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Motivation

@@@

Normal baryon Normal meson
Quark model:
Hadrons are composed of 2
or 3 quarks (meson, baryon)

However QCD allows ha-
drons with Ngyarks # 2, 3.
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Exotica Candidates

[Zupanc et al. 09] ,

[Bondar et al., PRL 12],

[Liu et al., 13],

[Ablikim et al., 13]

State M (MeV) T (MeV) ]P C Decay Modes Production Modes date
= (ISR)
Y5 (2175) 217548 58426 1= ¢f$ (980) I/ — nYs(2175) 2006
n ]/,
X(3872) 38714406 <23 1++ 4]/, DD* B — KX(3872), pp 2003
Z¢(3900) 3899+ 6 46+22 1+ ni 1y Y(4260) — Z¢ (3900) 70 2013
X(3915) 391444 zsjli 02t wi/y 77 — X(3915) 2009
7(3930) 392945 29410 2+ DD 7y — Z(3940) 2009
DD* (not DD

X(3940) 3942+ 9 37417 o7+ or w] /) ete™ — J/9pX(3940) 2005
Y(3940) 3943+ 17 87434 27+ w] /1 (not DD*) B —» KY(3940)

Y(4008) wosjzg uejgg 1-- ata 1/ ete™ (ISR) 2005
X(4160) 4156 +29 1394:}’;3 07t D*D* (not DD) ete™ = J/9X(4160) 2008
Y(4260) 4264412 83+22 1= iy ete (ISR) 2005
Y(4350) 4361+ 13 74+ 18 1—— ata—y ete™ (ISR) 2007
X(4630) 4634j?1 9zj§; AFAS ete~ (ISR) 2008
Y(4660) 4664 + 12 48+15 1~ nta—y! ete™ (ISR) 2007
Z(4050) 405134 szjgé ? ity B — Kz (4050) 2008
7(4250) 4248:1?5 177j§§° ? xq B — Kz (4250) 2008
7(4430) 43345 451?2 ? nty! B — Kz (4430) 2007
7,,(10610) 10,607 £2 184+24 1T nEhy(1,2P), iy(l 2,35) Y}, /Y(55) — Z,(10610)r 2011
7,(10650)  10,652+2 1n5+22 1t 7y (1,2P), i Y(1,2,39) 1(Z/wss ) = Z,(10650) 2011
Y, (10890) 10,8903 5549 1~ 7t Y(1,2,38) S, 2008




Exotica Candidates

[Zupanc et al. 09] ,

[Bondar et al., PRL 12],

[Liu et al., 13],

[Ablikim et al., 13]

State M (MeV) T (MeV) ]P C Decay Modes Production Modes date
eTe~ (ISR)
Y5(2175) 2175+8 58426 1= ¢f$ (980) I/ — nYs(2175) 2006
7]/,
X(3872) 38714406 <23 1+ 7] /$,DD* B — KX(3872), pp 2003
Zc(3900) 3899+ 6 46422 1+ E1/y Y(4260) — Zc(3900) 2013
X(3915) 3914 +£4 28fli 0/2tt Wiy 7y = X(3915) 2009
7(3930) 392945 29410 2t+ DD 7y — Z(3940) 2009
DD* (not DD
X(3940) 3942 +9 37417 o+ or w] /) ete™ = J/pX(3940) 2005
Y(3940) 3943 + 17 87434 277+ ]/ (not DD*) B — KY(3940) 2005
Y(4008) 400833 26197 1—— ataT ete (ISR) 2005
X(4160) 4156 +29 139jé}’3 ot D*D* (not DD) ete™ — J/yX(4160) 2008
Y(4260) 4264+ 12 83422 1= wta 1y et e~ (ISR) 2005
Y(4350) 4361+13 74418 1-— ata—y ete=(ISR) 2007
X(4630) 4534j?1 924:‘;; AFA; ete™ (ISR) 2008
Y(4660) 4664 + 12 48+15 1~ ata—y! eTe™ (ISR) 2007
7(4050) 405134 szj;é ? g B — Kz (4050) 2008
7(4250) 4248t1§5 177J_r;§0 ? iy B — Kz (4250) 2008
7(4430) 443345 451?3 ? ity B — Kzt (4430) 2007
7,,(10610) 10,607 £2 184 +24 1T Iy (1,2P), i\((1 2,35) Y}, /Y(55) = Z;,(10610) 7t 2011
7;,(10650)  10,652+2 15+22 1t 7ty (1,2P), nY(1,2,35) f/Y (55) — Z,,(10650)r 2011
Y,(10890) 10,8903 5549 1 trY(1,2,38) -y, 2008




