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“hadrons are simple”
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theoretical issues

gluonics
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hybrids
glueballs
strong decays
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short range interactions

gluon exchange
pion exchange
Instantons
coupled channels
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vacuum structure

chiral symmetry breaking
confinement
Instantons/vortices/monopoles
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long range interactions

pomeron exchange
pion exchange
gluonic multipoles
coupled channels
confinement

emergence of nuclear physics
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production mode

7+ (4430) fic
s Y — KX
Y (4274) Y (4660) A 7 e
75(4250) X (4630)
Y (4140) Y (4320)
71(4050) Y (4260) Z(3900)
X (3915)  Y(4008) Xe2 X (4160)
X(3872)  G(3900) X (4350) X (3940)
B— KX etew 579X ete™ —»ete  Xlete — J/X
X — oJ /Y XHT('T('J/QD X — oJ/Y X — DD*
X — TXe1 X — )/ X —- DD X — 7w

X —ard/ X 5 AA

X —wJ/y X — DD
X - KK

X — nte)f



Novel States
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t an exotlic baryon

1997: Diakonov, Petrov, Polyakov sugges

decuplet exists based on a chiral @liton model.

UUddS* Experiment Search Reaction 6~ =5 6. Reference
© (1530) ALEPH Hadronic Z decays ') 4 [19]
BaBar ete” — T(49) O [20]
BELLE KN = PX ) - 4 [21]
BES ete” = J/u(w(2S)—00 | - | [22]
N(1710) CDF pp— PX TR A 23]
COMPASS u*(°LiD) —» PX L 24]
DELPHI Hadronic Z decays ) - - [25)
E690 pp — PX ' 4 - 26
FOCUS vp — PX T/ (R 27]
£(1890) HERA-B  pA— PX b - [28
HyperCP (7", K*,p)Cu — PX y - - [29]
LASS K'p— Ktnn™ I} - = (30]

L3 vy — 66 Ly - - [25 31

- PHENIX  Audu — PX y - - 132]
- 5(2070) SELEX (7, p, E)p — PX } - - 33]
ddssu uussd SPHINX pC(N) — 687C(N) ) - - ;34;
WAS9 Y°N = PX - 4 - |36

ZEUS ep — PX 4 4 [16, 37, 38

Dzierba, Meyer, Szczepaniak, hep-ex/0412077

D. Diaokonv, V. Petrov, and M.V. Polyakov, Z.Phys. A359 (1997) 305-314
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1977: Bob Jafte suggests that a udsuds state will be strongly
bound based on the MIT bag model.
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m (GeV?)

NPLQCD, S. Beane, et al,1103.2821
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[ D, (2317) ]
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D, D, theory
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| |

:

Ds D; Ds*o Ds1 D’1

S

*

S2
Godfrey & Isgur,PRD32, 189 (85)

BABAR, PRL90, 242001 (03)
CLEO, PRD68, 032002 (03)
Close & ESS, hep-ph/ 0505206
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The Lattice Weighs In on D

S
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T — - PDG (expt) 1D'K
= 200 — new states (expt)
2‘ i o N=0CLr=0.5 -
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- o N=2a ~1.7GeV-
- H _ -
100~ D& ¢ N=0Oa '~1.7 GeV-
- e Decay thresholds -
0 -
1 0" 1" 2" 1"
i Dougall [UKQCD], hep-lat/0307001

Bali, hep-ph/0305209
Lang et al., arXiv:1403.8103



[DS(2317) ]

Some Ideas:

S
w DK mOleCUle- T. Barnes, F. Close, H. Lipkin, PRD68, 054006 (03)

A

N DST[ molecule A. Szczepaniak, PLB567, 23 (03)

P

‘¢ spin-orbit + tensor splitting.
B. Cahn & J. Jackson, PRD68, 037502 (03).

