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Main Suppliers of ExoticsMain Suppliers of Exotics

Ecms = 9.46…11.02 GeVEcms = 2.0…4.6 GeV
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Recently,Recently, PDGPDG switchedswitched toto aa notationnotation schemescheme commoncommon forfor allall newnew statesstates:: X(NNNN),X(NNNN), wherewhere NNNNNNNN isis aa

IntroductionIntroduction
resonanceresonance massmass inin MeVMeV..

InIn thisthis talktalk I’llI’ll stickstick toto anan originaloriginal schemescheme asas itit (to(to somesome extent)extent) reflectsreflects productionproduction mechanismmechanism forfor aa
particularparticular resonanceresonance..

Y states (JPC=1‐‐) Z states (charged) X states (all the rest)
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X StatesX States
X(3872) X(3915)X(3872), X(3915) …

Observed in B decays and (suggestively) in decays of Y type statesObse ed decays a d (suggest e y) decays o type states



X(3872)→J/X(3872)→J/ψψππ++ππ--

Belle’s most cited paper: ~1300
10σ

MX close to D0D*0 threshold M = 3871.68 ± 0.17 MeV
(not clear below or above: Δm = – 0.16 ± 0.32 MeV)

Belle s most cited paper:  1300
first observed by Belle in B→K J/ψπ+π– PRL91, 262001 (2003)

(not clear below or above: Δm   0.16 ± 0.32 MeV)

surprisingly narrow:  Γtot< 1.2 MeV at 90% CL
M(J/ψππ)

PRD73, 011101 (2006)PRL93, 072001 (2004) PRL93, 162002 (2004)

X(3872)→J/ψγ:     C‐even
Angular analysis:
Belle 2006: JPC = 1++ or ≥2
CDF 2008: JPC = 1++ or 2–+

JHEP 04, 154 (2013)

CDF 2008: J  1 or 2
Belle 2011: JPC = 1++ or 2–+

EPJ C72 1972 (2012)
LHCb 2013:  JPC = 1++
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X(3872)→J/ψρ & X(3872)→J/ψω is seen:  isospin violation
PRD 77 011102(2008)

X(3872): Other Decay ModesX(3872): Other Decay Modes

B(X(3872) → J/ψω)/B(X(3872) → J/ψππ)=0.8±0.3

Radiative decays: Belle&Babar good agreement for X →J/ψγ;
not consistent for X →ψ(2S)γ. 

PRD 77, 011102(2008)

LHCb confirms BaBar’s not vanishing X →ψ(2S)γ.

X(3872) → DD* ‐ dominant mode: 
B(X(3872) →D0D*0)/B(X(3872) → J/ψππ)=8.92±2.42

_
_

PRD 81, 031103(2010)

JHEP 1506, 132(2015)

X(3872) → ηc ππ/ω no signal found

PRD 91, 051101(2015)

B→X(3872)Kπ non‐resonant Kπ dominates! 
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X(3872): Other Production MechanismsX(3872): Other Production Mechanisms
BESIII h X(3872) i ld f i f E

PRL 112, 092001(2014)

BESIII measures the X(3872) yield as a function of Ecms:
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X(3872) & AlikeX(3872) & Alike
Are there other X‐like particles near D(*)D(*) thresholds? 

JHEP 1506, 132 (2015)

No signal is observed in any of the studied
decay channels The upper limits on theirdecay channels. The upper limits on their
production are set at 90% C.L.
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X(3915) [aka Y(3940)]X(3915) [aka Y(3940)]
Observed in B decays and in Observed in B decays and in γγγγ

Mass, MeV Width, MeV

B→ YK(Belle)
B → YK(BaBar)

3943 ± 11 ± 13
3914.6 ± 2 ± 1.9 

87 ± 22 ± 26
34 +12–8  ±6

yy γγγγ

fit without a resonance

PRL 104, 092001 (2010)

γγ → Y(Belle)
γγ → Y(BaBar)

