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Summary (lecture 4)

*The quarkonium spectra are the strongest evidence that hadrons are
composed of spin=1/2 constituent particles

*All of the charmonium states below the M=2m_ “open charm”
threshold have been found
-most of the bottomonium states below M=2m; have been identified

*Above the M=2m, threshold, most of the 1"~ states, but only three
of the others (the %, %" & W,,) have been discovered.

*The masses of the assigned states match theory predictions
-variations are less than ~50 MeV

*Transitions between quarkonium states are in reasonably good
agreement with theoretical expectations



General comments

 The charmed and bottom “quarkonium systems” are
relatively simple and reasonably well understood.
* The “hydrogen atoms” of QCD.

e Let’s try to use them to search for new and
unpredicted phenomena.

* If we find a meson that contains a cc (bb) pair
but doesn’t fit into one of the remaining unassigned

states, we have a candidate for an exotic hadron,
the subject of the next lecture



Lecture 5: are there other, non-qg@ meson
and/or non-qqq baryon, spectroscopies?

Other possible "white” combinations of quarks & gluons:

Pentaquarks: dibaryons:
e.g. an S=+1 baryon u d tightly bound' S ud not a nuclear state
(only the anti-s quark has S=+1) u d@ 6-quark state u d S
: g
Glueballs: A1
gluon-gluon color singlet states G
9
DO
Tetraquark mesons @ deuteron-like t‘lghtly bound
63 molecules C diquark-
D, (2420) 99 s u diantiquarks

q-gl hybrid '
qg-gluon hybrid mesons <



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



iquarks?

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

0
J
J
U
g
0
U
g
0
0
J
)
0
0
J
J
U
g
Q

QCD

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

D
»
J
0
0
a
J
Q
0
0
J
0
0
0
J
U
0
0
¥

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

PHYSICAL REVIEW D VOLUME 15, NUMBER 1 I JANUARY 1977

Multiquark hadrons. I. Phenomenology of Q20? mesons*

R. J. Jaffe’
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
and Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 July 1976)

The spectra and dominant decay couplings of Q2Q2 mesons are presented as calculated in the quark-bag
model. Certain known 0" mesons [€(700),5*,8,k] are assigned to the lightest cryptoexotic Q2Q? nonet. The
usual quark-model 0% nonet (QQ L = 1) must lie higher in mass. All other Q?Q? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other Q*Q? states which may be experimentally
prominent are discussed.
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good diquarks

anti-color anti-triplet

antisymm. in color
antisymm in flavor
must be Spin =0

LA

@

at very short distances, a “good”

diquark is bound with ~ % the
binding energy of a gq pair

bad diquarks

anti-color sextet

antisymm. in color
symmetric in flavor
must be Spin =1

at very short distances, a “bad”
diquark is not tightly bound



multiquark states from diquarks & diantiquarks

red-blue diquark green-red diquark blue-green diquark
diquarks combine 9
like antiquarks
diantiquarks combine E E
like quarks
ol s U B

magenta (anti-green) yellow (anti-blue) cyan (anti-red)
anti-triplet anti-triplet anti-triplet

m Pentaquark -dibaryon tetraquark

5 6 meson

magenta- - magenta- - green-magentsanti-green)

color singlet 5-q state color singlet 6-q state color singlet 4-q state



light scalars=diquarks®diantiquarks?
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Is the f,(980) a (susi+sdsd) state?

KK threshold

S

Events/20MeV
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J/W—=>on
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BES sees an abrupt switch from
f,(980)->pp to f,(980)>KK
at threshold

J/ U —> oK*K”

Evenits20MeV

0.5 1 1.5 2
. Mass(K'K)

BES Collaboration / Physics Letters B 607 (2005) 243-253
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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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Are there multiquark mesons?

Possible non qq "white” combinations of quarks:

Tetraquark mesons S

tightly bound . c u loosely bognd .
diquark-diantiquark meson-antimeson /0*0
“molecule”



Charmonium spectrum
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to a c and ¢ quark should
fit in one of the (gray)
unassigned states.



candidates
for multi-
quark states

State M (MeV) I'(MeV) JPC Process (decay mode) Experiment
X(3872)  38V1.6940.17 <12 1ttt B— K+ (Jfgxta) Belle (157; 160), BaBar (78), LHCb (8; 17)
pp— (Jfxix—)+.. CDF (26; &8; 60), DO (30)
B— K+ (Jf¢xtn—=x") Belle (36), BaBar (175)
B— K+ (DPD°:°) Belle (95; 202), BaBar (87)
B— K+ (Jf¢7) BaBar (175), Belle (113), LHCb (6)
B— K+ (¢'7) BaBar (89), Belle (113), LHCb (13)
pp— (Jfoxta—)+ .. LHCB (6), CMS (141), ATLAS (2)
ete” =y +(I¥ntx—)+ .. BESIII (47)
X(3015) 39184+19 2045 0tt  B— K+ (Jf¢w) Belle (158), BaBar (86; 175)
ete” — ete + (Jfow) Belle (333), BaBar (247)
X(3040) 3942% 3 3t 07 ete — Jf¥+(D°D) Bollo (204)
ete™ — Jfp+(...) Belle (37)
Y (4008) 4008t 226407 17— ete — g+ (Jf¥wixT) Bella (352)
X (4140) a5ty satd 1+t B— K+ (J/¢¢) CDF (25), CMS (143), DO (32), LHCb (22; 24)
pp— (J/9¢) + .. DD (33)
X(4160) asef® 13983 0%(?) ete — Jfe+ (DD Bollo (204)
Y (4260) 42220434 41447 17 etem — g+ (If¥ntzT) BaBar (76; 246), CLEO (213), Belle (262; 352)
ete™ — (Jfoxta—) BESIII (56)
ete— — (yX(3872)) BESIII (47)
ete~ — (w— Z2(3000)) BESIII (42), Belle (262)
ete™ — (w— 22 (4020)) BESIII (43)
X(4274) 42733412 ygtld 1+t B— K+ (J/¢é) CDF (27), CMS (143), LHCBb (22; 24)
X (4350) 43506115 1337100 (/) etem — ete +(Jj9 ) Belle (316)
Y (4360) 4346+6 102410 17— ctem — g+ (¢ xta) BaBar (84; 248), Bella (342; 343)
X (4500) 450610 92t® ott B K+ (J/¢é) LHCb (22; 24)
X (4700) 4T 120852 0tt B K+ (Jjwé) LHCBb (22; 24)
X (4630) 4634+ 8 92t4! 17— etem —y+(AFAD) Belle (297)
Y (4660) 464349 72311 1—— ete~ =+ (¢xta) Belle (342; 343), BaBar (84; 248)
Z2P(3000) 38866+24 281426 1t Y(4260) —w© + (Jf¥xt o) BESIII (42; £2), Belle (262)
Y (4260) — w0 + (DD* )2 BESIII (45; 51)
Z3O(4020) 40241419 1345 11(?) Y(4260) — O + (hewtP) BESIII (43; 46)
Y (4260) — w4 (D*D*)*®  BESIII (44; £0)
Z+(4060) 4051434 sati 7"t B K+ ((xant) Belle (280), BaBar (245)
Z+(4200) 4063 swin 1t B K+ (Jfext) Bella (154)
B— K+ (¢'xt) LHCBb (14; 45)
Z*(4250) austiE o 1wt M B K+ (xant) Helle (280), BaBar (245)
Z+(4430) MTTE20 181431 1Y B— K+ (¢xt) Belle (153; 159; 281), LHCb (14; 15)
B— K+ (Jgxt) Belle (154)
P} (4380) 4380 +£30 2WEE88 (3/5)F A} — K+ (J/¥p) LHCb (16)
Pl(4450) 44408130 39220 (£/3)T A} — K+ (Jjwp) LHCBb (16)
Y,(10860) 108911134 K312 1~ ote~ — (T(nS)xtx) Bella (149; 311)
Z7(10610) 10607.2320 184424 11— Y,(10860) — = —° + (T(nS) = *°) Bella (120; 196; 235)
Ys(10860) — 7~ + (he(nP)x*)  Bolla (120)
Y;(10860) — w— + (BB*)+ Bella (197)
Zi(10650) 106%22+1% 115422 1t Y(10880) — =~ + (T(nS)x')  Bolla (120; 196)
Y5(10860) — 7~ + (he(nP)x*)  Bolla (120)
Y;(10860) — =~ + (B* B*)+ Belle (197)




The Belle Experiment at KEK, Japan

For studies of matter-antimatter
asymmetries in B meson decays
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Select B2>Ky'; v -=2>rn'nl)/y




Event in the Belle Detector
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Fvents SMeVic™

Events/5 MeV/c?

10

X(3872) is seen in many experiments
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What is known about the X(3872)?



X(3872) Mass

CDF PRL 1003 152001 My (3872 IS indistinguishable from mp, + mp.