A

" qq + qqqq leng . T. Browder, S. Pakvasa, A. Petrov, PLB578, 365 (04)

Al

- (g MIXIng Wlth DK, D K. D. Hwang & D-W Kim, hep-ph/0408154

P
P

‘¢ tlavour-dependent potential
O. Lakhina and E.S. Swanson, PLB650, 159 (07)
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+ - 2 + - 2 5007
M(z* JAp) (MeV/c?) M(r*w JAp) (MeV/c?) 7
S.-K. Choi (Belle), hep-ex/0309032 o

3.65 3.70 3.75 3.80 3.85 3.9023.95 4.00
Jlyx'n Mass (GeV/c")

D. Acosta (CDF) hep-ex/0312021

B. Aubert (Babar) hep-ex/0402025
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% model the X(3872) as a DD* bound state
with wJ/¢y) and pJ/v components.

-—

-

*we need a microscopic model:

1 _
L= [ @adyuloVio—y)olv+ [ dadyirsrvdn

constituent quark interaction guark-pion interaction



Predictions:

o JPC' S s

* only one bound state

* strong 1Sospin Mixing

* decay to p1 p1 p1 J/psi

o X — qJ/1h > X — yip(2S)



X (38 72) decay widths

weak binding — use free space decay widths to
estimate dissociation decay modes

DY DY D=* pD—* D~* p  pw w Pl

Bg (MeV) D'D7%  D°D%  D*D x® (DYD°n +4cc)/vV2 DDy alpmUR ntnAJ/Y ntpmmi 70y J /1

n & \ w
0.7 67 38 0.1 4.7 0.2 ( 1290 ’ 12.9 ( 720 ’ 70
1.0 66 36 6.4 5.8 0.3 i 12.1 30

2.0 57 32 9.5 8.6 0.4 975 9.8 1040 100
3.8 52 28 12.5 11.4 0.6 690 6.9 1190 115
6.1 46 26 15.0 13.6 0.7 450 4.5 1270 120
9.0 43 24 16.9 15.3 0.8 285 2.9 1280 125
12.7 38 22 18.5 16.7 0.9 180 1.8 1240 120

['(x — mond /)

T = rndfgy - P0




X (3872)

CDF Il Preliminary, 360 pb’
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X — 3nJ /4

16

Events/25 MeV
(00]

o
JL\\\‘\\\‘g
e
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.
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R
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e
| e

480 605 730
M(z mx°) (MeV)

Abe et al [Belle], hep-ex/0505037
[confirmed by BaBar]



EM Transitions

Q:

-

ESS, PLB598, 197 (04)

mode mys (MeV) g (MeV) | T'lee] (keV) Tlec] (keV) T'lce] (keV) | T'[Xc1] (keV)
B&G] A] B]
vJ /Y 3097 697 11 71 139 8
v’ (23S7) 3686 182 64 95 94 0.03
v (13Dy) 3770 101 3.7 6.5 6.4 0
o (13 Dy) 3838 34 0.5 0.7 0.7 0




X-y mixing

N > /\
|
Table 1: X — y.1 Mixing.
state Ep (MeV) a (fm) Zypo a, (MeV) prob
Xecl 0.1 14.4  93% 94 5%
0.5 6.4 83% 120 10%
X' 0.1 144 93% 60 100%
0.5 6.4 83% 80 > 100%




Other Molecules

no MM mixtures
state  JT¢ channels mass (MeV) FEp
D*D* 0t IS,. 5D, 1019 1.0
BB* 0t 3 P, 10543 01
BB* 1tt 38,. 3D, 10561 43
B*B* 0t+ 1Sy, 5D, 10579 71
B*B* (0T 3 Py 10588 62
B*B* 1t~ 35, 3D, 10606 A4
B*B* 2tt 1Dy 58, 5D, 3G, 10600 50




B. Aubert [BaBar], hep-ex/0506081
Y (4260)
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Y (4260)

Charmonium Vectors
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Y (4260)

—_—

o

o(DD) (nb)

o

o(D*D*) (nb)  o(DD,) (nb)
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E.., (GeV)
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| ot y
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Llanes-Estrada, hep-ph/0507035

no available vector (4S=4415, 21D=4159)

