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Outline

- What are gluonic excitations.

- How to search for gluonic excitations?
- The GlueX experiment.

- First physics from GlueX.

- GlueX moving forward.

12-GeV beam, Dec. 2015
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The GlueX Collaboration

Arizona State, Athens, Carnegie Mellon, Catholic University,
Univ. of Connecticut, Florida International, Florida State,
George Washington, Glasgow, GSI, Indiana University, ITEP,
Jefferson Lab, U. Mass Amherst, MIT, MePhi, Norfolk State,
North Carolina A&T, Univ. North Carolina Wilmington,
Northwestern, Old Dominion, Santa Maria, University of
Regina, Tomsk, Wuhan and Yerevan Physics Institute.

Over 125 collaborators from more than 25 institutions with
others joining and more are welcome.
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uantum Chromo Dynamics

Focus on mesons built from the three
lightest quarks, u, d and s, and their
antiquarks.

Combine two spin Y2 objects to S=0 or S=1

Orbital angular momentum of two quarks:

*ﬂ’L>=01 2,... L=0’1,2,3,-..
‘ s=1/2 Total angular momentum, J=L®S

d> J=0123....
s=1/2

Spatial Reflection Symmetry:
Parity P=-(-1)-
Quark-antiquark Reflection:
C-parity C=(-1)L*S
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Quantum Chromo Dynamics

Y L=3, S=1, JPC=4++ | Each J° corresponds
¥ & o Jpc=3++ | to nine quark-antiquark
i JPc=o++ | States, nonets .
=3, S=0, JPC=3* s ds
[=2,S=1, JPC=3 o
o JPC=2 ud , —= (vt —dd) , du
¢ _ D
A o012 JPC=1 \/5_
2> L=2, S=0, JPC=2- sd , su
=1/2
‘ S d> [=1,5=1, JC=2"
s=1/2 JPC=1++ 1 B
JPC=(++ \ NG (vt +dd) 88)
L=1, S=0, JFC=1* Y
L=0, S=1, JPC=1- Can mix
L=0, S=0, JPc=0-
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Quantum Chromo Dynamics

L=3, S=1, JPC=4++ | Each J° corresponds
JPC=3++ to nine quark-antiquark

! JPC=9++ | States.
L=3, S=0, JPC=3*

(\1/8:0,1,2,. O", O'+, 0+ : O+t

+ |, 1--, 1-+, 1+-, 1++ St
22 C—b 2--, 2-+, )+ | Y+t
3-, 3+, 3, 3 rdd) o

Exotic Quantum Numbers
[=0, S=0, JPC=0-

Nix
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Lattice QCD

Light-quark Mesons (u,d,s)

negative parity positive parity exotics
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PRD83, 111502 & PRD88, 094505
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Lattice QCD

Light-quark Mesons (u,d,s)

negative parity positive parity exotics
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PRD83, 111502 & PRD88, 094505
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QCD Exotics B

. 2.5Gev |
Lattice QCD suggests 5 nonets of -

mesons with exotic quantum _
number: 2 0GeV i :
1 nonet of 0" exotic mesons |
2 nonets of 1* exotic mesons |
2 nonets of 2+ exotic mesons 0+ 1+ 2*

Experimental evidence exists for rt, states.

ny 18(JPC)=1-(1")
~ ¢ & 1
AN G( |PC\= ;
“"Constituent gluon” behaves M Ky 15(J7) /2(1)
like JPC = 1+ with a mass of N’y 15(JPC)=0*(1")
1-1.5 GeV Ny 19(JP€)=0%(1")

The lightest hybrid nonets:  Kaon states do not have exotic QNs
1-, (0,1, 27)

PRD84, 074023
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QCD Exotics

Experimental Evidence for Exotics? 7,(2015) &5

The 1,(1600) has been observed
by several experiments, mostly in
pion-beam experiments. It has
been seen in a number of decay
modes, some of which are
controversial.

The n,(2015) has been observed
by a single low-statistics
experiment. Confirmation is
needed.

2.5Gg)v7ﬁ

2.0GeV |
7,(1600) «

Not observed:
Ny, Ny

bo, ho, ho,

b,, hy, hy

exotics

Prog. Part. and Nucl. Phys. B82, 21, (2015).
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Compass Results TP —> PN

In the pwt system at larger momentum transfer, |t|, they observe
a signal with phase motion in the 1-* exotic wave, the n,(1600),
They also see a signal in the n’n channel.

Other reports in various decay modes from E852, VES and others.

