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¢ Visible universe: Mostly Hadrons 0o P
Quark model: mesons, baryons (o ()
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Hadron mass is mostly dynamic mesons baryons
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QCD, underlying theory of quark
interactions

QCD allows other configurations:

tetraquark hadronic pentaquark “hybrid” meson
molecule
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Light Meson Spectroscopy X

2-fermion system: qq

Spectroscopy: S+
e Parity = (—1)H!
e Charge Conjugation = (—1):+°
e Spin=J=|L-S|,L,LL+ S
e Vacuum =3Py =0++
Quark Degrees of Freedom ONLY

S=Spin, 0 or 1 0+t 0+
L=COrbital Momentum, 1— 1++ =
0,1,2,... o0—— o+t ot
J=Total Orbital 3—— g+t 3+—
Momentum, 0,1,2,... 4— 4++ 4+
J "andJTT C=P=> 5—— gt++ -

S —1 Experimental observation!!
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Light Meson Spectroscopy GuX

2-fermion system: qq

Spectroscopy: %+,
o Parity = (—1)t!
 Charge Conjugation = (—1)t+S
e Spin=J=|L-S|,L,LL+S
e Vacuum =3Py=0*+
Quark Degrees of Freedom ONLY

S=Spin, 0 or 1 0~ ottt o0 *+ o0t
L=Orbital Momentum, 1— 17+ 1=t 1=
0,1,2,... 2-—— 2+t 2=+ 2+-
J=Total Orbital 3— 3+t 3+ 3t
Momentum, 0,1,2,... 4 4+t 4t 4+
J-andJtT C=P=> 5—— 5tt 5t B5t—

S—1 JPC Exotic quantum numbers
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Mesons with exotic quantum numbers? X
HYBRID-Meson qg with constituent gluon(Jf¢ = 1+—,1-7):

S=0,L=0,m=1

JPC =1 1+- JFC= 0t ot
non exotic states 1-+ 1+t
exotic states require Sor L # 0 2-+ 2+

JPC Exotic quantum numbers are

a signature for exotic mesons such as
Glueball, gg-gg Molecule or Hybrid Mesons

GlueX: Search for hybrid mesons with exotic quantum numbers
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First Physics Conclusion
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Lattice calculations predict exotic J™C states

Dudek, Edwards, Guo, and Thomas, PRD 88, 094505 (2013)

o0 negative parity positive parity exotic
- = -
- = ] =
2500 — 4+ — - :
2 === =
o= 2
2000 —
= -
2
H
1500
lightest
1000f of =0 hybrids iy = 391 MeV.
- 24% x 128
1 ‘

isoscalar [l

isovector
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Masses (lattice QCD) Decay widths (from Models)

o+-

0+

Hybrid Masses and Decays G

e 177 ~20-24GeV e ~0.1-05GeV
e 0"~ ~23-25GeV
e 277 ~24-26GeV

m —pm, by, fim, 0T, aim e Complex
™ —fom, aom, fi 7, 77/77, 7T(1300)7T, am Final States!
ny —K*K, Ki(1270)K, K*(1410)K, n'n « Neutrals and
bo —wm, asm, pn, fip, aym Charged!

ha —pm, bym, wn, fw -

h, —K1(1270)K, K*(1410)K, KxK, ¢n
bo —m(1300)m, hym, fip, byn

ho *)b171’, h177 - o

h, —K;(1270)K, K*(1410)K, hyn
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Pion Beam on Hydrogen

pt i g

e 7 with $=0, L=0 and Am=1
1T+ 1

e Require spin flip

o E852, GAMS, KEK, VES,
COMPASS

Conclusion
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Hybrid Meson Production Gui\”

