Hadron Spectroscopy
at GlueX and Beyond (3)
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Confined states of quarks and gluons

Observed mesons and baryons well
(q q (g described by 1st principles QCD

But these aren’t the only states
mesons baryons

permitted by QCD
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Events/(15 MeV)

PRL 115, 072001 (2015)
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Confined states of quarks and gluons

Observed mesons and baryons well
@ @ @ described by 1st principles QCD
But these aren’t the only states

mesons  baryons permitted by QCD

tetraquark  pentaquark

manifest themselves in the bound
states we observe in nature?

Q . @ Do gluonic degrees of freedom

glueball hybrid meson
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Classifying mesons

% General properties: mass, electric
charge, quark flavor

* Grouped by quantum numbers: J¥¢
* Angular momentum: J=1 + S

% Parity: Invert spatial coordinates

P = (-1t
% Charge conj.: particle « antiparticle
C = (-1)F°

* Allowed JPC for ¢ mesons:

JPC ==t 17— 17— 07, 27" ...

VAN
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Spin 1

S=+1

N

| (g)/g\p(h (

%]
g
strangeness

4 r—<K U»
Q=+1
electrlc charge
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Hybrid mesons and gluonic excitations
* Excited gluonic field coupled to qg pair
* Rich spectrum of hybrid mesons predicted by Lattice QCD

% Gluonic field with JPC = 1+- and mass = 1-1.5 GeV

hybrid meson
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Hybrid mesons and gluonic excitations

* Excited gluonic field coupled to gq pair
% Rich spectrum of hybrid mesons predicted by Lattice QCD
% Gluonic field with JP¢ = 1+~ and mass = 1-1.5 GeV

* “Exotic” JPC : not simple qg from the non-rel. quark model

JPC =ot= 17T 2t— ..

0. i
0

hybrid meson
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| attice QCD _hid@ PRD 88 (2013) 094505

hadron spectrum collaboration
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Lattice QCD had/spec pro ss (2013) 004505

hadron spectrum collaboration
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hadron spectrum collaboration

| attice QCD b_id@ PRD 88 (2013) 094505
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Light quark experiments

Heavy quarks Light quarks
o TP
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Compass: Diffractive tip scattering

% Long history of hadron
spectroscopy in pion
production experiments

% Rich structure In Tt
spectrum, modeled as
Intermediate resonances X-
and 11t Isobars

Compass: PRD 95, 032004 (2017)

]
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Compass: Diffractive tip scattering

% Long history of hadron

spectroscopy in pion
production experiments

% Rich structure In Tt
spectrum, modeled as
Intermediate resonances X-
and 11t Isobars

]

- Bachelor
X -
Isobar T
.

Precoil

Events / (5 MeV/c?)

a,(1320)

7,(1670)

Compass: PRD 95, 032004 (2017)

1.5 2 25
msy, [GeVic?]
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Double Slit Experiment

Step 2: For each particle record
location x where it was detected

Step |: Shoot < L
particles at slits I(x)

O > D =

Probe
Beam of Particles d
wavelength A

one guess
for I(x)

Position (x)

Goal: determine the

values of d and D Physical System Under Study Detector

Two Slits: width d, separation D Measures location x;
for each arriving particle

sin(drx /AL
drx /AL

2
Physical Model: I(x) = I ( )> cos*(2D7z /L)
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Particle physics “many slits”

Step 2: For each collision record
the mass of the abc system

Intermediate

Step 1: Create particles Particles

a, b and ¢ in some collision

Probe: particles a, b and ¢ which
can form heavier particles X, Y or Z Z

Y
Physical Model: X
0n=| Y i) |

i=X.Y,Z

Goal: determine properties

of X. Y, and Z Physical System Under Study:

intermediate particles X, Y, and Z

Mass of abc system

(z

/AP 02)/s1uaag

Detector: Measure mass of abc
system for each collision

PHYS251: Tour

Justin Stevens, WILLIAM & MARY 15




Amplitude Analysis

* Goal: Identify JPC of X — wrn-n+

- Bachelor % Model the intensity of events at the level
of QM amplitudes (allow for interference)

2

AN | e
—= = ZVA

% 5-dimensional problem: two new angles
at each decay step (X and J)

Tloeam X~ -
Isob Tt
P sOopar -
Ptarget Precoil I(x) -
X — o™

Example Intensity:

X(1-|--|-)
— pr™ (S wave)

0 — Tt

1000
800
600
400

200}
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e cos 8
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Amplitude Analysis