S-L Zhu, hep-ph/0507025

vector hybrld [at 44 ()()] ) Close & Page, hep-ph/0507199

the first vector S-wave open charm channel 1s at

4285 (DD7) or 4309 (DD,): a cusp? a molecule?

a very good candidate for a hybrid meson! [But

note the expected suppressed coupling to ee]
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i- 3- 5— 1+ 3+ 5+
2 2 2 2 2 2
Ass. 1 P. (4380 P (4450
Ass. 2 Pr P,
Ass. 3 P; P.
I=3 AcD s D D P P F
AD*  SD SD D P PF PF
A(2595D P P F S D D
I=3%,5 X.D s D D P P F
XD D SO D P PF PF
x.D* Sb Sb D P PF PF
XrD* SO SD SD PF PF PF
I=1% JWN Sb SOD D P PF PF
NeN D P P F
X1 N Py (P SD SD D
JWyN(1440) SD SD D P PF PF
JAWN(1520) PF PF PF SD SD SD
I=: Jhp A SD SD SD PF PF PF
N D SO D P PF PF

T. J. Burns arXiv:1509.02460v1 [hep-ph]



Four-quark States

mr Y (nS)
why(nP)
TBB*
Z,(10610)
Z,,(10650)




Four-quark States

Four-electron States
1946: Wheeler suggests that Pso might be bound

Wheeler, J. A. Polyelectrons. Ann. NY Acad. Sci. 48, 219-238 (19406).

1946: Ore proves it 1s unbound

1947: Hylleraas & Ore prove it 1s bound

Hylleraas, E. A. & Ore, A. Binding energy of the positronium molecule. Phys. Rev.71, 493-496 (1947)

F1G. 1. Coordinate system for the positronium molecule.

2007: Pso 1s observed

Cassidy, D.B.; Mills, A.P. (Jr.) (2007). "The production of molecular positronium". Nature 449 (7159): 195-197


https://en.wikipedia.org/wiki/Nature_(journal)

Four-quark States
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71 (4430)

.manifestly exotic

B — Kn ™y

.not confirmed by
BaBar

Events/0.01 GeV

Mass of y'x |

:

entries per 10 MeV/c

30

20

10

3.8 4.8

S.-K Choi et ﬁ”fwfﬁélle] 0708.1790

s

830 4 414243 4.4 4546 4.7 14;.&
M(y'x) [GeV/cT]

F. Rubbo, Torino thesis

0= Mg

AE -

_F 10795an, . 0955 GeVi* : !

Mg " #
- [

0E ) #

g é

X0 3

E 0998am, <) 32 GeVE !

:wE—- § $e 4 {'é

.-
MOE™ 1 32amy, <1 S32 GeVic

- - =

(GeV/c* )

My2s

Mokhtar. 0810.1073



Events/0.01 GeV

Belle original

Mass of y'x | Envies 2016

entries per 10 MeV/c®

45
40

30

25}

20
15
10

8.81 39 4 414243444546 4.7 4t

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

CDF

Candidates /(0.2 GeV? )

Events / 0.17 GeV%/c*

=
015 16 17 18 19 20 21 22 23
Me(y' ), GeVé/c*

Belle re-analysis
1306.4894

—
i LLHCb -e-data
200-1.0<m?._ <1.8GeV? — total fit —

i —2(4430)
100
O 2
16 18 20 2
Mgy [GeV7]



7+ (4430)

r

~

.confirmed by LHCb
JY =17

J
: I 1 | I _
I LHCb -8-data i}
200-1.0<mg. < 1.8 GeV? ~ total fit —

100

Candidates / ( 0.2 GeV? )

—-Z(4430)

16 18 20




[ 7.(4240) [?]]