"B.E."=3 £ 193 keV

2200
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2000
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1600 ; + ------------- == BaBar ll' .— ; ; I S S
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X(3872)-> yJ/wyis observed:

E—Belle 2010

....I....-l"’...-..'.--l....l....
Q7538 385 _ 398 395

M(yJ/y)

C — parity of the X(3872) = (Cy = —1)><(CW =-1)=+1



C(X5q,,) = +1

since C(X;g,,) = +:

' system in X35,,2 7' J/Y must come from p2> T

N m_ =775 MeV is at kinematic limit
= AT p '
p

|
_ Belle agrees I CDF agrees I
—>T 3 — s ' 250 X(3872) — Jiyn'T |
st p=>n*n lineshape I b (L=0) I
s 2\ 200 — - gap p (L=1)

A

|__ Multipole Expansions for ctT:

150
100

X(3872) yield per 20 MeVic’

10 - 50
c — 5; + I — 0 <
:]- o -—l—walLl
04 045 05 055 06 065 07 075 08 ) ) L ) . ; | , , , L
M(zr) (GeV) -50 04 06 0.8
2

M(mt+rT) M) ]



X(3872) J"¢ values

Angular correlation analysis by LHCb:

g J;“:O"' v v Jpc=11+ - ' J;It=(')++ T J's°=1+* ' -
[2}

A —— g 200 - — -
L .g L -{ - r -

Iy X ) ) A L . | . G

B 350t > 0ns anane r-apnar Jeanans anane. fbeberet
ﬂ = X = J=t | o
_ 4 gzoo- T LHCb 3 fb™ -
4 = ‘ L -

¢ JAy / é— A jI/:': + t=-2In[ L(J;")/L(1++) 1

3 H B L J -

'J;It=2-+' JPC-=1'++ T J;It='2++ v J|5(;=1++ v

&
gzoo- ; + . -
LHCb PRD 92 011102 8 | : H
| : -
i ;
o v alt_: -+ 4 :PC ++: + 7 alt__ ++: PC +:
a Ji=3 S Ji'=3 JPe=1
5200} 4
E
5 H
JPC = 1+ &
= H A
@ J;It=4-+ Jpc=1++ J;It=4++
2200} -+
] "
£ t
: A { A
S o . H A

-1000  -500 0 500 11‘000 -1000  -500 0

D-wave<4%



Strong coupling to DD*

+> K+*DOD*0
Belle B K*'D"D BaBar
16 :-. T T T T T T T | B S S S e — — —— ——
14 o o Belle PRD 81 031103 A I I l I Babar PRD 77 111101
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10 = 7
10
8 =
8E
6 T =
l ]I T 6F ] :
4 i af | v ] £
. ] L 'L i l 28 [ [T ! s
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o 1 3
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1 l A X PP L
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1 L
3940
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D ’D° Invariant Mass (GeV/c?)

Bf(X(3872)>DOD*0) = (10+3)xBf(X(3872) > p+p-J/y)

Braaten & Lu (PRD 76 094028):

STy

-wave

Independently of the original mechanism for its
existence, the strong coupling to DD* in an S-wave &
small "BE" imply unambiguously that the X(3872) must

be either a molecule (BE<O) or a virtual (BE>0) DD*
state of size ~1/,2m, |BE|>7 fin

t

“scattering length”




X(3872) decay channels

o/
strong DD* w v
coupling Ty
u ol/y
.. DOp*0

.o =15 T(X(3872) > 1tm-J/y)

['(X(3872) > m-J/y) < 80 keV

[(X(3872) = pp) <0.002[(x" 7" J ly) <160eV



X(3872) production modes

="B-meson decays
="Prompt pp (& pp) collisions

mete = YX(3872)

CDF II unpublished

0 E X(@3872) = Jp ' © e Data ~220 pb’
e I ‘ B Prompt X(3872) B s . 5
= 10" = rompt 84% B Long-Lived X(3872) [ BESII PRL 78 072004 ~+ Data i
S Ep P °14 [ ] Prompt Background i — Total fit |
5 [] Long-Lived Background ol -== Background
Q 10" - _
14 = B>X(3872)+X (16%) i i
- C pIRS ¢ L -
S [ W . 1
T 10 2 5 ]
- e - IIRINT:
(&) ~ * ' P‘lmp l] i I I I. b |
1 A Jo LU RET L
) g o XL "L T T
oy o ol o 3.8 3.85 3.9 3.95
Uncorrected Proper Time (cm) M(m*md/y) (GeV/c?)



Isospin of the X(3872)

no sign of X(3872)* in B> K o/

z B

£ £

+ T

o )

£ : £

BO> Km0y 8 — B*> Ko nl)/y
12:— i3
10 . _
85— ! ) o0¢ 5 i—
ol o] l “ .
LAl of
Jl
2/3's .k
e A o

384 386 3.88 39 3.92 " 3.84 3.86 3.88 3.9 3.92

M(rtrrl/y) (GeV) M(rtrrl)/y) (GeV)

proviso: if M(X*) > mpy.+mp«0 ® 3877 MeV, I'(X*) may be wide

BaBar PRD 71, 031501  Belle PRD 84, 052004(R)



Is the X(3872) the ¢/, 1** cC state?

MASS [GeV/c?]

4.4

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

B | Nc(4'So)

P(43S1)

P(2°D4)

P(3S1)

Xc2(33P2)

Xc1(33P1)

Xc0(33Po)

|
=
2
<
n
SF

’
Xer?

he(2'P1) [xer@P [
i $/(13D:)
P'(2381)
B Ne’(21So)
ho(17P1) o) L
| Xco(13Po)
B established cc states
JP(1381) predicted, undiscovered
0+ 1-- 1+- 0+ 1++ Dt

JPC




Is the X(3872) the ¢/, 1** cC state?

set by:
B P(43S1)
4.4 @ ! My ,=3930 MeV
Xc2(33P2) .
he(3'P1) Xc1(3%P1) *Mass is too low?
42 - Xco(33Po) °
W) 3872 vs 3905 MeV
g 40 | [n@sg FLE
() «2(23P.
S TR
X(3872)
7)) n d
g() 3.8 IW‘ m
2Mp
= v @S)
(21S
36 | DB
o2(19P
Sl
Q<
3.4 | S /' [xal1Po)
3.2 - established cc states
JP(1381) predicted, undiscovered
° - s

(0 1-— 1+- O++ 1++ 2++
JPC



Y., PpJ/Wviolates Isospin

Initial Isospin=0 # final Isospin =1



Is the X(3872) the ¢/, 1** ccC state?

MASS [GeV/c?]

4.4

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

L | T]c(4130) lIJ(4'381)
Xc2(33P2)
he(3'P4) Xc1(33P+)
— Xc0(33Po)
P(23D-)
| oSy 25
c2(23P.
T
e X(3872)
|llJ”(13D1)
P’(23S4)
Nc’(21So)
Xe2(13P2)
Xc1(13P4)
B established cc states
JP(13S4) predicted, undiscovered
(0 1-— 1+- O++ 1++ 2++

*Mass is too low?
3872 vs 3905 MeV

*Inconsistent with Isospin

conservation
Theory:

T(l > 7I/¥) ~14 keV

Experiment:

I'(X=> e l/y) =(3.4:1.2) (X2 Yi/y)
If X(3872)=y,:
[(y4 2 o l/y)= 45 keV,

~100x expectations for
an Isospin-violating decay

c.f.: T(y'>n%/y)=0.4 keV



If not charmonium, what is it?



Models for the Y(3872)

DO-D* molecule? QCD diquark-diantiquark?

Lots of literature about this Maiani et al.  PRD 71, 014028 (2005)

Spin=1 “bad” diquark

Spin=0 “good” diquar

Impossible to produce such an Predicts partner states (e.g.,
fragile extended object in prompt a nearby state with u—>d) that
high energy hadron colliders at have yet be seen.

the rates reported by CDF & CMS



Probably a mixture of DD* & a c¢ “core”

most of the time looks

St meels] oy like a DOD*% molecule
Takizawa & Takeuchi, PTEP 9, 093D01

[_)*0

~90%
=~ 5% ‘\

—é >10 fm c
ped
oV “core"
d e N
o8 (g™ state
Q _\\(\\ cO
, My = =m0 = 5 |BE|~8 MeV
DD _
d =~ : ‘BE| < 02 MeV drms - 15 fm
ms o
ﬂ/Z;LD‘B@L d””" >10 fm
reduéj'

| Mp+mMpe-Myzes, |
mass



X(3872)->rr” J/y Mass

N 4500 — CDF

§ 4000 |-
2 4500 [ ~6000 evts|

3000 [~

2200

5]
8

Candidates per 1.25 MeV/c®

e = @
w 8 3 2
T T

0 ! 1 1 1 1 1
375 380 385 390 395  4.00
Jynr Mass (GeV/c?)

M, =3871.61 £ 0.16 + 0.19 MeV

recent results

M(J/y =7) (GeV)
M, = 3871.85 + 0.27 + 0.19 MeV

Events/2 MeV/c?

LHCb

1600 Heh

140057 o e

1200 —

1000 —

800

600

400

200}

0 1 L 1
3600

I3800‘ l3900I |
M(J/y 7* ) [MeV/c?

3700

My =3871.96 + 0.46 + 0.10 MeV



X(3872) “Binding Energy”

‘BE" My (3872)— (Mpo + Mpxo)
20—t
10 ]
the better it is measured,
ol 0T I _________ the closer it is to zero
26'03 2015
104 2009 'B.E."=3 + 193 keV

Is this a “coincidence?...
or is the data telling us something?



DOD*0% molecule?

DO-D*° “Binding Energy” small
Am = 0.003 + 0.193 MeV
- ...coincidence??

D°-D"° “molecule”



DOD*0% molecule?

