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Introductory Notes on the XYZ Mesons

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)

measurements from PDG 2014
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predicted, undiscovered

The charmonium and bottomonium systems
arguably represent the simplest bound states

of QCD.
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The quark model description of these states
has been enormously successful (with a few
anomalies).

But QCD 1s more complicated than the
quark model, and we are now taking firm
steps beyond it (e.g., lattice QCD).



Introductory Notes on the XYZ Mesons

Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)
measurements from PDG 2014

&
L2
>
(O}
O,
%)
%)
<
=

I
Z(4430)

4.4 T No(41S0)

W(4381)
Y(4360)

Y(4260)

Xco(38Po)

¥(2°D-)

P(3%S1)

X(3872)

Xco(23Po)

predicted, discovered

JAP(13S+4) predicted, undiscovered

unpredicted, discovered

O++ 1++ 2++
JrPC

The “XYZ states” cannot be accommodated
in the quark model. Beyond that, their
interpretation 1s still unclear.

Three misconceptions:
1. This 1s hopelessly complicated.
2. These are experimental artifacts.
3. Everything is/isn’t resonant (a “particle”).

Theoretical tasks:
1. Develop a theoretical framework.
2. Develop theoretical tools for amplitude
analysis.

Experimental tasks:
1. Keep adding information.
2. Start making connections.

This talk:
Connections and Complexities



The Experimental Landscape

e ¢te~ annihilation (CLEO, BaBar, )

e proton collisions (CDF, DO, LHCb, ATLAS, CMS)

e ¢te~ annihilation using ISR (CLEO, BaBar, )

e e¢te~ annihilation (CLEO-c, BESIII)

e B decay (CDF, DO, CLEO, BaBar, , LHCb, ATLAS, CMS)
e proton collisions (CDF, DO, LHCb, ATLAS, CMS)

vy collisions (CLEO, BaBar, )

e double charmonium production (CLEO, BaBar, )

e proton anti-proton annihilation (PANDA?!?/)



The Experimental Landscape

e ¢te~ annihilation (CLEO, BaBar, )



The Experimental Landscape

e ¢te~ annihilation (CLEO, BaBar, )

ete~ annihilation to bottomonium
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The Experiments

ete~ — mrrrY(1S,2S,3S) at Belle
arXiv:1501.01137
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o anomalously large sttt Y (nS) rates —
indication for something exotic? a Yp?




The Experimental Landscape

e ¢te~ annihilation using ISR (CLEO, BaBar, )



The Experimental Landscape

e ¢te~ annihilation using ISR (CLEO, BaBar, )

ete~ annihilation to charmonium (via ISR)

YISR
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The Experimental Landscape

ete~(Yisr) — ]/ at Belle
PRL 110, 252002 (2013)

Y(4260) — mwr-J/y

e ¢te~ annihilation using ISR (CLEO, BaBai

ete~ annihilation to charmonium (via ISR)

HH++++++ bt b4
NISR 0F-tr e LAY +-+*++++-+++,,- o

P, Y

38 4 42444648 5 5.2 54
E.m (GeV)

 the Y(4260) has no place in the quark model




The Experimental Landscape

e e¢te~ annihilation (CLEO-c, BESIII)



The Experimental Landscape

e e¢te~ annihilation (CLEO-c, BESIII)

ete~ annihilation to charmonium
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The Experimental Landscape

ete~ — st J/1p at CLEO-c
PRL 96, 162003 (2006)

Y(4260) > ol |

o ' Jy
- 0 1'n° J/y

e e¢te~ annihilation (CLEO-c, BESIII)

ete~ annihilation to charmonium
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e another view of the Y(4260)




The Experimental Landscape

e e¢te~ annihilation (CLEO-c, BESIII)

ete— annihilation to charmonium




The Experimental Landscape

ete- — /. — e )/ at BESIII
PRL 110, 252001 (2013)
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e substructure in Y (4260) — sttrt-J/