M(Z,)=4239+18") MeV
[(Z,) =220+47""2; MeV

o
L
L
N
R
= 200
~
D
=
=
<
o=
= 100
o/
0

("K* veto region”)
| v | T T T T

" LHCb ;
—1.0 <mg. < 1.8 GeV- + —
_ l _
- Two Z ’ . -
- 12 p-value ' -
- =26% Pl i
— " OneZ + _
. _ii% x21p2-c\’;a|ue Z,(4430) i
B ¢ - ? "'-.‘.-4- 7
i Y7 - -
; == 7 ‘* S SSU ‘-.-‘:T**A ]
16 18 20 22 .

mg.,- [GeV~]




71 (4050)
75 (4250)

7~ N

7

.

\

.manifestly

exotic

.dubious

Events / 0.024 GeV/c®

‘B ZK — y 1K

M = 4051(30)
[ = 82(51

M = 4248%?5
=177+

40
35 |- ‘

30

25 - |
20; P:" L

15 |-
10 - 4t |1

54 4 _:.:':131:4 'T*

0 J l 1.1“1»-1"1 1”1 {A N | 11 bk U 1~J“1.1 L

36 38 4

42 44 46 438

M (x i), GeV/CR, Mizuk et al. [Belle], PRD76, 072004 (08) |
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Entries/20 MeV/c?
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(&)
L) Ll LJ Ll Ll Ll Ll

from Y (4360)

4 4.1 . 4.2
M__ [mty(2S)] (GeV/c?)

[Belle] 1410.7641



Entries/12.5 MeV/c®

Y T T

10

Entries/20 MeV/c®

Entries/12.5 MeV/c®

Y (4360)

4.2

4 2
M[x*y(2S)] GeV/c

E ' I ]r | ' I I 8 i I | I I—‘
: lf (© ] 3l (d)
I ' =
. . 9
| " Y (4660)
’ ‘: Law. | J| L,
4 425 4.3‘, 4.75 4 425 4.05‘, 4.75
M[x*y(2S)] (GeV/c®) M[x*y(2S)] (GeV/c®)

[Belle] 1410.7641



Events / 0.254 GeV/c*

7..(4200)

B — KnJ/vy

M(Kx) < 1.2 GeVe/c* 1.2 GeVe/c* < Mi(K.x) < 2.05 GeV/c* 2.05 GeVe/c* < M(Kx) <3.2 GeVrc* M(Kx) > 3.2 GeVerc*
800}- i % 1805 g, 120r T |
® | ® ® 50
o = i R &
: B 140! [ - !
800 4 t S 100! S 8ol | s
500} .} > 3 | 3 |
- H — e L o [
400} § 1 § 60 | * g %
300: w w 1 l k w 20»
: ok
200 : *i iH 105
100 20 . o. I
O 14 16 18 20 22 02 14 16 18 20 22 02 14 16 18 20 22 b
M (Jhp ), GeVere* M (Jhpx), GeVerc* M (A ), GeVerc*

dotted: without Zc(4200)

K. Chilikin et al. [Belle] 1408.6457



Z.(3900)

Events / 0.01 GeV/c?

100}

80|

Events / 0.02 GeV/c?

Observation of Zc(3900) at BESIII

BESIII: 525pb™@4.26 GeV

60
40}

20}

4= Data

~ Total fit

b—

- Significance e

37 38 39 40

fit

Confirmed by Bell

BESIII: PRL110, 252001 (2013)

M = 3899.0+3.61+4.9 MeV
' =46+10+20 MeV
307 + 48 events

M,ae(TEJ/Y) (GeV/c?)
70}
4 data

60 : — Fa

: -
“0f
30F

: 252002(2013)
20 o
10k

o
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Z.(4025) |

et

e~ — i he

sums 13 different ee energy values

“no significant Zc(3900) observed”
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' Zc(3900) Theory

\ Z C(402 5) ) From SPIRE HEP Database (21st, Apr):

1. Tetraquarks

* arXiv:1110.1333, 1303.6857
* arXiv:1304.0345, 1304.1301

2. Hadronic molecules
e arXiv:1303.6608, 1304.2882, 1304.1850

3. Four quark state (1 or 2)
* arXiv:1304.0380

4. Meson loop e
e arXiv:1303.6355

(b)

e arXiv:1304.4458 e o
5. ISPE model —<Z —<2
e arXiv:1303.6842 (c) ()

6 Meson loop

Ll Ds <%
i = Y(4260) i :1’ J/ethe)
-
2 0 ~~li
' x

J/e(h)

(a)



Adachi et al. [Belle] 1105.4583
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Modelling the Zs

> It seems foolish to ignore that the Zcs and Zys are just
above related thresholds.