DO-D*° “Binding Energy” small
Am = 0.003 + 0.193 MeV
T ...coincidence??

D°-D"° “molecule”

an "old" idea



De Rujula, Glashow & Georgi (1976)

Molecular Charmonium: A New Spectroscopy?*

PRL 38, 317 (1976)

A. De Rdjula, Howard Georgi,T and S. L. Glashow

(Received 23 November 1976)

Lyman Labovatory of Physics, Harvard Universily, Cambridge, Massachuselts 02138

Recent data compel us to interpret several peaks in the cross section of e "e* annihila-

tion into hadrons as being due to the production of four-quark molecules, i.e., resonanc-
es between two charmed mesons. A rich spectroscopy of such states is predicted and
may be studied in e e* annihilation.

4.0

3.5

3.0

D*D*:171*

GeV o T~ _+ e
[ DD 6"
= 2 O-:O«l-
i P IG
- (b) : J,
X X(2.85?);07,0%
L L _J . ) N\ J
V A v
P-WAVE "ATOMIC" S-WAVE
* MOLECULES” CHARMONIUM “MOLECULES"”

predictions:
JPC: 1++
(DD—*)molepJ/W
T

Also: L. Okun& M. Voloshin
JETP Lett. 23, 333 (1974)



X(3872)-J/ relative sizes

E. Braaten, J. Stapleton PRD81, 0140189

d..(%*Zn nucleus)=8 fm d =~ I

s " TpE
X(3872)

d

X3g7,) ~ 10 fm

rms(

d. .(J/v) = 0.4 fm

A"

Volume(J/y) /Volume(X,q,,) =104

*How can such a fragile object be produced in H.E. pp collisions?

C. Bignamini et al, PRL 103, 162001: = O ((meas)>3.1£0.7nb vs O, (molecule)<0.11nb

theory



Very different objects!

Venus (x3)




or a QCD tetraquark?

Maiani etal.  PRD 71, 014028 (2005)

S=1 “bad” diquar
\ \\)0‘\CJ
v ©

\
C
S=0 “good” diqua %




no sign of related tetraquarks

no charged partners of the X(3872) no nearby neutral X(3872) partners

0-0 0-0

_ S=1 “bad” diquar
S=1 “bad” diquar

S
\ o®
oV
\

C

% $=0 “good” diqua

S=0 “good” diqua

after 14 years, we still don't know



Search for other states



MASS [GeV/c?]

The X(3915)

44 Ne(41So0)
Xc2(3%P2)

he(31P+) Xe1(33P4)

42 |-

sof
3.8 |- |—|¢”(1SD1)
2Mp

P'(2381)

c'(21S
s | @S ®
Xc2(13P2)
Xet1(13P4)

34 |- Xco(13Po)
3.2 -

‘ established cc states |

JIp(1381) ‘ predicted, undiscovered |

30 - [arsa)]




B2>K??; ??2w)/y2>rntnll/y




Why o J/y ?

>> T 2 TR0 is the simplest \ 7
next step experimentally \

>> ® meson is the Isospin = 0 “brother” g é \
of the pmeson

Q=0

§S=0




Study of B>Kwml/\y decays

b — o

\

\
A
W\
B meson \

q s éK

compute Tt 10
invariant mass




M(w J/y)

unexpected peak near o J/\y mass threshold

M=3940 +11 MeV
I'= 92 +24 MeV

' b) -
30T Xz0 DO/ Y ]
20 -_ ® /
X(3915) | :
10 i
O % 1 1 1 I I+ 1 1 I 1 |

3880 4080 4280

S.-K. Choi et al (Belle)
PRL94, 182002 (2005)

M(wd/y) (MeV)




X(3915)>wJ/vy also seen by BaBar
| BaBar PRL101,082001 |

400 —
e j
B*2>K*w]/y
o
400
e B> K i/
0
SE
4r _ |
2F ’ o I , ‘ | — 1
o—L’*Hi** ...... bipbelald  ratio
38 a a2 a4 a6 a8
" M(wi/y)
Mass (MeV) I (MeV)
Belle 3943 +11(stat)£13(syst) |87 +22(stat)+26(svst)
253 fb!
BaB
3562) ﬂa): 3914.33;3(5‘1‘(11‘)f}:g(.sysr) 33’_“,132(sz‘ar)*_'gjg(sysr)

Some discrepancy in M & I"; general features agree



Also seen in Yy l/y

B0
Jw

Belle
2010

Y =2 0/

M=3915 + 5 MeV
['=17 + 11 MeV

41 415 42 425
M(wJ/y)

25

- Y =2 0/
20
15 . M=3919¢3 Mev

r I'=13 +7 MeV
10—

55— +

AL T N

MAAAAIHNTIET RIRAARRARNARAR
38 385 39 395 4 405 41 415 4.2

M(wJ/y)




BaBar measurements determine JF¢=0*+*

BaBar PRD 86, 072002 (2012)

arXiv:1207.2651



X(3915) = %, charmonium state?

MASS [GeV/c?]

4.4

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

- [naarsg |
Xc2(33P2)
he(31P+1) Xc1(33P4)
| Xc0(3Po)
P(23D1)
M=3918 + 2 MeV
| [no@isg FRESY /
Xc2(23P2)
X(3915) WEIN
| Xc0(23Po) | €
W’ (13Dy)
Y’(23S1)
T]c’(2180)
c2(15P
he(11P4) Yot(13P1) Xc2(13P2)
| Xco(13Po)
B established cc states
JIP(1351) predicted, undiscovered
B
o+ 1-— 1+- O++ 1++ 2++

Yoo = 23P, CC state?



X(3915) = %, charmonium state?

If X(3915) = 34,:

- mass is to high:
M(X&)-M(X) = 9 MeV

~1/15% the n=1 splitting:

M(¥e,)-M (3 o)=141 MeV

MASS [GeV/c?]

4.4

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

B | Nc(4'So)

P(43S1)

P(2D4)

he(3'P4) Xc1(33P1)

Xc0(33Po)

Xc2(33P2)

M=3918 + 2 MeV

|~ M=3927 + 3 MeV
—j.AM=9 MeV

Yoo = 23P, CC state?

33S
| o315y RS0 /
2(23P2) | =
X(3915) BT
- Xc0(23Po) | €
Pp”’(13D+)
P’(2384)
Nc'(21So)
Xc2(13P2)
he(17P1) Xc1(13P1)
| Xco(13Po)
B established cc states
JIP(1384) predicted, undiscovered

2++



Yo DD should be huge & y.,’>wJ/ tiny

Fall-apart mode, no
"OZTI" suppression

"OZI" suppressed

But: Bf(Xy; »D'D") <1.2X Bf (X, — @/ 1)

This strongly suggests that the X(3915) is a 4-quark state



Does X(3915) =2 DD ?

B> KDODO

B 9 KW|§7D7OODl0 N§ 40 | J: Br‘odz‘ickr;l et‘al.‘SBe‘I!e)‘ PlRD 100, 092001
68+15 events = 30
N s
. D20f = |~ <10 events
No signal 2 | % d
. S1of |
near 3915: 5" } <%
» | SEamaNG
0

3.9 4
M(D°D°®) (GeV/c?)

> T(X(3915)>DD) <1 MeV
charmonium theory: TI'(xZ,—>DD) > 30 MeV



X(3915) = %/, charmonium state?

{ —
= 23P, CcC statd?
a4 Y(43Sy) Xco 0
If X(3915) = 14: (@S0 -
c2 2
he(3'P -
- mass is to high: 4o CH) . Xe1(33P4)
M(Xclz)'M(XgO) = 9 MEV - ¢(23D1) Xeo 2

=1/15t™ the n=1 splitting:

M(X2)-M(X0)=141 MeV g 40| @ P(33S1)
a) C. 23P
~ 0} X(3915) BT

— X(3915)->DD not seen? @ 38| _ ¥c0(25Po)

theory predicts: < Y(1°D,)

J— D

['(x./~>DD) = 30 MeV = V'(2°S,)

my estimate: 36 L Ne’(21So)
I'(Y(3940)>DD) < 1 MeV ' Xc2(13P2)

he(17P1) Xc1(13P1)

- T (xo2wl/y) > 1 MeV, too 34 Xoo(1°Po)

large for an OZI-suppressed

charmonium transition.

32 |-

established cc states

JP(13S4) predicted, undiscovered

30 I [ne]

o+ 1-— 1+- O++ 1++ 2++




2017 news: Belle finds the “real”

K. Chilikin et al. (Belle) PRD 95, 092003¢(2017)

° wI 1Y 18-
16
|
125 F200 MoV

“ 1 0-'_ JPc=0** favored
i
6

ee = J/yx 4;' * *
1% DD (2)E ey mmL

4 45 5 5.5_ 6
M(DD) GeV



If X(3915) # x;,, what is it?

X(3915)2> wl/Y violates OZI-rule unless it’s a 4-quark state
Mass is near 2mg threshold: M(X(3915)) = 2m-18 MeV

X(3915)-> DD decays are suppressed: I(X(3915)=>DD) < 1 MeV



Possibilities

D.-D, molecule? [€3][cs] tetraquark?  ce-gluon hybrid?

Li & Voloshin, PRD 91, 114014 Lebed & Polosa, PRD 93, 094024

D

\\q. v
a\ C
DS

what binds it? why not X>Nn_? too light for 0** cc-hybrid




no pion exchange between 0" and O

i2j+T
initial state

0} P=-1; J=0

o " to conserve P j & Tt
T should be in a P-wave
s & not conserve J
.
.