Pion Beam on Hydrogen

Conclusion
o

Compass result on '7~ final state:

a COMPASS Collab., PLB 740,303 (2015)
Q
; 5000 i|| exotic |
2 4000f +|| +| amplitude
o 3000f || | (P wave)
|
~2000F |
2 1000F ¢t |
q; .::H‘f““:‘.“A !'x."h’hﬂl”h}l'hlu
m 0
1.2 1.6 2 24 28
e 7 with S:O, L=0 and Am=1 m(n’ 7)) [GeV/c2]
1++ 1——
M

e Require spin flip

e E852, GAMS, KEK, VES,
COMPASS
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weermentab Hybrid Meson Production X
Pion Beam on Hydrogen Photon Beam on Hydrogen

with $=0, L=0 and Am=1 v with =1, L=0 and Am=1

No spin flip required
photon linearly polarized
CLAS, Omega-Photon Coll.
GlueX

e Require spin flip

o E852, GAMS, KEK, VES,
COMPASS
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Where is Thomas Jefferson Lab and CEBAF’?

= SemchGoogieaps ale | 4 ey s
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.
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Nanjing 2017
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CEBAF Accelerator site:
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perentan The Hall-D Beam Line X

7= Counting
Radiator == Coherent Bremsstrahlung f@ House

photon beam Photon

Beam dump

Pair

e (12GeV/c) beam e 76m Photon beam line for
o 20um thick diamond collimation.

radiator e 40% polarization at 9 GeV
¢ Coherent Bremsstrahlung ¢ Hall-D beam dump for

photons only!
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Photon Beam Tagger GuX

dipole magnet

.geffégon Lab

quad. magnet
—

photon beam

diamond radiator

1_) bwbanuhad%e Sy

5Gov
o 20'um thick diamond radiator ) ”04Phofon Beam Intensity Spectrum
e 76 m flight path to collimator §M i AI — e
* 40% polarization at peak (9GeV) (**| .7 = T "

108+/s at 8.4-9.0 GeV ® oo | |

nominal

Fixed Array Hodoscope [ foasig /'l“—/W
3-11.7 GeV - /

Microscope 800 MeV coverage 1500

& 7 8 El 10 " 12
pheten energy (GeV) 10/24
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118.°

\ 147
Y e -~

e Solenoid (hermiticity) — T#

e Super-conducting :‘:‘\\
e 2 Tesla 185cm ;ﬂ { { {

—

| 342cm |

e LH, target

S60ch
30cm-Target
F
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118.4%
Tracking Chambers 40 L
cDC o L s

e Straw tube chamber
e dE/dx for PID
FDC
e Cathode strips
op/p ~1-2%

30cm-Target
E
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118.°

Calorimetry o e

Barrel Calorimeter 108
Scin. fiber/lead

SE/E =5.4/VE & 2.3%
Forward Calorimeter

Lead glass
SE/E=57/VE ®2.0%

30cm-Target
E
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Conclusion

118.°

Timing o e

Start Counter 10#
Scintillators
ot/t = 280ps
Time of Flight
Scintillators
ot/t = 100ps

30cm-Target
E
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Solenoid, Target

-
e Tracking i g 102
e Calorimetry
e Timing
e Future PID
— DIRC

30cm-Target
E
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eferson teb Running periods

e Spring 2016: 12 GeV Engineering run
e Electron Beam Energy: 12.05 GeV
o Commissioning complete: Detector, Beamline, DAQ
o Data taken for early physics results:
~26 billion events, ~7 billion with good quality

e Spring 2017: GlueX Phase-l, first part

e Electron Beam Energy: 11.64 GeV
e 58um diamond radiator

e DAQ trigger rate 30-50 kHz

e Exceeded nominal luminosity

e Accumulated ~50 billion events (20%)

e October 2017: Continue GlueX Phase-I

Conclusion
o

G
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Calorimeter Resolutions

Conclusion
o

G

FCAL and BCAL Energy resolution with 70:

