.000 = 0.011

1250-1300

1.000 £+ 0.013

1.000 £ 0.063

1300-1350

1.000 £ 0.020

1.000 = 0.011

1350-1400

1.000 + 0.028

1.000 = 0.026

1400-1450

1.000 £ 0.025

0.922 + 0.019

1450-1500

0.928 + 0.037

0.890 + 0.023

1500-1550

0.903 = 0.039

0.879 &+ 0.021

1550-1600

0.803 = 0.044

0.897 = 0.024

1600-1650

0.791 = 0.056

0.883 & 0.032

1650-1700

0.762 £+ 0.052

0.910 £+ 0.031

1700-1750

0.660 = 0.053

0.902 &+ 0.033

1750-1800

0.690 = 0.071

0.941 £+ 0.041

1800-1850

0.845 = 0.086

0.994 + 0.096




CLAS 6 results: Glueballs to proton-antiproton?

|Entries 31

G LEntries o - E,=4.775 GeV E,=4.825 GeV E,=4.875 GeV E,=4.925 GeV
> " Mean:0.9369 + 0.000022 :
© 10000~ ' 5:0.0080 + 0.000023 40
S F
2 b Range: £3.0¢c [
P L1 Yield: 185508 20 x : -
C / [
:>J’ A 3‘ ° (\
50001~ 1 E,w E,=5.025 GeV E,=5.075 GeV E,=5.125 GeV
| 40? (e | | *M"/
— L — Q 20'.,_‘_._,-4*% v—‘M M
8.85 0.9 0.95 1 .E' i
MM(pp) [GeV/c?] =
78’ i E,=5.175 GeV E,=5.225 GeV E,=5.275 GeV E,=5.325 GeV
v(q) P(qz) v(a) : o
q2 P(q2) E ;‘J—*’/
0
y D — ge]
, P(a1) P(q1) I
P(p) P(p') P(p) P(p')
V. E. Lyubovitskij et al., PRD94, no. 3, p. 034010, 2016 E,=5.375 GeV &= 5425 GoV
50 . - | Abridged
Regge (full): 4o Resonance
—— Var.l .
— Var.II Candidates
40 Regge (reduced): ] o0l (MeV)
-+ Var.I
ol Var. 1I | rho,(1990)  196+31 3-
E s s o o5 10(2020) s O+
o cr ,(2150) 152430 2++
201 - Cos(0> 2
Intermediate Mesons " io@iso)  ~2s03200%)  1-
. ho,(2250)  ~220 e
10- ? Mos
(glueball candidates?) 0.0 ‘0.0 s
ol —> ppbar? 5(2510) 28340 6+
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do/dM(pp) or do/dM(pp)[nb]

CLAS 6 results: Mesons decay to proton-antiproton?

E,=4.000 GeV

200+

100+

_NQ__& 1

E,=4.100 GeV

A

E,=4.200 GeV

E,=4.300 GeV

E, = 4.400 GeV

E, = 4.500 GeV

E, = 4.600 GeV

;:»

E, = 4.700 GeV

™

E,=5.100 GeV
!
< ™ .

1 1
2 22

2.8

« do/dM(pp)
« do/dM(pp)

1 1 \
2 22 2

M(pp) or M(pp) [GeV/c?]

PhD Thesis of Will Phelps (FIU 2017)
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S (G
’ , Q

= LAMP2 1980
100— o DESY 1985
e CLAS 2017

Full Regge Var. | {

——- Full Regge Var. Il
Red. Regge Var. |
—— Red. Regge Var. Il

Glueball only predictions underestimates xsection
Mass distributions non-phase-space

No Narrow Peaks

Polarization Observables needs:

Beam Asymmetry (GlueX)

Beam Helicity Asymmetry (CLAS)



Key Components of CLAS12 Science Program

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

s 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
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CLASI12: MesonX experiment with FT
Search for exotic mesons