0- O- O- vertices must be O



pion exchange between 0" and 1-

i 2j+T
initial state
P=-1; J=0

to conserve P j & Tt
should be in a P-wave,
= OKfor02> 1 +m

O- O- 1- vertices are okay for DnD¥*,
o but violate isospin for D,nD¥

D4al=1 DS =0
TI TT
A/
D* =1 D>I5< =0



rut exchange is OK for DD, but not D,D,

k .
D.nD. vertices
violate isospin

ho plausible nuclear-physics-type
force can bind DD, into a "molecule”



how does a JP¢=0**, M=3915 MeV csCs
tetraquark decay?

m “good diquark”
\

N

QC “good diantiquark”

OZ| allowed decay processes

> <) J/y

><@m

has a small (=3%) ss content

S wo vwo

C
Bf(X(3915)—n 1) s Ne
Expect: > c
Bf(X(3915)— ] /v o) < n
n has a large (=40%) ss content



X(3915)-2>n.n

Vinokurova et al (Belle) JHEP06,132  {wwmm plus erratum
20 ja) B%KI’]I’]C,' n->vy Belle h

: 5 | J L
I g (AT

3.8 39 4 4.1 3.8 39 4 4.1

b) B>Knng nommn®  gejle.

Events/5 MeV/c?

M1, 1), GeV/c® M, 1), GeV/c®
BB+ — KTX(3915)) x B(X —nne) < 47x107°  —> Bf (X —n.n)
B(B* — KX (3915)) x B(X — wJ/i) = 3.0102%x 1075 Bf(X—J/y o)

Bf(X(3915)—>n n) is not much larger than Bf (X(3915) - | /v o)
= bad for the QCD tetraquark picture



how about a JP¢=0** cc-gluon hybrid?

QP

9



0** not a good match for a light hybrid

M-M, (MeV)

1500

1000

500

1

-

Liu, et al (Had Spec Collab) JHEP07,126

7 M (Mev)
= = m= {4500
2= EEFT -=
gl ~500 MeV I
- )‘{%3?11.5.) — = DD, 44000
; DD
T = 13500
- m_ =400 MeV
0t ;:: =t 17ttt 1t 1t tt 3t ot ot i3000



What is the X(3915)?

It is not a good candidate for the x
Belle recently found a much better x/, candidate

If it is a D,D,(2420) molecule:
B.E. = 18 MeV < need a binding mechanism to produce this
standard nuclear-physics type forces do not work

If it is a cc-gluon hybrid:
current (m_=400 MeV) LQCD mass calculation off by =500 MeV!

If it is a [cs][c5] QCD tetraquark:
the X(3915)>nNn. decay mode should show up soon

It remains an intriguing puzzle



MASS [GeV/c?]

The Z(4430)

4.4

Xc2(3%P2)

Xc1(33P+)

42 Xe0(3°Po)

40 L l’]c(31So)

Xc2(23P2)
Xc1(23P4)
38 Xco(2°Po)
2Mp
ne’(21So)
3.6 -
Xc2(13P2)
he(11P1) Xer(13P4)
34 |- Xeo(13Po)
3.2 - ‘ established cc states |
Jp(1381) ‘ predicted, undiscovered |

30 - [asy]

JrC



The Z(4430)*>* |’

“smoking gun” evidence for a 4-quark meson

»>decays to y' = must contain cc pair

»electrically charged & must contain ud pair




Found by Belle in 2007

MZ(TE+\|II)

300

200

100

S-K Choi et al Belle: PRL 100 142001

T T T T ] T T T T | T T T T

— T T T — T T T T

B—K (892)y’
SKn' -
BaK (1430)y
/ , ‘—)Kﬂ
t _
ey




Found by Belle in 2007

S-K Choi et al Belle: PRL 100 142001

300 T ————7——

B—K (892)y’

S Kt

200

B—K (1430)y’

/ : ‘—)Kﬁ+

100

T T T T ] T T T T | T T T T

T T | T T T T I T T
M=4433£422MeV |
[=45"% Mey

-13-13

M2(7'C+\|I’)

1 1 1 Il I Il 1 1 1 | 1 1 Il Il I 1 1

) ) =) )
- - w ™




Not confirmed by BaBar

S-K Choi et al Belle: PRL 100 142001

|||||||||||||||||||

5.20

M=44331412 MeV
['=4577"" MeV

M(rry’)

not confirmed by BaBar (onIy a 1.90 “hint”)

30

S
T

vvvvvvvvvvvvvvvvvvvv

BaBar : zissm BB =

i

PRD79,112001

o a0

M, 297 (GeV/c )



a “reflection” from the Kt channel?

M 2(7'C+\|I’)

cos6,=0.25

K 4

e

can you make a peak at cos6=0.25
by interfering Kmt partial waves?

300 ——r————~

@

200 -

- L L 3 L 1 1 1 1
-1.0 05 0.0 05 10

cosB,

it can be done, but only by making
even larger structures elsewhere

not a reflection from the Km channel



2013: 4 dimensional Belle amplitude
analysis

1 est t ame B’ rest frame
I 1(

Z rest frame

M, = Y, 47D, (0,6,,0)R(m,, | M,.T,)D
,0.1

M = 4485727 MeV
['=2007"% MeV

Ay A, (A¢l//,Z’

A *
6,”,0)

K Chilikin et al Belle: PRD 88 074026

2013: 4-dim amplitude analysis
A5 K*(892) and K*2(1430) veto

40c With Z(4430)

I/
- I %
o m --*

o i 21 2§/ 23

15 16 17 18 19 _2(
M2(rry’) B eV

4485 MeV



2007 analysis vs 2013 analysis

K*(892) and K*2(1430) veto

451
e 4OE_interference
- interference : - isincluded With Z(4430)
30— ] -
. not considered | ] 355
30;_ Without Z
25F

20"
15F
10~

N X p * el (%o >

- "’: :"“3 ’6” RIREER “ % i’i" :" & :"

T osts 0 q [ 0,900 0¢v0< vava¥: <% v
O AT DRRARERY KX | RIARIRRARRIKIRRATTRAKRIR 14X ‘0.:

), GeV“c
M=4433t4+2MeV M & [increased M =44857"" MeV
>

=457 MeV ['=2007,"5 MeV




BW resonance on a coherent
background A,

2
+2Re(A, BW) 1
“~|BW[ +2Re(4, BW) “L.|
2 /

2
A, | +2Re(A, BW)

bkg

bkg

Bw+a, | =[Bw] +]4

if |BW|>>|Ayl: ‘BW+Abkg

~
~

1 Angl>> [BWI:  [BW+A




BW interfering with coherent
background A,

|BW|>>| A, : | Apie |>> | BW|:
) ) 2 2
Bwea, | =|BW[ +2Re(4, BW) BW+4, | =|4, | +2Re(4, BW)
ncéKsKﬂ: f:ons‘rr'uc‘rive Cartoon, for
250 interference . .
[ —e—data e reerreeeeeeeiastration only
[ @ other y* decays \ .
~y 200[ Enﬂx't | ]
ST e ' Big |
g 150 :_. — — non-reso ]
=70 BW=|Agy |2
~ 100}
u C ‘ A
§ sof | i
1] e S :
llllllllllllllllllll‘ll(Illll;‘:"l‘l-‘(‘;llllll Cutytbotoddnbetddidmbbdlobdbnticldi B ———
272752828529295 3 3.053.1 :_ ]
M(KsKn) GeV/c? W g destructive
interference

peak




Z(4430) is an example of A, . >>BW

K*(892) and K*2(1430) veto

45
40
35
30
25
20
15
10

IIIIIIIIlllllllllllllllllIIII|II[IIIII]lIIII

e a¥a
23K
O PRI PR

M = 44857 MeV
['=2007"% MeV

interference
is included With Z(4430)

Without Z

R X80 Sl | PSR R
(R RO 1650 | RIRRRSIAEKEKAN
Mé\p’

(X
X
PRI 1S

peak of the BW amplitude is here

% Xt [N rf
X1 M
oD (IR FE |
1 2 38 4.05 43 455
M(r*y') (GeV)
), GeV9c

| This peak is just the
1 lower half of the BW,

| that is why the 15t Belle
Sl | paper gota lower mass
\l and narrower width:

M =443314 12 MeV
[=4577"" MeV



Z(4430) confirmed by LHCb

E_ =8 TeV pp collisions: pp - B+ X

C

B>K*m example
LHCb Event Display

9.10. 2011 14:07:51

Run 103180 Event 1878017019 bld 2718

. Bs—>Ds example * \Very large cross section in forward
N region in pp collision.

e« ~2K B mesons /fbl wrt ete B-factories

(ep]

* Flight length of bottom and charm
hadrons ~5-10xG,,,,

~

LHCb Preliminary

EVT: 49700980
RUN: 70684

]\[‘\H‘H\MH‘IH‘\H‘\Hl\\l
2 4 6 3 10 1% “

nnnnnnnnnn

/‘*H I
ﬂb




LHCb 4-dim analysis of B> K™y’

B=> Kt W’ 4-dim amplitude analysis

lOOOr— | Z included
. LHCb

Z excluded —

>13.90 JP 1_|_

M =4475+ 77 MeV
['=172+13%, MeV

Ol @leasaztiasz ety '"" Good agreement with Belle,

2 TGeV2 with smaller errors
R. Aaij et al LHCb: PRL 112 222002 My, [GeV~] ( )

Bf (B" —Z(4430) K*) X Bf (Z(4430)” »my)=(34,)x107



What is the Z(4430)?