Forward Lead Glass Calorimeter

Barrel Lead-Scintillating Fiber Calorimeter

o~ r NU :
S50 Gui y 3 wf GuE M)
[] - / C y
= [ M = 7.0% = C U(_W = 8.7%
o~ [ M, o u M,
200 - J2s0F
= F L0GeV < B, <30GeV | & C 1.0 GeV < E, < 3.0 GeV
4] F 4] C
3 [ C
5 f 3 200
5150 - 5 C
c [ . C .
S r Desngr?‘GoaI S 150 - Design Goal
B B S0k g5, N 2B) 5% oy,
100 - B JEGe " 3 E  JEGev]
r | 100
50 r
50
0....].‘..|....|.. AP epahel] opall o o:, "r,l",""",,,,,,.|III
0.00 0.05 0.10 0.15 020 0.25 0.30 0.0 0.05 0.10 0.15 020 0.25 0.30
MW [GeV/c?] Mvv [GeV/c*]
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B from Time of Flight

O'Q).O 0.5

o N A O ® O N D

CDC dE/dx [keV/cm]

. -\ 1
1.0 1.5 20 25 30
Track Momentum [GeV/c]

itively Charged Particles

00 05 1.0 15 20 25 30
Track Momentum [GeV/c]

Data Taking First Physics Conclusion
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Particle Identification GuX®

Negatively Charged Particles

102

8 from Time of Flight

: Guif- |
1
00 05 10 15 20 25 30
Track Momentum [GeV/c]

hadrons
- - 50

FCAL Energy / Track Momentum

4
4 6 8 10 12
Track Polar Angle [degrees]
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Sl Photon Beam Polarization X

Triplet Polarimeter: Polarization: P(E,)
ve~ — e ete”

7000 (a)

- - - Diamond: PARA
— Diamond: PERP
- Aluminum

6000

5000

4000

3000 )
ﬂ | A

,_
*
Photon Flux (arb. units)

3000

XY frl

o1 I AT AT A

SN\ Y
T /A BRI s
E 'T} I 5 +* * PARA
e e Yy
¢ (degree) ’ ’
oor ¥ }

o

pars VHTHH‘HH[HH‘IIU,H“Hw\HwHH‘HH'HII‘HII'IL

AT

L
85 9 9.5 10 10 5 1 1 1 1
Photon Beam Energy (GeV,

=)

mmww\m\mm

Nij o< A(6)(1 ~ PX.cos(2(6 — 6o)))

~[TTT
o
o
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Jeffe20n Lab . GLUE
’ GlueX Data Analysis Strategy X
| Experiment |
\ Search for| .
{ Exotics |
Polarization| | Opportunistic 1 -
Transfer Measurements Theoretical
& New Ideas Models
Understand . 4
Photoproduction Identify
Mechanisms Known |« -
y Mesons Amplltu_de
Spin-density | Measure / Analysis

Matrix Elements " |Cross sections

— A road map to search for exotic mesons in GlueX.
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"Pseudo-scalar Mesons Beam Asymmetries GuX

Pseudo-scalar mesons: 7% and n

Meson Production Plane

(p ° PH
/ g2 o (1 — PE.cos(2¢))
Plane Parallel to Lab Floor
(\lmels?\Il\polxﬂntkmplum‘]‘o‘\$e‘ © ° PJ_
M g‘; x (1 — PXcos(2¢ — 7))
do _do
L e Asymmetry: A(¢) = %Lﬂ%”
L Il

~ PX. cos(2¢)

Detector efficiency/acceptance
CANCEL!
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sefiecn L1 o to-production of Pseudo-scalar Mesons €4X

0 PN
7 and n production: .+ PRD92(2015) 074013
v T, _ |wtpP—|b+h]?
"~ wtplP+[b+h[2
e Beam asymmetry sensitive to

nature of exchange particles

e > ~ 41 = vector meson
dominance

18/24
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First GlueX Physics Result GuX

Azimuthal Beam Asymmetries in 7% and 7 production:
Published: H. Al Ghoul, et al., Phys. Rev. C 95, 042201 (2017)

