Hadron Spectroscopy

at GlueX and Beyond (2)
Heavy Quark Spectroscopy: “The XYZ Story”
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Preliminaries

* Outline:
% Introduction to QCD and hadron spectroscopy
* Heavy quark spectroscopy: “The XYZ story”
* “Conventional” charmonium and bottomonium
* Observation of XYZs and possible interpretations
% Future prospects

% Light quark spectroscopy (tomorrow and Wednesday)
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Experimental strategy
b — KX
X = nrn J/

% Search for new particles

* Bumps In mass spectra
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* Unigque decay distributions
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* Next measure:
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* mass and width
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% decay modes
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3.82 3.84 3.86 3.88 3.9 3.92

% quantum numbers: J PC My 77) (GeV)

* ldentify patterns and compare with QCD and models
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Discovery of charm (J/) in 1974
BNL/MIT SLAC
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Resonances appear as enhancement
in cross section at M = /s

“Conventional” charmonium
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“Conventional” charmonium

Strong Force
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“Conventional” charmonium

Electromagnetic Force Strong Force
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“Simple” cc spectrum well described by quark model
expectation with expected electromagnetic transitions
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“Conventional” bottomonium
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Where the XYZ odyssey began: X(3872)
X a7 J/Y
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INntroduction to XY/Zs

X = ata=J/
* What are they? _
| o Fast >
* QObservations that don’t fit o b) | </
with conventional quark 330:-
model charmonium g F |
* Why called XYZ? 20f
* X: Everything else! °E
10
* Y: JPC=1-1In ete- ¢
5:“ w ;
* Z: Electrically charged N S I I/
3.82 3.84 3.86 3.88 3.9 3.92
M(J/y ntr) (GeV)
* How many are there?
Y Belle (2003)
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INntroduction to XY/Zs

charmonium
* What are they? 45T Tneso (22
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Introduction to XYZs
How many are there? Lots!!!
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Where the XYZ odyssey began: X(3872)
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Where the XYZ odyssey began: X(3872)

% Interpretations
% Unexpected cc state?
% Hadron molecule?

* Tightly bound “tetraquark”?

d@

diquark-diantiquark
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Where the XYZ odyssey began: X(3872)
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* Higher statistics: more studies

* Quantum numbers

Candidates / 0.2

* Mx ~ Mp+Mp- ;

% Interpretation? 57

cosex
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Where the XYZ odyssey began: X(3872)
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Where the XYZ odyssey began: X(3872)

9%

* Higher statistics: more studies |, .jiction for pure Do* model

Radiative decay measurement

B(X(3872) — W(2S)y)

y = BX(3872) = JAbY) = 2.46 = 0.64 = 0.29.

,_BaBar 2009

Belle 2011
—

. LHCb Preliminary

predictions for pure cc state

predictions for admlxture of cc and DD*

* Quantum numbers I

* Mx ~ Mp+Mp- R,

* Interpretation?
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Discovery of the ¥(4260)
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Diving deeper Into ¥(4260)
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Diving deeper Into ¥(4260)

charmonium
45T Tnd@isy) Hoe =0
: Xc2(33P2)
'P1) Xc1(3%P1)
42 |- Xco(3°Po)
|' Y(2°D1) |
N o | Y(3%S)
~
% Xc2(23P2)
o hc(21p1)
) = | 2P
o oo VD) Xc0(2%Po)
g 2Mp | T T T
P’(2%S1)
3.6 |- <
Xc2(13P2)
he(1'P1) Xc1(18P1) :
3.4 |- Xco(13Po)
3.2 |- predicted, discovered
JAP(13S1) predicted, undiscovered
30 (1S9 | unprcicteg,discovered|
0+ 1-- 1+ 0++ 2+
JPC

Events / 0.01 GeV/c?

Events / 4 MeV/c?

