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Hadron Physics and Quark Model
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QCD Exotic States
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Multi-quark states Hadron modular states

eIn 1964, Gell-Mann’ s original paper alludes to the

possibility of exotic hadrons

eIn 1984, Prof. Jueping Liu constructed baryon current
operators composed of five-quark field to investigate the

resonance Lambda(1405) in the framework of QCD sum rules

e A number of exotic states candidates are found in recent years



QCD Exotic States
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Classifying Mesons °*

q ®

Mass, Electric Charge, Quark Flavor...

Quantum numbers: jFC

J=L+S
P = (—1)**
C = (-1)t*>

Allowed JPC for ¢Q mesons:
0, 17—, 17—, 0FF, 271 .

JPC not allowed for ¢ mesons:

0t—, 17+, 27— ...
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SearCh for hYbl‘ids
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Search for hybrids (g
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Search for exotic hybrids (&2

Evidence exists for JPC=1-+
amplitudes, but interpretation
clearly not conclusive

Search for a pattern of hybrid
states in many final states

Approximate J¢ Final States

Mass (MeV)

T 1900 1= 7
m 2100 - A, ndm, momm! -
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Hybrid Meson Search Strategy

The High-Energy Photoproduction L
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Unique production

mechanism with access to
exotic JPC

Access to hybrid masses up
to ~2.8 GeV

Large acceptance for multi-
particle final states

Identification of exotic JPC
through amplitude analyses

Ability to study many final
states simultaneously
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Thomas Jefferson National Accelerator Facility

(Jefferson Lab)

A
NORTH - . =

NGTON “/k/\ N
BRUN
| ]\
MAINE L\
N GAN Toro
TTS
I8 oo Thomas Jefferson
M
"(1743-1826)
WEST
VIRGINIA
VIR N A
-ORNIA
NORTH
o CAROLINA
' : Charlotte
Los Aggeles e & inta SOUTH
ES ) CAROLINA

San Dig v SN
o = - S ‘ GEORGIA
\\_f\lu“obu.,
BAJA

S 1 % 157 s 45 ) 5 o 2
(R TR )

BAJA SINALOA T P ——
CALIFORNIA SUR ~ 7 DURA . The

— = . TAMAULIPAS Bahamas

14




Scattered
© electron

<
5

Correlated
recoil proton

{ @
7 f\—/\:‘\
Incident
electron O
Knocked-out
proton

Nuclear Structure

Fundamental
Forces & Symmetries

- Accelerator S&T

Cryogenics Theory & Computation
B ENERGY |y €A Jefferson Lab




The 12-GeV upgrade at Jefferson Lab

Hall D: The new experiment hall at JLab
GlueX: The spectrometer in the Hall D
The long-term aim:

The 12-GeV upgrade is completed in
Feb. 2016

Understand quark-gluon interactions
search for exotic hybrid mesons

Accelerator: 2.2 GeV/pass
Halls A, B, C: 1-5 turns <11 GeV
Hall D: 5.5 turns =12 GeV

Halls A&D started data taking in 2016
spring

Halls B&C started data taking in 2017
spring
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Here are the recommendations of the 2015 Long Range
Plan.

RECOMMENDATION |

The progress achieved under the guidance of the 2007
Long Range Plan has reinforced U.S. world leadership
in nuclear science. The highest priority in this 2015 Plan
is to capitalize on the investments made.

e With the imminent completion of the CEBAF 12-GeV
Upgrade, its forefront program of using electrons to
unfold the quark and gluon structure of hadrons and
nuclei and to brobe the Standard Model must be
realized.