3915 ± 3 ± 2
3919.6 ± 2.2 ± 1.6 

17 ± 10 ± 3
13 ± 6 ± 3

Γγγ Br (J=0) Γγγ Br (J=2)
M(ωJ/ψ)

γγ γγ

Belle
BaBar

61 ± 17 ± 8
52 ± 10 ± 3

18 ± 5 ± 2
10.5 ± 1.9 ± 0.6

arXiv 1207.2651

angang. analysis . analysis 

B±→XK±

PRL 94, 182002 (2005) PRL 101, 082001 (2008) prefers Jprefers JPP=0=0++

B0→XK0S

8.1σ
Not observed in DD(*) final stateNot observed in DD(*) final state
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Y StatesY States
Y(4260) Y(4360) Y(4660)Y(4260), Y(4360), Y(4660)…

Observed in the e+e- annihilation (with ISR)Observed in the e e annihilation (with ISR)



Studies with ISR: Studies with ISR: Y(4260)Y(4260)
PRL 95 212001 (2007)PRL 95 212001 (2007)

PRD 74, 091104 (2006)PRD 74, 091104 (2006)

PRD  86 ,051102 (2012)PRD  86 ,051102 (2012)

PRL  95, 212001 (2007)PRL  95, 212001 (2007)

PRL 107, 041803 (2011)PRL 107, 041803 (2011)

PRL 99 182004 (2007)PRL 99 182004 (2007)PRL   99, 182004 (2007)PRL   99, 182004 (2007)

PRL 110, 252002 (2013)PRL 110, 252002 (2013)

Y(4008)?Y(4008)?
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Studies with ISR: Y(4360) & Y(4660)Studies with ISR: Y(4360) & Y(4660)
PRL   99, 142002 (2007)PRL   99, 142002 (2007)

PRL 98, 091104 (2006)PRL 98, 091104 (2006) PRD  89, 111103 (2014)PRD  89, 111103 (2014)

Belle update of the 2007 analysis PRD 91 112007 (2015)PRD 91 112007 (2015)Belle update of the 2007 analysis
with extra Lumi & much improved
efficiency.

PRD  91, 112007 (2015)PRD  91, 112007 (2015)

Some excess of signal events is
observed at lower mass side.
Y(4260) ?
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Studies with ISR: Y(4360) & Y(4660)Studies with ISR: Y(4360) & Y(4660)

PRD  91, 112007 (2015)PRD  91, 112007 (2015)

None of the Y(4260), Y(4360) or Y(4660) is observed in the DNone of the Y(4260), Y(4360) or Y(4660) is observed in the D((**))DD((**)) final statefinal state
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Z StatesZ States
Zc(3900), Zc(4020), Zc(4430), Zb(10610), Zb(10650), …Zc(3900), Zc(4020), Zc(4430), Zb(10610), Zb(10650), …

Observed in B decays and in decays of Y statesObserved in B decays and in decays of Y states



) Z(4430)+ the first charged charmonium like state

ZZcc(4430)(4430)
S)
π)
, (
G
eV

2
)

???
Z(4430)+ the first charged charmonium‐like state

Charged – cannot  be conventional  charmonium or hybrid

B → KZ,  Z(4430)+ → π+ψ(2S)

M
2 (
ψ
(2
S

Fit: S‐wave BW + phase space like function

K=K–, K0s  ;  ψ(2S) →ℓ+ℓ–, π+π–J/ψ

PRL 100, 142001 (2008)

M2(Kπ), (GeV2 )
K*(890)

K*(1430)
M = (4433 ± 4 ± 2) MeV
Γ = (45+18–13+30–13) MeV 

, ( )

6.5 σBr(B→KZ) × Br(Z→ψ(2S)π) = (4.1 ± 1.0 ± 1.3)× 10–5

Could the Z(4430) be due to a reflection 
from the Kπ channel? 