¢ Threshold enhancements are common



Modelling the

e

180
160
S a0k
8 120 |
3 100 |
S w1
a2 60 I
S 4o I1I "'|
W pof il I.:u.:* X
Qs s T s 4
M(w ¢) (GeV/c?)
o (nb) ”
100 }Ih 4
50 i : ‘
r -+
0'_“..—__ -‘I—'}"j‘l‘l X x b 4 j
0.5 1.;5. 25 T 35
Wyy [GeV/c?)

Figure 5.2: Comparison of the 7y — pp messured cross sections. Tle reaction
vy = p°¢° is presented as squares and is the measurement by PLUTO [11) and
the reaction vy — p*p~ as full dots,

N
W

Events / 0.03 GeV/c?
o 8 8 88 8 8

M(¢¢) (GeV/c?)

5 2 25 3 35 a4

Events / 0.02 GeV/c?
-2888888888

&)
i,

25 3
M(ow) (GeV/c?)

S
‘“" :'",bo \A

35



Modelling the Zs
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Modelling the Zs — Cusps
Q: how does Y(56S) couple to Ynn?

T (55) — hidden bottom = 3.8%

Y(5S) — B®B™ = 57.3% MN@W
Y(5S) — B B™r = 8.3% &

Y(559) — Y(nS)rm < 7.8-1077



Modelling the Zs — Cusps

E.P. Wigner, Phys. Rev. 73 (1948) 1002

D. V. Bugg, Europhys. Lett. 96, 11002 (2011)
D. V. Bugg, Int. J. Mod. Phys. A 24, 394 (2009)
E.S. Swanson, arXiv:1409.3291

0.2

0.15

0.1

= 005

0

-0.05 |

_01 1 1 1 1 1 1 1
10.3 104 105 106 10.7 10.8 10.9 11 11.1

m(BB) (GeV)

[INB: this exhibits phase motion!]



E.S. Swanson, arXiv:1504.07952

Modelling the Zs — Cusps

Attempt a “microscopic” cusp model

[separable nonrelativistic model; solve exactly]

[1terate all bubbles]

Y (4260) — 7DD* Y (4260) — 7w J /¢

gpp+ - exp(—A(sxy)/Bay) exp(=A(spp+) /6D p-)



Modelling the Zs — Cusps

=/
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Modelling the Zs — Cusps

ettect of the bubble sum

004 T T I |

|
Odattui14 ——
'm100.dat’ u 1:4
'm200.dat u1:4 --------
0.035 - 'm400.dat’ u 1:4 - _
P . '’200.dat’u 1:4
0

0.015 |- _
0.01

0.005




Modelling the Zs — Cusps

phase motion

3875 MeV

o P . <=
-0.2
0.4 F

¢
-0.6
-0.8
*®
3886 MeV
-1-0.6 -0|.4 -0|.2 % OI.2

Re(E)



Modelling the Zs — Cusps

T(5S5) = T (nS)nm
7b(10610), Zb(10650)

90
80 |
70
60
50 r
40 r
30 r
20 ?
10 r

0 —z
10.6

arb. units

Bai = 0.7 GeV

ggf(nS)BB* =0.9- g%(nS)B*B*

M(Y(3S)m) a0y (GEV)

Adachi et al. [Belle Collaboration], arXiv:1105.4583 [hep-ex];
Garmash et al. [Belle Collaboration], arXiv:1403.0992 [hep-ex].