The 20 15 ¥4
LONG RANGE PLAN | &
for NUCLEAR SCIENCE

JEFFERSON LAB

CEBAF CENTER
N Auditorium
Cafeteriq
DOE Site Office
Information




GlueX Collaboration

X/Home.html

~120 members from 25 institutions of 8 counties

Antarctic Circle

Southern Ocean

o & o ° e ° 60°E X 100°E 120 140°E 160°E
160°W 140°W 120°W. 100°W. 802 80°w 40w 200W o 20°E 40°E 80°E
m r 41 : =
S
hk"1hlA _7~ 2 -
80°N S & 5 .
= — = . -
Arizona State Uﬂiy . University of Athens
S EREE £ b
Carnegie Mellon inv Greenlan UB'B’ oJ ,(,Elasng
Arctic e 3
f Catholic Univ. B — GSI -
% > : . 5 ok
i & orata ran—
S \aa
Unlv of Connecticut tTEP I‘Qﬁ&p\v 71
= ‘w <y st Iceland " 2 2
- = R
7 s Sweden ¥ USSIa Ve
rnational Univ. = |
Sl s \ Al i e 60.
80°N % % i - Magadan
A\ b Chug " Stackbol: @
L Wl W rida& V 5 ingr
» Alaska ,o 4 K'"gdm'é...mmmn No:th Denmark . =] Oskehao losfk
) o ‘Cdpenhagen . Shovosbiek
g S R e i “.“‘h“ s R s orcr iy
GoaseBay = _d e, 005 ol L
eor: ge Wash:m ton niv = E2E mm o
e i“"."‘!.,_ " o,
G = Pl - " CaAthRep, raine  Knogg gt A
rmunv Lo ‘Siovaki nde
“Indiana Univ. - Yer ”Ehvmlnstit‘u e o W
St 26 e s 0 e ‘_mu oman - ol Mongolla <Harin
s e 2t TS o Dars s 3 J s [ o
| s e ltal) blont Bt glack Sea g E Uzbekistan Bishok  HA " #
e 5"'7“‘“ o Georgia, Kyrgyzstan Spemangoeusnn
ol Portureek Barcacna Sanes AP “ionbul  Sarioun Amlimg A7erbal|an Tt SYTEY: Bactous i Norlshela(oﬁa  pamori 40°N
40°N Ol Spam" = Pactan # Ezum Yorman Wm Turkmenistan - _ouwnampe K351 - ) Tiargne O] g PESED  n
e | wediter, o KL T:f,fey it o, Tajikistan China S oo s e o South Japan
2 " alab Mosul o Jnane 70 e
Hgers  Tuis 2, ) Masmnaa s aCoraten sanoies” Gpepue KOTED o 0
w0 Sfan SR ety | ©y hhmm s\ Iraq nlian e s LU0 T engew s PO { s
Casablancas* Tunisia g e Iran Afghamstan 2 Nagasare
; Vadsr fands Mortits e Bz " rwa,."l“ Baatdag  esman. 1720 e o
R i ke - Marrakech chng‘:g‘;" Jordan AlBasrah. Faisalabade L BCiensi VAS0P. i * Shanghal
. : ,. Algeria " gt S £ Zabtan B ! o e
y Crinianca \ 77 = Canary Islands + Todout ¥ Lib; Saudi Kt en Pakistan S i g Chgstne o .
I Y nl . » e ™o o ibya i i ™ o [ s T e o P aci f ic
or 0 Vﬁ Biamas A t l a n t / C ] “8YP | " ki w._Bangladah sunmng <
Tropic of Cancer :/L;‘stem Aoven] 2 GRS B £l l’ﬂlw 1a g
L8 Sahara e & o N 0 e blan madat rorsas o Mo, omoon  *Kaohsiung
Horelus u,"m] States . Nouatribou E, . ] 5 Weditala @ Piecea B sea e CM‘mf;'/l‘gyzanmar m%""w'" ke C e a n 20N
Lo ar cean Maviiania B & o say of ol
ali Bune  Visakhapainam
Beie . S o pons Sudan v G o7 “BNriilandhee £
o Gepe Sendgal : Niger e Vietnam s ot
r aro m L Chad = 1 Viemam - e,
m;u.;..b..;ﬁ"‘“‘ e Faso A P & 0060 gan Mgt o s Cambodia $9!" Philippines oL
El q;.l fdor \M'rm ‘“"wmu Guined Ousgaiouoy l“::_‘_m. *MDjsmens o o Dliboutl Djibouti e oot 5o
T i e iyt s 5
r th s t rn U o T e B o E LA S e addn Coonns i 3
Sen Ereetown Ty South Marshall Is.
M ’ “’e e j IW‘“’ %o ; dlIvoire oo padan Central o o Dovao y Micronesia
O C e ‘ c“"\'/'enezueLmi:*“-‘ Sierra Lo E Aﬁiw““{‘cg‘uh“c Sudan Ethiopia s - Banaar Palau Micronesia
Leone <2 Nl imeroot i) Somalia aldive Wi Brunei fegawan
= ] Y Liberia el
cai Sunnanu Ghana * Dem. Rep. ot taiwrs W | falaysia
Nniv. or hegina  com: B e ot Ui Malsysn,
Kbt g NS
Equator or b SoTomeds g = g + Kenya
o i ! Ecuador e PR e Genth Gabon ChEIEREE e *Padeng Eakipacar” Newry
s o o )
S Monacs. Sobithond amSoneo Burund#€ulumbu orrcee Palembang IndOneSla e -
poinie-Nore N e . Briish Yz i ke
cncivo P ) b s Tanzania st Scychellcs i Oxen Indonesia- g T80 " . Guinea |, HRa Tuva
e Ve Reiies % s s . e
oo Brazil L wara East
Peru ek Lot 227%™ Comoros Sy Timor,
P S I ca 1 T Zambia e | Mo e Lo Coral
American fench ora
ResFanads Polynesia Angola "z, - Katire i Sea Vanuatu
Helna Ungsons
= Indian
Nie Namibia Z:mbabwe Beira | Antamanarieg. Townsvite 20
Sa nta “ana un ivers rty T o
ol Botswana Tolar S . AlceSprings = aledonia
. o e ; Ocean e
Tropic of Capricorn Piteaim Is. cuibas o 5t rali
Chille /i s Kvmwﬁm&\ulldnd USt alna ek
E o ! q ; !
b - Argentina ., I o Norfolk
E Coqumod:  Gogopas  SanmiaFe +Salo, Africa et porn soum
9 wrm:-a.' Mendoza o U "5;: EI:AM London Fremantie ,;;:::‘:..
| ruguay L st 2
£ N Tasman )
E Concn =i e K Aucine
Banca New
40°S Gall Stereographic Cylindrical Projection Pusiic ) 40°S e
T Hovant
Capital City Zealand ..
Zealand Major City Gomodor e
[ International Boundary French Sopter &
State & Provincial Boundary T s
« Rocagon
S South Georgia I\lmr): ‘:.\ﬁ e
e Sou Bowvet s
Sengwih s
60°s