Meson Spectrum in LQCD Calculation

e New Lattice QCD calculations
consistent with earlier quark-model and -
other calculations 2500 1 = m —
- ar o wm o "= 2
e Hybrid mesons should exist p—
2000
e Exotic quantum numbers JPC, cannot be % - —t— l
accomplished by quark-antiquark S — exotic J "¢
configuration alone ? — ot
¢ 0—,0%,1-+2+ 1000 ¢ :
Ve H— s
e GlueX (Linearly polarized photon | 17" I v + dd
beam) dedicated to hybrid meson search s0[ | isovector
:-‘T 0~ my = 396 MeV
e CLASI2 search using quasi-real photon
beam is complimentary Dudek, Edwards, Guo and Thomas, PRD

88, 094505 (2013)
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CLAS12 Upgrade: Forward Tagger

e FT layout
¢ (Calorimeter determine the electron
energy using homogenous PbWO4

crystals

e Tracker: Determines electron scattering
plane, hence the photon polarization

e Hodoscope: Distinguish photons from

electrons
Forward Tagger
E 0.5-4.5 GeV
v 7-10.5 GeV
0 2.5-4.5 deg
Q2 0.007 — 0.3 GeV2
W 3.6-4.5 GeV
Photon Flux |5 x 107 y/s @ L.=1035

Why do we want FT:
* First of its kind
* Quasi-real photon production (FT) of multiple particle
final states (CLAS12)
* Wide range of hadron spectroscopy programs
* Hybrid meson and baryons
* Multi-strangeness hyperons

CAD implementation

Calorimeter

Tracker

Tracker FEE

Scintillation
Hodoscope

appresentazione Geometrica

21



CLASI12: MesonX experiment with FT

Search for exotic mesons:Yp=>N T

Forward
TQQQCY e

CLASI2

e Partial Wave Analysis:
e Detector acceptance accounted
¢ Event-based maximum log likelihood method
¢ Various mesons can be successfully reconstructed
® The exotic wave you see here is not real data!
e Other meson related program:
e Vector meson: Beam asymmetry

e Pseudoscalar mesons
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CLASI12:Search for Hybrid Baryons

LQCD

{

clustered
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SPRD 85 (2012) 054016
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‘hybrid’ states

e Hybrid baryons have no “exotic” quantum

numbers

* 3G expected to be more extended objects

¢ Transition form factors have different Q2
dependence for hybrid baryons (q3G) from
the “normal” (g3)ones.
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CLAS12:J/¥Y Photoproduction

R e s
P 4 p 2 P op =
&

=P

t-channel or s-channel?

10 F Yp = J /q, p ® Photon couples to the gluon field via intermediate
; S L virtual charm-anticlharm pair according to VDM
o T
¢ ,,?,_.---"’ e e Near threshold J/'Y production allows the study of
' b ) S gluonic form factors of the proton (t-dependence)
| g 3.1, e Rate estimation: 45 J/¥ per day (No pentaquark
0L #," assumption)
; A A& Cornell . .
5 ® SLAC published e Similar search can be performed on deuteron
| O SLAC unpublished
2 | {* ¢ CLASI2 :)ru]n'ﬂum for 3 days of running target
= at luminosity of 10" cm “sec” .
e P, (4450) cross section from Phys Koy, D92, 031502 (2015) OTagged quas1-real photon or untagged photon

* CLASI2 projections without P (4450)

2-gluon exchange model it to published data
Agluon exchange, normalized at 12 GeV
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CLASI12: Very Strange Experiment
LQCD Calculation for the = and Q2 spectra

R. Edwards et al., PRD 87, 054506(2013)

08
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Very few Z states established, with even fewer (only four) has J¥ measured




CLASI12: Spin-Parity Determination of =*

Biagi et al., Z. Phys. C34, 175 (1987)
e Spin can be measured by angular o
distributions %
e Parity measurement challenge: Minami & I :
ambiguity é 101 CE];{N—SPS
: =Z-Be reactron
o E¥>Y (127) + My (0): two N
solutions J¥ o {[hl % h .
e DoubleMomentAnalysis(DMA) M%MW
Y (125 > B (127 + M, (0) e iems R e s
Double moments: Needs corroboration
0015 | I | A L B
e HImLM)=3 Dby, (01, ¢7) ol 3- 3+
D'10(85. ) 3 2