Z,,(10610)
Z,,(10650)



/thresholds \

Mg+Mg. 2mg.
Z,(10610) Z,(10650)
Y(1S)n'n
Y(2S)n'n ——
Y(3S)n'n
h,(1P)n' T E
h,(2P)n' T —
Average
1 1 | 1 1 1 1 1
10 0 10 10 0 10 10 0 10 10 0 10
AM, MeV Al', MeV AM, MeV Al', MeV

Z,(10610) M=10607.2+2.0 MeV Z,(10650) M=10652.2+1.5 MeV
Belle arXiv:1110.2251
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Tetraquark building blocks: diquarks

For heavy quarks, the spin decouples. Heavy diquark building blocks:

s=1/2

cb@.

Using these blocks, we construct the lowest-lying tetra-quarks:

Two states with JPC = 0++:
[0F+) = |0g.0g: 0)
[o++) = [10.15: 04)
Three states with J = 1:
1+7+) = 1(U 15:1 10.05; 1
| >—ﬁJQ-Q« 7y +10.05: 1))
_ 1
[1F7) = —=(|0g.15: 1)) — [10.0g: 1J))

/s

[1F77) = J1g, 15 1)



[bg][bg] Constituent Model Spectrum

11320
ApAp

10845

BB~
BB~
BB

10370

[Ali, Hambrock, Ahmed, Aslam, PLB 10] .
11257(17)
11227 (177) —— e—
1113307
o o Yb
(fixed)
7 states
,,,,,,,,,,,,,,,,, —.
——
10528 (0** 10527 (1~
10504(1*%) 0520220 ]
1038500 1038607

o+ 1++ 1+ 1-- 2++

HQ symmetry motivates fixing

states are iso-doublets g = u,d

tetraquark Z;masses do not
agree with Belle

However tetraquarks with
mixing & self energy corrections
in principle allowed in parts of
parameter space [Ali,
Hambrock, WW, PRD 11]



What are the distinctive features of a tetraquark?




Mesonic Molecules vs Tetraquarks

@) (@
e 5

Mesonic Molecules ™ #

B Mass: close to meson-meson threshold.

Tetraquark based on Diquark-anti-diquark »
) B Diquarks will be broke off in both cases:
B I(Z, = BB*) > I(Z, —» Yn) if [(Z, — BB*) ~T(Z, — Yn) if

kinematically allowed. kinematically allowed.

See C.Hanhart’s talk for more remarks

on hadronic molecules.



Zj, States: Molecule or Tetraquark?

Molecule @ Tetraquark ®

|Zy10610)) = (Obg @ 1 + Lg @ 0p) / V2 |Zy10610)) = (Ojbg) © 155 — Libg) © Ojpg)) / V2

1Z1(10650)) = Log ® 13, 1Zp(10650)) = g @ 15
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Zj, States: Molecule or Tetraquark?

Molecule @ Tetraquark ®

|Zy10610)) = (Obg @ 1 + Lg @ 0p) / V2 |Zy10610)) = (Ojbg) © 155 — Libg) © Ojpg)) / V2
1Z1(10650)) = Log ® 13, 1Zp(10650)) = g @ 15
J Fierz |

1Zb(10610)) = 15 @ 1s

|Zs(10650)) = (1;; ® Obﬁ} 04 ® 1&1) %
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Zj, States: Molecule or Tetraquark?

Molecule @ Tetraquark ®

|Zy10610)) = (Obg @ 1 + Lg @ 0p) / V2 |Zy10610)) = (Ojbg) © 155 — Libg) © Ojpg)) / V2
1Z1(10650)) = Log ® 13, 1Zp(10650)) = g @ 15
J Fierz |

1Zb(10610)) = 15 @ 1s

|Zs(10650)) = (1;; ®0;+0,® 11;3) %

Zy(10610) — BB* + B*B Zy(10610) — B*B*

Zy(10650) — B*B* Zy(10650) — BB* + B*B

Wei Wang (HISKP Bonn) Heavy Tetraquark States Beijing, 22-26 April 2013 11 /20



Zj, States: Molecule or Tetraquark?