18


http://portal.gluex.org/GlueX/Home.html

GlueX Collaboration
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Linearly polarised photon beam
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Polarizer
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Linearly polarized photons via coherent bremsstrahlung from

diamond radiator off liquid hydrogen peaking at 9 GeV
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GlueX detector

Detector resolutions:

forward calorimeter

PhOtOﬂS UE/E ~ 6%/\/5 D 2% barrel  time-of

calorimeter -flight
target

Tracks: op/p ~1—3%

Receptance: 1°-120°

photon beam

diamond forward drift
wafer chambers
central drift

\I
,"“"' \.\ n chamber

electron

\ |
allantens tagger magnet beam

beam tagger to detector distance
is not to scale

\
superconducting

magnet
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Liquid hydrogen target and start counter




Spring 2016:
Detector commissioning and engineering runs

Generated: April 25,2016
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Initial physics data (= 80 h)
First results presented here
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Spring 2017:
The first physics runs
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Physics at GlueX

- Early Physics:

- Beam asymmetry and polarization transfer measurements
in the meson/bayon photoproduction

- Long-term Physics:
-+ Search for exotic hybrids (PWA analysis)

-+ Spin-density matrix elements to understand production
mechanisms.

- Cross section measurements

- Generalized Parton Distributions measurement from time-
like Compton scattering



Meson Photoproduction

- Meson photoproduction: almost 50 years at SLAC, DESY, and
Cambridge

- Growing vigorously recently: JLab, ELSA, and MAMI

- Understanding the properties of strong interaction in the
nonperturbative regime

- Search for exotic hybrid mesons

- Provide constraints on “background” to baryon resonance
extraction in the low energy regime

- Beam asymmetry 2 provides insight into dominant production
mechanism

High-Energy Meson Photoproduction:
VMD & Regge-cut phenomenology

GlueX & JPAC: Experiment & Theory
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Psuedoscalar mesons nt’/n

Photoproduction
8 0
” JPAC Regge .M9d9' o " Exchange J
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- p 1
t
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7 = oL o =lptwl+ b+ A
Z_|(’u_—pz_|h’__b|2
w+p|2+ |h+ D)2