¢ Linear dependence gives simple, multiple
tests for J, P for any odd L<2J and
M<L

ImH(11LM)
N
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CLASI2: some expected = results

Expected Pz_vs E,

e =" polarization measurement: Q. 2 o
(should be E, dependent) “*F e
yp—= K'K'Z2"—= K'K*'n"(A) os |-
* =-(1820) double moments E
yp —> K'K"=2(1820) zz :§ EY§=8.2; Gov o
=(1820) — K~ (A — 7 p) N N Y
.6 -04 -0.2 o 0(;9;46:_

Expected double moments (L=3)
Expected M(AK") spectrum - o.01s

> : 5
% zzoE N ‘ 2 oo D
i E [ -
2 =-(1820) E b P
: Eooosk g e 1
2 | . S >
5 ol— 2 s
= - i
o005~ o T 3-
0.01— E
00155152601 6005 6 0005 0061 0015
MM(K*K") (GeV/c?) Im(H(103M))
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CLAS12: 3D-mapping of the nucleon

TMDs: Longitudinal momentum
fraction x

and transverse momentum k

GPDs: Longitudinal
momentum fraction x at
transverse location b
Transverse Momentum Imaging Transverse Spatial Imaging

N
Parton Distribution Functions

= Q*=10 GeV?

—— HERAPDF1.7

@ exp-.uncert.

3 model uncert.

[ parametrization uncert.

xu,

------ HERAPDF1.6

i xg (% 0.05)

xS (% 0.05)

10" 10 10° TR 1 0 1 2 3 4 5 6
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CLAS12: 3D-mapping of the nucleon

Spatial Imaging

Momentum Imaging

V

N polarization

1 05 0 0.5 1 -0.5 0 0.5

1
b, (fm k, (GeV
Contribution of x (fm) x.( . )
GPDE Contribution of
TMD f,

Various beam/target polarization, target types planned at CLAS12
For DVCS experiments (GPD)
Various SIDIS experiments also planned at CLAS12 for TMD
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CLASI12 Data Collection Status

90

e Run Group A(proton target): Mollei’ Megsﬁvrement%rgsults at different
' - Wien angles

80 !
. . w ’ . ‘ [ ] [ ] : 0
e Five experimental groups ELec :trg,n beam max polar}zatlon 89%

o~

%: 75_— .,"
e First running period: Feb -May 6 g 80057341 15042 i
L b=38.3579+1.53904
(~20% data collected) I
e Second running period: RGA and S
‘ o b O

RGK g

° Aug 20-Dec 21 ” 2018 itiiii;::::::;‘;:it:::;ﬁi;i::::::f:;::i;;?i:if:'?:::;:;:;::::::;:”_;::::::f::::_ ;Wmi-:v:ﬁmf{“
¢ Third running period: RGB ‘ -

(Deuterium target) —

(Mrwtes)

R R NTED ¢ * = o scrown

e Jan 28 - Mar 12, 2019 Beam quality during the last day shift
Disclaimer (Not representative)
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CLAS12:The survivors of the last hour of the spring run

|

QIFETT Gos shop (&

e No Alchohol Involved!!!
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CLASI12 Status: Some basic data features
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+ L — .
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Many improvements expected: Calibration; Field mapping; Tracking efficiency etc
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CLASI12:Kinematic Coverage
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CLASI12: Towards first results and first
publication

2018
TAS K Apr May Jun Jul Aug Sep Oct
Simulations %
Software Ready Simulation
Complete
CALIBRATION
* Calibration Continue
Calibration
RECONSTRUCTION Complete
. . e
RESULTS Software New Data Processing Data Processing
release  Starts T complere -
PREILIMINARY results
Abstract submission to be presented
To DNP at DNP 2018 meeting
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Summary

CLAS has had a great run — more results still to come
CLAS12 has successfully completed the upgrade
e All detectors performed extremely well
e Data acquisition upgrade should enable data taking at full luminosity very soon
First data taking period ended on May 6th, 2018
Many more experiments to come
First results expected to be reported at DNP 2018 at the joint APS/JPS meeting in Hawaii
First publication expected at the end of 2019

e Stay tuned
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