The Experimental Landscape

e B decay (CDF, DO, CLEO, BaBar, , LHCb, ATLAS, CMS)



wagnta] LLandscape

B decays to charmonium

P, X

e B decay (CDF, DO, CLEO, BaBar, , LHCb, ATLAS, CMS)



aalienammagnta] Landscape

B decays to charmonium

P, X

B+ — K+(reJ/) at LHCb

e B decay (CDF, DO, CLEO, BaBa

800 1000 1200
M dly) - M(J/y) [MeV]

e the X(3872) 1s also hard to accommodate in the
quark model



The Experimental Landscape

e+e~ annihilation (CLEO, BaBar, )

ete~ annihilation using ISR (CLEO, BaBar, )
e+e~ annihilation (CLEO-c, BESIIT)

B decay (CDF, DO, CLEO, BaBar, , LHCb, ATLAS, CMS)
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The Experimental Landscape

e proton collisions (CDF, DO, LHCb, ATLAS, CMS)
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The Experimental Landscape

pp — )/ + X at LHCD
EPJ C72,1972 (2012)
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 proton collisions (CDF,
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e another view of the X(3872)
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The Experimental Landscape

e proton collisions (CDF, DO, LHCb, ATLAS, CMS)
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The Experimental Landscape

e proton collisions (CDF, DO, LLH

pp — Y (1S) + X at CMS

Candidates / 6 MeV

Y (2S) Y (3S) CMS barrel

s = 8 TeV
* * LS= 20.7efb'1 T

T | T T T T T T | T T T T T T | T T T | T

8000
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2000

9.8

e negative search for an X(3872)-like state in
bottomonium
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The Experimental Landscape

 proton collisions (CDF, DC

pp = YY(1S) + X at ATLAS
PRL 108, 152001 (2012)

>
)
=
Lo
o
S~
(%)
)
e
©
9
©
C
©
o
<=
3.
+
3.

1
ATLAS 1
JLdt=4.4 fo
e Data
— Fit

Unconverted Photons
Background

P R l l l l

96 98 100 102 104
MEpy) - m) +m o [Gev]
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The Experimental Landscape

e vv collisions (CLEO, BaBar, )
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The Experimental Landscape

vy collisions to charmonium

e vv collisions (CLEO, BaBar, )
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The Experimental Landscape

vy collisions to charmonium

e vv collisions (CLEO, BaBar, )

vy — 0]/ at BaBar
PRD 86, 072002 (2012)

X(3915)

0 S S SRR LR R Y - ® =_h?0

38 3.8 39 395 4 . 4.1
m(J/yo) (GeV/c?)

e maybe the X(3915) is the ¥c0(2P), but there

are strong arguments against it
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The Experimental Landscape

e double charmonium production (CLEO, BaBar, )

15



The Experimental Landscape

double charmonium production

W

e double charmonium production (CLEO, BaBar, )
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e What is the X(3940)?
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e double charmonium production (CLEO, BaBar,
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The Experimental Landscape

e proton anti-proton annihilation (PANDA?!?!)
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The Experimental Landscape

e ¢te~ annihilation (CLEO, BaBar, )

e proton collisions (CDF, DO, LHCb, ATLAS, CMS)

e ¢te~ annihilation using ISR (CLEO, BaBar, )

e e¢te~ annihilation (CLEO-c, BESIII)

e B decay (CDF, DO, CLEO, BaBar, , LHCb, ATLAS, CMS)
e proton collisions (CDF, DO, LHCb, ATLAS, CMS)

vy collisions (CLEO, BaBar, )

e double charmonium production (CLEO, BaBar, )

e proton anti-proton annihilation (PANDA?!?/)
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Connections and Complexities

The X(3872) and the Y (4260).

The Y (4260) and the “Y(5S)”.

The Z. and Z.' and the Z, and Zy'.