The high intensity, linearly polarized photon

"I Mathieu et al. PRD 92, 074013 (2015)
10/ . 1]
oo [ i } Data at different | | beam of GlueX/Hall D will provide
' beam energies | important new constraints on Regge models
e 4GeV ]
| There are no previous measurements
of the Z asymmetry for yp—np
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SLAC: PRD 4, 1937 (1971)
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®w Backgrounds

N, F =
> 0l b — GlueX Data -
o = B o background (MC) =
o B - ]
~— 3| |
o VE YP — PYY =
S f -
2 —

S
10 -
e | Jl| L =

0 0.2 0.4 0.6 0.8 1

vy Invariant Mass (GeV/c®)
- Continuum background between n® and n is negligible.
- The largest background is yp—wp, w—n?y with a missing photon. To

get the background shape, we simulated this reaction then
normalized to the w leakage peak.

- Our exclusive measurements and cuts ensure very low backgrounds:
for the eta the dilution is only 0.38%, while for the m? it is negligible.
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SLAC: PRD 1, 27 (1970)
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Beam Asymmetry: Method

O 500 o ]
F ## +++++# 4 ++: 400} *H# ¢ ++++ ++++ - %
“00f T T R T
: o $ ] 2
a0k ™ *# *w:# 3 300 T W f f +++ t ] =
200k W E 200?“ ** +_
100F ] 00f ]
_ J_ Polarization ] - || Polarization :
q) ton q)proton

do
dgbproton

x 1 — PXcos2( ¢proton — P~ )
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Beam Asymmetry: Method

‘36°°E(a)j = W (b) g
é3500* + R ta t S 0.4
400 0 +'|'+ +++-: - t ﬂ+ +++ . fj 0.2
3 § E 300 ¢ . [
300 #*W*ﬂ w:# 200::# Y *+++ +++_{. > 0
200f- . : # ] o
 Lporisston | | Weoarimton | o
3 2 1 0 1 Qq)p t:un 3 -2 1 0 1 2¢p t3
YJ_ X NJ_(]. - PJ_Z COS 2§bproton) ¢7 — 900 Y, — FRrY) _ (PL + Pj)X cos 2¢proton
Y o< Nj(1 — P2 cos2¢proton) ¢y =0° Yo+ FrYy  2— (PL— )X cos 2dproton
N
. : 0 FR —_—
Repeat in bins of -t for both m~ and n N,
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Beam Asymmetry: Results
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Vector meson ® Photoproduction
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Vector meson ® Photoproduction

1
AT = — 5 P cos2(® — ¢) A" = P cos 2(® — ¢)
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p Photoproduction

100 |

EVENTS/10°
0
O

O i 1 S
0° 90° 180° 270° 360°

¢

J. Ballam et al.,
PRD 7, 3150
(1973)

Full analysis of angular

distributions is under way.

36

Yield Asymmetry
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Four photon final states

scalar and tensor mesons Photoproduction
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J/'¥ Photoproduction near
threshold

40
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J/'¥Y Photoproduction near
threshold .. ...comwe:
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Upcoming measurements will set a
limit on pentaquark photoproduction
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Program and upgrades

Experiment | Description Beam Time
(days)

GlueX | Study spectrum of light mesons and 80
gluonic excitations (low intensity)

GlueX I Study of hadron decays to strange final 200+220(*)
states (high intensity)

Primakoff eta | Eta radiative decay width 79

CPP Charged pion polarizability 25
measurement

Jlab Eta Rare eta decays 130(%)

Factory

40
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JEF Physics

Mode Branching Ratio Physics Highlight Photons
priority: Probe for QCD and BSM
v+ B beyond SM leptophobic vector boson 4 phySiCS by rare n
4+ ¢ beyond SM electrophobic scalar boson 4 decays
12y (2.740.5) x 10~ \PTh at O(p%) 4
310 (32.6 £ 0.2)% My — My 6 Search for sub-GeV
e (22.7£0.3)% My —mg, CV ) gauge bosons
3y <1.6x107° CV, CPV 3 (leptophobic B)
amfary‘ - - Directly constrain
v <2.8x10 < 107H[4] 4 CVPC hvsi
o’ <35x 10 CPV, PV 1 new physics
2’y <5x107 CV, CPV 5 Tests of the ChPT
3 <6x10™ CV, CPV b predictions and
dr <6.9x10°" CPV, PV 8 understanding its
™ <9x107 cv, 3 links to QCD
Ang. Mom. viol.
normalization: Improve the quark
2y (39.3+£0.2)% anomaly, 7-1' mixing mass ratio via n—3n
E12-10-011 2
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Proposed JEF experiment