Intensity of 1-+ Phase Difference to 4** Phase Difference to 4**
1 p — m1-wp (COMPASS 2008) (17 p(770) = P1 - [47'1" p(770) 7 G [T p(770) 7 P]~ (4T £(1270) 7 F]
- T p(770) 7 P 200 | 0724<0<1000 GeVie?| g || | \“ “ ).734 < 1' < 1.000 (GeV/c)
10001 ) 724 < ' < 1.000 (GeV/cy? | HH Sp=164° “ “ ‘ 5¢=32°
I

- Mass-independent fit
| Mass-dependent fit |
L resonant

| non-resonant
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3

i
el
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*
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|
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EPJ Web. Conf., 137 (2017) 05012,
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Producing QCD Exotics

High-statistics experiments have used
pion beams to search for hybrids: VES at
Protvino, E852 at Brookhaven and
Compass at CERN: np — pX- or nX?

N N
A pion undergoes t-channel exchange with a nucleon and
creates an excited meson or hybrid. Involves charge exchange
and/or isospin-1 particles. Easier to make pion-like states.
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Producing QCD EXxotics

Photoproduction is a poorly-studied
mechanism, ~1000s of events total.

Photon can fluctuate into a spin-1 particle.
Do not need charge exchange or isospin-1 N
final states. Linear polarization filters

exchange mechanisms.
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Photoproduction Mechanisms

p,(x),d) X

T,M,P,n,P,...

PP — Ty
0w,pp  — My
(D(D,pp,(l)(D —> n’l
pP — Dby
oP —> h,
oP, 6P — h'g
on,pn,pP — b,
pmt,on,wP — h,
pmt,on,0P —s h',

Simple quantum number counting for
production: (I16)JPC up to L=2

P = Pomeron exchange

p7 IS charge-exchange only

Can couple to all the lightest exotic
hybrid nonets through photo-
production and VMD.

Linear polarization is a filter on the
naturality of the exchanged
particle.
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Decay Modes of Exotic Hybrids

n, — np, tby, nf,7n’, Nay

n — ﬂfz,azﬂ,ﬂfb 1111',75(1300)75, a;TT,

n,’ = K'K, K,(1270)K, K,(1410)K , nn/’

b, » o=, a,n, pn, f1P, a;T, h17T, bm ‘

h2 —> pTC,bITC,(DT], fl(D

h', = K,(1270)K, K,(1410)K, K,"K, dn, f1

bo —> TC(].SOO)TC , thC, flp, bln
ho—) blTC , th]
h'y = K,(1270)K, K(1460)K, hyn

Early Reach With Statistics Hard
Hybrid kaons do not have exotic QN’s

Models suggest narrower states
are in the spin-1 and spin-2 nonets,
while the spin-0 nonets are broad.
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Decay Modes of Exotic Hybrids

ny — mp, nby , nfy,mn’, na

N — ﬂfz,azﬂ,ﬂfb 1111',75(1300)75, a;TT,

n,’ = K'K, K,(1270)K, K,(1410)K , nn/’

b, > o=, a,n, pn, f1P, a;T, h17T, bm ‘

h2 —> pTC,blTC,(DT], fl(D

h', = K,(1270)K, K,(1410)K, K,"K, dn, f1

bo —> TC(].SOO)TC , thC, flp, bln
ho—) blTC , th]
h'y = K,(1270)K, K(1460)K, hyn

Early Reach With Statistics Hard
Hybrid kaons do not have exotic QN’s

Models suggest narrower states
are in the spin-1 and spin-2 nonets,
while the spin-0 nonets are broad.
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The GlueX Experiment
G LUEX care calorimeter t.i;ﬂiﬁf oo

counter

target

Photo Production of Hybrids,
Light-quark Mesons
and Strangeonium States

photon beam

diamond

{

forward drift
chambers

central drift
chamber

electron .
tagger magnet beam superconducting
electron magnet
beam tagger to detector distance
is not to scale

Physics Running started in 2017

(See Naomi Jarvis’ talk on Friday for more details.)
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Doing Physics with GlueX

Photon
Polarization

“

g

JPC

Production
Amplitude

E

s,
s

/

Decay
Amplitude

xchange
jpe

Production Amplitude produces a
state X with JP¢ quantum numbers
and some polarization (density
matrix, p).

Decay Amplitude describes the
decay of X to final state particles. It is
related to p and the spin and orbital
angular momentum of the final-state
particles.

Observables are the angular
distributions of the final-state
particles.
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Doing Physics with GlueX

Photon
Polarization

“

g

JPC

Production
Amplitude

E

s,
s

/

Decay
Amplitude

xchange
jpe

Theoretical work is necessary to
extract the full physics potential from
the GlueX program.