* Expand set of possible amplitudes over

Namps 2 many X and I, and determine V, via
L AN L maximum likelihood fit
I[(7) = — = Y Vado(Z)
I
“ % Good angular acceptance critical for

disentangling JPC

0 — Tt
Example Intensities: ST
) 800;— o
X(17F) |
_|_ 400~
— pr™ (S wave) J =
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1000(- G
" 800 o .
” ) N L p — T
X (2 T ) e Ay | ] ool
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4 \ | 05 1 950304 o6 '_'o'.s' '.'1'.0' 12 14
¢ 2 61 -0.5 cos 0 q) 7 (_)1 0.5 cos 0 a'm Invariant Mass [GeV/c?]
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Resonance phase motion expectations

M = 1.26 GeV
[' =0.37 GeV

Assuming a Breit-Wigner M = 1.66 GeV
mass-dependent amplitude: I =0.27 GeV
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Events / (5 MeV/c?)

Early evidence for 1-+ exotics: 111(1600)
COMPASS: 7 p =7 mrm p

x10°
3.5
a,(1320) event distribution

3E +  background wave
25F  a,(1260)

2F n,(1670)
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e
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PRL 104, 241803 (2010)
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Compass mnp amplitude analysis

Compass: PRL 104, 241803 (2010) Compass: PRD 95, 032004 (2017)
x10° x10°
3 ;_ a,(1320) event distribution ;E 0'4:_ R la2(1320)
~ °F . background wave Unprecedented 2 [ “™*%
3 2.5%— a,(1260) statistics: 2 OF
; 2_ m,(1670) e 3 0ol 7,(1670)
g 1o ~50M exclusive _
a events oak
0.5 I
ok T s TR -
0 0.5 1 1.5 2 2.5 3 8.5 "1""1_5""2""2.5
Mass of Tt System (GeV/c?) (a) m, [GeV/c2]
. 105 2**1* p(770) & D
* Decompcse Into 88 ‘g 1—;(.)7% O.lOQ<t'<1.OOO(GeV/c)2
amplitudes representing 2 |
X-, Isobars, L, and M <
é’ 0.5 | .
* Extract amplitude j i az(1320) — pm
intensity and phase In |
bins of r-rt+rt- mass e
(b) . . ms, [GeV/cz].
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Compass mnp amplitude analysis

Compass: PRL 104, 241803 (2010)

x10°
35
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— 3 5_ + background wave
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—

~950M exclusive

events

% Decompose into 88

amplitudes representing
X-, Isobars, L, and M

% Extract amplitude
intensity and phase In
bins of Tt~ mass

Compass: PRD 95, 032004 (2017)

o x10°
”‘_;‘ 0_4:_ j,c12(1320)
§ . ::1!1(1260)‘l
e
= 03F
5
4
8 o2k 7,(1670)
0.1F
8.5 1 L5 2 25
(a) ms, [GeV/c?]
X103 2°*1* p(770) = D
i 0.724 < t' < 1.000 (GeV/c)?
40+ Model curve
R i Resonances
RS i ﬁ Nonres. comp.
7 301
= i
o i
Q i
~ 20_
2 07 a2(1320) — PTC
5 7
k= 10_—
i / o

(a) 0.5

1 1.5 2 2.5
m,_ [GeV/c?]

HUGS 2018

Justin Stevens, WILLIAM & MARY 21




Compass mnp: example amplitudes

X(1-|--|—)

— pm~ (S wave)

X(z-l—-l—)

— pr~ (D wave)
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Compass mp amplitude analysis

Compe

0.100 < ' < 0.113 (GeV/c)?
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Compass mp amplitude analysis

Cor 0.724 < t' < 1.000 (GeV/cY m,, [GeV/c?]
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Evidence for 1-+ 111(1600) in PTT

Low ¢’ High ¢’
<103 I"*1* p(770) 7 P <103 I"*1* p(770) 7 P
i 0.100 < 1' <0.113 (GeV/c) IF0.724 < 1' < 1.000 (GeV/e)
Model curve L Model curve
- ’ Resonances . Resonances
RS 4 ‘ Nonres. comp. S " Nonres. comp.
- - |
> arXiv:1802.05913 =
& &
~ = 0.5
=2 2r 2
3—2’ I E’ ) |.H.| | }
= = Compass: 1512.03599
A”] i ' || |
gt 1 L 1 — AT Y TR —1" ) a0 b e
0.5 ] 1.5 2 2.5 0.5 ] 1.5 2 2.5
(b) msy., [GeV/c? (c) m_ [GeV/er2]
-
Need to work with theorists on better 7 X vt
models for resonant and non-resonant: T

Joint Physics Analysis Center J* p—" p
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Evidence for 1-+ exotics: 111(1600
COMPASS: 7~ p — nO7np