.geff;rgon Lab

AR I T T T T T T 7w 14 T T T T T T ]
r @ > 0 ] F (b) > E
12 TP = P’ Gui ] 12 + . + PP ;
e + g L —— . + -.Laget[5,6] |
S B s S SO PEEEL | (] o Norm. | 0.8, § A -
3 + = +4H*‘f ; +§ G - JPAC[7.8]
0.8F 3 = 0.6 = i . ---Donnachie [9] ]
s FA E - *. ... Goldstein [4] ]
08 4 ™ - / 3
i . 0.2 3
0.4 3 o E
o ¢ GlueX 8.4<E <9.0 GeV ] F E
0.2~ - — -0.2[~ —
- ¢ SLAC E,=10 GeV R s . E

- . ! ) L | | | \ ’ | , _0A4 1 1 Il Il 1 1 L | 1
%02 04 0.6 08 1 12 14 1.6 18 2 0 02 04 06 08 1 12 14 1;5((3;3/0)22

-t (GeV/c)?
Both 70 and n asymmetries close to +1
No dip observed at t = —0.5 (GeV/c)?
First measurement on n asymmetries
e ¥ ~ +1 = vector meson exchange dominates
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The p, Vector meson Beam Asymmetry
SLAC: PRD7(1973)3150 GlueX: large statistics
yp—=pmT" .
Ey:9.3 Gev 20F
|top|> 002 GevZ 3480 EVENTS & F
11 § [
> 100 600 B K ; y GL%
N L 1 = / i Preliminary
%) F / \
= 400 4 Fooy
& 50 L I
> {
w 200 + -
Foi
Y o ; B B - o o o 1 L [ b I L | |
0° 90° 180° 270° 360 02 10 8 26 34 08 ! = o InvariantViass (Gevich
Yy Mot (GeV)
05 0.
E N-RN [ GlueX Spring 2016
2‘ 0.4: | GL% W r PR
= 03 - [«
Q E Preliminary £ .
E 02~ F * * ® . .
£ oif L L
>k F
[ 02
% 47_2% n.x:— Preliminary
'; -03f F
04F- E
_0sE L L 1 L 1 L L. 1 | | ! | 1 L 1 1
-150 -100 -50 0 50 100 150 (O) 0.1 02 03 04 05 06 07 08 09 1
v -t (GeV/c?)2
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v o ;ctj o Y ¢ Radiative/Hadronic w decay
L N o A" = —1Pcos(2(¢ - ¢))
p P p P o AT = Pcos(2(d — ¢))
Hadronic w Radiative w * Beam Asymmetry Ratio
R — X3r
2oy
e Expect: R= -2

PRC 78 (2008) 038201
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The w, Beam Asymmetry Gui\*

L.b Guel e o Radiative/Hadronic w decay
R T e A AT e dPasize o)
300 AT ¢ / Iﬁf*ﬂ o AT = Pcos(2(d — ¢))
LN, N A SR e Beam Asymmetry Ratio
DRGATAY IR S A A R= Zu

0. E \(J " K_/‘ ‘ Z,ro,y

oat ' W e Expect: R= -2

3O TR TR R N A A PRC 78 (2008) 038201

0.06 < |t| <0.45 GeV?
Statistical errors only

Measured: R = —-1.88 £0.13
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eeronta? The w, Beam Asymmetry X
§:4_ G B o Radiative/Hadronic w decay
BB o ™ A AT = —jPas2(0 - )
100 WA i J’ i ﬁ’f ﬂ{k o A3 = Pcos(2(¢ — ¢))
£ ¥4 AY AN e Beam Asymmetry Ratio
AR R AR DA R = Zon
g \(J ™ N A \ 2oy
)y ' W e Expect: R= -2
3O TR TR R N A A PRC 78 (2008) 038201
Stotstieatenorsony o o Measured: R = —1.88+0.13
Next:

e Determine Detector Acceptance
¢ Determine Detector Efficiencies
e Extract Cross Sections, %

e Determine SDMEs for p, w, ¢
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peflerontb J/iv» Photo Production X
E < e Study J/2)-nucleon interaction
[ e Probe gluon in the nucleon

e Probe multi-quark correlations
leading-twist higher-twist
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o