S‐ P‐ & D‐waves cannot make a peak (+ 
nothing else)

M(π+ψ(2S)), GeV
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ZZcc(4430)(4430)
PRL 100 142001 (2008)

548 fb‐1

+
PRL 100, 142001 (2008)

PRD79:112001 (2009) ( )

M(ψ(2S)π+), GeV

M(ψ(2S)π+), GeV

4D‐fit by Belle: confirms Zc(4430) & JP=1+

PRL 112, 222002(2014)

(ψ( ) ),

Belle and BaBar data look very similar; 
conclusions are different:

• Belle: observation of new resonance >14σ
• BaBar: after taking into account many 
Kπ waves, the peak is not significant

>14σ
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ZZcc(3900) State(3900) State
Observed in e+e– → (γ)Y(4260)→ J/ψπ+π–Observed in e e → (γ)Y(4260) → J/ψπ π

cc
_

PRL: 110 252002 (2013)ψ PRL: 110, 252002 (2013) ψ

PLB: 727, 366 (2013) 
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ZZcc(4050)(4050)
Observed by Belle in ISR

e+e– → γY(4360) → ψ(2S)π+π– PRD  91, 112007 (2015)PRD  91, 112007 (2015)

μ+μ–J/ψπ+π–

Zc(4050)?

3.5σ
J/ψπ+π– μ+μ–
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No clear signal found in the Y(4660) region

Another ZAnother Zcc state? Need confirmationstate? Need confirmation



Exotics in Exotics in BottomoniumBottomonium SectorSector

No Xb states found so far

Mass splitting between ϒ(4S) and ϒ(5S) states is in strong disagreement with p g ( ) ( ) g g
potential model expectation

Anomalously (~factor 100) large coupling to ϒπ+π-Anomalously ( factor 100) large coupling to ϒπ π

No hbπ+π- suppression

(2)(2) An exotic An exotic resonance Yresonance Ybb near near ϒϒ(5S)(5S) ‐‐ analogue analogue of of the  the  
Y(4260Y(4260)  resonance with anomalous )  resonance with anomalous ΓΓ(J/(J/ψψ ππ++ππ--))
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(3)(3) TetraquarksTetraquarks



PRD82,091106R(2010)

Anomalous Anomalous ϒϒ(5S)(5S)→→ϒϒ(nS)(nS)ππ++ππ-- RatesRates
PRD82,091106R(2010)

ϒϒ(10860):(10860): ϒϒ(11020):(11020):
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Summary on ZSummary on Zbb → Hidden Beauty→ Hidden Beauty
h (1P) + -

ϒϒ(5S)  Belle Data: 121.4 fb(5S)  Belle Data: 121.4 fb‐‐11
PRL 108, 122001(2012)

ϒ(1S)π+π- ϒ(2S)π+π- ϒ(3S)π+π-

hb(1P)π+π-

Average for ZAverage for Zbb±±::

〈 M1 〉 = 10607.2±2.0 MeV

〈 Γ1 〉 = 18.4±2.4 MeV

hb(2P)π+π-

〈 M2 〉 = 10652.2±1.5 MeV

〈 Γ2 〉 = 11.5 ± 2.2 MeV

( ) / 2Mmiss(π), GeV/c2

ZZbb00 Results: Results: 
〈 M1 〉 = 10609±7±6 MeV
Consistent with ZConsistent with Z ±±

ϒ(2S)π0π0

Consistent with ZConsistent with Zbb±±

PRD88,052016 (2013)
21

Angular analysis strongly Angular analysis strongly 
favors favors JJPP=1=1+ +  assignementassignement



ZZbb → Open Beauty→ Open Beauty±±

BB((**))BB((**))ππ ++ BBBBγγ
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Assuming that Z decays are saturated by the ϒ(nS)π h (mP)π and B(*)B*

Summary on ZSummary on Zbb Decays by BelleDecays by Belle
Assuming that Zb decays are saturated by the ϒ(nS)π, hb(mP)π and B( )B
channels, one can calculate a table of relative branching fractions:

B(*)B* channels dominate the Zb decays
23



ZZbb Production at Production at ϒϒ(6S) (6S) ±±

ϒϒ(6S)  Data:(6S)  Data:
5 fb5 fb‐‐11

The two Zb states can not be separated with
current statistics

ϒϒ(6S) → h(6S) → hbb((mPmP))ππ++ππ-- transition is dominated transition is dominated 
(saturated) by the intermediate Z(saturated) by the intermediate Zbb±± productionproduction
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Charm vs. Beauty: ICharm vs. Beauty: I
What is in common?

• ϒ(10860)/Y(4260) demonstrates anomalously large coupling to ϒπ+π-/ψπ+π-

and hbπ+π-/hcπ+π- final states.

→ Zcπ→ DD*

Zc signal

reflection

Zc(3900) is produced in Y(4260)→Zcπ→ ψπ+π-

→ Zbπ→ BB*Zb(10610) is produced in ϒ(10860)→Zbπ→ ϒ(nS)π+π-

Zb signalreflection Zb signalreflection
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Charm vs. Beauty: IICharm vs. Beauty: II
What is different?

• Both Zb(10610) and Zb(10650)
isotriplets are observed in the ϒ(nS)π,

• Only Zc(3900) is observed in the J/ψπ
while both Zc(3900) and Zc(4020) areisotriplets are observed in the ϒ(nS)π,

(n=1,2,3) and hbπ final states.
while both Zc(3900) and Zc(4020) are
observed in the hcπ final state. None
of them is observed in the ψ(2S)π final
state (instead, another Zc(4430) isc
found).

• ϒ(10860)→hbπ+π- is saturated by the • Large non Zcπ component is
intermediate two‐body Zbπ produc‐
tion.

observed in the Y(4260)→hcπ+π-

amplitude.
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Belle II ProspectsBelle II Prospects



Other Other BottomoniumBottomonium‐‐like States @ Belle IIlike States @ Belle II
TheThe energyenergy dependencedependence ofof thethe inclusiveinclusive bbbb crosscross sectionsection inin thethe ϒ((44S)S) –– ϒ((66S)S) exhibitsexhibits veryvery differentdifferentTheThe energyenergy dependencedependence ofof thethe inclusiveinclusive bbbb crosscross sectionsection inin thethe ϒ((44S)S) –– ϒ((66S)S) exhibitsexhibits veryvery differentdifferent

behaviorbehavior comparedcompared toto exclusiveexclusive channelschannels measuredmeasured soso farfar

OneOne needsneeds toto measuremeasure energyenergy dependencedependence forfor otherother exclusiveexclusive crosscross sectionssections suchsuch asas BB((**))BB((**)),,
BB((**))BB((**))π,, BBss

((**))BBss
((**)) toto seesee howhow thethe inclusiveinclusive crosscross sectionsection isis beingbeing filledfilled

BelleBelle releasedreleased preliminarypreliminary resultsresults onon
thethe ee++ee--→→BBss

((**))BBss
((**)),, stillstill nono significantsignificant

signalsignal outsideoutside thethe resonanceresonance regionsregions……
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Other Other BottomoniumBottomonium‐‐like States @ Belle IIlike States @ Belle II

UpUp toto 4040 11//fbfb ofof datadata mightmight bebe collectedcollected byby BelleBelle IIII duringduring PhasePhase--22 (early(early 20182018)) atat variousvarious cc..mm..
energiesenergies includingincluding energyenergy rangerange ofof ϒ((66S)S) andand aboveabove

UpUp toto 300300 11//fbfb ofof datadata mightmight bebe collectedcollected byby BelleBelle IIII duringduring PhasePhase--33 (late(late 20182018 –– ……)) atat variousvarious cc..mm..
energiesenergies includingincluding energyenergy rangerange ofof ϒ((66S)S) andand aboveabove