Kinematic effect due . tetraquark formed with a
to D*D rescattering? D*(25)D molecule? radially excited diquark

DO
. v(28) “bad” diquark
D° N
B n* Ve
D C
sJ K

D*(2620) A
L\ “good” diquark

S
\ o®
A
\

C

\

one of the diquarks is
is in an n =2, radially
excited state.




Rescattering process?

“Conventional” D,,=Cs resonance el
— —
decaying to DK, can produce a )
nb

peak in the Y’nt* invariant mass. _
The phase motion of the D, BW <
resonance amplitude produces fgn
(opposite) phase motion in the
J’'mt* system.

Pakhlov &Uglov, PLB 183 (2015)

N/10 MeV/c?

8

8
I

3
I

]
I

=]
)
I

E a)

T I I

L1l

w
o [T TT TT T [ TTT TTT

2 44
M((DD )3)

46

438
GeVl/c™




phase motion reported by LHCb

Model-ind. Argand plot

| BW resonant phase moﬁon |
_0.6 1 1 1 I 1 1 1 I 1 1 1 i 1 1 1 l 1

0.6 04 0.2 0 0.2
Re AZ

BW-like counter-clockwise phase motion
is clearly established

s
()
(e

-
o
LI B B B IR B B B

, arbitrary uni

<

Im(A.)

-10

rescattering process
predicts clockwise

phase motion

#1946

IR ‘\L‘ f'?.'].l ...... . ,'f"f ......

1 I 1 1

| | | [ | | | l 1

€20 63

b)

|

-10 0 10
Re(A,), arbitrary units

20

Pakhlov &Uglov, PLB 183 (2015)



D*(2S), radially excited D*?

BaBar: Phys. Rev. D82, 111101

. o . '.
T ‘. feu
PO | MR TIPPrGLLT O

2.4 25 2.6 2.7

M(D*n) GeV

binding energy: m, +M

2.8

D*(2620)

°°6‘9
S g

\ -—

%
D*(2620) )

™

M =20x30 MeV

7(4430)



Z(4430)->my’ favored over 1l/y

Bf (B =»K'Z,, )X Bf (Z,,, »>7 W)= (44 £1.7)x107
Bf (B =K "Z,,,)X Bf (Zy —> 7 J W) = (54710 05) X107

Bf (Zys 27 Y)

~

Bf (Z,,, =7 J/y)




Z(4430) = radial excitation of Z_(3900)?

B(Z:(4430)" — v(2S)7F)

10

B(Z.(4430)F — J/im+)

Radial Wave Functions

y(1S)

wh

y(2S)
node

E Mt Tk

The cc part of the wave function of the Z(4430) likely has a
node = a radial excitation of the ground state: the Z (3900)?

M(Z.(4430))-M(Z_(3900)) = 589 + 30 MeV
My’ ) - M(J/y) = 589 MeV



MASS [GeV/c?]

The Y(4260)

4.4 [ ne(41S0)
Xc2(3%P2)

Xer(3P1)

42 Xc0(3%Po)
[l2eDy) |
3,
40 | [naisg | 4ES) |
-Xc2(23P2)
8 Xco(2°Po)
38 [wasDy)]
2Mp
W@s) |
c'(21S
36 L Ne’(21So)
c2(13P;
he(1P3) NTESR Xe2(15Pz)
34 L TC+TC_ Xco(13Po)
3.2 - ‘ established cc states |
m ‘ predicted, undiscovered |
30 - [ntsa]
0—+ 1 —_ 1 +— 0++ 1 ++ 2++

JrPc



The Y(4260)

--discovered at Babar--

BaBar detector

Electromagnetic Calorimeter
6580 CsI crystals o ar o Ty

Instrumented Flux Return

19 layers of RPCs (LSTs)
i and K_ID

e+ ID, = and 7 reco

Cherenkov Detector
(DIRC) [

144 quartz bars ..

K,z separationg

| Drift Chamber
40 layers
.| Tracking + dE/dx

Silicon Vertex
Tracker
5 layers of double
sided silicon strips




found by BaBar in ete” =2 YgrTT T J/YP

-2
10 % T 1 | T T =
s ; e yISR
0 $(28) + o .
10 -4 - ch T
+A- -
clete 2> hadronsl : s | L N\
=407 L e, e v
é_ -’,,&’ . ﬂ =
S - il A
6 Py 1
10 = 3
= oo,
7 E ey, V4 X
10 | - AN
2 S
10 -8 [ | | L1 11 | | | | | L1 1 | | | | | | L4 11 ‘ ‘b_\
2



found by BaBar in e*e” = YigrTT T J/YP

-2
10" — _ )
3 F e Yisr
4+ X, ——m
) 170 L
c(e*e” > hadrons) §
E 10 N :_ e ~§\W
L . i
0" | ‘ AN
5 N
4 g/ | -44%\‘/ \\‘ _
120‘_\b\“'|"'|'“\“‘\"'|"'\ww 4 '.\\*1;
S ot ® BaBar PRD86, 051102 | _ . . . .. .1 ]
S T 10
2 50 E.. (GeV)
G(e+e_ - TT+TT'J/L|J)? . cm
'L 60—
% 40

_ (=]
I
|

D
(=]
T /1L 3
e —

PR A BT RS AR R RARTANNY
3.8 4 4.2 44 4.6 48 5 5.2 54

M(TTr T J/QP) (GeV)




found by BaBar in e*e” = YigrTT T J/YP

-2
10

10

o(e*e > hadrons) "°

=]
T[T T[T

8

- Jyn'm)(p

c(ete 2 T J/YP)

W 60

o(e'e

fr—

BaBar PRD86, 051102 -

T T T TN

ARTARNE

e b T Py I
42 44 46 48 5

52 54

M(TTr T J/QP) (GeV)

Xinchou Lou

Shuwei Ye



What is the Y(4260)?

MASS [GeV/c?]

4.4 [ ne(41S0)

Xc2(3%P2)

(31P1) Xc1(33P+)
42 - Xc0(3%Po)
3!
40 e
-Xc2(23P2)
- 23P,
3.8 IW
2Mp
P’(2°S4)
'(21S;
36 | S
(15P
he(11P1) Xer(13P4) Xe21°P2)
34 |- Xeo(13Po)
3.2 - ‘ established cc states |
Jp(1381) ‘ predicted, undiscovered |

30 - [asy]

e YISR
/n
ch B (4
e* \q}

prod. mode ensures JP¢=1"-

all the JP€ = 1--charmonium
states below M=4500 MeV
have already been assigned



Y(4260) > ' J/L|J confirmed by Belle

[ b N T -

80; . Vi -

Eeo ”| e
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: E “H” | | H} h i i *+H+++H+++ + ++*+++ Wﬂl



Y (4260) - m*mrJ/p confirmed by Belle

no sign of Y(4260) > D)D)

Y(4260) peak in o (Tttn)/y)

occurs at a dip in g(DUIDM)

I'(mctrt™)/y) is large, but

should be OZ| suppressed if cC

M(Y (4260)) =

! h | [(Y (4260)) =

i - }l i HH*

I 1 | I—— 1 l 1 1 1 1

—r—eeéy,SRnnJ/\p —

Belle PRL99 182004

PDG-2016:

4251 £ 9 MeV /c? —
120 + 12 MeV.

M(TT*

mJ/W) (GeV)

e*e- >hadrons

I PRL88, 101802




other resonances in ete > Y,ggrTT T Y’

BaBar: another one in iy’ (not the Y(4260)) Belle: confirms the Y(4360) & finds another @ 4660

-

BaBar

PRL98 212001 -

ualedy shdaasnmfp OO LA AR > I F—3 3
\ 3°r T i e ik N S - 11 FVymmppyprrecaT—-rreee
e\ T ! O

S 5 5.5 5.5
\ M(TTe/ ) (GeV/e)

5
M(rttre/Y’) (Gev/c?)
M (Y (4360)) = 4346 + 6 MeV/c?

12

———
+A- +rr11y’
efe >y, Uy

S5

] _ ) L] L) _ } L] L) L] L] i
e'e Y T .
*- Belle -

-
0))

10— PRL 99 142002

Events / 50MeV/c”

]
=
N
N
(o))
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SWaew
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| 1 I | I l I

Entries/25_LMeV/c2
o
1" 0 '8 "1 I | ] | R I ] I T 1

o
T T T T I T T T T

A

M (Y (4660)) = 4643 + 9 MeV/c?
PDG-2016:

PDG-2016:
(Y (4360)) = 102 + 12 MeV. (Y (4660)) = 72 + 11 MeV.



Is there a b-quark version of Y(4260)?

» e*e- = hadrons
10 E | I} [ II | T | 1} T T | | | I T T ?
-3 E 1 J/'l’ E
0¥ $(2S) . .
’ f o ¢ *’p ‘ 4 f
= . % ﬁ?;'s\' ' ; ,: §
>
=
[oY
k
* |
D il GeV
L HH iy i e JIRI (GeV)

4 4.5 5 5.5



Is there a b-quark version of Y(4260)?

vvvvvvvv

) n €Y (43), where

. # B factories run.