A Collection of ete~ Cross Sections.

18



Connections and Complexities

The X(3872) and the Y (4260).
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Connections I: The X(3872) and the Y(4260).

Overview of the X(3872)

B+ — K*(swrm-J/) at Belle
PRL 91, 262001 (2003)
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e first observation of the X(3872)
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Connections I:

The X(3872) and the Y (4260).

Overview of the X(3872)

/1

Events/0.010 GeV

T
0.40 0.80 1.20
M) - M(I'T) (GeV)

e first observation of the X (3¢

B+ — K*(swtrwJ/) at Belle

B+ — K+(rrreJ/y) at LHCb

Candidates per 1 MeV

N
. N

. ] ..' . a
. =

-
[ GL iy 1] ‘ ‘ “ Ny

R A2V T |
780 800 820
A M = M('mdip) - M(JAp) [MeV]

e Jatest observation of the X(3872) and
confirmation of JPC = ]++
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Connections I: The X(3872) and the Y(4260).

Overview of the X(3872)

B+ — K+ (swtrwJ/) at Belle
PRT _ ( K 20(

Properties of the X(3872)

Mass = 3871.69 £ 0.17 MeV

Width < 1.2 MeV

M(DY%) + M(D%*) - Mass = 0.11 £ 0.23 MeV
(using M(D?) = 1864.84 +- 0.07 MeV and

M(DY%*) - M(D°) = 142.12 +- 0.07 MeV)
JPC = 1++

Events/0.010 GeV

too light and too narrow to be the yc1(2P) o i T

also seen in other decay modes 800 820
V) - M(J/p) [MeV]

popular interpretation: DD* molecule

or tetraquark ) and




Connections I: The X(3872) and the Y(4260).

Overview of the Y (4260)

e*e~(Yisr) — i)/ at BaBar
PRL 95, 142001 (2005)
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e first observation of the Y (4260)
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Connections I: The X(3872) and the Y(4260).

Overview of the Y (4260)

ete~(Yisr) — i J/\p at BaBar

Events / 20 MeV/c?

ete~(Yisr) — sttt )/ at Belle
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e Jatest observation of the Y (4260)
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Connections I: The X(3872) and the Y(4260).

Overview of the Y (4260)

Lattice Calculations of the Charmonium Spectrum
JHEP 07,126 (2012)

Events / 20 MeV/c?

M-M, (MeV)

g

Hadron Spectrum Collaboration

0—+ = 2——+— 1—+ 0++ 1+— 1++ 2++ 3+— O+— 2+—

e a “hybrid-like state 1s predicted to be near the Y (4260)
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Connections I: The X(3872) and the Y(4260).

Overview of the Y (4260)

Lattice Calculations of the Charmonium Spectrum

Properties of the Y(4260)

Events / 20 MeV/c?

Mass = 4251 + 9 MeV

Width = 120 £ 12 MeV
JPC = 1—-

no place for it in the quark model

| >
=
ElE:':
=

no strong signals in other decay modes
(besides mOmOJ/)
distorted line shape?

popular interpretation: hybrid meson

 a “hybrid-like state” is predicted to be near the Y (4260

20



Connections I: The X(3872) and the Y(4260).

Connecting the Y(4260) and the X(3872)?

ete” — y(mwrrrJ/P) at Ecm ~ 4.26 GeV at BESIII
PRL 112, 092001 (2014)
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e observation of the X(3872) in a radiative transition
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Connections I: The X(3872) and the Y(4260).

Connecting the Y(4260) and the X(3872)?

ete” — y(rwrrrJ/P) at Ecm ~ 4.26 GeV at BESIII

ete- — y(wrmJ/\p) at Ecm ~ 4.26 GeV at BESIII

—4 Data
— Total fit
- -= Backgrou
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M(rtmJ/y) (GeV/c?)

e observation of the X(3872) in a radiative

—4— data

— Y (4260)

---- Phase Space
--- Linear

e is this Y(4260) — yX(3872)7?
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Connections I: The X(3872) and the Y(4260).