Modelling the Zs — Cusps

arb. units

90

80
70 |
60
50
40 r
30 r
20
10

0

10.4 10

T(55) —» YT (nS)nm
Zb(10610), Zb(10650)

iz

same couplings used!

45 10.5 1055 10.6 10.65 10.7 10.75 10.8
M(Y(2S)m) 1oy (GEV)

Adachi et al. [Belle Collaboration], arXiv:1105.4583 [hep-ex];
Garmash et al. [Belle Collaboration], arXiv:1403.0992 [hep-ex].



Modelling the Zs — Cusps

T(5S5) = T (nS)nm
7Zb(10610), Zb(10650)

60

50 r

40 |

30 r

30% smaller coupling

20

0l required

O 1
10.1 102 103 104 105 106 10.7 10.8

Adachi et al. [Belle Collaboration], arXiv:1105.4583 [hep-ex];
Garmash et al. [Belle Collaboration], arXiv:1403.0992 [hep-ex



Modelling the Zs — Cusps
T(55) — hy(nP)rm  Zb(10610), Zb(10650)

14000 r
12000 r
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arb. units
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0
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1 solid line: same as above

| dashed line:
i 633* = 0.7 GGV, 63*3* = 0.4 GeV
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Modelling the Zs — Cusps
T(55) — hy(nP)rm  Zb(10610), Zb(10650)
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2 2
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Modelling the Zs — Cusps

fit the p1 Y: D*D* vertex attractive bubble

6D*D* — 0.2 GeV ﬁD*D* = 0.3 GeV

"’ | | ' Bp-p- = 0.31GeV — 7
i | 80 |
Bp+p+ = 0.4 |GeVy |

60
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50

40

50
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40 t

30

30 r

20

20
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dbf
4 402 404 406 408 41 412 414
m(DD) (GeV)

10

0

414

no evidence for & D* dynamics, background, or bubble



events

Modelling the Zs — Cusps

fit the p1 Y: DD* vertex

100

ol r“ ot S 1 (azge) — |
Bpp+ = 0.25 GeV] i \\ |
6DD* — 02 GeV .

...............

3.85 3.9 3.95 4 4.05 4.1 415
m(DD) (GeV)

no evidence for bubble
evidence for incoherent background



Modelling the Zs — Cusps

ete” — Y (4260) — 7w J /4
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60 r

events

40 |
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cusp reflection DD*|cusp

32 33 34 35 36 37 38 39
m(r JAp) (GeV)

BESIII



Modelling the Zs — Cusps

M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 111, 242001 (2013).

ete” — mtr he
. [incoherent background only]
sums 13 different ee energy values

“no significant Zc(3900) observed”
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Modelling the Zs — Issues with Cusps

¢ this should happen a lot (?)

¢ what 1s going on with B decays?



Modelling the Zs — Issues with Cusps

other cusp channels?

+Y(58) - KKY(nS)  BB*+B*B, 10695
B*B* 10745

e ete” - KKJ/iy  DD*+D*D, 3980
D*D; 4120



Modelling the Zs — Issues with Cusps
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Modelling the Zs — Issues with Cusps

COMPASS
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odelling the Zs — Issues with Cusps
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Modelling the Zs — Issues with Cusps
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Are We Learning
Anything?



Are We Learning Anything?

¢ As we probe higher in the spectrum the constituent quark
picture must fail: gluonic and light quark (continuum
mixing) become important.

¢ Y(4260) — gluonics?
< X(3872) — nearby thresholds in the spectrum+ residual

interactions (mixed molecule)

< Zs — cusp eftects

2 many others — noise?

¢ pentaquark — ?? (actual pq, coupled channels?,
molecule?)

o Zc(4475) — 77



Are We Learning Anything?

< It seems likely that QCD phenomenology 1s in an
evolutionary phase, rather than revolutionary (& Kuhn
must wait).

2 As s traditional, data must be collected until patterns are
discerned.

> One difference from tradition 1s the ever-increasing utility
of lattice gauge theory computations.
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