WithWith 1010 ((5050)) 11// bb ff d td t tt ((44S)S) B llB ll IIII illill bb blbl tt ff i ii i tt ( ith( ithWithWith 1010 ((5050)) 11//abab ofof datadata atat ((44S)S) BelleBelle IIII willwill bebe ableable toto performperform precisionprecision measurementsmeasurements (with(with anan
equivalentequivalent luminosityluminosity ofof ~~..55 ((11..55)) 11//fbfb perper aa 1010MeVMeV bin)bin) ofof YY statesstates inin charmcharm sectorsector viavia ISRISR
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Other Other BottomoniumBottomonium‐‐like States @ Belle IIlike States @ Belle II
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SummarySummary
AA wholewhole newnew fieldfield ofof exoticexotic physicsphysics discovereddiscovered inin lastlast decadedecade;; newnew informationinformation isis stillstill comingcoming fromfrom

bothboth completedcompleted (Belle(Belle && BaBarBaBar)) andand currentlycurrently ongoingongoing (BESIII)(BESIII) e+ee+e-- experimentsexperiments

MuchMuch moremore datadata requiredrequired forfor aa betterbetter understandingunderstanding ((BelleIIBelleII,, BESIII)BESIII)

BelleBelle extendsextends searchessearches forfor exoticsexotics toto ϒϒ((66S)S) energyenergy StartStart ofof thethe BelleBelle IIII isis approachingapproaching

CommonCommon featuresfeatures betweenbetween charmoniumcharmonium andand bottomoniumbottomonium sectorssectors isis graduallygradually emergingemerging.. NoNo directdirect

BelleBelle extendsextends searchessearches forfor exoticsexotics toto ϒϒ((66S)S) energyenergy.. StartStart ofof thethe BelleBelle IIII isis approachingapproaching..

g yg y g gg g
identityidentity thoughthough..

NoNo clearclear understandingunderstanding ofof thethe naturenature ofof newnew statesstates yetyet SubstantialSubstantial progressprogress inin ttheoryheory achievedachievedNoNo clearclear understandingunderstanding ofof thethe naturenature ofof newnew statesstates yetyet.. SubstantialSubstantial progressprogress inin ttheoryheory achievedachieved
recentlyrecently;; moremore effortsefforts areare requiredrequired fromfrom bothboth experimentalexperimental andand theoreticaltheoretical sidessides..

InputInput fromfrom BelleBelle IIII isis crucialcrucial toto pushpush exoticexotic studiesstudies intointo bottomoniumbottomonium sectorsector.. EnergyEnergy scanscan upup toto
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pp pp gygy pp
1111..2424 GeVGeV isis readilyreadily accessibleaccessible byby thethe SuperKEKBSuperKEKB;; higherhigher energiesenergies areare underunder discussiondiscussion..



BottomoniumBottomonium‐‐like States @ Belle IIlike States @ Belle II

Input from the Belle II is critical!Input from the Belle II is critical!
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Summary on ZSummary on Zcc States by BESIIIStates by BESIII

Zc(3900)0? Zc(4020)0?
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Summary on ZSummary on Zcc States by BESIIIStates by BESIII
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ZZbb Spin & ParitySpin & Parity
B ll F ll (6D) lit d l i f thB ll F ll (6D) lit d l i f th

±±

PRD91,072003 (2015)

Belle: Full (6D) amplitude analysis of the Belle: Full (6D) amplitude analysis of the 
ϒϒ(5S) → (5S) → ZZbb±±ππ--→ → ϒϒ((nSnS))ππ++ππ--

The The ϒϒ(5S)→(5S)→ϒϒ((nSnS))ππ++ππ-- amplitude is parameterized asamplitude is parameterized as

JJPP=2=2++

JJPP=1=1++

Angular analysis strongly favors Angular analysis strongly favors JJPP=1=1+ +  assignementassignement
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Spin Structure of ZSpin Structure of Zbb
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