S 10l Brodsky etal., PLB 498, 23 (2001) e Study J/i-nucleon interaction
= _

T e Probe gluon in the nucleon

9- 0 0

P: e Probe multi-quark correlations
z  N-gluon exchange

%

107" T:

102}

10-3 11 J TN AR A \ 111 I 111

8 10 12 14 16 18 20
E,, GeV
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e}
5 1oL Brodsky etal, PLB 498, 23 (2001) e Study J/1)-nucleon interaction
s e Probe gluon in the nucleon
5- . .
2 e Probe multi-quark correlations
z ¥  N-gluon exchange
<]
¢ GlueX Range 12 GeV max
107" f:
10—2,
10—3 J 11 J TN AR A \ 111 I 111

i0 12 14 16 18 20

E, GeV
22/24
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peflerontb J/iv» Photo Production X
3% e Study J/i)-nucleon interaction

Probe gluon in the nucleon
Probe multi-quark correlations
N-gluon exchange

GlueX Range 12 GeV max

LHCb reports J/yp
pentaquark candidate

e PRL 115, 072001 (2015)

Events/(1
°
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e Study J/i)-nucleon interaction
e Probe gluon in the nucleon

e Probe multi-quark correlations
¢ N-gluon exchange

s-channel production in GlueX:
%, ¥ AT
\ /  GlueX Range 12 GeV max

O\
) —=—0) « LHCb reports J/vp
/ pentaquark candidate
« PRL 115, 072001 (2015)
p

P e PoatE, ~10GeV

Ybeam
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J/ at GlueX a first look

Invariant et e~ Mass distribution in GlueX:
e Lepton ID with E/p in BCAL/FCAL

e Kinematic fit with E.

Ybeam

and recoil proton

MC normalized to ¢ x-sec.  kin.fit <200, 0,>2°

—
(o))
(=]

events/10 MeV
=
o
T
.

—— data

| Bethe-Heiter+oMc |

Preliminary

G-

Wy~ 100 events

o= 9§i1 MeV

25 3 3.5
e*e” invariant mass, GeV

Conclusion
o

G
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J/ at GlueX a first look Guu®

J/i) cross section as function of E,

.geff.;%)on Lab

beam

w E T R
= e :
-‘% 10 |- ® Cornell 75 | % [ P.:{4450
° ® SLAC75 q >
3 o !SLAC 76 unpublished _8——*] x £ : E
> L & ] é i s T (GGiueY
; = L A — : y
T o1 e o [ Preliminary
F 3 X L : :
VI 2 b _—
10 c_@ —T/(_ 2-gluon e\'c_hang_e
o by arbitrary normalization - |
2 l R rA Ak + A~ Pl200D -
L - I DIOUSKYy €L I4I. rl._‘U\.I
4 2-gluon exchange 1 |
10 v «— normalized to data ] o | ¥ Gluexpreliminary:
Brodsky et al. PL 2001 | T
[ 1 |
10'3‘...\.‘..‘.\.‘..‘ ,II "
8 10 12 14 16 18 20 22 8 10 12 14 16 18 20 22
Ev GeV Ey GeV

Plan: Combine 2016/2017 data sets
— upper limit to P, photo-production
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ef;gon al . GLUE .
s Conclusions X

e Successfully commissioned HallD beam line and GlueX
detector

e First GlueX publication: Phys. Rev. C 95, 042201 (2017)
beam asymmetries for 70 and n

e GlueX physics program started: 20% complete (Phase-I)

¢ Data analysis underway to reach cross sections and
SDMEs

¢ Next data taking period Fall 2017

e Other experiments in HallD:
a) n Radiative Decay Width via the Primakoff Effect
b) Charged Pion Polarizability in the vy — #+7~ Reaction
¢) Meson and baryon decays to strange final states
d) Rare n decay channels
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