> | 53/10860 ]

£l [l 020

e*e" = hadrons /]'f -BB 'LU‘ . qu'

107 ¢ O ’}y *.r %Y ?

+

w

E | 1 L I I | 1 T T
- w ¢
i J é _
3 b /v £? BB CLEO 85’ PRL 1
10 E v(2S) | R a4 o4 T F
= . Py Y 10.5 0.7 10.9 "
-4 ; ."iﬁ . p ~_ CENTER OFfF MAZSS ENER_E GeV)
5 ) ; Q;Til.;\' A ; ¢ 3




Is there a b-quark version of Y(4260)?

11111111

ete 2> Y(19S)
~J

" e*e- = hadrons o E
10 E I LI lel I T I L ||
-3 E ¢ J/d} y- =1
10 ¥(25) e ,7;
= , T 10.5 0.7 10.9 n
4 detp P CENTER OF MasS ENERGY(Gev)
- F g |, L : -
> —
S~ N 3
) ]
IQ e}
+
3 |
Dot GeV
% 0Ff “H} ” * *# HH Hi* +*+ *+H+++ # +*++++ +***#1 ( )
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Yes

0.50
045} @
0.40 -
035
030

R, = oftB)/ %)

025

e*e>B(*)B(*)(p))

020

PR Y

"

/ o°l1u]
g

e
3
|

ofY(nS)xq

§
b

# oo ,” e*e>TTY(ns)

108 10.85 109 10.95 11
Js (GeV)

PRD82,091106(2010)

11.0

Tt Y (nS) rates are 100’s of times larger
than bottomonium expectations



10.8

10.6

—_
o
SN

MASS [GeV/c?]
S
N

10.0

9.8

9.6

9.4

+ Belle PRL 108, 122001 (2012)

“Y(5S)” én'ZbL 5 12ram

|9n+Y (1,2,3S)

— | Nb(21So)

Y(13D1
TTH

Y(23S7)

~410,610 MeV
~ 110,660 MeV

Xo1(29P1) | X02(2°P2) "

%0(2%Po)

\

hb(11P1) Xb1(13P1) @l

Xbo(13Po)

- - _:
‘ established bb states | 1) ]
Y(13S1) = =
‘ recently found bb states | .
R [ chagedthstaes | E
0—+ 1 — 1 +— 0++ 1 ++ 2++ 1?)9;:? 103 = o ] 0.1:5 :1:.7 T (_).8
Jpo MY (nS)tt) 0



Events / 5 MeV/c?

Observation of h (1P,2P) at Belle

ete > Y (55) =2 hb(nP)@<— reconstructed, use M (T'TC) =V(peye = Pran)?

x 103

1400 -

1200 -

1000 -

Events / 1 MeV/c®

800 -

( 600
a0000 | **traw distribution
° 9.5 575 10 1of~2§: 1(;‘52
30000 Y( IS) MM(zt*" 7)), GeV/cI
20000 residuals
10000
0

PRL108,032001(2012)

h,(1P) °

Y(2S)

(2S)-Y(1S

1

Belle arxiv:1205.6351
SM.(1P) = +0.8 + 1.1 MeV

SM,(2P) = +0.5 + 1.2 MeV

Large h,(1,2P) production rates

107

N 1
104
M,...(GeV/c?)

consistent with zero,
as expected
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10.00
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9.50

ny2s) Y25)
i 6I\/||-||:(:|-P) '_T_ ___________ —_—

- ny(15)
JPC=0"* 17—

Y(11020)
Y (10860)

TUTU

| hp(1P) Xu(1P)

Y(15)

T+ (0,1,2)"
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look at M(rth,(1P)) and M(rth,(2P))
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NO :
% 12000 1
= 10000 |

Events /10

104

Resonant structure of Y(55)->(bb)rt*n-

Y(5S) = h,(1P)m'rr

NO non-res.

L contribution
8000}

6000 F
4000 F
2000}

of
-2000}

10.5

M| h,(1P)x]

max

(SS) 9Y(1$) Tt .

Y(5S) = h,(2P) v
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= 17500F

[0} [ e
= 15000F
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=~ 12500F
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5000F |

2500 F

=2

7500

(Events/10 MeV/c?)
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M(Y(1S)T), .., (GeV/c?)

10.5

M| h,(2P) x ]

max

Y(SS) QY(ZS)T[ T[

Two peaks are observed
in all modes!

Belle: PRL108, 232001 (2012)

Z,(10610) and Z,(10650)
should be multiguark states

Dalitz plot analysis

/
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Average over 5 channels

M, =10607.2+2.0 MeV
I, =18.4+2.4 MeV

Y(1S)n'
Y(2S)n'm
Y(3S)n'n

h, (1 P)n'n

M, =10652.2+1.5 MeV

T, = 11.5+2.2 MeV

h,(2P)r"

Average

M, — (Mg+M,.) = + 2.6 + 2.1 MeV

M2 - ZMB*

=+1.8%+1.7 MeV

Summary of Z, parameters

Z.(10610) Z,(10650)
T I -] I—
~ — | - -
+ | - « | -
- - -~ .
U [ G -
. . .
B TR T e T B B VB T R R T R R - R TV
AM, MeV A", MeV AM, MeV A", MeV

Z,,(10610) yield ~ Z,(10650) yield in every channel
Relative phases: 0° for Yrut and 180° for hymnt




Nevents/5 MeV/ o2

Y(5S)->B*B!")it: Signal Region

50 [ T L B BN LA H L N L —r T T .- 50 _' T [ r r r - rr [ rrrrrrrrrrrroro '_
i % S . )

.__ k BELLE __ o~ 40 :-_ BELLE _—:

40 - 7,(10610) + A Q F .
- Z,(10650) i > [ Z,(10650) ]

i 4 Q - alone ]

30 PhSp — = 30 ]
i z,(106100+ 1 i PhSp i

- PhSp - 3 20 S i
20 N . - — ]
i N z,(10610)+ 1 & i |Z>tF1(§0650)+ i

I Jo1 2,(10650)+ | > I P i

10 ~ o z 10 ~ —
0 i 4 Pa% “ AR ] 0 i 1 1 ] ! 1 ! } »... 1 1 ]

10.6 10.65 10.7 10.75 10.6 10.65 10.7 10.75
2
rM(nt), GeV/c rM(T), GeV/c2

points — right sign Bt combinations (data);

lines - fit to data with various models (times PHSP, convolved with resolution
function = Gaussian with c=6MeV).

hatched histogram — background component

B*B*mr signal is well fit to just Z,(10650) signal alone

BB*nt data fits (almost) equally well to a sum of Z,(10610) and Z,(10650) or

to a sum of Z,(10610) and non-resonant.
111

-



Y(55)=>B "B!")it: Results

Branching fractions of Y(10680) decays (including neutral modes):
BB < 0.60% (90%CL)

BB*t =4.25+0.44 + 0.69%

B*B*m=2.12+0.29 £+ 0.36%

Assuming Z, decays are saturated by the already observed Y(nS)m, h,(mP)r and B(*)B*
channels, one can calculate complete table of relative branching fractions:

Channel Fraction, %

Z(10610) Z,(10650)

T(15)rt 0.32 4+ 0.09 0.24 + 0.07
T(2S)rt 4.38 +1.21 2.40 + 0.63
Y(3S)rt 2.15 4+ 0.56 1.64 + 0.40
hy(1P)mt 2.81 +1.10 7.43 +2.70
hy(2P)m ™t 4.34 +2.07 14.8 + 6.22
BtB* + BOp*t 86.0 + 3.6 —

B*t B*0 — 73.4+7.0

B(*)B* channels dominate Z, decays ! 112



B-B* & B*-B* molecules??

Z,(106010)* %‘\. 7, (106050)* gt—\,
Y

k? — k-/[ é_\

4

~\.

B

_R¥ « ” —
B-B* “molecule B*-B* “molecule”

™

M —(Mp+M,..) =+ 3.6 £ 1.8 MeV
Zy,(106010) (Mp+My.) MZb(106010) —2Mg. =+ 3.1 £ 1.8 MeV

Slightly unbound threshold resonances??

Amplitude analyses: both states have JP = 1*




Z,, &Z, “smokingguns” for
non-gqq mesons

»>decays to Y(nS) & h,(nP) & must contain bb pair

»electrically charged & must contain ud pair



Are there c-quark versions of Z,’s

10

O [mb]

§|||||||

Y(4260) discovered
I I L , \

Is there a b-quark equivalent?

|

Yes, & it decays to Z, states

¥(29)

Are there c-quark versions of Z,'s?

II’

10



run BEPCII/BESIII as a Y(4260) factory
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ete > /Y Iy Sy
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M?(*r) (GeV/c?)?
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ete” =2 it J/P “Dalitz plot”
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M?(*r) (GeV/c?)?

Events / 0.02 GeV/c?
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M?(*r) (GeV/c?)?

Events / 0.02 GeV/c?

ete” =2 it J/P “Dalitz plot”
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Events / 0.02 GeV/c?
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Z.(3900) also seen by Belle

Significance

>5.20
60F
50
40
30
20
10

Events / 0.02 GeV/c?