N 2000 ™
Q Q .
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Evidence for 1-+ exotics: 111(1600)
COMPASS: 7 p — nrp

< 5000F I _ _ ~ 250F
> = ' "y 1+intensity | ¥ 200}
540005_ ||| | =, 150-“”4“4”*‘ ‘1
ek R
~ 2000 | 50F , | ' *
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5 Ei* Yy “ & _502_ ++ { 1
2 Ohh‘a”-t-lﬁwﬂhimm -------------------------------- AT
. 1.2 1.6 2 2.4 2.8 0.8 1.2 1.6 2 24 2.8
m(n’77) [GeV/c?] m(n) 7w =) [GeV/c?]
PLB 740 (2015) 303
- . 77( )
| 1

Need to work with theorists on better
models to describe broad structures:  p p
Joint Physics Analysis Center J'3¢
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Tensor mesons with JPAC
m p—nn p: 277 Intensity  PLB779 (2018) 464

140 B, T p— ! - 140 P, 50
120 | 120 -CLZ(]—SZO)
100 |- 100 - f
Z 80t £ 80
ff) 60 L 1.6 118 2.0 é 60 2.0 _
40 - 40
20 - 20 |-
05 1.0 L5 20 25 3.0 05 1.0 L5 20 25 30
Vs [GeV] Vs [GeV]
Fit with single a2 resonances Find additional a’2 is required
- n)
X
JT

Need to work with theorists on better
models to describe broad structures:  p p
Joint Physics Analysis Center J'3¢
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Tensor mesons with JPAC

PLB779 (2018) 464
O’O I | | | I | I |
C%D) -0.1 F ao &; |
— 0.2} . -0.100 ERLLESSS -
- / |
g 00 -0.110 F - “2
N 04 | =— sp =1.0 GeV? XX -
l — s = 1.5 GeV? -0.120° .
© .05 F —— sp=2.0Gev? 1.302 1.306 1.310 _
— = 2.5 GeV?
_0.6 SRI i | | | | | | |
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
m = Re . /sp |GeV]
_ 77(’)
. X
-

Need to work with theorists on better
models to describe broad structures:  p p
Joint Physics Analysis Center J'3¢
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Exotics from charmonium decays
¢(25) — Y Xc1

300
800 |- y(2S)—ynn* . (a) [ y(2S)->yn'nt (b)
i3 +(\ ° 250 [ F X
> - :
o 600} i
2 _ 200 |
o . |
» 4001 150 |-
(= - } :
e : + 100 |- |
W 200 ; l l Xeo
: 50 —
0 . Su—— AT 0 : cageted AT
345 350 355 3.60 345 350 355 3.60
M(nr*r) [GeV/c?] M(n'n*r) [GeV/c?]

% Produce vector charmonium in ete- CLEO, BESIII, etc.

% Study decay products through amplitude analysis

Phys. Rev. D 84, 112009
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/
Xl %777'('7'('

Xcl — X7
Xc1 — X?]l

Phys. Rev. D 84, 112009

HUGS 2018

Events / 50 MeV/c?

| 60

AN
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(\V)
o

Exotics from charmonium decays
T?(QS) — Y Xc1

a_(1320)n
. (Tcn)sn/
T f,(1270)0

—— 1,(1600)m \

2.

5

M(n'r) [GeV/c?]

35 |
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Exotics in other decay modes

_ 0 —
T p — W p _ Bachelor
Im ) ] nbeam X_ 77:_
m% I I b 7[0
essz = {1 p| Tt 7
. |
iDAHéhgmb thim%j;;ej;ﬁg Ptarget T Precoil
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= 1400 > 3500F b
[ a [ : )
= 1200 ) = 3000F
& 1000 & 2500F
2 800 & 2000F
& 600 S 1500F
@ 400 > 1000k
1T :
200 500F
006081 12747678 2 2.2 AR R RY
Mass(GeV/cZ) 2
PRL 94 (2005) 032002 Mass(GeV/c")
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Exotics in other decay modes

T P — WT

Im

07'('_]?

Magnet

<= LH2 target
[ Drift chambers
== Wire chambers
— Scintillators

7

Photon Detection:

IR Recoil veto (Csl)
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- Theam

.
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Summary

* Hybrid mesons provide unique
access to gluonic degrees of
freedom In bound states

x10°

a,(1320)

h
=N
T T T |

S
=
I

* Lattice QCD predicts a rich _
spectrum of hybrid mesons, 02
some with exotic JPC

Events / (5 MeV/c?)