[Belle Collaboration (2012)]

Molecule Channel Fraction, %
Z,(10610) Z,(10650)
T(1S)r" 0.32 £ 0.00 0.24 £ 0.07
1Zb10610)) 7 T(28)7t 438 +1.21 2.40 +0.63 ®0)/V2
T(39)r+ 2.15 £ 0.56 1.64 + 0.40
|Zb(10650)) - hy(1P)* 2.81 +1.10 7.43 £ 2.70
hy(2P)mt 4.34 +2.07 14.8 £6.22
BtB* + BOp*t 86.0 + 3.6 -
BisgBi = 73.4+ 7.0

{ |Zy(10650)) = (1;; ®0;+ O@%
Zp(10610) — BB + B"B Zoaoero) — BT

Zb(10650) — B*B* Zb(10650) — BB* + B*B



Zj, Concluding Remarks

Tetraquark @

PRO:

Molecule @

PRO:

Fails to explain the decay pattern Close to thresholds

for BB* channels

Wei Wang (HISKP Bonn)

Explains B (*)B(*) decay pattern
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Zj, Concluding Remarks

Tetraquark ® Molecule @

PRO: PRO:

Fails to explain the decay pattern Close to thresholds
for BB* channels Explains B(*)B(*) decay pattern
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Zj, Concluding Remarks

Tetraquark ®

PRO:

Molecule @

PRO:

Fails to explain the decay pattern Close to thresholds

for BB* channels

Explains B(*)B(*) decay pattern
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Zj, Concluding Remarks

PHYSICAL REVIEW D 85, 054011 (2012)

Tetraquark interpretation of the charged bottomonium-like states
Z;;(10610) and Z; (10650) and implications

Ahmed Ali,* Christian Hambrock,” and Wei Wang*

Deutsches Elek Synch DESY, D-22607 Hamburg, Germany
(Received 21 October 2011; published 16 March 2012)

As already remarked, the 17~ relatives of the Z, and Z),
states in the charm sector, Z, and Z., in our model are
expected to be produced in the decays of a 17~ hidden-
charm tetraquark. The state Y(4260) fits the bill.
The enhancement of the cross sections for e"e” —
J/Ymta and ete” — h.m* 7 seen by the CLEO
Collaboration at the center-of-mass energy around
4.26 GeV [29] is very likely a signature of their existence.
In order to confirm or negate this scanrio, we suggest our
experimental colleagues to scan over this mass region
more precisely.

Wei Wang (HISKP Bonn) Heavy Tetraquark States Beijing, 22-26 April 2013 13
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Z:(3900) Discovered!

Observation of a charged charmeniumlike structure in e e~ — 7+a—J /1 at /s = 4.26 GeV
BESIII arXiv:1303.5949

Study of eTe~ — w T~ J /1) and Observation of a Charged
Charmonium-like State at Belle

Belle arXiv:1304.0121

Observation of the Charged Hadron Z#(3900) at /s = 4170 MeV

Xiao et al arXiv:1304.3036

For theoretical discussion on the nature of Z;(3900), See A.Pilloni’s talk
(tetraquark interpretation along the same line with this work) and Q. Zhao's
talk (hadronic DD* molecules).



Exotic Heavy Quarkonia

CcC

bb

show sirrll)ilar pattern

ut

related?

Y (4260)

Y00 — Y(5S)?

T Z:(3900) «~—

/

molecule or
tetraquark

Wei Wang (HISKP Bonn)

related?

—— Z{(106XX) 7z

\

molecule reasonable
tetraquark doubtful
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Y,(10890) and Y(55)?

PHYSICAL REVIEW D 82, 091106(R) (2010)

Observation of an enhancement inete™ — Y(18)7w 7, Y2S)7w o, and Y(3S)m o~
production near /s = 10.89 GeV

We measure the production cross sections for e e™ — Y(1S)7 "7, Y2S) 7" 7, and Y(3S)7mt 7~ as
a function of /5 between 10.83 GeV and 11.02 GeV. The data consist of 8.1 fb ™! collected with the Belle
detector at the KEKB ¢ ¢ collider. We observe enhanced production in all three final states that
does not agree well with the conventional Y'(10860) line shape. A fit using a Breit-Wigner resonance
shape yields a peak mass of [10 888.4%37(stat) = 1.2(syst)] MeV/¢? and a width of [30.77% 3(stat) +
3.1(syst)] MeV /2.

DOL 10.1103/PhysRevD.82091106 PACS numbers: 13.25.Gv, 14.40.Pq
'k endi
PRL 108, 122001 (2012) PHYSICAL REVIEW LETTERS 23 MARCH 2012

Observation of Two Charged Bottomoniumlike Resonances in Y(5S) Decays



Hadroproduction of Bottomonia
”gﬁﬁﬂﬁ, s CMS,\ﬁ‘=7'lleV:
S 1800 L=3pb~"
& 1600 In#] <24 4
%1400

[ Lot
%85 9 95 10 105 11 115 42
ptpT mass (GeV/c?)
Byt channel: Common particle detection for bottomonia



Hadroproduction of Bottomonia

<, 22007 T ! s T 3
S0 ShCMS, V= 7Te\{
3 100 L=3pb
8 1600- I <24 |
S
<1400~ 4
8
£ 12000
s open bottom]
i 1000 X ¥ region -
800! =
600 . =
4001
2000, ;\v\ >3 (2010)] 3

GB 85 9 95 10 105 11 115 12
ptpT mass (GeV/c?)