Connecting the Y(4260) and the X(3872)?

ete” — y(rwrrrJ/P) at Ecm ~ 4.26 GeV at BESIII

ete- — y(wrmJ/\p) at Ecm ~ 4.26 GeV at BESIII

Implications of Y (4260) — vX(3872)? — Y(4260)

—— data

e Is this a radiative transition between

a hybrid meson and a meson molecule?

(that doesn’t seem right)

e Can this be used to limit theoretical ideas?

e observation of the X(3872) in a radiative

---- Phase Space
--- Linear

e is this Y(4260) — yX(3872)7?




Connections and Complexities

The X(3872) and the Y (4260).
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Connections and Complexities

The Y (4260) and the “Y(5S)”.
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Connections II: The Y (4260) and the “Y(5S)”.

The Y (4260) and the “Y(55)”

ere~(Yisr) — trrt-J/ at Belle

ete- — Y (1S,2S,3S) at Belle

Y (4260) — - J/p

+
W
T B | | | PRI AN T T SN NN TN SO M T SN M T A

38 4 42 44 46 48 5 52 54
E.., (GeV)

Similarity: Large rates to smtJ/4p and Y,
but no observed decays to open charm
or open bottom.
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Connections II: The Y (4260) and the “Y(5S)”.

The Y (4260) and the “Y(55)”

R in the Charmonium Region
PDG 2014

‘ I
Y(29)
Mark-1I
Mark-I + LGW
Mark-11
e PLUTO
O DASP
v¢ Crystal Ball
* BES

m\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

 the Y(4260) does not appear.




Connections II: The Y (4260) and the “Y(5S)”.

The Y (4260) and the “Y(55)”

R in the Charmonium Region

‘ \
J /1 P (25) Ry above the Y(4S) from BaBar

Mark-I
Mark-I + LGW
Mark-II (I
® PLUTO Voo
O DASP M
vc Crystal Ball I
* BES i

 the Y(4260) does not appear.

1 L1 1 |
10.6

1 1 1 | |
10.7

| I10.8I - I10.9I -
\s [GeV]

Dissimilarity in R. the “Y(5S)” in mrtY'(nS) and in Ry are (more or

less) consistent.
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Connections II: The Y (4260) and the “Y(5S)”.

The Y (4260) and the “Y(55)”

ete — mtirh(1P) at Ecm = 4.26 GeV at BESIII
PRL 111, 242001 (2013)
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e o(ete~ — mwrmhe(1P)) 1s comparable to
o(ete~ — srm-J/) around the Y(4260).




Connections II: The Y (4260) and the “Y(5S)”.

The Y (4260) and the “Y(55)”

ete~ — mtrh(1P) at Ecm = 4.26 GeV at BESIII
PRL 111, 242001 (2013)

60 ete~ — wr (Y (nS) hp(nP)) at Ecm ~ Y(5S) Mass at Belle

PRL 108, 032001 (2012)
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Events / 5 MeV/c?
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!
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e 0(ete — mrmhe(1P)) 1s co
o(ete- — mrrrJ/Ap) around { ¢ o(e*e” — mrrhp(nP)) 1s comparable to o(ete — trr Y (nS))
around the “Y(5S)”.

Similar pattern in he and hy production around the Y(4260) and “Y(5S)”.
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Connections and Complexities

The Y (4260) and the “Y(5S)”.
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Connections and Complexities

The Z. and Z.' and the Z, and Zy'.
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Connections III: The Z. and Z.' and the Zy and Z’

Observation of the Zy and 7'

ete~ — mtrrrY(1S,2S,3S) and sttothy(1P,2P) at Ecm ~ Y(5S) Mass at Belle
PRD 91, 072003 (2015), PRL 108, 122001 (2012)
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M(Y(1S)m) .~ (GeV/c?) M(Y(28)1) ., (GeV/c?) M(Y(38)T) ___ ./ (Gev/c?)