New Equipment: FCAL-II 2464 PWO crystal modules

1x1 m2 PWO insert PWO vs. lead glass

/
Energy o 2
Position o 2
Granularity 4
Radiation-
resistance 10

PWO crystals may be bought from Shanghai Institute of Ceramics
QC of the PWO crystals can be performed in China

Upgraded Forward Calorimeter with High resolution, high granularity
PWO insertion (FCAL-Il) to detect multi-photons from the n decays
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Summary and Outlook

GlueX is installed, commissioned and all detector systems are exceed or
near design specifications.

The engineering and the first physics runs have been taken successtully.

The linearly polarized photon beam asymmetry 2 for no/r] photoproduction
have measured. A broad meson photoproduction project is under way,
Including beam asymmetries, cross sections and spin density matrix
elements analysis.

DIRC detector for enhanced 1/K separation will be installed starting this
summer. High resolution calorimeter is needed for parts of the JEF
program.

The broader program of exotic mesons is in sight. New ideas and new
collaborators are welcome.
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The Photoproduction Mechanisms and
the Decay Modes of Exotic Hybrids

PIT,PwW
Ww,PP
WwW,PP,Pw
oP

wP

wP, ¢P
wat,pN,pP
oTT,01,0P

p7T,m,OP

Ug
LB
n 1
by
hy
h'y
b,
h,
h',

w, — xnp, nb,, nf, ' , nay
n; —nf.amnf, nm ,7©(1300)r, a7,

’

n, — K'K, K,(1270)K, K,(1410)K , nn’

bZ — T, 4,7, PN, flpa a7, hln: bln
h, — pm,bm,om, fio
h', = K,(1270)K, K,(1410)K, K;'K, ¢m, ;¢

by = n(1300)r , hym, f1p, bm
ho — blTE , th]
h'o — K1(1270)K, K(1460)K, th]

The meson photoproduction is a promising experimental

technique to search for exotic hybrid mesons.
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CDC and FDC
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Detector Performance

Drift chambers exceed design position resolution

Central Drift Chamber (CDC) Forward Drift Chamber (FDQ)
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,C_D400;—-1—------------------; ------------ 3180:— | ; ;
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= 200F L pesgneslution: 150 RN | —*—+—|—
— - ' 3 —F = 140 | | |
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48



BCAL and FCAL

bers in the interstitial layers of lead  F8-00 lead glass, 4 x 4 x 45 cm

Fast silicon photomultipliers (SiP

e




Detector Performance

Calorimeters approaching design energy resolution

Forward Lead Glass Calorimeter
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Particle Identification Performance

_Positively Charged Particles ] Positively Charged Particles
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Event Selection

L of - Cuts
% 105f Yp —
Loose timing cuts 5"
> 10°
S
. 102
Proton requirements:
10
1
> 250 MeV 0 0.2 0.4 0.6 0.8 1
pprOton vy Invariant Mass (GeV/c?)
Originates from target region & -Jl = o B S = 1 -
2 12 000 ?‘i 1k
CDC dE/dx contour K o 2 i
YP—pYy cuts : I - N
0 2 0 97 005 0 005 ot

2 . .
oroton (GEV/CT) Missing Mass Squared (GeV/c?)?

A, Missing Mass squared, Vlissing anargy, beam energy
(E,>4.0GeV), , Missing mass off
proton, coherent beam energy(8.4<E,<9.0GeV)
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Deeply Virtual Compton Scattering Time-like Compton Scattering

e
e Y

Inverse

Together obtain stronger constraints on the generalized parton distributions

Bethe-Heitler (BH) <+BH contributes at the amplitude
level in both case

Y : RPN . _
o < “»Always dominates over TCS
/E\ “+The interference can be
p p accessed through the angular
distribution of the lepton pair

arXiv:hep-ph/0110062



