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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "‘eightfold way' *~9/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical ""bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

ber n¢ - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, u® and b°
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3.
We then refer to the members u3, d-3, and s~3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qqq), (%gqqq), etc., while mesons are made out
of (qd), (qaqqq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.
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multiquark states from diquarks & diantiquarks

red-blue diquark green-red diquark blue-green diquark
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magenta (anti-green) yellow (anti-blue) cyan (anti-red)
anti-triplet anti-triplet anti-triplet
D -dibaryon .
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color singlet 5-q state color singlet 6-g state color singlet 4-g state

“exotic” hadrons that particle theorists love



multiquark states from “molecules”
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"exotic" hadrons that nuclear theorists love



Other proposed multiquark mesons

hadrocharmonium adjoint charmonium



B-meson decays
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The list keeps growing

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment
X (3872)  3871.6840.17 < 1.2 1" B K+ J/drtn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/onTn™) + .. CDF (83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn 7 Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B— K+ (J/¢7) BaBar [126], Belle [127] , LHCb [128]
B— K+ (¥'7) BaBar [126], Belle [127] , LHCb [128]
pp— (J/bmTan™) + .. LHCb [86], CMS [87]
X(3915)  3917.4+27 28F%0 0t B— K+ (J/hw) Belle [58] , BaBar [59]
ete” = ete” + (J/Pw) Belle [60] , BaBar [61]
xe2(2P) 39272426 2446 2tt  efe” w ete” +(DD) Belle [64] , BaBar [65]
X (3940) 304245 3772 0(7)~(F e:e_ — J/¥ + (D" D) Belle [27]
ete” = J/p+(...) Belle [26]
G(3900) 3943 +21  52+11 17  efe” = vy+(DD) BaBar [129], Belle [130]
Y (4008) 4008*121 226497 177 efem =+ (J/hwtaT) Belle [32]
Y (4140) 4144 +3 1749 7" B K+(J/ve) CDF [74, 75], CMS [77]
X (4160) 4156722 1397113 (7))~ etem — J/¢+ (D*D) Belle [27]
Y (4260) 426375 95+14 177 efem sy +(Jnta) BaBar [30, 131], CLEO [132] , Belle [32]
ete™ — (J/atn) CLEO [133]
ete” — (J/Y 7r071'°) CLEO [133]
Y (4274) 429246 34+16 7Y B K4+ (J/1o) CDF [75], CMS [77]
X (4350) 4350.6736 1337184 /2t efem = efTe (J/009) Belle [81]
Y (4360) 4361 + 13 74418 1= ete =wy+ @ ntn) BaBar [31], Belle [33]
X (4630) 463479 92733 177 efem =y (ATAD) Belle [134]
Y (4660) 4664+12  48+15 177 efem wy+ @ ntr) Belle [33]
Z7(3900) 3800+3 33+10 17 Y(4260) =7 + (J/omh) BESIII [39], Belle [40]
Y (4260) — m— + (DD*)* BESIII [56]
Now l ots ZF(4020)  4024+2  10+£3 1(2)TD Y(4260) = 7 + (hent) BESIII [41]
Y (4260) — n~ + (D*D*)* BESIII [42]
Of char'ged Z#(4050) 405172 82t3l 9™t B K4 (yant) Belle [43], BaBar [53]
Z sons Z%(4200) 4196135 370195, 1j‘ B— K+ (J/rT) Belle [51]
c Meso ZF(4250)  4248+1%5  177t321 9™ B K 4 (yant) Belle [43], BaBar [53]
Z1(4430) 4477420 181431 1T B K+ @' wh) Belle [44, 46, 47], LHCb [48]
B— K+ (Jy=t) Belle [51]
Y;(10890) 10888.4%3.0 30.7753 1~ ete — (Y(nS)ntn ) Belle [117]
Z;7(10610) 10607.2+2.0 18.4+24 17—  “Y(5S)" = m + (Y(nS)7¥), n=1,2,3 Belle [119, 122]
and two “Y(5S)" — 7~ + (h(nP)7*),n=1,2  Belle [119]
“r(58)" = 7~ +(BB*)",n=1,2 Belle [123]
Zb Mesons  zpaos10) 10609+ 6 1+~ “T(55)" — 7° + (T(nS)7°), n=1,2,3 Belle [121]
Z;F(10650) 10652.2+1.5 11.542.2 1t~  “Y(59)” = 7~ + (Y(nS)7+), n=1,2,3 Belle [119]

“U(55)" = 7~ + (he(nP)7t), n=1,2 Belle [119]
“r(58)" =7~ +(B*B* )", n=1,2 Belle [123]




cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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Events/0.01 GeV/

cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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cC assignments for the XYZ mesons?
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What is known about the X(3872)?