II[IIlIJIIIII]IIIIIIIIII\II

+ data
— Fit
— Background

===: PHSP MC

Mass = (3894.5 + 6.6 £ 4.5) MeV
.{. Width = (63 £ 24 + 26) MeV
Fraction = (29.0 £ 8.9)% (stat. err. only)

O -

1 1 | 1 1 1 1 1 1 -
3.8 3.9 4 41 4.2
M, ax (/) (GeV/c?)

Belle: PRL 110, 252002



MASS [GeV/c?]
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Y(4260)>1Z (3900)*
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> DD*
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BESIII PRL 112, 022001 (last month)
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[E e |
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Mass = (3883.9 £1.5 +4.2) MeV
Width = (24.8 £3.3 £11.0) MeV
DD*/rmdhy=6.2+1.1+27



J¥ of the Z_(3900)?

. JPe=?? initial state: J;]Z> = l;il> P=-1
20
e % = e- . : ; dN
final state: | P | Z, L’Lz> S’Sz> /d lcosf |
Jpe O?t- O Ot forbidden by Parity S
o |0 L;£1)0;0) o< sin> 6
o |1t 0;0){1;+1) flat
0 |1 |[LEDL0)=[L0)1+]) | o 1+cos’@
0.5
- 045 BESIII data
o 04 1P=1-
=, 0.35
c_cts 002;2 g The data clearly
2 0.2 establish JP=1*
O 0.15
© 01
Ll 005 PP=0

0O 01 02 0.3 04 05 0.6 0.7 0.8 0.9
lcos 6,



Are there others?



Study Y(4260)—>m*t h_ decays

4.4_@@_ } IC

| Y(4360) | @3]
Y(4260) | he(3'P1) Xe1(3°P4) 16 c h anne | S

4.2

| X(4160) | w(23h) |

3.8
2Mp

8

% 4.0 || ne(3'So) -

O, X(3940) Xc2(23P2)
MDHMD oo s K(BEFRY |-

7))

7))

<

=

3.6

Xc2(13P2)

Xe1(13P1)

3.4 Xco(13Po)

established cc states

3.2
predicted, undiscovered

neutral XYZ mesons

3.0

O+ 1++ 2++



detecting h. charmonium states at BESIII

e'e” > 7t+7r_hc
S

I% hadrons <16 exclusive channels

150l b) + e*e> mre(yn,) BESIII

S -
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8 ho>vyn,

~ 100
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S -

£ so-

%] |

>

=

|

PR TR N IS TN TR WA AN TN SR SR N ST SR S RN S S’ L
P48 350 352 354 356 358 3.60
350 352 354 356 . :
Mrl(GeV/e) M, (GeV/e?)



detecting h. charmonium states at BESIII

ee — 7t+7t_hc
S,

I% hadrons <16 exclusive channels

CLEO 2005 (zo evts)

BESIII 2013 (1600 evts)

3.20
50 L e e
: ' 1502 + e‘e>m'myn)  BESII
do B f
X 40 % s
N Q o c vnc
5 305 s S S DT S » o 100
) g -
S 3.00 PR =
¥ SO
55295 20 @ r
s E 50
\ . @ L
g : 10 M
= { cLEOII .
0 48 350 352 354 356 358 3.60
~ i . 352 354 356 358  3.60
%! Signa | M (GeV/e?) M, (GeV/c?)
C d.—_
@
>
w

0
3.40 3.46 3.52
M(=° recoil) (GeV)



Y(4260)>1*m h_ Dalitz plot

sharp peak, but at M(nh,) = 4020 MeV, not near ~3900 MeV

N
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MASS [GeV/c?]
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neutral XYZ mesons

hadfons

O++ 1++ 2++

Ls>Th,

120 no significant signal for Z(390Q)*>r*h_
50
100 40
S0 30

20 flLowgars
60

Events/(0.005 GeV/c?)

38 39 40 41

40 5
Mn+hc(GeV/c )

-
.
-
‘.
.

TET T

20
BESIII PRL 111, 242001
0 i ® g T rg'ﬂxmﬂ"z:ll-.--.--------l
3.95 4.00 4.05 4.10 4.15 4.20 4.25

M(m*h,)

5.6 + 2.8 MeV above D*9D*- thresh.
\ = 4017.3 +0.3 MeV

. Mass = (4022.9 +0.8 +2.7) MeV
Fit results: width = (7.9 2.7 +2.6) MeV
fraction = 0.18 £ 0.07



Observation of Z_(4020)>D*D*

Y(4260)— n*D*D*

/ >57Z'

only detect bachelor t* and one D (or D) —

~~

« :a) - 80 'b)  4—data —-Z(4025)
2 | BESII | ™ 70f — totar
% 400 NQ 705— total fit
> | > 60}
300 + E 50|
:200: QN 402
)] I - -
c | o %
; S 20f
IJ>J 100 L%J 10;

2.05 2.1 2.15 2.2 402 404 4.06 408
I\/lrecoiI(D-I-Tc-) (GEV/ CZ) M(D*D*) (GeV/c?)



Events / 0.01 GeV/c?

/. states seen at BESII|

Z.(3900)
Y(4260)> i) /v

100 | BESIIL: PRL o
B 110, 252001 ---- Background fit
80~ --=- PHSP MC
ol + [ sideband
40+ Tt
F i
20y e ‘+
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Charged Upsilon-like
structure

Z, are very close to ﬁB*,
B*B* threshold

[GJPO=1+ 1+ O

Observed both in the
hidden-bottom modes:

Y (18S,28,3S), © hy (1P,2P)
and open-bottom modes:
BB" B*B*

B(*)B* dominate Z;, decays
with the branching ratio
86% and 73%

Bottomonium-like vs Charmoniume-like states

Charged charmonium-like
structure

Z are very close to DD"
D*D" threshold

[GJPO)=1+ 1+ O

Observed both in the hidden-
charm modes: © J/y, 7 h; and
open- -charm modes: DD*

D*D*
DD* dominates Z..(3900)
decay

(Z.(3885)—=DD"*)
D Z.(3900)—==nJ/¢)




New this year:

other Y(4260) decay modes



2

Events / 3 MeV/c?

Radiative decays? Y(4260)=2>yr'mvl/P?

Events / 0.004 GeV/c?

Events / 0.004 GeV/c

3 3
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I — Total fit ] 4
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" u‘l 1 ] AL 3/ _3872) ~0.1 <notsmallll
11 ol Bf( 4260%75 T J/l//)
o R TI] LU LTI
3.8 3.85 3.9 3.95

M) (GeV/cd) some commonality between X(3872) & Y(4260)?



Y(4260)> wy_,??

100 b) 4230
i ! P60 _ 0 43+0.13

é ! 4230 4 e Sy,
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/ '  =38+12MeV
w%cO

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

-
-
.------u-l
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T 1 III[IIIIIIIIIIIITII
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_ TR
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\'s (GeV)



Cross Sections (pb)

Y(4260)>nJ/U ?

90 ¢ 2

goE @) Juw_g33:r004 1 Bellemmly

20 3 O J[: —k— BESII(2012): 1 Jiy
- —— e o) /y

60 = iIH BESITI J/

50 *ll PRD91,112005
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20 —H J¢F 1‘ 'I' 'l']L _l_ : I

LEUR S +++ k .+++++1++
-1 B et T, 4
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etfe2>m'rrh,

250 o c'e — n'nh_ low-lum. scan data - BESIII
. - mee — 7Z'+7l'7hc high-lum. data 1610.07044
:g. 200 :_ — Fit curve: Total
= I~ -- Fit curve: Y(4220)
-8 150 — .
S — = Fit curve: Y(4390)
@ C
2 100 —
e n
=
&) - - 9@ AT
= 50— "’ .
Z - | d =
o - ST o .
5 0—s = o i%e e ! ! 1 =
C .
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39 4.0 4.1 4.2 4.3 4.4 4.5 4.6
Vs (GeV)

M, =42184+ 4 MeV/c* T'; =66+9 MeV
My = 4392+ 6 MeV/c? Ty =140+ 16 MeV



The Y(4260) is not a single BW resonance!

ocdess(e’e” s J/y) (pb)

100

80

Ea)—+— ee - ]y BESIII

1611.01317

a2 44 a6
E.. (GeV)

cdress(e’e »ntnJ/y) (pb)

150

100

50

:b)—+— e+e__)n'+n'_]/1// BES”l

1611.01317

energy scan data

2 BW fes. fit preferred over 1 BW res. fit by >70

M, = 4220 + 4 MeV /c?
My = 4320 4 13 MeV /c?