7,(1670)

* Significant evidence for exotic R o
JPC = 1-+ In the literature, but N
interpretation is murky 220 ol 1+ intensity
oo
* The search for a coherent ~2000f |
pattern of gluonic excitations *51000;-***** ol i*n .
continues... T Y REY

m(n'77) [GeV/c?]
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Further Reading

* Light isovector resonancesin m p — T

Compass Collaboration
[arXiv:1802.05913]

% Searching for the rules that govern hadron
construction
Matt Shepherd, Jozef J. Dudek, and Ryan Mitchell
Nature 534 (2016) 487

* Hybrid mesons
Curtis A. Meyer and Eric S Swanson, Progress in
Particle and Nuclear Physics 82, 21-58 (2015)
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https://www.nature.com/articles/nature18011

Backup
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EXOt | C J PC d eCayS C. A. Meyer and E. S. Swanson,

Progress in Particle and Nuclear Physics B82, 21, (2015)

Approximate -/ PC Total Width MeV Allowed Decay Modes
Mass (MeV) PSS IKP |
m 1900 1=t 81—-168 117 ' naq, mn(1295)
m 2100 1=t 59-158 107 0), ', KK, KKE
' 2300 1=t 95—-216 172 KKE, KK{#, KK*,
bo 2400 0F— 247 —429 665 7w (1300), whi, pf1, nbi
ho 2400 0~ 59 — 262 94 7b1, nh1, KK (1460)
. 2500 0t— 250 —490 426 KK (1460), KK{*, nhy
bo 2500 27— 511 248 way, was, whi, np, nb1, pfi
ho 2500 21— 4 —12 166 7p, b1, Nw, why
L 2600 2t— 518 79 KKE, KK{* KK}, nhy

* Predictions for the spectrum of hybrids from lattice, but decay
predictions are model dependent

1-+ channels observed
TP — T
' — nrTw
b1 — wnT
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EXOt | C J PC d eCayS C. A. Meyer and E. S. Swanson,

Progress in Particle and Nuclear Physics B82, 21, (2015)

Approximate -/ PC Total Width MeV Allowed Decay Modes
Mass (MeV) PSS IKP
T 1900 1= 81— 168 117 by, wp. 7f1, ™, 7', nay, 7n(1295)

m 2100 1=t 59 —158 107 7ra1,' Tas, 77f1 nf2, mr(1300). ', KK{ KKEB
ni 2300 1=t 95-216 172 — KKP|KK{, KK*| n
bo 2400 0F— 247 —429 665 77(1300), 7hi, pf1, nbi
ho 2400 0t— 59—-262 94 mb1, nhy, KK (1460)
o 2500 0t— 250 —490 426 KK (1460), KK{*, nhy
bo 2500 27— 5 -—11 248 way, was, whi, np, nb1, pfi
ho 2500 21— 4 —12 166 7p, b1, Nw, why
K, 2600 2t— 518 79 KKE, KK{*, KK}, nhy

% Predictions for the spectrum of hybrids from lattice, but decay
predictions are model dependent

1-+ channels observed Some additional 1-+ channels
TP — T Tay — NTT Nf1 — onEw
) = EET KK* — KK
mhy = wrrT KK;(1270) — K Knm
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Evidence for 1-+ exotics

1(1400) — ntt

* Not likely a hybrid: dynamical origin or 4-quark state?

600F
500F
400 F
300
200F
100F

Entries / 20 MeV /c2

-
N B O
Acceptance [%]

1.5 2 2.5 3 3.5 4 4.5 5
m(n'77) [GeV /c?]

n1(1600) — i, n’m, b, etc.

Compass: PLB 740 (2015) 303
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Evidence for 1-+ exotics

* 111(1400) = nNMU
* Not likely a hybrid: dynamical origin or 4-quark state?

* 111(1600) — mrtr, n’m, bqm, etc.

Compass: PRL 104, 241803 (2010)
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Evidence for 1-+ exotics

* 11(1400) = N

* Not likely a hybrid: dynamical origin or 4-quark state?

* 111(1600) — 1t n’m, bqm, etc.

171" P-wavepn (T T TY)

A high wave I \
154 /A low wave } (a) - 4 - (b) I{I_

E852: PRD 73 (2006) 072001

Found no exotic when using
a larger set of partial waves
(ie. “high wave”) than
previous analysis

A high wave

: 1_§§i A lowwave |
HIIII ﬂ 1T A®QRYT-17H

1.2 1.4 1.6 1.8 2.0

M[3n] GeV/c M[3n] GeV/c?

|—é:|_'
1
radlans (radians)

events(K)/0.025 GeV/c?
o B
ﬁﬂ \

o

1.2

* Not observed in yp — n ittt at CLAS: charged vs neutral exchange?
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