1) My(3g72)*Mpo+Mp:
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LHCb preliminary ——
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Tomaradze et al., PRD 91, 011102 X(3872) mass [MeV/c')
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My 3872y 1S lower than expectations for the




What is known about the X(3872)?

2) Tyag7,< 1.2 MeV (90% CL)
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What is known about the X(3872)?

4) X(3872) couples to DD* 13
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What is known about the X(3872)?

6) X(3872) is produced promptly on HE pp collisions
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What is known about the X(3872)?

6) X(3872) is produced promptly on HE pp collisions

60001EBF I
2200

5000 2100
. 2000
£ 1000 1900 1 f
2 1800 i !
© 1700, f :
"©3000 380 3.85 390 395
T
°
22000]
S

1000-443*‘”‘37\]/ fua 1o

Candidates /

3.65 3.70

3.75 3,

_ t
" Iy
3 20000
400f :
i 3
200+ H
I M. (GeVic)
P/ R R R S B
006 07 08 09 1
v =M . - (GeV/c")
prumtn i

CDF Il Preliminary

10 E X(3872) — Jip n*

85% prompt |

Bl
—e— Data ~220 pb

B Prompt X(3872)
B Long-Lived X(3872)(a)
[] Prompt Backg

P 7 Lops L 15% B>X(3872)+X
:. de\s
“\0

--u!lﬂll|||
LT

0.2

it

0.3

0.1

Bcted Proper Time (cm)

DO PRI 93, 162002

FDO

Fraction

-

Iyl

v @S)
> X(3872)
bl
L % ¥ %}
)
cos0,, dl isol | cos®,

X(3872) &y

Comparison

have similar cross sections & prod'n

characteristics: p- & |y|-dependence, etc.



Gell-Mann's Totalitarianism Principle for Hadrons:

"Everything not forbidden
is compulsory”

Gell Mann Nuovo Cim. 4, 848 (1956)

QM: ¥~ D°D*%«— D*D*- will mix
Sizes: (d;)~1fm <doo>z1/mzl4fm (d.)= mzzﬁm

potential model size # scattering length

"binding energies”:  |My|=|M s, - (m, +m,,)| <02 MeV
M, | =My = (), +m,.) =82 MeV



Scale drawing
of the X(3872):
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Scale drawing
of the X(3872):
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X(3872): pastiche of very different objects!

Venus
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Found by Belle in 2007

K Chilikin et al Belle: PRD 88 074026

S-K Choi et al Belle: PRL 100 142001
2007 slice & dice analysis
T T T T l T T T T l T T T T l T T T T ]

2013: 4-dim amplitude analysis
K*(892) and K*2(1430) veto
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BW resonance on a large coherent
background
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Big news last year
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Confirmed by LHCb

V4 . . .
B2 Kat*\': 4-dim amplitude analysis
R. Aaij et al LHCb: PRL 112 222002

All Kt masses K* veto
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LHCb
PRL 112, 222002

1 [ LHCb
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0 ._6 1l81 l .2.01 ‘s- 0 ._ | 1 ‘7 T
M(r*y’) (GeV) JP=1 M(rt™y’) (GeV)

M =44752 7" MeV

[=172+13", MeV



Argand plot shows BW-like phase motion

BW Model-independent Argand plot

“,[ LHCb
£

BW-like resonaint phase motipn

04—

06— '0'4' : '0'7' : '(') — '0'7‘ R. Aaij et al LHCb: PRL 112 222002

Re AZ

Any non-resonance explanation of the data requires
an amplitude with:

- rapid 180° phase change near peak

- coherence with K*y’ "background”

still some skeptics, see: Pakhlov & Uglov, arXiv:1408.5295



Other, lower mass Z_states are seen

Z.(3900)

-- Mostly at BESIII --
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Z(4430)->m}’ favored over ml/\

Bf (B =K'Z,,,,))x Bf (Z,,,, »m ) = (44 £1.7)x107
Bf (B =K*Z,,,,) x Bf (Z,,, > J 1Y) = (547107 05) x 107

Bf (Z,3 =7 Y
Bf (Zyyyy = J/ l/J)




cand cin Z(4430) in an excited state?

Radial Wave Functions

Y, L 77
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Proposed structures for the new mesons

Molecules?
QCD tetraquarks?

Hadrocharmonium?

e

D

T b
Threshold effects?