Of particular importance is Joint
Physics Analysis Center (JPAC) with
both their phenomenological work
and the efforts to make this work
available to experiment in analyzing
data.



October 26, 2017 Fall 2017 DNP Meeting

Doing Physics with GlueX
W(0,0,...) = > |A]?

Photon . s
Polarization AR
“ -
WA/\ k\ A= Z Q5 Pj Dj
JPC/? Decay
ol SN Perform an un-binned log-
e likelihood fit to make our
Several different states, all model for W agree with the
decaying to the same final experimental distribution for
particles are produced, W by varying the o.

and they interfere
(complex amplitudes).
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Doing Physics with GlueX

Photon | s
Polarization / 1=l
/ P
M/W,‘E ~
JpPc " Decay
Production | Amplitude
Amplitude | \

| Exchange
[ jpc

Several different states, all
decaying to the same final
particles are produced,
and they interfere
(complex amplitudes).

Understand the photon’s
polarization.

Understand the photon beam.
Know the efficiency and
acceptance of the experimental

apparatus.

Have a very accurate model of the
detector (simulation).
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Doing Physics with GlueX

Photon beam asymmetry Understand the photon’s
measurements. Need to polarization.

understand the photon

polarization, but most Understand the photon beam.

other factors cancel out.
Know the efficiency and

0 /
— (7
TP ( TH T )p acceptance of the experimental
p — (,00, w, gb)p apparatus.

Have a very accurate model of the
detector (simulation).

(See talks on Friday by Tegan Beattie, William McGinley and Jonathan Zarling.)
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Doing Physics with GlueX

Photon beam asvmmetrv

Spin-density matrix elements of vector
mesons are obtained by fitting complicated
angular distributions.

3
Wy (cos, ¢, p') = = [ph sin® 0 + pgg cos? 0 — V2 Reply sin 20 cos ¢ — pl_; sin? 6 cos 2¢]
™

Requires understanding of detector acceptance.
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Doing Physics with GlueX

Photon beam asvmmetrv

Opportunistic Physics from data exploration!
Focus on results where small statistics and
modest errors can have a big impact.

Charmonium
Double-strange Baryons
BSM Physics
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Doing Physics with GlueX

Photon beam asvmmet he photon’s

nd
perimental

model of the
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¥ beam asymmetry

Beam asymmetry 2 provides gl 70
insight into dominant production o 7 oc
mechanism Exchange J
17 tw,p
2 2
g lwtpl”—|h+0] , . 1t bk
lw + p|? + |h + b|? y

Understanding production Mathieu et al. PRD 92, 07401:
mechanism critical to disentangling vyr—m————————————— ]
JPC of observed states in exotic |

hybrid search.

08}

From experimental standpoint .
easily extended to yp—pn where
there are no previous o L oaosy

measurements! E « 10GeV

00}, . . . . . . .
00 02 04 06 038 10 12 14
—t (GeV?)
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Coherent
bremsstrahlung where
we use the the 8.5t0 9.0
GeV photons.

Photon Flux (Arb. Units)

~40% Linear polarization
which depends on the
photon energy.

TTTRRTT

— Diamond: PARA
— Diamond: PERP
— Aluminum

We measure the energy
and then have the
polarization of each
incident photon.

Polarization

T Ii. IIII|IIII|IIII|IIII|II

N[
ol

—l—
——
s
——
e
-
—m-
S
——
R
il
Sl

W0 ks R RRRNE ARRRE SRRRE SRR SRuAL 'LA

B VR T Y- B R
Photon Beam Energy (GeV)
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Beam Asymmetry Measurement

N TR B I o B B B B B BB

- > ’ 0
of TP — pr’ G ] ! "
C . >

o R ¢ e T Exchange JFC
0.6/ %» ’ = ]. - W, p
0.4 — ]_

- ¢ GlueX 8.4<E <9.0 GeV . P D
02 ¢ SLAC E=10GeV N
002 04 06 08 T T2 14 16 18 2
-t (GeV/c)
 MAp e |mpacts extraction of baryon
g e 1 resonances from low-energy
o + -Lagetise] |  photoproduction experiments.
- —JPAC [7,8] .
0-6:'_ Donnachie [9] -
e N U Goldsten ¥ 3 Understanding the meson
0.2 — . .

i: 1 production mechanisms at 9GeV
02k 4 is needed for our bigger
045504 o6 08 T iz T4 16 is 2 program.