BESII

100~
80
60

40t

h

20 %

—4— Data

— Total fit

Z=£(3900)

---- Background fit

-.=- PHSP MC

3.7 3.8 3.9 4.0

Muax(e=J/p) (GeV/c®)  BESIII (2013)

N
o

3.8

—h
A O 0 O
1 IOII 1 IOII 1 IOII 1 IOII 1

- . N
..
.
.
S— *
*
R4
- .
*
*
- .
.
0 '

Z=(3900)

|\

-390 3.95 4.00 4.05 4.10 4.15
M(D'D*) (GeV/c?)
BESIII (2014)

HUGS 2018

Justin Stevens, WILLIAM & MARY 54




Four quark state: Z.(3900)

% Charged charmonium structure
observed in decay of Y(4260)

* 4-quark content (céud)

* Neutral partner observed:

s it a tetraquark?

c) Z (3900)

Physics Viewpoint 6, 69 (2013)
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74(4430)

Ly
S
é 4.4 P
0~ 1 2+
* Charged charmonium structure
c observed in 2008 by Belle

M(x*y') (GeV)
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Mass (GeVic?)
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if: * Charged charmonium structure

Z1000f observed in 2008 by Belle

° 500:_ 1 * Recently emphatically
confirmed by LHCb and
resonant character observed
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Heavy quark summary

charmonium
% Explosion of new heavy 4M
quark XYZ states T L T
4.2 =0 Xco(3°Po)
g 1
* No signs of slowing: more [ |9
data from LHCb, BESI”, CE. - ha@P) Xc2(23P2)
Belle I, and PANDA 2 381 s we
o e I -,
* Models describing tightly 36 [ -
he(1'P1) Xc1(13P1) S
bound resonances,
. 4 - Xco(13Po)
molecules, rescattering...
3.2 - redicted, discover
* New decay modes and T e
. . J(1981) predicted, undiscovered
production mechanism 30 - [y [rpem—"

shed new light
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Pentaquark surprise

Ay — J/wpK_

} Thp
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Pentaquark surprise

Ay — J/wpK_
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Interpretation: phase motion
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* Breit-Wigner: complex valued function
of mass describing the “resonance”

BW(m|Mo; r‘o) =

1

2 _ 2
My —m

— iMyI'(m)

* EXxpect circular trajectory in the
complex plane: 180° phase change
over the particle’s mass
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Interpretation: decay modes %

Ay — J/YpK ™ Ay — J/Ypr™
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Interpretation: molecules, rescattering

Closeby thresholds
[MeV] P.(4380)" P.(4450)" _
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Charm Quarks at JLab

5-quark

Hadronic
bound state molecule
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LHCb 2015
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J/ photoproduction at (G LUEY ~

Yp — pe+6_

MC normalized to ¢ x-sec.  kin.fit x?<200, 6,>2°
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J/P photoproduction at

Jy p.
E

% Projected sensitivity for

Jy

CLAS12 experiment

% Cross section assumes
BR(P.—J/yp) =1%

* First data in 2018

HUGS 2018
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A Cornell
® SLAC published
O SLAC unpublished
= CLAS12 projections for 30 days of running

2 1

at luminosity of 10% emsec”
P (4450) cross section from Phys.Rev. D92, 031502 (2015)

® CLASI2 projections without P (4450)

----- 2-gluon exchange model fit to published data
--------- 3-gluon exchange, normalized at 12 GeV
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LHCb Pentaguark Search in Hall C

Incident
beam

R

Hydrogen Detector Stacks:

target

9 Tracking/ Timing:
1. Drift Chambers
2. Hodoscopes

Particle ID:

3. Gas Cerenkov
4. Lead Glass Calorimeter

electron in HMS

—

E12-16-007

o [nb]