Byt channel: Common particle detection for bottomonia
B Above threshold difficult (BR(y " 1~ )drops)
o> present research focused on 15, 25, 3S



Hadroproduction of Bottomonia

&722005 T I 3000

f S CDF Il
SZOOO; By CMs, 5=TTeV open charm
& 1800~ L=3pb~" 2500{ 28 region

d [n] <24

2000

open bottom

X(3872)
region

Candidates/ 5 MeV/c?
3 @
o o
o o

a
o
o

5 Gollsboraion, PRD 2418
’ 9 95 10 105 1'1 11'.5 12 g.SS 3.70 3.75 3.80 3.85 3.90 3.95 4.00
ptpT mass (GeV/c?) Jiyn'n Mass (GeV/c’)
Byt channel: Common particle detection for bottomonia
B Above threshold difficult (BR(y " 1~ )drops)

o> present research focused on 15, 25, 3S

B Different final states (e.g. "~ 77 717) allow for exotic searches

» [CDF Collaboration, PRL 93 (2004)




Hadroproduction of Bottomonia

% 2200’ T L 3000
18 CDF Il
> 2000* CMS, /s =TTeV - open charm
0 1800 L=3pb~" 2500{ 28 region
81600 I| <24 3 o 4
S 1400 3 32000
2
I
H 1200~ i LEEReeE 21500 X(3872)
i 1000* 3 region - =
g BT
800; - 21000 ‘fj\’w 4
600% LA © e
400 500{ [ ="
2007 m ;‘\x bx 83 2008 3 0 m [CDF Collabors , PRL 93 (2004)
G8 85 9 95 10 105 1 11512 3.65 3.70 3.75 3.80 3.85 3.90,3.95 4.00
ptpT mass (GeV/c?) Jiyn'n Mass (GeV/c’)

Byt channel: Common particle detection for bottomonia
B Above threshold difficult (BR(y " 1~ )drops)
o> present research focused on 15, 25, 3S

B Different final states (e.g. "~ 77 717) allow for exotic searches

Acquire knowledge of bottomonia above hadronic thresholds. On LHC, we use NRQCD to
derive:

o(pp = Y(5S)(— puTu~ntn™)X) ~ (1 —10)pb. VERY PRELIMINARY! Ali, Hambrock, WW, in
preparation.

o Non-prompt production of Z,(106XX), clarify nature of observed states



Conclusions

The Fock state description of the four-quark states possibly admits admixture of
tetraquark (diquark-antidiquark) and hadronic molecular states. Data on Z;(10610) and
Z,(10650) decays favors a substantial hadronic molecular component.

Our anticipation to observe Z. via Y(4260) — J/¢m" 7t~ is confirmed by experiments.
cc ‘ bb
show sinl\)illl?r pattern

related?

Important puzzle remains: Yela260) ~—T—X1080) ) — Y (55)?
70 2:(3900) «——— 2,106
elated?
relied N
molecule or molecule reasonable
tetraquark tetraquark doubtful

To understand the composition of the féur-quark states, it is essential to measure their
hadronic production cross sections, and to have more precise data on their decays.

Outlook

Hadroproduction of bottomonia and tetraquarks very interesting in the near future!

N heaps of new states to be discovered/re-discovered.
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Z, Masses by Belle

[Belle Collaboration, PRL 12]

/thresholds \
measured in: Mg+Mge Mg
- 2,(10610) 7,(10650)
Y(iS)r'n
,,Y ( 55) L Y(2S)n'n ——
7T Y(@3S)t'n
Zb hy(1P)x’n E
several PPy
bottomonia Average H
-10 0 10 -10 0 10 -10 0 10 -10 0 10
AM, MeV AT, MeV AM, MeV AT, MeV/
B Masses close to threshold: Z,(10610) M=10607.2:2.0 MeV  Z,(10650) M=10652.2£1.5 MeV

No need for tetraquark scenario

B However tetraquarks with
mixing & self energy corrections
[Ali, Hambrock, WW, PRD 11]

— in principle allowed in parts
of parameter space

T(nS), hy(mP),ny(nS)

ZIJ ZII)