2

-t (GeV/c)
Phys. Rev. C95, 042201 (2017)
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Opportunistic Physics v = pJ/4¥

Probes gluon distributions in proton
[Kharzeev et al., NPA 661, 568 (1999)]

| B l..'.Corne;ll 75 ............. .......... .
-~ ® SLAC75 : ]
o SLAC 76 unpubhshe e

—_
o

Also multiquark correlations
[Brodsky et al., PLB 498, 23 (2001)]

i ~ 10 o
g GIueX Energles

L. I LI . I | — I | — I | — I | I |
Y _ 8 10 12 14 16 18 20 22
0 E, GeV

S 5% The two mechanisms have different energy

p -O:VL\k dependences near threshold.

1 E

o(yN — J/y elastic) nb
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Opportunistic Physics v — pJ/¥

Detect J/y through its e*e- decay (2016 Data)
(2016 & 2017 Data)

100

| 323423

Counts / 5 MeV

70E

: Preliminary
60 = l

50

40

F 1 1 1 1 1 1 1 1 1 | | | L | L | 1 1 1 1 I I 1 |
%.7 2.8 2.9 3 3.1 3.2 3.3
e*e Invariant Mass

s(yp — Jhy elastic) ARBITRARY UNITS

(See talk on Friday by Luke Robison.)
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Opportunistic Physics

Double-strange baryons: ssu ( Z°) & ssd ( =)

Z(1320) (1/2)F sk
Z(1530) (3/2) ks

=(1690) o
Z(1820) (3/2) i+
=(1950) o
=(2030) o

We expect many more of these states
to exist, and many are expected to be
relatively narrow.

CLAS observed the lightest two in
photoproduction at lower energies.
Any observation of a significant “bump”
can add significantly to our knowledge
of these states.
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+ 1+
Opportunlstlc Physics w—= K"K
) K /K = E:ZZ; =
p — G|
“K S 120f- reliminary
| o =T = ATyl
GlueX reconstructs exclusive ¢ ]
gnatl -ts)tati':es, > debcay d :: ! **| h“*”' *ﬂ#*H**J*H*HI*“*;N"H# **iﬂﬂlﬂi*“ H***H
istributions can be measured. E

||||||

O
e
-
e
(&)
-
N
-
N
(&)
-
w

\,
o
'

# Combos / 15 MeV/c?
(2]
o
T | TTT

2017 Data: Expect more than

Gu

an order of magnitude more : WHH Hﬁﬂﬁﬂ ﬁﬁ ﬂﬂ +

data_from initial GlueX oF |1 t Mﬂ ﬂﬁ% m
running. o H Y,
(See talk on Friday by Ashley Ernest.) N . *. -
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Spin-Density Matrix Elements

’Yp — p,O Measures the spin transfer from the
polarized photon to the vector meson

YD — PW L andis sensitive to the production

mechanism.

TP — p¢ | These are important demonstrations of
our understanding of the acceptance of
the detector.

The can be used to monitor the linear
polarization of the photon nearly
online.

(See talk on Friday be Alex Barnes.)
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Spin-Density Matrix Elements ~ ©'4X°

Preliminary
’7/p ; pw 0.3 N 0.2 - 0.3; :
0.2 { Poo | 0'15 Repw ().22w 92_1 .
0.1 f - 0.1 T
b i )
YIS bRl Y o
0 0.2 0.4| I()(Ig| v?%?] 0 0.2 0.4| |O(g V?'zs)z _0'26 0.2 0.4| &g v?.282
Two of the elements are very - - -
sensitive to the transfer of - + Pl of Po | of Plo
spin from the photon to the o o N N i
meson. R g
002704 06 08 OV 0204 06 08 O% 0204 06 08
t| [(GeV/c*] | [(GeV/c?)] |-t] [(GeV/c*]
If the exchange is pure NG e
7 ’ TP 11 | Bl MPlo
pomeron”, +%2 and —7%. If it is/} \/ | _5
pure pion exchange, -z and ( Tt ikamantl 0 ey
1 —~ _ 2 -04p- gl
+72. We see ~.35 and -.35. “02 04 06 08 /Ob 02 04 05 08 X 02 04 06 0p
] [(GeV/c Il [(GeV/c*] ] [(GevE*Y]

. Staib CMU Ph.D. Thesis 9/17
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Beam Asymmetry in p Photoproduction

|, Model it to Coherent Enhancement Huge increase in

e 1 statistics over the

g+ existing data from

sk SLAC.

goap o S Working with JPAC on
e e e ww e Models for analysis

o
o

Energy [MeV]

do| x1— P;XYcos2¢p d0||0<1‘|‘P||EC082(/5

— T T T T T T T
2
= R
) > L L L N L B B
> T 035
© £ -
o+ -
k:: ;O.ZE
< < 01f
<= -
e C
Tt {1 F . 0.1 [
o 1 Polarization 1k || Polarization E 02 F
_..I....I....I....I....I....I....I..: :..I....I....I....I....I....I....I..' -O.3f_wlw L L L P
-150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
¢ [degrees]