Fl =44 + 5 MeV
[y = 101137 MeV



Y(4260): mass = lower & width = narrower

pre-2017 o post-2017
sok o | - | _ [a)4-cesm w | BESIII
g | m Belle | %f |
# ST I I
IIM |
% 20 { 2
ot ” H} * H*# HH *HH +*++ ++HH+ ++++ +++++ ++*+I1l 20: !
4 4 5 5 55 038 4 22 24 26
PDG-2016:  om (°¢Y) Fon (GEV)
M (Y (4260)) = 4251 + 9 MeV /2 2MV5 N1 — 4920 + 4 MeV /2
(Y (4260)) = 120 + 12 MeV. —2> T} =44 £5 MeV
Y
Y(4220) decay modes:
-l /Y
« Z,(3900)
« £,(980) J/
-t'rth,
= WXeo
-nJ/g
- YX(3872)

- nDD*



Y(4260): mass = lower & width = narrower

pre-2017 o post-2017
sok S [a) e mn sy BESII|
C i 80 !
Seok m Belle : what is the 2" peak?
= | M ] 60 L
!M\“HM L
% 20 { 2
ot ” H} * H*# HH *HH +*++ ++HH+ ++++ +++++ ++*+I1l 20: !
4 4 5 5 55 038 4 22 24 26
PDG-2016:  om (°¢Y) Fon (GEV)
M (Y (4260)) = 4251 + 9 MeV /2 2MV5 N1 — 4920 + 4 MeV /2
(Y (4260)) = 120 + 12 MeV. —2> T} =44 £5 MeV
Y
Y(4220) decay modes:
-l /Y
« 1Z,(3900)
+ £,(980) J/Y
-t'rth,
= WXco
-n/y
- vX(3872)

- nDD*



Y(4260): mass = lower & width = narrower

100

post-2017

80|

60

40

20

:a)—+— e > J/y

*”4 o

BESIII

/

Y(4360)??

s

pre-2017
oy
Zon )i -
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O :’HWWH} |{ Hh{ *HH i m **“**+ ! ++++++
PDG-2016:  Een (@Y

M(Y (4260)) = 4251 + 9 MeV /2 3LMeVy

/s

3.8 4

1 ! 1 1
4.2 44 4.6

E.n (GeV)

M, = 4220 + 4 MeV /c?

(Y (4260)) = 120 +12 MeV. —2-> Ty = 44 +5 MeV

1

Y(4220) decay modes:

-l /Y
« Z,(3900)

+ £,(980) J/

-t'rth,

- WXeo
-nd/b

- yX(3872)
-niDD*

10

O

what is the 2" peak?

b)

—r————
e"e'-)yisrn“n‘lp) .

) ]

H Belle —

PRL 99 142002

4.5

M, = 4320 + 13 MeV /c?2M=18% £7(y(4360)) = 4346 + 6 MeV/c?

Iy = 101727 MeV
\

spotorr  1'(Y(4360)) =

102 £ 12 MeV.
J

!

Y(4320) decay modes:
- )/
-y’



What is the Y(4260)?



some proposed models

"¢?
A actually:

DD,(2420) molecule g C Y (4260)= %[D51(2420)1D1(2420)5]
D, (2420) 97,

QCD cc-gluon hybrid c'ﬁﬂﬁ’f:f;;; |

QCD diquark-diantiquark &1
“tetra-quark” %E

“hadrocharmonium” éj




Models for the Y(4260) |

Molecule?

Ding PRD 79, 014001 DO

=)
€
+

(=]
S

Wang, Hanhart & Zhao PRL 111, 132002
\\@‘.-

\ —-—

C

Cleven, Wang, Guo, Hanhart, Meissner & Zhao PRD 90, 074039

D,(2420) gy

\//

D,(2420) JP=1*

M=2421.4 + 0.6 MeV
['=27.4+2.5 MeV ~66 MeV

Decay: D,(2420)>D*xn
Y(4260) “B.E” =~ 66 MeV

X
pre-2017: BE*35 MeV




Models for the Y(4260) I

cc-gluon hybrid?
CHYY Y ¥

Zhu PLB 625, 212

Close & Page PLB 628, 215
Kou & Pene PLB 631, 164 /_,.f"'}bﬂei
hybrid | rsmomosoned
=1 !
F; Wy VG

2012 LQCD calc. (m, =400 MeV):

“Lowest 1"~ cc-gluon hybrid: M=4285 + 14 MeV”

pre-2017: too high by ~35 MeV
post-2017: too high by ~65 MeV

Had. Spectr. Collab. JHEPO7, 126

D,(2400)  JP=0*

very W’

hard to se€

M=2318 + 29 MeV
['=267 + 40 MeV

Decay: Dy(2400)->Dn
Y(4260) “B.E” =~ 100 MeV
LN




Models for the Y(4260) Il

QCD tetraquark?

Maiani et al. PRD 89, 114010

L=1 excitation of the X(3872):

X(3872): AM:@;leeV > Y(4260):

S=1 “bad” diquark S=1 ‘bad” diquark gluons
\ 8luons =1
=0\
\
C C

S=0 ‘good” diquark S=0 ‘good” diquark

- naturally accounts for
large Y(4260)>yX(3872)
as an allowed E1 transition

- 350 MeV is a typical mass
“penalty” for AL=1:

6M

(MeV)
D,(2420) D*(2010) 410
D,,(2460) D,(2110) 350

h(3525) I/ 430



Models for the Y(4260) IV

Hadrocharmonium?

Dubynskiy & Voloshin, PLB 666, 344
Li & Voloshin, Mod. Phys. Lett. A29, 1450060

color-singlet charmonium core
(for Y(4260) this a J/ + h_ mixture)

surrounding color-singlet cloud
of light quarks & gluons ~—

charmonium core & light-quark gluon cloud are coupled
via Van-der-Waals—like color field forces

Y(4260) > J/ (or h )+ light-hadrons decays should be dominant,
--- decays to other charmonium states are suppressed



Testing Y(4260) models against data

- DD,(2420) molecule:
expect a strong Y(4260) affinity for DD,(2420)-like final states

- cc-gluon hybrid:
expect a strong Y(4260) affinity for D*D,(2400)-like final states

- QCD tetraquark models:

expect partner states, including charged partners (likewise for the X(3872))

% @1_ s g@e g@ Y*(1=1;1 =+1)
¥ @ 9

\/_/ Q
+: YO(1Z1;1,=0)
1 YO(1=0;1.=0)

- hadrocharmonium model:

Y-(1=1;1,=-1)

expect Bf(Y(4260)>mm J/P) >> Bf(Y(4260)>w X o)



e*te>nDD* @ E_, =4260 MeV Dalitz plot
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Dalitz plot barely 5
* Data

grazes the low-mass 5 6
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e*te>nDD* @ E_, =4260 MeV Dalitz plot

2
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the top edge of the
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tail of the D1(2420)
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e*te>nDD* @ E_, =4260 MeV Dalitz plot

MZ \
D1(2420) - | . — = /
the top edge of the 5.8 D1(2420)D (9D D)

Dalitz plot barely * EZC(39OO) (QD*D)

grazes the low-mass 5 6
tail of the D,(2420)
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4.6

P
AR R RN R e e
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M2(D°D*)



5.8

What is needed

5.75
5.7
I;;5.65
A 5.6

=
=555
5.5

5.45

54 T |

14.914.95 15 15.05 15.115.1515.215

M?(D°D*)

Huge sample of Y= niDD* evts
Good mass resolution
Nearly uniform efficiency

Low backgrounds




What is needed

58 MDlz
5.75
o5.7

—~5.65

5.6
g
=555

D*m

9.5

5.45

0.4

RV ow backgrounds

15 15.0515.115.1515.2

M?(D°D*)



Partner states?

P VY

<Y (=L1,=-1) +YO(I=1;1, YVi(I=L;l,=41) >

I=1, 1 states have not been seen @(TO | _0)
—need to look at mJ/ or my’— 4260)?

Bo>Kn'nJ/y B—K* n°n’J |y

PRD 84 052004

3.84 3.86 3.88 39 3.92

M(ﬂ? T J/l//) ) M 7T /y)

(same for X(3872). BaBar & Belle searches
for B>K'XY"; "X pt* J/ found nothing):




Bf(Y(4260)>1u/U) vs Bf(Y(4260)>wy, o)

+ — + - o
ee ->nmwJ
N /v e'e sy
100 ;
) a)—+—ee —n'n ]y -b) 42?05
e ______ resssss 80 [
~ 80 ¥
2t 60
= i -
R 60 , 40
B [ Y(4260)>n'nJ/y ¥ | -
T - -
o 40F 1 20¢
- -
o 0 ! oF
)] n -
8 20 [~ w S I~ mass threshold
£ [ et SR 20
© | i i
0 | IEPEEPEEPE B P _42 PP B PR [ IR B R B
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Bf (Y (4260)—>m'm J /y)=Bf (Y (4260)— wy ) < within a factor of ~2

Bf (Y (4260) > T 7= 4260) - wy ) < not the case



What is the Y(4260)?

The Y(4260) mass is lower and width narrower than previously thought
“Y(4260)” > Y(4220)?
If it is a DD, (2420) molecule:

B.E. = 66 MeV <€too large??
“affinity” to DD,(2420) should be high

If it is a cc-gluon hybrid:
its mass is ¥65 MeV below current (m =400 MeV) LQCD predictions € not so bad?
“affinity” to DD,(2400) should be high

If it is a QCD diquark—diantiquark tetraquark:
it should have Isospin- & SU(3)-multiplet partner states <€ not seen

If it is hadrocharmonium:
decays to non-J/Y(h.) charmonium states should be suppressed < they aren't

BESIII is well suited to further investigate this intriguing puzzle<— a "Y(4260)" factory



Big job/opportunity for BESIII



Summary

The study of the spectrum of hadrons has taught us lots of physics

-- discovery of flavor

-- prediction of quarks

-- etc.
After 70 years of research, the hadron spectrum is not well understood
There are many interesting puzzles, with new ones appearing every year

We need a major breakthrough or a new revolutionary idea

The BESIII experiment is well suited to make such a major breakthrough



Thank you for your attention and
interesting questions & comments