"""" RN L L N
B o "SIGNAL" Setting (9 days) ‘
o "BACKGROUND" Setting (2 days)
O Cornell 75
N SLAC 76 (Unpublished)
|| eeeeeeenes Jiy with P_ (5% coupling)

i
$ i
N Pt N
¥ o .
*:d: §+ g *

positron in SHMS

% Elastic J/P production

using Hall C standard
equipment

* Short experiment (11 days)

with high impact
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Heavy quark baryons (very recent)

Doubly charm baryon
Q¢ baryons (css)
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Heavy quark baryons (very recent)

Excited €25 baryon (sss)

. = =p baryon (bsq)
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Summary: heavy quark spectroscopy

% Conventional charmonium and bottomonium well
described by “simple” quark model

% Explosion of new XY/Z states
% Interesting connections between observe states
% Higher precision brings new conclusions

% New baryonic states observed in charm and
bottom decays at the LHC

% Pentaquark search underway at JLab

% Interest in connections to strange quarks (JLab)
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Further Reading

* Heavy-Quark QCD Exotica
Richard F. Lebed, Ryan E. Mitchell, Eric S.
Swanson, Progress in Particle and Nuclear
Physics 93, 143-194 (2017)

* Non-Standard Heavy Mesons and Baryons, an
Experimental Review

Stephen Lars Olsen, Tomasz Skwarnicki, Daria
Zieminska [arXiv:1708.04012]

* Hybrid mesons
Curtis A. Meyer and Eric S Swanson, Progress in
Particle and Nuclear Physics 82, 21-58 (2015)

HUGS 2018 Justin Stevens, WILLIAM & MARY 71




Backup

HUGS 2018

Justin Stevens, WILLIAM & MARY 72




XY/ states

% Recent discoveries of
charmonium-like states at BaBar,
Belle, BESIII, CLEO, LHCDb, etc.

% So called “XYZ” mesons, not
predicted by the standard
charmonium models

* Many models for interpretation:
resonant states, meson molecules,
re-scattering effects, etc.

e*te~(visr) — wta-J1yY at BaBar
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Z+(3900)
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* Charged charmonium

structure observed

BESIII, Belle and CLEO

in decay of Y(4260)

* 4-quark content ( céud
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Charmonium hybrids

Hadron Spectrum Collaboration: JHEP 1207 (2012) 126

1500 | - m g - = -
: ], = ] T | ccg Hybrid
— —
e =
S 1000 - o — = = = D,D; -
L
> —
Elbg _ R _— B DB —
= 500+ T .
- 1 Gonstituent Gluon:
Mass ~ 1-1.5 GeV
f— JPC = 1+-
0 OT+ 17— 2+ 1=+ ot 1+ 1t o+t 3+ ot o+ |

* Lattice QCD predicts hybrid states charmonium states with gluonic
contribution to their wavefunction including exotic JPC = 1-+, 0+, 2+-

% Exotic JPC not accessible in ete-, but could be studied through other
mechanisms like photoproduction or pp annihilation (eg. PANDA@GSI)
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Hybrid photoproduction

% Lattice QCD calculations of charmonium radiative decays
* Conventional cc mesons in reasonable agreement with experiment

% Sizable radiative transitions predicted for hybrid charmonium

. transition Dlattice (keV)  Texpt (keV)
ccqg Hybrid Xeo — J/by 199(6) 131(14)
V' = X0 26(11) 30(2)
V" — X0y 265(66) 199(26)
2 ccg(177) = xe0y < 20
J /) = ney 2.51(8) 1.85(29)
Y(4260)?( ' — 0.4(8) 0.95 — 1.37
P = ey 10(11)

ccg(177) = mey  42(18)

Exotic Hybrid ceg(1™") — J/¢y  115(16)

PRD 79 (2009) 094504 and Review article 1502.07276
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Amplitude Analysis

Example Intensity:

X(1-|--|-)
— pr™ (S wave)

* Goal: Identify JPC of X — wrn-n+

* Model the intensity of events at the level
of QM amplitudes (allow for interference)

13 = W

dz

2

a.mps

ZVA

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