¢ [degrees] ¢ [degrees]

Acceptance errors not included Large polarization transfer to the p
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Observed Known States

JaN
O(B

In the p event sample, we can look $ b
for higher-mass vector mesons. We ; i f2(1270) GI-E%
observe an enhancement around NN ,
. . - C N H
1.6 GeV with significantly more TN P 7 Preliminary
statistics than existed; we should na ™
be able to measure polarization £
observables. §1er— n
10410‘ T T ' : r % B / 1 "2 1 ' '8 2 22 r:*i"4 Invarizft Mass?.(aGeV/czi3
SLACHp —»ntnp| & [ /
i 20 GeV S \
G "? -
P oL p(T70)
g ol t . : :
PRL 53, 751 (19@ M. i
0 10 20 30 10° -
Matn-[GeV/P] | Smmd e s

m Invariant Mass (GeV/c?)

Mt e [GeV/cQ] |
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Observed Known States GrugX”

Preliminary
2016 and some 2017 statistics. <10 P 77 -
: S o8 E: e
Clear signals for f,(980), f,(1270), s
a,(980) and a,(1320). 300
-
(See talk on Friday by Shuang Han.) 0.2 10
S 0.6 os iy
S - M(yy) for Pair 1 [GeV/c?]
212000 : f2(1270) >
p x : 95000
10000 - . S 000 ¢ 1 az(1320)
%8000}f0(980); : > [ b
S - x5 S30000 ¥
s SN 80 N i
4000 /,\! '-.\,f\% 2000; \ W\
20000 [/ ~ 1000 ! ap(980) ™
0:/|1|I\I\\ _j-‘J\
0 0.5 1 1.5 2 2.5 3 3.5 0.5 1 1.5 2 2.5 3 3.5

M(n°r%) (GeV/c?) M(r°n) (GeV/c?)
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+ —
. . Yp — pnrt
Interesting Hybrid Channels
p — T
Yo —>pn, YP—> pb; f,—>
n1 = nfaam  by— axm, pn a, —> N
Look for these (258”)‘ DTSR TS
" crves 15507
/-),p _>pag:ﬂ-:|: 800 f1(1285) GL% Std Dev 0.5476

700 Preliminary

several known

600 states

TP == pf277 Hybrid regime

500

400

AP — PPl -
80 hours of beam 1w
S —

(¢ IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

2016 Engineering Run

m ( 777'(2-'57'(- ) Mass (GeV/c?)

1
1 1.5 2
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Interesting Hybrid Channels » — pim n~
GLE% 2016 Engineering Run

Preliminary m2(

Beam E > 7 GeV, Mass of nr*, 1.8 < MW <2.2

nn)

Beam E > 7 GeV, M of ' vs o', 1.8 < M <22

PPPPPP , 1.8<EtaPiPi<2.2 . M2 EtaPiM v Pis 82
C Entries 43807 S L - Entries 43807
250 — 980 Mean 1.258 SO s T Meanx  0.9101
C aO Std Dev_ 0.2702 35 Mean y 1.735
- e Std Devx 0.5259
(1320) i
- c 5 14
- 255 1
150 = 2 12
C \ A= - 10
100 15 Ho ¢
- 6
1=
50 - e R 4
05 T
- 2
R S I I B | O:H"\‘k"\‘H‘\HH\HH\HH\HH\HH o

Clear Signa|S for Beam E X7 GeV, Mass of n'm, 1.8 <M, <22

Pis, 1.8<EtaPiPi<2.2

06 08 1 T2 1A ‘1.‘6‘ ‘ ‘1.‘8‘ T2z A ‘2ﬁe‘ 28 0 0.5 1 15 2 25 3 3.5 4
m ( ) M (GeV/c?) M 2
nn m?(mtm)

Entries 43807
Mean 0.9129

i Beam E>7 GeV, nn* n" Inv: 30();— Std D 0.2766
Yp = pay T pr70) T
TP — PPN )
Weak signal for "E

Yp = pfon e T
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Summary

- GlueX is installed, commissioned and started physics
running in Spring 2017.

- All detector systems are near to or better than design
specifications.

- We have published our first results, and are aggressively
moving ahead on other physics measurements.
- The broader program of exotic mesons is in sight.

- A large number of GlueX results as well as related
theoretical work will be presented in the GlueX Physics
minisymposium on Friday.