Y(4260) b* 4



Molecules?

good points: --many(most?) states are close to thresholds
-- sometimes very close: My 3g,,=Mpo+Mpos to one part in 10

-- decay patterns reflect nearby thresholds
-- states near 2m. (2m.) like to decay Z>D*D* (B*B*) & not DD* (BB*)

--decays to )/ (Y (ns)) and sth_ (;th,) occur with similar strengths

problems: -- some states are not close to thresholds

-- difficult to account for large decays to hidden quarkonium

e.g. HZ, emﬁ))

I(Z, =DD)

= I(Z, =»nJ ) =afew MeV
not so small

the ¢ and T quarks:
--don't have much overlap
--colors are uncorrelated

=0.16 £0.07

-- Can’t account for X(3872) production in high energy pp collisions



QCD tetraquarks? ... hadrocharmonium?

good points:

problems:

-- decays to hidden charmonium not suppressed

— q
-- c and T have large overlap
-- colors are correlated
<>
r

-- mass & 1’ affinity of the Z (4430) is ok
--predicted the Z (3900)

-- masses not restricted to thresholds

-- production in high energy pp collisions okay

-- many detailed predictions

-- many of the detailed predictions were wrong

prediction experiment
-- X(3872) is 1 of a doublet only 1 X(3872)
-- Z(3900) partner Mzc(4020= 4023 MeV
at M=3800 MeV
. N2 =l ly) NZ, = ly)

—— =] ———=—=0.16£0.07
I(Z —DD') I(Z —DD')



QCD tetraquarks? ... hadrocharmonium?

good points:

problems:

-- decays to hidden charmonium not suppressed g

-- c and T have large overlap

-- colors are correlated %
-- mass & 1’ affinity of the Z (4430) is ok

--predicted the Z (3900)

-- masses not restricted to thresholds

--- production in high energy pp collisions o!*

only 1 X(3872)

Myca20/= 4023 MeV

NZ =) 6162007
I(Z —=DD)



Threshold effects?

- D

. ,3
The coupled-channel loop: ’ produces a

Y(4260) b* 4

cusp-like peak in M(rtJ/y) just above the my+m,. threshold

-- Similar to the Z(3900)->ntJ/y peak just above my+mp.

(& the Z (4020)>7th, peak just above 2mp.) g0 £pL 96 11002 (2011)

-- Z(3900) & Z_(4020) are threshold cusps? Chen et al. PRD 88 036008

Swanson: PRD 91, 034009

-- 1t —order (1-loop) Perturbation theory doesn’t

) Guo et al. PRD 91, 034009
work for peak this large

Yes it does! Swanson: 1504.07952



cusp vs BW phase motion

02 :
\
0.15 | i
!}".
o i
LU
0.0
oF—— : [P
0.05 L RdT)
a1 —] |
mD+mD. 0

slow phase
motion @ m,

Bugg: EPL 96 11002 (2011)

[ T B B
& [o2] o (=) N b D o4}
o o o o o o o o

N
(=]

phase [degrees] or |[mag|~ 2 [arbitrary units]

=y
<

0

8
iR
2
0

Im(amp) Lo legT

-

96 38 20 42 44 46 48 50 28 —6 -4 -2

m [GeV]

rapid phase
motion @ m,

0 2 4 6 8

Re(amp) ReT

Z.(3900)>n*J /¢ amplitude analysis currently underway at BESIIT, results soon?



1* states: what we see
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1* states: what we see

45 — —
Ze Zo(412(4430) |

--------------------------- L O —
4.4—
4.3-
4.2 .
41—
S 2 7 2717 M S
3.9 - [z{za{z900) EE’M ________ e @7
38 ~ =1 1=

1+ JPC 1++



1* states: what we see

45 — —
Ze Zo(412(4430) |
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1* states: what we see

4.5 — —
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1* states: what we see

tetraquark+DD™(2s) ? 4.4-

4.3 -

4.2 -

tetraquark + D*D* ?%1 -

Zo4Z:(4023)] DD* DND -
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1* states: what we see

tetraquark+DD™(2s) ? 4.4-

43 AM=580 MeV z(mw, — mj/w)
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1* states: what we see

tetraquark+DD™(2s) ? 4.4-

43_ AM=580 MeV =(m,, —m,,,)
tetraquark?
@ 4.2 — |Zc 2c1‘ Z.(4200) "J/ll.l no nearby I:].
alc A " | 1 thresholds
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1+ JPC 1++



Are there other 1* states to look for?

4.5 —
Em 1Z:(4430)
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Summary

@ 4-quark, charmonium-like mesons have been observed

-large partial widths to (cc)+hadrons
-many, but not all, have mass near D*)D(*) thresholds

€ Pure molecule or pure diquark-diantiquark tetraquark
models do not reproduce observations

-QCD-core states coupled to meson pairs work better?

€ Kinematic “cusp” explanations of near-threshold peaks
(may) fail to bear up under close scrutiny

@ Interesting problem, lots to do
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Thank You

Merci
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