- wrhi(1P) - mwrhy(2P)

e two peaks, Zy and Zy', are found
in the substructure of all five
reactions, close to BB* and B*B*
thresholds.

Events / 10 MeV/c?
Events / 10 MeV/c?

10 5 . . 10 5 10.6
(1), GeV/c (m), GeV/c?

mISS
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Connections III: The Z. and Z.' and the Zy and Z’

Observation of the Z. and Z.'

ete- — - J/1p and swrthe(1P) at Ecm ~ 4.26 GeV at BESIII

—4— Data
— Total fit
---- Background fit
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e aZ.peak is found in ;tJ/p and a Z.' peak is found in mh(1P),
close to the DD* and D*D* thresholds.
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The Z. and Z.' and the Z» and Zp'

Open Flavor Decays of the Z. and Z." and the Zy and Z’

Connections III

arXiv:1209.6450
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Connections III: The Z. and Z.' and the Zy and Z’

Open Flavor Decays of the Z. and Z." and the Zy and Z’

90F
80
70E
60E
50¢E
40F
30¢
20&
10k

Events / 4 MeV/c?

0

ete~ — mB®B* at Ecm ~ Y(5S) Mass at Belle
arXiv:1209.6450

50

ete~ — DD * at Ecm ~ 4.26 GeV at BESIII
PRL 112, 022001 (2014), PRL 112, 132001 (2014)
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Connections III: The Z. and Z.' and the Zy and Z’

Parallels between the Z. and Z." and the Zy and Z'

Possible Parallels

Z:.and Z.':
at the DD* and D*D* thresholds;
decaying to sJ/1 and sth.(1P);
decaying to DD* and D*D*;
produced in e*e~ collisions near the Y (4260).

7y and Zy':
at the BB* and B*B* thresholds;
decaying to mY(nS) and mthy(nP);
decaying to BB* and B*B*;
produced in e*e- collisions near the “Y(5S)”.
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Connections and Complexities

The Z. and Z.' and the Z, and Zy'.
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Connections and Complexities

A Collection of ete~ Cross Sections.
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Complexities: A Collection of ete~ Cross Sections

Overview of ete~ Cross Sections

R in the Charmonium Region
PDG 2014

‘ \
P(25)
Mark-I
Mark-I + LGW
Mark-11
® PLUTO
O DASP
% Crystal Ball

* BES

%

* R suggests a tidy quark model picture: P(3770) = 13D,
P(4040) = 335,
P(4160) = 23Dy
P(4415) =435,

5
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — gt J/

ete~(Yisr) — st )/ at Belle
PRL 110, 252002 (2013)

Y (4260) — - JN

38 4 42 44 46 48 5 52 54
E.., (GeV)

e the Y(4260) has no place in the quark model
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — gt J/

ete~(Yisr) — i)/ at Belle
PRL 110, 252002 (2013)

ete~(yisr) — wwrrJ/ at Belle
PRL 110, 252002 (2013)
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — gt J/

ete~(Yisr) — i)/ at Belle
PRL 110, 252002 (2013)
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e BaBar doesn’t need another resonance?
e is this really two resonances??
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — TP (2S)

ete~(‘yisr) — P (2S) at BaBar
PRL 98, 212001 (2007)
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e there 1s a Y(4360) instead of a Y(4260)?
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — TP (2S)

ete~(‘yisr) = st P(2S) at BaBar

ete~(yisr) — mwr(2S) at BaBar (and Belle)
PRD 89, 111103(R) (2014)
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e actually, there is a Y(4360) and a Y (4660)?




Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — TP (2S)

ete~(‘yisr) = st P(2S) at BaBar

ete~(yisr) — TTYP(2S) at Belle
arXiv:1410.7641

PRD 89, 111103
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e actually, there is a Y(4360) and a Y (4660)?
(even more convincing with full Belle statistics)
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — st he(1P)

ete~ — mwrthe(1P) at CLEO-c
PRL 107, 041803 (2011)
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e 1s this a hint of Y(4260) — mwtth(1P)?
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Complexities: A Collection of ete~ Cross Sections

Overview of ete — mtmhe(1P)

ete — mtith(1P) at BESIII

ete~ — mwtmwhe(1P) at CLEO-c PRL 111, 242001 (2013)
PRL 107, 041803 (2011)
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e is this a hint of Y(4260) — st+mhe(1 e it 1s more complicated than just
Y (4260) — mtrhe(1P)
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Overview of ete™ — nJ/

ete~(Yisr) — nJ/p at Belle
PRD 87, 051101(R) (2013)
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e fit with conventional {(4040) and {(4170)
states
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ — nJ/

ete- — nJ/ at BESIII
arXiv:1503.06644
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Complexities: A Collection of ete~ Cross Sections

Overview of ete~ — nJ/P

ete~ — nJ/4 at BESIII
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Complexities: A Collection of ete~ Cross Sections

Overview of ete~ — K*K-J/

ete~(yisr) — K*K-J/ at Belle
PRD 89, 072015 (2014)
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e there 1s surprising nontrivial structure in KKJ/ap?
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ —= W0

ete” — WY at BESIII
PRL 114, 092003 (2015)

80 —+— Data

— Resonance
60

---- Phase Space
40

20

0

-20

I | I | I 1 1 |

43 435 44
\s (GeV)

_40 11 1 I 1 1 | I 11
4.15 4.2 4.25

e this shows a Y(4230)??
(it is inconsistent with Y(4260))
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Complexities: A Collection of ete~ Cross Sections

Overview of ete™ —= W0

ete” — WY at BESIII
PRL 114, 092003 (2015)
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4.5

No obvious patterns are
emerging in e*e~ Cross
sections!?!?
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Connections and Complexities

The X(3872) and the Y (4260).

The Y (4260) and the “Y(5S)”.

The Z. and Z.' and the Z, and Zy'.

A Collection of ete~ Cross Sections.
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Concluding Thoughts on the XYZ Mesons

Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)
measurements from PDG 2014

&
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I
Z(4430)

4.4 T No(41S0)

W(4381)
Y(4360)

Y(4260)

Xco(38Po)

¥(2°D-)

P(3%S1)

X(3872)

Xco(23Po)

predicted, discovered

JAP(13S+4) predicted, undiscovered

unpredicted, discovered

O++ 1++ 2++
JrPC

Loads of experimental results are waiting to be

synthesized.

Many more results can be expected:
BESIII, Belle-II, LHC, Panda (hopefully)

A solution would greatly advance our
understanding of QCD.

Connections are beginning to form, but there
are still many complexities.

Three misconceptions:
1. This 1s hopelessly complicated.
2. These are experimental artifacts.

3. Everything 1s/isn’t resonant (a “particle™).

It 1s an interesting time...
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Concluding Thoughts on the XYZ Mesons

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005) Loads of experimental results are waiting to be
measurements from PDG 2014 synthesized.
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487 T noldisg) e Many more results can be expected:

V(4360 BESIII, Belle-1I, LHC, Panda (hopefully)

Y(4260)

Xco(38Po)

¥(2°D-)

A solution would greatly advance our
e understanding of QCD.

X(3872) . . .
Xeol2%Po) Connections are beginning to form, but there

are still many complexities.
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Three misconceptions:
1. This 1s hopelessly complicated.
2. These are experimental artifacts.
3. Everything 1s/isn’t resonant (a “particle™).

predicted, discovered

JAP(13S+4) predicted, undiscovered

It 1s an interesting time...

unpredicted, discovered

o A2 Thanks.

JrPC
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